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1.Introduction



1.1 Ganga River System

The Ganga River system, the largest river in India, spans approximatehad@ss30dikrand

Nepal. In recent years, the growing population in the Ganga basin has led to agricultural expans
urbanization, and estjge industrialization, resulting in extensive water usage for irrigation, industry
and public supply. Unfortunately, segments of the Ganga River suffer from pollution caused by sew
untreated industrial discharges, and -migtniennoff from agricultural fields. Additionally, climate
change projections, including melting headwater glaciers and altered rainfall patterns, pose signif
threats to the river's water availability and contribute to changed droughts and flooding patterns.

Scientific evidence has highlighted that impoundments aAdduessavbabitat fragmentation

hinder natural migration in aquatic fauna, particularly fish, leading to spatially and genetic:
fragmented populations. This fragmentation adversely affects the genetic characteristics of th
populations, a critical concern in the biodiek@Gityga Rivéasin, where hydroelectric, irrigation,

and recreational reservoirs impede connectivity in the aquatic system. With growing apprehens
about water scarcity, declining biodiversity, and effective river management in the face of environm
changes, the Indian Government has initiated plaGsifigatieverlystem. These plans aim at a
comprehensive, ldegn strategy to enhance environmental flow, restore biodiversity, and address

water scarcity issues.

The health of aquatic habitats can be gauged by observing the abundance of aquatic life in and ar
river stretches, as diverse species indicatelibmgvell the aquatic ecosystem. Globally, indicator

species or communities have been employed to monitor aquatic ecosystem health, as their prese
absence, or abundance reflects specific environmental conditions. However, identifying suite
indicator species remains a challenge, requiring scientifically sound links between an organis

presence and an environmental condition to justify its use as a proxy.

To restore the ecological integrity of the aquatic ecosystem, it is crucial to recover and enhance
biodiversity. Sciedmsed species management is essential to avoid the risk of inbreeding
depression, maintain genetic diversity and fithess of individuals, and limit species introgress
Consequently, this will maintain and enhance the survival rate of species. Maintaining the gen

status of in aquaculture and the effective conservation of wild relatives are equally important.



1.2 Conservation Genetics

Conservation genetics plays a crucial role in addressing the challenges posed by habitat loss, cli
change, and other threats to biodiversity. By integrating genetic information into conservation plan
scientists can make more informed decisions to ensutertneslong/al of endangered species

and the health of ecosystems. The main goals of conservation genetics are to understand the gel
factors influencing the viability of populations, identify and manage threats to genetic diversity,
develop strategies for sustainable conservation.

Genetic diversity of species has been correlated with individual fitness and the adaptive capacit
populations in the face of environmental changes. The reduction in genetic variability ultima
heightens the risk of extinction. In particular, small populations face increased vulnerability
inbreeding and loss of genetic diversity due to genetic drift. Habitat fragmentation, another signifi
threat to various species, exacerbates these issues by impeding gene flow between populations.
levels of genetic diversity within populations and the divergence between them are anticipated t
influenced by the degree of fragmentation. As the geographic distance between fragments or
duration of isolation increases, the expectation is for a decline in genetic diversity within sme

populations, leading to population divergence.

Currently, a diverse set of molecular genetics techniques is being applied to evidence sourced frc
broad range of taxa, encompassing aquatic life conservation. This expansive application hc
immense potential for the preservation of many endangered aquatic species. The assessmen
genetic diversity encompasses various methodologies, such as examination of karyetypes and si
locus markers (including allozymes, mitochondrial DNA restriction fragment length polymorphis
employing random amplified polymorphic DNA, examining mtDNA sequences, scrutinizing nuclear
sequences, and utilizing microsatellites (simple sequence repeats). Currently, mitochondrial .
nuclear DNA sequences data are the most informative methods for characterizing genetic variabil
or above the level of populations. Leveraging molecular markers offers a powerful toolset for unrav
population genetic structures, deciphering phylogeographic relationships, identifying management
(MUso defined by shared distinctive allele frequencies among populations), and delineatin
evolutionarily significant units (BSthisaracterized by robust phylogenetic structures based on

multilocus mtDNA or nDNA variations).

12.1Current Techniques used in Conservation genetics
Mitochondral DNA Sequencing



Mitochondrial DNA (mtDNA) stands out as a prominent population genetic marker, owing ftc
confluence of intrinsic and technical characteristics. Its relatively rapid rate of base substitution, ha
nature, and maternal inheritance collectively provide invaluable insights into the genetic diver:
population structure, and evolutionary history of species. The process of DNA sequencing invo
discerning each nucleotide (base) within a specified target region of DNA, commonly known as

genetic marker.

The sequencing depth of mtDNA yields a unique sequence specific to a particular species, facilit:
precise and reliable identification. This utilization of mitochondrial DNA sequencing not only enha
our understanding of population dynamics but also serves as a powerful tool for species deline:

and conservation efforts.
Microsatellite genotyping

Microsatellites are widely acceptable and versatile genetic markers, finding numerous applicatior
population genetics, conservation biology, and evolutionary studies. These genetic markers com|
arrays of DNA sequences characterized by tandem repeatdipftrpaanad tetraucleotide

units, distributed widely across the genomes of numerous eukaryotic species. Their codominant ne
high polymorphism, ease of typing, and mode of inheritance make them exsafiédriaity well
exploring population structures and conducting pedigree analyses. Additionally, microsatellites
adept at discerning differences among closely related species. The automated application of PCF
microsatellites allows for the efficient identification of simple sequence repeat polymorphisi
Furthermore, only small amounts of blood samples-preakwedl tissue are requisite for their
analysis. Notably, the majority of microsatellites are noncoding, rendering their variations indepen
of natural selection. These unique characteristics position microsatellites as ideal genetic marker

applications in conservation genetics and fisheries management.
1.3 Conservation challenges for freshwater biodiversity

Freshwater ecosystems harbour over 40 percent of the globe's fish species, underscoring their cr
ecological significance. However, despite their immense value, numerous lakes, rivers, and wetl:
worldwide face severe degradation due to human activities. Alarmingly, these aquatic ecosystem:
undergoing decline at a rate outpacing that of terrestrial ecosystems. This concerning trend highli
the urgent need for concerted conservation efforts to mitigate the detrimental impact of human actr

on aquatic habitats.



14 Use of genetic information in aquatic conservation

Assessing genetic diversity and gene flow

Assessing population genetic structure

Identifying population demographic trends

Determine effective population size

Monitor inbreeding and outbreeding

Identify cryptic, alien or invasive species

Identify pure genetic stocks for population recovery programmes

Design breeding programmes for conservation and retroduction plan

15Threats

The historic distribution ranges of mamguatic species has almost shifted aisdbeing
increasingly confined to restricted zone$rimarily, human activitiessuch as habitat
destruction/fragmentatiorhunting, and humamediated translocation, hawefluenced the
distribution, population structure, and genelicersity of aquatic species. Therefore, a study

on genetic variability is crucial to idefy the fitness of individuals whichregulates
adaptation to change in environmental conditions and stress. Degradation of genetic diversity
reduces theadaptive potentialincrease chances ofnbreedingwhich poses the risk of
extinction of the specie§ herehave beewery few scientific efforts with almost no baseline

information on the genetic status of threatened/endangered aquatic species of Ganga River.



N
. Habitat Destruction and Fragmentation

\
. Pollution
\

. Invasive Species

. Over-Exploitation

I
. Climate Change
/

. Water withdrawal and diversions

160bjectives

The primary goal of this project is to assess the genetic diversity, gene flow patterns, and
population demography of select aquatic species irGédrega Rivetbasin. To achieve this,

we utilized mitochondrial and microsatellite markers.

The data collected from this research will provide crucial insights necessary for managing the

genetic resources of these species and developing effectiveelomgonservation strategies.



2.UNDERSTANDING THE SPATIAL CONNECTIVITY IN
ASIAN SILURID CATFI8HI{ago atiuIN THE GANGA
RIVER SYSTEM



2.1 Background of the study

The Ganga River system (GRS) is the worl doés
This extensive basin is intricately interwoven with a vast network of tributaries, which are threatene
anthropogenic pollution and degradation, significantly impacting aquatic biodiversity and their hak
(Kumar, 2017). It also faces the challenge of accommodating the highest human densi
Consequently, these ecological disruptions hinder the conservation efforts aimed at preserving
river's delicate ecosystem (Singh and Singh, 2007). To comprehensively assess the implications ¢
contemporary environmental threats, losses for biodiversity management, harnessing the link bety
genetics and associated habitat in populations of a focal species within the tributaries is crucial.
approach allows for a more insightful evaluation of the impact on the microecosystem and aid
developing targeted conservation strategies. Consequently, the preservation and sustaina
management of the freshwater ecosystem, rich biodiversity, and natural habitats within the GRS |
emerged as significant concerns in India. This is particularly pertinent under the ambit of the Nati
Mission for Clean Ganga Project, which is undertaking comprehensive measures aimed at reinst:
the ecological health of the GRS. This initiative's focus on ecological restoration and health resor
with the urgent need to ensure thietangiability and stability of the GRS ecosystem.

The Asian Silurid cati§hllago at{i8loch and Schneider, 18@jure)lis widely distributed in the

Indian subcontinent and several Southeast Asian countries including Thailand, Laos, Cambo
Vietnam, Malaysia, and Indonesia (Robertg/1988% a fast growing catfish that belongs to the
Siluridae family and can reach a maximum length of 2 meter weighing more than 45 kg (Talwar
Jhingran, 1991; Roberts 2014).This Silurid catfish has been one of the most economically impol
freshwater resource and a dietary staple in southeast Asia since ancient times because of its I
body size and high nutritive value(Higham and Kijnga). Since the past Wvattidhcedes,
experienced a sharp decline throughout its range due to overfishing, habitat fragmentation, c
construction and habitat alteration (¢iah2809, Patrat al. 2005, Baranal. 2018), and hence
categorized as Vulnerable in the IUCN Redlist.

An understanding of the genetic background is essential for the conservation and management of
species. For this purpose, molecular markers have been extensively used in population genetic stt
(Sun et al., 2012; Zhao et al., 2013; Wei et al., 2013). Mitochoridhatif@NAnaternally and

has proven to be a useful molecular marker in studying fish populations due to its small size, relat
rapid base substitution rate, and lack of recombination (Guo et al., 2004). Furthermore, the var

evolution rate in different regions makes mtDNA suitable for research at various levels of evolution

8



Cytochromie(Cytb) and cytochrome oxidase sul{@@t) genes are pretmding regions within

the mtDNA genome and typically exhibit a moderate level of intraspecific variation, hence used w
for investigating genetic diversity, phylogeography, and population genetics (Hebert et al., 2C
Mandal et al., 2012; Suneetha et al., 2000). Whereas, the control region (CR), alse known as th
loop, is a noncoding region and is recognized as the most variable part of the mtDNA genome
commonly exhibits high intraspecific variation, making it suitable for studying genetic variability,
and intraspecific levels variations and stock assessments (Donaldson and Wilson, 1999; Liang e
2011; Zhao et al., 2013). To date, limited research has been conducted on the genetic characteristi
W.attu f ocusing mainly on the speciesd barcodi
2023), and biology (Wu et al., 1999; He and Chen, 2007; Chen et al., 2009). The catchments of
GRS are significantly altered by honduemed modifications which may lead to drastic changes in the
living conditions of the aquatic organisms inhabiting these areas. Hence, it is crucial to assess
genetic status and population structure of the species from tributaries of the GRS to cover a wide r
of natural habitats threatened with anthropogenic alteration.

As such, the key objective of this study is to assess the genetic diversity, differentiation, popule
genetic structure, and demographic patWrrettafTo achieve this goal, we utilized three specific
MtDNA regions, ®@ytCOI, and the control region to analyze the genetic charatteratics of
populations present in selected tributaries of the GRS. The information gathered through this rese
will provide fundamental knowledge necessary for the management of the species' genetic resou

and the development of-terng conservation strategies.
2.2 Methodology

A total 176 sampledhafattuvere collected from 19 sites covering seven tributaries of the Ganga
river system namely Ganga (n=102; Seven site L1 to L7); Ramganga (n=5; L8); Sharda (n=18;
sites L9.10); Sarayu/Ghaghra (n= 7; two sitést2)1 Rapti (n=7; L13); Gandak (n=12; two sites:
L14L15) and Kosi (n=19; four sitek 19M)6(Figurd). A comprehensive list of the sampling sites,
sample numbers, sample codes, and corresponding GPS coordinates are provided in Table 1. A s
piece of the pectoral fin was carefully clipped from each sample and stored in 95% ethanol L
genomic DNA extraction was performed using the phenol chloroform method (Sambrook and Rus
2001). The concentration and quality of the extracted DNA were evaluated using 0.8% agarose

electrophoresis.



Figurel: Image of Asian Silurid catfi$tallago att@Bloch and Schneider, 1801)
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Table 1. Sample collection datsVailago attused in this study.

Ganga L1 BJ01BJ23 Bijnor, Uttar Pradesh 23  29.39194< 78.04805¢
Ganga L2 NROINR24 Narora, Uttar Pradesh 24 | 28.21647¢ 78.38018¢
Ganga L3 FBO1B10 Shamshabad, Uttar Prac 10 27.5656 79.51806¢
Ganga L4 KJOIKJIO6 Kannauj, Uttar Pradesh 6 27.08793] 79.99017¢
Ganga L5 MGOIMG19 Munger, Bihar 19  25.36972: 86.47527¢
Ganga L6 BGO0i1BGO7 Bhagalpur Bihar 10 | 25.24583: 86.98361!
Ganga L7 JHO1JH10 Rajmahal, Jharkhand 10  25.05842% 87.82648¢
Ramganga L8 RGOIRGO5 Bareillly, Uttar Pradesh 5 28.292617 79.37040¢
Sharda L9 LKOILK12 LakhimpurKheri, Uttar 12 28.38331 80.5591
Pradesh

Sarada L10 GBO0i1GB06 Gopiya Barrage, Bahraic 6 28.05411 81.41737
Sarayu/Ghaghr L11 BKO1BKO6 Barabanki, Uttar Prades 6 27.0929 81.4864

Sarayu/Ghaghr L12 ADO03ADO7 Ayodhya, Uttar Pradesh 7 26.80593 82.2264

Rapti L13 RBOIRBO7 Rapti Barrage, Uttar Pra 7 27.8607 81.81464
Gandak L14 BHO1BHO7 Bagaha, Bihar 7 27.11709< 84.05697:
Gandak L15 HPOIHPO5 Vaishali, Bihar 5 25.70976< 85.18838¢
Kosi L16 KBO1KBO5 Kosi Barrage, Bihar 5 26.5225 | 86.93472:
Kosi L17 SPO1SP04 Supaul, Bihar 4 26.13805¢ 86.54361!
Kosi L18 SHO1SHO5 Saharsa, Bihar 5 25.91194+ 86.4455

Kosi L19 KSOIKSO05 Kursela, Bihar 5 25.42166. 87.17346¢

Total 176

2.2.1 mtDNA amplification and sequencing

Polymerase Chain Reaction (PCR) was performed for all 176 samples to amplify three mtDNA reg
Cytb using primers L14724 and H15915 (He and Chen, 2007),partial COI using primers Fish F1 :
Fish R1 (Ward et al., 2005) and partial CR using prirdespFisin® Fishl@pR (Cheng et al.,
2012)Table 2PCR was carried out in a final volume of 10pul reaction using a PCR buffer (10 mM Tr
HCI, pH 8.3, and 50 mM KCI), 1.5 mMWR&iIM of each dNTP, 0.25 mM of each primer, 5 U of

Tagq polymerase and 1 ¢l of the template DNA
follows: an initial denaturation at 95 C for 5 min, followed by 35 cycles of 95 C for 35 s, annea
temperature at 56eC for 45 seconds, and exte

72eC

controls were included. The amplified PCR products were run on a 2% agarose gel stained \

f o r Tdlronitonithe efteaiveeness and consistency of the PCR reactions, positive

ethidium bromide and visualized under UV light. To eliminate any residual pfieckRGiie amp

products treated with Exonuclease d)(BX@shrimp alkaline phosphatase (SAP) for 15 minutes
11



each at 37eC and 80eC, respectivel y. Subse
sequenced using the BigDye Terminator Kit (v3.1lyzewticaman ABI 3500XL Applied Biosystems
Genetic Analyzer. Both forward and reverse sequences were obtained for all products. The seque
were aligned and edited using Sequencer 4.7 software from Gene Code Corporation. Alignment «
raw sequences was performed using CLUSTAL W within the BioEdit v 7.2.5 softwal
(http://www.mbio.ncsu.edu/BioEdit/biogdit.html

Table2: Primes used for amplification and sequencivgallago attsamples

Gene Primers Reference

Cytochronte L1447 BACTTGAAAAACCACCE DG Xiao et al., 2001
H15 9 L5CCGATETCCGGATTACARGAC

Cytochromec F i s h-FCAACCBACCACAAAGACATTG&GAC Ward et al., 2005

oxidasé Fi s h-RAGACTIGIGGGTGGCCAAAGAATCA

Control Region Fish Dloop F; BGCACCGGTCTTGTAAABCG Cheng et al., 201:

Fish Dloop R; BTCCGGTTTGAACTCAGATC

2.3 Data analysis

The sequences ofli;@@0I and CR were derived from the forward and reverse directions and editec
using SEQUENCHER version 4.9 (Gene Codes Corporation, Ann Arbor, MI, USA). The alignment
analysis of each region was performed separately using the CLUSTAL X multiple sequence aligni
program (Thompson et al., 1997), and the sequences were examined by visual inspection. Furt
concatenate dataset of three mtDNA regions was generated to analyze the haplotype diversity
nucleotide diversity (p), and polymorphic sites (s) using DnaSP 5.0 (Librado and Rozas, 2009).
spatial distribution of the haplotypes was visualized througbiainge(Val) network, which was
created using the PopART software (Leigh and Bryant, 2015). To determiné/wdittther the
popul ations carried a signal of spati al ran
(Tajima, 1989) and Fudbés Fs (Fu, 1989) neutra
2009). To generate the trends in spatial demography history, the mismatch analysis was carried
using the population gralettliine model in DngEBrado and Rozas, 2009). To evaluate the fit of

the observed distribution the sum of squared deviations (SSD), the raggedness index (r) under
growthdecline model for each population, genetic differentiation (FST values) and Analysis
Molecular Variance (AMOVA) were calculated in ARLEQUIN v3.5 program (Excoffier and Lisc
2010). The-¥alues were obtained from 1000 simulations on the basis of a selective neutrality tes

Phylogenetic analyses were conducted in BEAST ver 1.7 (Drummond et al., 2012). The analysis

12
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performed with MCMC chains for 10 million generations, sampled every 100 generations, and usi
burnrin of 5000 generations was used. The credibility of the results was assessed using Tracer V.
The first 10% per run was discarded as.ddiaximum credibility trees were obtained with
TreeAnnotator (implemented in BEASTver 1.7 Package). The final phylogenetic tree was visualiz:
FigTree v.1.4.4ntip://tree.bio.ed.ac.uk/softwareffigtided best fit substitution model was
determined using MrModeltest Version 3.7 (Posada and Crandall 1998) based on the Aka
Information Criterion (AIC). The chosen model was the-kKlssegdamo model (HKY) with

gamma distribution for (G). To determine the effective population size over time coalescent Baye
skyline plots (Drummond et al. 2012) were generated using BEAST v1.10.4 (Drummond et al. 2
and visualized in Tracer version 1.7 (Rambaut et al. 2018); all effective sample size (ESS) were a
200.The analysis was performed using Hakegfamiz'ano (HKY) model substitution model and

the strict molecular clock model was used. The analysis was run with sampling every 10,(

generations and 10% of first generations were discaijed (burn

2.4 Results

2.4.1 Sequence variations, haplotype distribution and genetic structure

We generated the sequences of three mtDNA regions consisting of Cyt b: 1054bp, COI: 632bp anc
734bp from 176 samples. To perform the sequence variations and gene diversity estimates,
concatenated dataset of three mtDNA region (Cytb+COI+CR: 2420bp) was generated. In the w
dataset, eighty polymorphic sites were identified (3.30%) including 74 parsimony informative sites &
singleton variable sites. The estimated nucleotide frequencies indicated AT bias among the genel
region. Among all the concatenated sequences, 103 haplotypes were identified and the gener:
sequences have been submitted to GenBank. Among 103 haplotypes, 62 were identified from Ge
(Hap Hap 62), 2 from Ramganga (Hapba&GB864), 12 Sharda (Hap 61, Hada@b75), 10
Sarayu/Ghaghra (Hapl, Hap 68, Hégap7&3), 6 Rapti (HagH8$¢ 89), 6 Gandak (Hap 61, Hap

62, Hap9Map93), and 10 Kosi (Haptep 103). Hapl shared with Ganga and Sarayu/Ghaghra
whereas, Hap 61 was found to share with Ganga, GeBluakiarRiveHap 62 shared with

Ganga and Gandak andHap68 shared with Sharda and Sarayu/Ghaghra. Interestingly, no haplo
sharing was observed in Ramganga, Kosi and Rapti and also each population had its own pri
haplotypesTéble B The medigaining network of the 103 haplotypes represented the distribution
pattern of haplotypes among\thattuypopulations (FiguBe The results obtained from Median

joining networks indicate that the haplotypes from the seven populations do not exhibit a clear |

wise genetic structure. Moreover, MJ analysis reveals the existence of three genetic clades withir
13
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GRS. Clade | was found in all seven rivers with wide distribution. Clade 1l was found in Ganga, Sh:
Sarayu/Ghaghra, Rapti and Kosi river, whereas clade Ill was confined to Ganga, Gandak ¢
Sarayu/Ghaghra river. Despite the three genetic groups, the network did not display any evident
burstike topological structures or core haplotypic distributions. These findings provide valual
insights into the genetic relationships among populations in the region, suggesting complex interac
and potentially unique evolutionary procedseatnin the Ganga river basin. In phylogenetic
analysis, the result was consistent with MJ network and three cladeshigene fhriferldlade

[l which consists of individuals from Ganga, Gandak and Sarayu/Ghaghra river formed basal cl
indicating that the sequences of clade Il are much diverse than the individuals of Clade | and Clad

Clade 11

Clade 111

10 samples
P
A

[ ] éjnga “\

@ Sharda
Sarayu/Ghaghra "
@ Rapti
@ Gandak
® Kosi

Figure 3. The medimining network based on the concatenate dataset of three mtDNA regions
COl, Cyt b and Control regionVéllago attuThe number of lines (bar) between nodes
represents the mutation sites, and the size of the circle represents the number of individuals in

each haplotype.
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‘Hapgo 2

‘Hapsl 1

‘Hapg82 1

‘Haps3 1

‘Hapsa 1

‘Hap8s 1

‘Haps6 1

‘Hapg7 2

‘Hapgs 1

‘Hapgo 1

‘Hapoo 2
‘Hapor 4
‘Hapo2 1
‘Hapos 1
‘Hapo4 1
‘Hapos 1
‘Hapos 7
‘Hapo7 2
‘Hapog 1
‘Hapoo 2
‘Hap100 2
‘Hapiol 1
‘Hap102 1
‘Hap103 1
14.2Genetic diversity anagetic differentiation

The Hd and °~ of the Ganga, Ramganga, Sharda,

0.984 and 0.0063; 0.60 and 0.0002; 0.961 and 0.005; 0.962 and 0.0062; 0.952 and 0.003; 0.848
0.0039; 0.860 and 0.0046, respectively. The overall Hd value was high 0.947 + 0.006 across
popul ati ons, however, ’ v ). Bagwise Bss coriparisan @f t o
populations showed significant genetic differences between the populations. Comparatively low
between Ganga and Sarayu/Ghé@bdr) to high between Ramganga amdOREGE) was

observed (Figure BMOVA of all seven river populations were determined to identified the presenc
of population genetic structure and found that 84.70% variation was attributed within the populat

and 10.11% variation among population§)(Table
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Tabled: Summary of genetic diversity and neutrality tests of demographic pattéatiago

attu
River N S H Hd ’ Fuda@®Taj i mSSDP) Rg(P)
(P)

Ganga 102 70 62 0.9840.005 0.0063 -23.73* 0.462 0.011 0.0038
Ramganga 5 1 2 0.60@ 0.175 0.0002 0.626 1.224 0.054 0.400

Sharda 18 29 12 0.96%0.026 0.005 0.049 2.066 0.012 0.013

Sarayu/Ghaghr 13 44 10 0962 0.041 0.0062 0.186 0.290 0.026 0.024

Rapti 7 23 6 0.952 0.096 0.003 -0.308 -1.00 0.170* 0.052

Gandak 12 23 6 0.84& 0.074 0.0039 2.953 1.078 0.081 0.168*
Kosi 19 23 10 0.86&0.070 0.0046 1.606 2.700 0.033 0.072

Overall 176 80 103 0.92 0.002 0.0062 -2.66 0.973 0.055 0.105

Sample size (N), polymorphic sites (S), nurapketydes (H), haplotype diversity (Hd), nucleotide
di v er tha sunyof gquaded deviations ¢@8B)ar pendi ngds r ad®yedness
the probability value.*P<0.05.

Table5. AMOVA analyses of mtDNA sequences for seven populatitiatagd attufrom

Ganga river basin

Fixation

Source of Sum of  Variance Percentage
variation squares components of variation index

Among groups [§s] 148.78  0.81432 10.11 Fcr=0.101 0.099
Among 1 16.47 0.41841 5.19 Fse= 0.057 0.048

populations
Within groups

169 1153.41 6.82 84.70 Fs=0.152 P<0.001
populations
175

1318.670 8.05

p-value
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Figure5: Genetic differentiation among tWallago attypopulations. The pairwise genetic
distance values based on the concatenate dataset of three mtDNA regions IC@ndCyt
Control region.

24.3Population demography

The neutrality test of Tajimabés D and Fuds F
to deduce the demographic history @f.tld¢tu Multimodal mismatch distributions and non
significant Tajimadés D and Fubdés Fs Wathues (
populations have remained relatively stable offégum®med and Table 2). THemographic

scenario was also supported by the generalized least square procedure and the raggedness inde
the distribution in studieedrs (TabK). The Bayesian skyline plot was performed to understand the
past demography history of studied species. Bayesian skyline plot (BSP) analyses supported
hypothesis of a relatively recent population expaflsiatiusf GRS. BSP revealed that the
population size had no pronounced demographic changes for a long time, before it experience

pronounced population expansion at approximatelyg0reda (
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Figure6: (A) Mismatch distribution graph for overall populatiodgatifgo attun the Ganga

river basin. The X and Y axis show the number of pairwise differences and the frequency of the
pairwise comparisons, respectively. The observed frequencies are represented by dotted line.
The frequency expected under the hypothesis of constant population model is depicted by solid
line. (B) Bayesian Skyline plot showing changes in effective population size (Ne) over time (x
axis) using he entire dataset. Theayis (logarithmic scale) represents population size,
estimated as Ne T G (Ne = effective popul at
shaded portion around the solid median estimates show the 95% highest postetyor dens

estimate of the historic effective population size.
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25 Discussion

One of largest river ecosystem in the Asia, the GRS is characterized by high species richness anc
been identified as one of the important centers of biodiversity (Sarkar et al., 2012). The GRS has |
identified as a biodiversity hotspot, requiring immediate protection to preserve its rich variety of spe
The region faces numerous anthropogenic threats, making conservation efforts urgent and cruci
safeguard its unique biodiversity. Hence, understanding the stock composition and populat
dynamics of exploited species is of utmost importance in ensuring sustainable fisheries manager
(Ovenden et al.,, 2015). The present study provides the first detailed insights into the gene
characteristics W. attuand significantly expand our knowledge of their demography and levels of
differentiations in GRS.

2.5.1Genetic diversity and population structure

Investigating the mtDNA variations indicated high haplotype diversity with low nucleotide diversity v
seven populations/éf attuA high level of haplotype diversity combined with low nucleotide diversity
often indicates that the population likely experienced a period of low effective population size follc
by a significant expansih.attua widely distributed and frequently observed fish species in GRS,
the large population size may account for the high levels of haplotype diversity observed in this re
Haplotype sharing was observed in various river combinations: Ganga and Sarayu/Ghaghra, Ga
Gandak, and Sharda, and Ganga, Gandak, Sharda, and Sarayu. This phenomenon underscores
natural genetic interchange, as exemplified by the connection between Sharda, an upper segme
the Ghaghra River, also known as Sarayu River, merging with the Ganga in Saran, Bihar. Similarly
convergence of Ganga and Gandak occurs in Hajipur, Bihar, contributing to genetic sharing.
sharing of haplotypes, coupled with significant vakiatiatigpopulations, could be attributed to

the diverse environmental conditions and distinct selective pressures across different river syst
(Modeel et al. in 2023). Furthermore, the rapid increase in population size may have facilitated
accumulation of mutations, and the period of expansion may have allowed ample time for
accumulation of their haplotype diversity, but insufficient for an increase in nucleotide diversity (Gt
al. in 2014).

Phylogenetic analysis revealed the presence of different genetic groups within the species but the
not correspond to any regpetific genetic signatures. Additionally, network analysis also indicated
the presence of three genetic cladfésattu This indicates that attus currently undergoing
diversification, increasing the likelihood that certain individuals within the population will poss

variations better suited for their environment. Similar results were noted in different fish spec
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includin@chizopygopsis Younghuslii&udi et al., 201Ancherythroculter nigrocauttze upper

Yangtze River (Zhai et al., 2008)putitortom the Upper Ganga region in India (Yadav et al.,
2020), and thiethiagenus in Sri Lanka (Sudasinghe et al., 2021).

2.5.2Genetic distance

Genetic distances between seven populations indicated that genetic differentiation ranged from Ic
high. As the distance between tributaries increase, so does the genetic differentiation among
populations. In general, river currents play an important role in dispersing the fishes resulting in
genetic divergences with reference to the Ganga river where many rivers merge to form the main
system. Moreover, AMOVA analysis showed that genetic Wariationastly occurred within
populations, whilst there was moderate differentiation among populations (P < 0.001). The leve
genetic differentiation, and AMOVA showed consistent results, which was perhaps attributable to
gene flow. Lack of barriers to dispersal and strong dispersal capacity could facilitate genetic excha
among groups across their distribution, being possible reasons for the low genetic differentiation ar
the GRS.

2.5.3Historical demography

The historical demographic expansidhsatitin the GRS were investigated using the neutrality
tests Tajima's D and Fu's Fs. Typically, significantly negative values of D and Fs can indicate ei
population expansion or purifying selection (Liu et al. 2009; Ren et al. 2017). In this analysis, |
Tajima's D and Fu's Fs tests showed no statistically significant differences (p > 0.05), except for
Ganga population, which exhibited a notably large negative and significant Fu's Fs valt
Consequently, historical population stability was observed in the studied populations, while the G:
population demonstrated signs of demographic expansion. Additionally, interpreting the neutrality
results for the Ganga population, where a significant negative value was accompanied by a r
significantly positive Tajima's D value, requires caution. Thus, we conclude that alVthe examinec
attu populations within the GRS likely maintained equilibrium in the past. This result was furtt
supported by the analysis of the Bayesian Skyline Plot (BSP), which indicated recent population gr
following a prolonged period of historical stability in population size. BSP analysis revealed a patte
which the population maintained a relatively stable size over an extended period before undergoi
significant expansion around 0.04 Ma, during the late Pleistocene era. Geological and climatic evelr
the past have undeniably played a pivotal role in the population dynamics of various fish spec
includingSchizopygopsis younghusb@®do et al., 2014). Our findings lend support to the
hypothesis that the expansion and evolutionary trajécatiopref closely linked to environmental

and climatic shifts. Conversely, the Pleistocene epb&M@)0&as characterized by a series of
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substantial glaeiaterglacial fluctuations, potentially exerting profound effects on the geographice
distribution and abundance of organisms due to cycles of fluctuating water levels (Dynesius .
Jansson, 2000). It is plausible that these recurrentggtflei@bl changes within the Ganges River
system during the Pleistocene might have also played a role in influencing thé. extppansion of

Our findings imply that a higher genetic variation increases the likelihood of individuals withii
population possessing advantageous traits for their environment. This adaptive advantage leads t
prolonged survival of these individuals and their descendants, eventually contributing to |
diversification of the population into distinct genetic lineages over subsequent generations. Fur
exploration is warranted, particularly in other Indian river systems, to gain insights into the geneti
diverse populations of this species.

2.6 Conclusion

Gaining insights into the genetic diversity and population structure holds the potential to enhance
the management of fisheries and the conservation efforts aimed at preserving vulnerable freshw
fish species. As an economically important fishVEpatidgslds a widespread presence across

the Indian subcontinent and other regions of Southeast Asia. This study's revelation of high popul
genetic diversity, coupled with moderate genetic differentiation between populations, indicates
initiation of divergence withiWMthattuspecies found in the GRS. The outcomes of this research
furnish comprehensive details about the population genetics and historical d¥vhagtaphics of
Furthermore, these findings lay the groundwork for the assessment of germplasm resources
effective resource management for this species. The implications of these results extend tows
refining our comprehension of population genetics, ultimately offering crucial insights for sustain
utilization, prudent fishery management, and enduring conservation strategies applicable to

species.
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3. MOLECULAR EVIDENCE INDICATES THE EXISTENCE
OF MULTIPLE LINEAGES OF SPERATA SPECIES IN
INDIAN RIVERS
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3.1 Background

The genuSperatas one of the largest catfish that belongs to family Bagridae and widely distributed |
India, Pakistan, Bangladesh, Afghanistan, antiaNegra&(Jhingharan, 199ke genuSperata
waspreviously knownAssrichthyslystusand was recognized as one of the commercially important
catfish speci¢Saigal & Motwani, 1¥abese & Pauly, 20T)e to high nutritional values and the

low number of intramuscular b8pesatapecies have a huge demand in South Asian countries
(Mohantyet al.,2012. Based on the morphological characteristics, four sPpeiadaaie

currently recognized from Bsig, (1878; Talwar & Jhingharan, A&®dris & Runge, 1998;&

Kottelat, 201.3These four species are namefl. aeenghalgSykes, 1839p. aor(Hamilton,

1822)S. aciculari@-erraris & Runge, 1999), &anadorellgBlyth, 1858). Recently, there are one

more specieS, sarwanyhich is recognized from the Indus river system of India andaRaikastan (

et al, 1994 The catfish can tolerate a high range of temperd@f€)3Bw dissolved oxygen,

and salinity along with variable water conditions, because of thereetbung system (Y agetav

al, 2017; 2018). Among the four species of tHepgeaiaS. seenghalgFig.7) (the giant river

catfish) and. aor(Fig.8) (the longvhiskered catfish) have a wide distribution in the Indian
subcontinenG(pta, 20)5In the Ganga river, due to the high anthropogenic activities such as
extensive fishing, water abstraction, pollution, siltation, and invasion of exotic species, are threate
theSperatpopulation§.seenghalandS. aocaer e recogni zed as fAl east
International Union for Conservation of Naturd>(By@N3. studies giant river catfighadually

focused on the genetic assessméht sefenghalasing Randomly amplified polymorphic DNA
(RAPD) marker (Sahial, 2010Garget al, 201% mtDNA marketsu(maret al, 201), and
microsatellite markAcharyaet al, 2019). Thmicrosatellteased stoc#liscrimination 8f aor

revealed the existence of three genetic stocks from the connected vicinity of the Ganga river (Na
Khan, 2017). Though both the spe8psrefare abundantly found in Indian rivers; no study has

been done so far to differentiate them.

Day (1878)jocumented the morphological characteristics for the idefniifesatioatfish species.

InS. aomaxillaryparbels are longer in size and prolonged or beyond to the base of the caudal fin.
poses a supraoccipital spine, and its interneural shield shares almost the same length. It is &
characterized by-1D pectordin rays, 320 gill rakers, and its orbit prolongs through the middle of
the length of the head. Howe&r seenghal#éhe snout is chisbbped; maxillary barbels are not
extended beyond the middle body; and supraoccipital spine shorter than interneural shield. It poss

9 pectordinrays, 285 gi | | raker s, and its or bGupta,c ompl ¢
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2015;Miyanet al, 2016)Despite being significant variations, the identification between these two
species is quite difficult. Hence, reliable sampling is essential for resolving the population ger
structure and diversity. Therefore, an appropriate management plan for a different stock can
prepared by incorporating reliable knowledge about existing lineages from species distribution rar
Due to the maternal mode of transmission, and more rapid evolution than the nuclear genol
mitochondrial DNA (mtDNA) provides reliable information on the relationships among closely rel
species and populations (Bebwh,1979). In particular, the mtDNA control region (CR) is a highly
variable portion and estimated to be five times more substitution rate than that of the rest sequenc
MtDNA (Aquadro & Greenburg, 1983). For this reason, this marker is widely acceptable for popul
genetics studie&/éret al, 2004; Gupé al, 2018

We useds. seenghakndS. oarfrom thé&anga rivéo improve our knowledge of contemporary
genetic relationships, diversity, and demog&pmataiThen we compared it &iteeenghala
populations dahanadi arBfahmaputrdVe used wiglange geographic sampling over different
locations of the Ganga River and DNA sequences of other major rivers for comprehensive ger
insight intBperetéineages.

Figure7: Sperata seenghatallected from Bijinor Uttar Pradesh
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Figure8: Sperata acorollected from Bijinor Uttar Pradesh

3.2 Methodology

A small portion of fin tissues was collect8d $emnghal@=131) froemightocations ard. aor

(n=78) from four locations of the Ganges river and stored in 70% ethanolGag9). Ttahle

genomic DNA was extracted from the tissue samplegpbsimgttieroform extraction protocols

witha final elution volume of 1(®grhbrookt al, 1989 The extracted DNA was checked on 0.8%
agarose gel and quantified in QIAxcel and diluted in a final concentration of 30ng/ul for PC
amplification.

Table6: Sampling locations db. seenghaland S. aorused in this study. N, number of

samples.

Ganga S.seenghali 1 Bijinor, Uttar Pradesh 21 29.3919 78.0480
S.seenghali 2 Tigri Ghat, Uttar Prade 15 28.8164 78.1461
S.seenghali 3 Narora, Uttar Pradesh 20 28.2164 78.3800
S.seenghali 4 Samshabad, utt 18 27.5655 79.5180

Pradesh

S.seenghali 5 Kanpur, Uttar Pradesh 15 26.4765 80.3683
S.seenghali 6 Allahabad, Uttar Prade 25 25.45 81.85
S.seenghali 7 Varanasi, Uttar Prades 12 25.3225 83.1344
S.seenghali 8 Munger, Bihar 16 25.2229 86.2748
S.seenghali 9 Sahebganj, Jharkhand 14 25.2511 87.6600

Ganga S. aor 1 Bijinor, Uttar Pradesh 41 29.3919 78.0480
S. aor 2 Tigri Ghat, Uttar Prade 11 28.8164 78.1461
S. aor 3 Narora, Uttar Pradesh 12 28.2164 78.3800
S. aor 7 Varanasi, Uttar Prades 14 25.3225 83.1344

Bramhaputra S. seenghali 10 Raha, Assam* 25 26.35 92.69

Mahanadi S.seenghali 11 Sambalpur, Odisha* 25 21.47 83.97

Note: *Sequences taken from Kumari et al., (2017)
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Figure9:The Ganga, Brahmaputra and Mahanadi river syshedia and the geographic origin

of SperetaseenghalandS. aorsamples used in this study

3.2.1PCR amplification ars@¢quencing

PCR amplification was performed using mtDNA control region (CFSDphooer$:5
CACCCCTAACTCCCAAEZG@Nd SSDip R:5GGTTTAGGGGTTTAACAGGuUmarkt al,

2017. PCR reaction was performed in total reaction volumes of 20 ul using a 1 X PCR buffer (10 r
TritHCI, pH 8.3, and 50 mM KCI), 1.5 mMM&@IM of each dNTP, 2 pmol of each primer, 5 U of
Tag DNA poherase and 1 pl (~30 ng) of the template DNA. €brdRiORs were as follows:

95°C for 5 minutes, followed by 35 cycles of denaturation at 95°C for 45 seconds, annealing at 5
for 45 seconds, and extension at 72°C for 75 seconds. The final extension was at 72°C for 10 mint
The consistency of the PCR amplification was monitored using positive and negative controls. The
amplicons were checked on 2% agarose gel by gel electrophoresis and visualized under the
transilluminator. Exonuclease HJEX@ shrimp alkaline phosphatase (SAP) treatments were given
to the amplified PCR products (USB, Cleveland, OH) for 15 min at 37°C and 20 min at 80°C, to dec

any residual primer and dNTPs. The amplified PCR products were sequenced from both forward
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reverse directions using the BigDye® Terminator kit (v3.1) and analyzed on an Applied Biosyst
Genetic Analyzer ABI 3500XL.

3.3 Data analysis

All the raw sequences obtained from the forward and reverse directions were aligned and edited
SEQUENCHER®version 4.9 (Gene Codes Corporation, Ann Arbor, MI, USA) to get the conser
sequence. All the consensus sequences were aligned using the program CLUSTAL X mult
sequence alignmertigmpsoat al, 199y and examined by visual inspdatia®P 5.0 (Librado &

Rozas, 2009) was used to analyze the haplotype diversity (h), nucleotide diversity (p), and polymo
sites (s). The numbers of nucleotide substitutions per site were estimated for multiple substitut
using the TameBgparameter method in MEGA X (Kuaela2018). For the genetic distance, we

used the TamuBgparameter using a discrete Gamma distribution @itidRe &west BIC score

value using MEGA X (Kwhat, 2018). Phylogenetic analyses were conducted in BEAST ver 1.7
(Drummondt al, 2012)The spatial distribution of haplotypes was visualized byjanmgdian
network, was created with the POpART sbftigar& Bryant, 2DIGEGA X(maet al, 2018

was used to estimate wghmip genetic distance and betyveap mean distance between the
populations @&. seenghaland S. aor In additionnolecular variance analysis (AMOVA) was
performed to test the genetic differentiation between geographical units. The significance val
generated by AMOVA were tested by random permutations of sequences amddgagpulations.
5.0 Librado & Rozas, 2008s used to generate the mismatch distribution plot for trends in spatial
demography historySofseenghalandS.aorpopulations. Besides, to determine the demography

hi story of each population of both Tajime, spec]
1989 , F u 6, 199% thet sans df sq@ared deviations (SSD) and Raggednessdetex (r)

the demographic expansion model for each poguigtitre program ArlequinEXxéoffier &

Lischer, 2010The Rralues were obtained by 1000 simulations based on a selective neutrality test.

34 Results

3.4.1 mtDNA control region sequence polymorphism and haplotype diversity

We obtained 870 bp sequences for CR from 131 sanggengifafeomeightdifferent sites and

78 samples &. aorfrom four sites of the Ganga river @alidesides, 25 sequence$.of
seenghal@ach from the Ganga river, MahanadnivBrahmaputra riwere inaded from NCBI
GenBank (TableTgable?). Therefore, a dataset of 156 sequelkeseehghafaom the Ganga

river were used in the present andlgsishigh number of segregating sites was found in the

Brahmaputra (173) followdddhanadi (13&), seenghat# Ganga (8@&ndS. aonf Ganga (42)
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populatiaWWhen sequences of all three rivers were aligned with our data, all were grouped into °
haplotypesTable7). Out of thes87 haplotypes (Hapl to Hapv8i® observed $h seenghala

from the Ganga8 haplotypes (Hap38 to Hap65) were fouaariour haplotypes (Hap 66 to Hap

69) were observéad Mahanadiine haplotypes (Hap3, Hap70 to Hap77) were abserved
Brahmaputra rivénterestingly, four haplotype (Hap34 to Hap37) from the Ganga river sustain distin
genetic signature and highly diverse than the seq&erssEnghafeom the Gangéhe newly

identified haplotypesSoseenghakandS. aorfrom th&anga River were submitted in GenBank
(MT70774MT707801).

The haplotype diversity (hdj.afeenghakndS.aorfrom the Ganges river were comparable and

high 0.943 and 0.934, respectively. In contrast, the haplotype diversity of the Mahanadi a
Brahmaputr@vers was 0.717 and 0.820, respectively. The nucleofydg )divessianging from

0.009 irs.aotto 0.049 in the MahamaghiulationThe ratio of transition and transversion rate (Ts/Tv)
was high iMahanad®4/49, whereas it was loBiahmaputial/15Tables).
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Haplotypes |Sample Species River Sample origin Accession Number Reference
Size
Hap.1 1 S. seenghala Ganga Bijnor (1) MT707741 This study
Hap.2 11 S. seenghala Ganga Bijnor (1), Tigarighat (1), MT707742, KT022186, This study &
Shamshabad (2), Kanpur KT022189, KT022192, *Kumari et al.,
(1), Allahabad*(6) KT022198 2016
Hap.3 14 S. seenghala Ganga and Bijnor (4), Narora (2), MT707743, KT022220, This study &
Brahmaputra Shamshabad (5), Kanpur KT306656 *Kumari et al.,
(1), Brahmaputra*(2) 2016
Hap.4 2 S. seenghala Ganga Bijnor (2) MT707744 This study
Hap.5 2 S. seenghala Ganga Bijnor (1), Narora (1), MT707745 This study
Hap.6 16 S. seenghala Ganga Bijnor (2), Shamshabad (2), MT707746, KT022193, This study &
Kanpur (2), Allahabad*(2), KT022197 *Kumari et al.,
Varanasi (3), Sahebganj (5) 2016
Hap.7 1 S. seenghala Ganga Bijnor (1) MT707747 This study
Hap.8 6 S. seenghala Ganga Bijnor (1), Tigarighat (4), MT707748 This study
Narora (1)
Hap.9 24 S. seenghala Ganga Bijnor (1), Tigarighat (5), MT707749, KT022185, This study &
Narora (6), Shamshabad KT022188, KT022194, *Kumari et al.,
(3), Kanpur (1), KT022195, KT022196 2016
Allahabad*(5), Sahebganj
3)
Hap.10 8 S. seenghala Ganga Bijnor (4), Tigarighat (3), MT707750 This study
Kanpur (1),
Hap.11 1 S. seenghala Ganga Bijnor (1) MT707751 This study
Hap.12 4 S. seenghala Ganga Bijnor (2), Tigarighat (2) MT707752 This study




Hap.13 . seenghala Ganga Narora (6), Shamshabad (1) MT707753 This study
Hap.14 . seenghala Ganga Narora (3) MT707754 This study
Hap.15 . seenghala Ganga Narora (1), Kanpur (2) MT707755 This study
Hap.16 . seenghala Ganga Shamshabad (2) MT707756 This study
Hap.17 . seenghala Ganga Shamshabad (1), Kanpur (1) MT707757 This study
Hap.18 . seenghala Ganga Shamshabad (2) MT707758 This study
Hap.19 . seenghala Ganga Kanpur (2) MT707759 This study
Hap.20 . seenghala Ganga Kanpur (3) MT707760 This study
Hap.21 . seenghala Ganga Kanpur (1) MT707761 This study
Hap.22 . seenghala Ganga Allahabad*(3), Varanasi (3) MT707762, KT306667 , This study &
KT306668, KT022180 *Kumari et al.,
2016
Hap.23 . seenghala Ganga Allahabad (3) KT306669, KT306670, Kumari et al.,
KT022182 2016
Hap.24 . seenghala Ganga Allahabad (3) KT306671, KT022187, Kumari et al.,
KT022190 2016
Hap.25 . seenghala Ganga Allahabad (1) KT022181 Kumari et al.,
2016
Hap.26 . seenghala Ganga Allahabad (1) KT022184 Kumari et al.,
2016
Hap.27 . seenghala Ganga Allahabad (1); Varanasi (1) MT707763, KT022191 This study &
Kumari et al.,
2016
Hap.28 . seenghala Ganga Varanasi (2); Sahebganj (1) MT707764 This study
Hap.29 . seenghala Ganga Varanasi (1) MT707765 This study
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Hap.30 S. seenghala Ganga Varanasi (2) MT707766 This study
Hap.31 S. seenghala Ganga Sahebganj (1), Munger (1) MT707767 This study
Hap. 32 S. seenghala. Ganga Munger (1) MT707768 This study
Hap.33 S. seenghala Ganga Munger (4) MT707769 This study
Hap.34 Sperata spp. Ganga Munger (4), Sahebganj (2) MT707770 This study
Hap.35 Sperata spp. Ganga Munger (2), Sahebganj (2) MT707771 This study
Hap.36 Sperata spp. Ganga Munger (2) MT707772 This study
Hap.37 Sperata spp. Ganga Munger (2) MT707773 This study
Hap. 38 S. aor Ganga Bijnor(1), Narora(1) MT707774 This study
Hap.39 S. aor Ganga Bijnor(1), Narora(1) MT707775 This study
Hap.40 S. aor Ganga Bijnor(1) MT707776 This study
Hap.41 S. aor Ganga Bijnor(1) MT707777 This study
Hap.42 S. aor Ganga Bijnor(2) MT707778 This study
Hap.43 S. aor Ganga Bijnor(1) MT707779 This study
Hap.44 S. aor Ganga Bijnor(1) MT707780 This study
Hap.45 S. aor Ganga Bijnor(2) MT707781 This study
Hap.46 S. aor Ganga Bijnor(1) MT707782 This study
Hap.47 S. aor Ganga Bijnor(2) MT707783 This study
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Hap.48 1 . aor Ganga Bijnor(1) MT707784 This study

Hap.49 7 . aor Ganga Bijnor(7) MT707785 This study

Hap. 50 8 . aor Ganga Bijnor(5), Narora(3) MT707786 This study

Hap. 51 15 . aor Ganga Bijnor(10), Tigarighat(3), MT707787 This study
Narora(2)

Hap. 52 4 . aor Ganga Bijnor(2), Tigarighat(2) MT707788 This study
Hap. 53 4 . aor Ganga Bijnor(2), Narora(1); MT707789 This study
Tigarighat(1)

Hap. 54 1 . aor Ganga Bijnor(1) MT707790 This study
Hap. 55 2 . aor Ganga Tigarighat(2) MT707791 This study
Hap. 56 2 . aor Ganga Tigarighat(2) MT707792 This study
Hap. 57 2 . aor Ganga Narora(1); Tigarighat(1) MT707793 This study
Hap. 58 3 . aor Ganga Narora(1); Varanasi (2) MT707794 This study
Hap. 59 1 . aor Ganga Narora(1) MT707795 This study
Hap. 60 1 . aor Ganga Narora(1) MT707796 This study
Hap. 61 2 . aor Ganga Varanasi (2) MT707797 This study
Hap. 62 5 . aor Ganga Varanasi(5) MT707798 This study
Hap. 63 2 . aor Ganga Varanasi(2) MT707799 This study
Hap. 64 1 . aor Ganga Varanasi(1) MT707800 This study
Hap. 65 2 . aor Ganga Varanasi(2) MT707801 This study
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Hap. 66 7 . seenghala Mahanadi Mahanadi (7) KT306645, KT022202- Kumari et al.,
KT022207 2016
Hap. 67 11 . seenghala Mahanadi Mahanadi (11) KT306640- KT306643, Kumari et al.,
KT022211-KT022217 2016
Hap.68 4 . seenghala Mahanadi Mahanadi (4) KT306644, KT022208- Kumari et al.,
KT022210 2016
Hap.69 3 . seenghala Mahanadi Mahanadi(3) KT022199-KT022201 Kumari et al.,
2016
Hap.70 2 . seenghala Brahmaputra Brahmaputra(2) KT022221, KT306657 Kumari et al.
2016
Hap.71 8 . seenghala Brahmaputra Brahmaputra(8) KT306664, KT306663, Kumari et al.
KT306661, 2016
KT306659, KT306652,
KT306651,
KT306649, KT306647
Hap. 72 2 . seenghala Brahmaputra Brahmaputra(2) KT022218, KT306654 Kumari et al.
2016
Hap. 73 3 . seenghala Brahmaputra Brahmaputra(3) KT306665, KT306666, Kumari et al.
KT306653 2016
Hap. 74 2 . seenghala Brahmaputra Brahmaputra(2) KT306658, KT306646 Kumari et al.
2016
Hap. 75 2 . seenghala Brahmaputra Brahmaputra(2) KT306660, KT306648 Kumari et al.
2016
Hap. 76 2 . seenghala Brahmaputra Brahmaputra(2) KT306662, KT306650 Kumari et al.
2016
Hap. 77 2 . seenghala Brahmaputra Brahmaputra(2) KT306655, KT022219 Kumari et al.
2016
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Table8: Haplotype diversity &. seenghalandS. aowithin rivers.

Sperataseenghala Sperataor
Parameters Ganga Mahanadi Brahmaputre Ganga
n 158 25 25 78
Nh 37 4 9 28
S 86 136 173 42
Ts/Tv 69/19 94/49 11/15 37/5
h (xSD) 0.943 (0.008) 0.717(0.056) 0.820 0.934(0.016)
N (0.065)

( N £0.012 (0.001) 0.049(0.012) 0.034(0.017 0.009(0.0008)
Neutrality Analysis
Tajima's -1.314(0.061) 0.498(0.669) -1.149(1.02  -0.295(0.399)
D (P
Fu('s) Fs -4.662(0.152) 31.053(1.00) 1.107(0.717  -4.900(0.109)

P

ﬁ/li?s,match analysis
SSD(P)  0.2500(0.770) 0.171(0.00) 0.492(0.60) 0.014(0.480)
r-index (P) 0.0062(0.900) 0.261(0.00) 0.058(1.00) 0.007(0.910)

Note: Sample size (n); number of haplotype=g(Blgating sites (S); haplotype diversity (h); nucleotidé Jliversity (
Standard diversity (SD); sum of square deviatiom{g8dness index (r)

3.4.2Molecular phylogeny and network

The Bayesian consensus tree was generated to access the genetic relationships between

haplotypes belongs to Gakfgdnanadi, ariBtahmaputra (Fif). The phylogenetic tree showed

thatS. seenghaliom the Gandarmed two distinct clades: tl&dand cladeB, whereas

Mahanadi forms a basal clade 15.Tdmand thd8rahmaputra sequences formed distindtl clade

and IVTwo sequencesBrahmaput(@ap 3) were merged with the haplotype ofé&mghala,

and three sequencedMahanadi (Hap 69) were clusteretaplttype &. aor(FiglQ. The

medianoining network of all recognized haplstygagly indicated the presence of multiple

lineages i8. seenghalftom the studied river (Ely.The clustering pattern obtained from network

analysis is highly supportive of phylogenetic analysis.
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34.3Genetic differentiation

A few sequences Bfahmaputrand Mahanadivere merged with GasganghalandS. aor
respectively, therefdhe factuamean pairwise genetic distance was estimated based on their
clustering pattern. The analyses demonstrated significant genetic differentiation between all
lineages @perataThe genetic distinction between two known spé&cissenghal&lade 1A)

andS. aor(Clade IIl) 3.175. Considering these estimates as a reference Havspeeiestion,
theBrahmaputi@opulation genetically highly diverse (0.25 to 0.28) than the otHerestgdsed

The genetidifferentiation between two lineag8s sféenghalkglade 1A and IB) from Ganga is
0.048, whereas it was comparably higal@ahadd.076 to 0.080able9). The analysis of
molecular variance indicated a high degree of structuring among the populations. A large proportit
genetic variation was attributable to the difference among@h&&gaup] the differentiation

among populations within the gr2@i@€6 (Tablel0). TheFsc andFstvalues were found to be
significant P<0.05.

Table9: Estimates of evolutionary divergence over sequence pairs betweenoffpgeta
from four different riverStandard error estimate(s) are shown above the diagonal.

IA 0.008 0.010 0.017 0.023
B 0.048 0.010 0.017 0.022
Il 0.080 0.076 0.016 0.022
1] 0.175 0.174 0.165 0.024
v 0.253 0.253 0.257 0.287

Tablel0: Hierarchical analysis of molecular variance (AMOV3) $menghaliom Ganges,
Mahanadi, anBrahmaputra

Among groups 3 11195.790 45.5 62.56 FCT: 0.625 0.11+0.01
Among population: 1 552.709 21.43 29.46 FSC: 0.786 0.000
within groups

Within populations 279 1619.695 5.80 7.98 FST: 0.920 0.000

43



34.4Demographic history

The demographical dynamics dbpgbeatavas inferred from the neutrality test and mismatch
distributions (TaBland Fid.2. No statistical significance valbe8 (P1 0) f or Taj i mab
Fs were observediperatgpopulations. The bimodal shaped graphs were olsssugtataf

Ganga an@rahmaputrayhereas it was multimodal and raggpdd ir5.aorand Mahanadi

suggested population subdivision and indications of demographic equilibrium. To assess the fitme
our data, we calculated the SSD and raggedness-stdégjiaifider the demographic expansion
model for each population. However, these values were not statistically significant except Mahar
which indicates that neither the neutrality test nor the mismatch distribution test supported

hypothesis that tBperat@populations of the have passed through population expandpns (Table

0e
0154 ! Exp

---o-- Obs A
' 0084 ) .
0.1 B . +

< 0.04 -
0.05

4 oo 0. ‘e ‘e0-000-00-00%0
0 20 40 60 0 10 20 30
Pairwise Differences Pairwise Differences

Figure1l2: Mismatch distribution graph fBperatapopulations A: GangeS. seenghalaB:

GangesS. aor C:Brahmaputra; and Mahanadi population. Thexs shows the number of
pairwise differences; theaxis shows the frequency of pairwise comparisons. The observed
and expected frequency under the population expansion model is represented by a dotted and

continuous line
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3.5Discussion

The genetic structure and diversity analysis of any species that inhabits under high threats give
vital information for their development and effective maKagearetrdl,(2017; Guptt al,

2018. For the conservation and to maintain the pure genetic stock, knowledge about the existi
lineages is essential. Througtstidy, we first time generated the molecularSdaarand

compared it with other existing populati®peraia sppOur data revealed a high haplotype
diversity (>0.71) Speratsspecies found in three Indian rivers. The pairwise genetic distance,
phylogenetic, aAdlOVAanalysis indicated population structugimgrataspp The phylogenetic
relationship and network revealed the presence of two mtDNA lineages (clade I/and IB) of the
seenghalrom the Ganga river. Clade IA widely distributed throughout the Ganga, whereas Clade
confined to lower stretch of Ganga, i.e, Munger district, Bihar. Mteastregbgmpared the

data with Kumatial (2017), the two sequences (accession no. KT022220 and KT306656) from the
Brahmaputra were merging with the Ganga haplotype (Hap.3). In contrast, thaeeessjorences (

no. KT022199, KT022220, and KTp22@MahanadHap. 69) were clusteredSvitdoof the

Ganga rivelt indicated that tBeahmaputra Riaso sustains the gene pool of the Ganga river.

The possible explanation for the existencBrahthaputlameage in the Garigahat both the
riversmerge at the Sunderbans area of Bangladesh and provide the potential route for migratic
Besides, the presence of similaqpgehef Gang&. seenghalaBrahmaputra riveeuld be the

effect of humamediatedpropagationand there is also a possibility of-conussnination or
cataloging error while doing genetic amalgtbisr, three samptediected in a previous study

from the Mahanadi rive6aseenghal@elongs t&. aor The clustering of Mahasadnghala

with S. aomight be the result of the misidentification of species during sample collection. Therefol
the genetiadifferentiation was estimated between the different identified lineages observed in tf
study. Considering two known sgaesnghalandS. aoras a reference, we observed high
genetidifferentiatioralug17.5%jhan the newly identified linetgpgenghaliiom Gangd.8%

and Mahanad8.0%). Interestingly, the genetic differentiation betweBral@aapatra was

much higher (25.3%) than the values obser&dé&mmghakndS. aor This result indicated the
presence of highly diverse lineages Bratimmaputra than ®eseenghaléhat needs to be
confirmed based on their detailed morphological charakieristicstence of structuring in
Speratais supported with a previddéDbased study whepepulation stdtructuring was

observed in giant river catfish of Sutlej and Beas from the Indus GaenifysaetnMohindra

2010. Thestudy on stockscrimination using microsatellite markers from the middle to lower stretch

of river Ganga, i.e, Ndndampur, Varanasi, and Bhagalpur, revealed three differei&. stocks of
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(Nazir and Khan, 2017). However, this result was contradictory with our mtDNA based study wher
did not found any significant barrier to gene flow and stiSictoregoss the sampling sites of

the Ganga river.

Moreover, the existencéwnof distinct lineagesSofseenghalavhich is diverse tHauaorand

Mahanadi lineage, indicated the presence of multipleSglad®slofthe stretch of Varanasi to
Sahebganj of the Ganga river, a large number of tributaries such as Gomti, Ghaghara, Gandak, .
Kiul and Kosi merge with the Ganga that might have resulted in the migration and confinement o
different geqmol of these rivers to a particular halatatsahd Khan, 2RIRecentlyAcharyat

al (2019) reported populatiorssuisturing in tlB¥ahmaputra, Ganga, Godavari, Mahanadi, and
Narmada. The results indicated the low genetic divergence betBrahn@gngea than the
Mahanadi populations, with comparatively low genetic diversity from the Ganga river due to
presence of excess homozygotes. In contrast to this, our mtDNA results Seangtabanga
genetically closeMahanadi than the Brahmaputra, which is supported by a previous study based o
cytochromb and Boop regiorK(gmaret al 2017) Though, incongruence results obtained from
MmtDNA and microsatellite analysis, suggesting -iegtedexdispersal behaviors that could
contributed to disparities in genetic structuring of species. It also appears that the Ganga and Mahz
are geographically more isolated than Brahmaputra and all three rivers obviously on an indepen
evolutionary trajectory; however, our study indicated that Brahmaputra lineages qualify the spe
level variation and adequately address the highly diverse lineagesetanridregridsignificant
Tajima's D and Fubs Fs tests suggested that
size in these rivers. The mismatch distribution analysis-rslooakdnol multimodal mismatch
distribution indicates the demographic stability or results of population peheizthatdoukl

be due to their reliability with allopatric divé&tggace & Harpending, 1992; Zhao et al. 2008

The present genetic features in Ganga as well as othepevasgingulations are the

consequence of ldegm geographical isolation and adaptation to the local environment.

3.6 Conclusions

The present study provides the reference database for the identification and genetic differentiatic
S. aorandS. seenghalsom the Ganga rivEne study highlighted the presence of two distinct
lineages db. seenghalflaom thésanga river. Alsoiniicated that tB#ahmaputiaopulation is

much diverse th& seenghaland S. aor Therefore, the present study highlighted that the
Brahmaputgiant river catfish is a highly diverse lineage that genetically qualifies the status of distir

species. However, it requires a detailed morphological study from more locations for the identificati
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multiple lineages existing in the Indian river that can formulate the appropriate conservation ;
management plans. This study indicated the presettgdeotineages Sferetdrom Ganga,
Mahanadi, and Brahmaputra that considered as a distinct Evolutionary Significant Unit (ESUs). TI
findings wilielp understand the fish biology and implement the proper conservation, manageme
plan, for development catfishes. However, detailed comparative morphological evidence with supp:
molecular data is required to be able to support their consideration as separate species.
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4.POPULATION GENETIC STRUCTURE, DEMOGRAPHY CHANGE
AND EVOLUTIONARY DIVERGENCE AMONG ASIAN FLAP
SHELL TURTLEISSEMYSPECIES
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4.1 Backgrounaf the study

The softshell turtles are an ancient, morphologically highly diverse and have globally affected t
variety of direct and indirect threats (Ernst and Barbour 1989; Choudhury et al. 2000; Li et al. 20:
The presence of shiny leathery and pliable skin, flattened body shape with fleshy lips, and hig
modified skulls are a unique feature that distinguishedstrelntindies (Meylan 1987; Ernst and
Barbour 1989). The extant softshell turtles belong to Trionychidae that is widely distributed in N
America, Europe, Africa and Asia (Engstrom and Okamura 2004). Despite the large distribution ra
softshell turtles are extremely vulnerable to rapid decline, therefore knowledge of genetic variation
gene flow is of critical importance for the long term persistence of populations (Willi and Hoffm
2009).

Asian flapshell turtle (AFT) belongs to family Trionychidasseyeyssconfined to South Asia

and western Southeast Asia (Webb 1982; Hossain et al. 2010; Uetz et al. 2016). Currently, tr
subspecies bf punctatare recognized from Indige. andersofspotted northern Indian flapshell
turtleFig. 9) are confined to Pakistan, north India,Béegdddesvestern Myanmar p. vittata
(unspotted, central Indian flapshell {Eigl)) found in central to peninsular Indi&a. gmd
punctatgunspotted, southern Indian flapshell(fugt)) restricted to southern peninsular India
(Talukdar 1979; Das and Gupta ROstytatdistributed fraitme Ayeyarwady (Irrawady), Sittaung,

and Thanlwin (Salween) River systems of Myanmar and also reported from westernmost Thailand
Yunnan, China (Ernst and Barbour, 1989; Erns
The generic statusLofscutatas still undedebate (Annandale 1912; Webb and RG 1980; Webb
1982; Rhodin et al. 2010), wheredsarfanflapshell turtlg. ceylonen$iss considered as

separate species (Deraniyagala 1953; Praschag et Bhe26(ddgies found in a wide variety of
aquatic habitats, ranging from rivers and streams to basins, lakes, swamplands, ponds, lakes, anc
marshes (Boulenger 1889; Siebenrock 1909; Smith 1931; Deraniyagala 1939; Mertens and Wertr
1955; Wermuth and Mertens 1961; Wermuth and Mertens 1977; Webb and RG 1980; Webb 1!
Ernst and Barbour 1989; Ernst et Lissemysr€ 00 O ;
heavily poached for their meat, eggs and traditional medicine trade that appears major thre
(Bhupathy et al. 2014). The latest analysis by TRAFFIC's during SefSteptbeb20@219, has

found at least 1,11,312 tortoises and freshwater turtles reported in illegal wildlife trade in India. O
48.5%, documented cases, 15% belonged to AFT. Despite wide exploitation and destruction
anthropogenic pressures since a londy.tippmctates still fairly communal and relatively stable
populations and not yet seriously threatened (Hossain et al. 2010). Hence, the species is listed u

| UCN Re deadt Comdarn aasn dii pr ot e c toétte Indian Wildlife (P®tedtian)d u | €
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Act, 1972, included in Appélhafithe Convention on International Trade in Endangered Species of
Flora and Fauna (CITES). Previous morphological and molecular results Eigggesysdethat

closely related to African flapshell turtle (Meylan 1987; Engstrom and Okamura 2004). Praschag ¢
(2011) investigated the phylogenetic relationships among AFT and indicated five divergent clades
conflicting taxonomic arrangements of spotted and LisspatiespeciesVirtually all previous

studies dealing with the systematics and intraspecific (Pasistiong et al. 2011; Lalitha and
Chandavar 2018; Bhaskar and Mohindra 2019). The detailed genetic diversity within the subspeci
Lissemygenus was never questioned. The riverine ecosystem of India, particularly in one of tf
largest river Ganges supports rich fauna and flora, including a major population of northern subspe
ofLissemyslhe Ganga river has suffered from intense human intervention; the continuous monitori
of such a population of freshwater turtles should guide the critical issues related to the conservatior
Low genetic variability and gene flow lead to the genetic bottlenecks and failure of species to en
changes in the environment (Keller and Waller 2002). Using various molecular markers, a wild s
can be successfully identified and characterized for better stock manageemnteispenies
reintroduction program (Gupta et al. @éh8jic data evaluating the variability within and among
populations would significantly contribute to developing more powerful conservation strategies. In
context, we undertook the ftudssess genetic diversity, gene flow and the population genetic
structure afissemyfrom Ganga river using mitochondrial DNA (mtDNA) and nuclear gene (nuDNA)
We also examine the genetic relationship, demographic pattern and lineage dAdefsification of
populationg.his study seeks to develop meaningful recommendations for conservation policies ai

the preservation of genetic sté@dKTof
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Figure B:Lissemys punctata andersoni

Figurel5:Lissemys punctataunctata
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4.2 Methodology

4.2.1Sampling

A total of 69 samples were collected during the periods of 2017 to 2019, covering seven different
of Ganga river. These sites were Rishikesh (n=5) from Uttarakhand; Bijinor (n=4), Kannauj (n
Kanpur (9), Fathepur (n=3), Prayagraj (n=8) and Sarnath turtle sanctuary, Varanasi (39) from L
Pradesh (Fig2. Most of the samples were collected by swabbing of mouth and clipping off a sme
piece of the toe and further released in natural habitat. Opportunistically, samples were also colle
from carcasses from abuoeationed sitekhe samples were preserved in 95% ethanol and stored at
-20°C until processing.

4.22 Laboratory procedures

Total genomic DNA was extracted using DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany).

compl et e cytochr ome b (Cyt b) gene was
AACCATCGTTGTWATCAAGTAC (Spinks and Shaffnfadr 56 2 0 (
AGGGTGGAGTCTTCAGTTTTTGGTTTACAAGATGAATGL enk et al . 1999)
amplification, we used partial coding region for the oocyte maturation factor Mos (Cmos ger
Cmo s-GCCHAGTGCTCCATCGACTGGG&ABGCA and Cmos 3:
GTAGATGTCTGCTTTGGGGGET&A (Le et al . 2006) and I ntron
(R35) gene: -ACGATRGTEGCTGATHCGIFIGC and -R35EXx?2
GCAGAAAACTGAATGTCTCARAGG ( Fuj i t a et al . 2004) . PCR

reaction volumes of 20 ul using a PCR buffer (161@lvpHi8.3, and 50 mM KCI), 1.5 mii MgCl

0.2 mM of each dNTP, 2 pmol of each primer, 5.0 U of Taqg DNA polymerase and 1 pl (~30 ng) of
template DNAIl reactions were run along with negative GbetdGR conditions were 95°C for 5

min followed by 35 cycles at 95°C for 45 s, annéaélifgf&445 s and extension 72°C for 1 min,

with a final extension of 72°C for 10 min. The effectiveness and consistency of the PCR reactions:
monitored using positive controls. The amplified PCR amplicons were visualized in UV light on
agarose gel stained with ethidium bromide. ExonucledsandEX@mp alkaline phosphatase

(SAP) treatments were given to the amplified PCR products (USB, Cleveland, OH) for 15 minutes
at 37°C and 80°C, respectively, to eliminate any residual primer. The amplified PCR products w
directly sequenced using the BigDye® Terminator Kit (v3.1) and analyzed on an ABI 3500XL Apj

Biosystems Genetic Analyzer. All the products were sequenced in both directions.
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4.3 Data analysis
4.3.1Genetic diversity, phylogenetic and demographic analysis

Sequences Glyth, CmosandR35werederived from the forward and reverse direcaddgion,

55 sequences of mtDNAx@gim different localities of known origin were downloaded from GenBank
databaséNational Center for Biotechnology Information, USAbMNi@8d biyraschagt al.

(2011) and Bhaskar and Mohindra (2022 {Fagle 6). The mtDNA sequencés pf andersoni

were divided into two groups, group | consisted of 69 samples of Ganga river and Group Il consist
sequences belongdJttar Pradesh near Nepal border, Assam, Haryana (Yamuna River), Bangladesl
and Myanmar.
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Table 1:Distribution of haplotypes lilssemysopulations

Hap 1 34 Site4 (4); Site7(26); Site6 (3) L.P.andersoni | MT465665 This study
Uttar Pradesh(2) L.P.andersoni FR8506HFR850618 Praschag et al. 2011
Hap 2 7 Site7 (5); Site6 (2) L.P.andersoni | MT465666 This study
Hap 3 1 Sited (1) L.P.andersoni | MT465667 This study
Hap 4 1 Site6 (1) L.P.andersoni | MT465668 This study
Hap 5 1 Site2 (1) L.P.andersoni | MT465669 This study
Hap 6 23 Site4 (3); Site7 (7); Site6 (2); L.P.andersoni | MT465670 This study
Site5(2)
Bangladesh: Dhaka (5) L.P.andersoni FR85060BR850613 Praschag et al. 2011
Assam: Brahmaputra L.P.andersoni FR850614 Praschag et al. 2011
Haryana: Yamuna River L.P.andersoni FR850615 Praschag et al. 2011
Myanmar (2) L.P.andersoni FR85061BR850620 Praschag et al. 2011
Hap 7 2 Site2(2) L.P.andersoni | MT465671 This study
Hap 8 4 Sitel(2),Site2 (2) L.P.andersoni | MT465672 This study
Hap 9 2 Sitel (2) L.P.andersoni | MT465673 This study
Hap10 1 Sitel (1) L.P.andersoni | MT465674 This study
Hap 11 2 Site4(1),Site7 (1) L.P.andersoni | MT465675 This study
Hap 12 2 Site3(1); Site5(1) L.P.andersoni | MT465676 This study
Hap 13 1 Godavari River:Andhra PradesL.p.vittata 1] FR850621 Praschag et al. 2011
Hap 14 7 Godavari River,AP (3); Rajkot,L.p.vittata 1] FR85062ER850624 Praschag et al. 2011
Gujrat (4) FR85062FR850630
Hap1l5 1 Goa L.p.vittata 1] FR850625 Praschag et al. 2011
Hap 16 1 Guijarat: Rajkot L.p.vittata 1] FR850626 Praschag et al. 2011
Hap 17 1 Karnataka: Mangalore L.p.vittata 1] FR850631 Praschag et al. 2011
Hap 18 2 Mabharashtra: Pune L.p.vittata 1] FR850635,FR850636 Praschag et al. 2011
Hap 19 3 Karnataka: Mysore L. punctata Il KY946735, KY946742;Lalitha & Chandavar, 201
MK466375 Bhaskar & Mohindra, 201
Hap 20 2 Karnataka: Mysore L. punctata 1] KY946736;KY946740 Lalitha & Chandavar, 20!
Hap 21 1 Karnataka: Mysore L. punctata 1] KY946737 Lalitha & Chandavar, 20!
Hap 22 1 Karnataka: Mysore L. punctata 1] KY946738 Lalitha & Chandavar, 20!
Hap 23 1 Karnataka: Mysore L. punctata 1] KY946739 Lalitha & Chandavar, 20!
Hap 24 1 Karnataka: Mysore L. punctata 1] KY946741 Lalitha & Chandavar, 20!
Hap 25 1 Karnataka L. punctata 1] MK466374 Bhaskar & Mohindra, 201
Hap 26 1 Karnataka L. punctata 1] MK466376 Bhaskar & Mohindra, 201
Hap 27 4 Kerala (3); Tamil Nadu(1) L.p.punctata Il FR85063ER850634 Praschag et al. 2011
MK028164 Bhaskar & Mohindra, 20
Hap28 1 Tamil Nadu L.p.punctata Il FR850642 Praschag et al. 2011
Hap29 3 Tamil Nadu L.p.punctata Il FR850643, FR850644,Praschag et al. 2011
MK028163 Bhaskar & Mohindra, 20
Hap 30 1 Tamil Nadu L.p.punctata Il MK028165 Bhaskar & Mohindra, 20
Hap 31 2 Srilanka L.ceylonensis IV FR850645;FR850648 Praschag et al. 2011
Hap 32 1 Srilanka L.ceylonensis IV FR850646 Praschag et al. 2011
Hap 33 1 Srilanka L.ceylonensis IV FR850647 Praschag et al. 2011
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Hap 34 1 Srilanka L.ceylonensis IV FR850649 Praschag et al. 2011
Hap35 1 Myanmar L.scutata \ FR850650 Praschag et al. 2011
Hap 36 2 Myanmar L.scutata \ FR850651;FR850653 Praschag et al. 2011
Hap 37 2 Myanmar L.scutata \% FR850652;JQ361816 Praschag et al. 2011
Nie and Liu,( unpublishe
Hap 38 1 Myanmar L.scutata \% AY259567 Engstrom et al., 2004

Note: Wrongly submittetBequences mentioned lap.punctata&mentioned ak.p.vittatdn Genebank.

TheCmosandR35sequence dissemygexcept one frdmpunctatand two froin scutajawas

not available in NCBI datalséhe sequences were aligned using CLUSTAL W (Thompson et al.
1994), as implemented in the BioEdit v 7.2.5 software (Hiadl @@89)ally checked. Newly
generated sequences were deposited in GenBank under accesgiMin4tB6B8vEI 465691

The number of polymorphic sites (S), number of hapldgplesyibe diversity (hd) and nucleotide

di v er within yne Ganga population and other known global poplissens/sere

computed using the software DNASPV5.0 (Librado and Rozas 2008KelMaxin(viL) tree

was performed with RAxMilemented in raxmIGUI 2.0 beta using GTR with a gamma distribution
(+G) and a proportion of invariable sites (+Ipfnimit nucleotide substitution under the
Bayesian Information Criterion (BIC)bobt&trap support was obtained by running 1000
pseudoreplicates (Edler et al. 2019). One seqGersanedalengiER850654yas used as an

outgroup for better insights into the phylogenetic relationships.

The resulting phylogenetic trees were visualized in FigTreevl.4.0 (Rambaut 201z
(http://tree.bio.ed.ac.uk/softwarefjigiree/ spatial distribution of the haplotypessualzed

through a medigmining network, which was created using the PopART software (Leigh and Bryar
2015).

To determine the demography histhigsemyspopulation, we performed diffstatistical
approaches suchfas j iDifTajilnd 9 8 9 ) stestFul®9Y). Nismatch distribution analysis, a

sum of squared deviations (SSD), and the raggedness index (r) wexe gdsoonstedte the

pattern of population stability or population expansion in the past under the sudden demograj
expansion modelsing the ARLEQUIN v3.5 proBraroffier and Lischer 20I0eP-values were

obtained from 1000 simulations on the basis of a selective neutrality test.

A Bayesian skyline plot (BSP) was constructed using the Monte Carlo Markov Chain (MCMC) me
with 100 million generatimirsg BEAST ver 1. DEuimmond et al. 2DIhe temporal trends in the
effective population size dfigsemyevertime/generations were estimated using a coalescent BSP.
Nucleotide substitution rates were assum@dLzb¥e@lineage/magcording to the previous study

(Avise et al. 1992
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4.32 Estimating divergence dating

To estimate the divergence time afissemyswe inferred genealogies using a relaxkd

method in BEAST v.1.Difhmond et al. 2PD12e performed the analysis using 13 softshell turtle
sequences belongs to 12 genera downloaded from the NCBIraatghdasenguiaB477345),

Chitra indiqdQ406951¢hitra chiti@Y259562myda cartilagingey259550)ilssonia formosa
(AY259547)Apalone spinife@®C021371)Pelochelys canto(lN016747)Rafetus swinhoei
(NC017901)Apalone feroxNC014054)Palea steindachngNC013841)Dogania subplana
(NC00278®elodiscus sineniEC006132) af@rettochelys inscu(pi&€014048).

Divergence time estimation was calibrated Bevgehidae and Carettochelysdathe node

age was estimated to be 146 MA (million years ago), with a 95% confidence interval running from
to 173 MA (Li et al. 2017). Tree prior categories were\agetygpthapeciation.HKY model
usinggamma + invariant sites with five gamma categories Wascosellicted two independent
analyse$o confirm the convergence of the aaatyigiarkov chain Monte Carlo (MCMC) was run

for 150 million generations and sampled every 1000 géicietionss were evaluated in Tracer

v. 16. The final phylogenetic tree was visualized in FigTree v.1.4.2.
(http://tree.bio.ed.ac.uk/software/jifRaabaut 20)L.2

4.33 Genetic differentiation

The conventio@@ T i . e . Wrightos fixation index of p
differences in haplotype frequeléesgnd Cockerham ) 284f statistics was calculated which
incorporate the information of nucleotide differences between bagpifiigpedt a1.199Zhe

significant P values of the statistics were computed using a nonparametric permutation approach

1000 permutations.

4.4 Results

4.4.1Sequence information and genetic diversity

We generated the mtDNA dgtaset comprised 1133bpntldNA dataseBsnosof 602bp, and

R350f 985bp from 69 samples. @f. andersofiom seven sites of Ganga river. In addition, we
included 55 chtsequences from GenBank, which were condisted aridersofill),L. p.
punctatd9),L. p. vittaté24),L. ceylonens{s), and.. scutaté) (Table6. Among the 124 tyt
sequences, we obser288 variable sites, of these 29 polymorphic sites were singletons, and 200
were parsimony informative. Heegeences were grouped into 38 haplotypes (H), and there were

different numbers of individuals in each haplotyp®.(Cdltleede, 12 haplotypes (H1 to H12) were
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observed in Ganga and two haplotypes (H1 to H6) were observed in other pojpulations of
andersoniTheH1 and H6 is the core haplotypes, where H1 is shared with the sequences of Gang
and othenorthern group and H6 is more common in the north to southeastRmpteations
haplotype$H13 to H26) were detecteld ip. vittatfpur (H27 to H30) were observddpn
punctataour (H31 to H34) were foufsdi ihankan populationgeylonensiand four (Hap 35 to

38) were detected friglyanmalineagesL. scutatélable @ and Tablé7). The haplotypelsd(

and nucleotide diversijyofL. punctatare varied and the values are rangdt#h82 7 0.053

and” =0.0002 0.0001 ih. p. andersogioup Il tbhd=0.906+ 0.046and” =0.013+ 0.001 irh.. p.

vittata Thehdand” of Ganga population @#&94+ 0.054 and 0.0089.0001respectively. The

gene diversiofoveralL. p. andersopopulation was high and estimate@532 0.036 and
~=0.00095@00009The genetic diversity indices of all AFT presentedin Table

In two NnuDNA, observed potentially informativersite§MO$ and 3R35. The number of
haplotypes were @®MO$ and 5K35. OveralHdand", were as follonGMOSHd= 0.585¢

0.063; =0.0014 0.0001); and it was highB8B(Hd= 0.721 0.045,; =0.000% 0.00009).

The pairwise differences @Diyved from the mtDNA significantly differentiated (P<0.05) all the
subspecies and specie&.gbunctatan an identical manner (TaBleWe found low PD value
between the Ganga and etheéersorgroup (0.117). The PD value further indicates that the genetic
differentiation betweewlersorandscutatavas much higher (0.988) than thevittat®.904, L.

p. punctat®.967, and.. ceyloneng{8.986).
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Tablel2: Sample size (n), number of haplotypes (H), haplotype diversity (h), nucleotide diversity
(p), s,Fuldas) iFfmados D, mi smatch distri Hhigsemysn t es
populations

L. p. andersoni L. p. punctata L. p. vittata | L. ceylonensis L. scutata

Group | Group I
69 11 9 24 5 6
12 2 4 14 4 4
10 1 9 60 7 7
hd (£SD) 0.694 0.327 0.750 0.906 0.900 0.867
(0.054) (0.053) (0.112) (0.047) (0.161) (0.129)
~ CSERE 0.0009 0.0002 0.003 0.013 0.0030 0.0028
(0.0001) (0.0001) (0.0005) (0.001) (0.0008) (0.00067)
Ts/Tv 713 1/0 6/3 37125 6/1 6/1

Neutrality tests

TajmaD((P) [JEIEAN -1.100 0.957 -0.190 0.082 0.128
(0.05) (0.25) (0.83) (0.46) (0.52) (0.47)

Fu's B (P) -6.84 0.356 2.00 0.909 -0.12801 0.31383
(0.00) (0.35) (0.83) (0.646) (0.368) (0.548)

Mismatch analysis

SSD (P) 0.003 0.002 0.181 0.030 0.05 0.315
(0.35) (0.35) (0.05) (0.03) (0.46) (0.62)
0.063 0.226 0.523 0.042 0.130 0.115
(0.44) (0.39) (0.02) (0.03) (0.83) (0.68)

Note: n, sample size; h, number of haplotypes; S, number of polymorphic sitasphdot ype di ver sit
diversity; Ts, transition sites; Tv, transversisarsitessquared deviations (SSD), and the raggednessSibdex (r);
standard deviation; P, probability value.

Table 13: mtDNAbased estimates of pairwise diffe@nbetween matrilines afissemys
populations

L. p. andersort| -

L. p. andersort| 0.117 -

L. p. vittata 0.904 0.806 -

L. p. punctata 0.967 0.960 0.761 -

L. ceylonensis 0.986 0.987 0.866 0.964 -

L. scutata 0.988 0.988 0.887 0.969 0.971 -

Note:Number of permutations: 1023; Significance Level=0.05.
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4.4.2 Phylogenetic and network relationship

To understand the phylogenetic relationships among the identified subspecies and species of AFT
constructed BIL treébased on 38 haplotypes. The tree represented the five distinct clusters with
significant bootstrap support values (>57%). Eligd2 consisted of twelve haplotypes (H1 to

H12) represented the sequences of Ganga clustered waitdeotbepopulations. Clade
representing the haplotyple. f vittatéorm the sister group with G@ladk bootstrap support

~71% Claddll comprised the haplotypes belohgpopunctatahereas Clad¥ and Clad¥

represents the sequencés oéylonensiomSri LankandL. scutatdromMyanmarespectively.

The distribution and connectivity of AFT haplotypes were inferred frejmiriregmetiianikhe

results of the network analysis were consistent with those of the phylogenetic analyses, illustrating
clustered clade. Two haplotypes H1 and H6 shared a majority of genepool from Ganga sites as we
the sequences belongs other localilitard?radesh, Assam, Haryana (Yamuna River), Bangladesh
and Myanmar. No clear structuring was observed in seven sites of GenligapRitsgresLofp.

vittatal.. p. punctagth. ceylonensiand.. scutatéormed their cluster in network analystg)(Fig.
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Figurel7: Phylogenetic tree inferred fromaximum likelihood (raxmIiGUI 2.0 beta) analyses
using complete cytochrontegene amond.issemys Bootstrap support values for maximum
likelihood (O 50% BS) aQydanosbis sewagaleagiSBR8506%!) n o d e
was used as an outgroup.
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Figure18: Median Joining network showing the distribution of haplotypes dnssegys
Sharingof haplotypes were labeled amongl.thendersoni

4.4.3Divergence dating and demographic history

The divergence time betwegmychidae and Carettochelyida@stimated at 146 BBV high
posterior density [HPD] =176 On this basis, we estimated that thelgesermmysplit earlier
from the other listed softshell genus Geageouysaround 116.32 MA (95% HPD =i 94.66
139.59)WithinLissemysthe diversification events were mainly occurred in two periods, namely
Oligocene and MiocenedBjigrhd.. scutataplit firsatroun®9.96 MA (95% HPD = 237.20),
thenL. ceylonensis abou23.21 MA (95% HPD = 12941). Ae molecular divergence between
lineages df. punctatauggests a divergence date of approximately ®38 NM®PD = 6167
12.33.
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Figurel9: Divergence times estimation using the program BEAST 1.8. The blue lines indicate
the 95% confidence interval values of each node. The red clade represents the lineage of Asian
flapshell turtles. Note: The periods boundary is according to Geologic Time Scale v. 5.0 (Walker
et al., 2018PAL Paleocene, OLI Oligocene, MIO Miocene, PLI Pliocene.

We perf or meDda ntdh eb teSisstp irffarah@ slemographic history .opatictata

(Tablel?) . The signi f iDvauewas obsegvedtin Garga popujatioms avbeseas it
was nosignificant negativelfop. andersogioud!l andL. p. vittatarhe nosignificant positive

val ues fDaere dbsejved iimp.Opsinctata, L. ceylonessid.. scutataNo statistical

signi fi canc e weareadbsereesl infalb AFT poputations Fexcept Ganga where it was
negativeThes gni fi cant neg®ande fFinm@Gabga &dicatingpan exteasjof ma 6
rare nucleotide site variants and taikdreas evidence of deviation caused by population growth or
selectionThe pairwise mismatch distribution analysis of Ganga populations also supported th
demographic expansion which showed unimodal shaddd cuonlémodal and raegiegped

graphs was observed in rest of the AFT suggests a structured and stable population size, which ai
indications of a demographic equilibrium, whereas the mismatch distributiop péotdersibre

groupgl was smooth and unimodal, indicating a sign of population (Exp2asidde also
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calculated the sum of square deviation (SSD) and raggedness index (Rd) under the demograj

expansion model for each AFT populations. We found that all populatiosgghifidaat non

raggedness index exdepp. puncta@ndL. p. vittatéTablel?) Harpending 1998ayesian

skyline plot (BSP) analyses also supported the hypothesis of population aexjsassian in

populations and a long phase demographic stability were observed in the rest2i)thierAFT (Fig.

late Pleistocene onwards.

L. p. andersoni (Group-l)

L. p. andersoni (Group-Il)

15

20

15 20

008 {: M

L. p. vittata

0.4

0.3

L. p. punctata

0.3 - ?

L. ceylonensis

L. scutata

Exp

---o-- Obs

Figure20: Observed and expected mismatch distributionki$semys Dashed line showing
observed distribution; solid line showing the theoretical expected distribution under a

population expansion model.
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Figure21: Bayesian skyline plots (BSPs) estimated by BEASTsk@myspopulations in the

X-axis shows time before present (Ma). Yraris (logarithmic scale) expressed the effective
population size (Ne) estimates multiplied by generation(tiniené solid line inchtes the

median of population size, and the 95% highest posterior density (HPD) credibility interval is

depicted in blue.

4.5 Discussion

The Ganga is the largest river of India, and its basin supports home to more than 600 million pec
(World Bank Report No. STEP70h Z8&lGanga river is passages through a distinct biogeographic
zone of India and is notable foturitd diversitiRgdgers and Panwar )198B8derstanding the
knowledge about genetic diversity, geneflow and demography is of critical importance for impleme
the conservation management fplasef( and Bernatchez p0Bfiecies having wide distribution

range are faced dynamic environment; thus identification of lineage and its diversification o
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evolutionary time are of great imporaankh@m 1995; Gupta et al.)2Bit8vious molecular

study suggested the existences of five distinct AFT Rireesadpag) €t al. 2D10ur analysis

agrees with this study, but one the major limitation is that theofegpepuastateomKerala

and Tamil Nadu weam®ngly submittedlag. vittatevhereas thie. p. vittats mentioned &s p.

punctatan NCBIGenbank. Therefore, caution will be taken while assessing these sequences witl
proper confirmation of the source of origin. In viepriof #riswledge of the rasgerce of

originof extant lineage and its genetic diveraggful to understand the present scenario of
population trend and molecular tracking confiscated seizures.

This study highlights together, for the first time analysis of mitochondrial and nuclear DNA variat
among northern populations covering seven different localities of Ganga River to better understan
genetic diversipgpulation structugeneflow and demography history in relation to the other extant
AFT.

45.1Genetic diversity and population structure

The pattern of genetic diversity varies within the AFT lineages found in different geographic ran
The majoandersorpopulations of Ganga River exhibited a moderate level of genetic diversity in
MtDNA cyi region an@MOS$whereas it was higiRBbregion. In contrast, a relatively very low

level of genetic diversity was observedamdénsongroupll, where widely distributed samples
belongs to three different localities ofBlawggadesh and Myanmar were clustered within two
haplotypenterestinglgharing of sequences within Ganga arahd#rsprmnopulations indicates

high geneflow, possibly dingto contemporary migrdtedween Pakistan, northern India, Nepal,
Bangladesh and Rakhine State of western Myanmar. We did not detect any significant barrie
geneflow witramdersorpopulationdhe comparatively high levels of genetic diversity was observed
inL. p. vittatom central to peninsular Indid.acelylonensighich is only restricted to the Sri

Lanka. The moderate to high level of haplotype diversity couple with low nucleotide diversity
observed in Ganga can be a signature of sudden population growth due to accumulation of r
mutations from a small effective populatiémisezet(al. 1984; Rogers and Harpendingrae92

results were consistent with the ecological status of turtles in Asia, where half of the species are u
endangered and 28% are considered under Critically Endangeredarategio2e90; Engstrom

et al. 2002Furthermore, low nucleotide diversity might be suspected in othet Af-Viftedeept

where population growth suffering due to high anthropogenic pressure results in habitat destruc
poaching and overexploitation.

Thephylogenetic and network analysis also revealed the five distinct mtD M Tinfeaigessof
distribution ranges. The distribution ranges of AFT, both the spotted and unspotted group, someti
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overlap. These species are quite different in morphological features such as pattern of head, n
carapace shape and caoniih1931;Webb and RG 1980; Webb H&38f and Barbour 1989;

Ernst et al. 200Rraschag et al. 2D1Mespite the clear morphological character between spotted
subspeciek. p.andersorand unspottdd p. vittatantergradations between these subspecies was
recorded in few localities of Odisha, IndiaRrsttkag et al. 2D1The identification of hybrid
individuals is sometimes challenging because of morphological similarity, hence establishing a ge
barcode for molecular tracking and can dnallirigrthe adequate conservation strategies

45.2 Genetic differentiation and divergence estimation

The significant pairwise genetic differentiation was detected between five extant AFT lineages, dt
their specific habitat, dispersal ability and reproductivéissizimgt al. (2011) reported the

high sequences divergence basattorrectepldistancebetweemh. p.andersorandL. p. vittata

than th&. p.punctatawhereas in our study, we observed-itsrse¢high PD value betiwegn
andersonandL. p.punctata This high genetic divergence between these two lineages might be the
results of amalgamation of hybrid brigiandersork L. p. vittajasamplefromOdisha, Indian

stateIn comparisonliop.andersonihe complete dyshows variations from ~4.9% forvittata

to 12.%forL. scutatalhese sequences were used to estimate the divergence time along with that of
other extaisbftshell turleThe evolution of Asian softshell turtle is still in uncertainty and it has been
validated thoroughly in previous studies (Le et al. 2014, Li et alCadiigchdlygs insculpta

the only extant member of the family Carettochelyidae; it is native to northern Australia and sout
New Guinea (Li et al. 2017). We estimated divergence time between Trionychidae ar
Carettochelyidae was to be around at {#3°DL13.2677.4) for this nodéhe last common

ancestor of extant AFT existed in South East Asia and split at aroufHRD& 32 6689.59

during th€retaceou@loyceet al. 2013; Le et al. 2014, Li et al. 2017). The diversification rate of
softshell turtles was boosted in South East Asia to India due to active during the period of glc
warming from mid of the Oligocene to Miocene and due to paleoclimate change between the Mio
and Pliocend(ellmari999; Le et al. 2014). The diversification of softshell turtles, plants, other
aquatic species and mammals showed similar dispersal and speciation pattern during the war
climate Quellmari999;Moreau et al. 20@mith and Rose 20Bue to change in climiate,
ceylonensisf Sri Lanka were diverged frostutataf Myanmar at around 30 WRDE22.72

37.70 followed bi. punctatat around 23.21 MAPO=17.729.71) During this period, a
Palaeogene biogeographic link was survived betwdesmstSAsta and India. The northward

drifting of Indian plate towards Asia occupied #esihodimer of the subcontinent coming into
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contact with Sumatra and Burma at around 57 MA ago (early Eocene), which was followed by a
collision at around 35 MA (early Oligocene) with Asia (Ali & Aitchison 2008, Beck et al. 1995). Ful
theL. punctateere dispersed and split. tp. punctath, p.vittateandL. p.andersorduring the

late Miocene between mean split age apptoxM@ (Cl=6-12.33). However, Praschag et al.

(2011) reportembnsiderably lower divergence estianatgtl 4-2.5 MA for these nodes. The
discrepancy in results of the earlier study was might be due to the calibration of divergence time L
much younger fossil group than the age of species.

The results from BSP, neutralimisnehtch distributstrongly indicate population expansion of
p.andersonn the Ganga River and atbghern populations from the ~1.25 MA in late Pleistocene
(Fig27). The scenario in thep.vittataL.p. punctajfd. ceylonensadL. scutatandicate a stable
demographic situatiothe effective populationvgitteno sign of population expansion. This result
was consistent with previous findingawddbill turtl®grgas et al. 2Q1&atherback turtles

(Molfetti et al. 201$ c hi z ot h o fromxthe &drlong Msarmpoi Rimeo €t al. 20116
Schizothorax nukiangeisim Nujiang RivEhén et al. 201 %vhere climatic fluctuations during the
Holocene and Pleistocene play a major role in dramatic demographic changes over species gro
The sedevel fluctuation in the Pleistocene period greatly influences the environment, alternation
land, river dimension and existence of natural Sonacggn{ak 2008 hese change conditions

call for adaptation processes and play a significant role in influencing the activity and mobility of sp
over time. However, in our analysis, low sample size in few AFT populations are likely to reduce
power for estimating the demographic Histand(Shapiro 2R1Hence, assumptions involved in

BSP analysis suggest that this should be interpreted Gaatio@olyx

4.6 Conclusion

Assessments of genetic diversity, geneflow and population demography are competent aspects
conservation programs. Maintaining a high level of genetic diversity is assumed to be essential fo
conservation of viable populatReed(et al. 200Respite low nucleotide diversity, the Ganga
population shows signs of expansion in effective population size, whereas the rest of AFT populz
showed a stable phase. It necessitating urgent targeted conservation efforts to augment the dive
and maintain gene flow of the sp@&beesolution power in delimiting taxa, especially in cases
when hybridizations are now occurring and extant lineages are morphologicallydiegyteamilar,
adequate conservation strategies for any lineages is a difficult task. Therefore, the signature of mt
and nuclear gewan play a pivotal role in wildlife forensic to track the origin of poached species

However, due to limited sampling under the current study, more research is required to compare
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resolve the genetic story of the species with other tributaries of Ganga. To save these jewels
evolution, all stakeholders must come together and act to know more about the turtle populations
their demographic history to better understand the threats and how to combat them. Speciali
administration strategies to conserve and maintain safe habitats for these ancient creatures stan

the need of the hour.
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5.POPULATION GENETICS OF THE CRITICALLY ENDANGERED
THREESTRIPED TURTIHatagur dhongokdrROM THE GANGA
RIVER
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5.1 Background

Turtles are the most threatened biota on the earth, with 40% of all extant turtles facing extinction
(Stanford et al., 2024l six extaBataguspeciesaeat egor i zed as O6Criti ca
the IUCN Red ligthe hreestriped roofed turtke, dhongoks a freshwater turtle confined to
northern Indi&é&nga Rivérasin), Nepal, and Bangladeah ¢t al., 2019; Praschag et al). 2019

Once inhabiting the Ganga and Brahmaputra HAsofhahgok@aopulations are now drastically
declininthroughout its rangeolagr 8%, due to unsustainable human pressure that has deteriorated
riverine habitaRRgshid et al., 2008s a resulthe population Bf dhongokaas been extirpated

from the Gomti River, a tributary of the Ganga, with a major population now restricted to the Nati
Chambal Sanctuary, Ind&s(et al., 2019

Consequently, there is a critical need to reevaluate the present distribution Ghihuslispecies (

et al., 20Q(Habitat loss and degradation is the principal Bhrdfadngoksurvival, as it degrades

nesting sites, nursery habitats and basking sites and decreases food availability. Additionally,
species is used for subsistence consumption and is involved in some commercial trade, with re
confiscations reported in Malaysia and[Zdsnet al., 201%)ue to the increasing decline in its

native range and a corresponding rise in internationaBseizoremkiaas gained the highest

level of protection within its native regions. In 2022, it was included af tBehiediige Wildlife
(Protection) Act 1972 and added to Appendix Il of CITES.

It is essential to implement extended monitoring efforts, identify sustainable populations, and exec
scientifically guided reintroduction throughout their native habitat to efsuredbesiemnvation

of B. dhongok#n 2006, the state forest department and Turtle Survival Alliance initiated the Chamk
Conservation Project in the National Chambal Sanctuary to increase and conserve Bhe population
dhongokandB. kachugélhe Print, 2000). Further, under the National Mission for Clean Ganga
project, Wildlife Institute of India, Dehradun, tiiRe3cuwtdend Rehabilitation Centre (TRRC) at
Sarnath, Varanasi was ameliorated and the Ganga Aqualife Rescue and Rehabilitation Cer
(GARRC), Narora at Uttar Pradesh was established. Given the challenges and reduction in
population size of freshwater tur@esga Rivaind as part of conservation efforts Turtle Breeding

and Rehabilitation Centers play a crucial role in bolstering population numbers and providing valt
support to management initiatives. As part of a conservation project, the Forest and Wild
Department rescued turtle eggs from the Chambal River and transferred them to the TRRC, Sarr

for hatching. After reaching a certain size, healthy individuals were released into the suitable habit
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the Ganga River. The TRRC also received rescued individuals seized by enforcement agencies
local areas. The GARRC exclusively received rescued individuals, comprising those either injure
accidentally entangled in fishing nets within the local vicinity of the Ganga River. Analyzing a decl
population's genetic structure and diversity holds profound implications for its conservation, espet
when individuals are chosen to increase the effectiveness of endeavors aimed at successful bree:
rehabilitation, and reintroduction (Burns et aA @0€&ase in population size can afféetihong
evolutionary potential by reduingdual fithess agehetic variatiam population®kéed and

Frankham, 2003 he eventual strategy to prevent extinction or increase population size is scientifica
informed through rescue and rehabilitation, captive breeding, and reintroducing healthy individuals
wild habitatChoudhury et al., 200However, rescue and rehabilitation, captive breeding and
reintroduction in the wild have critical complications. Gathering information on the geographic orig
individuals is sometimes difficult and the release of these unknown origin rescue individuals in the
is often accompanied by high initial losses of released Milemdeglst(al., 2D1dence, while

a small number of individuals are released locally, genetic monitoring is vital to understand the w

and longerm contemporary genetic diversity for effective management and conservation interventio

Conservation genetics provides a robust framework for assessing the extent of genetic diversity
population genetic structure of small and declining populations. It plays a vital role in conserva
efforts by developing and utilizing comprehensive genetic databases. Until now, only limited inform
on ecological and genetic aspe@s dliongokhas been available, apart from a comparative
mitogenome analysis betwiekachugandB. dhongoka (Kumar et al., 2021). Additionally, the
utilization of the genomic approach by Cilingir et al. (2017) on the BurmedB. rtoivitdjantle (
Myanmar, as well as investigation of the southern riveB.taifapsin( Cambodia, provided
estimations of wild breeder populations and insights into the present genetic structure. Recent s
revealed low genetic diversity and notable genetic differencesBanadingglopulations in
Peninsular Malaysalleh et al., 2023

In this study, we investigate the genetic diversity and populatiorBstihctogelaking three
mitochondrial DNA regions and microsatellite DNA markers. Our stud. filcosgskiaom

two Turtle Rescue and Rehabilitation Centers: (1) TRRC at Sarnath, Varanasi, and (2) GARRKC
Narora, Uttar Pradesh. Understanding the genetic diversity and populatidh sinoogwkaof

turtles within these Rescue and Rehabilitation centers can have profound impact on rehabilitation

conservation efforts by adopting evirdstbkmanagement practices.
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5.2Methodlogy

5.2.1Research permits and ethical considerations

The Uttar Pradesh Forest Department vide Letter No. 2036, 3263 -21@38pddx&led
necessary permissions for the survey and collection of the biological samples and Institutional Ar
Ethics Committee (Letter No. WII/IAEC32@pproved the sampling protocols and has no objection

to carrying out the research. The biological samples were collected as part of a sponsored prc
under Biodiversity Conservation and Ganga Rejuvenation (G242 146/B259/NMGCG I}

proposal) funded by National Mission for Clean Ganga (NMCG), Ministry of Jal Shakti, Governme
India.

5.2.2Sample collection and DNA extraction

A total 092 tissue samples (egg shell, swabs from hatchlings and remains of dead individuals) we
collected frofrurtle Breeding and Rehabilitation Centre (TRRC), Sarnath, Varanasi (n=80) and Gan
Aqualife Rescue and Rehabilitation Centre (GARR(n=12)&ig.22. Thesdissue samples

were preserved in 70% ethanol at room temperature. Both the centers, TRRC and GARRC w
established near fBanga Rivemder the aegis of the project Biodiversity Conservation and Ganga
Rejuvenation to provide fs¢ad facilities for turtle conservation intended for release into its natural
habitat to aid local species recovery. The distance between both centers is approximately 700 km.
TRRC receives turtle efyge theChambal Rivétom the Uttar Pradesh forest department and
hatched inside the center. Additionally, rescue cases of taidessepaeately maintained in

TRRC and GARRIhe genomic DNA (gDNA) was extracted using the DNeasy Blood Tissue Kit
( QI AGEN, Germany) in a final elution vol ume

in Qubit 4 flurometer (Invitrogen) and diluted telmak@& 50n g/ ¢ 1 f or wor ki ng s
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NMCG-WII Project, GIS Cell, Ganga Aqualife Conservation Monitoring Centre, 2022

Figure22: Map of the study area showing sampling sitBsiaigur dhongoka

5.2.3mtDNA amplification and sequencing

Two mitochondrial regions: cytochrome b (Cyt b) gene ~1140 bp and mtDNA (E&itrol regio
~451bp were amplified using primers: CARTCCATCGTTGTWATCAAGTAGD mitn a 3 : 5 0
AGGGTGGAGTCTTCAGTTTTTGGTTTACAAGATGAATGS pi nks et al ., 2 0 (
and CRF: B3 GCACCGGTCTTGTAAAE@Ad CRR:-ACAAAACAACCAAAGGCEAGaur et

al, 2006). PCR reactions for both regions were perfOrmegl in 1r eact i on v ol ume
buffer (10mM FHEI, pH8.3, and 50mM KCI), 1.5mM MgCI2, 0.2mM of each dNTPs, 3 pmol of eac
pri mer, 5 units of Dream Taq DHl0Ang)Robtemplate r a s e

DNA. The PCR protocol wad asdollows: initial denaturation at 95 °C for 5 min, followed by 35

cycles of denaturation at 95 °C for 45 sec, annealing at 56°C for Cytb gene and 54°Cfor CR for 60
and extension at 72 °C for 1 min 30 sec. The final extension was at 72 °C for 10 min. Negative con
were included in each reaction to check the reliability and contamination of the experiment. All |
amplification was confirmed by electrophoresis on 2% agarose gel stained with Firefly dye :
visualized under a UV transilluminator. The positive PCR products were further purified w
exonucleadeand shrimp alkaline phosphatase (Thermo Scientific Inc.) at 37°C for 20 min for th
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removal of any remaining primer and dNTPs, which was followed by inactivation of enzymes at 8
for 15 min. Amplicons were further purified and concentrated via the ethanol precipitation method.
purified fragments were sequenced in both directions in an Applied Biosystems (ABI) Genetic Ana
3500 XL (Applied Biosystems) using BigDye version 3.1 Kit.

5.2.4Microsatellite genotyping

Genotypinwas performed using thirt@en ¢ r o s raarkers, includiegsMaucas01, Maucas03,
Maucas06, Maucas18, Maucas21, Maucas24; TWT113, TWS190; GP19; GmuD16, GmuBO08; Tes
msEo41 (Vamberger et al., 2001; Perez et al., 2006; Schwartz et al., 2003; Forlani et al., 20
Rosenbaum et al ., 2007) . Out of these, thre
consistently in all samples; hence, excluded from the analysis. Therefore, final analysis was perfol
wih ten microsatellite markers. PCR was <carr|
Ql AGEN Mul tiplex PCR Buffer MILOOng 0fGhe ei@dateé | nc
DNA. The PCR cycle was performed under the followingiotiadiiienafuration at 95°C for 15

min, followed by 8 cycles of denaturation at 95 °C for 45 sec, annealing at 58°C for 60 sec &
extension at 72 °C for 75 sec, again followed by 10 cycles of denaturation at 95 °C for 45 s
annealing at 58 to 50°C for 60 sec and extension at 72 °C for 75 sec which followed by 12 cycle
denaturation at 95 °C for 45 sec, annealing at 52°C for 60 sec and extension at 72 °C for 75 sec
final extension of 60°C for 30 min. Allelic sizes were scored against the size standard GS500 LIZ.
visualized amplicons using an ABI 3500 XL automated sequencer. Genotypes were identified u

GeneMarker version 2.7.4 (Applied Biosystems, Foster City, California, USA).

5.3Data Analysis
5.3.1Mitochondrial DNA diversity

The forward and reverse sequences were aligned and edited using SEQUENCHER version 4.9 (C
Codes Corporation, AnnArbor, MI, USA). All the sequences were aligned using CLUSTAL
(Thompson et al., 1994), and checked manually in BioEdit v 7.2.5 software (Hall et al., 1999). Dn
5.0 (Librado and Rozas, 2009) was used to analyze the haplotype diversity (h), nucleotide diversit
polymorphic sites (s) and mean number of pairwise differences among sequences (K). MEG/
(Tamura et al., 2011) was used to calculate mean within and between population genetic distar

(uncorrecteddistances).
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5.3.2Population demography

The spatial distribution of the haplotypes was visualized throughnngediavork, which was

created using the POpART software (Leigh & Bryant, 2015). To determing. whetigwkie
popul ations carried a signal of demographic
(Tajima, 1989) and Fubés Fs (Fu, 1997) neutr a
Lischer, 2010). To generate the trends in spatial demography history, mismatch analysis was ca
out using the population grdedline model in DnaSP, and to evaluate fit of the observed
distribution, sum of squared deviations (SSD), and raggedness index(r) urtslitiesrgoaleth

for each population were used in Arlequin ver 3valUdewere obtained from 1000 simulations
based on a selective neutrality tesfit Baestleotide substitution model was selected based on
Akaike information criterion (AIC) and Bayesian information criterion (BIC) using jModel Test vz
(Darriba et al., 2012). Bayesian skyline analyses available in BEAST v1.7 (Drummond et al., 2(
were used to infer changes in effective population size (Ne) across time, enabling inference of
demographic changes from the current patterns of genetic diversity within a population (Drummor
al., 2005). We performed multiple analyses that were randori®8&ith a bunrof 10dnder

the TN93+G model. Because no fossil data were available to calibrate the mutation rate, we assul
conventional molecular clock for the turtle mitochondrial gené & kubs#ttibns/ site/year)

(Formia et al., 2006; Ndeziel et al., 2014). The mean mutation rate was also consistent with the
other turtle species mutation raté %@/ site per Myrs (Encalada, 1996). Length of MCMC chain
was 100 million and siamgpevery 10,000 generations. Results of replicate runs were combined using
LogCombiner v1.7.5 with aibuwrh20 million iterations (20%) for each run. Tracer v1.7.1 (Rambaut

et al., 2018) was used to assess the convergence of chains and to reconstruct Bayesian Skyline Pl

5.33 Microsatellite analysis

Microsatellite data was analyzed using the prograhebtkier®.2 (Van Oosterhout et al., 2004) to
identify genotyping errors, such as null alleles, large allele dropout, or errors in scoring. The numb
effective alleles (Ne), alleles per locus (Na), observed heterozygosity (Ho), and expect
heterozygosity (HE) were estimated using the GenAlEx v6.5 program (Peakall et al., 2006).
polymorphic information content (PIC) values were calculated usu®)CERAlSowski et al.,

2007). The supporting format of the data input files was prepared using CONVERTvV1.31 (Glau
2004). Allelic richness (Ar) and Inbreeding (FIS) were calculated in Fstat 2.9.3.2 for each popula
and its significance was tested, assuming A&/¢iialogyg equilibrium within the samples and using

1,000 permutations. All the loci were checked for under HWE in GenAlEx v6. To determine the le\
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distortion from independent segregation of loci, Linkage disequilibrium (LD) was tested us
GENEPOP on the web (genepop.curtin.edu.au).

5.3.4Genetic structure, differentiation and migration

The pairwise FST values (gene flow) among the populations were calculated using GenAlEx
Initially, a factorial correspondence analysis (FCA) was performed using GENETIX ver. 4.02 (Bel
2004), which graphically represents the genetic distances between individual multilocus genoty
Finally, we tested the population genetic structure using the Bayesian method using Structure vel
2.3.3 (Pritchard et al., 2000). We assumed an admixture model with correlated allele frequencies w
burrin period of 60,000 and 6,00,000 MCMC repetitions. Twenty independent replicates were run fi
= 110, without prior knowledge of saropéitigris. We determined the optimal value of K according
to the @K method (Evanno et al ., 2005) usi n
clustering results of Structure were visualized wusing a web server ClumpaK
(http://clumpak.tau.ac.il/indeX.titatl provides a full pipeline for clustering, summarizing, and visualizing
Structure results. We used BayesAss v.1.3 program to estimate recent migration rates, m (over the
few generations) among populations based on multilocus genotypes using Markov chain Monte (
(Wilson, 2003). We used-inuiterations 106 followed by 107 iterations and a sampling frequency of
2000. The initial run was performed with the defaply deltad | ue of 0. 15 f or &
mi gration (M), and inbreeding coefficient (F
recommended in the manual the changes in these parameters would be accepted between 40 and
of the totaumber of iterations. Four independent runs were also performed to validate the consister

of the results.

5.3.5Population history: Bottlenecks

We used Gaiia¥illiamson {&) index (Garza and Williamson, 2001) and BOTTLENECK v.1.2.0263
programs to determine the signal of past bottlenecks. We &8timdeedi€&ing ARLEQUIN v3.5,

which is a mean ratio of the number of observed alleles in a sample divided by the number of all
expected under the observed size range and can detect population bottlenecks from the past.
value of M ratio below the critical Mc value of 0.68 was considered a sign of a genetic bottlent
Second, BOTTLENECK program was run under two mutationphadelsnddel (TPM) and the
stepwise mutation model (SMM). The proportion of alleles attributed to SMM under the TPM was <
90%, with a variance of 12. Significance was determined by the sign and Wilcoxon tests with 10

replications (Cornuet, 1996). We also checked allele frequency distributions for mode shifts
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discriminate populations that have experienced a recent bottleneck from stable populations (Lui
1998).

54 Results

5.4.1 Genetic diversity

Genetic diversity parameters revealed with mitochondria DNA and microsatelliteBnarkers in the
dhongok&rfom TRRC and GARRE presented in Talleahd Table 1Bthis study, two mtDNA
fragments were obtained from 92 samples; after alignment, 1b4@igi61bgdf the control

region were generated, producing a concatenated mtDNA fragment of 1591bp. All genera
sequences were deposited in GenBank (OQ¥®398573). In overall samples, 15 variable sites
were observed, thus accounting for only 0.94% of the total sites. All 15 werferpatumony

sites, comprising 13 transitions and two transversions. We identified 31 haplotypes with an averag
4.59 nucleotide differences (K) ifRBG and GARRC populathimeng 31 haplotypes, 28 were
detected iMRRC with K=4.55 and six were found in GARRC with K=3.39, while four-haplotypes (k-
H4) arecommon in both populatibnis.e hapl ot ypes (h) TRR@ersmmucl eo
0.932 + 0.013 and 0.002 = 0.00012, respectively anGkiRrBoére 0.845 + 0.074 and 0.002

N 0.0002, respectively. The overall Hd and
(Table 4).

In addition, the selected microsatellite markers showed polymorphic information content with a n
value of 0.476. Loci Maucas18 had the highest allele counts, while Maucas3 showed the lowest.
analysis of misedellite data did not find evidence of LD. We did not find evidence of a large allel
dropout and scoring error in our data. The mean number of alleles (Na) in TRRC and GARRC we
and 3.4, respectively, with comparative allelic richness (Ar) in TRRC (Ar = 3.84) and GARRC (Ar =
with mean Ar = 3.82l§le 16 The observed heterozygosity (Ho) and expected heterozygosity (HE) in
TRRC were Ho: 0.487; HE: 0.493; and in GARRC were Ho: 0.497; HE: 0.50 with mean Ho: 0.495;
0.495. The mean inbreeding coefficient (FIS) value for both Bhedresuymgkopulations was

greater than zero mean FIS: 0.028, indidatitegoaygote deficiency (TEBlevhich may be

attributed to the Wahlund effect and population not being in HWE.
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Table 2: Summary of genetic diversity Batagur dhongokgopulations based on

concatenated mtDNA (@yt CR) and temicrosatellites

Population/Region Mitochondrial DNA
n H Hd K Taj i mFusk*
Turtle Rescue & Rehabilitation Centre 80 29 0.93 0.003 4.6 2.04 -12.3

(TRRC) Sarnath, Uttar Pradesh, India

Ganga Aqualife Rescue & Rehabilitatic 12 6 0.85 0.002 3.4 1.816 0.015
Centre (GARRC) Narora, , Uttar Prade

India

Taal 92 31 0.94 0.002 4.6 1.56 -1.86

n number of sampl es, H hapl osity pe, Hd hapl otype o

Table 15: Summary of genetic diversity Batagur dhongokgopulations basean ten
microsatellites

Population/Region Na Ar Ho He FIS

Tutle Rescue & Rehabilitation Centre (TRRC) Sarr 5 13.84 0.487 0.493 0.018
Uttar Pradesh, India

Ganga Aqualife Rescue & Rehabilitation Centre 34 34 0.497 05 0.038
(GARRC) Narora, , Uttar Pradesh, India

Total 4.1 3.82 0.495 0.494 0.028

Na number of alleles, Ar allelic richness, HO observed heterozygosity, HE expected heterozygosity,

inbreeding coefficient, *a#llBes > 0.01 (not significant)

5.4.2 Genetic structure, differentiation and migration

Themediafoining (MJ) network of 31 haplotypes revealed no major branching evets among the
dhongok#&Figire 23). The haplotypes genealogy showed four shared haplotypeswith

consists of 38 individuals, representing 41% of total studies populations, out of which H3 and
represented the core haplotypes. In TRRC, the majority of the haplotype contained a single seque
We performed the FCAUuEIQ4 andStructureanalysis (Rige 25 of individual microsatellite
genotypes. The sampling plot in the FCA grouped individualsgestive@lssters: two groups

present in TRRC, whereas GARRC showed a single cluster, and the Bagssidtlosidehg

analysis also supported this result. The Bayesian clustering analysis under the admixture mc
i mpl emented in Structure suggested the exis
|l ikeli hood of K (Mean LnP(K) = 11787.306).
genetic admixture and were not assigned to their populations (cluster with an estimpated member
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>0.800). The two gensignature®bserved in TRRC indicates that the individuals of TRRC
population shared a similar genetic ancestry with the GARRC population.

H13

Figure 23: Mediaroining network inferred frorBatagur dhongokanitochondrial DNA
haplotypes. The size of each circle indicates the relative frequency of the corresponding

haplotype in the whole dataset. Short tick lines between haplotypes show the number of
mutations.

10,000 11,000

Figure 24: Factorial correspondence analysis (FCA), computed using GENETIX 4.02, shows
relationships among the multilocus genotypes ofBatagur dhongokpopulations (TRRC:
Turtle Rescue and Rehabilitation Centre, Sarnath; GARRC: Ganga Aqualife Rescue and

Rehabilitation Centre, Narora). Axis 1, Axis 2 and Axis 3 are the first, second and third principal
factors of variability.
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Figure25: CLUMPK genetic structure plot derived from Bayeasmd cluster analysis in
STRUCTURE. The proportion of color in each bar represents the assignment probability of an
individual, corresponding to different groups of TRRC: Turtle Rescue and Rehabilitation Centre,
Sarnath and GARRC: Ganga Aqualife Rescue and Rehabilitation Centre, Narora

The genetic differentiation level between the studied pojiuldtiomgolaas lower in mtDNA:

Fst= 0.003, whereas a comparatively higher value was observed based on siicrodatdllite: F
Furthermore, the rate ofdistifibution within the GARRC population was 0.9649 (95% CI: 0.8730
0.999), while the TRRC population was 0.9413 (95%-0L98@)1I he analysis for migration

rate (m) was low 0.15 from GARRC to TRRC and 0.035 from TRRC to GARRC.

5.4.3Population demography

The demographic pattern of stliedhongokavas inferred from neutrality and mismatch
distributions analysis. The mismatch distribution analysis showed a multimodal distribution sha

graph(Figuire 2§ whichmight result from a relatively stable population size over the long period.
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Results of Tajimadés D and Fubds Fs tests wer €
(Tabled).l n overall sampl es, swadl.B6 andn864) espdcavely, buta 6 s |
nonsignificant indicated stable population size. Moreover, effective population sizes and demogra,
trends were also estimated by the Bayesian skyline plot (BSP) analysis. The Bayesian Skyline
indicated historistdbility followed by growth in the effective population size, with a recent reductio

since 2 thousand yearsu(ERy).

A = Turtle Rescue and Rehabilitation Centre (TRRC), Sarnath, Varanasi
B = Ganga Aqualife Rescue and Rehabilitation Centre (GARRC), Narora
C = Both populations

Figure26: The mismatch distributions graph dashed line showing observed distribution; solid
line showing the theoretical expected distribution under a gitewlthe model.

5.4.4Bottleneck

The values of\®@ index test (TRRC = 0.31+0.07 and GARRC = 0.32 £0.11) were lower than the
critical value MC = 0.68, indicating the sign of genetic bottleneck in both the. pilyaurigtka of

In contrast, BOTTLENECK analysis showed that no significant heterozygosity excess was found in
populations under either THAR(P = 0.72; GARRZ= 0.99 or SMMIRRCP = 0.21; GARRZ

= 0.24. The modehift test demonstrated no distortion of the allelic frequency, andhapedmal L

distribution was observed.
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Figure 27: Bayesian skyline plots representing historical demographic trenBatagur
dhongoka Xaxis shows time before present in million years ago (MéA&)s indicates
effective population size on a logarithmic scale. The thick solid lines represent mean estimates
for effective population size, and differentially colored areas reflect the 95% highest posterior
density intervals.

55Discussion

To date, genetic studieB.oflhongokiave been limited. Our findings reveal new genetic insight
aboutB. dhongokand thus play an important role in freshwater turtle conservation. This study use:
mitochondrial and microsatellite markers to investogdternhefenetic diversity, population
structure and demography of critically enda®geatiedngokdrom two turtle rescue and
rehabilitation centers, TRRC and GAR&@nalysis of mtDNA revealed high haplotype diversity in
concurrence with low nucleotide diversity, indicating that haplotypes were closely related. The pos
explanation for turtles' low nucleotide diversity is their slow mitochondrial evolutionary rate (King, 2!
It was also evident from the haplotype network, which shows mostly single nucleotide differen
between haplotypes. Similarly, high haplotype diversity have been reported in Loggerhead sea t
(BaltazaBoares et al., 2020), whereas lower hagiltygity in turtle species, ia.ieatherback
turtlesPermochelys coriag@ongfu, 20pand Bog turtl§lyptemys muhlenbdRyisenbaum et

al., 200y Our data show that low nucleotide diversity with high haplotype diversity, which can be
signature of population expansion from a small effective gippyRbgers et al., 1992). The
clusteringf sequences showed fhat haplotypes TTRRC was similar to those found in GARRC,
indicating close genetic relationships and having common genetic ancestryiEtotatetiitae,

analysis revealed a moderate level of genetic diversiB; ttirdmgtblaopulations. Microsatellite

based structure analysissaled weak genetic clusters between the TRRC and GARRC populations.

While the optimal number of clusters for both populations was determined to be two, we extendec
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analysis to include K values ranging from 2 to 5. Notably, at K higher than three, the TRRC popul;
showed the presence of two genetic groups, while the GARRC population maintained its unity ¢
single cluster. The genetic clustering observed in TRRC is probably due to a substantial portio
individuals sharing a similar genetic ancestry with the GARRCTpeptéatitis. support the

ongoing conservation practices under the National Mission for Clean Geingje Pmofddf
dhongokandividuals in TRRC belong to the source population of the Chambal River and few rescu
individuals from seizures near the Ganga river. Hence, two different stocks are observed in TRR!
contrast, individuals in GARRC are only the rescue cases recovered from the local areas.

The BayesAss analysis indicated recent migration from GARRC to TRRC (m=0.15), which may
attributed to human interference and the mixing of individuals in TRRC (Ganga and Chambal riv
The rate of saésemblage was higher in both GARRC and TRRC, which may be due to limited ger
flow and low population size. In the current study, our sample size from GARRC is limited. Therefc
is important to exercise caution when interpreting the conclusions drawn from the BayesAss anal
Incorporating a larger number of samples along with additional markers has the potential to y
significantly different estimates of migration (Meirmans, 2014). Moreover, the results of migration |
were consistent with pairndsedtues obtained from microsatellite and mtDNA markers, indicating
weak genetic differentiation between b8thdtm@ngokpopulations. Althoughdhongokhas
experienced a severe reduction in population size due to anthropogenic disturbdrasedhe mtDNA
demographic history analyses ruled out any significant past contraction in both the studied populat
It was also in accordance with the estimateBOTTh&NECK analysis with respect to recent
bottlenecks.

In contrast, theW index test did not give a consistent result with bottlenecks and mtDNA analysis
suggesting a genetic bottleneck in both populations. It may be accountedAfointdgxthe G
sensitivity in detecting population bottlenecks, in which the number of alleles is typically more red
than the range due to a decline in population size. As indicated by the Bayesian Skyline Plot, there
a period of historical stability followed by an expansion in the effective population size, but m
recently, a slight decline has been observed from ~2 thousand years ago. The rise of anthropog
activities in the Holocene is one of the major factors influencing global species biodiversity. Additiol
the population Bf dhongokhas experienced substantial declines due to entanglement in fishing
nets, the construction of major hydrological projects affecting river flow dynamics and nesting beac
water pollution, as well as the detrimental effects of illegal trade. We believe these are the n
important factors in reducing population sizes and shaping the geneti8. stharigok&@fur

analysis omicrosatellite markers indicatesBthdhongokpopulations have moderate genetic
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diversity, while mtDNA analysis suggests a low level of nucleotidéalipersiyy factors
contributing to reduced genetic diversity are small population sizes, which are intricately connecte
the fitness and health of individuals, along with limited population growth capacity (Spielman et
2007).Therefore, robust rehabilitation and relocation strategies are needed to support small a
declining populations, which include scientifically based releases into natural environments. Fin
reliable origin information is often challenging, and releasing rescued individuals of unknown sou
into the wild is sometimes associated with the mortality of individuals (Villemey et al., 201
Additionally, while reintroduction starts with a small population, genetic monitoring is essentia
comprehend current genetic diversity and relatedness for management and conservati
considerations. As a result of the recent trend of population decline amidst persistent pressures, |
term evidendmsed conservation, and management interventions are required-teomthe long

survival @. dhongoka

5.6 Conclusion

This study presented a pioneer genetic an@dysibafgokd hese results expand our genetic
knowledge of ti@ritically Endanger®d dhongokand are significant to support and develop
management strategies to manage its genetic diversity in the future. The conservation manageme
B. dhongokshould focus on protecting its core habitats and breeding grounds while tackling illeg
poaching and hunting. Its habitat should be monitored and maintained continuously without disturb
and reconnected across its range to maintain a relatively large and healthy effective population
and augment its chances for successful survival and adaptation. If implemented, these measures
conserve not only Biedhongokaut also many threatened sympatric turtle species throughout the

Ganga Rivéasin.
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6.GENETIC ASSESSMENT OF BATAGUR BASKA
(NORTHERN RIVER TERRAPIN) FOR CONSERVATION
PLANNING
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6.1 Background of the study

The Sundarbans, one of the largest mangrove forests in the world and also UNESCO World Heri
Site, harbors a rich biodiversity, due to its unique ecosystem. The Northern River Terrapin, also kr
as BatagubaskaFigure 28 is alarge iconic riverine species found inestuaries of the Sundarbans
regionFigure 29spanning across Bangladesh and into parts(Bfdscleag and Singh, 2019).
Historically, the populatid bask&xtendeffom Orissa and West Bengal in India, to Bangladesh
and Myanmar (lower Ayayarwady, Sittaung, and Thanlwin), and in south of the Kra River on Thaile
Andaman Sezpast Iyerson 1992). However, subsequent research revealed that the populations ir
southern and eastern regions actually constitute a separate species, known as the southern r
terrapiBataguaffinigPraschag et al. 2D@esentlfa.baskehas been eradicated from most of its
former range, and there have been no reports of viable wild pdpubaisas dhe last 20

years, indicating that the species may have become extinct acrossamgeNlalflidk et al.,

2021). It is now recognized as one of the 25 most critically endangered turtle species globally (RF

et al. 2011) and is considered ecologically extinct (Weissenbacher et al. 2015).

Figure28:MaleBatagur bask&underban
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6.1 1Habitat, Ecology and Behaviour of Batagur baska

B. baskas primarily found in freshwater and brackish water habitats, including rivers, estuaries, a
mangrove swamps. It is most commonly found in the Sundarbans mafigjgwre RfEst

UNESCO World Heritage Site shared between India and Bangladesh. Mangroves provide cri
shelter and foraging grounds, with their complex root systems offering protection from predators
abundant food sources such as molluscs, crustaceans, and plant matter. The species is known fi
unique nesting behavior. Fehddaskaravel long distances from their feeding grounds to specific
nesting sites to lay eggs. The nesting sites are sandy riverbanks or beaches, where the females
holes and lay their eggs. The nesting season typically occurs during the dry season when water l¢
are loweB. baksaises sandy nesting beaches along the sea, frequenting the tidal zones ofestuaries
large rivers and mangroves (Asian TurtleTrade Working Group, 2000). Fishermen's reports indicate
maleB. baskdurtles are commonly captured in estuaries and along the adjacent coastline in thi
Sundarbans. In contrast, females are often found further upstream, especially during the nes
season (Moll et al., 2009). It is primarily carnivorous, feeding on a variety of aquatic invertebrates,
and crustaceans. Their feeding behavior is crucial for maintaining the ecological balance of t
habitat.

©dghosh <

—

Figure 29: Mangroves of Sunderban, tiger researve
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6.1.2Threats

Despite its ecological importance, the Northern River Terrapin faces severe threats that have led
rapid decline in its population. Habitat loss, primarily due to deforestation, conversion of mangi
forests for agricultural purpdstsng activiteBigure 30and coastal development projects, has
significantly fragmented and degraded its habitat. Furthermore, illegal poaching for the pet trade
consumption has further exacerbated the decline of this endangéRrdsspegesnd Singh,

2019. Thepopulation decline of the Northern River Terrapin in the Sundarbans is alarming an
demands urgent conservation attention. Without immediate intervention, this iconic species faces
risk of extinction, which would not only disrupt the delicate ecological balance of the Sundarbans
also lead to the loss of cultural heritage and traditional practices associated with the species an

local communities.

Figure 30: Fishing activities in low tide zone in Sunderban

6.1.3 Population status

India

From being abundant in tiec&BturyB. baka population has declined to fewer than 100 mature
animals remaining. Less than 50 adult individuals survive in each of the declining natul
subpopulations. According to Lucknow Red List Workshop (2005) the estimated population was fi
than 40 individuals, producing about three nests per year with a suggestion to for more intens

surveys to identify more nesting sites. As the record, In August 2008, Turtle surveillance Alliance (
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identified and captured1Baska€3 females, 8 males, apav2niles) nearlyeas to Sajnekhali

Wildlife Sanctuary. Additionally, in the same year, the Madras Crocodile Bank Trust (MCBT)
identified two females that had been rescued from a fish market in the 1970s. So, after this, contin
efforts by TSA and West Bengal Forest department led to the launch the breeBingagkagram of
inthe in the Sajnekhali range of Sunderban Tiger(Rigseev@1)hese efforts represent critical
interventions to conserve this critically endangered species and the number reached to more than
by2019(Table 16and recent estimate is 359 individuals in 2021e{M&aliOR1), and it is the

largest populatiorBobask#éigure 3& Fgure 3B

h

Figure31 Batagur baskpond at Sajnekhali range of Sunderban Tiger Reserve
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Figure 2: Hatchery oB. baskat Sajnekhali range, Sunderban Tiger Reserve

Bangladesh

In Bangladesh, a ldagn monitoring program led to the identification of Bdeaguivbaska

terrapins in fish breeding ponds and markets. Following this discovery, the initial individuals w
transferred to the Turtle Island facility in Graz and the Vienna Zoo in Austria, where two juver
successfully hatched in 2010. Subsequently;sealargeeeding program, known as 'Project
Batagur was launched in Bangladesh with 14 males and six females in Bhawal National Park. T
initiative was a joint effort by the Bangladesh Forest Department, the Turtle Survival Alliance (TSA
Vienna Zoo, and I[UCN Bangladesh (Weissenbacher et al., 2015).

In addition to the conservation station in Bhawal National Park, a backup facility was establishec
years later in Karamijal, located in the southern Sundarbans, an historic terrapin distribution area
2021, there were four clutches at Karamjal and two clutches at Bhawal, resulting in a population of

400 juveniles.
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Table 16Presence of captive stock from 2008 to 2019 of Northern River Batagur,baska
in Sundarbans.

Hatchlings 0 33 55 57 95 74 50

No of 12 45 100 157 252 326 376

Individuals

400
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50

. = mil II - l il =
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M Hatchlings W Total number of Individuals

Figure 3. Present stock of hatchlings and total numbers Northern River TeBatpmur

baskaat the breeding centres of Sunderban Tiger Reserves.

Semi adult female
Batagur baska in
Sundarbans
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Figure 34: Laiscape of Sunderban tiger reserve.

6.1.3Conservation Actions

Batagurbaska has been listed in CITES Appendix | since 1975, which prohibits all forms of
international commercial trade. It is also protected under Schedule | of the Wildlife (Protection)
1972 (amended). In Myanmar, laws controlling egg collection were once in place, but with the 1
extirpation of the terrapin within the country, these laws are now considered antiquated (Moll 2C
Marine and freshwater turtles are covered under the Myanmar Fishery Law and the Myanr
Protection of Wildlife, Wild Plants, and Conservation of Natural 29daslbesmver, in Myanmar

wildlife laws are poorly enforced. In Bangladesh Wildlife Preservation (Amendment) Act (BWPA) 1
this species is not listed. Efforts to recover the small populadiskéofthe Sunderbans have

been unintentionally started since 1980's, with ex situ conservation program for the Qlive Ridley Ti
LepidochelyaivacedMallick et al., 202Ninehatchlings of a different species were found during

the 1983 nesting season among the Olive Ridley hatchlings; these were laterBdéaskad to be
(Ghosh &andal1990). The hatahdrelease program was discontinued in the late 1990s, and the
remaining captives were then released in(Maluret al. 2009). Considering the international

conservation policy and management plan, it is essential to implement extended monitoring effi
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identify sustainable populations, and execute ascientifically guided progradticoaghout
their native habitat to ensure théelongonservatiorBobaska

In light of these pressing challenges, comprehensive research initiatives are essential to understan
status and dynamics oBthkaskaopulation in the Sundarbans. Conservation efforts must focus on
mitigating threats to its habitat, combating illegal poaching and trade, and implementing measure
promote recovery and sustainable management. The-insasifagenetic sampling techniques,

as highlighted earlier, provides a valuable tool for monitoring the population dynamics and ger
health of thB. baskavithout causing further harm to the speciealotatsConcerteffiorts must

be made at local, national, and international levels to comsebaskisand safeguard the
ecological integrity of the Sundarbans. Through collaborative research, conservation action,
community engagement, we can work towards ensuring a futur8.Weskdthes in its

natural habitat, contributing to the resilience and biodiversity of the Sundarbans ecosystem

generations to come.

6.1.4Molecular Genetics

Molecular genetics has emerged as a powerful tool in Testudine systematics and conserva
genetics, enabling a deeper understanding of population genetic structure and evolution:
relationships (Le et allL£&Burphy et al., 2013). Genetic diversity is essential for the capacity of a
species to adapt to a changingenvironment. Maintaining such diversity is not only critical for
conservationof small populations but is also the basis for the success -tefmany long
breedingprogramme. Identifyapglations that have recently undergone bottlenecks, such as the
case witB. baskais paramount due to its implications on genetic diversity. Bottlenecks can escalat
inbreeding, diminish genetic variation, and perpetuate harmful allele fixation, thereby compromisi
population's adaptability and elevating extinction risks (Luikart and Cornuet, 1998). Yet, detec
recent bottlenecks poses challenges, given tblesoferhistorical population sizes and genetic
diversity levels. Understanding the genetic mdkebpsétis essential for shaping effective

conservation strategies and management plans.

6.1.5 Markers for Genetic study

Mitochondrial DNA Sequencing (mtDNA)

Mitochondrial DNA (mtDNA) stands out as a prominent population genetic marker, due totherapid
of base substitution, haploid nature, and maternal inheritance. mtDNA selectively provides invalu

insights into the genetic diversity, population structure, and evolutionary history of species. The prc
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of DNA sequencing involves discerning each nucleotide (base) within a specified target region of [

commonly known as the genetic marker.

MtDNA control region (CR)

The control region is an essential transcription regulator found in mitochondrial genomes. This re
has been reported to have more sequence variation than other regions of mtDNA sequences. Vari
in the control region has been used to determine the diversity of many endangered species. Fur
MtDNA polymorphisms have remained relevant to studying population structure and intraspe
variation. This utilization of mitochondrial DNA sequencing enhances our understanding of popul:

dynamics and is a powerful tool for species delineation and conse(Fagiore &forts

mtDNA Control Region

/ \

I - E—

tRNA Pro Variable region tRNA Phe

Figure 3: Represenatation of highly varaible portion of control region in mitochondria

62 Objective of study

Our study delves into the intricadsedaskawith a dual focus: firstly, to untangle its phylogenetic

and evolutionary connections with other turtle species, and secondly, to probe into its genetic dive
and demographic trends using the mitochondrial marker. Our research pursues two primary object
() illuminating the extent of genetic diversity and gene flow, and (ii) unraveling historical demogre
changes and levels of inbreeding. By addressing these aims, we aim to furnish invaluable insis
essential for the conservation and management strategies tailored to safeguard this imperiled ti

species.

6.3 Study Areas

The Sundarbans region in India |ies south c
22A406 N | atitude and 8 83§.3S0uatedNh the Bay of Bendad, @ 6 E
forms a delta at the confluence of the Ganga, Brahmaputra, and Meghna rivers. Encompass
approximately 10,00, kwith 4,000 Rron the Indian side, the Sundarbans feature a complex
network of tidal waterways, mudflats, and small islatmisraihsaitangroves. The Indian portion
includes the Sundarban Tiger Reserve, covering 2,585 km2, with a core area of 1,330 km2 desigr
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as the Sundarbans National Park since 1984. The remaining area serves as a buffer zone, housin
Sajnekhali Wildlife Sanctuary since 1976, spanniagr8@23ajnekhali Breeding Centre is a vital
facility dedicated to the conservation and breeding of endangered species, particularly saltw:
crocodiles artdrtles. ThBampieHodges line marks the boundary separating the Sundarbans from
the rest of West Bengal.

64 Methodology

641 Permissions for Biological Sampling

Permit to collect Aomasive biological sampleB. dfaskanvas obtained from theState Forest
Departmermtf West Bengiletter Number 2225/WE/2W2017 dated 10/08/2023). Field sampling
was carried out as part of an ongoing WII P
Conservation and Maintenance of Ecosystem S

(Figure B.

64.2Noninvasive Sampling and DNA Extraction

Noninvasive sampling techniques offer a minimally intrusive method for collecting genetic material 1
wildlife without causing harm. For instance, skin swabs can extract genetic data for mitochondrial
sequencing, microsatellite genotyping, and genomic studies. By employing these techniqu
researchers can monitor and conserve critically endangered species like the Northern River Terr
(B. baska without disturbing their natural habit&ajenakhali, captive individuals are carefully
managed by animal keepers who periodically clean the hatcheries. -irvasilecsanmples, we

provided gloves to the animal keepers for use while handling these individuals at the hatcheries.
individual was handled with a single glove, ensuring minimal contamination. In total, 25 gloves \
used for collecting mucus layers. Additionally, 15 fresh fecal samples were collectatl from ponds
hatcheries at Sajnekhali Wh& gloves used for collection were inverted during removal and filled
with 2680 ml of 70% ethanol. The open end was securely tied with a sterile rubber band to prev:
alcohol spillage. After collection, all gloves were vigorously shaken to ensure the mucus layer
completely dissolved in the ethanol solution. Theoetta@may mucus was then transferred to a

50 ml collection/centrifugation tube and transported to the Wildlife Institute of India (WII) laborat
where it was stored20°C until further analysis. These procedures ensure the integrity of genetic
material for subsequent analysis, facilitating reseahaskgpepulation dynamics and genetic

diversity.Genomic DNA (gDNA) was extracted from collected samples using the QIAGEN DNe
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Blood and Tissue Kit with some modifications accordingly and gDNA waschecked by 0.8% agaros
electrophoresis.
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Figure 8: Location of Sajnekhali Wildlife Sanctuary, Sundarban Tiger Reserve
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Figure 3. Noninvasive sampling @.baskaat Sajnekhali Breeding Centre, Sunderban Tiger

Reserve.

65.3 DNA amplification and Sequencing

Out of thd0samples, 26 were successfully processed to yield genomic DNAf(@RNiAgnand

24 amplify specific regions of mitochondrial DNA (mtDNA). These samples were chosen to pro\
insights into the genetic diversity and demographic [Batteskabbr genetic diversity analysis,

a highly variable region of the mtDNA was targeted for amplification and sequencing. Additionally
complete region of the CytocHrgerege was amplified in two samples usingQ@yiasdmtf-

na3(Spinks et al., 2004; Lenk et al., 1999) to elucidate the phylogenetic r&ataskiayit of
othertGeoemydidtaxa.all samples, the mtDNA control region (CR) were amplified using primers CRI
and CRRKumar et al. unpubligif@dble 17)

Table 170ligonucleotid@rimer sequences used in this study

lGene@ " Pr i mer name3
Cytb CybG:AACCATCGTTGTWATCAACTAC Spinks et al., 2004
Mtf-na3:AGGGTGGAGTCTTCAGTTTTTGGTTTACAAGA Lenk et al., 1999
CR CRF: CATGAATCGGAGGCCAACCAGTCG Kumar et al.,
CRR: AGTTGCTCTCGGATTTAGGG (Unpublished)
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The amplified PCR productswere sequenced for both strands using thdathedeziitiginee

Terminator (RR Mix) on theABI 3500 XL automated Genetic Analyzer (Applied Biosystems, Fc

City,California, USA).
L \

Figure 8: Laboratory analysis

65 Dataanalysis

The sequences obtained from the forward and reverse directions were aligned and edited us
SEQUENCHER® version 4.9 (Gene Codes Corporation, Ann Arbor, MI, USA). The analysis of ¢
sequence was performed separately using the CLUSTAL X multiple sequence alignment prog
(Thompson et al., 1997), and the alignments were examined by visual inspection. DnaSP 5.0 (Lib
and Rozas, 2009) was used to analyze the haplotype diversity (h), nucleotide diversity (p), «
polymorphic sites (s). The spatial distribution of the haplotypes was visualized thomigh a median
network, which was created using the POpART software (Leigh and Bryant, 2015).

To determine whether Bhebaskgopulations carried a signal of spatial range expansion or a
stationary population history, Tajimads D (
performed in DnaSP 5.0 (Librado and Rozas, 2009). A total of 42 species of Testudines were use
the phylogenetic analysis based on tHege@gtincluding 6 species Batagugenus. For the
phylogenetic relationship, we used the -Bapawneaneter using a discrete Gamma distribution
(TN92+G) with the lowest BIC score value using MEGA 11 (Tamura et al., 2021).
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6.6 Results and discussion

The conservation of the last surviving Indian popBlateskai the Sunderban region is one of

the key conservation challenges. Inadequate genetic management capacity and a limit
understanding of the genetic background and diversity of small population often result in a subop
effective population size (Ne). This can lead to adverse outcomes such as inbreeding depress
significantly hindering the success -téronigreeding programs. Ne, which denotes the number of
reproductively mature individuals contributing to the next generation, is vital for maintaining ger
diversity across generations. Effective management of Ne is crucial, as the genetic diversity of fu
generations is directly influenced by the number of reproductive individuals contributing to the ¢
pool. Theurrent population siz8.dbaskan captivity, which has been recovered from thefounder
stock, underscores the critical need for conservation efforts (Mallick et al., 2021). Genetic anal
using 24mtDNA sequences revealed only 5 hapBiypeskal he haplotypes pattern suggests

that most haplotypes were closely linked and only three mutation siteswere present on location nul
nt15646, nt16014 and nt16233 (I@&bEhe medigaining network showed that most haplotypes
appeared to be relatedand differ by only a single mutation 3%e Qvignaé only 3 variable sites

were observed in the sequences. In at nucleotide position number nt15646, nt16014 and ntl6:

accounting very low number of nucleotides changesper sites.

Table 18Mitochondrial DNA control region haplotygestified for th&. baska

H1 5 C T C
H2 6 T :

H3 3 T C :

H4 2 T : T
H5 8 : T

nt: nucleotide numbers showing the variation positidhsbaksimaplotypes.
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Figure39 Mediaroining network inferred froBatagur baskanitochondrial DNA haplotypes.
The size of each circle indicates the relative frequency of the corresponding haplogype in t
whole dataset. Short tick lines between haplotypes show the number of mutations.

6.6.1Genetic diversity

The genetic diversitobaskavas assessed using haplotype diversity (hd) and nucleotide diversity
(") calcul at i on s versilylwas moderate 0.A821d0.042avjthin ¢the yopudation. i
Nucleotide diversity, however, was very low 0.00125 * 0.0005, suggesting limited nucleotide vari
in the populati¢hable 19)his could be due to factors such as population bottlenecks, genetic drift,
or selective pressures that have reduced the overall genetic diversity at thevehucleotide
Understandingese genetic parameters is crucial for the conservation and maBagesient of
populations, as it provides insights into toéwnewyl history, population dynamics, and potential

response to environmental changes.
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Table 19Summary of genetic diversityBatagutbaskapopulations based on mtDNA Control
Region.

| 24 5 3 ~0.782  0.0012 140 ~ 0.237 |

Note: Hhaplotype, V¥ariable sites, Hda p | ot y p enudebtidesdivarsity,viiyes > 0.01 (not
significant).

For comparison, the genetic diversity oBatdmpuspecies was analyzBd.baskaxhibited 5

hapl otypes among the total 24 samples, with
contrastB. dhongokahowed higher genetic diversity, with 92 mtDNA sequences resulting in 31
hapl otypes, and hd and °~ val uBb®rneodnsdiBplaged a n d

|l ower genetic diversity, with 90 mtDNA seque
0.405 and 0.00076, respectively. Similaffinishowed low genetic diversity, with 120 mtDNA
sequences resulting in six haplotypd@hle and
20)

Table 20 Comparative of genetic diversity in other species of Batagur based on mtDNA
Species N H Hd : Location References
Batagur baska 24 5 0.782 0.0012 Sunderban Tig Present study

reservelndia
Batagur dhongoka 92 31 0.94 0.002 Gangariver,India  Kumar et a

2024

Batagur borneoens 90 4 0.405 0.00076 Ujung Aceh Tamia Guntoro et a
Indonesia 2020

Batagur affinis 120 6 0.285 0.0044 Peninsula Malaysia Salleh et al
2023

The results indicate varying levels of genetic diversity aBataguthigeciesB. dhongoka

exhibited the highest genetic diversity, with a large number of haplotypes and high values of haplc
diversity, suggesting a robust genetic structure possibly due to a large population size and/or histc
demographic factors. In contBasborneoensend B. affiniddisplayed lower genetic diversity,
indicated by fewer haplotypes and lower values of haplotype diversity and nucleotide diversity, pos
due to smaller population sizes, genetic bottlenecks, or founder effects. C@8ndidskiafsthis,

exhibited low genetic diversity as repdtelobmeoensadB. affinispecies, suggesting a low

level of nucleotide variation among the analysed mtDNA sequences, which could be attributed due

founder effect.
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6.6.2 Demographic history

The demographic history of stBdiesksava s i nferred from neutralit
D and Fub6s Fs tests were used to explain the
the value Taji maods {0.04a medpeckvely butsigificant andicatdéd. 6 7 6
stable population size. Moreover, effective population sizes and demographic trends were &
estimated by the Bayesian skyline plot (BSP)(kitalysi®. The Bayesian Skyline Plot indicated
decline trend in effective population Bizeaskdrom around 25 kya during the late Pleistocene.
Oscillations in tidal zones, alterations in estuarine salinity levels due to climate change, and intens
human activities, including overexploitation, are critical factors leading to the significant popule
decline d. bask@Mallick et al., 2021).

1.E1
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0 0.025 0.05 0.075 0.4 0125 0.15 0475

TIME

Figure 8. Image of Bayesian Skyline plot to visualize the demographic changes in effective
population size (Ne) over timeaxis) and a logarithmic scale, represents population size (y

axis).

6.6.3Phylogenetic relationships

A total of 42 species of Testudines were included in our phylogenetic analysis, fodoising on the c
gene. This dataset comprised 6 species Batadgiugenus, 32 from the Geoemydinae subfamily,

and 4 from other families within Tes{kdljues 1.

In our Maximum Likelihood phylogenetic tree (ML analysiSatagimatictPangshurgenera

were positioned basally to all other Geoemydids in the ingroup, with high bootstrap support (>8I
Regarding tHgatagugenus, our analyses strongly support the Biv&anbugas basal to a

terminal clade that includes the estuarineBpeagsandB. affinisThis clade is sister to another
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clade comprising the remainingBlataguspecies, namdby dhongoka, B. borneoersidB.
trivittataOur phylogeny, based on thd® ggine, is consistent with the general topology of the
phylogeny previously reported by Le et al. (2007) and Praschay Eueh¢R®@®eur analysis
reveals that the gefigoras closely relatedlauremysvhileCyclemys, Sacalia, Heosemys, and
Notochelyrm a distinct cluster with significant posterior probability support.

100 Mauremys reevesii
53 Mauremys megalocephal
100 b Mauremys igricas
- estuarine - _|: Mauremys japoica
47 Mauremys siesis
|:| riverine —— Mauremys leprosa
%6 = Mauremys mutica
|! both 100 Mauremys aamesis
o r— Mauremys rivulata
—_— 100 b—— Mauremys caspica
Cuora amboiesis
100 Cuora bourreti
o 100 _|: Cuora picturata
Cuora galbiifros o
o - —————— Cuora flavomargiata £
— Cuora trifasciata %
Cuora aurocapitata o
7 EIZ Cuora pani 8 ®
37 Heosemys gradis S
100 _|: Heosemys depressa =
b Heosemys aadalii §
99 —— Sacalia bealei 3
o L— Sacalia quadrioceliata
a2 = Notochelys platyota
Cyclemys fusca
43 100 Cyclemys oldhamii
86 _|: Cyclemys tchepoesis
a5 — Cyclemys detata
Cyclemys atripos
o E: Cyclemys pulchristriata
o 100 [0 Pagshura sylhetesis
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100 58 _|: ; Batagur trivittata 5
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Idotestudo elongata (Testudinidae)
Platystero megacephalum (Platysternidae)
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o5 Chrysemys picta bellii (Emydidae)

Figure4l: Phylogenetic relationship 8fatagurinferred from Maximum Likelihood tree (ML
using Cytochrome b gene. Node value represents the bootstrap support.
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6.7 Further Initiative and Recommendations

6.7.1Ecological aspects

The elusive replebaskain the Sunderban region, is ecological important because it play a specific
role in maintaining the health and balance of the unique habitat. It contributes to the food w
dynamics, nutrient cycling, and overall functioning of the mangrove ecosystem. The loss of this spe
could disrupt these ecological processes and lead to unintended consequesypesidsr other
Effortdo recover the species in captivity from a limited founder stock underscore the urgent need
conservation actions. Restoring the ecology of the last small idskan thie Sundarbans

for their loAgrm survival involves a multifaceted approach combining habitat regtogatobn, ex

insitu breeding program, and community involvement. Firstly, habitat restoration is crucial. This er
the rehabilitation of nesting sites and the protection of critical habitats from human disturbance
encroachment. Ensuring the availability of clean and suitable nesting beaches, along with
restoration of mangroves and estuarine systems, provides the necessary environment for breeding

foraging @. bask@Figure 2.
6.7.2Conservation aspects

The breeding projectBidnaskan India and Bangladesh aims to conserve and increase the genetic
diversity of this critically endangered species. Follaaingdomgtoring programs in Bangladesh

and the Sundarbans Tiger Reserve in India, the populations have shown signs of recovery. Howze
immediate conservation measures are essential to ensure the continued survival and genetic heal
B. baskaThese efforts include maintaining genetic diversity through careful management ar

implementing strategies to protect and restore their natural habitats.

Genetic diversity within and among species contributes to the evolutionary potential of the ecosys
enabling it to withstand and adapt to changes over time. Genetic management is essential to mai
genetic diversity and prevent inbreeding depression in such a small population. To enhance ger
diversity and health, it is crucial to conduct genetic Btidiskagifpulations in India as well as in

Bangladesh. Developing a genetic database will be helpful in monitoring and managing the crt
genetic information across populations. Exchange pgtzamkaifould be promoted through

international collaboration and partnerships between the conservation organisations and governt
agencies of Bangladesh and India to enhance the genetic diversity. Protection and restoration of ci
habitats within the Sundarbans and other key areas is vital. This includes implementing measure

reduce habitat destruction, pollution, and human disturbances.
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The conservation plan involves collecting tissue samples from existing populations in both coun
and conducting comprehensive genetic analyses to examine genetic relatedness, bottlenecks,
assess genetic variability. This genetic data will guide the selection of individuals for exchan
ensuring minimal risk of inbreeding and improving the genetic diversity. Developing a forr
collaboration framework between conservation bodies in Bangladesh and India will facilitate
exchange of individuals, which will be monitored to assess their adaptation and integration into
environments. ldentifying and prioritizing critical h&bitasaskKeand implementing conservation
measures to protect nesting sites, including creating protected areas anepeatincigdaavei

are crucial steps. These recommendations, if implemented, can improve the chances of survival fo
critically endangered species and contribute to overall biodiversity conservation in th
region.

© dghosh

Figure 2 Mangroves forest of Sunderban, tiger researve
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