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Abstract

Genetic diversity and population structure in Indian featherback fish, Chitala chitala (Hamilton, 1822) was investigated by
combined analyses of two full mitochondrial genes, ATPase 6/8 and Cytochrome b. A total of 403 individuals, collected
from 14 rivers yielded 61 haplotypes. Hierarchical partitioning analysis identified 19.01% variance ‘among’ and 80.99%
variance ‘within groups and populations’. The mean coefficient of genetic differentiation (Fg) was observed to be significant
0.26 (p <0.05). Mantel tests rejected the hypothesis that genetic and geographic distances were correlated. The patterns of
genetic differentiation, AMOVA and principal coordinate analyses indicated that natural populations were sub-structured
and comprised of four genetic stocks of C. chitala in Indian rivers. The results also supported the higher resolution potential
of concatenated gene sequences. The knowledge of genetic variation and divergence, from this study, can be utilized for its

scientific conservation and management in the wild.
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Introduction

The Order Osteoglossiformes represents an ancestral tel-
eost lineage, whose fossil records have been retrieved from
the deposits, belonging to late Jurassic or early Cretaceous
period [1]. The family Notopteridae comprises of ten spe-
cies’ belonging to four genera, distributed in the freshwa-
ters of Africa and South Asia. The Indian featherback fish,
Chitala chitala (Hamilton, 1822) [2], is widely distributed
in Asian countries including India, Bangladesh, Sri Lanka,
Pakistan, Nepal [3]. According to Taverne [4] the species
exhibited wider distribution during prehistoric period, than
today.
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In India, C. chitala constitutes a substantial component of
the inland fisheries. It has high demand as ornamental trade,
food, sport and is considered a potential candidate species
for aquaculture [5]. The increased sedimentation, environ-
mental degradation, changes in river courses and overexploi-
tation [6] have caused decline in its capture fisheries, due to
which the species has been categorized as 'Near Threatened’
by the International Union for Conservation of Nature [7].
Several studies have been conducted in C. chitala, which
include development of captive breeding protocols, larval
rearing and age-growth relationship [8]. In an investigation,
morphometric and meristics tools were employed to identify
stocks of C. chitala in Indian rivers [9].

However, the efficient management requires the knowl-
edge of natural genetic diversity and population structure
[10]. Molecular data can provide critical inputs for determin-
ing genetic divergence and connectivity [11]. Mitochondrial
DNA markers are proven tools to effectively characterize
populations and capture demographic signatures due to their
unique characteristics, such as high copy number, faster
mutation rate and low effective population size [12]. Mito-
chondrial genes, particularly ATPase 6/8 and Cytochrome b
(Cytb) have been widely used to reveal intraspecific genetic
variability and differentiation in fishes belonging to several
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Fig. 1 Sampling locations of C. chitala from Indian rivers covering wide geographical distribution range. (1.Satluj River (Harike Pattan, Pun-
jab); 2.Gandak River (Valmiki Nagar, Bihar); 3.Ghaghra River (Mehmoodabad, UP); 4.Chauka River (UP); 5.Sharda River (Sharda Barrage,
Lakhimpur Kheri, UP) 6.Gomti River (Lucknow, UP); 7.Tons River (Rewa, MP); 8.Tons River (Chakghat, UP); 9.Son River (Bansagar, Beo-
hari, Madhya Pradesh); 10.Ken River (Rangua, MP); 11.Hooghly River (Nabadeep, WB); 12.Hooghly River (Beldanga, WB); 13.Hooghly River
(Satui, WB); 14.HooghlyRiver (Behrampur, WB); 15.Padma River (Farakka, WB); 16.Padma River (Manikchak, WB); 17.Brahmaputra River
(Kolongpar, Assam); 18.Brahmaputra River (Uzan Bazaar, Assam); 19.Brahmaputra River (Guwahati, Assam); 20.Mahanadi River (Hirakud
Dam, Odisha); 21.Mahanadi River (Sonepur, Odisha); 22.Mahanadi River (Jobra Barrage, Odisha); 23.Narmada River (Hoshangabad, MP)
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taxonomic orders, such as Osteoglossiformes, Perciformes
and Cypriniformes, etc. In C. chitala, previous studies had
indicated the genetic variability, inferred from two different
mitochondrial regions, partial Cytb and D-loop [5]. Molec-
ular studies, based on ATPase 6/8 genes, revealed genetic
divergence in other notopterid Notopterus notopterus [13].
Till now, most genetic studies have used single and partial
mitochondrial genes for population level analyses. However,
recently, there has been a growing inclination towards using
longer gene sequences that can provide sufficient resolution
and robust computational support.

In the present study, we analyzed a concatenated data set
of two full mitochondrial genes (ATPase 6/8 and Cytb) of
C. chitala to investigate patterns of genetic variability, dif-
ferentiation and population structure. The demographic his-
tory and genetic constraints were also assessed. The baseline
data, generated from this study, will be a useful resource for
the conservation and management of Chitala fisheries.

Materials and methods

The tissue samples of C. chitala individuals (n=403) were
collected from 14 rivers belonging to five river basins
(Indus, Ganges, Brahmaputra, Mahanadi, and Narmada)
(Fig. 1). Sampling strategy covered a wide natural range of
distribution. The details of collection, GPS coordinates and
year of sampling are provided in Table 1.

Genomic DNA extraction, amplification,
and sequencing

The total genomic DNA was extracted from tissue/fin-clip/
blood (ethanol preserved) using the modified phenol—chlo-
roform method [14]. DNA quality was checked on 0.8% aga-
rose gel stained with Nucleic Acid Safe Dye (G Biosciences)
and visualized in gel documentation system (UVP Imaging
System, Cambridge, UK). The purity and concentration was
examined on DeNovix® DS-11 spectrophotometer. The DNA
concentration was adjusted to 50 ng/ul and stored at 4°C.
Two complete mitochondrial genes, Cytb (1139 bp) and
ATPase 6/8 (842 bp) were amplified using primer pairs
L14724: 5'-CGA GAT CTG AAA AAC CAT CGT TG-3';
H15915: 5'-AAC TGC AGT CAT CTC CGG TTT ACA
AGA A-3"[15] and ATPS8.2L8331: 5'-AAA GCR TYR GCC
TTT TAA GC-3'; CO3.2H9236: 5'- GTT AGT GGT CAK
GGG CTT GGR TC-3' [16], respectively. Gene amplifi-
cation was performed in a final reaction volume of 25 pl,
which contained 1X reaction buffer (10 mM Tris, 50 mM
KCl, 0.01% gelatin, pH 9.0), 200 uM of each dNTP, 1.5 mM
MgCl,, 5 pmol of each primer, 3U Taq polymerase (Genei,
India) and approximately 50 ng of template DNA. PCR con-
ditions included: denaturation at 94°C for 5 min, 30 cycles of

94°C for 30 s, 55°C for 1 min and 72°C for 1 min 30 s; final
extension at 72°C for 10 min. The amplicons were purified
and sequenced bidirectionally on ABI automated sequencer
(Applied Biosystems).

Genetic analysis

The sequences were edited and aligned using BioEdit
sequence alignment editor version 7.2 [17]. We conducted a
partition homogeneity test in PAUP* 4.0 [18] with heuristic
search and 100 replicates (optimality criterion = parsimony)
on all 1981 nucleotide characters. This was done to examine
whether these two genes (ATPase 6/8 and Cytb) could be
combined in a unique data matrix. The results showed no
incongruence between the two gene data sets, and therefore
could be analyzed jointly. MEGA X [19] was used to estimate
gene characteristics such as, nucleotide composition, con-
served/variable sites and transition/transversion ratio. Num-
ber of haplotypes, haplotype diversity (Hd, probability that
two randomly chosen haplotypes are different in a sample)
and nucleotide diversity (, the mean no. of nucleotide differ-
ences between two randomly chosen DNA sequences) were
estimated using DnaSP v 5.0 [20]. Median-joining network
[21] was drawn using Network v5.0 software (Fluxus Tech-
nology, Ltd.) to determine the linkages among haplotypes.

Historical patterns of population dynamics were esti-
mated through mismatch distributions and neutrality tests
(Tajima’s D and Fu’s Fs) implemented in Arlequin 3.5. This
analysis demonstrates whether the population had under-
gone expansion in the past. The parameters of demographic
expansion, 0, and 0, and T (mode of mismatch distribu-
tion) were calculated using the T =2ut equation. The rag-
gedness index (r) and the sum of squared deviations (SSD)
for each population were calculated according to Schneider
and Excoffier [22]. These parameters quantify mismatch
distribution pattern, where non-significant result indicates
population expansion. Gene flow (Nm), was estimated, for
each population, using Arlequin 3.5 [23] with 1000 repli-
cates. It is a product of the average size (N) and proportion
of immigrants (m) in each population. The levels of gene
flow indicate the extent to which each local population may
act as an independent evolutionary unit.

The hierarchical partitioning of genetic variation was
assessed using analysis of molecular variance (AMOVA).
The samples were grouped according to their geographic
relevance as well as river basins (10,000 permutations)
for testing levels of significance. Mantel test [24] was per-
formed in XL-STAT ver. 2010 (Addinsoft, France), with
10,000 permutations, to determine the extent of isola-
tion by distance (IBD). This analysis was done using two
matrices, (pair-wise Fqr) and geographical distances (km)
between populations.
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Table 1 Description of
collection localities, number
of samples (N) and time of
collection of C. chitala

Population structure was estimated using two cluster-
ing approaches, Principal Coordinate Analysis (PCoA),

@ Springer

River Site Coordinates (Longi- Time of collection N
tude/Latitude)
Satluj River Harike Pattan, Punjab 74.94,31.14 May. 2000 04
Sep. 2000 24
Gandak River Valmiki Nagar, Bihar 83.59, 26.75 Nov. 2017 08
GhaghraRiver Mehmoodabad, UP 81.31,27.58 Dec. 2000 16
April. 2001 18
March. 2002 09
Chauka River Rampur, 81.38, 27.35 Nov. 2001 06
Sharda River Sharda Barrage, 80.07, 28.77 Nov. 2003 05
Lakhimpur Kheri, UP
Gomti River Lucknow, UP 80.95, 26.86 Oct. 2016 19
June. 2017 05
Tons River Rewa, Madhya Pradesh 81.17, 24.31 March. 2006 05
Chakghat, UP 81.72,25.04 May. 2009 02
Son River Bansagar, 80.88, 24.055 May. 2011 22
Beohari, MP
March.2012 07
May. 2012 02
May. 2015 09
May. 2016 23
April. 2017 03
Ken River Rangua,MP 79.89, 24.69 Sep. 2015 14
June. 2016 02
July. 2017 04
Hooghly River Nabadeep, WB 86.37, 23.4, Jan. 2001 13
April. 2016 10
Beldanga, WB 88.19, 23.94 April. 2016 02
Satui, WB 88.19, 23.95 May. 2001 02
Behrampur, WB 88.21, 24.1 May. 2001 02
June. 2001 03
July. 2002 01
Padma River Farakka, WB 87.90, 25.06 June. 2001 02
(Ganga) May. 2002 08
July. 2003 14
May 2006 05
April. 2016 03
Nov. 2016 06
Manikchak, WB 89.33, 23.93 April. 2016 02
Brahmaputra River Kolongpar, Assam 91.82,26.21 Jan. 2000 47
Feb. 2005 09
Uzan Bazaar, Assam 91.75, 26.19 Nov. 2005 16
Guwahati, Assam 91.72,26.18 Dec. 2007 03
Mahanadi River Hirakud Dam, Odisha 83.86, 21.53 May. 2004 18
Sonepur, Odisha 83.93, 20.84 May. 2004 05
Jobra Barrage, Odisha 85.9, 20.85 April. 2005 14
Narmada River Hoshangabad, MP 77.70,22.77 April. 2003 11
Total 403

implemented in GenAlex 6 [25] and Bayesian assignment
method through BAPS version 6.0 [26]. PCoA plot was
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prepared based on the covariance of the genetic distance
matrix. In BAPS, samples were grouped according to river
basins to estimate the pattern of clustering in concatenated
mitochondrial genes. We employed a mixture model and
tested K from 1 to 14 (maximum no. of clusters) with 1000
replicates per K. The number of reference individuals was
set to 200.

Temporal stability of genetic variation

Demonstrating temporal stability is a powerful way of con-
firming the reliability of observed spatial genetic patterns.
In this investigation, we used historical samples of C. chitala
from three rivers, Son, Hooghly and Padma. Because of sub-
stantial intervening time between tissue sampling from these
rivers, temporal stability of C. chitala populations was stud-
ied, so that these samples could be analyzed together with
contemporary data. The samples from Son were collected
during 2011-2012 (n=31) and 2015-2017 (n=35), while
Padma (n=29) samples during 2001-2003, 2006 and 2016
(n=11), with almost a gap of two to five generations. The
collections of Hooghly samples had two sampling points,
2001-2002 (21) and 2016 (12). The pair-wise Fqr values
were calculated for each population, collected at different
time intervals. The results showed low and insignificant
genetic differentiation between different sampling points
(for each river), therefore the samples were merged river-
wise, for further data analysis. Hereafter, the samples from

Sonl & 2, Hooghlyl & 2 and Padmal & 2 were referred to
as Son, Hooghly and Padma, respectively (Suppl Table 1).

Results
Genetic variability

Sequence analyses of ATPase 6/8 (842 bp) and Cytb
(1139 bp) yielded 23 and 30 haplotypes, respectively.
ATPase 8 spanned from 1 to 168 bp, whereas ATPase
6 from159—842 bp, with overlapping region of 10 bp.
ATPase 6/8 genes were characterized by 22 variable sites,
13 parsimony informative and 9 singleton sites, whereas
Cytb had 26 variable sites, 17 parsimony informative and
9 singletons. The partition homogeneity test indicated no
incongruence between the two genes and therefore, we
concatenated the sequences (5'ATPase 8-ATPase 6-Cytb-
3") as a data set for further analysis. A total of 61 hap-
lotypes were identified for concatenated mitochondrial
DNA sequences. The results of individual genes, as well
as the concatenated sequence (ATPase 6/8 + Cytb), were
concordant. The average frequency of nucleotides were A:
30.7%, T: 27.1%, G: 12.6%, C: 29.6%, with a transition to
transversion ratio (Ts:Tv) of 6.479. The nucleotide compo-
sition of both individual genes as well as the concatenated
displayed bias towards A + T content. The haplotype diver-
sity Hd ranged from 0.000 (Mahanadi) to 0.933 (Chauka).

Table 2 Intra-population haplotype (%) and nucleotide () diversities for ATPase 6/8, cytochrome b gene and their concatenated sequence. This
shows moderate to high haplotype diversity and low to moderate nucleotide diversity

River ATPase 6/8 Cytb Concatenated
Hd Variance of Hd 7+SD Hd Variance of Hd 7+SD Hd Variance of 7+SD

with standard with standard Hd with stand-

deviation deviation ard deviation
Satluj 0.632 0.007+0.083  0.0011+0.0009 0.479 0.011+0.107  0.0008 +£0.0007 0.767 0.006+0.075  0.0009 +0.0006
Gandak 0.607 0.027+0.164  0.0008+0.0008 0.571 0.009+0.094  0.0020+0.0014 0.750 0.019+0.139  0.0015+0.0010
Ghaghra 0.625 0.003+0.050  0.0009+0.0007 0.652 0.005+0.070 0.001940.0012 0.860 0.001+0.034  0.0015+0.0009
Chauka 0.733 0.024+0.155 0.0011+0.0010 0.800 0.029+0.172  0.0028 +0.0019 0.933 0.015+0.122  0.0020+0.0014
Sharda 0.900 0.026+0.161  0.0014+0.0013 0.600 0.031+0.175  0.0021+0.0016 0.900 0.026+0.161  0.0018+0.0013
Gomti 0.159 0.009+0.094  0.0002+0.0003 0.391 0.008+0.091 0.0014+0.0009 0.507 0.009+0.093  0.0088 + 0.0006
Tons 0.286 0.039+0.196  0.0003+£0.0005 0.667 0.026+0.160 0.0023+0.0016 0.714 0.033+0.181  0.0014+0.0010
Son 0.434 0.005+0.071  0.0006 £0.0006 0.736 0.002+0.043  0.0022+0.0013 0.842 0.001+0.032  0.0015+0.0009
Ken 0.442 0.008+0.087  0.0005+0.0005 0.521 0.002+0.042 0.0014+0.0010 0.679 0.003+0.052  0.00100.0007
Hooghly 0.371 0.010£0.100  0.0005+0.0005 0.801 0.003+0.051  0.0024+0.0015 0.858 0.002+0.043  0.0016+0.0010
Padma 0.523 0.007+£0.086  0.0007£0.0007 0.699 0.002+0.046  0.0021+0.0013 0.856 0.001+0.036  0.0015+0.0009
Brahmaputra 0.503 0.004+0.066  0.0007+0.0006 0.391 0.005+0.068  0.0011+0.0008 0.698 0.003+0.056 0.0010+0.0006
Mahanadi 0.000 0.000+0.000  0.0000+0.000 0.000 0.000%+0.000  0.0000+ 0.0000 0.000 0.000+0.000 0.0000+ 0.0000
Narmada 0.691 0.016+0.128  0.0013+0.0010 0.473 0.026+0.162  0.0004+0.0005 0.727 0.021+0.144  0.0008 +0.0006

SD- Standard Deviation; The highest and lowest Hd and x values are presented in bold

@ Springer



8584

Molecular Biology Reports (2020) 47:8579-8592

Mean nucleotide diversity () of 0.002 was observed, with
arange of 0.000 (Mahanadi) to 0.002 (Chauka) (Table 2).

Phylogenetic relationships among haplotypes

The phylogeographic inferences were performed using the
median-joining network of concatenated data set (Fig. 2).
Haplotypes H3, H10 and H12 were the most common, out
of total 61 haplotypes. Haplotype H3 was shared between
all populations except Gomti and Tons, Haplotype H10 (in
populations, except Chauka, Ken, Mahanadi, and Narmada)
while H12 was represented by 11 populations except for
Satluj, Sharda and Mahanadi. Population-specific haplotypes
were found in Satluj (5), Ghaghra (6), Sharda (1), Son (11),
Hooghly (3), Padma (3), Brahmaputra (9) and Narmada (4).
Samples from Son exhibited the maximum number of haplo-
types (19), followed by Brahmaputra (18) and Ghaghra (15).
River Satluj was represented by 10 haplotypes, Narmada (6),
whereas Mahanadi was represented by only one haplotype.
A total of 42 haplotypes were population-specific, while 19
were shared.

Demographic history and neutrality tests
Cytb gene did not show any significant negative values for

Tajima and Fu’s Fs, whereas ATPase 6/8 showed significant
negative values for Fu’s Fs and Tajima’s D in Padma and

Fig.2 Median joining network
of 61 concatenated haplotypes
of C. chitala (Network V

5.0), with star-like topologies,
indicating population expan-
sion. (The size of nodes are
proportional to the number of
individuals. Perpendicular tick
marks on the lines joining hap-
lotypes represent the number of
nucleotide substitutions)

Satluj
Gandak
Ghagra

Hooghly

Brahmaputra
Mahanadi
Narmada

@ Springer

Brahmaputra. Significant negative values of Fu’s Fs were
observed in two rivers, Sharda and Son. Pairwise mismatch
distribution, Tajima’s D and Fu’s Fs tests were performed
for combined mitochondrial genes for each population.
The parameters used to estimate the pattern of population
dynamics are shown in Table 3. The mean value of Tajima’s
D and Fu’s Fs were 0.103 and -2.068, respectively. Based on
combined (1.98 kb) gene analysis, the genetic constraints for
C. chitala were evident in rivers Satluj, Narmada and five
rivers (Ghaghra, Son, Hooghly, Padma, and Brahmaputra) of
Ganga—Brahmaputra basin. The mismatch distribution plot,
for all populations together, displayed a multimodal pattern,
revealing demographic equilibrium or a stable population
[27] (Fig. 3). Based on the sum of squared deviations, all
populations were non-significant except Gomti and Brah-
maputra. The raggedness indices were also calculated under
the demographic expansion model for each population,
wherein all populations were non-significant (Table 3). The
rivers belonging to Ganga basin, when analyzed separately,
presented negative significant Fu’s Fs for all rivers, except
Sharda.

Genetic differentiation among populations
The overall coefficient of genetic differentiation (Fgp) was

0.263 for combined data set. The pair-wise Fqr ranged from
0.000 (Sharda-Son) to 0.866 (Satluj-Mahanadi) (Table 4).
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Table 3 (continued)
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H No. of haplotypes, Ts No. of transitions, Tv No of transversions, S Segregating sites, T Time in number of generation, T Time after expansio, 6, Pre-expansion population size, 6, Post-expan-

sion population size, SSD Sum of Squared Deviation, r Raggedness index, *Significant value are presented in bold (p <0.05). The 999 value of 0, depicted a pure expansion

Exp

---o-- Obs

Pairwise Differences

Fig.3 Mismatch graph (DnaSP v5.0) illustrating multimodal pattern
for overall locations based on pairwise sequence differences. The
overall pattern displays demographic equilibrium or stable population
(The solid line and dotted line represent the curves for expected and
observed values)

The mean Fqr of Ganga basin reduced remarkably (0.074)
when analyzed separately. The pair-wise population genetic
differentiation in concatenated genes was similar to both the
individual genes, when analyzed separately (Suppl Table 2).

The Principal Coordinate Analysis (PCoA), based on the
pair-wise genetic distances between populations, resulted
in existence of three distinct clusters, and a mixed cluster
of rivers belonging to Ganga basin (Fig. 4). The eigenvalue
for PC1 was found to be significant (1.116) and contributed
74.62%, while PC2 was found to be non-significant, con-
tributing 10.31%. The cumulative total variation by PC1 and
PC2 was 84.94%. Basin-wise, principal component scores,
(PC1, PC2) for Satluj (0.691, 0.134), Mahanadi (—0.484,
0.301) and Narmada (— 0.403, — 0.150) suggested that they
are genetically distinct, while these scores were compara-
ble for rivers of Ganga basin (Gandak, Ghaghra, Chauka,
Sharda, Gomti, Tons, Son, Ken, Hooghly and Padma) and
Brahmaputra. These rivers formed a mixed cluster, distant
from three other basins (Suppl Table 3).

Bayesian clustering partitions the individuals into geneti-
cally distinct units without prior group assignment. In this
study, BAPS 6.0 was used to ascertain the number as well
as the putative mixing within the basins. Based on log like-
lihood estimates, K=4 was found to be the best partition
(Fig. 5). Cluster I, comprised haplotypes from the Ganges;
Cluster II, haplotypes from Ganges and Narmada; Cluster
II1, haplotypes from the Ganges, Mahanadi, and Satluj; Clus-
ter I'V, haplotypes from Ganges and Satluj. The representa-
tion of Ganges samples in all the clusters was observed. The
lack of river basin wise clustering was obvious from the
results. However, the Mahanadi population was genetically
differentiated and therefore the most distinct (Fig. 6).

A three way AMOVA was performed, considering four
groups namely, Satluj, Ganga, Mahanadi and Narmada.
The hierarchical analysis of molecular variance demon-
strated that 19.01% of the total genetic variance was due to
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It was observed that rivers Satluj, Mahanadi and Narmada
presented low to moderate levels of gene flow, however
with pronounced genetic differentiation.

Discussion

Information of genetic variability and population structure
can be utilized in identifying distinct management units
which is needed for effective conservation of fisheries
resources. This study provides useful inputs and deline-
ates stock boundaries of C. chitala. A combined dataset
(ATPase 6/8 + Cytb) revealed high haplotype diversity and

K
e
n

low nucleotide diversity across all riverine populations,
except for river Mahanadi. The haplotype and nucleotide
(%) diversity levels are considered high if the value is
greater than 0.5 [28]. This pattern, particularly (high Hd
and low 7z) might be attributed to demographic expan-
sion that occurred after a reduction in effective popula-
tion size, retaining new mutations [29]. Similar trend in
molecular diversities are concordant to other notopterids,
Chitala lopis [30], Chitala chitala [5] and N. notopterus
[13, 31]. Overall, the pattern of haplotype sharing among
the river basins indicated genetic structuring in C. chi-
tala. In Mahanadi population, a single haplotype was
fixed in all individuals. This might indicate a possibility

< ~3QO00T

©3Q0 Y
TOITOND
QO30 IO
Qo3IO >

Table5 AMOVA analysis displaying hierarchical partitioning of genetic variance based on ATPase 6/8, Cytb and concatenated sequences from

fourteen riverine localities of C. chitala

Source of  ATPase 6/8 gene Cytochrome b gene Concatenated
ariation "
v ! Percentage  Fixation P value Percentage  Fixation P value Percentage  Fixation P value
of variation Index of variation Index of variation Index
Among 26.23 Fep: 0262 0.022+0.005 16.51 Fer: 0165 0.119+0.011  19.01 Fep: 0190 0.042+0.003
groups
Among 2.36 Fgc: 0.032  0.066+0.007 9.08 Fgc: 0.109  0.003+0.002 7.27 Fgc: 0.090  0.004+0.001
popula-
tions
Within
groups
Within 71.41 Fgr: 0.286  0.000+0.000 74.41 Fgp: 0.256  0.000+0.000 73.71 Fgp: 0.263  0.000+0.000
popula-
tions

*Significant values are presented in bold (p<0.05)
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of small effective population size and inbreeding. Similar
results were observed in another notopterid, N. notopterus,
where the lack of genetic connectivity in Mahanadi and
Indo-Gangetic Rivers was noticed [13]. It is likely that
the fragmentation of Mahanadi populations during the
early Pleistocene [32] might be responsible for present
loss of haplotype sharing. In our earlier study, the partial
sequence of Cytb (307 bp) revealed only one haplotype
in Satluj samples [5]. However, in the present investiga-
tion, the concatenated gene set yielded five population-
specific haplotypes, of which two haplotypes were found
to be ancestral, giving rise to other related haplotypes.
This supports the potential of longer gene sequences for
genetic analysis [33]. However, higher genetic variabil-
ity in river Satluj might also be due to the comparatively
larger sample size, used in this study. Small sample size
might affect the frequency and distribution of variation as
well as amount of uncertainty in the estimates and resolu-
tion. In present study, though the sample sizes from four
rivers Gandak, Chauka, Sharda and Tons were small, the
patterns of haplotype sharing, frequency and clustering
were consistent with other rivers of the basin.

At population level, genealogical relationships among
haplotypes are preferred to phylogenetic methods,
because the network accommodates both, existent ances-
tral sequence as well as alternative connections [21]. In
present study, haplotype network presented three haplo-
groups displaying star-like topologies, indicating genetic
bottleneck and population expansion [34]. These results
are important in view of adaptive potential and probability
of population persistence [35]. The pattern of molecular
diversity levels show signatures of population expansion
in Satluj, Ghaghra, Son, Hooghly, Padma, Brahmaputra
and Narmada.

Neutrality tests are considered sensitive measures of
demographic events, where significant negative values indi-
cate signatures of population expansion [36]. The results
of Fu’s Fs showed concordance with diversity patterns and
explained the events of population expansion in these rivers.
The population expansion was also confirmed by non signifi-
cant raggedness index. Tajima’s D values were negative all
the seven populations, indicating the excess of rare nucleo-
tide site variants. Moreover, on analyzing Gangetic rivers
separately, significantly negative Fu’s Fs were observed in
all populations except Sharda, which may be due to small
sample size, analyzed in present study. It is likely that
founder effect may be responsible for genetic constraints in
these populations.

The Fgp indicates the genetic differentiation between
populations. In general, a higher value (>0.25) is corre-
lated with a high genetic differentiation between popula-
tions [37], which is consistent with our study (Fg;=0.26)
and with other freshwater species like N. notopterus [13]. In

C. chitala individuals from river Satluj, Mahanadi, and Nar-
mada showed significant differentiation from other rivers.
These three basins presented significant pair-wise Fgr sug-
gesting limited gene flow. The degree of gene flow presented
high level of genetic connectivity among rivers of Ganga
basin; and these populations maintained genetic homogene-
ity, probably due to ancestral mixing. However, in another
congener Chitala lopis, the low level genetic differentiation
and corresponding higher gene flow were observed [30].
Sodsuk and Sodsuk (2000) assayed 28 allozyme loci for C.
lopis, but no locus exhibited polymorphism [38].

Barby et al. [39] illustrated the biogeography of notopteri-
dae, wherein the arrival of Chitala species in Asian continent
had been estimated to be about 55 Mya. This corresponded
Eocene epoch, the estimated entry period of several other
spacies including carps and catfishes [40]. The contem-
porary geological events were considered responsible for
formation of Indus and Ganga, with its Himalayan tributar-
ies. Satluj samples showed presence of distinct haplotypes,
however limited connectivity might have allowed sharing of
haplotypes with Gangetic rivers. Our analysis supported this
hypothesis and Satluj populations were distinct from others.
Chauhan et al. [41] have described the connectivity between
Satluj and rivers of Ganga system via erstwhile river Ghag-
gar. Not enough variance and differentiation were observed
for component rivers of Ganga system, in current study. All
the rivers (Gandak, Ghaghra, Chauka, Sharda, Gomti, Tons,
Son, Ken, Hooghly and Padma) clustered together, which is
indicative of common gene pool in Gangetic system. The
Ganges and the Brahmaputra river system flow through very
different regions for most of their lengths and join upstream
at the Bay of Bengal. This may be the reason for the genetic
homogeneity between tributaries of the Ganges and Brah-
maputra. Similar results of genetic proximity between Ganga
and Brahmaputra have been reported in C. chitala [5] and
another freshwater species Sperata seenghala [42].

River Narmada, is among the longest rivers in India,
which originates from Amarkantak (M.P., India). The
occurrence of physical barriers seems to contribute towards
genetic fragmentation and dispersal capabilities of C.
chitala. Earlier, Khedkar et al. [43] described the genetic
impoverishment of two species (Catla catla and Mastacem-
belus armatus) owing to asymmetrical dispersal in river
Narmada. Moreover, a study conducted on alluvial plain
sedimentation for river Narmada envisaged that it had been
a much bigger channel during late Pleistocene with higher
discharge than present [44]. This might also contribute to
genetic fragmentation of resources in river Narmada.

The Mahanadi river flows eastwards and drains into Bay
of Bengal. Historically, the tributaries of Narmada river,
i.e. Mahanadi and Godavari used to flow westward, but due
to rise in plateau and tilt of peninsula during the middle
Pleistocene, they changed their course [45] which resulted
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in rivers, as seen today, flowing as independent river sys-
tems, southward through Eastern Ghats [32]. Such phylo-
geographic events affect long term histories in populations
like Mahanadi. This became explicit, when Mahanadi sam-
ples were excluded from analysis. Out of a total of 26.28%
genetic differentiation, over 6% was caused due to Mahanadi
samples. It is likely that the population might be experienc-
ing selection pressure. Moreover, this warrants for larger
sample sizes, analyzed with multiple marker systems.

In a study, Martinez et al. [46] correlated the impact of
habitat type with the diversity levels in fishes. Lower diver-
sity levels in River Gomti might be attributed to multiple
factors related to habitat. This river has been reported to
have poor vegetation cover in the banks, siltation and low
water velocity. Present findings are also supported by a
recent investigation, wherein the negative allometric growth
with poor condition factor of C. chitala in river Gomti, was
reported [47]. Moreover, Verma and Dalela [48] pointed out
the decline in featherbacks and carps due to the rise in pollu-
tion in river Gomti caused by domestic and industrial wastes.
Similar decline in genetic diversity due to habitat modifica-
tion has been observed in C. chitala in Mekong river [49].
River Brahmaputra is characterised by large and variable
flow, enhanced rate of sediment discharge and distinct river
morphology. Additionally, reduction in efficiency of energy
utilization from primary energy to fish, was reported [50].
The primary consumers (both herbivore and detritivore) con-
tributed only 17.1% of total energy. Moreover, anthropo-
genic activities such as dam construction might have caused
alterations in fish breeding grounds resulting in the loss of
genetic diversity.

The analysis of molecular variance also confirmed the
sub-structuring in C. chitala poupulations. Similar pat-
terns of genetic differentiation and variance partition-
ing had been obtained using Cytb and control region [5].
Bayesian clustering produced the highest log likelihood
values for four clusters, however failed to resolve river
basin wise. The Mantel tests in C. chitala populations
rejected the hypothesis that genetic differentiation and
geographic distance were mutually correlated. This lack of
interdependence confirmed that the genetic differentiation
among populations was not determined by the effect of
distance between populations. The resulting genetic diver-
gence in C. chitala from different river basins appeared to
be an outcome of restricted gene flow between populations
as well as phylogeographic events. These findings high-
light that both geographic and environmental factors con-
tributed towards mitochondrial variability patterns. Over-
all, the patterns of pairwise genetic differentiation, gene
flow, PCoA and AMOVA indicated the existence of four
management units namely, Ganges—Brahmaputra, Satluj,
Mahanadi and Narmada. This baseline information will
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be useful in conservation and management of C. chitala,
which has significant conservation and aquaculture value.

Conclusion

Understanding genetic structure of a species is among the
key components, which is essential for planning manage-
ment strategies. The resource managers should be aware
with management units of important fish species. C. chitala
is important for conservation and aquaculture viewpoint.
This study unraveled high degree of genetic differentiation
with evidences for presence of four natural genetic stocks.
Demographic parameters indicate that there is need to assess
a fine scale structuring through use of multilocus markers,
particularly in Gangetic rivers. Two other rivers, Gomti and
Brahmaputra, displayed lower diversities, while Mahanadi
presented absence of alternate haplotype. These populations
are important for conservation, and the resource managers
need to adopt suitable measures, in this context. This may
be achieved through cohesive approaches of policy makers
with multiple stakeholders and researchers.
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