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ABSTRACT

Understanding the evolutionary processes that have molded the genetic structure to adapt to environmental changes is an important component of successful and sustainable long-term management for the fisheries resources. In this study, we analyzed mitochondrial control region (D-loop) sequence data to reveal population genetic variation, phylogeography and demographic history of T. ilisha collected from six locations of the Indian Ocean regions (Bay of Bengal, Arabian Sea and Persian Gulf). High haplotype diversity was found for all of the populations of T. ilisha. The Analysis of Molecular Variance (AMOVA) and conventional population FST comparisons detected both high population-level genetic variation and high degrees of divergence between groups within the Bay of Bengal (Irrawaddy river, MP; the coast of Cox’s Bazar, XP; the delta of Meghna, MP and Hooghly river, IP) and Arabian Sea (the delta of Indus river, PP and the coast of Kuwait, KP). Four cryptic genetic barriers were found for the studied populations of T. ilisha, and the highest degree of population divergence was found between the Eastern Indian Ocean (Arabian Sea and Persian Gulf) and Western Indian Ocean (the Bay of Bengal region) regions based on the Voronoï tessellation of BARRIER analysis. The gene flow analysis detected almost no migration between Eastern and Western part of the Indian Ocean regions. Besides, one-way migration was found from IP to MP population in the Bay of Bengal and from PP of Arabian Sea to KP population of Persian Gulf. Mismatch distribution showed that T. ilisha underwent long-time stable population size. Distinct cryptic genetic barriers, limited gene flows and complex evolutionary process resulted a significant population genetic and phylogeographic structure, and intricate demographic histories of T. ilisha populations. Further, the study provided additional insights for conserving and managing of this fishery resource in its broad geographical distribution coverage.
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1 | INTRODUCTION
Precise evaluation of population genetic structure and biogeographic distribution has become a fundamental goal of conservation biology for the successful conservation and management of exploited species (Utter, 1991; Richardson and Whittaker, 2010). The population genetic differentiation has already been well verified to directly relate to evolutionary forces such as geographic isolation, migration, and historical dynamics (Dufresnes et al., 2013; Millar and Byrne, 2013). On the one hand, the population assessment will show the specific phenotypic or genotypic variants and identify where genetic barriers may exist and help to detect the priority goals of conservation planning (Mora et al., 2007; Xiao et al., 2014).Further, the evolutionary process of a species was always influenced by the paleoclimate, which would impact species ranges, diversity, and evolutionary legacy (Miláet al., 2000; Michaux et al., 2005; Lavergne et al., 2010).Therefore, it is crucial to characterize the population genetic structure of a species that may reflect the adaptive potential of species and may be relevant to future response to environmental change.

The Hilsa shad, Tenualosa ilisha, a fast swimming euryhaline member of Clupeidae family which is one of the most commercial important fishery resources along the coasts of Indian Ocean, especially in Bangladesh, India and Myanmar(Malick et al., 2018).T. ilisha is widely distributed to the east coast of India, Bangladesh and Myanmar in the Bay of Bengal along with Iran, Iraq and Kuwait in the Persian Gulf to the Pakistan and west coast of India in the Arabian Sea (Dutta and Hazara, 2017).Ecologically, T. ilisha is an anadromous species with pelagic characteristics, which spends most of its life in the inshore areas of the sea and undertakes extensive migrations ascending to the estuaries and rivers for breeding (Reuben et al., 1992).The fish constitutes the largest single species fishery in Bangladesh, contributing over 10% of the total fish production of the country. The average annual production of Hilsa in Bangladesh is more than five hundred thousand MT (inland 45% and marine 55%) (DoF, 2018)and provides livelihoods directly to 0.5 million fishermen and indirectly 2.5 million people in the wider Hilsa sector of value chain and distribution (Hossain et al., 2019a).Profit-induced indiscriminate harvest, together with habitat degradation/pollution and disruption of migration routes by dams/barrages, resulted insignificant reduction in natural T. ilisha resource in the India Ocean (Panhwar and Liu, 2013; Dutta and Hazara, 2017). In the aspect of nutritional value, the fish is extremely rich in amino acids, minerals and lipids, especially essential and poly-unsaturated fatty acids (Alam et al., 2012). 

Major spawning grounds of hilsa include the Meghna River ecosystem in Bangladesh, Hooghly–Bhagirathi River system in India, Irrawady delta in Myanmar, Indus River delta in Pakistan, Shatt Al-Arab and Euphrates in Iraq and Kuwaiti coastal waters in the Persian Gulf (Hossain et al., 2019b).The anadromousT. Ilisha inhabits area varied between marine-brackish-fresh water. The species’ marine habitat locates at a depth of nearly 200 meter, which feeds on phytoplankton such as diatoms, blue and green algae, zooplanktons, organic debris and sand particles (Dutta and Hazara, 2017). T. ilisha migrates into freshwater ecosystems after attaining sexual maturity at 6-12 months of age. The time of migration starts from September with a peak in October to November (Hossain et al., 2019b), which is highly related to its gland maturation state, river discharge and precipitation during the monsoon season (from June to September) (Bhaumik, 2015).T. ilisha spawns pelagic egg, which will hatch out after 22-26 hours incubated at a favourable temperature of 30°C (BFRI/RS 1994). The larval fish will move to nursery areas in the downstream of rivers by passive drift and later by active swimming (Rahman et al., 2017). The fry of T. ilisha will remain in the downstream riverine environments until juvenile periods and then launch the process of seaward migration (Milton and Chenery, 2003).

Although a number of studies have been carried out for T. ilisha in areas of biology and life history, food and feeding, fecundity, maturation and spawning, population dynamic and stock assessment, ecology, market and economic(De and Datta, 1990; Rahman and Naevdal, 2000; Jawad et al., 2004; Saifullah et al., 2004;Panhwar and Liu, 2013; Dutta and Hazara, 2017; Hossain et al., 2019a,b), the population genetic structure of the species remain controversial. Salini et al. (2004) found significant differentiation for T. ilisha occurred among Kuwait, Bangladesh and Indonesia andpanmixia random mating existed in the Bay of Bengal based on the allozymes analyses. Behera et al. (2015) detected two distinct population clusters from the Bay of Bengal and Arabian Sea based on the mtDNA Cytb. Brahmane et al. (2006) found significant differentiation between Ganga river and Hooghly river populations within Bay of Bengal based on the RAPD. Mazumder and Alam (2009) found three clusters corresponding to the riverine, estuarine and marine populations within the Bay of Bengal based on the mtDNA D-loop PCR-RFLP analysis. Until now, no research of population history dynamics and phylogeography for T. ilisha throughout its distributional range has been carried out using the advanced molecular marker like mitochondrial DNA. In order to re-establish the genetic structure, phylogeography and demographic history for T. ilisha, we collected samples from six (06) localities in the Bay of Bengal and Arabian Sea, which included the coast of Cox’s Bazar, the delta of Meghna river, the delta of Hooghly river, the delta of Indus river and the coast of Kuwait, and conducted a comprehensive population genetic analysis for this species with a combined data set. Thus, the results contribute to sustainable management recommendation for the hilsa fish stock in the Indian Ocean region.

2 | Materials and methods
2.1 | Sample collection
A total of 157 T. ilisha individuals were collected from six locations (geographical populations) of its distribution range in the Bay of Bengal and Arabian Sea (Figure 1): coast of Cox’s Bazar (XP) and delta of Meghna river (CP) in Bangladesh, delta of Hooghly river, India (IP), delta of Irrawaddy river, Myanmar (MP), delta of Indus river, Pakistan (PP) and coast of Kuwait (KP). The individuals of all populations were collected when fish returned to their natal rivers for breeding except the population XP and KP collected from off shore. The details of the sampling localities, number of sample and time of sample collection are given in Table 1.  All individuals were identified based on morphological features, and a piece of fin tissue was taken from each individual and preserved in 95% ethanol for molecular analysis.
2.2 | DNA extraction, PCR amplification and sequencing

Genomic DNA was extracted from the fin tissue samples using the DNeasy blood and tissue kit (Qiagen, Germany) following the manufacturer’s protocol provided inside kit box. The concentration of genomic DNA was then measured by Qubit 3.0 fluorometer. Polymearse chain reaction (PCR) was performed in a 20 μℓ reaction mixture inside small reaction tube (0.2ml)using a thermal cycler (Model: 2720, Applied Biosystem). The reaction mixture of each tube contained 0.3 unit of Taq DNA polymerase, 2.0 μℓ of 10× PCR buffer, 0.05μmol Mg2+, 0.001 μmol for each of the dNTPs, 8 pmoles of each primer, and 50ng template DNA of each sample. The primer set of TilsDL-F (5'-GAA AGG TTT TAA CTT CCA CCC-3') and TilsDL-R4 (5'-TCT TAG CAG TTT CAC GAG G-3') were used for amplification of the first hyper-variable portion (i.e. 5' region) of the mtDNA control region. For amplification of the barcode region of COI gene, universal primer cocktails (Ivanova et al., 2007) were used. The temperature profile of PCR was set as follows: pre-denaturation at 95°C for 5 min, followed by 35 cycles of denaturation at 95°C for 1 min, annealing at 53°C for 40 seconds for d-loop region and 57°C for 30 seconds for COI gene, extension at 72°C for 1 min, and completion with a terminal elongation at 72°C for 7 min. PCR products were electrophoresed on a 1% agarosegel (Invitrogen, USA) stained with ethidium bromide and vizualized in gel documentation chamber (Model: Syngene InGenius³).PCR samples with a single and clear visible band were purified with the PCR Purification Kit (TIANGEN- Universal DNA Purification Kit) for sequencing. Sequencing of purified DNA was conducted with the PCR primers by Sanger standard method in a normal automatic sequencer (Model 3730xI DNA analyzer) from a commercial sequencing company Macrogen Inc. (Korea). The nucleotide sequences obtained in the present study have been deposited in the National Center for Biotechnology Information (NCBI) under the accession numbers MN972477 to MN972490 for COI barcode region and MN984075 to MN984181 for d-loop sequences.

2.3 | Genetic diversity and population structure analysis

The sequence data were edited and aligned using ClustalW (Thompson et al., 1994) and DNAssist 2.5 (Patterton and Graves, 2000). Molecular diversity indices such as the number of haplotypes (Nh), polymorphic sites (S), transitions (ti), transversions (tv), and indels (Nid) were obtained using the program ARLEQUIN version 3.1(Excoffier et al., 2005).Haplotypes diversity (h), nucleotide diversity (л), mean number of nucleotide differences (k) (Tajima, 1983)were also calculated using ARLEQUIN. Population genetic structure and differentiation among localities were assessed with the conventional FST statistics (fixation index) and FCT (genetic differentiation between groups of localities) statistics through hierarchical analysis of molecular variance (AMOVA) in ARLEQUIN. The null hypothesis of population panmixia was also tested by the exact test of haplotype differentiation among populations (Raymond and Rousset, 1995).The limitations of gene flow among populations were estimated by the Barrier (Manni et al., 2004). The analysis of data by coalescent models and likelihood methods could overcome many of the limitations of FST for estimation of gene flow (Beerli & Felsenstein, 2001).

2.4 | Gene flow (migration) and effective population size

The analysis of data using coalescent models and likelihood methods can overcome several limitations of FST for estimation of gene flow (Beerli and Felsenstein, 2001). The program LAMARC (Kuhner, 2006)assessedNm based on coalescence theory and a maximum-likelihood approach, presuming that populations are at equilibrium regarding drift and migration, and that population sizes and migration rates have remained constant over the coalescent period. Unlike estimations of Nm from F-statistics and their analogs, LAMARC allows asymmetric migration and uneven population sizes. The theta parameter (ϴ) for each population and gene flow (M) between multiple populations were estimated by using LAMARC, where ϴ= Nef µ (Nef is female effective population size and µ is the mutation rate per site per generation) and M = m/µ (a measure of how much immigration is over mutation to bring new variants into the population; m is migration rate). A Markov Chain Monte Carlo (MCMC) approach taking into account phylogenetic relationships among haplotypes was used to estimate Nef and the migration rates between population, using 10 runs of 12 short chains of 1000 steps and five long chains of 50000 steps, with a burn-in of 10000 steps. 

2.5 | Phylogenyand haplotype network analyses
Phylogenetic relationship among haplotypes of mtDNA control region was estimated by the program MEGA 6 (Tamura et al., 2013)under the best fit substitution model Kimura-2 parameter model as obtained from ARLEQUIN. Robustness of the phylogenetic relationships was evaluated by bootstrap analysis with 1000 replications (Felsenstein, 1985). Genealogical relationships among haplotypes for mtDNA COI gene barcode region of all populations except MP (Myanmar) was further assessed by generating the network of haplotypes using a statistical parsimony method TCS 1.18 (Clement et al., 2000). In the haplotype networks, a haplotype is represented by a circle and a line indicates one mutational step between haplotypes.

2.6 | Demographic analysis

The demographic histories were examined by two different approaches. Firstly, the neutrality statistics viz. Tajima’s D (Tajima, 1989) and the Fu’s Fs (Fu, 1997) were used to test whether neutrality holds for the of T. ilisha populations. Significant negative D and Fs statistics can be interpreted as signatures of population expansion. Secondly, historical demography was further investigated by examining frequency distributions of pairwise differences between sequences (mismatch distribution) for the clades or lineages revealed in the phylogentic analysis based on three parameters, θ0 and θ1 (mutational parameters of population size reflecting the population sizes before and after the population expansion, respectively) and τ (tau, date of onset of population expansion expressed in units of mutational time) (Rogers, 1995; Rogers and Harpending, 1992). Mismatch distribution is usually multimodal in samples drawn from populations at demographic equilibrium or subdivided into several units, but it is usually unimodal in populations following recent population demographic and range expansion (Slatkin and Hudson, 1991; Rogers and Harpending, 1992; Ray et al., 2003; Excoffier, 2004). ARLEQUIN was used for mismatch analysis and neutrality tests.The expansion of lineages was further assessed by examining the concordance between the observed and the expected frequency distribution with Harpending’s raggedness index (Hri) (Harpending, 1994) under the sudden expansion model. Small value of Hri indicates that the observed mismatch distribution is drawn from an expanded population. Conversely, large Hri is the sign of a stationary sample. The mutational time value of τ was transformed into estimate of real time since expansion in years with the equation, τ = 2ut, in which u is the mutation rate for the whole sequence and t is the time since population expansion.Mutation rate is required to convert the mutational time value of expansion (τ) to real time in years. This rate was also needed for the analyses of LAMARC. Divergence rate (D) of 10% per million years (MY) (i.e. mutation rate 5%/MY as μ = D/2) was used for the D-loop region in the present study as used for fish in other studies (Han et al. 2008).
3 | RESULTS
3.1 | Genetic diversity and haplotype distribution
The length of mtDNA D-loop region sequences obtained after removing the ambiguous sequences close the primers at either end from 157 individuals of six geographical populations (viz. MP, XP, CP, IP, PP and KP) varied between 427 and 579 base pairs (bp) due to presence of large indel zones in some sequences. The average length of the sequences of the Bay of Bengal region (MP, XP, CP, IP) was 509.12 bp. On the other hand, the average length was relatively shorter (483.87 bp) for the Arabian Sea region (PP, KP). ClustalW created 581 bp long sequence alignment incorporating the indels of all sequences. The obtained D-loop region of T. ilisha was schematically divided into three zones which can be designated as 5ˊ-nonrepeat zone (5ˊ-NRZ), tandem repeat zone (TRZ) and 3ˊ-nonrepeat zone (3ˊ-NRZ) (Figure 2A). Starting from 1st base pair the 5ˊ-NRZ region continued until 116th bp whereas this zone ended at 154th base pair in the 07 sequences of Myanmar. On the other hand, the length of 3ˊ-NRZ (last part of 3’ region) was 174 to 177 due to having 3 indel sites. The middle tandem repeat zone (TRZ) comprised from 117 to 404 bp for all sequences except for 7 sequences of Myanmar individuals which are extended from 155-404 bp. In the TRZ, the basic tandem repeat motif sequence (38 bp long) is 5ˊ-TGG TAT AGT ACA TAC TAT GTA TTA TAT TAC ATA TAT TA-3ˊ. The repetition of this motif was occurred 3 to 7 times among TRZ of the sequences. However, 2 to 4 mutations occurred in this motif sequence in TRZ for a few sequences. Interestingly, the TRZ ended up by a common conserved sequence, 5ˊ-TGG TAT AGT ACA TAC TAT GTA T-3ˊ which is identical to 1st 22 bp of the repeat motif. A schematic diagram of the pattern of structure of the mitochondrial D-loop region and distribution of repeat motif are shown in Figure 2(A-B).
A total of 326 polymorphic sites was observed across all 157 sequences forming 107 haplotypes, of which 100 haplotypes were singletons, six haplotypes were shared between two populations and only a single haplotype was shared among three populations. No haplotype was found common for all of the six populations. Most of the nucleotide substitutions were transitional and 181 indels were detected in the sequences of D-loop region. Except KP (Kuwait), the nucleotide diversities (π) were very low for five populations i.e. MP, XP, CP, IP and PP which ranged from 0.06 – 0.14 nucleotide differences per site while the haplotype diversities (h) were very high, 0.84 – 0.99 for all of the six populations. In KP population,the π was found high as 0.62 (Table 2). 

3.2 | Population genetic structure
Pairwise comparisons of FST values (Table 3) indicate significant (p< 0.05) genetic population structure between each of the population pair except populations of Bangladesh (XP, CP) vs. Myanmar (MP), and Pakistan (PP) vs. Myanmar (MP). Non-significant exact P values showed that XP, CP and MP are panmictic (random mating) populations (Table 4). 
The genetic structure of the T. ilisha in the Indian Ocean region was further investigated with hierarchical AMOVA that took into account geographical distribution (different natal river and adjacent sea environment). The best subdivision that would limit the intrapopulation variation and maximize the interpopulation differentiation of the samples was found to accord with the natal rivers and connected sea habitat. Significant grouping (i.e. significant FCT values) was obtained when the populations were divided into four groups (Table 5) i.e. Myanmar-Bangladesh (Irawady and Meghna river, EasternBay of Bengal), India (Huli river, Western Bay of Bengal), Pakistan (Indus river and Arabian sea) and Kuwait (Shatt Al-Arab river, Persian Gulf). AMOVA revealed that 4.7% of genetic variation could be explained by differences among the four geographical regions considered (FCT = 0.047; P = 0.05), 0.8% of variation was explained by differences among populations within groups (FSC = 0.005; P<0.05) and 94.7% of variation was distributed within populations (FST = 0.052; P < 0.01).


3.3 | Population size and gene flow

The program LAMARC was used to estimate effective population sizes (Ne), and mean number of female migrants between locations. Largest effective female population size was detected in XP (Cox’s Bazar) population (Ne = 1.808 × 106). In contrast, comparatively smaller sizes of Ne were detected in the Irrawaddy of Myanmar (MP, Ne = 0.181 × 106), Hugli of India (IP, Ne =0.227 × 106) and delta of Indus river of Pakistan (PP, 0.426 × 106). The lowest effective female population size was obtained for Kuwait coast (KP) population (Nef = 0.077 × 106) (Table 6). 

Using control region data, LAMARC estimated overall no migration between Arabian Sea area (KP, PP) and the Bay of Bengal area (IP, CP, XP and MP) except PP to MP with very lower gene flow (m=16.52 migrants per generation). However, relatively high levels of migrations are occurred among IP, CP, XP and MP populations within Bay of Bengal. The pattern of migration between Arabian Sea and Persian Gulf area was unidirectional from the delta of Indus river to the coast of Kuwait (m= 66.08)(Table 7).
Results from BARRIER (Manni et al., 2004) analysis identified 4 genetic barriers (Figure 3). The highest-ranked barrier a (1st Barrier) distinguishes populations of Arabian Sea area (sites KP and IP) and the Bay of Bengal (sites IP, CP, XP, MP) which are located in the Western part and the Eastern part of Indian Ocean region, respectively. The barrier b (2nd Barrier) isolates the IP (Hugli River) population from CP+XP (Meghna river) populations in the Bay of Bengal. The next most-prominent barrier c (3rd Barrier) defines between KP population of Persian Gulf and PP population of Arabia Sea. The fourth barrier d then separates Irrawaddy (MP) population of Myanmar from the populations, CP+XP (Meghna river). 
3.4 | Phylogeny, phylogeography and haplotype network

In the phylogenetic tree, four distinct lineages were identified among the haplotypes supported by high (> 80) bootstrap values (Figure 4): a Myanmar (East Bay of Bengal) Clade (Clade-1), two North Bay of Bengal clades (Clade-2and Clade-3) and an Arabian Sea-Persian GulfClade (Clade-4). Clade-1 (Irrawaddy lineage) comprised of six haplotypes only of Myanmar. In the North Bay of Bengal, Clade-2 comprised of the eighteen haplotypes of Bangladesh and three haplotypes from each of India and Myanmar. Another North Bay of Bengal Clade viz. Clade-3 also consists of the haplotypes of Bangladesh, India and Myanmar but include a single haplotype of Pakistan (Arabian Sea). Clade-4 harbored the haplotypes of Pakistan and Kuwait (termed as Indus River-Persian Gulf lineage). From the phylogenetic tree of D-loop region, it was revealed that the Indus River-Persian Gulf lineage (i.e. Clade-4) of T. ilisha was clearly separated from the Bay of Bengal lineages (Clade- 1,2,3) and showed monophyletic group except one sharing haplotype of PP population with Bay of Bengal populations (Figure 4). This monophyletic clade may create confusion about identification of the collected hilsa fish whether the samples of Pakistan and Kuwait really T. ilisha species or not. Therefore, 72 samples from five different populations (XP, CP, IP, PP and KP) were randomly selected for sequencing of COI barcode gene for confirmation of species identification. The haplotype network (Figure 5) of COI gene sequence (619 bp) showed that the most common haplotype H1 substantially shares the individuals (37) from all of the five studied populations which confirm the accuracy of identification. In haplotype network analysis of COI barcode regions, a total of 14 haplotypes were found of which nine haplotypes were singletons and rest of the five haplotypes share the individuals of two or more populations.

3.5 | Demographic history

Estimates from Tajima’s D test were negative in all locations except for MP but associated probabilities did not reach statistical significance in most cases (Table 8).On the other hand, Fu’s Fs test were positive in all populations except for XP, CP and pooled samples and all of the Fu’s Fs results were not significant (P > 0.05) except pooled samples. Fu’s Fs values are known to be more sensitive than Tajima’s D values in terms of testing neutrality (Ramos-Onsins and Roses, 2002). Therefore, the neutrality tests confirmed that all of the six Hilsa populations have not undergone demographic expansion; rather the populations are in demographic equilibrium.We have also examined demographic history of T. ilisha by another approachwhich is analysis of mismatch distributions of d-loop sequences of the six populations. The observed mismatch distributions were multimodal for each of the populations and for the pooled samples (Figure 6) further suggesting the history of demographic equilibrium or long term population stabilityfor Hilsa.However, SSD and Hrivalues were inconsistent with the hypothesis ofdemographical expansion since the P values of them are non-significant (P> 0.05), with the exception to the KP (Persian Gulf). The values of SSD and Hri statistics and their corresponding Pvalues are given in Figure 6.
4 | DISCUSSION

The results based on the mitochondrial data showed significant genetic differentiations between populations of T. ilisha within the Bay of Bengal and the Arabian Sea. Variations in the observed length of D-loop region basically resulted from variable numbers of tandem repeats (3-7 repeats/individual). The haplotype diversity in the studied populations was found high. A number of situations have been suggested to elucidate the maintenance of high haplotypic diversity within populations of an organism such as large population size, life history traits, and environmental heterogeneity that facilitate rapid population increase (Nei, 1987).Large population size is deemed to be responsible for extremely high levels of genetic diversity in marine fishes (Avise, 1998).T. ilisha occurs in the offshore areas, estuaries, brackish water lakes and freshwater rivers of the western part of the Indo-Pacific faunistic region. Marine distribution of this fish ranges from the coast of Kuwait, Iran and Iraq in the Persian Gulf to the west coast of India in the Arabian Sea, and from the Bay of Bengal to northern Sumatra. Such large population size may cause the high levels of haplotypic diversity observed for hilsa shad in the present study. High haplotype diversity has also been suggested for large and stable effective population size over time in the continental shelf fishes (Stepien, 1999) as shown by T. ilisha. The richness of genetic diversity in the populations from the Bay of Bengal regions also implied that the Bay of Bengal was an ancestral relic of genetic pool for T. ilisha in the examined range.

Large effective population sizes of the top two were detected based on the θ analysis in the Cox’s Bazar (XP, Ne = 1.808 × 106) lying in the Bay of Bengal corresponding to the high level of genetic diversity (Table 1). Even the mean value (1.081 × 106) of two Bangladesh (Meghna river) populations (i.e. XP and CP) is higher than each of the populations of India (IP), Myanmar (MP), Pakistan (PP) and Kuwait (KP) population (Table 6). These results corroborate with the current global Hilsa production scenario. It is reported that within global Hilsa catch, Bangladesh contribute about 86%, followed by India (18%) and Myanmar (5%) and rest of the production comes from Pakistan, Iraq, Iran, Kuwait and others (Rahman et al., 2018). The lowest effective population size was measured for the Persian Gulf (KP,Ne = 0.077 × 106) in our study. The Persian Gulfis asmall seawhich is almost surrounded by land mass. Therefore, the population size of KP was found the smallest among all the populations of Hilsa. Rahman et al. (2018) reported that the Persian Gulf region shares only about 2%within global Hilsa production.

Many marine fishes show high gene flow and poor intra-specific genetic structure across large geographic distance due to lack of physical barriers in the sea, long distance dispersion of eggs and larvae by ocean currents and/or migration of adults (Palumbi, 1994; Waples, 1998). There are also a number of exceptions which derivefrom philopatric behavior and local larval retention (Hewitt, 2000). In the present study, CP and IP populations were the spent or brood fish collected in breeding season from their natal rivers, Meghna and Hugli, respectively. The philopatry (tendency of animal to breed at or near their birth place) possibly caused the significant genetic separation between them. The individuals of XP population were collected from the off shore area of Cox’s Bazar, Bangladesh which is quite near to the sampling site of CP population. So, the high migration between CP and XP populations did not make significant genetic structure between them, thus belongs to same genetic stock. Non-significant FST values between MP (Myanmar) population and each of Bangladesh populations (i.e. CP and XP) are the evident of high migration between the hilsa stock of Meghna river estuary of Bangladesh and Irrawaddy river of Myanmar. On the other hand, Hilsa in the Persian Gulf i.e. KP population showed a separate single population compared to others populations studied. Since the Persian Gulf is almost completely surrounded by land with a narrow opening (i.e. the strait of Hormuz) that connect it with Arabian Sea. Such isolation of Persian Gulf from neighboring sea restricted the gene flow and made separate genetic structure of KP population of Persian Gulf from other populations in its distribution area. 

There are no significant physical barriers for T. ilisha populations within the Bay of Bengal and the Arabian Sea, what drives the differentiation among populations within or between the Bay of Bengal and the Arabian Sea? In order to identify where genetic barriers may exist, we used the Voronoï tessellation method which found four genetic barriers existed among populations(barrier a, b, c, d in Figure 5).The highest-ranked barrier (a) distinguishes populations of Arabian Sea area (KP and IP) and the Bay of Bengal (IP, CP, XP, MP).Indian Peninsula divides Arabian Sea and the Bay of Bengal which makes a very long distance between these two groups of populations. This might have caused a restricted gene flow between the groups of populations. A number of marine fishes showed such restricted gene flow due to “isolation by distance”.As for example, Habib et al. (2012) found restricted gene flow with isolation by distance made the major influence on the present genetic structure and separation of M. japonicas between the East Sea (off Korea) and the Southeast Atlantic Ocean (off Namibia) populations. The second (b), third (c) and fourth (d) ranked barriers corresponds to natal rivers (Hugli, Meghna, Irrawaddy, Indus).

Migration from Meghna estuary populations (CP and XP) to Irrawaddy river population (MP) were estimated as 21.89 and 47.53 immigrants per generation, respectively. On the other hand, migrations are several fold higher in the opposite directions which are188.95 (MP to CP) and 151.21 (MP to XP). Further, higher migration rates were also found from Meghna estuary populations (CP and XP) to Hugli river population (IP), and from Irrawaddy to Hugli populations. So, the results obtained from gene flow estimates showed that higher gene flow occurs from the East to West direction than the opposite direction in the Bay of Bengal region. In the Bay of Bengal, adult brood hilsa mainly spawns in Bangladesh’s coastal areas and in the estuaries of Meghna river.The spawning of hilsa takes place almost around the year, but the major spawning appears to take place in October-November, with a minor peak spawning in February-March (Sunny et al., 2017). There are four most prominent spawning grounds in Bangladesh water shown in figure 7 (Dewhurst-Richman et al. 2016). After hatching from free floating eggs, the fries remain in their nursery grounds in the Meghna estuary to feed and grow. In India the highest spawning of hilsa occurs in September-Ocotober in the coastal and estuarine area of Hooghly–Bhagirathi River and in Myanmar between July and September in Irrawaddy delta (Hossain et al., 2019b; Bladon et al., 2019).Transport of eggs and larvae by the summer and winter current (Figure 8) may contribute to such asymmetric migration of hilsa. 

In the Arabian Sea, Hilsa spawning occurs in Indus River in two seasons i.e. in summer and in winter with peak in July and February, respectively and in Kuwaiti coastal water, spawning occurs May-June (Hossain et al., 2019b). In our study, unidirectional gene flow was found from Arabian Sea (PP) to Persian Gulf (KP). The dominant path of water current flow is counterclockwise (Figure 8) between these two seas. Ocean water enters the Persian Gulffrom Arabian Sea through hits only opening, the Strait of Hormuz and flows westward along Iran’scoast (Meshkati and Tabibzadeh, 2016).Transport of eggs and larvae of hilsa by this stronger inflow current into the Persian Gulf probably the reason of unidirectional gene flow which was measured as 66.08 female immigrants per generation. Another unidirectional gene flow from Arabian Sea (PP) to Irrawaddy Estuary (MP) was found in the analysis. At present, gene flow should not be occurred due to very long distance between these two populations. Since the program LAMARC measure the average gene flow in the coalescence, this gene flow probably represents a historical gene flow occurred in the Pleistocene glaciation cycle. Another reason of gene flow might be carrying of fish larvae of hilsa by summer current flows from Arabian Sea to the Bay of Bengal. 

From the demographic analyses, clear multimodal pattern of mismatch graphs and interpretation of D and Fs statistics suggested long-term stability have occurred in the populations of T. ilisha. However, non-significant mismatch statistics (SSD and Hri) of those populations (except KP) were found inconsistent with population equilibrium (Figure 6). Probably more complex evolutionary and demographic processes might have shaped the opposite marks between graphical pattern and their statistics in mismatch distribution analysis. The influence of differential selection across haplotypes and variance of reproductive success could be the factors that play important roles in determining the historical demography scenario along with several causes (Maltagliati et al., 2010). From the present study, it is difficult to interpret the main causative factors of demographic pattern of hilsa.
The inferences of the results for the management of this transboundary fish stocks in the Indian Ocean countries where hilsa is found are quite profound. The present study shows that the hilsa of Bangladesh and Myanmar belongs to same population. This means that Myanmar and Bangladesh should take joint strategies for management of hilsa. Consequently, both countries should be aware that over fishing in of one country may change in the available biomass of another country. Further, the population of one country might shift spawning ground to another country if the river and marine ecosystem is not conserved. To safe guard the river ecosystem of each country it is needed to maintain good water flow and direction such as by regular dredging, and also needed to control water pollution. It is more applicable for Bangladesh because different studies showed that decline of riverine hilsa catch of the country has been attributed to a combination of factors such as the closure of migratory routes, river siltation, overfishing, indiscriminate harvesting of broods and juveniles, use of fishing nets with small mesh sizes, aquatic pollution and climatic variability (Hossain et al., 2019b).In the Hugli river of India, the population is genetically distinct which may cause extinction of this population if severely overfished. In the Western Indian Ocean region, the population of Arabian Sea (Indus river, Pakistan) and the Persian Gulf are genetically separated, thus need separate management initiatives for conservation.
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Table 1 Sampling information forT. ilisha used in the present study.
	Population 

ID
	Sampling localities
	River and/or Sea
	Time of collection
	Number of sample

	XP
	Cox’s Bazar coast, Bangladesh
	Bay of Bengal (BoB)
	August, 2015
	35

	CP
	Chandpur, Bangladesh
	Meghna river, BoB
	September, 2014
	35

	IP
	Ichapur, India
	Hugli river, BoB
	September, 2014
	35

	MP
	Myanmar coast
	Irrwati river, BoB
	November 2016
	13

	PP
	Pakistan coast
	Indus river, Arabian Sea
	October, 2016
	14

	KP
	Kuwait coast
	Persian Gulf
	April, 2014
	25


Table 2 Genetic diversities of the D-loop region of six populations of T. ilisha

	Populations 

(ID)
	Natal River

& Sea Area 
	Ni
	Sb (ti+tv)
	Nid
	Nh
	h
	π
	S

	Cox’s Bazar (XP)
	BoB
	35
	61 (55+6)
	130
	29
	0.99
	0.08
	190

	Chandpur (CP)
	Meghna & BoB
	35
	59 (52+7)
	131
	29
	0.98
	0.07
	187

	Myanmar (MP)
	Irrawady & BoB
	13
	77 (73+4)
	135
	12
	0.99
	0.14
	210

	India (IP)
	Hugli & BoB
	35
	35 (35+0)
	129
	19
	0.96
	0.08
	164

	Pakistan (PP)
	Indus & BoB
	14
	47 (37+10)
	41
	12
	0.98
	0.06
	85

	Kuwait (KP)
	Shatt al-Arab & Persian Gulf
	25
	15 (9+6)
	115
	14
	0.84
	0.62
	130

	Pooled
	
	157
	170 (141+29)
	181
	107
	0.99
	0.10
	326

	* Number of individuals (Ni), number of substitution (Sb), Transition (ti), transversion (tv), number of indels (Nid), number of  haplotype (Nh), haplotype diversity (h), nucleotide diversity (π), number of polymorphic site (S).


Table 3 Pairwise FST (Fixation index) among populations of T. ilisha for mtDNA control region

	Population

(Location)
	XP
	CP
	MP
	IP
	PP

	XP (Bangladesh)
	-
	
	
	
	

	CP (Bangladesh)
	0.002
	-
	
	
	

	MP (Myanmar)
	0.005
	0.006
	-
	
	

	IP (India)
	**0.026
	**0.026
	*0.028
	-
	

	PP (Pakistan)
	**0.016
	*0.019
	0.017
	**0.032
	-

	KP (Kuwait)
	**0.083
	**0.086
	**0.091
	**0.994
	**0.095

	*p < 0.05  **p < 0.01 


Table 4Significance of Exact P values (Exact test) among populations of T.ilisha for mtDNA control region

	Population
	XP
	CP
	MP
	IP
	PP

	XP 
	-
	
	
	
	

	CP 
	0.202
	-
	
	
	

	MP 
	0.233
	0.161
	-
	
	

	IP 
	0.00
	0.00
	0.00
	-
	

	PP 
	0.008
	0.013
	0.101
	0.00
	-

	KP 
	0.00
	0.00
	0.002
	0.00
	0.00


Table 5Hierarchical analysis of molecular variance (AMOVA)

	No. of groups
	Grouping pattern
	F statistics (FCT)   & % variation
	P

	2
	XP+CP+MP+IP / PP+KP

Bay of Bengal/PersianGulf
	0.026 (2.6%)
	0.07

	3
	XP+CP+MP / IP / PP+KP

BD+Myan./India/Pak+Kuwait
	0.02 (2%)
	0.18

	4
	XP+CP+MP / IP /PP / KP

Bangladesh + Myanmar /India /Pakistan / Persian Gulf
	0.047 (4.7%)
	0.05

	5
	XP+CP / MP / IP /PP / KP

Meghna river, BD / Irrwaddy, Myanmar/Hugli, India/Indus, Pakistan / Persian Gulf, Kuwait
	0.044 (4.4%)
	0.06


Table 6Population size of different populations

	Population
	Theta (ϴ) = 2Ne µ
	Ne (ϴ/2µ)

	XP (Cox’s Bazar )
	0.1808
	1.808 × 106

	CP (Chandpur)
	0.0354
	0.354 × 106

	MP (Myanmar)
	0.0181
	0.181 × 106

	IP (India)
	0.0227
	0.227 × 106

	PP (Pakistan)
	0.0426
	0.426 × 106

	KP (Kuwait)
	0.0077
	0.077 × 106


Ne = Effective number of females in the population;µ= mutation rate per site per generation; (mutation rate= 5%/MY)
Table 7Pairwise population migration rate estimates (NeM) for T. ilisha based on Bayesian MHMCMC simulation. Immigration rates from ‘column’ into ‘row’ are given as effective numbers of immigrants (M) per generation.
	Population 

(Gene flow from Colum to row)
	XP
	CP
	MP
	IP
	PP
	KP

	XP (Cox’s Bazar)
	-
	106.80
	47.53
	391.64
	0.00
	0.00

	CP (Chandpur)
	153.53
	-
	21.89
	613.77
	0.00
	0.00

	MP (Myanmar)
	151.21
	188.95
	-
	151.21
	0.00
	0.00

	IP (India)
	27.91
	14.12
	0.00
	-
	0.00
	0.00

	PP (Pakistan)
	0.00
	0.00
	16.52
	0.00
	-
	66.08

	KP (Kuwait)
	0.00
	0.00
	0.00
	0.00
	0.00
	-

	Gene flow (M)= Mean number of female immigrants per generation


Table 8 Tajimas’s D andFu’s FS statistics

	Populations
	Tajima’s D
	Fu’s Fs

	
	D
	P
	Fs
	P

	XP (Bangladesh)
	-0.96
	0.17
	-1.61
	0.28

	CP (Bangladesh)
	-0.87
	0.20
	-2.33
	0.21

	MP (Myanmar)
	1.92
	0.99
	1.35
	0.66

	IP (India)
	-0.03
	0.55
	6.97
	0.98

	PP (Pakistan)
	-1.78
	0.02
	0.21
	0.50

	KP (Kuwait)
	-2.32
	0.00
	5.14
	0.97

	Pooled
	-1.11
	0.12
	-15.22
	0.04


Figure Ligends
Figure 1 Map showing sampling localities of T. ilisha samples in Bangladesh, India, Myanmar, Pakistan and Kuwait (Abbreviations as follows: XP – Cox’s Bazar, CP – Chandpur, IP – India, MP – Myanmar, Pakistan – PP and KP – Kuwait). The original map was adopted from www.freeworldmaps.net/
Figure 2 Schematic representation of the mitochondrial D-loop region and distribution of repeat motif. (A) Illustration of the basic frame of aligned sequences ofmitochondrial D-loop region showing 5ˊ-nonrepeat zone (5ˊ-NRZ), tandem repeat zone (TRZ) which contains 3-7 times repeat motif (RPT) in different sequences of six populations and 3ˊ-nonrepeat zone (3ˊ-NRZ). The brown bar indicates a common conserved sequence, CCZ (383 to 404 bp), 5ˊ-TGG TAT AGT ACA TAC TAT GTA T-3ˊ. (B) Incidence of the repeat motif in the basic tandem repeat zone (TRZ) of the D-loop region of 157 individuals of six hilsa populations. The asterisk indicates that the TRZ started from 155th bp position in only 7 sequences of Myanmar populations. 

Figure 3 Representation of genetic barriers between T. ilisha fish populations in the Indian Ocean region identified using barrier 2.2, based on mtDNA CR sequence using Monmonier’s algorithm. Deep ash line on the map represents the main barriers to gene flow, ranked from 1st to 4th, thickness of the line represents bootstrapping support. In four figures around the map, thin deep blue lines show Voronoi tessellation; green lines show Delaunay triangulation and red lines with arrows show how Voronoi tessellations act as putative boundaries.

Figure 4 A Neighbor-Joining tree of D-loop haplotypes of T. ilisha. Bootstrap supports of more than 80% are shown at nodes, estimated from 1000 replicates. The pie chart shows the distribution of sample sizes of each population comprising each phylogenetic lineage.

Figure 5 Haplotype network of COI gene barcode region (619 bp). Small blanked circles represent an intermediate hypothesized haplotype between observed haplotypes and lines between haplotypes represent a one‐step mutational change. The sizes of circles are proportional to haplotype frequency. Haplotype name (H1 – H14) and sample size are given inside circle for the respective haplotype. Smallest circle denotes the haplotype with single individual.
Figure 6The observed pairwise difference and the expected mismatch distribution under the sudden expansion model for the four phylogenetic clades (Clade-1 to Clade-4) and for pooled samples of T. ilisha.
Figure 7 Main hilsa spawning grounds in Bangladesh waters
Figure 8 Current flow in the Indian Ocean including the Arabian Sea and the Bay of Bengal (Upper left: winter currents; lower left: Summer currents), and the Persian Gulf (upper right).
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