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Metopograpsus messor, a brachyuran crab inhabiting the estuaries of North Kerala (India), is a prolific
breeder releasing approximately 14–16 broods a year. The present paper reports the sequence informa-
tion on the DNA binding domain (C domain, DBD), linker (D domain) and ligand binding domain (E
domain, LBD) of M. messor ecdysteroid receptor (MmEcR) gene, the first grapsid brachyuran crab EcR
examined. We have also measured MmEcR transcript levels in the ovary and the hepatopancreas through-
out the annual cycle, with special reference to seasons of molt and reproduction. MmEcR expression in
both the tissues is found to be at its peak (P < 0.05) in late premolt crabs (January/May, molt/reproduction
season); the expression levels are lowest (P < 0.05) during June/July, when the females would neither
molt nor reproduce (season for molt/reproduction repose). Intermediate levels of expression were found
during the breeding season (August/December). Interestingly, this pattern of gene expression is in con-
cordance with the fluctuating ecdysteroid levels of the hemolymph and Y organ secretory activity. The
significant levels of fluctuation in the ovarian expression of MmEcR strongly suggest the ovary as a poten-
tial target for ecdysteroid action. A season-wise comparison of the gene expression reveals that ovarian
MmEcR transcript levels are higher in breeding crabs (August/December) than the non-breeding animals
(June/July), implicating a possible ecdysteroid role in reproduction in M. messor.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Crustaceans, unlike insects, continue to grow (molt) even after
attaining puberty. The cascade of events culminating into the
actual shedding of the old exoskeleton (exuviation proper) is regu-
lated by ecdysteroids, the polyhydroxylated C27 steroids. Previous
investigations have indicated that the ecdysteroid levels fluctuate
in a (molt) stage-dependent manner (Nakatsuji and Sonobe,
2004; Nakatsuji et al., 2006; Chung, 2010; Nagaraju, 2011 for
review; Subramoniam and Kirubagaran, 2011; Chang and Mykles,
2011; Sudha et al., 2012; Webster et al., 2012). Although a high
titer of ecdysteroids entrained with premolt growth implicates
its role in promoting growth in crustaceans, the exact mechanism
of the hormone signalling in this class of arthropods is yet to be
clearly understood. Experiments conducted on insects (the close
phylogenic ally of crustaceans) during the late 1980s and 90s, have
clearly demonstrated that the ecdysone signalling pathway occurs
through steroid hormone receptors, a class of proteins belonging to
the nuclear receptor (NR) superfamily (Koelle et al., 1991; Aranda
and Pascual, 2001; Tan and Palli, 2008; Swevers and Iatrou, 2009).
A crab EcR ortholog was first identified in 1996 (Durica and
Hopkins, 1996), in the fiddler crab, Uca pugilator. Additional
sequence information on UpEcR was made available through geno-
mic and cDNA library screens and RNA-seq analysis (Chung et al.,
1998a, 1998b; Durica et al., 2002, unpub. data). Nevertheless, out
of about 6700 brachyuran species identified (Yeo et al., 2008) thus
far, EcR sequence information is available from only seven species,
four from the Portunidae family (Carcinus maenas, AY496927;
Scylla paramamosain, JQ821372; Portunus trituberculatus,
JQ250795; Callinectes sapidus (HQ630859) and one each from Ocy-
podidae (U. pugilator, AF034086), Gecarcinidae, (Gecarcinus latera-
lis, AY642975.1) and Varunidae (Eriocheir sinensis, KC823045). In
spite of these reports, the rich diversity exhibited by brachyurans
with respect to reproductive strategies, population dynamics, com-
munity ecology and habitat warrants research over more taxa so as
to have a clear understanding of the mechanisms involved in hor-
mone signalling.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ygcen.2014.11.006&domain=pdf
http://dx.doi.org/10.1016/j.ygcen.2014.11.006
mailto:gopianilkumar@gmail.com
http://dx.doi.org/10.1016/j.ygcen.2014.11.006
http://www.sciencedirect.com/science/journal/00166480
http://www.elsevier.com/locate/ygcen
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EcR protein is known to dimerize with the retinoid receptor
(RXR), acting as a cognate transcription factor regulating down-
stream genes involved in the molting response (Kim et al., 2005).
Like other members of the NR superfamily, the crustacean ecdy-
steroid receptor gene (EcR) is known to have a consensus domain
architecture: a variable N-terminal A/B transactivation domain;
highly conserved DNA binding domain (C domain, DBD); hinge
(D domain), and ligand binding domain (E domain, LBD). The
DBD and the LBD are known to play key roles in mediating interac-
tions between the hormone and the target gene. The DBD binds
with the (target) DNA at paired hormone response elements
(HRE); the LBD forms the binding site for the signalling ligand in
question, in addition to being instrumental in conservation of the
dimerization interface; the hinge, although not as well conserved,
is known to harbor nuclear localization signals and be involved in
mediating heterodimerization (Renaud and Moras, 2000; Aranda
and Pascual, 2001; Nakagawa and Henrich, 2009; Iwema et al.,
2009; Carlberg and Seuter, 2010; Kato and Fujiki, 2011).

The present paper reports the EcR sequence for the DBD/hinge/
LBD domains from the crab Metopograpsus messor, inhabiting the
estuaries of Muzhupilangad (N. Kerala, India; 11.7575� N,
75.4823� E). The Indian peninsular region is known to house
diverse brachyuran families inhabiting varied habitats including
the mangroves, the estuaries and/or the fresh water. In spite of
their geographical overlap (occupying almost the same latitude),
these brachyurans exhibit patterns of molt and reproduction dis-
tinctly different from one another (Sudha and Anilkumar, 2007;
Syama and Anilkumar, 2011; Supriya, 2011; Sudha et al., 2012).
Inasmuch as no sequence information is available on the crabs
inhabiting the Indian peninsula, this forms the first report on the
sequence information of a grapsid crab ecdysteroid receptor from
this region.

For over a decade, the mechanism of ecdysone signaling with
respect to crustacean molt has been addressed through (molt)
stage-dependent gene expression studies (Durica et al., 2002;
Kim et al., 2005; Chang and Mykles, 2011 for review). However,
most expression studies do not focus on the relationship between
molting and reproduction. The annual cycle in M. messor is essen-
tially divided into three seasons: August–December is devoted
exclusively for breeding. During January–May, a subset of the
female population engages in premolt–postmolt activities, while
the remaining female crabs engage in breeding. June–July is the
season for molt–reproductive repose, wherein none of the individ-
uals would involve in molting or reproduction; the ovaries during
the season would appear as white bands, with no signs of yolk
deposition (Sudha and Anilkumar, 1996, 2007). As molt and repro-
duction in crustaceans are suggested to be interactive and interde-
pendent events, and are programmed seasonally (van Herp and
Soyez, 1997; Sudha and Anilkumar, 2007; Sudha et al., 2012), a
year-round study examining EcR gene expression with reference
to seasons for molt and reproduction could improve our under-
standing on the regulatory mechanisms of these two high-energy
demanding processes. Further, such a (season-dependent) study
would enable us to address the possible relevance of ecdysteroids
in crustacean reproduction, a matter that has been debated for the
past several years (Subramoniam, 2000, 2011; Nagaraju, 2011 for
reviews). In insects, the role of ecdysteroids in successful accom-
plishment of reproduction has been unequivocally established
(Horn et al., 1966; Chang, 1993; Truman and Riddiford, 1999,
2002; Carney and Bender, 2000; Riddiford et al., 2001; Zitnan
et al., 2007). The wide diversity existing in the programming of
reproduction and molt in Crustacea, however, makes our under-
standing of the phenomena more complex. In palaemonid shrimps,
for instance, premolt and ovarian growth are simultaneous events;
ovarian growth occurs primarily in premolt females (Phlippen
et al., 2000; Tsukimura, 2001), which in turn could implicate that
ecdysteroids could promote both growth and vitellogenesis. In
brachyuran crabs, on the other hand, reproduction and molt are
temporally separate programmed events; premolt females do not
possess growing ovaries (Sudha and Anilkumar, 1996, 2007;
Sudha et al., 2012), prompting us to suggest that ecdysteroids
may not play any role in reproduction. Nevertheless, that the
ecdysteroids (at least in low levels) could play a positive role in
accomplishing successful reproduction in brachyuran crabs, is a
question that is not yet addressed satisfactorily. A recent study
from our laboratory has demonstrated that the ecdysteroid levels
fluctuate significantly in concert with the secretory activity of
the Y organ, with respect to seasons of molt and reproduction.
The hemolymph ecdysteroid level (together with the Y organ
secretory activity) was higher during breeding season (August–
December) than during the non-breeding season (June–July), sug-
gesting a possible role of ecdysteroids in reproduction (Shyamal
et al., 2014). This interesting observation affords a compelling rea-
son to examine hormone receptor gene expression. The present
study thus examines MmEcR expression in the ovary (the gonad)
and the hepatopancreas (the storage tissue that is proven to mobi-
lize its organic reserves in response to molt and reproductive
needs) of M. messor throughout the annual cycle, with special ref-
erence to seasons of molt and reproduction.
2. Materials and methods

2.1. Collection of live specimens

Adult females of M. messor (1.8–2.4 cm carapace width), used
for the present study were collected from the intertidal zone of
the Muzhupilangad estuary by hand-picking and/or using bait
(clam meat). Soon after collection, the crabs were brought to the
laboratory, and sacrificed immediately, or if necessary, they were
maintained in plastic cisterns laid with wet sand, and fed ad lib
on boiled clam meat.

2.2. Stages of vitellogenesis and molting

The stages of vitellogenesis were characterized by considering
the color of the ovary, the oocyte diameter (measured using an
ocular micrometer to the nearest 1 lm) and the ovarian protein
levels as the criteria (after Sudha and Anilkumar, 1996, 2007). In
the present paper, however, we have also adopted the terms such
as ‘early’, ‘mid’ and ‘late’ stages of ovarian growth; the Stage 1 (11–
90 lm oocyte diameter) of vitellogenesis (after Sudha and
Anilkumar, 1996) has been referred to as ‘early’ ovarian growth,
Stage 2 (91–155 lm oocyte diameter) as ‘mid’ ovarian growth,
while the Stages 3 and 4 (156–330 lm oocyte diameter) together
are considered as ‘late’ ovarian growth. Observations on the tex-
ture of the carapace and the microscopic examination of the seto-
genic events of the abdominal pleopods and the maxilliped
epipodites were used for characterizing the molt stages (after
Sudha and Anilkumar, 1996, 2007; Suganthi and Anilkumar,
1999; Shyamal et al., 2014).

2.3. RNA isolation and cDNA cloning

Total RNA was harvested from the ovary and the hepatopan-
creas of females at various stages of molt and reproduction (ovar-
ian growth). The tissues were homogenized in Trizol reagent
(Invitrogen) and processed according to the manufacturer’s
instructions. Following ethanol precipitation and washing, the pel-
lets were resuspended in diethylpyrocarbonate (DEPC)-treated
water (Amresco), and the RNA concentrations were determined
by UV absorbance at 260 nm. About 2.5 lg of RNA was used to con-
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struct an oligo (dT)-primed cDNA library, following manufacturer’s
instructions. The first strand cDNA synthesis was performed using
the AMV reverse transcriptase kit (Thermo scientific), using a com-
bination of hexamer and the oligo (dT) as primers; the reaction
conditions were maintained as recommended by the
manufacturer.
2.4. Degenerate primer design and sequencing

Degenerate primers were designed taking cues from the
sequence information on the highly conserved domains of the
brachyuran crabs such as U. pugilator, G. lateralis, C. maenas, C. sapi-
dus, S. paramamosain and P. trituberculatus retrieved from GenBank
(Table 1). Accordingly, the following sets of degenerate oligos (Sets
1–4) were constructed as primers, targeting the putative DBD,
hinge, LBD and the 30 non-translated region that immediately
succeeds the LBD.

For DBD:
The primers (Set 1) for putative MmEcR DBD were:
Forward 50-TGY GGY GAY MGN GCY TCY GGY TAY C-30 and
Reverse: 50-CAT RCC SAC RTT SAG RCA YTT YTT-30.
For LBD:
The primers (Set 2) for the putative MmEcR LBD were:
Forward 50-CAA GAA SAG TTT GAR CAG CCA-30 and
Reverse 50-GTC CCA MAT TTC KGC MAY GAA-30.
For Hinge:
The primers (Set 3) for putative MmEcR LBD were:
Forward – 50-GTG ACA TGG ACA TGT ATA TGC GAT GCA A-30 and
Reverse – 50-TAT GTG CCT GAA TCT CAT GTC ACT TGT ATC-30.
Here, the forward primer was designed taking cues from the
posterior part of the MmEcR DBD, and the reverse primer was
designed from the anterior part of the LBD.

With a view to ensure complete sequencing information on the
E Domain, another primer (Set 4) was designed targeting the pos-
terior part of the E Domain (forward) and the anterior part of the 30

non-translated (reverse), as shown hereunder:
Forward – 50-CTT GCT GAA ATT TGG GAC GTC TCC GGA T-30

and Reverse – 50-TGT CAA TAC GCK AAC CAR CTT CAT AAT A-30,
(Y = C/T, M = A/C, R = G/A, K = G/T, S = G/C N = A/G/T/C).

PCR reactions were carried out with 10 mM Tris–HCl buffer (pH
9.0), 1 U Taq polymerase (Bangalore Genei), 0.25 mM dNTPs (Ban-
galore Genei), and the primer sets given above (Integrated DNA
Technologies, USA) (1 lM each).

The PCR reactions had the following cycles:
Primer Set 1 (for MmEcR DBD): initial denaturation (94 �C,

3 min), followed by 30 cycles of denaturation (94 �C, 30 s); anneal-
ing (52 �C, 20 s) and elongation (72 �C, 3 min), followed by 10 min
of final extension (72 �C).

Primer Set 2 (for MmEcR LBD): initial denaturation (94 �C,
3 min) was followed by 35 cycles of denaturation (94 �C, 30 s),
annealing (60 �C, 45 s), and elongation (72 �C, 3 min), followed by
final extension (72 �C, 10 min).
Table 1
List of brachyurans with their respective accession numbers of EcR sequences.

Sl. no. Organism GenBank Acc No. for
the functional domain

1. Uca pugilator AF034086
2. Callinectes sapidus HQ630859
3. Gecarcinus lateralis AY642975
4. Portunus trituberculatus JQ250795
5. Carcinus maenas AY496927
6. Scylla paramamosain JQ821372
Primer Set 3 (for MmEcR Hinge): initial denaturation (94 �C,
3 min), followed by 35 cycles of denaturation (94 �C, 30 s);
annealing (56 �C, 30 s) and elongation (72 �C, 3 min), followed by
final extension (72 �C, 10 min).

Primer Set 4 (posterior MmEcR LBD and the proximal 30 non-
translated region that immediately succeeds LBD): Initial denatur-
ation (94 �C, 3 min), followed by 32 cycles of denaturation (94 �C,
30 s), annealing (57 �C, 30 s) and elongation (72 �C, 3 min), and a
final extension (72 �C, 10 min).

The PCR products were resolved through 1.5% agarose gel elec-
trophoresis and purified using Qiaquick gel extraction (Qiagen) kit.
The purified fragments were sequenced on a DNA sequencer (ABI
3130 Genetic Analyzer).

2.5. Sequence alignment and phylogenetic analyses

BLAST alignment was performed to assess the sequence similar-
ity with other crustaceans and its phylogenic allies (insects, for
instance). Multiple sequence alignments were also generated for
the sequence using ClustalW, and translated into amino acid
sequences using the Expasy translate tool. The phylogenic tree
was constructed using maximum likelihood method (MEGA ver-
sion 4.0 Software) and branch support was estimated by bootstrap-
ping for 1000 replicates.

2.6. Protein structure modeling and docking analysis

Homology modeling and structural validation of MmEcR LBD
was carried out using SWISS MODEL workspace and RAMPAGE
(Lovell et al., 2002; Bordoli et al., 2009) using EcR LBD of Tribolium
castaneum (PDB ID: 2NXX) as the template. The constructed mod-
els were subjected to energy minimization by steepest descent,
using GROMOS96 53a6 force field. The ligand structure was down-
loaded from PubChem (Feldman et al., 2006) in SMILE string for-
mat and converted to protein databank (PDB) format using
CORINA (Gasteiger et al., 1990). Docking and interaction analysis
of MmEcR LBD were performed using Autodock 4.2. Lamarckian
genetic algorithm (numbers of run, 30; population size, 150; max-
imum number of energy evaluations, 25,000,000; number of gen-
erations, 27,000; rate of gene mutation, 0.02; rate of cross over,
0.8) was used as a search parameter. Short range van der Waals
and electrostatic interactions, hydrogen bonding, entropy losses
were included for energy based Autodock scoring function
(Morris et al., 1998). Docking was carried out using grid size 84,
82 and 56 along the X, Y and Z-axes with 0.375 Å spacing. RMS
cluster tolerance was set to 2.0 Å. All the protein and ligand struc-
tural images were generated using Pymol (DeLano, 2002).

2.7. Quantitative real-time PCR (qPCR) analyses of MmEcR LBD
expression in the ovary and hepatopancreas (standard-curve method)

RNA-primed cDNA was generated from the ovary and the hepa-
topancreas at various stages of molt and ovarian growth, and were
collected in triplicate for assaying the levels of MmEcR expression
using qPCR (Applied Biosystems 7500) [RNA extraction and cDNA
synthesis were performed as described above].

For MmEcR, the primers Rt-MmEcR-F (50-CAAGAAGAGTTTGAG-
CAGCCAA-30) and Rt-MmEcR-R (50-GTCCCAAATTTCAGCAAGAAA-
30) were used. b-actin gene was used as the endogenous control
for the qPCR inasmuch as it has been widely used for gene expres-
sion studies in crustaceans (Asazuma et al., 2007; Guo et al., 2011;
Zhang et al., 2011a; Sun et al., 2012; Wang et al., 2012; Shen et al.,
2013). Amplicon of b-actin cDNA was PCR generated using the for-
ward primer MmACTIN-F (50-GCATCCACGAGACCACTTACA-30) and
the reverse primer MmACTIN-R (and 50-CTCCTGCTTGCTGATCCA-
CATC-30), sequenced and submitted in GenBank (Accession
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Number: KF010836). For both MmEcR and b-actin, the primers
were designed using the Invitrogen perfect primer (https://tools.
lifetechnologies.com/content.cfm?pageid=9716&icid=fr-oligo-6?CID=
fl-oligoperfect). The MmEcR LBD and b-actin cDNA amplicons gener-
ated by qPCR, were gel-separated, sequenced and found identical
with the original (PCR amplified) sequences, to ensure credibility
of the results. qPCR amplicons were gel separated, and gel-
documented (Fig. 6) to validate stable expression of actin gene
Fig. 1. Nucleotide and the deduced amino acid sequences from MmEcR; ORF is shaded
underlined. The five amino acid residues of MmEcR LBD (marked in bold and bracket
uppercased. (For interpretation of the references to color in this figure legend, the reade
between samples. A serial ten-fold dilution was used to prepare
the standard curve with a view to determine the amplification effi-
ciency of triplicate primer pairs. Amplifications were carried out at
a final volume of 20 lL, containing 4 lL diluted cDNA, 10 lL
2XSYBR green qPCR Master Mix (Applied Biosystems), 2 lL of each
primer and 4 lL H2O. The thermal profile for SYBR Green qPCR was
95 �C for 2 min followed by 40 cycles of 95 �C for 10 s, 60 �C for 20 s
and 72 �C for 40 s (ABI 7500 System). qPCR reactions were
green, putative DBD sequences are single underlined and those of LBD are double
ed) that are non-identical with that of U. pugilator; primers for each domain are
r is referred to the web version of this article.)

https://tools.lifetechnologies.com/content.cfm?pageid=9716%26icid=fr-oligo-6?CID=fl-oligoperfect
https://tools.lifetechnologies.com/content.cfm?pageid=9716%26icid=fr-oligo-6?CID=fl-oligoperfect
https://tools.lifetechnologies.com/content.cfm?pageid=9716%26icid=fr-oligo-6?CID=fl-oligoperfect
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performed in triplicate for each sample to ensure reproducibility of
results. Six such samples (in triplicate) from each stage of molting
and/or reproduction were considered for the gene expression stud-
ies. cDNA melts run was performed for constructing the melt curve
Fig. 2. ClustalW alignments of MmEcR with those of other brachyurans; the conserved act
between Uca and Metopograpsus is shaded dark gray; (⁄) conserved amino acids, (:) non
separately for MmEcR and b-actin to ensure accuracy of the results.
Relative gene expression was normalized against Ct values for the
housekeeping (b-actin) gene. Results were represented as ratio of
copy numbers of MmEcR to those of actin.
ive binding sites (amino acids involved) are highlighted in light gray; the differences
-synonymous mutations.



44 S. Shyamal et al. / General and Comparative Endocrinology 211 (2015) 39–51
2.8. Statistical analysis

All results represent mean ± 1 SE (n = 6). InStat 3 program
(GraphPad 2.0 Software, Inc.) was used to evaluate the statistical
significance of the results. Where the data did not show a normal
distribution, they were analyzed using ANOVA (F-test). In all cases,
statistical significance was accepted at P < 0.05.
3. Results

3.1. cDNA cloning and sequence analysis of MmEcR

With Primer Set 1 (targeting the MmEcR DBD), the amplicon
obtained was 189 bp. With the Primer Set 2 (targeting the LBD),
the amplicon was 654 bp; with Primer Set 3 (targeting the linker),
the amplicon was of 328 bp in size. With Primer Set 4 (designed
Fig. 3. Consensus maximum likelihood tree based on the sequences of EcR from differ
accession numbers are indicated beside the organism name.
out of the posterior part of LBD (forward) and 30 non-translated
region (reverse), the amplicon was 390 bp in size (Fig. 1).
3.2. Blast and ClustalW alignments for precise identification of the
domains

BLAST alignment of the results of sequencing the amplicons
(GenBank Accession number: KF010835, Figs. 1 and 3) revealed
that MmEcR (C, D, E and 30 non-translated conserved region put
together), show maximum (88%) identity with EcR of the fiddler
crab, U. pugilator, to be succeeded by E. sinensis (87%), S. parama-
mosain (87%), G. lateralis (83%), P. trituberculatus (83%), C. sapidus
(81%) and C. maenas (81%) in decreasing order (Table 2). Having
shown the maximum identity, the sequence from U. pugilator
(UpEcR) was chosen for ClustalW alignment with that of MmEcR
for precise identification of the domains in question. Accordingly,
ent species. The numbers at the forks indicate the bootstrap (1000). The GenBank



Table 2
Results of comparison of nucleotides of various domains of MmEcR with those of other brachyuran crabs.

Species Instances of non identity Identity % with respect to specific domains Identity % of EcR (total)

DBD Hinge LBD DBD Hinge LBD

Uca pugilator (UpEcR) nt 22/189 34/222 78/654 88.3 84.6 88 88
aa 0 1 5 100 99 98 98

Eriocheir sinensis (EpEcR) nt 22/189 34/222 90/654 88.3 84.6 86.2 87
aa 0 1 5 100 99 98 93

Scylla paramamosain (SpEcR) nt 27/189 36/222 90/654 85.7 83.7 86.2 87
aa 0 1 5 100 99 98 94

Gecarcinus lateralis (GlEcR) nt 11/189 34/222 72/633 94.1 84.6 88 83
aa 0 1 5 100 99 98 93

Portunus trituberculatus (PtEcR) nt 24/189 35/222 99/654 87.3 84.2 84.8 83
aa 0 1 5 100 99 98 88

Callinectes sapidus (CsEcR) nt 26/189 36/222 156/654 86.2 83.7 76.1 81
aa 0 1 5 100 99 98 83

Carcinus maenas (CmEcR) nt 13/189 37/222 91/633 93.1 83.3 85.6 81
aa 0 1 5 100 99 98 76
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the C, D and E domains were seen to be composed of 189 bp,
222 bp and 654 bp respectively (Figs. 1 and 2).
3.3. Sequence comparison and phylogenetic tree

Phylogenetic tree analysis based on the maximum likelihood
method (MEGA 4 software-Version 4; Tamura et al., 2007),
revealed the extent of phylogenic proximity of MmEcR to other
crustaceans and some non-crustacean groups as well. Bootstrap
analysis with 1000 replicates for each branch position was used
to assess support for nodes in the tree (Felsenstein, 1985)
(Fig. 3). BLAST alignments of the MmEcR sequences revealed 75–
80% identity with a number of insects (viz: T. castaneum, Locusta
migratoria and Blattella germanica).

As we compare the nucleotide sequences of MmEcR LBD with
other brachyuran crabs, UpEcR LBD appears to be the closest, the
other species in the decreasing order of relatedness are, G. lateralis,
E. sinensis, S. paramamosain, C. maenas, P. trituberculatus and C. sapi-
dus (Table 2). BLAST–ClustalW alignments grouped the MmEcR
sequence with those of the other seven brachyuran species
(Fig. 2). Here again, since it is well characterized and shows close
sequence identity, UpEcR was used for detailed comparisons. The
linker (D) domain of MmEcR, differs from that of UpEcR in terms
of 34 bps and one coding amino acid [i.e., Proline (P) 93 in M. mes-
sor replaces serine in UpEcR] (Fig. 1). It is unclear if this substitution
would affect the function of the gene. In the other 6 species, how-
ever, the percentage of identity gets reduced, i.e., to 84.6% in E. sin-
ensis and G. lateralis, 84.2% in P. trituberculatus, 83.7% in
S. paramamosain and C. sapidus, and 83.3% in C. maenas (Table 2).
The four amino acid indel seen between species has been shown
to be due to a variable exon which can be inserted as a conse-
quence of differential splicing of the UpEcR gene (Chung et al.,
1998a; Durica et al., unpub. data).

Our comparisons between the EcR LBDs of the two species
revealed the existence of differences with respect to five amino
acids [i.e., Glycine (G) 192, Glutamine (Q) 249, Tyrosine (Y) 257,
Valine (V) 275 and Lysine (K) 306 of MmEcR LBD being replaced
by Alanine, Glutamic acid, Serine, Alanine and Asparagine of UpEcR
LBD] (Fig. 2). Discrepancies in the amino acid sequences of LBD
with respect to the other (six) brachyuran species are also shown
in Fig. 2. We next examined if these differences in amino acid
sequences could affect the binding of the ligand (ecdysteroid)
through in silico docking studies involving the LBDs and 3D-mod-
eled 20E.
3.4. 3D modeling of the MmEcR LBD and its comparison with UpEcR
LBD

As no report is available on the X-ray crystallography of a crus-
tacean EcR, we used the EcR LBD of T. castaneum (PDB ID: 2NXX) as
the template for generating the 3D model for MmEcR LBD (Fig. 4A).
The alignment of the modeled MmEcR LBD was held starting from
nucleotide residue 412–1065 (654 bp) of T. castaneum, spanning its
entire LBD. The model with the tightest geometrical restraints on
the Ca positions was obtained by the SWISS MODEL workspace.
RAMPAGE was used to validate the modelled structure. Ramachan-
dran plots for MmEcR LBD and UpEcR LBD showed 88.7% and 89.2%
(respectively) in the core region or in the allowed region, while the
remaining 10.3% and 9.9% of the residues (respectively) in the gen-
erously allowed region (1.0%); no residue in the disallowed region
was plotted in either of the cases (Table 3).

3.5. Protein ligand interaction

Results of our docking analysis indicate a favorable ligand bind-
ing pocket for binding of the (ligand) 20E with both MmEcR LBD
and UpEcR LBD (Figs. 4 and 5). Furthermore, the amino acid resi-
dues (Glutamine5, Threonine36, Methionine73, Arginine76 and
Asparagine195) at the hormone binding site (LBD) that interacts
with 20E were seen to be the same in both the species (Figs. 4C
and 5C) which in turn reveals that in spite of the differences in
(five) amino acids in the LBD, binding of 20E (ligand) occurs effi-
ciently in both models (binding energy for MmEcR LBD and UpEcR
LBD, being �11.2 and �10.91 kcal/mol respectively; Figs. 4C and
5C).

3.6. Fluctuations in the MmEcR LBD expression

Results of the qPCR (standard curve method) analysis reveal
that the MmEcR LBD expression fluctuates with seasons and varies
with tissues. Of the two tissues examined, the hepatopancreas has
shown higher mRNA abundance levels than ovary during molt
stages (F = 88.036 for Stage D2; F = 476.15 for Stage D4;
P < 0.0001) (Fig. 7A and B). Steady state mRNA expression was
maximum in those females undergoing premolt during January –
May; among premolt crabs, expression was more at D4 stage, than
those at D2/D3 stages (Fig. 7A and B). EcR transcript levels were
also examined in a subset of intermolt females engaged in breeding
activity (evidenced by the occurrence of growing ovaries) during
January–May. The breeding females were classified into ‘‘mid’’



Fig. 4. (A) Protein–ligand interaction to demonstrate the binding of 20E with the LBD of Metopograpsus messor, (B) Surface model zoomed up to 6 Å, (C) active binding sites of
20E, Ligplot results.
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and ‘‘late’’ stages of reproduction based upon morphological crite-
ria (see Section 2 for details). The mRNA expression in the two tis-
sues in question did not differ significantly (F = 6.844; P = 0.5782
for ovary; F = 5.949, P = 0.4296) with respect to (mid or late) stages
of reproduction regardless of the time of the year. The levels of
mRNA expression in both the tissues were significantly
(F = 137.12, P < 0.0001 for ovary; F = 276.15, P < 0.0001 for hepato-
pancreas) lower in intermolt (breeding) females than premolt
females. During molt reproduction repose (June-July), however,
the expression was at its lowest levels (in the two tissues exam-
ined) compared to those of the breeding (August–December) and
the molt–reproduction (January–May) seasons (Fig. 7A and B).
The differences between premolt, breeding and repose animals
were statistically significant (P < 0.0001).
4. Discussion

This report provides sequence and structural information on the
functional domains of the EcR gene in M. messor, for the first time
from a grapsid crab. The EcR (LBD) expression studies performed in
relation to seasons of growth and reproduction, first of its kind
from a crustacean, examines whether receptor synthesis correlates
with ovarian maturation, i.e. whether the crustacean ovary is a
putative target of ecdysteroids. Addressing this question is seem-
ingly imperative to have a better understanding on the role (if
any) of ecdysteroids in crustacean reproduction, a subject of debate
for the past several years (Subramoniam, 2000; Hansen et al.,
2008; Nagaraju, 2011 for review).

Premolt in M. messor is temporally separated with reproduction
(premolt females do not undergo ovarian maturation) (Sudha and
Anilkumar, 1996, 2007), a situation that prompts us to think that
high circulating ecdysteroid titers may not be essential for success-
ful ovarian growth (or potentially inhibitory). The de-eyestalking
experiments conducted in our laboratory have, however, shown
that (precocious) yolk deposition can occur even at a high titer of
ecdysteroids in brachyuran crabs, suggesting that premolt ecdy-
steroid titer would not restrain ovarian growth (Anilkumar and
Adiyodi, 1980; Sudha and Anilkumar, 2007). Significantly, the
results of our present qPCR experiments on EcR gene expression
performed throughout the annual cycle, add to our understanding
on the subject: Firstly, it suggests that the ovary of M. messor is a
target of ecdysteroid signalling, evidenced by the tissue’s expres-
sion for EcR mRNA. Secondly, but importantly, it reveals (for the
first time in a crustacean) that the receptor (EcR) gene expression
fluctuates significantly in response to seasons of growth and



Table 3
Ramachandran plot statistics.

Species Residues in most
favoured regions (%)

Additional allowed
regions (%)

Generously allowed
regions (%)

Binding energy
(kcal/mol)

Hydrogen bonds

Metopograpsus messor 88.7 10.3 1 �11.26 Glutamine5, Threonine36, Methionine73,
Arginine76, Asparagine195

Uca pugilator 89.2 9.9 1 �10.91 Glutamine5, Threonine36, Methionine73,
Arginine76, Asparagine195

Callinectes sapidus 87.9 11.6 0.5 �9.79 Glutamine5, Threonine36, Methionine73,
Arginine76, Asparagine195

Carcinus maenas 89.8 9.7 0.5 �13.45 Glutamine5, Threonine36, Methionine73,
Arginine76, Asparagine195

Gecarcinus lateralis 89.8 9.7 0.5 �11.74 Glutamine5, Threonine36, Methionine73,
Arginine76, Asparagine195

Eriocheir sinensis 90.0 9.5 0.5 �13.42 Glutamine5, Threonine36, Methionine73,
Arginine76, Asparagine195

Scylla paramamosain 87.8 11.7 0.5 �12.81 Glutamine5, Threonine36, Methionine73,
Arginine76, Asparagine195

Portunus trituberculatus 87.8 11.7 0.5 �9.93 Glutamine5, Threonine36, Methionine73,
Arginine76, Asparagine195
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reproduction; the expression is more in breeding crabs (August–
December and January–May seasons) than those of the non-breed-
ing ones (June–July seasons), an observation suggestive of a possi-
ble role of ecdysteroids in breeding (ovarian growth) in M. messor.
This in turn would mean that the growing ovaries (breeding sea-
son) respond to ecdysteroids better than the inactive (non-vitello-
genic) ones (June–July season). This result is consistent with a
recent, (molt–reproductive) season-dependent study on the Y-
organ’s secretory cycle, examining the fluctuations of ecdysteroid
titer of the same species (M. messor): the hemolymph ecdysteroid
titer and the Y organ secretory activity were more active during
breeding season (August–December) than during June–July, when
none of the females would engage in reproduction (Shyamal
et al., 2014).

Relative to other arthropods such as insects, the exact nature of
the involvement of the ecdysteroid hormone in crustacean repro-
duction is still speculative. In insects, particularly in model systems
where mutational analysis and targeted gene knockdown is possi-
ble, ecdysteroid signalling is known to influence both growth
(molt) and reproduction. The involvement of the EcR gene in larval
molting and metamorphosis was demonstrated in Drosophila dur-
ing the late 1990s (Bender et al., 1997; Schubiger et al., 1998). Sub-
sequently, the possible role of EcR in egg maturation and its link to
adult energy/nutrient status has also been proposed; inadequacy in
EcR expression was shown to cause defective ovarian differentia-
tion in Drosophila, egg degeneration and increased resistance to
starvation (Carney and Bender, 2000; Roumani et al., 2009;
Schwedes and Carney, 2012 for review). Further research has also
implicated ecdysteroid regulation of reproduction in various insect
groups (Xu et al., 2010; Fahrbach et al., 2012); studies by
Parthasarathy et al. (2010a, 2010b) indicate direct links to oocyte
and follicle cell development and indirect involvement of ecdyster-
oids in vitellogenin synthesis in the flour beetle, T. castaneum.
Investigations have also proven that the regulatory mechanisms
of insect reproduction are driven jointly by ecdysteroid, the ste-
roid, and juvenile hormone (JH), the terpenoid. Pertinently, the
recent experiments performed on Drosophila and Tribolium throw
light on the putative receptor for the terpenoid hormone (JH) in
insects. A product of Methoprene-tolerant (Met) gene belonging
to the bHLH – (basic-helix-loop-helix) – PAS (Per–Arnt–Sim) fam-
ily of transcription factors, suggested to be a putative receptor for
JH, has been isolated from Drosophila (Dubrovsky et al., 2000). In
vitro-synthesized Drosophila Met protein has been shown to have
a high affinity binding with JH III (Miura et al., 2005). Subsequent
experiments have clearly shown that the Met dimerizes (rather
obligately) with steroid receptor coactivator (SRC) and act as a
major JH receptor (Li et al., 2011; Zhang et al., 2011b; Charles
et al., 2011; Dubrovsky and Bernardo, 2014 for review). The SRC
in turn is shown to interact with EcR in a ligand dependent man-
ner, thereby working as co-activator for ecdysone signaling in
insects (Bai et al., 2000; Yamanaka et al., 2013). It could be hypoth-
esized that a comparable situation might exist in crustaceans as
well. Significantly, of late, a Met homolog was identified in the cla-
doceran crustaceans such as Daphnia pulex and D. magna, and like
insects, Met was found to interact with crustacean homolog of SRC
in presence of JH III (LeBlanc et al., 2013; Miyakawa et al., 2013,
2014). In crustaceans, however, it may be recalled that the circulat-
ing farnesoate (terpenoid) is MF rather than JH III (Nagaraju, 2011).
Interestingly, the Met/SRC interaction was found to be 10 times
more sensitive to MF than to JH III (Miyakawa et al., 2013), sug-
gesting that MF could be the natural ligand for Met in crustaceans.
A Met gene ortholog has recently been identified in U. pugilator as
well (Durica et al., unpub. data). More studies, however, are
required to resolve clearly how ecdysteroid signalling interfaces
with terpenoid signaling pathways in crustacean oogenesis and
vitellogenesis.

The hepatopancreas of M. messor also demonstrates the pres-
ence of mRNA encoding EcR. Being a storage depot for organic
reserves to be mobilised for molt and reproduction, crustacean
hepatopancreas could very well be a target for ecdysteroid hor-
mone. This contention is supported by a recent study performed
on the freshwater prawn Macrobrachium nipponense, wherein
hepatopancreas was shown to have four-fold increase in the EcR
gene expression during premolt, compared to that of the intermolt
(Shen et al., 2013).

In the present paper, we have identified non-synonymous sub-
stitutions and addressed if these non-synonymous substitutions
would affect binding efficiency of the ligand (20E) with the MmEcR
LBD. The results of our docking analysis (Autodock 4.2) demon-
strate that the MmEcR LBD binds well (with a binding energy of
�11.26 kcal/mol, Fig. 4, and Table 3) with the 20E, akin to what
is seen in UpEcR (binding energy of �10.91 kcal/mol Fig. 5), indi-
cating that these substitutions would not affect the binding of
the ligand. Significantly, in both MmEcR LBD and UpEcR LBD, Thre-
onine36, Glutamine5, Methionine73, Arginine76 and Aspara-
gine195 are the constituent amino acids that are pivotal to the
binding (Figs. 4C and 5C). Studies conducted in our laboratory have
further shown that these five constituent amino acids are con-
served in the other (six) brachyurans as well (Shyamal et al.,
unpub. data). This result indicates that the efficacy of binding (of



Fig. 5. (A) Protein–ligand interaction to demonstrate the binding of 20E with the LBD of Uca pugilator, (B) surface model zoomed up to 6 Å, (C) active binding sites of 20E,
Ligplot results.
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20E with LBD) would be unaffected if these (five conserved) amino
acids remain unchanged.

The existence of non-synonymous substitutions observed in the
MmEcR LBD also prompts us to suggest for a possible functional
plasticity for the domain. This contention is being made in light
of the fact that such non-synonymous substitutions have been sug-
gested to offer functional flexibility to the organism in question
inasmuch as it could allow the receptor to bind even with non-ste-
roid molecules (Kumar et al., 2004; Hermkens et al., 2006;
Fahrbach et al., 2012). Further, the plasticity hitherto reported in
vertebrates and several arthropods including insects and ticks, is
also considered to have evolutionary significance as it could help
the organism in accommodating variable selective pressures and
functional shifts (Iwema et al., 2007; Arterbery et al., 2011).

The phylogeny analysis (carried out through maximum likeli-
hood method) using the BLAST and ClustalW (Fig. 3) showed the
alignment with seven brachyuran species in relation to other
arthropods. Interestingly, our phylogenetic analysis showed the
cladoceran Daphnia clustering with myriapods and ticks rather
than crustaceans, whereas all the other crustaceans were seen
clustered in the same domain (Fig. 3). In a recent sequence study
on the EcR of C. sapidus (Sirinart and Chung, 2013), Daphnia also
clustered more towards insects. Four of the seven sequenced
brachyuran ecdysteroid receptor genes belong to the Portunidae
family, evolutionarily quite distant from grapsids. The sole
representation from the Gecarcinidae family (G. lateralis) appears
to be closer to M. messor, than that of Portunidae. Significantly,
M. messor, E. sinensis and U. pugilator share comparable eco-
habitats (intertidal zone, estuaries and marshy places), whereas
the portunids (S. paramamosain, C. sapidus, P. trituberculatus)
generally are purely marine.
5. Concluding remarks

This study provides information for the first time on the ecdy-
steroid receptor gene from a grapsid crab, and documents (for
the first time in a crustacean) the fluctuating levels of EcR gene
expression in response to seasons of molt and reproduction. The
study identifies the ovary of this brachyuran crab as a putative
ecdysteroid target, as the tissue expresses the EcR gene; and we
have demonstrated that the ovaries of breeding crabs exhibit
higher EcR steady state transcript levels than the ovaries of non-
breeding animals, implicating a possible ecdysteroid role in repro-
duction. A steroid (20E)–terpenoid (MF) cascade of events, as has
been demonstrated in insects, could arguably be an appropriate
model for crustaceans as well. A recent RNAi knockdown of EcR
and RXR (Das and Durica, 2013) conducted in U. pugilator has
resulted in disrupting the mRNA levels, leading to growth arrest
in limb regeneration. The ability to monitor for phenotypic effects



Fig. 6. The electrophorogram of the amplicons of MmEcR LBD and Beta actin in relation to the stages of molt and reproduction.

Fig. 7. Relative mRNA expression levels in the MmEcR LBD of hepatopancreas (A) and ovary (B) in comparison to that of b-actin expression. D4/Jan–May shows the maximum
activity which further reduces in the D2–D3/Jan–May stages. The expression level further reduced in the reproductive stages (Rep/Jan–May, Rep/Aug–Dec) and the least
activity was seen in the inactive season (Jun–July), but a considerable high amount of expression was observed in the reproductive stages than that of the inactive Jun–July
stage. (Mid Rep:mid reproductive stages, Late Rep: late reproductive stages, D2–D3: Molt stages).
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following topical administration of the hormone in question (20E),
and/or receptor knockdown could be an appropriate strategy to
examine the role of these endocrine pathways on the interplay of
growth and reproduction in crustaceans.
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