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Hilsa (Tenualosa ilisha), a highly prized edible fish, is consumed by over 250 million
people worldwide. Estrogens are essential hormones required during reproduction
and bind with estrogen receptors in target organs for biological activity. The two
unique subtypes of the estrogen receptor found in fish are alpha (o) and beta ()
and exhibit distinctive roles in reproduction. The present study aimed to
understand the breeding physiology of hilsa during the seasonal gonadal cycles
through GSI seasonal variation, histological study, and molecular identification,
characterization, and transcriptional modification of estrogen receptors in hilsa.
Monthly GSI analysis from females showed that during September, the GSI value
was maximum (22.01 + 0.68), followed by the May GSI value (18.78 + 0.97).
Histological observation showed the formation of asynchronous gametes during
the development of ovaries. The histological analysis revealed the formation of
developing oocytes, nucleus, presence of primary oogonia, secondary oogonia,
chromatin nucleolar oocytes, and early perinucleolar oocytes in the ovary
(January—early July). Progressively, formations of the yolk vesicles, yolk granule
stage, premature stage, and mature stage with post-ovulatory follicles were also
identified. Linear observation was recorded during the monsoon season from July
to November. Furthermore, partial length cDNAs for estrogen receptors were
characterized, and their mRNA expression patterns demonstrate that ER-a
expression significantly increased in September, followed by April and August in
the ovary and liver tissue. Both the liver and ovary showed the highest mRNA
expression of ER-B in September. The study revealed that ER-o expression was
higher in the ovary as compared with liver tissue. Furthermore, we introduce three-
dimensional (3D) models depicting the hilsa estrogen receptors in complex with
estradiol (E2), constructed through homology modeling. This investigation
contributes valuable insights into the molecular characteristics of estrogen
receptors in this teleost fish. Our present work provided preliminary evidence of
estrogen receptors during reproduction in hilsa.
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1 Introduction

Hilsa (Tenualosa ilisha), a highly demandable preferred food
rich in two types of omega-3-polyunsaturated fatty acids, e.g.,
docosahexaenoic acid and eicosatetraenoic acid, improves health
and protects against several diseases, specifically heart disease
(Mohanty et al., 2012). The hilsa is an anadromous species,
mainly habituated to the lower region of the estuaries and the
foreshore areas. This fish migrates twice a year from the Bay of
Bengal to almost all rivers for breeding, one from early February to
April and another from July to September (Jones and Menon,
1951). Hilsa exhibits a biannual phase of spawning, one during
April-May and another in August-September (Pramanick et al.,
2013). During the breeding season, they move upward to the rivers
and, after spawning, return to the estuarine zone (Miah, 2015). The
Ganga, Brahmaputra, and Hooghly rivers collectively contributed
70% of the nation’s total hilsa production before the completion of
the Farakka Barrage (Hossain et al., 2019). However, the population
of hilsa from the riverine ecosystems is declining drastically due to
water pollution and improper net maintenance and fishing activities
(Dutta et al., 2017). Moreover, their migration patterns are
currently hampered by the construction of barrages and dams,
putting their population at risk. Consequently, the market value of
fish gradually rises due to a lack of supply (Islam and Hoq, 2018).
Many attempts have been made to breed and culture the fish
artificially. However, very little success has been achieved in
rearing hilsa in confined waters. Therefore, several works have
been carried out to characterize the genes responsible during
breeding and maturation.

Estrogens, commonly known as 17-beta-estradiol (E2), perform
crucial functions in the regulation of different biological processes like
differentiation and development in vertebrates (Nilsson et al., 2001;
Gustafsson, 2003; Hess, 2003; Heldring et al., 2007). They are formed
by the action of aromatase, translating testosterone into estradiol and
androstenedione to estrone (Korach, 1994). Estrogens have also been
demonstrated to play a key role in reproduction by mediating
processes involved in gonadotropin release, vitellogenesis, oogenesis,
testicular development, ovarian differentiation, regrowth of
spermatogonium, etc (Nakamura et al, 1998; Miura et al, 1999
Devlin and Nagahama, 2002; Guiguen et al., 2010; Lubzens et al., 2010;
Chakraborty et al., 2011a, Chakraborty et al., 2003). Like other steroid
hormones, E2 indirectly binds to an estrogen-responsive region (ERE)
and regulates the target gene’s expression (Saville et al., 2000; Hall
et al,, 2001). Moreover, the intracellular or cell plasma membrane
estrogen receptors (ERs) initiate the signaling pathway of estrogens
(Levin, 2001; Edwards, 2005; Thomas et al., 2006; Nagler et al., 2010).
Small-molecule receptors, e.g., steroids, thyroid hormones, rexinoids,
and oxysterols, are found in ERs, which are a member of the nuclear
receptor superfamily (Couse et al, 1997). The expression of ERs
depends on stage, sex, and tissue (Patifio and Sullivan, 2002). In fish,
E2 helps in the process of vitellogenesis in the liver and produces
vitellogenin (Finn and Kristoffersen, 2007; Lubzens et al., 2010). Fish
possess two unique subtypes of the ER: alpha (ot) and beta (). The
extra isoform combinations of each subtype vary depending on the
extent of genome duplication within the taxon (Nagler et al., 2012).
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Three distinct types of estrogen receptors have been reported in teleost
fishes like Dicentrarchus labrax (Halm et al., 2004), Danio rerio
(Menuet et al, 2002), Oryzias latipes (Chakraborty et al., 2011b),
and Pimephales promelas (Filby and Tyler, 2005). However, four
isoforms (i.e., erol, ero2, erfl, erff2) were reported in the rainbow
trout (Oncorhynchus mykiss) (Nagler et al.,, 2012). These receptors play
a significant role in fish gonad maturation and reproduction,
differentiation, and development (Kuiper et al., 1996; Mosselman
et al., 1996; Todo et al.,, 1996; Tchoudakova et al,, 1999; Xia et al.,
1999; Socorro et al.,, 2000). Hence, investigation of the transcription
profile of these receptors in different tissues at different season cycles
would help in identifying the maturation stages and developing
breeding interventions in fish.

Therefore, in the current study, the molecular characterization
and expression of ERs both ER-ot and B were investigated in female
hilsa to understand the reproductive physiology during vitellogenin
secretion in the liver and ovarian maturation. Additionally, the
homology models for ER-o and B based on the sequencing data
were developed and structure-based techniques like molecular
docking were employed to understand their mechanistic
properties. The models were validated and subjected to docking
with estradiol (E2) within the binding pocket to elucidate its
molecular interactions with the proteins.

2 Materials and methods
2.1 Experimental fish and tissue collection

Adult female hilsa (maturation phase, stages I-VII) was
collected in live conditions from different seasons of ovary
maturation from the river Ganga (Figure 1). The samples were
collected from Godakhali (22°23'47.50"N & 88° 8'15.17”E), South
24 Parganas, the inlets of Hooghly River to the Bay of Bengal and
from 40 to 50 km upstream of this river between Barrackpore (22°
46'25.96"N and 88°19'59.09"E), Dist. North 24 Parganas, and
Naihati (22°79'82.36"N, 88°35'71.92"E), Dist. North 24 Parganas,
West Bengal, India. The fish were caught depending on the tidal
periods, either in the morning or the afternoon. Every month from
January to December, six female fish were collected in different
developmental stages of the reproductive cycle. The body weights of
the collected fish ranged from 500 g to 800 g. The collected samples
were then maintained in disinfected plastic bags and transported
right away to the laboratory in an ice pack condition. Each fish was
weighed, and ovary and liver tissues were collected aseptically for
experimental purposes.

2.2 Gonadosomatic index study

During each sampling, the collected ovary of each fish was
weighed again to determine the gonadosomatic index, and
according to the following formula, the gonadosomatic index
(GSI) of each fish was determined (Panter et al., 2004).
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FIGURE 1
Map showing the location of sampling sites.
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2.3 Histological analysis

From the fish samples, the ovaries were collected, cleaned, cut
into I-mm-2-mm size, and fixed into 10% neutral buffered
formalin (NBF) for 24 h. Tissues were washed carefully and
transferred into 70% alcohol. Using varying alcohol
concentrations, tissues were dehydrated, after which xylene was
used as a cleansing agent and fixed into paraffin. Using microtome
(RM 2025, Leica Biosystems, Germany), hematoxylin and eosin
were used to stain the paraffin-embedded tissue with a 5-um
thickness (Shihab et al., 2017) and viewed using a light
microscope (Olympus CX-31, Japan) for histological changes, and
microphotographs were taken.

The developmental stages of the gonad, oocyte size, presence of
follicular layer, and number of nucleoli and cytoplasmic inclusions
were detected and used to categorize the oogenesis process
following the method developed by Akhter et al. (2022).

2.4 RNA extraction and cDNA synthesis

Approximately 100 mg of liver and ovary samples from each of
six female fish per month was used to extract total tissue RNA by
the TRIzol method (Sigma, USA) following the manufacturer’s
instructions. Each sample RNA concentration was determined
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using a nano-drop (Eppendorf, BioSpectrometer, Hamburg), and
quality was checked in 1% agarose gel. To remove genomic DNA,
the extracted RNA was treated with DNAse I reagent (TURBO
DNA free Kit; Thermo) followed by cDNA synthesis using a cDNA
synthesis kit (Thermo Scientific, USA) per manufacturer’s
instructions. Before usage, the first-strand cDNA was kept at 20°C.

2.5 Semiquantitative PCR

Using primers specific to the 185 rRNA gene, hilsa was
amplified by PCR in the Thermal Cycler GeneAmp' " PCR
System 9700 (Applied Biosystems, Foster City, US). The primer
used to amplify the 18S rRNA gene was 5-TGGTTA
ATTCCGATAACGAACGA-3" as a forward primer and 5'-CG
CCACTTGTCCCTCTAAGAA-3" as a reverse primer (Sampath
Kumar et al,, 2000) (Supplementary Figure S1). The levels of 18S
rRNA are more uniform than other common internal standards,
such as B-actin (Degani et al., 2003). The PCR amplification of the
ER-00 and B genes was performed using gene-specific primers
(Table 1). PCR was carried out by the protocol provided by
(Sigma, USA) using 2 ul of total isolated cDNA in the liver and
ovary. A 50-ul reaction mixture was performed under thermal
conditions by following the initial denaturation at 95°C (2 min), 94°
C (0.30 min), annealing temperature depending on specific primers
(1.30 min), and then extension at 72°C (0.45 min) and final
extension (3.00 min) followed by 35 cycles and was seen in 1.8%
agarose gel containing ethidium bromide (EtBr) (Supplementary
Figure S2).
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TABLE 1 List of primers used in this study for PCR.
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Target gene Primer name PCR primer Annealing Amplification Reference
temperature size (bp)

185r 18Sr F TGGTTAATTCCGATAACGAACGA 59°C 230 Sampath Kumar
185r R CGCCACTTGTCCCTCTAAGAA et al,, 2000

ER-a ER-a F AGAGGAGCATCCAGGGTCACA 61°C 900 Self-designed
ER-a R TGCTCCATGCCTTTGTTGCTCA

ER-B ER-BF GGCGTAAAAGCTGCCAAGCC 58°C 700 Self-designed
ER-B R TTGAGGAGGATCATGGCCTTCAG

2.6 Phylogenetic analysis

Using an ABI 3730xl capillary sequencer, the amplified PCR
products from both liver and ovary tissue were sequenced in both
directions (Applied Biosystems, Foster City, CA) and aligned using
the software BioEdit version 7.0.0. Using the NCBI-BLAST
program capability, the constructed contig sequences of the ERs
were then compared with sequences present in GenBank [http://
www.ncbi.nlm.nih.gov\BLAST] (Behera et al., 2015).

The ER-a and 3 gene sequences were aligned with other ER-a
and P genes of different-family fish species from NCBI GenBank
using Clustal W in MEGA 7 (Kumar et al., 2016). The phylogenetic
tree was constructed using the neighbor-joining method, and the
evolutionary history was inferred from it (Saitou and Nei, 1987)
with 1,000 bootstrap replicates.

2.7 Real-time quantitative PCR for hepatic
and ovarian expression of ER subtypes

Changes in ER gene expression during gonad maturation in
hilsa were quantified by using SYBR Green Master Mix to perform
quantitative PCR (qPCR) in the LightCycler 480. (Roche,
Germany). 18S rRNA was used as a control. gPCR primers of
ER-o0 and B were designed based on the submitted sequences
(Table 2). qPCR analysis of tissues was done in triplicates, and
the standard curves were generated. Briefly, 20 ul of the total
reaction mixture has 2 pul of cDNA as template, 1 ul of each
forward primer and reverse primer (5 pmol/ul), 10 pl of 2x
LightCycler SYBR Green I Mix, and 6 ul of nuclease-free water
provided in the kit. The real-time PCR (qPCR) program involved a
pre-incubation at 95°C followed by 35 cycles of amplification at 95°
C (10 s), annealing temperature for particular genes for 10 s, and 72°
C (10 s). The specificity of qPCR was confirmed by melt curve
analysis temperatures of 95°C (5 s), 65°C (1 min), and 97°C (1 min).
The samples were cooled down at 40°C (10 s). The results were

TABLE 2 List of primers used in this study for qPCR.

reported as the fold change in expression relative to the 18Sr RNA
gene by using the 27**CT method (Livak and Schmittgen, 2001).

2.8 3D-structure prediction and molecular
docking studies

The protein sequences of ER-o and B from Tenualosa ilisha
were further analyzed for the secondary structure analysis, tertiary
structure prediction, and molecular docking and protein-protein
interaction studies.

2.8.1 Protein structure generation and validation

The structures of ER o and 3 were predicted using the SWISS-
MODEL online server (http://swiss-model.expasy.org/) (Arnold
et al, 2006) by the application of the homology modeling
approach to ascertain the best protein templates and the optimal
models were used for subsequent investigations. The validation of
the predicted structures is considered to be the paramount element
in structure predictions. The Ramachandran plot, the most optimal
model, was chosen among various predicted structures for ER-ou
and B, based on PROCHECK (Laskowski et al., 1993), which was
generated by submitting comparative protein models to the
PDBsum website (Laskowski et al., 2018) (http://www.ebi.ac.uk/
thornton-srv/databases/pdbsum/). The protein models were then
assessed using the ProSA server (Wiederstein and Sippl, 2007) and
subsequently subjected to validation through the SAVES server
(https://servicesn.mbi.ucla.edu/SAVES/). This validation process
involved confirming the accuracy of the predicted protein models
by considering their 3D structures with the ERRAT values (Colovos
and Yeates, 1993).

2.8.2 Secondary structure analysis

The secondary structure analysis of the two predicted models
involved the determination of the number of o-helices, B-turns,
extended strands, B-sheets, and coils. This study was conducted

Target gene Primer name qPCR primer Annealing temperature Amplification size (bp)
ER-a ER-a F GTCCACATGATTGCCTGGGC 60°C 180
ER-a R GTCCTGGGCGAAGATGAGCTTC
ER-B ER-B F TCACCAACCTCGCTGACAAGG 60°C 327
ER-B R TTGAGGAGGATCATGGCCTTCAG
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using the PDBsum tool (Laskowski et al,, 2018) to obtain the
secondary motif map and topology diagrams.

2.8.3 Molecular docking, binding affinity, and
interaction analysis

The docking simulation between the ER-o. and 3 with estradiol
(E2) was conducted using AutoDock Vina (Trott and Olson, 2010)
on the PyRx platform (GUI version 0.8). The protein structure and
ligand conversion from PDB to PDBQT format was performed
using Open Babel before docking. AutoDock Vina software, a
docking grid box with three-dimensional dimensions, was set to
the maximum with the number of dockings runs 8. Eventually, the
software yielded a binding energy table as the outcome. The
conformations exhibiting the lowest binding energy or docking
score were selected for subsequent studies.

The outcome was analyzed using LigPlot+ (Laskowski and
Swindells, 2011) software. The input provided to the servers
consists of a file formatted in PDB (Protein Data Bank) format.
Hydrogen bonds, van der Waals contacts, and covalent bonds are
used to identify interacting protein residues.

2.9 Statistical analysis

All data are presented as mean + SE (standard error of the
mean). The expressions of ER-a and 3 genes were subjected to one-
way ANOVA followed by Tukey’s multiple comparison tests to
identify significant expressional differences every month. The level
of significance was set at (p < 0.05). The statistical tests were
performed in the SPSS statistical software (version 25).

3 Results
3.1 GSI and histological study

The number of oocytes in hilsa gradually increases throughout
the breeding season. The post-winter breeding season starts in
January, with the development of the ovary starts followed by
February. This month, ovaries were thread or ribbon-like
structures that took one-fourth of the body cavity (GSI: 9.25 +
0.36) and reached the pre-vitellogenic stage. In March, the
vitellogenesis stage starts and the ovary gradually enlarges due to
the accumulation of yolk (GSI: 12.06 + 0.76). At the post-
vitellogenic stage during April, ovaries became very large and
occupied more than half of the body cavity (GSI: 15.86 + 0.48).
During May, ovaries became fully mature, ripened, and ready to
spawn with the tidal flow of water (GSI: 18.78 + 0.97). During May,
a small quantity of spawning also occurred. In June, the ovaries
were empty in this post-spawning stage, containing some immature
oocytes (GSI: 7.6 + 0.42). Again, the monsoon breeding season
starts from July to November. During July, again, the biannual
spawning was in progress and the gonad development started with
an immature ovary, small reddish and transparent in nature (GSI:
9.11 + 0.27). In August, the ovaries occupied half of the body cavity
and the ova became opaque (GSI: 14.2 + 0.59). In September,
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ovaries occupy the whole length of the body cavity. Ova become
granular and yellow in color (GSI: 22.01 + 0.68) and the ovaries
become fully mature and prepared for spawning. Partly spent, i.e.,
spawning, was in progress during October (GSI: 12.07 + 0.53) and
November (GSI: 8.6 + 0.23) (Figure 2).

In the first stage of ovary development during January and early
February, which contained a large number of developing follicles,
oocytes were spherical, oval, and multi-faceted, large nucleus
occupied most of the cell, and presence of primary oogonia (PO),
secondary oogonia (SO), chromatin nucleolar oocytes (CNO), and
preperinucleolar oocytes (PPO) were observed (Figure 3A). In
February, the number of oocytes increased in the peri-nucleolus
stage. Primary oogonia and secondary oogonia were present in each
developing oocyte; oocytes became ova, and follicular cells were
arranged in a single layer identified encircling each oocyte
(Figure 3B). The earliest and most polygonal-shaped perinuclear
oocytes were present during March. In contrast, late perinuclear
oocytes changed in shape from polygonal to oval as oocyte
development progressed and increased in size and at the oocyte’s
edge, the yolk granules were initially observed (Figure 3C). During
April, a yolk vesicle was observed in the premature oocyte
(Figure 3D). In May, small alveoli were formed around the nucleus
and increased in size during the end of the cortical alveoli stage, and
the yolk vesicles were gradually moved in the direction of the nucleus
(Figure 3E). In June, oocytes were in the mature stage and bright
pink-stained yolk vesicle in the outer cortex slowly grew more
prominent and doubled in quantity (Figure 3F). From June to July,
the oocytes were greatly expanded and there was a breakdown of the
eccentric germinal disk (Figure 3G); oocytes were detected with post-
ovulatory follicles demonstrating post-ovulatory alterations in the
ovary (Figure 3H). These identical changes are also observed in
different months from July to December.

3.2 Molecular identification and
phylogenetic analysis

The partial mRNA sequence of the ER-a gene consisted of 900
bp (Accession No. MT748787) at the nucleotide level and showed

GSI (%) value

Different month

FIGURE 2

GSI % of female fishes in different months. All data are presented as
mean + SE (n = 6), and at the 0.05 level, different superscripts
differ significantly.
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FIGURE 3

H&E-stained histological section (10x) of ovary. The different stages of oocytes were identified following the method developed by Akhter et al.
(2022). [(A) January; (B) February; (C) March; (D) April.] Primary oogonia (PO), secondary oogonia (SO) and chromatin nucleolar oocytes (CNO),
preperinucleolar oocytes (PPO), early perinuclear oocytes (EPNO), late perinuclear oocytes (LPNO), yolk granules (YG), yolk vesicle (YV) in the
oocyte, premature oocyte (PM). [(E) May; (F) June; (G, H) June to July.] Germinal disk (GD), single germinal disk (SGD), double germinal disk (DGD),
yolk globules (YG), cortical alveoli (CA), breakdown of eccentric germinal disk (EGD), post-ovulatory changes, post-ovulatory follicles (POF), atretic

oocytes (types | and Il), and a cohort of previtellogenic oocytes (PVO).

82.46% identity with Alosa sapidissima (XM042094934), 82.15%
with Clupea harengus (XM042707299), and 79.20% with
Oncorhynchus mykiss (XM021598369), whereas the partial mRNA
sequence of the ER-P gene consisted of 700 bp (Accession No.
OR455448), at the nucleotide level, confirming 82.33% similarity
with Clupea harengus (XM031581405), belonging to the same

Frontiers in Marine Science

family of Clupeidae. However, hilsa remains in a cluster with
species like E. electricus (XM035524318), A. limnaeus
(XM014015399), N. brichardi (XM006792714), and O. bonariensis
(EU284022). Phylogenetic analysis based on the nucleotide
sequences of the ER-o. and B demonstrates the close relatedness
of hilsa ERs with those of another teleost, shown in (Figures 4A, B).
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FIGURE 4

(A) Phylogenetic relationship of deduced nucleotide sequences of hilsa. Phylogenetic analysis of ER-o nucleotide sequences of hilsa with other
different fishes. MEGA-X used the neighbor-joining method to create a tree. The numbers next to the branches represent the percentage values for
1,000 bootstrap replicates. (B) Phylogenetic relationship of deduced nucleotide sequences of hilsa. Phylogenetic analysis of ER-B nucleotide
sequences of hilsa with other different fishes. The MEGA-X program used the neighbor-joining method to create a tree. The numbers next to the

branches represent the percentage values for 1,000 bootstrap replicates.

3.3 Tissue-specific expression by qPCR

The qPCR primers checked by normal PCR and ER-o. and 3 were
visualized at 180 bp and 327 bp, respectively (Supplementary Figure
S3), which varied throughout various months in the liver and ovary,
observed in agarose gel (Supplementary Figures S4A, S4B, S5A, S5B),
and then qPCR was carried out with diluted cDNA for ER target
genes. The standard deviation method for each relative gene
expression value was calculated statistically. Significant upregulation
of the ER-ot gene has been observed monthly in both tissues. During
post-ovulation, the secretion of ER-ou decreases at the end of winter
breeding and again increases with the initial of monsoon breeding
(Figure 5A). In both tissues, ER-3 was found to be upregulated at the
beginning of gonad maturation during February. However, the
expression of the ER- gene had stabilized during April, May
(winter breeding), and September and October (Monsoon
breeding), and with the increase in ER-B secretion, its expression
was markedly upregulated. In the ovary, the expression has
significantly increased at various stages of maturity (Figure 5B).
The data were expressed as the fold change in expression with

respect to the 185 rRNA gene, using the 27" method.

3.4 In silico studies of ER-ao and 3

3.4.1 Protein structure generation and validation
The application of protein modeling plays a crucial function in
the examination of the relationship between the ER-o. and P. The
three-dimensional structures of the proteins (Figure 6AI, II) were
produced and analyzed in the Ramachandran plot. The optimal
model selection was based on the highest percentages of residues
observed in the most favored regions and the lowest percentage
scores in the outlier region. The analysis showed that ER-o. exhibits
a distribution of residues within different regions, with 86.7% of
residues falling into the favored zone, 11.8% within the allowed
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region, 1.1% within the generously allowed region, and 0.4% in the
disallowed region (Figure 6B I). Regarding ER-f, the results of the
plot analysis demonstrated that 83.9% of the residues were located
inside the favored zone whereas 13.2% of the residues were situated
within the allowed region. Additionally, a minor proportion of 0.6%
of the residues was found in the generously allowed region with
2.3% in the disallowed region (Figure 6B II). The results of the Z-
score from ProSA and the ERRAT score of the projected models for
each structure are listed in Table 3.

3.4.2 Secondary structure analysis

In this secondary structural study, predicted structures of ER-ou
and B as obtained from the SWISS MODEL server were used as a
template. The PDBsum program created the secondary structures,
as shown in Figures 7A, B. The secondary structure of ER-a,
Figure 7A (purple) consists of 12 helices, denoted as H1 to H11,
with 17 helix-helix interactions and 2 beta-sheet motifs, whereas in
the case of ER-B, Figure 7B (red), there were 6 alpha helices
involved in 6 helix-helix interactions and 1 beta-sheet.

3.4.3 Molecular docking, binding affinity, and
interaction analysis

The two ERs (ER-a and B) were docked with estradiol (E2) by
using AutoDock Vina to predict the best possible binding pose of
the ligand and the receptors for better analysis (Figures 8A, B). In
the case of ER-o, when docked with E2, it gave a binding energy of
—6.6 kcal/mol, whereas E2, when complexed with ER-B, gave a
binding energy of —8.5 kcal/mol. The E2 binding affinity with ER-f
is 28% increase in the binding with ER-o. Hence, we further
conducted interaction analysis of the receptors and E2 and
visualized using the LigPlot+ software to understand the polar
and non-polar contacts (Figures 8C, D). Interaction analysis
showed that the number of polar bonds with E2 is the same in
case of both the receptors, but the number of non-polar bonds is
higher in case of E2 in complex with ER-f3.
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FIGURE 5

Expressional profiles of the ovary and liver obtained. (A) Expression of Er-a in different months of hilsa using gPCR for three times. The results are
represented as the ratio of ER-oo mRNA/18S rRNA and analyzed in triplicate. Relative abundance is used to express the data, displayed as the mean +
S.E. The letters above the bars denote groups that are statistically different from one another, at least at p < 0.05. FIGURE 5 Expressional profiles of
ovary and liver obtained. (B) Expression of ER-f of female hilsa during the breeding season by gqPCR for three times. The results are represented as
the ratio of ER-ae mMRNA/18S rRNA and analyzed in triplicate. Relative abundance is used to express the data, displayed as the mean + S.E. The letters
above the bars denote groups that are statistically different from one another, at least at p < 0.05.

4 Discussion

In this study, for the first time, we have assessed the estrogen
receptors in a seasonally spawning female fish during the full
reproductive cycle, as demonstrated by the expression of estrogen
receptor mRNAs in the liver and ovary of female hilsa.
Environmental factors play a vital role during gonadal
development that occurs until final breeding (Ahammad et al,
2021). We observed seasonal variation in the GSI value,
demonstrated by histological changes of maturation in ovaries.
The differences in seasonality of spawning in different areas may
be due to a range of genetic and environmental factors. In a seasonal
cycle, ovaries became fully mature, with GSI: 18.78 + 0.97 during
May, whereas in September (monsoon season), ovaries occupy the
whole length of the body cavity with the highest GSI: 22.01 + 0.68.
In parallel, a study found that hilsa from Hooghly had a higher
gonadosomatic index (GSI) from March to September, with a peak
in October (15.8470) (Bhaumik and Sharma, 2011). These results
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are consistent with the findings in other places (Jones and Menon,
1951; Roomiani et al., 2014; Almukhtar et al., 2016; Halim
et al., 2020).

Five to eight phases of oogenesis were documented in most
teleost fishes (Chitrakar, 2017). From the histological analysis, hilsa
is considered a group of synchronous species as two or three stages
of oocytes were seen in each sampling time. Ovary highlights
heterogeneous yolk vacuoles in the developing oocyte. The
nucleus occupies the greater part of the cell during the formation
of chromatin nucleolus, transformed into the perinucleolus stage;
the appearance of cortical alveolus is the marker of oocyte
development at the beginning of primary vitellogenesis, the
formation of single and double germinal disk during secondary
vitellogenesis, and breakdown of the eccentric germinal disk
showing post-ovulatory changes during tertiary vitellogenesis.
These findings were also observed by Akhter et al. (2022), in the
same species as hilsa. Similar findings had been shown in
Dicentrarchus labrax and Danio rerio (Cakici and Ucgiincii, 2007).
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FIGURE 6

(Al) and (All) The predicted 3D model of ER-o (green) and ER-f (red) by using SWISS MODEL homology modeling; (BI) and (BIl) 3D structure

validation using Ramachandran plot analysis.

Transformation of the nucleus and nucleolus attributed to the
formation of the nucleus, and cortical alveolus shows oocyte
development at the beginning of the spawning season (Green
et al.,, 2011; Moallem et al., 2015).

The real-time PCR data showed considerable differences and
tissue-specific expression patterns. The expression of ERs was
significantly increased in the breeding season. The qPCR results
clearly showed that the expression of the alpha receptor was higher
in April, whereas from September to November, the expression in
both liver and ovary tissue sharply declined. In both ovarian and
liver tissue, ER-B expression was higher in April, and the maximum
value was observed in September. Findings highlight the expression
of ERs and function of receptors (ER-ot and B) in the liver and ovary
of hilsa, as demonstrated in the case of some salmonids and
cyprinids (Tyler et al, 1990; Pankhurst et al., 1999; King and
Pankhurst, 2003). The upregulation and downregulation

TABLE 3 Properties of the predicted models.

Sl. no. Gene name ProSA (Z-score) ERRAT score
1. ER-o. -6.02 9325
2. ER-B -431 97.76
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expression profiles of ERs throughout the breeding determine the
relationship between the existence of two ERs in this species,
allowing us to evaluate breeding scenarios with the ERs of other
vertebrates. In some teleosts, ER is primarily responsible for the E2-
induced production of vitellogenin in the liver (Sabo-Attwood et al.,
2004), medaka liver which increased with sexual development
(Chakraborty et al, 2011b), and zebrafish (Meng et al., 2010).
The patterns of expressions suggest a predominant role during
each phase of the reproductive cycle. The results above showed that
the 27*4°T method is used for quantification of the mRNA
expression of ER-o0 and B and ANOVA is used for statistical
analysis based on different months during the breeding season,
and it was found to be the most appropriate. The observation
detailed in the reference supports this outcome in oviparous
vertebrates (Finn and Kristoffersen, 2007; Lubzens et al., 2010).
Another investigation showed similarity that ER-o plays a
dominant role in the teleost fishes and maintains its consistency
(Flouriot et al., 1995; Sabo-Attwood et al., 2004).

Understanding the theory of evolution was achieved through
phylogenetic analysis and its relationships among all these
organisms. Present phylogenetic studies using the mRNA
sequences have succeeded in providing valuable answers about
the phylogenetic relationships of T. ilisha ERs with the ERs of
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other families of teleost. In the case of ER-a, the results showed
that among 22 species belonging to different families like
Salmonidae, Gasterosteidae, Mugilidae, Cichlidae, Percidae, and
Sparidae, Cluster I comprises mRNA sequences of hilsa. The

closest genetic distance was observed between other fishes like
Alosa sapidissima and Clupea harengus. The ER-3 genes provide a
higher correlation between the provided data and greater validity.
Like other teleosts, hilsa also showed the changes in the expression

of ER subtypes.

To date, the three-dimensional structures of estrogen receptors in
teleost fishes have not been extensively explored and determined.
Consequently, we have seized the opportunity to unveil the 3D
structures of estrogen receptors o and B in Tenualosa ilisha.
Subsequently, we introduced estradiol (E2) into these structures to
examine the nature of interactions between estradiol and the

respective receptors. The predicted three-dimensional conformation
of ER-o. exhibited a sequence similarity of 70.71% with the AlphaFold
DB model of ESR1_PAGMA, a gene identified in Pagrus major (Red

FIGURE 8

Docked poses of (A) ER-o with estradiol, ER-o is in green cartoon. (B) ER- with estradiol, with ER-f in red cartoon. The ligand structure is
represented in blue stick format. Binding interactions of ER-a (C) and ER- (D) with estradiol (E2).
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Sea bream), a member of the Sparidae family. In contrast, ER-3
demonstrated a sequence identity of 76.04% when compared with the
AlphaFold DB model of AOA6P8GR32_CLUHA, a gene identified in
Clupea harengus (Atlantic herring). Notably, Clupea harengus
belongs to the Clupeidae family, which is the same family as that
of Tenualosa ilisha. The results presented in this study are consistent
with the phylogenetic analysis conducted on the two ERs. We further
took the predicted structures (obtained from the AlphaFold database
(Jumper et al,, 2021) of the ERs from Danio rerio and compared our
predicted structures. Thereby, we found that the ER-o. from both the
organisms had slight differences in their structures. ER-s from
Tenualosa ilisha and Danio rerio, when aligned, gave a root mean
square deviation [RMSD] of their C o chains 0.244. Upon the
introduction of estradiol (E2) into the models, a discernible
preference for binding with ER-B was observed. Estrogens function
by binding to and activating intracellular estrogen receptors (ERs),
members of the nuclear receptor superfamily characterized by a
defined domain structure for small molecule recognition (steroids,
thyroid hormones, rexinoids, oxysterols, etc.). The ERs consist of two
principal domains, namely, the DNA-binding domain (DBD) and the
ligand-binding domain (LBD), where most ligands, including
estradiol (E2), typically bind (Nelson and Habibi, 2013). Our
investigation yielded analogous findings, as we aligned the obtained
sequences using InterPro (Mistry et al., 2021), revealing a central LBD
region in both our ERs. Notably, the docking of E2 demonstrated its
binding affinity to residues located within the LBD region. In
summary, the present data suggest that the involvement of ER-o
and P is directly or indirectly and physiologically relevant. In fact,
bioassays for endocrine regulation frequently involve the expression
of the ER gene. It is more evident that the physiological environment
cannot be ignored while designing such experiments and analyzing
the data. The study reveals the nucleotide sequence of ER-o. and 3
assimilates and coincides with a gradual increase and decrease
throughout the breeding and focuses on the vitellogenesis process
in the liver and expression in the ovary.

5 Conclusion

In summary, the identification and characterization of ER-o
and P classified them phylogenetically and analyzed their
expression in hilsa. For the first time, crucial information about
molecular dynamics representing an example for future studies on
other teleosts is revealed. Moreover, in this study, we present the
primary three-dimensional (3D) model of estrogen receptors. These
models are derived from the sequences of a homologous protein.
Notably, our investigation reveals a remarkable conservation of
interactions between estradiol (E2) and amino acids within the
steroid-binding pocket or the LBD in both models. The study
provided detailed information on ER-o0 and 3, which would
possibly help in developing a breeding management protocol for
Tenualosa ilisha.
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