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Abstract

The Kelee shad (Hilsa kelee) is currently considered as the only representative species in the genus Hilsa (Clupeidae,
Clupeiformes) with a wide distribution in almost all coasts of the Indian Ocean. Two marginal marine water bodies of the
Indian Ocean, the Bay of Bengal and the Arabian Sea, are important fisheries areas for this fish. In this study, a comparison of
genetic diversity of Kelee shad of these two important fisheries areas was conducted by applying a cross-species gene enrichment
method. This was also the first challenge to discover the genetic diversity of this fish. Analysis of molecular variance results
showed that the variation between groups is 10.85% and among individuals within populations contributed 89% variation.
Nucleotide diversity results showed that Kelee shad populations are in almost stable condition and have a moderate population
size. Nucleotide diversity of the Bay of Bengal and the Arabian Sea were almost similar; these were 0.012138 and 0.010831,
respectively. Network, structure, and PCA results suggested that Kelee shad of the Bay of Bengal and the Arabian Sea have
significant genetic differences. These two populations were separated from each other by a Fst value of 0.10955 (p < 0.05). It is
speculated that Southern India along with Sri Lanka and Ram bridge together with ancient climatic differences acted as means of
isolation concerning Kelee shad populations between these two water bodies. Furthermore, from the maximum likelihood
phylogenetic tree, it is established that the Arabian Sea can be regarded as the major stock of this species.
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Introduction

The Kelee shad (Hilsa kelee) is currently considered as the
single species of the genus Hilsa (Family: Clupeidae, Order:
Clupeiformes). This fish is distributed in almost all coasts of the
Indian Ocean, from Durban, South Africa, and the Madagascar
Island to north of Hong Kong and east of Papua New Guinea
across the Maputo Bay, the Gulf of Oman, the Arabian Sea, the

Communicated by R. Thiel

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s12526-020-01114-3) contains supplementary
material, which is available to authorized users.

>< Chenhong Li
chli@shou.edu.cn

Shanghai Universities Key Laboratory of Marine Animal Taxonomy
and Evolution, Shanghai Ocean University, Shanghai 201306, China

Department of Zoology, Jagannath University, Dhaka 1100,
Bangladesh

Published online: 27 October 2020

Bay of Bengal, the Gulf of Thailand, and the Java Sea
(Gjosaeter and Sousa 1983; Rahman et al. 2009; Dwivedi
2019). Generally, this pelagic fish species prefers coastal wa-
ters, but occasionally enters into estuaries down to low salin-
ities of 7 ppt (Whitehead 1985; Huda and Haque 2003).

Other shad species are of high commercial importance, but
Kelee shad also has significant economic importance. This
fish is eaten fresh, salted, and dried in the areas of its distribu-
tion (Rahman et al. 2009). According to FAO landing statis-
tics (1992-1998), total catch from the Bay of Bengal and
Indian Ocean was 43,000 metric tons per year and from con-
tinental waters of the Indian subcontinent 46,000 metric tons
per year. There is no statistics of fisheries from Africa avail-
able, but it is a very important fish in the eastern coast of
Africa, especially Maputo Bay, Mozambique, with a total es-
timated catch of 4600 metric tons per year (Charles-
Dominique and Albaret 2003). This fish is regarded as an
exportable fish species at Oman and Myanmar. In
Bangladesh, Kelee shad is used as alternative food fish of
the Hilsa Shad because of'its cheaper price to poor and middle
class people and regarded as a good source of protein.
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Some other morphologically similar tropical shads (i.e.,
Tenualosa ilisha, Tenualosa toli, and Tenualosa macrura)
are culturally important in Kelee shad’s distributed areas. As
per example, T. ilisha is treated as an important object in
Bengali New Year celebration in Bangladesh and some parts
of India. Tenualosa toil and T. macrura are also closely linked
to the life and culture of some parts of Indonesia, Malaysia,
and Singapore. Bengkalis of Indonesia is named as “Trubuk
city” (Terubuk is the local name of 7. foil and T. macrura).
Despite this, H. keele attained a very poor research focus ex-
cept few articles focused on their identification, distribution,
biology, and fisheries (Rao 1973; Gjesaeter and Sousa 1983;
Panhwar et al. 2012; Cardinale et al. 2014; Dwivedi 2019). On
the other hand, all Tenualosa species except 1. thibaudeaui
(Mekong Herring) received an immense research focus (Jia
1982; Blaber et al. 1996, 2005; Wang 1996; Brewer et al.
2001; Puvanasundram et al. 2017; Zain et al. 2018). The field
of genetic diversity and population status of Kelee shad have
not been investigated yet. Discovery of genetic diversity is
very important for sustainable ocean fisheries, because it can
provide basic information for the fisheries resource assess-
ment and management (Yang et al. 2020). Due to environ-
mental changes, pollution and over exploitation, many fishes
are losing genetic diversity currently (Madduppa et al. 2018).
However, Kelee shad’s genetic status is still unrevealed; thus,
it is very difficult to clarify the fisheries management and
conservation policy of this fish.

The Arabian Sea and the Bay of Bengal are similar in many
aspects, as such as location on the same latitude bands, semi-
enclosed nature, and opening on the southern side. However,
because of differences in summer monsoon, the precipitation
exceeds evaporation in the Bay of Bengal, whereas due to
absence of summer monsoon, opposite phenomenon is visu-
alized in the Arabian Sea. The run-off is more, and the annual
rainfall is extra 1-2 m in the Bay of Bengal than that of the
Arabian Sea. As a result, surface water salinity of the Bay of
Bengal (30-33%o) is lesser than that of the Arabian Sea (34 to
37%o). Furthermore, huge run-off leads to strong turbid water
and sediment load in the Bay of Bengal especially during
monsoon season. Surface temperature fluctuation is also lesser
in the Bay of Bengal (27-29 °C) than that of the Arabian Sea
(23-29 °C) (Panikkar et al. 1966; Jensen 2001). However, the
difference among oceanographic parameters between these
two marine water bodies indicated that fish habitats are sig-
nificantly different from each other. The habitat differences as
well as several thousand years of separation may have led to
variations between the fish populations of these two water
bodies similar to that found by Behera et al. (2015) for the
genetic differences of 7. ilisha populations of both areas when
studying mitochondrial DNA Cytochrome b gene sequence.

In this study, we collected sequence data of 4434 nuclear
genes from 20 Kelee samples taken from the Bay of Bengal
and the Arabian Sea, applying a cross-species gene
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enrichment method (Li et al. 2013), to examine the genetic
diversity of the Kelee shad of these two mentioned regions.
Our goal is to provide a solid estimation of the genetic diver-
sity of the Kelee shad of this two water bodies using genome-
wide data. Our study shall provide a first look into the genetic
diversity of this commercially important species in these two
important fisheries areas and may be helpful in future conser-
vation and management measures of this species.

Materials and methods
Sample collection and DNA extraction

Fin clips or muscle tissues of the Kelee shad were collected
from two distinctly different habitats, the Bay of Bengal and
the Arabian Sea (Fig. 1; Table 1). The samples were identi-
fied based on morphological features according to the de-
scription of Rahman et al. (2009) and Rahman et al.
(2018). Samples of the Bay of Bengal were collected from
Cox’s Bazar Fish landing Station (CB), Adinath Bazar Fish
Market, Maheshkhali (MK), and Dhal Char (DC) in
Bangladesh. Samples of Arabian Sea (SA) were collected
from the Salalah Fish landing Station in Oman. As all of
the samples were collected from fish landing stations, which
suggests random sampling of fish capture representing the
fish population of specific water bodies (i.e., Bay of Bengal
& Arabian Sea). The closely related 7. ilisha was used as
outgroup, collected from Meghna River, Chandpur point,
Bangladesh. All samples and specimens had been deposited
at museum of Shanghai Ocean University. Tissue samples
were collected from the fish’s dorsal portion or caudal fin.
After that, tissue samples were fixed in 100% ethanol then
preserved in 95% ethanol for long duration. Finally, samples
were stored in 4 °C refrigerator until DNA extraction. DNA
was extracted using an Ezup DNA extraction kit following
the protocol of the manufacturer (Sangon Biotech, Shanghai,
China) from 25 mg of tissue.

Cytochrome c oxidase subunit | (COI) gene analysis

Cytochrome C oxidize subunit 1 (COI) gene was amplified
using common COI gene primers designed for the
Clupeiformes by the author’s lab (clupeiform COI F
GGAGCTACAATCCGCCGCCTA and clupeiform COI R
GGTTCGATTCCTYCCTTTCTCGTT). Sequences were de-
termined at Sangon Biotech, Shanghai, China.
Chromatographs were used to check and edit sequences, and
then assembled using Codon Code Aligner software (Codon
Code Corporation). The COI gene sequence was compared
with sequences lodged in NCBI for species identification
using BLAST.
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Table 1 Sampling locations with number of samples for each site and sampling dates
Water body Voucher number Sample ID Locality No. of Latitude Longitude Date of
samples collection
Bay of Bengal SOU1801029-1to 7 CL_2050 Cox’s Bazar Fish landing 07 21°27'05.1"N 91°58'07.4"E Sep 6, 2018
Station
Bay of Bengal SOU1801030-1to 3 CL 2048 Adinath Bazar Fish Market, 03 21°31'384"N 91°57'56.2"E Sep 5, 2018
Maheshkhali
Bay of Bengal SOU1801031-1to 2 DC _CL 1362 Dhal Char 02 21°31'50.8" N 90°40'41.8"E Feb 16, 2017
Arabian Sea SOU1801032-1to 8 CL 2312 Salalah Fish landing Station 08 17°01' 07.2" N 54°05'58.4"E May 20,
2019
Outgroup SOU1801033-1to 2 CP_CL 2026 Chandpur 02 23°11'42.7"N 90°37'55.5"E Sep 2,2018
Tenualosa
ilisha

DNA library preparation, gene capture, and
sequencing

Extracted genomic DNA was sheared to about 500 bp using a
Covaris M220 Focused-ultransonicator (Woburn,
Massachusetts, USA) according to the manufacturer’ instruc-
tions. Size of shared DNA and product of every further step
was measured by using agarose gel electrophoresis.
According to Li et al. (2013), DNA libraries were constructed,
and “with-beads” method was adopted in this protocol to
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Arab
Emirates

15.0°N

Legends

A Adinath Bazar Fish Market, Maheshkhali (MK)
A Salalah Fish landing Station (SA)
Dhal Char (DC)

2 Cox’s Bazar Fish landing Station (CB)

0.0°N

60.0°E
Fig. 1 Sampling sites in the Arabian Sea and Bay of Bengal

75.0°E

obtain higher yield. Inline indices were added to the adapter
to label the samples in the ligation step of library preparation
to ease the possible risk of cross contamination among the
samples during subsequent gene capture step, then inline-
index coded DNA libraries were pooled together equimolarly.

A cross species gene capture was done by following Li
et al. (2013), and genes were captured for two repeated trials
that increase the accuracy of enriched gene. The sequences of
Denticeps clupeoides and Ilisha elongata were used for
Clupeiform bait design for capturing maximum genes. The

90.0°E 105.0°E
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enriched libraries were amplified with IS4 and indexing
primers according to Meyer and Kircher (2010). Final prod-
ucts were pooled in equimolar ratios for sequencing on an
[llumina HiSeqX 10 | aneat Annoroad (Beijing, China).

Data preparation read assembly and post assembly
processing

Data processing, read assembly, and post assembly processing
were performed according to the description in Assexon pipeline
(Yuan et al. 2019). Raw reads from each sample were parsed
according to their 8 bp barcodes on P7 adapter using bcl2fastq
v1.8.3 (Illumina). Low-quality bases and sequence adaptors
were trimmed by using trim_galore v0.4.1 (http://www.
bioinformatics.babraham.ac.uk/projects/trim_galore/). Coding
frame of each marker sequence is predicted and corrected
using a perl script (predict_frames.pl). Coding sequences were
extracted and translated into amino acid sequences by using
Bio:: Seq module in Bioperl (Stajich et al. 2002).

PCR duplicates were excluded by using “-fastx_uniques”
command in USEARCH v10.0.240 (Edgar 2010). Danio rerio
(https://doi.org/10.5061/dyrad.2j5b4) was used as a reference
species to parse reads to each gene file. Reads are sorted to
references with BLAST hit using UBLAST with a relaxed e-
value of 1 x 10™*, Reads of each locus were assembled (De novo
assembly) into contigs by a conservative assembler SGA
(Simpson and Durbin 2012). Contigs are locally aligned to pro-
tein sequences of references using the “protein2dna” model in
the package under Exonerate (Slater and Birney 2005).
Orthologous genes were picked up by reciprocal blast method.

The output amino acid (AA) sequences were aligned in
batch using MAFFTv7.369b (Katoh and Standley 2013).
The AA sequences were translated back to DNA after align-
ment. Poor alignments could interfere in phylogenetic infer-
ence, so badly aligned sequences in coding regions were re-
moved by filter.pl according to Yuan et al. (2019). Summary
statistics (e.g., number of enriched samples, GC content, per-
centage of missing data) for coding and flanking region of
each locus and sample were extracted by using statistics.pl
(Yuan et al. 2019).

SNP calling

A custom Perl script was used to make consensus sequences
for each target locus from assembled contigs (Yuan et al.
2016) and then reads with adapter sequences trimmed and
low-quality reads were excluded by using BWA v0.7.5.
Samtools were used for converting the sequence map format
(SAM) files into binary format (BAM) (Li and Durbin 2009).
SNP sites were genotyped based on the BAM files using
GATK-3.2.2 (McKenna et al. 2010). GATK Best Practices
recommendations were followed (DePristo et al. 2011; Van
der Auwera et al. 2013). Single SNP per locus with the least
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amount of missing data and highest-quality score was kept for
most analyses to meet the requirement of linkage equilibrium.
Custom Perl script was used again to convert the SNP VCF
file into NEXUS file and STRUCTURE input file (Yuan et al.
2016).

Phylogenetic analysis and network based on gene-
capture data

The aligned DNA sequences were used for reconstructing
phylogeny. Concatenated maximum likelihood (ML) trees
were reconstructed under 1Qtree v1.6.9 with 1000 bootstrap
replicates (Nguyen et al. 2015) and displayed by
FigTree.v1.4.4. Model selection and data partition were also
automatically conducted by IQtree v1.6.9 (Schrempf et al.
2016).

A median-joining network was formed by using Network
5.0.1.1 (Bandelt et al. 1999) to visualize genetic clustering of
the different populations. Network only uses polymorphic
sites, which are filtered by using Vcftools 0.1.15 (https://
vcftools.github.io/). Only 523 SNP sites less than 2%
missing data were used to build a network among the
individuals. The SNP VCF file was converted to .rdf file by
VCF2RDF converter to use as an input file in Network.

Genetic variation and population clustering

An analysis of molecular variance (AMOVA) was performed
on the SNP data using ARLEQUIN 3.5.2 with 10,000 permu-
tations (Excoffier et al. 2005). PGDspider 2.1.1.2 was used to
convert the SNP vcf file into arlequin (.arp) file for using as an
input file in ARLEQUIN (Lischer and Excoffier 2012).
Nucleotide diversity for each population was projected by
using DnaSP v6.12.03 (Rozas etal. 2017). SNP data of variant
call format (.vcf) was used as an input file for DnaSP. Pairwise
Fgst matrix (Weir and Cockerham 1984) supported by
ARLEQUIN 3.5.2 was used to calculate the genetic variation
among groups, among populations within groups and within
populations. Remd implemented in ARLEQUIN 3.5.2 was
used to generate a simple graphic representation of pair-wise
Fgr value. Text editor Notepad+ was used to edit the project
file at the time of AMOVA and Fgr analysis.

Genetic partitioning of the 20 individuals also was assessed
using STRUCTURE v2.3.4 (Pritchard et al. 2000) based on the
data containing single SNP per locus (976 SNP loci). For the
STRUCTURE runs, the initial burn was set in 50,000 repli-
cates, followed by 500,000 replicates for each K (number of
genetic clusters). The analysis were run for K = 1-4, each rep-
licated three times. STRUCTURE HARVESTER 0.693 (Earl
and VonHoldt 2012) was used for best K selector. Finally, the
result of STRUCTURE with best K was transferred to plot
form in STRUCTURE v2.3.4. Principal component analysis
(PCA) was computed in R environment by using the ADE4
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Table 2 Results of analysis of molecular variance (AMOVA)

Source of variation Sum of squares

Variance components Percentage variation

Among groups 410
Among populations within groups 247
Within populations 4389
Total 5046

14.86 10.85

0.21 0.15

121.93 89
137.00

R package (Jombart and Ahmed 2011). The SNP VCF file was
filtered by using Vcftools 0.1.15 (https://veftools.github.io/) for
using as an input file in PCA computation. Only 523 SNP sites
less than 2% missing data were used for PCA analysis. Values
of pcl and pc 2 were plotted to draw the genetic clustering of
individuals from different populations.

Results
Species identification

The samples were identified based on 11 morphometric and
meristic key characters according to the description of
Rahman et al. (2009) and Rahman et al. (2018) (Table S1).
Moreover, all of the 20 samples showed more than 98% sim-
ilarities to H. kelee COI gene sequence by BLAST to Gene
Bank, which is in the range of similarities with the Kelee
sequences lodged in GeneBank (Table S2).

Sequencing results (NGS)

Each sample produced 5,329,535 reads on average, after trim-
ming off adapter sequences and reads with low-quality score
(0 <20), and this number was 99.56% of raw reads
(Table S3). After removing the reads of PCR duplicates, the
number of obtained reads was 5,002,704, which is 93.87% of
previous cleaned reads. On average from each sample 1002
target loci were obtained with the best one had 1364 loci and
the lowest one had 561 captured loci. The average number of
captured loci of the out-group sample was 1558. All loci were
checked by naked eye. Loci with same sequence for all

Table 3 Nucleotide diversity (Pi) of each population

samples and weird segments in the alignment were excluded.
Loci with samples from only one location or loci with lower
than four samples were also excluded. After the exclusion, the
total number of loci kept was 2090.

Phylogenetic relationships based on genome-scale
nuclear data

Result of network analysis showed that Bay of Bengal’s pop-
ulations (i.e., CB, MK, and DC) clustered together and sam-
ples of the SA form a separate group (Fig. 5). The maximum
likelihood tree built by IQtree represented that all of the indi-
viduals of the Arabian Sea primarily clustered in the base of
the clade and polyphyletic to the Bay of Bengal individuals
(Fig. 4). All of the individuals of DC (CL_DC 1362), MK
(CL_2048), and CB (CL_2050) clustered together and sepa-
rated from the individuals of SA (CL_2312) with a bootstrap
value of 82%. That means all of the samples of the Bay of
Bengal form a monophyletic clade and represent a significant
isolation from the individuals of the Arabian Sea.

Genetic diversity

Analysis of molecular variance (AMOVA) showed that per-
centages of variation among groups (MK, CB, DC, and SA)
and among population within groups were 10.85% and
0.15%, respectively. The variation between individuals within
populations contributed 89% variation (Table 2). Nucleotide
diversity (Pi) ranged from 0.014690 in the samples of Cox’s
Bazar Fish landing Station (CB) to 0.010337 in that of Dhal
Char (DC) (Table 3). Pairwise Fgt values were low among the
populations of CB, MK, and DC, but Fgt values between SA

Population Population (full name) Theta (per site) from Pi
CB Cox’s Bazar Fish landing Station 0.014690
MK Adinath Bazar Fish Market, Maheshkhali 0.012316
DC Dhal Char 0.010337
SA (Arabian Sea) Salalah Fish landing Station 0.010831
Average 0.012044
Bay of Bengal 0.012138

CB Cox’s Bazar Fish landing Station, MK Adinath Bazar Fish Market, Maheshkhali, DC Dhal Char, SA Arabian Sea
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Table 4  Pairwise differences (Fst) among populations

MK CB DC SA (Arabian Sea)
MK 0.00000
CB —0.00589 0.00000
DC 0.00900 0.01061 0.00000
SA 0.09710 0.10979 0.12669 0.00000
Bay of Bengal (MK, CB and DC) 0.10955

CB Cox’s Bazar Fish landing Station, MK Adinath Bazar Fish Market, Maheshkhali, DC Dhal Char, SA Arabian Sea

and rest of three populations (Table 4; Fig. 2) were significant.
Fst value between Arabian Sea and Bay of Bengal as a whole
is 0.10955, which was significant (p < 0.05) (Table 4).

Structure analysis

Structure analysis supported two groups (K =2) in the studied
population. Samples from three locations of the Bay of Bengal
(i.e., CB, MK, and DC) are indistinguishable from each other,
but clearly distinct from the population of SA (Fig. 3). Beside
this, structure also shows little patch of gene flow between two
populations. PCA also revealed almost same pattern like struc-
ture result (Fig. S2). Samples of SA and Bay of Bengal

Fig. 2 Matrix of pairwise Fst

clustered into two separate groups, which showed almost clear
separation of two groups (i.e., Arabian Sea and Bay of Bengal).

Discussion

Presence of moderate genetic diversity

The average nucleotide diversity of Kelee Shad was 0.012044
(0.010337-0.014690) (Table 3). This is moderate in shads,
higher than Hilsa shad Tenualosa ilisha (Mohindra et al.
2019), Elongate ilisha llisha elongata (Wang et al. 2016),

Gold-spotted grenadier anchovy Coilia dussumieri

Matrix of pairwise Fgr
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color deepness represents the
level of gnetic distances
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Fig.3 Structure analysis based on 976 SNP loci. SA Salalah Fish landing
Station; MK Adinath Bazar Fish Market, Maheshkhali; CB Cox’s Bazar
Fish landing Station; DC Dhal Char

(Kathirvelpandian et al. 2014) and Japanese anchovy
Engraulis japonicus (Zheng et al. 2015) but lower than
Pacific herring Clupea pallasii (Liu et al. 2011). The nucleo-
tide diversity suggests that the population status of Kelee shad
is in almost stable condition and has a moderate population
size. However, because of environmental changes and pollu-
tion, the species has possibility to lose the stability in the time
being, so require placing this species in the conservation and
fisheries management plan in the coastal countries of the
Indian Ocean.

AMOVA of Kelee shad within population is 89%
(Table 2), which is almost similar to Hilsa shad
(Asaduzzaman et al. 2019) and Elongate Ilisha (Wang et al.
2016), but Brahmane et al. (2013) found higher value in Hilsa
shad in Ganga and Hooghly rivers allied to the Bay of Bengal.
Low percentage of variation among populations within groups

(AMOVA) and non-significant g1 value suggests the genetic
homogeneity of Kelee shad in Bay of Bengal (i.e., CB, MK,
and DC), and significant Fgr value with the SA samples rep-
resents the genetic heterogeneity between these two water
bodies. Mohindra et al. (2019) found similar output in Hilsa
shad from three important rivers of India (Hoogli,
Brahmaputra, and Padma of Indian part); all of these rivers
receive the anadromous migration of Hilsa shad from the Bay
of Bengal.

Presence of single population in Bay of Bengal

Kelee shad of all of the three locations of Bay of Bengal (CB,
MK, and DC) clustered together in structure, phylogenetic
tree, network of SNP loci, and PCA as they belong to the same
population. In the maximum likelihood IQtree, samples of all
of the three Bay of Bengal locations clustered together and
made a monophyletic clade from the samples of Arabian Sea
(Fig. 4). Fst values of these populations are also below the
significance level (p > 0.05). This result is similar to the situ-
ation in the closely related 7. ilisha, which is represented by a
single population in the Bay of Bengal (Brahmane et al.
2013). Similar results were also found by Salini et al. (2004)
by allozyme and morphological variation analysis in 7. ilisha.
They found no significant differences in allele frequencies
detected in Bay of Bengal samples, and that there is a substan-
tial gene flow among the groups of Hilsa samples in Bay of
Bengal comprising a single population.

Populations of Bay of Bengal and Arabian Sea were
isolated

Based on structure and PCA result, the populations of Kelee
shad of Bay of Bengal and Arabian Sea are separated from
each other (Figs. 3 and S2). Median joining network also
represented the same trend (Fig. 5). Fst value also supported
this separation, because SA samples were separated from the
Bay of Bengal samples by Fr value 0.10955 (Table 4), which
is under significant level (p < 0.05). Maximum Likelihood 1Q
tree also chains this fact by single separated monophyletic
clade of Bay of Bengal samples from Arabian Sea samples
(Fig. 4). The same trend was also found in another Indian
Shad, T. ilisha. Three population-specific haplotypes of
T. ilisha were observed in Ganga River, which is joined with
the Bay of Bengal and two from the Arabian Sea associated
River Tapi. Neighbor joining tree based on cytochrome B
gene analysis showed that populations of Bay of Bengal and
Arabian Sea belong two distinct clusters. Fst value (0.97) also
supported the presence of significant genetic difference be-
tween the populations of these two-water bodies. Based on
allozyme and morphological variation analysis in 7. ilisha, it
was also found that the populations of Bay of Bengal and
Persian Gulf (allied to the Arabian Sea) samples have

@ Springer



94  Page 8 of 11

Mar. Biodivers. (2020) 50:94

Fig. 4 A ML tree based on CL 23126
sequences data concatenating 100 CL_2312_3
2090 loci reconstructed by using 100 CL 23122 s
. Q
1Qtree v1.6.9 with 1000 bootstrap CL 2312 9 z
replicates 100 cl. 2312 1 _'.E
— cL2312.10 <
9 45 -
—E CL 23127
84
65 CL_2312_8
DC_CL_1362_2
82 DC_CL_1362_1
i3 CL_2050_5
— — CL_2048_2
43 59 - B »
— L _2050_10 5
31 CL_2050_3 2
CL_2050_8 B
53— 120481 A
62 _E CL_2048_3
CL_2050_7
CL_2050_1
-
CL_2050_4
[=%
W CP_CL_2026_10 §
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significant differences in allele frequencies (Salini et al. 2004;
Behera et al. 2015). In PCA they made separate clusters and
also Fgt value between these populations was significant.
Once (almost 18,000 years ago) the Arabian Sea had a
close connection with Bay of Bengal through Laccadive
Sea, Gulf of Mannar, and Palk Bay. So, this likely was an
easy way for oceanographic dispersion of Kelee shad between

Fig. 5 A median joining network
of studied individuals based on
523 SNP loci by Network 5.0.1.1

these two water bodies. After that period, a bridge of lime-
stone shoals, coral reefs, and tombolo called as “Ram Bridge”
or “Adam’s Bridge” (about 48 km) originated between
Pamban Island off the south-eastern coast of Tamil Nadu,
India, and Mannar Island, off the north-western coast of Sri
Lanka (Weerakkody 1997; GSI 2003; Karanth 2003). Ram
bridge including Pamban Island, Mannar Island, and Sri
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Lanka formed almost 500 km land barrier in that portion of
Indian Ocean. Therefore, this land barrier was supposed to
halt the dispersion and migration of coastal water dwelling
tropical fish species including Kelee shad for several thousand
years. Although in the year of 1480 most part of the Ram
bridge was broken by a cyclone (Garg 1992) but still the
shallow water areas of the former bridge might be inconve-
nient for dispersion of most of the fish. Because of this, Kelee
shad of Arabian Sea and Bay of Bengal might be isolated in its
own area and stopped gene flow in the last more than
10,000 years.

Many studies suggested that the oceanographic characters
and water quality of these two parts of the Indian Ocean were
different from each other due to summer monsoon, river run-
off, and weather of adjacent land. Different water parameters
like salinity, temperature fluctuation, dissolved oxygen, and
nutrient salts made two different water ecosystems in these
two water bodies (Panikkar et al. 1966; Jensen 2001).
Differentiation of weather of adjacent land had started espe-
cially since desert formation in the Arabian Peninsula.
Geological record supported that the entire Arabian
Peninsula was a lush of grasslands and forest 100,000 years
ago (Parton et al. 2015). Before that desert formation, adjacent
lands of these two marine water bodies were likely much more
similar than they are today. The desert formation makes a
huge change in the water quality of Arabian Sea. Kelee shad
of these two water bodies adapt in these two different envi-
ronments more than 100,000 years. Finally, after the Ram
bridge formation, Kelee shad population of these water bodies
might be separated and gene flow stopped. Because of these
two vital reasons, the present genetic differentiation occurred
between the Bay of Bengal and the Arabian Sea.

Land barriers likely play an important role in isolation of
populations, finally leading to the origin of new species. As
for example, the Indo-pacific barrier resulted in significant
differences in the populations of several species, like
Peacock Grouper (Cephalopholis argus) (Gaither et al.
2011). Another example comes from the Arabian peninsula,
where genetic differences were created between the Yellow
bar Angel Fish (Pomacanthus maculosus) populations of the
Western Arabian Peninsula (Red Sea and Gulf of Aden) and
the Eastern Arabian Peninsula (Persian Gulf and Sea of
Oman) (Torquato et al. 2019). In the same way, it was spec-
ulated from the present study that Southern India along with
Ram bridge and Sri Lanka acted as a means of isolation inside
the Kelee shad population and segregate it into two distinctly
different populations in the Bay of Bengal and the Arabian
Sea. The oceanographic characters and water quality like sa-
linity, temperature, and nutrients of these two water bodies
separated by Southern India are also significantly different
from each other.

Here we stated two possible hypotheses of genetic differ-
entiation of Kelee shad between the Bay of Bengal and the

Arabian Sea (i.e., Ram bridge creation and desert formation in
the Arabian Peninsula). Nevertheless, lack of sample collec-
tion from different coasts of India and Pakistan was a limita-
tion of this present study. If more samples were collected
along the coast of the Indian subcontinent, maybe gradual
genetic changes of Kelee shad population were revealed.
Samples of more locations might help us to make more con-
crete conclusion about this shad’s population structure. This
study also makes a space for further studies on this fish species
population structure based on more samples from different
locations of Indian coasts including the both sides of the men-
tioned land barrier.

Arabian Sea represents the main stock of Kelee shad

From maximum likelihood IQ tree, it was established that a
monophyletic clade of Bay of Bengal’s samples was originat-
ed from the population of Arabian Sea’s samples with a boot-
strap value of 82% (Fig. 4) and the Arabian Sea was repre-
sented as the main stock. Kelee shad widely distributed in the
Arabian Sea and associated Gulf of Oman, Gulf of Aden,
coast of Africa, and Maputo Bay and less distributed in the
Bay of Bengal and associated coasts and bays (Gjesaeter and
Sousa 1983; Rahman et al. 2009; Panhwar et al. 2013;
Cardinale et al. 2014; Dwivedi 2019). This distribution pattern
also supported that the Arabian Sea represents the main stock.
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