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A B S T R A C T

Endocrine control of molting in decapod crustaceans involves the eyestalk neurosecretory center (X-organ/sinus
gland complex), regenerating limbs, and a pair of Y-organs (YOs), as molting is induced by eyestalk ablation or
multiple leg autotomy and suspended in early premolt by limb bud autotomy. Molt-inhibiting hormone (MIH)
and crustacean hyperglycemic hormone (CHH), produced in the X-organ/sinus gland complex, inhibit the YO.
The YO transitions through four physiological states over the molt cycle: basal in intermolt; activated in early
premolt; committed in mid- and late premolt; and repressed in postmolt. We assembled the first comprehensive
YO transcriptome over the molt cycle in the land crab, Gecarcinus lateralis, showing that as many as 23 signaling
pathways may interact in controlling ecdysteroidogenesis. A proposed model of the MIH/cyclic nucleotide
pathway, which maintains the basal YO, consists of cAMP/Ca2+ triggering and nitric oxide (NO)/cGMP sum-
mation phases. Mechanistic target of rapamycin (mTOR) signaling is required for YO activation in early premolt
and affects the mRNA levels of thousands of genes. Transforming Growth Factor-β (TGFβ)/Activin signaling is
required for YO commitment in mid-premolt and high ecdysteroid titers at the end of premolt may trigger YO
repression. The G. lateralis YO expresses 99 G protein-coupled receptors, three of which are putative receptors for
MIH/CHH. Proteomic analysis shows the importance of radical oxygen species scavenging, cytoskeleton, vesi-
cular secretion, immune response, and protein homeostasis and turnover proteins associated with YO function
over the molt cycle. In addition to eyestalk ganglia, MIH mRNA and protein are present in brain, optic nerve,
ventral nerve cord, and thoracic ganglion, suggesting that they are secondary sources of MIH. Down-regulation
of mTOR signaling genes, in particular Ras homolog enriched in brain or Rheb, compensates for the effects of
elevated temperature in the YO, heart, and eyestalk ganglia in juvenile Metacarcinus magister. Rheb expression
increases in the activated and committed YO. These data suggest that mTOR plays a central role in mediating
molt regulation by physiological and environmental factors.

1. Introduction

The phenomenon of molting in decapod crustaceans has fascinated
biologists for centuries, extending back to the first published descrip-
tions of ecdysis in crayfish by Reamur in 1718 (Reamur, 1718a, b).
Advances during the last half of the 20th century established the fra-
mework for molecular mechanisms of endocrine control. These studies
often used a gene-by-gene approach and relied on RT-PCR cloning of
known genes. More recently, high throughput RNA sequencing tech-
nology (RNA-seq), in concert with de novo assembly and gene annota-
tion tools, ushered in a new era in which it is now possible to obtain
sequences of every transcript expressed in a tissue at any moment in
any organism (Das and Mykles, 2016; Mykles et al., 2016).

This review emphasizes research published since our 2011 review

(Chang and Mykles, 2011). The reader is referred to previous review
articles, cited in Chang and Mykles (2011) and Covi et al. (2009, 2012),
which cover the earlier research in greater depth. Advances in tran-
scriptomics and proteomics have given us new insights into the phe-
notypic plasticity of the Y-organ (YO), as well as served as tools of
discovery of signaling pathways that integrate physiological and en-
vironmental factors that control YO ecdysteroidogenesis.

2. Overview of crustacean molting and its control

Ecdysis or exuviation, the active shedding of the exoskeleton, marks
a pivotal event in organismal growth of crustaceans and other ar-
thropods. Molting, as defined here, encompasses the preparatory events
leading to ecdysis, ecdysis, and the events following ecdysis. These
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events, which are initiated and coordinated by ecdysteroids synthesized
by the YO, define the stages of the molt cycle (Table 1). The molt cycle
is divided into four major stages: anecdysis (intermolt or stage C4),
proecdysis (premolt or stage D), ecdysis (E), and metecdysis (postmolt)
(Drach, 1939; Spindler et al., 1974). Premolt is further divided into
early (stage D0), mid (stage D1), and late (stages D2, D3, and D4) sub-
stages. Postmolt is further divided into A1-2, B1-2, and C1-3 substages
(Drach and Tchernigovtzeff, 1967; Skinner, 1962). During premolt, the
outer two layers (epicuticle and exocuticle) of the new exoskeleton are
synthesized, the inner layers (membranous layer and endocuticle) of
the old exoskeleton are degraded, calcium is resorbed from the old
exoskeleton and stored in gastroliths and/or as concretions in the he-
patopancreas, the claw closer muscle atrophies, and regenerates of
autotomized appendages grow (Hopkins and Das, 2015; McCarthy and
Skinner, 1977; Mykles, 2001; Skinner, 1985). The reduced size of the
closer muscle facilitates withdrawal of the claws at ecdysis (Mykles and
Medler, 2015). Ecdysis, which is triggered by a rapid drop in hemo-
lymph ecdysteroid titers at the end of premolt, begins with the swal-
lowing of water in aquatic species or air in terrestrial species to expand
the stomach and lift the carapace (Cheng and Chang, 1991; Mykles,
1980, 2011; Skinner, 1985). Immediately after ecdysis, the internal
hydrostatic pressure from continued water or air swallowing expands
the new exoskeleton and supports movement until the exoskeleton is
sufficiently hardened (Mykles, 1980; Taylor and Kier, 2003, 2006). In
aquatic marine species, such as American lobster (Homarus americanus),

hemolymph volume expands from the isosmotic transport of water by
the intestine (Mykles, 1980). For terrestrial species, such as the black-
back land crab, Gecarcinus lateralis, hemolymph volume expansion re-
sults from imbibing water, diet, and/or water uptake from the substrate
via the gills (Bliss, 1979). Hemolymph ecdysteroid levels are lowest
during postmolt (Mykles, 2011). The combination of hemolymph ec-
dysteroid titer, limb bud size as expressed by the regeneration (R)
index, and the structure of the exoskeleton and underlying epithelium
are used to determine the molt stage (Table 1) (Covi et al., 2010;
Mykles, 2011; Skinner, 1962; Snyder and Chang, 1991; Yu et al., 2002).

Molting is induced in many decapods by multiple leg autotomy
(MLA) or by eyestalk ablation (ESA). Both methods have been used for
decades to stimulate precocious molts in intermolt animals (Smith,
1940; Zeleny, 1905). ESA removes the primary source of molt-in-
hibiting hormone (MIH), resulting in immediate YO activation and
entry into premolt by one day post-ESA (Chang and Bruce, 1980; Chang
and Mykles, 2011; Covi et al., 2010). In G. lateralis, adult animals reach
ecdysis about three weeks post-ESA, but usually fail to exuviate suc-
cessfully (Covi et al., 2010). By contrast, eyestalk-ablated juvenile H.
americanus and young crayfish successfully molt and show shortened
molt intervals over multiple molt cycles, resulting in accelerated growth
(Chang, 1985, 1989; Smith, 1940). Decapods can regenerate appen-
dages lost to predation or injury, but they must molt to regain func-
tional limbs (Hopkins and Das, 2015). However, molting is induced
only with the loss of a sufficient number of appendages that impairs
mobility. This is particularly crucial for species living in terrestrial
habitats, which lack the neutral buoyancy of water to support the body.
In G. lateralis, autotomy of at least five walking legs stimulates molting
(Skinner and Graham, 1970, 1972). A basal regenerate forms at the
autotomy plane and remains small until the animal enters premolt,
when increasing ecdysteroid titers stimulate limb bud growth (Hopkins
and Das, 2015). Animals usually enter premolt four to six weeks after
MLA and molt about three weeks later (Covi et al., 2010; Yu et al.,
2002). In G. lateralis, limb bud autotomy (LBA) in early premolt sus-
pends molting processes two to three weeks by lowering hemolymph
ecdysteroid titers (Yu et al., 2002). This allows sufficient time for a
secondary regenerate to differentiate and grow, so that individuals molt
with a full complement of walking legs (Holland and Skinner, 1976;
Mykles, 2001; Yu et al., 2002).

The YOs synthesize hydroxylated steroid hormones (ecdysteroids)
(Mykles, 2011). The YOs are negatively regulated by the inhibitory
neuropeptides MIH and crustacean hyperglycemic hormone (CHH),
which are synthesized in the X-organ/sinus gland complex in the eye-
stalk ganglia (Hopkins, 2012; Webster, 2015a, 2015b; Webster et al.,
2012). The YO converts cholesterol obtained from the diet to 25-
deoxyecdysone (25dE) and ecdysone, depending on species, by stage 1
(e.g., Neverland, Nvd and Spook, Spo) and stage 2 (Halloween genes
Phantom, Phm; Disembodied, Dib; and Shadow, Sad) enzymes (Table 2)
(Mykles, 2011; Niwa and Niwa, 2014). A 20-hydroxyecdysone (20E)
hydroxylase, designated Shade in insects and Shed in decapods, converts
25dE and ecdysone to the active molting hormones ponasterone A and
20E, respectively (Mykles, 2011; Ventura et al., 2017, 2018). The G.
lateralis YO expresses six Shed P450 orthologs, suggesting that the YO
can secrete 20E (Swall et al., 2019). The activity of transaldolase, a
pentose phosphate pathway enzyme that generates NADPH, is corre-
lated with YO ecdysteroid synthesis and is inhibited by MIH (Lachaise
et al., 1996). As many of the ecdysteroidogenic enzymes require
NADPH, inhibition of transaldolase would be an effective mechanism
for post-translational control of ecdysteroid biosynthesis. All these
genes are expressed in the YO (Table 2) (Das et al., 2016; Shyamal
et al., 2018; Sin et al., 2014; Tom et al., 2013). The YO also expresses
ecdysteroid receptor and ecdysteroid-responsive genes (Table 2), sug-
gesting that the YO is autoregulated by ecdysteroids.

The YO transitions through four distinct physiological states over
the molt cycle; these are the basal, activated, committed, and repressed
phenotypes (Fig. 1). During intermolt, the pulsatile release of MIH

Table 1
General schedule of molt cycle events in decapod crustaceans. Modified from
Skinner (1962). R index applies to G. lateralis (Yu et al., 2002).

Molt Stage Event

Ecdysis (E) Low hemolymph ecdysteroid titers.
Active shedding of old exoskeleton.

Metecdysis (Postmolt)
A Low hemolymph ecdysteroid titers.

Continued swallowing of water or air expands new
exoskeleton and extends regenerated limbs.

B Low hemolymph ecdysteroid titers.
Endocuticle synthesis begins.

C1, C2, & C3 Low hemolymph ecdysteroid titers.
Endocuticle synthesis and calcification.
Membranous layer forms in C3.

Anecdysis (Intermolt)
C4 Low hemolymph ecdysteroid titers.

Exoskeleton fully formed and calcified.
Tissue growth & storage of organic reserves in
hepatopancreas.
Formation of basal regenerates at autotomized limbs
(R = 8–10)

Proecdysis (Premolt)
D0 (early premolt) Hemolymph ecdysteroid titers increase.

Calcium storage in gastroliths or concretions in
hepatopancreas.
Claw muscle atrophy.
Growth of primary limb regenerates (R = 12–16).
Regeneration and growth of autotomized limbs or
secondary limb regenerates.

D1 (mid premolt) Hemolymph ecdysteroid titers increase further.
Separation of epidermis from exoskeleton (apolysis).
Degradation of old exoskeleton, starting with membranous
layer.
Claw muscle atrophy continues.
Growth of limb regenerates (R = 16–24).

D2-3 (late premolt) Hemolymph ecdysteroid titers increase rapidly; reach peak
in D3.
Epicuticle and exocuticle synthesized.
Limb regenerates fully grown (R = ~24).
Hemolymph ecdysteroid titers reach peak in D3, then
decrease.

D4 Hemolymph pink from astaxanthin resorbed from
exocuticle.
Swallowing of water or air initiated.
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maintains the YO in the basal state. The basal YO secretes ecdysteroids
at low rates, maintaining low hemolymph ecdysteroid titers (Mykles,
2011). A reduction in MIH release initiates YO activation in early
premolt (stage D0). YO activation requires mechanistic target of rapa-
mycin (mTOR) activity (Abuhagr et al., 2014b, 2016). The YO hyper-
trophies to increase ecdysteroid synthetic capacity, while remaining
sensitive to MIH (Devi et al., 2015; Lachaise et al., 1993; Shyamal et al.,
2014; Smija and Sudha, 2016). The activated YO is also sensitive to
limb autotomy factor - proecdysis (LAFpro), which is produced by

secondary limb buds following LBA (Mykles, 2001; Skinner, 1985; Yu
et al., 2002). A critical decision point occurs at the end of early premolt
(stage D0), when animals become committed to molt; the YO transitions
to the committed phenotype in mid- and late premolt (Fig. 1). This
transition is mediated by transforming growth factor beta (TGFβ)/Ac-
tivin (Abuhagr et al., 2016). The committed YO is insensitive to MIH
and other inhibitory neuropeptides and has maximum ecdysteroido-
genic activity (Chang and Mykles, 2011). At the end of late premolt, the
YO transitions to the repressed phenotype, which is characterized by
very low ecdysteroidogenic activity (Fig. 1). We hypothesize that the
peak in hemolymph titer prior to ecdysis triggers the committed to
repressed transition (Chang and Mykles, 2011; Dell et al., 1999). The
YO remains in the repressed state through postmolt and returns to the
basal state by intermolt (Fig. 1).

In some decapod species, adults enter terminal anecdysis and no
longer molt. Adult green shore crab, Carcinus maenas, are refractory to
ESA and MLA (Abuhagr et al., 2014a; McDonald et al., 2011). In some
G. lateralis individuals, MLA does not induce molting; these “blocked”
animals fail to enter premolt by 12 weeks post-MLA and are refractory
to ESA (Pitts et al., 2017). A qPCR analysis suggests that the eyestalk
ganglia/YO endocrine axis is chronically inhibited in blocked animals
through increased expression of neuropeptide and mTOR signaling
genes in the eyestalk ganglia and neuropeptide signaling genes in the
YO. Six of seven neuropeptide signaling genes (Gl-MIH; Gl-CHH; Gl-
Nitric oxide synthase, Gl-NOS; Gl-Guanylyl cyclase-Iβ, Gl-GC-Iβ; Gl-GC-II;
and Gl-GC-III) are up-regulated between 82- and 390-fold and three of
four mTOR signaling genes (Gl-mTOR; Gl-Rheb; and Gl-S6 kinase, Gl-
S6K) and Gl-elongation factor 2 (EF2) are up-regulated between 220-
and 370-fold in the eyestalk ganglia (Pitts et al., 2017). The differences
in mRNA levels of neuropeptide signaling genes in the YO are even
greater between control and blocked animals. Six of 13 neuropeptide
signaling genes (Gl-Adenylyl cyclase, Gl-AC; Gl-Protein kinase A, Gl-PKA;
Gl-NOS; Gl-GC-Iβ; and Gl-Protein kinase G, Gl-PKG) are up-regulated
three to four orders of magnitude in the blocked YO (Pitts et al., 2017).
In addition, Gl-EF2 level is 250-fold higher in the blocked YO (Pitts
et al., 2017). By contrast, there are no differences in mRNA levels of
mTOR signaling genes (Gl-mTOR; Gl-Rheb; Gl-Akt; and Gl-S6K), in-
dicating that the blocked YO is not activated. Increased Gl-MIH and Gl-
CHHmRNA levels in brain and thoracic ganglion may also contribute to
the blocked state as secondary sources of these inhibitory neuropeptides
(Pitts and Mykles, 2017; Pitts et al., 2017). These results indicate that
the blocked YO constitutes a fifth phenotype that may be associated
with terminal anecdysis in some species (Fig. 1).

Table 2
Selected signaling genes identified in the G. lateralis YO transcriptome (Das et al., 2016, 2018; Shyamal et al., 2018).

Pathway Genes (Abbreviations)

MIH Adenylyl cyclases (Adcy1, 2, 9), protein kinases A & G (PKA, PKG), calmodulin (CALM), calcineurin (CALN), NO synthase (NOS), NO-
sensitive guanylyl cyclase (GC-I), cyclic nucleotide phosphodiesterases (PDEs 1, 2, 3, 4, 5, 7, 9, & 11)

mTOR mTOR, tuberous sclerosis complex (TSC), Raptor, mLST8, Rheb, PI3 kinase, phosphoinositide-dependent kinase 1 (PDK1), protein
kinase B (Akt), ribosome subunit 6 kinase (S6K), 4E-binding protein-1 (4E-BP1), FK506-binding protein-12 (FKBP12), hypoxia
inducible factor 1 (HIF1), AMP kinase (AMPK)

TGFβ Myostatin-like (Mstn), activin receptor subunit I (ACVR-I), R-Smads (Smad1, Smad2/3), Co-Smad (Smad4), I-Smad (Smad6), protein
phosphatase 2 (PP2), bone morphogenic protein (BMP), BMP and activin membrane-bound inhibitor homolog (BAMBI), follistatin

Mitogen-activated protein (MAP) kinase Growth factor receptor-bound protein (GRB), MAP kinase kinase (MEK1), MAP kinase (ERK), MAPK-activated protein kinase (MNK1/
2), cAMP response element-binding protein (CREB), c-Myc, serum response factor (SRF), Ras

Hedgehog Patched (Ptc), Smoothened (Smo), Fused (Fu), Cubitus interruptus (Ci), γ-secretase
Notch Notch, Fringe, Delta, Dishevelled (Dsh/Dvl)
Wnt (wingless/int) Wnt, Adenomatous polyposis coli (APC), β-catenin, Axin
Ecdysteroid Ecdysteroid receptor (EcR, RXR), ecdysteroid response genes [E74, E75, HR3, HR4, Broad Complex (BrC), fushi tarazu-F1 (βFtz-F1)],

ecdysteroid biosynthesis [Transaldolase (Taldo), Neverland (Nvd), Spook (Spo), Phantom (Phm), Disembodied (Dib), Shadow (Sad),
Shed]
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Fig. 1. YO regulation over the molt cycle in G. lateralis. The YO transitions
through basal, activated, committed, and repressed phenotypes at intermolt (stage
C4), early premolt (stage D0), mid/late premolt (stages D1 and D2), and postmolt
(stages A, B, and C1-3), respectively. During intermolt, MIH release from the
eyestalk X-organ/sinus gland complex maintains the YO in the basal state.
Reduced MIH release activates the YO via mTOR, which is inhibited by rapa-
mycin. TGFβ/Activin signaling, which is inhibited by SB431542, mediates YO
transition from the activated to committed phenotype. Elevated ecdysteroid
titers at the end of premolt are hypothesized to drive the transition to the re-
pressed phenotype. Some animals enter a blocked state, in which animals are
refractory to molt induction by multiple leg autotomy. Basal and activated YOs
are sensitive to MIH, CHH, and limb autotomy factor - proecdysis (LAFpro),
which is secreted by limb regenerates; committed and repressed YOs are re-
fractory to MIH, CHH, and LAFpro. Size indicates YO hypertrophy and shading
indicates relative ecdysteroidogenic activity (lowest in postmolt; highest in D2).
Modified from Das and Mykles (2016).
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3. Signaling pathways controlling phase transitions in the Y-organ

3.1. Neuropeptide signaling

Molting in decapod crustaceans is regulated by inhibitory neuro-
peptides that prevent activation of the YO. MIH is considered the main
neuropeptide that controls molting (Chang and Mykles, 2011; Webster
et al., 2012). The primary source of MIH is the X-organ/sinus complex
in the eyestalk ganglia, but MIH mRNA and peptide are expressed at
lower levels in other regions of the central nervous system, such as
brain, optic nerve, ventral nerve cord, and thoracic ganglion (Pitts and
Mykles, 2017; Stewart et al., 2013). Adults usually molt no more than
once per year, which means that MIH must be constitutively secreted
for months or years to maintain the intermolt state. What is remarkable
is that very little MIH is apparently needed to inhibit the YO. Average
concentrations of MIH in the hemolymph are below 5 fmol/ml (5 × 10-
12 M) in intermolt animals, which is too low to inhibit YO ecdyster-
oidogenesis (Chung and Webster, 2005; Nakatsuji and Sonobe, 2003,
2004; Saïdi et al., 1994; Webster, 1993). However, pulsatile release at
roughly 10-minute intervals results in a transient increase in MIH,
which quickly decreases with a half-life of ~ 5 min (Chung and
Webster, 2005).

It is generally accepted that MIH signaling is mediated by the cyclic
nucleotide second messengers cAMP and cGMP (Chang and Mykles,
2011; Covi et al., 2009, 2012). As cAMP and cGMP turnover is very
high in the cell, how is YO inhibition sustained between MIH pulses? In
2004, we were the first to characterize a cDNA encoding a calmodulin
(CaM)-dependent nitric oxide synthase (NOS) from a crustacean and
proposed a mechanistic model that arranged cAMP/Ca2+- and NO/
cGMP-dependent cassettes in series (Kim et al., 2004a). Subsequently,
the model was revised in 2011/2012 to include a putative MIH G
protein-coupled receptor (GPCR) and direct inhibition of ecdyster-
oidogenesis by chronic activation of PKA (Chang and Mykles, 2011;
Covi et al., 2012).

The MIH signaling pathway model is presented in Fig. 2. MIH sig-
naling is organized into a cAMP/Ca2+-dependent triggering phase,
which leads to prolonged activation of a NO/cGMP-dependent sum-
mation phase. MIH binds to high-affinity receptors in the YO membrane
(Chung and Webster, 2003; Webster, 1993). The MIH GPCR activates
adenylyl cyclase (AC), which converts ATP to cAMP. cAMP-dependent
protein kinase (PKA) phosphorylates a Ca2+ channel, leading to an
increase in intracellular Ca2+. CaM is a Ca2+-binding protein that al-
losterically activates NOS and calcineurin (CaN), a CaM-dependent
protein phosphatase. Phosphorylation by a variety of protein kinases
inactivates NOS (Ghimire et al., 2017). Thus, NOS is activated by a
combination of dephosphorylation by CaN and direct binding of CaM to
the CaM-binding domain in NOS (Fig. 2). NOS converts arginine to
citrulline and NO, activating a NO-dependent guanylyl cyclase (GC-I)
that converts GTP to cGMP. A constitutively active NO-independent
guanylyl cyclase (GC-III) may also play a role (Lee et al., 2007a, b). A
cGMP-dependent protein kinase (PKG) inhibits ecdysteroid synthesis,
presumably by inhibiting, either directly or indirectly, mTOR activity.
The protein substrates of PKG have not been identified.

Cyclic nucleotide phosphodiesterases (PDEs) convert cAMP and
cGMP to AMP and GMP, respectively, to reverse the actions of neuro-
peptides. Eleven PDE families have been identified in mammalian tis-
sues that differ in substrate specificity, modes of regulation, inhibitor
sensitivity, and tissue distribution (Francis et al., 2011; Peng et al.,
2018). Contigs encoding nine PDE families were identified in the G.
lateralis YO transcriptome: PDE1, 2, 3, 4, 5, 7, 8, 9, and 11 (Rifai and
Mykles, 2019). Pharmacological reagents that are selective for PDE1
and PDE5 inhibit PDE activity in crayfish YO extracts, while inhibitors
of PDE2 and PDE4 have no effect (Nakatsuji et al., 2006). PDE1 is a
Ca2+/CaM-dependent PDE that hydrolyzes both cAMP and cGMP,
while PDE5 is a cGMP-specific PDE (Fig. 2) (Francis et al., 2011; Peng
et al., 2018). PDEs are hypothesized to have two functions in the YO:

(1) YO activation in response to reduced MIH release from the sinus
gland and (2) modulating the sensitivity of the YO to neuropeptides
over the molt cycle. Reduced secretion of MIH from the sinus gland
decreases production of cAMP and cGMP; the remaining cyclic nu-
cleotides are inactivated by PDEs (Fig. 2). Consequently, suppression of
ecdysteroid synthesis and secretion by PKG is relieved, leading to the
activation of the YO. PDEs also play a role in determining the sensitivity
of the YO to neuropeptide, as an increase in PDE activity is correlated
with reduced sensitivity to MIH and CHH during mid and late premolt
(Alexander et al., 2018; Nakatsuji and Sonobe, 2004; Nakatsuji et al.,
2006).

The model is supported by experimental studies (see Covi et al.,
2012; Nakatsuji et al., 2009 for references to earlier work). First, all the
MIH signaling components are expressed in the YO (Table 2) (Das et al.,
2016, 2018; Kim et al., 2004a; Lee et al., 2007a, b; Lee and Mykles,
2006; McDonald et al., 2011; Rifai and Mykles, 2019; Shyamal et al.,
2018; Tran et al., 2019). Second, ecdysteroid secretion by the YO in

Fig. 2. Proposed model for MIH signaling in the decapod Y-organ. The trig-
gering phase is initiated by binding of MIH to a G protein-coupled receptor
(MIH-R) and activation of adenylyl cyclase (AC); cAMP increases intracellular
Ca2+ via cAMP-dependent protein kinase (PKA) phosphorylation of Ca2+

channels. Sensitivity to MIH is determined by phosphodiesterase 1 (PDE1) ac-
tivity, which varies over the molt cycle. The summation phase is mediated by
NO and cGMP. Calmodulin (CaM) links the two phases by activating NO syn-
thase (NOS) directly and indirectly via calcineurin (CaN). Dephosphorylation of
NOS by CaN can potentially prolong the response to MIH. CaM can also activate
PDE1 to inhibit the triggering phase (PDE1 can also hydrolyze cGMP, thus in-
hibiting the summation phase). cGMP-dependent protein kinase (PKG) inhibits
ecdysteroidogenesis. Chronic activation of PKA may directly inhibit ecdyster-
oidogenesis. Our assumption is that YOs from all decapods are regulated by the
same pathway, but may differ in the sensitivity of the triggering and summation
phases. Other abbreviations: G, G protein; GC-I, NO-sensitive guanylyl cyclase;
PDE5, cGMP PDE. From Covi et al. (2012).
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vitro is inhibited by NO donors and by slowly hydrolyzable or non-hy-
drolyzable analogs of cAMP and cGMP in most species (Covi et al.,
2008a, 2009; Mykles et al., 2010a; Nakatsuji et al., 2006). Third, MIH
usually causes a small, transient increase in cAMP, followed by a larger,
sustained increase in cGMP (Saïdi et al., 1994; Sedlmeier and Fenrich,
1993); see Covi et al., 2009 for additional references}. Fourth, IBMX, a
broad spectrum PDE inhibitor, enhances the inhibition of YO ecdys-
teroidogenesis by MIH in vitro (Nakatsuji et al., 2006). Fifth, forskolin,
an activator of adenylyl cyclase, inhibits YO ecdysteroid secretion (Covi
et al., 2009). Sixth, NOS and cGMP are localized in the YO (Kim et al.,
2004a; McDonald et al., 2011). Seventh, NOS is phosphorylated when
the YO is activated by ESA, which indicates that NOS is inactive (Lee
and Mykles, 2006). Eighth, YC-1, an activator of GC-I, in combination
with IBMX, inhibits YO ecdysteroid secretion in vitro (Covi et al., 2008a;
Mykles et al., 2010a). Ninth, ESA increases NOS, GC-I, and GC-III
mRNA levels, apparently as a compensatory response to the acute
withdrawal of eyestalk neuropeptides; ESA has no effect on membrane
guanylyl cyclase (GC-II) mRNA level (Lee et al., 2007a; McDonald et al.,
2011).

3.2. mTOR signaling

mTOR is a highly conserved serine/threonine protein kinase be-
longing to the PI3 kinase-related kinase family that mediates the allo-
cation of cellular energy and resources in response to nutrients, growth
factors, and stress in animal and plant cells (Cao et al., 2019; Kim and
Guan, 2019; Liu and Sabatini, 2019; Saxton and Sabatini, 2017; Shi
et al., 2018; Weichhart, 2018). mTOR associates with Raptor, mLST8,
and other proteins to form the mTOR complex 1 (mTORC1), which
supports global protein synthesis by stimulating mRNA translation and
ribosome biogenesis (Cao et al., 2019; Kim and Guan, 2019; Liu and
Sabatini, 2019). Two primary targets of mTORC1 are ribosomal protein
S6 kinase (S6K) and eukaryotic Initiation Factor (eIF) 4E-binding pro-
tein (4EBP). Phosphorylated 4EBP releases eIF4E, which is required for
5′ cap-dependent translation (Liu and Sabatini, 2019). Both S6K and
mTORC1 activity increase transcription of rRNA to support synthesis of
new ribosomes (Liu and Sabatini, 2019). Thus, phosphorylation of S6K
and 4EBP by mTORC1 leads to enhanced mRNA and rRNA transcription
providing the proteins and ribosomes necessary for cell growth. Rapa-
mycin inhibits mTORC1 through FK506 binding protein 12 (FKBP12)
(Hausch et al., 2013). mTORC2, in which Raptor is replaced by Rictor,
is involved in actin cytoskeleton organization and apoptosis and is in-
sensitive to rapamycin (Cao et al., 2019; Liu and Sabatini, 2019; Saxton
and Sabatini, 2017). There is considerable crosstalk between mTORC1
and mTORC2 that integrate insulin/insulin-like growth factor (IGF) and
growth factor/MAP kinase signaling (Liu and Sabatini, 2019).

A key upstream regulator of mTORC1 is the Ras homolog enriched
in brain (Rheb) G protein. Rheb-GTP binds to the kinase domain to
activate mTORC1 (Groenewoud and Zwartkruis, 2013). Rheb is in-
hibited by the tuberous sclerosis complex (TSC1/2), a GTPase-acti-
vating protein that converts active Rheb-GTP to inactive Rheb-GDP (Liu
and Sabatini, 2019). Various signaling pathways converge on TCS1/2 to
regulate its activity by phosphorylation. Signaling pathways that sti-
mulate cellular growth, such as growth factor/MAP kinase, insulin/PI3
kinase/Akt, and tumor necrosis factor pathways, inhibit TSC1/2,
whereas pathways that inhibit cellular growth, such as AMP kinase
(energetic stress), REDD1 (hypoxic stress), and Wnt/GSK3β stimulate
TSC1/2 (Liu and Sabatini, 2019; Saxton and Sabatini, 2017). Tran-
scriptional regulation of Rheb protein levels can also affect mTORC1
activity (Layalle et al., 2008; Romero-Pozuelo et al., 2017; Teleman,
2010; Yang et al., 2006). Thus, Rheb is regulated post-translationally by
TSC1/2 and transcriptionally to mediate short-term and long-term ef-
fects, respectively, on mTORC1-dependent protein synthesis.

mTORC1 plays a key role in regulating YO ecdysteroidogenesis.
MLA and ESA increase expression of mTOR signaling genes in the G.
lateralis YO and rapamycin blocks the ESA-induced increases in mTOR

signaling gene expression (Abuhagr et al., 2014b, 2016; Das et al.,
2018; Shyamal et al., 2018). In particular, increased Rheb mRNA levels
are correlated with increased ecdysteroidogenesis during premolt in G.
lateralis and Metacarcinus magister (Abuhagr et al., 2016; Das et al.,
2018; Shyamal et al., 2018; Wittmann et al., 2018). Increased Gl-Rheb
mRNA level is correlated with increased protein synthesis in the claw
muscle of premolt G. lateralis (MacLea et al., 2012; Mykles and Medler,
2015). Acclimation of juvenile M. magister to increasing temperatures
decreases the Mm-Rheb mRNA levels in YO, eyestalk ganglia, and heart
as a compensatory response to increased metabolic rates (Wittmann
et al., 2018). By contrast, in a limited study of the C. maenas YO, molt
stage has no effect on mTOR signaling genes (Cm-mTOR, Cm-Rheb, Cm-
Akt, and Cm-S6K) (Abuhagr et al., 2014b). In in vitro studies, rapamycin
at concentrations as low as 0.2 µM inhibit YO ecdysteroid secretion in
C. maenas and G. lateralis (Abuhagr et al., 2014b). Rapamycin blocks
the ESA-induced increase in hemolymph ecdysteroid titers in G. later-
alis, indicating that mTORC1 activity is required for YO activation and
entry into premolt (Fig. 3). These data indicate that mTORC1-depen-
dent protein synthesis is required for molting gland activation in
crustaceans. Moreover, Rheb expression can be used as an indicator of
the effects of temperature and perhaps other stressors on mTORC1 ac-
tivity.

3.3. TGFβ/Activin signaling

TGFβ proteins act as autocrine factors. In other words, their action
is highly localized and largely affects the same tissue in which they are
synthesized. It is secreted as an inactive complex consisting of the in-
hibitory propeptide bound to mature peptide dimer; proteolytic clea-
vage of the propeptide releases the mature peptide, which binds to cell
surface receptors (Derynck and Budi, 2019). Members of the TGFβ su-
perfamily include TGFβ isoforms, bone morphogenetic proteins (BMPs),
growth differentiation factors (GDFs), Activins, Inhibins, Nodals, and
Müllerian inhibitory factor (Nickel et al., 2018). These ligands bind to
distinct receptors, which activate Smad transcription factors that reg-
ulate gene expression through transcriptional activation or repression
(Budi et al., 2017; Derynck and Budi, 2019; Luo, 2017; Macias et al.,
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Fig. 3. Effect of mTOR inhibitor rapamycin on hemolymph ecdysteroid titers in
G. lateralis in vivo. Animals were eyestalk-ablated at Day 0 and injected with a
single dose of rapamycin (~10 μM final hemolymph concentration) or equal
volume of DMSO (~0.1% final hemolymph volume). Data presented as
mean ± 1 s.e.m. (n = 5–8). Asterisks indicate means that were significantly
different (P < 0.05) between control and rapamycin at the same time point.
Letters indicate significant differences in the means within a treatment (upper
case for control; lower case for rapamycin); means that were not significantly
different share the same letter. From Abuhagr et al. (2016).
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2015). In the canonical pathway (Derynck and Budi, 2019; Macias
et al., 2015), signaling is initiated when a ligand forms a complex with
Type I and II receptors, which phosphorylate R-Smad. Two phos-
phorylated R-Smad monomers form a trimeric complex with one Co-
Smad in the cytosol. The R-Smad/Co-Smad trimer translocates to the
nucleus, binds to promoter regions, and recruits transcriptional cor-
egulators to effect gene transcription (Derynck and Budi, 2019). In-
hibitory (I)-Smads can bind to Type I receptors to block R-Smad
phosphorylation (Derynck and Budi, 2019). There is extensive crosstalk
with other signaling pathways (e.g., MAPK, Wnt, PI3K-Akt, JAK,
Hedgehog, and Notch) that modulate TGFβ/Smad signaling (Derynck
and Budi, 2019).

A myostatin (Mstn)-like factor mediates the transition of the YO
from the activated to the committed state during premolt. An in-
vertebrate Mstn-like transcript was first identified in bay scallop muscle
and was subsequently characterized in G. lateralis muscle (Covi et al.,
2008b; Kim et al., 2004b). Mstn has now been identified in many dec-
apod species and is expressed in a wide variety of tissues, with generally
higher mRNA levels in YO, muscle, and heart (Abuhagr et al., 2016;
Covi et al., 2010, 2008b; Das et al., 2018; De Santis et al., 2011; Kim
et al., 2009, 2010; Lee et al., 2015; Lv et al., 2014; MacLea et al., 2010;
Qian et al., 2013; Sarasvathi et al., 2015; Shen et al., 2015; Shyamal
et al., 2018; Ventura et al., 2014; Zhuo et al., 2017). The Mstn-like
protein has signal peptide, propeptide, and mature peptide regions
characteristic of the TGFβ superfamily and clusters in the Mstn/Ac-
tivin/GDF-11 clade (Covi et al., 2008b; De Santis et al., 2011; Qian
et al., 2013; Shen et al., 2015; Zhou et al., 2019; Zhuo et al., 2017). In
G. lateralis, conserved proteolytic cleavage sites between the signal
peptide and propeptide sequences and between the propeptide and
mature peptide sequences are predicted to produce a 363-amino acid
propeptide and a 110-amino acid mature peptide, respectively (Covi
et al., 2008b). The mature peptide has nine conserved cysteines that
form four intrachain disulfide bonds and one interchain disulfide bond
to stabilize the homodimeric structure of the secreted protein (Covi
et al., 2008b; De Santis et al., 2011; Qian et al., 2013; Sarasvathi et al.,
2015; Shen et al., 2015; Zhuo et al., 2017). Decapod tissues express
Mstn variants that are generated by alternative splicing (Covi et al.,
2008b; Zhuo et al., 2017). The functions of these splice variants are
unknown.

SB431542, a highly specific inhibitor of the Activin RI receptor,
blocks Activin signal transduction, but has no effect on other TGFβ
signaling pathways, including BMP (Inman et al., 2002). When injected
into eyestalk-ablated G. lateralis at Day 0, SB431542 (10 µM estimated
concentration in the hemolymph) decreases hemolymph ecdysteroid
titers by 7 days post-ESA to a titer similar to that at 1 day post-ESA
(Fig. 4A) and blocks the ESA-induced increases in mTOR signaling gene
mRNA levels (Fig. 4B-F) (Abuhagr et al., 2016). The Day 7 time point is
especially significant, as this is when ESA animals transition from early
premolt (stage D0) to mid-premolt (stage D1) and become committed to
molt (Covi et al., 2010). Activin/Smad signaling is not necessary for
activation, as the increased ecdysteroid titers and mTOR signaling gene
expression in ESA animals ± SB431542 are the same at days 1 and 3
post-ESA (Fig. 4A) (Abuhagr et al., 2016). These data indicate that
Activin/Smad signaling mediates YO transition to the committed state.

4. Transcriptomic analysis of the Y-organ

Transcriptomic analysis of the YO from G. lateralis and crayfish,
Pontastacus leptodactylus, reveals complex expression profiles of thou-
sands of genes. As expected, the YO expresses the genes in the ecdys-
teroid biosynthetic pathway (Table 2) (Shyamal et al., 2018; Tom et al.,
2013). Deep high throughput RNA sequencing (RNA-seq) of the YO
from intermolt G. lateralis yielded a comprehensive catalog of con-
tiguous sequences (contigs) (Das et al., 2016). This baseline tran-
scriptome of 288,673 contigs was de novo assembled from nearly 228
million reads (Das et al., 2016). The crayfish YO transcriptome is not as

extensive (74,877 contigs), but the gene expression profiles are similar
between the two species (Das et al., 2016; Tom et al., 2013). Both
transcriptomes express a large diversity of signaling pathway genes
(Das et al., 2016). These include MIH, mTOR, TGFβ, MAPK, Hedgehog,
Notch, Wnt, and ecdysteroid signaling (Tables 2, 3) (Das et al., 2016,
2018; Shyamal et al., 2018).

4.1. Analysis of the YO over the molt cycle

A YO transcriptome was assembled from 15 cDNA libraries re-
presenting five molt stages (intermolt, IM; early premolt, EP; mid-pre-
molt, MP; late premolt, LP; and postmolt, PM) from G. lateralis induced
to molt by MLA (Das et al., 2018). The reference transcriptome of
229,780 contigs was assembled from ~ 568 million paired and un-
paired reads (Das et al., 2018). Elimination of viral sequences, pro-
karyotic sequences, three outlier sequences of > 2 million counts, and
low-abundant sequences produced a filtered transcriptome of 48,590
contigs used for annotation and differential gene expression analyses
(Das et al., 2018).

The YO transcriptome of MLA-induced G. lateralis shows significant
changes in global gene expression over the molt cycle (Fig. 5A). Of the
48,590 unique contigs catalogued in the filtered YO transcriptome,
28,179 (58%) are differentially expressed in pair-wise comparisons
between sequential molt stages (Das et al., 2018). YO activation in early
premolt is associated with major shifts, both up and down, in contig
levels; 4,818 contigs are up-regulated and 11,324 are down-regulated
in early premolt (Fig. 5B; IM to EP). By contrast, there is less change in
gene expression from early premolt to mid-premolt; 283 contigs are up-
regulated and 89 contigs are down-regulated (Fig. 5B; EP to MP). A
second major shift in gene expression occurs from mid-premolt to late
premolt, when the committed YO achieves maximum ecdysteroidogenic
capacity and the animal is preparing for ecdysis; 1,272 contigs are up-
regulated, while only 239 contigs are down-regulated (Fig. 5B; MP to
LP). Interestingly, only about 10% of the 1,272 up-regulated contigs in
late premolt are annotated (Fig. 5B). A large shift in gene expression
occurs when the YO transitions from the committed state in late pre-
molt to the repressed state in postmolt; 12,595 contigs are up-regulated
and 5,534 contigs are down-regulated (Fig. 5B; LP to PM). Restoration
of the basal state is associated with changes in the levels of 8,290
contigs; 3,852 are up-regulated and 4,438 are down-regulated (Fig. 5B;
PM to IM). The differentially expressed genes in the pairwise compar-
isons are rarely the same, and the proportion of annotated and non-
annotated contigs vary among the molt stages (Fig. 5B). Many of the
contigs expressed at higher levels in the intermolt and premolt stages –
particularly signaling, cell growth, and ecdysteroidogenic genes – are
expressed at very low levels in postmolt, suggesting that the repressed
YO has reduced transcriptional activity (Fig. 3; Das et al., 2018). We
hypothesize that these reduced transcript levels prevent YO activation
until the exoskeleton is fully formed and hardened (Das et al., 2018).
Thus, the basal, activated, committed, and repressed YO phenotypes are
distinguished by unique transcriptomic assemblages that differ both
qualitatively and quantitatively in contig levels.

The MLA YO transcriptome has 878 contigs mapped to 23 KEGG
signaling pathways (Table 3). Over half (54%; 478 contigs) are differ-
entially expressed over the molt cycle (Fig. 6; Das et al., 2018). The
most common expression profile is high relative expression in inter-
molt, lower expression during premolt, and lowest expression in post-
molt. Most of the MIH signaling genes show this expression profile
(Fig. 7A). Seven of the 10 contigs are down-regulated in premolt; these
include three adenylyl cyclases (Gl-ADCY), Gl-NOS, Gl-PKA, calcineurin
(Gl-CALN), and Gl-PKG. Calmodulin (Gl-CALM) is up-regulated during
premolt, while the expression of guanylyl cyclases Gl-GCI and Gl-GCIII
are not affected by molt stage (Fig. 7A). All ten contigs are expressed at
their lowest levels in postmolt. The down-regulation of MIH signaling
genes in the activated YO precedes the reduced MIH sensitivity of the
committed YO in mid- and late premolt (Chung and Webster, 2003;
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Fig. 4. Effects of activin receptor antagonist SB431542 on YO ecdysteroidogenesis and gene expression in G. lateralis in vivo. Intact and eyestalk-ablated animals were
injected with a single dose of SB431542 in DMSO (~10 µM final hemolymph concentration) or DMSO (~0.1% final hemolymph concentration) at Day 0. (A)
Hemolymph ecdysteroid titer. Transcript levels of (B) Gl-EF2, (C) Gl-mTOR, (D) Gl-Rheb, (E) Gl-Akt, and (F) Gl-S6K were quantified by qPCR. Data are presented as
mean ± 1 s.e.m. (sample size for each treatment: Day 0, n = 8; Days 1, 3, and 7, n = 5; Day 14, n = 7). Asterisks indicate means that are significantly different
(P < 0.05) between control and SB431542 at the same time point. Letters indicate significant differences in the means within a treatment (upper case for control;
lower case for SB431542); means that are not significantly different share the same letter. Gene expression in intact animals was not measured. From Abuhagr et al.
(2016).
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Nakatsuji and Sonobe, 2004; Nakatsuji et al., 2006; reviewed in Chang
and Mykles, 2011; Nakatsuji et al., 2009). A second group of contigs are
expressed at higher levels in intermolt and premolt and lower levels in
postmolt (Fig. 6). This expression profile is shown by many of the
contigs in the mTOR signaling pathway, such as Gl-mTOR, Gl-Raptor, Gl-
Rictor, Gl-S6K, Gl-Akt, Gl-PTEN, Gl-STRADA, Gl-TSC2b, and Gl-Rheb
(Fig. 7B). The combined effects of the down-regulation of the inhibitory
contigs, such as Gl-TSC2a and Gl-EF4EBP, and the up-regulation of
stimulatory contigs, such as Gl-Rheb and Gl-Akt, are consistent with
increased mTORC1-mediated ecdysteroidogenesis during premolt. A
third group is expressed at higher levels in early premolt. This expres-
sion profile is shown by components of the TGFβ/Activin signaling
pathway (Fig. 7C; e.g., Gl-Mstn, Gl-Activin RI receptor, Gl-Smad2/3, and
Gl-Smad4). Gl-BAMBI, an inhibitor of TGFβ receptors, is down-regu-
lated in all premolt stages (Fig. 7C). Components of other TGFβ path-
ways, such as TGFβ/BMP signaling (Gl-BMP7, Gl-BMP receptor 1B
(BMPR1B), Gl-Chordin (Gl-CHRD), Gl-Smad1, and Gl-Cul1), show
highest expression in intermolt (Fig. 7C). This is consistent with the role
of TGFβ/Activin signaling in YO commitment in mid-premolt (Abuhagr
et al., 2016).

4.2. Effects of mTORC1 inhibitor rapamycin on the YO transcriptome

mTOR controls gene expression at transcriptional and translational
levels (Saxton and Sabatini, 2017). As YO activation is associated with
large changes in contig levels from intermolt to early premolt (Fig. 5;
Das et al., 2018) and YO activation is inhibited by rapamycin (Fig. 3;
Abuhagr et al., 2014b, 2016), we determined the effects of rapamycin
on the YO transcriptome of G. lateralis induced to molt by ESA. Animals
were ES-ablated and injected with either DMSO (Control group; ~0.1%
DMSO final concentration) or rapamycin (Rapamycin group; ~10 µM
final concenrtration). YOs were harvested from intact (Day 0) animals
and from control and rapamycin animals at 1, 3, and 7 days post-ESA
with three technical replicates for each time point (Shyamal et al.,
2018). A reference transcriptome of 69,002 contigs was de novo-as-
sembled from over 1.066 billion reads from 21 cDNA libraries. Nor-
malization by estimating library preparation artifacts of the RNA-seq
data produced a filtered transcriptome of 35,696 contigs, 8,706 (24%)

of which are differentially expressed (Shyamal et al., 2018). Functional
annotation assigned 4,887 contigs in the reference transcriptome to one
or more KEGG pathways. These included 464 contigs assigned to 24
signal transduction pathways. The five highest number of assignments
were to the mTOR, PI3K-Akt, TGFβ, insulin, and Wnt signaling

Table 3
Number of total and differentially expressed (DE) annotated contigs assigned to
KEGG signal transduction pathways in the MLA G. lateralis YO transcriptome.
From Das et al. (2018).

Signaling Pathway Pathway ID Number of
annotated contigs

Number of DE contigs
(percentage)

AMPK k04152 86 53 (62%)
Calcium k04020 92 49 (53%)
cAMP k04024 104 65 (63%)
cGMP-PKG k04022 94 51 (54%)
ErbB k04012 48 24 (50%)
FoxO k04068 79 46 (58%)
Hedgehog k04340 36 21 (58%)
HIF-1 k04066 50 26 (52%)
Hippo k04390 95 52 (55%)
Jak-STAT k04630 26 12 (46%)
MAPK k04010 106 66 (62%)
mTOR k04150 92 54 (59%)
NF-kappa B k04064 33 16 (48%)
Notch k04330 28 17 (61%)
Phosphatidylinositol k04070 86 47 (55%)
Phospholipase D k04072 83 50 (60%)
PI3K-Akt k04151 128 69 (54%)
Rap1 k04015 115 63 (55%)
Ras k04014 105 57 (54%)
Sphingolipid k04071 98 60 (61%)
TGF-beta k04350 32 18 (56%)
TNF k04668 40 23 (58%)
Wnt k04310 79 51 (65%)

Fig. 5. Effects of molt stage on the levels of differentially-expressed (DE) con-
tigs in the G. lateralis YO transcriptome. Animals were induced to molt by MLA.
(A) Volcano plots of the DE contigs q-value as a function of log2 fold change.
The cut-off used for identifying the DE contigs were: q-value < 0.05 and log2
fold change <−2 or>+2. The five pairwise comparisons used in this ana-
lysis are: intermolt (IM) to early premolt (EP); EP to mid-premolt (MP); MP to
late premolt (LP); LP to postmolt (PM); and PM to IM. The DE contigs that have
a negative fold change are indicated in red and DE contigs with a positive fold
change are indicated in green. (B) Graphical representation of the number of DE
contigs in each comparison. The number and percentage of annotated and not-
annotated contigs are represented in green for up-regulated contigs and in red
for down-regulated contigs. From Das et al. (2018).
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pathways (Shyamal et al., 2018). The YO transcriptome also has contigs
encoding enzymes in the insect juvenile hormone (JH) and ecdysteroid
biosynthetic pathways (Shyamal et al., 2018; Sin et al., 2014; Tom
et al., 2013).

ESA results in large changes in global gene expression that are
blocked by rapamycin. Interestingly, the largest differences between
control and rapamycin-treated animals are at three days post-ESA;
3,104 genes are up-regulated, while 1,838 genes are down-regulated in
control vs. rapamycin-treated YOs (Shyamal et al., 2018). This suggests
that there is a delayed effect of mTOR inhibition on global gene ex-
pression.

Expression of MIH, mTOR, and TGFβ/Activin signaling genes are
affected by ESA. Five adenylyl cyclases (Gl-ADCY1, 2, 5, 6, and 9), Gl-
NOS, Gl-PKA, and Gl-PKG in the MIH pathway are down-regulated by
ESA, while Gl-CaM and GC-III are up-regulated (Shyamal et al., 2018).
mTORC1 signaling genes are up-regulated by ESA; these include Gl-
mTOR, Gl-Rheb, Gl-TSC1/2, Gl-Raptor, Gl-mLST8, Gl-Tel2, Gl-Akt, Gl-
S6K, and Gl-S6 (Fig. 8A; Shyamal et al., 2018). Moreover, increased Gl-
eIF4E and Gl-EF2 contig levels indicate increased protein synthetic ca-
pacity induced by ESA (Shyamal et al., 2018). Interestingly, Gl-FKBP12
is down-regulated by ESA, suggesting that the activated YO becomes
insensitive to rapamycin (Shyamal et al., 2018). The down-regulation of
MIH signaling genes and the up-regulation of mTOR signaling genes by
ESA are comparable to the changes in the expression of MIH and mTOR
signaling genes from intermolt to early premolt in MLA-induced ani-
mals (Das et al., 2018; see section 4.1 and Fig. 7A, B). Most of the

TGFβ/Activin signaling genes are down-regulated by ESA; these include
Gl-ACVR1, Gl-BAMBI, Gl-Smad2/3, Gl-Smad4, and Gl-Smad6. Gl-Mstn
contig level is not affected by ESA (Shyamal et al., 2018). These results
are not consistent with previous results, which showed increased or
sustained expression of Gl-Mstn, Gl-ACVR1, Smad2/3, Gl-Smad4, and Gl-
Smad6 in MLA- and ESA-induced animals (Abuhagr et al., 2016; Das
et al., 2018; see section 4.1 and Fig. 7C). A possible explanation is that
the animals in the ESA transcriptomic study failed to transition to the
committed state by 7 days post-ESA, based on the hemolymph ecdys-
teroid titers (Shyamal et al., 2018). As the changes in contig levels are
largely prevented or minimized by rapamycin (Fig. 8B; Shyamal et al.,
2018), we conclude that mTOR activity controls, either directly or in-
directly, the expression of MIH, mTOR, and TGFβ/Activin signaling
genes in the activated YO.

ESA alters the expression of genes in the insect hormone biosyn-
thetic pathways. All five genes in the ecdysteroid synthetic pathway
(Gl-Nvd, Gl-Spo, Gl-Phm, Gl-Dib, and Gl-Sad) are up-regulated by ESA
and down-regulated by rapamycin (Shyamal et al., 2018). By contrast,
the ten contigs in the JH biosynthetic pathway lack a consistent re-
sponse to ESA: five are up-regulated, two are down-regulated, and three
are unchanged (Shyamal et al., 2018). However, rapamycin blocks the
ESA-induced changes in expression of the JH biosynthetic pathway
genes (Shyamal et al., 2018). A critical enzyme in the pathway is ju-
venile hormone acid O-methyltransferase (JHAMT), which catalyzes
the conversion of farnesoic acid to methylfarnesoate (MF). MF is the
putative JH analog in crustaceans (Qu et al., 2018). Gl-JHAMT contig

Fig. 6. Heatmap of 478 differentially expressed (DE) contigs that were annotated as components of signal transduction pathways. The average log FPKM values were
used to show the expression profile of DE contigs across five molt cycle stages. The expression of the majority of the contigs was highest in IM and lowest in PM.
Relatively fewer DE contigs were identified in the transitions from EP to MP and MP to LP. From Das et al. (2018). Abbreviations defined in the legend to Fig. 5.
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level is highest in intermolt and is down-regulated by ESA (Shyamal
et al., 2018). Interestingly, Gl-JHAMT contig levels are further de-
creased in rapamycin-injected animals, which suggests that the re-
pression of Gl-JHAMT expression by rapamycin is not mediated by
mTOR (Shyamal et al., 2018). These data indicate that mTOR regulates
the expression of JH and ecdysteroid biosynthetic genes. The down-
regulation of Gl-JHAMT suggests that the activated YO decreases
synthesis of MF, while the up-regulation of ecdysteroidogenic pathway
genes supports the high ecdysteroid synthesis by the YO during pre-
molt.

4.3. Other signaling pathways in the Y-organ

In addition to MIH, mTOR, and TGFβ, other signaling pathways may

play a role in regulating the YO. Twenty-three KEGG signal transduc-
tion pathways are represented in the G. lateralis transcriptomes, which
suggests that the YO can potentially respond to wide variety of ligands
and factors (Tables 2, 3; Das et al., 2016, 2018; Shyamal et al., 2018).
Moreover, crosstalk between multiple pathways enables the YO to in-
tegrate simultaneous signals to effect an appropriate response. The MIH
pathway consists of three KEGG pathways (calcium, cAMP, and cGMP
signaling; Tables 2, 3). More than half of the genes in 21 of the 23 KEGG
pathways are differentially expressed over the molt cycle (Table 3; Das
et al., 2018). Many of these pathways converge on mTOR to control
ecdysteroid synthesis. Stressors, such as temperature or hypoxia, inhibit
mTOR activity via AMPK and HIF-1 signaling by down-regulating Rheb
(Salminen et al., 2016; Saxton and Sabatini, 2017). AMPK, which is
activated by high AMP/ADP to ATP ratios, inhibits Rheb by activating

Fig. 7. Expression levels of selected components from the MIH (A), mTOR (B), and TGFβ (C) signaling pathways. DE genes were identified via ANOVA and post-hoc
Tukey test (P < 0.05). A total of 40 genes were selected from these three pathways, 34 of which were differentially expressed. Brackets indicate significant
differences between means (P < 0.05). From Das et al. (2018).
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TSC1/2 (Saxton and Sabatini, 2017). Growth factors, such as insulin,
insulin-like growth factor (IGF), and epidermal growth factor, activate
mTOR to stimulate cell growth (Cao et al., 2019; Kim and Guan, 2019;
Liu and Sabatini, 2019; Saxton and Sabatini, 2017). Growth factors
bind to receptor tyrosine kinases to stimulate MAPK and PI3K-Akt
signaling pathways; phosphorylation of TSC1/2 by MAPK (ERK) and
Akt inhibits TSC1/2, resulting in Rheb activation (Fig. 8; Saxton and

Sabatini, 2017).
Physiological studies using pharmacological reagents have shown

that other signaling pathways can regulate YO ecdysteroidogenesis.
These pathways are not activated by MIH. Reagents that increase in-
tracellular Ca2+ can stimulate YO ecdysteroid secretion, while reagents
that decrease or block Ca2+ signaling can inhibit YO ecdysteroid se-
cretion (Mattson and Spaziani, 1986b, 1987; Sedlmeier and Seinsche,

Fig. 8. Identification of genes assigned to the mTOR/WNT/AMPK signaling pathway in the G. lateralis YO/I/DRESA transcriptome. KAAS was used to identify genes
annotated by BLAST against the specific insect databases and assigned to a KEGG pathway. Uncolored boxes were genes not assigned during annotation. Pink-colored
boxes represent genes that show no change in expression levels. (A) Pairwise comparison of intact/intermolt vs ESA DMSO-control animals. Green colored boxes
represent genes up-regulated in premolt relative to intermolt (intact); a yellow color indicates genes down-regulated when entering premolt relative to intermolt. (B)
Pairwise comparison of ESA DMSO- and rapamycin-injected animals. Orange colored boxes indicate genes in premolt (DMSO-injected) that decrease in transcript
abundance consequent to rapamycin treatment; green represents genes normally down-regulated when entering premolt that are now up-regulated by rapamycin
treatment. From Shyamal et al. (2018).

D.L. Mykles and E.S. Chang General and Comparative Endocrinology 294 (2020) 113493

11



1998; Spaziani et al., 1999, 2001). The Ca2+ ionophore A23187 sti-
mulates YO ecdysteroid secretion in Cancer antennarius and crayfish,
Orconectes limosus (Mattson and Spaziani, 1986b, 1987; Sedlmeier and
Seinsche, 1998). As the A23187-induced increase in ecdysteroid se-
cretion does not require extracellular Ca2+, A23187 releases Ca2+ from
intracellular stores, such as the sarco/endoplasmic reticulum (SER)
(Spaziani et al., 1999, 2001). However, the relatively high concentra-
tions of A23187 used (10 and 100 µM) may have off-target effects.
Interestingly, forskolin, which activates adenylyl cyclase, counters the
A23187-induced increase (Mattson and Spaziani, 1986a, b). These re-
sults suggest that high intracellular Ca2+ stimulates a Ca2+/CaM-de-
pendent PDE, such as PDE1 (Fig. 2; Francis et al., 2011; Peng et al.,
2018); the reduced cyclic nucleotide levels stimulate ecdsyteroidogen-
esis (Mattson and Spaziani, 1986a; Spaziani et al., 1999). A SER Ca2+-
ATPase (SERCA), which pumps Ca2+ from the cytosol to the SER
lumen, is proposed to control intracellular Ca2+ levels over the molt
cycle (Roegner et al., 2018, 2019). However, the expression pattern is
not consistent with the changes in intracellular Ca2+, in which in-
creases in intracellular Ca2+ are correlated with increased YO ecdys-
teroidogenesis in Callinectes sapidus (Chen et al., 2012; Chen and
Watson, 2011). Although mRNA and protein levels are not necessarily
correlated, if SERCA mRNA leads to an increase in SERCA protein, one
would predict that the increased capacity by the SER to sequester Ca2+

would decrease, not increase, intracellular Ca2+ level during premolt.
Moreover, Cs-SERCA mRNA level is lowest in the YO, when compared
to hypodermis, hepatopancreas, and muscle (Roegner et al., 2019). ESA
increases Ca2+ in the YO cells and causes a transient increase in Cs-
SERCA mRNA level by 1 day post-ESA, suggesting that MIH is involved
(Chen and Watson, 2011; Roegner et al., 2018). However, the response
may be due to the acute reduction of other neuropeptides produced by
the X-organ/sinus gland complex (Webster et al., 2012). There is no
doubt that SERCA plays an important role in regulating intracellular
Ca2+ in all cells, but there is no convincing evidence that SERCA is a
component or target of the MIH signaling pathway. The effect of
chronic elevation of Ca2+ on YO ecdysteroidogenesis by pharmacolo-
gical reagents is most likely the result of activation of a Ca2+/CaM-
dependent PDE, such as PDE1, which hydrolyzes both cAMP and cGMP;
the lower cyclic nucleotide levels de-repress the YO.

Phosphatidylinositol/Protein Kinase C (PKC) signaling stimulates
YO ecdysteroidogenesis via a mechanism that is distinct from cAMP and
Ca2+/CaM signaling (Spaziani et al., 2001). In the canonical pathway,
ligand binding to a GPCR activates phospholipase C (PLC), which is
mediated by a Gq protein. PLC hydrolyzes phosphatidylinositol to 1,2-
diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3), which
triggers release of Ca2+ from intracellular stores. PKC is activated by
the binding of Ca2+ and DAG. PKC activators, such as DAG synthetic
analog 1-oleoyl-2-acetyl-glycerol, phorbol 12-myristate 13-acetate
(PMA), and phorbol 12,13-dibutyrate stimulate ecdysteroidogenesis in
the C. antennarius YO (Mattson and Spaziani, 1987). PMA counters the
inhibitory effects of MIH, forskolin, dibutyryl cAMP, and PDE inhibitor
IBMX (Mattson and Spaziani, 1987). Moreover, PMA does not counter
the inhibitory effects of Ca2+ channel blocker lanthanum and CaM
inhibitor trifluoperazine (Mattson and Spaziani, 1987). These data
suggest that PKC activation is distinct from the MIH signaling pathway.
The phosphatidylinositol signaling pathway is represented by 86 con-
tigs in the G. lateralis YO transcriptome; 47 (55%) are differentially
expressed over the molt cycle (Das et al., 2018). The ligand and GPCR
involved in this pathway have not been identified.

A large number of GPCRs that bind a variety of neuropeptides are
expressed in the YO. Sixty-six putative GPCRs have been identified in
the C. maenas YO transcriptome and 99 GPCRs have been identified in
the G. lateralis YO transcriptome (Oliphant et al., 2018; Tran et al.,
2019). GPCRs have an extracellular ligand-binding domain, seven
transmembrane α-helices, and a cytosolic domain (Buckley et al., 2016;
Oliphant et al., 2018; Tran et al., 2019). Class A (rhodopsin-like) are the
most abundant GPCRs expressed in the YO (59 in C. maenas and 49 in G.

lateralis), followed by Class B (secretin-like; 7 in C. maenas and 35 in G.
lateralis), and Class C (metabotropic glutamate; 9 in G. lateralis)
(Oliphant et al., 2018; Tran et al., 2019). Phylogenetic and in silico
structural analysis identified 2 or 3 contigs encoding putative CHH fa-
mily receptors related to insect ion transport peptide (ITP) receptors
(Buckley et al., 2016; Oliphant et al., 2018; Tran et al., 2019;Veenstra,
2015). Three CHH GPCRs, designated Gl-GPCR-A9, -A10, and -A12, are
expressed in the G. lateralis YO (Tran et al., 2019). Interestingly, other
tissues do not express both Gl-GPCR-A9 and -A12 (The tissue distribu-
tion of Gl-GPCR-A10 was not determined). Gl-GPCR-A9 is expressed in
eyestalk ganglia, gill, heart, midgut, and thoracic ganglion, while Gl-
GPCR-A12 is expressed in the hindgut, hepatopancreas, and testis;
muscle does not express either gene (Tran et al., 2019). These results
suggest that the YO responds to two CHH neuropeptides, eight tissues
respond to either CHH neuropeptide, and that muscle responds to
neither ligand. The expression of Gl-GPCR-A9 and Gl-GPCR-A12 in
tissues other than the YO suggests that neither is a candidate for the
MIH receptor, but further study is needed.

The expression of the corazonin (CRZ) receptor, another Class A
GPCR, is restricted to the YO in C. maenas, suggesting that CRZ reg-
ulates YO function (Alexander et al., 2018; Oliphant et al., 2018). CRZ
has diverse functions in insects, including the initiation of ecdysis be-
havior by releasing the neuropeptides pre-ecdysis triggering hormone
and ecdysis triggering hormone from INKA cells in the brain ofManduca
sexta larvae (Kim et al., 2004c). CRZ has no effect on ecdysteroid
synthesis in intermolt and mid- and late premolt YOs, but does have a
small stimulatory effect on ecdysteroid synthesis in postmolt YOs
(Alexander et al., 2018). Two contigs encoding CRZ receptors, desig-
nated Gl-GPCR-A6 and -A7, are expressed in the G. lateralis YO (Tran
et al., 2019). Gl-GPCR-A6 is not expressed in intermolt and early pre-
molt, increases in mid- and late premolt, and reaches its highest level in
postmolt (Tran et al., 2019). By contrast, Gl-GPCR-A7 is expressed at all
molt stages (Tran et al., 2019). This expression pattern suggests that
GPCR-A6 mediates the mild stimulatory effect of CRZ on YO ecdyster-
oidogenesis.

Leucine-rich repeats-containing GPCRs (LGRs) are members of the
rhodopsin family of GPCRs. They are distinguished from other Class A
GPCRs by having multiple repeats of leucine-rich sequences in the ex-
tracellular domain (Van Hiel et al., 2012). The G. lateralis YO tran-
scriptome has five LGRs and the C. maenas YO transcriptome as nine
LGRs (Oliphant et al., 2018; Tran et al., 2019). One of the LGRs, de-
signated Gl-GPCR-A14b, may mediate the inhibition of the YO by
LAFpro, a peptide factor produced by secondary limb regenerates (Yu
et al., 2002). Gl-GPCR-A14b clusters in the LGR3 clade. In Drosophila
melanogaster, LGR3 is activated by Dilp8, which is an insulin-like pep-
tide (ILP) produced by injured or damaged imaginal discs (Colombani
et al., 2012; Garelli et al., 2012; Gontijo and Garelli, 2018; Jaszczak
et al., 2016). Dilp8 inhibits ecdysteroidogenesis in the prothoracic
gland by activating NOS (Jaszczak et al., 2015). Thus, NO inhibits ec-
dysteroidogenesis in the YO and insect prothoracic gland, with NOS
activated by MIH and Dilp8, respectively. The data suggest that LAFpro
is an ILP and that Gl-GPCR-A14b is the LAFpro receptor.

5. Proteomic analysis of the Y-organ over the molt cycle

Proteomic analyses of the YO are limited to the studies of two
decapod species, C. maenas and G. lateralis. An early study examined the
effects of ESA on the G. lateralis YO proteome using two-dimensional
polyacrylamide gel electrophoresis (2D-PAGE). Of the 543 proteins that
were quantified at 0, 1, and 3 days post-ESA, 170 proteins increase at
least 3-fold and 89 proteins decrease at least 3-fold by ESA (Lee and
Mykles, 2006). Three groups of phosphoproteins (~12 kDa, ~17 kDa,
and ~ 150 kDa) were isolated from cell extracts of 0 and 1 day post-ESA
YOs, using a phosphoprotein column. The ~ 12 kDa protein is de-
creased, the ~ 17-kDa group is increased, and the ~ 150-kDa group is
only present at 1 day post-ESA (Lee and Mykles, 2006). The ~ 150-kDa

D.L. Mykles and E.S. Chang General and Comparative Endocrinology 294 (2020) 113493

12



group, which consisted of three proteins with different isoelectric
points, was identified as NOS, using anti-NOS immunostaining of
western blots and mass spectrometry (MS) of trypsin digests of the most
abundant ~ 150-kDa protein extracted from the gel (Lee and Mykles,
2006). A cDNA sequence encoding Gl-NOS made it possible to identify
the ~ 150-kDa phosphoprotein by comparing the masses of the trypsin
digests with the masses of the peptides predicted from the deduced
cDNA sequence (Kim et al., 2004a; Lee and Mykles, 2006). The different
isoelectric points of the three ~ 150-kDa proteins can be attributed to
different degrees of phosphorylation. The identification of the other
proteins was impractical at the time, as there were no transcriptome
databases available for annotation.

More recent proteomic analysis has shown that the protein com-
position of the YO changes over the molt cycle. The YO protein com-
positions were examined in intermolt, early premolt (stage D0), early
postmolt (stage B), and late postmolt (stage C1-3) C. maenas (Hamer,
2015) and in intermolt, early premolt, mid-premolt (stage D1), and late
premolt (stage D2) G. lateralis (Head et al., 2019). Proteins were sepa-
rated by 2D-PAGE and each protein was digested with trypsin and
analyzed by tandem MS. The assignment of trypsin peptides to specific
proteins was aided by the annotated transcriptome from the G. lateralis
YO. A total of 457 proteins were analyzed in the G. lateralis YO (Fig. 9);
230 (50%) proteins changed in abundance over the molt cycle. Of the
191 proteins identified by tandem MS, 109 (47%) changed in abun-
dance and were assigned to functional categories (Head et al., 2019). A
total of 279 proteins were analyzed in the C. maenas YO and 91 (33%)
were identified (Hamer, 2015). Twenty-four of the 91 identified pro-
teins changed in abundance in at least one of the molt stages relative to
the others (Hamer, 2015). The lower identification rate is attributed to
the fact that the C. maenas YO transcriptome database was not available
at that time (Hamer, 2015).

The results from the assignment of the differentially-expressed
proteins into functional categories are summarized in Fig. 10. The
changes in the functional categories is consistent with the changes in
the YO over the molt cycle (Head et al., 2019). The basal YO is char-
acterized by basal energy metabolism, radical oxygen species (ROS)
scavenging, and protein degradation protein categories. By early pre-
molt, the activated YO is characterized by functional categories asso-
ciated with YO hypertrophy and ecdysteroid synthesis and secretion:
increased energy metabolism, cytoskeleton, vesicular secretion, amino
acid metabolism, and immune response proteins. In addition, the in-
creases in the abundances of hemocyanin and cryptocyanin parallel the
increases of these proteins in the hemolymph (Head et al., 2019). By

mid-premolt, the predominant categories in the committed YO are en-
ergy metabolism, ROS scavenging, cytoskeleton, vesicular secretion,
immune response, and protein homeostasis and turnover proteins. By
late premolt, energy metabolism, ROS scavenging, and protein home-
ostasis proteins are dominant. The high levels of ROS scavenging pro-
teins, such as manganese superoxide dismutases, catalase, and perox-
iredoxins, neutralize oxygen radicals produced from hydroxylation
reactions catalyzed by cytochrome P450 Halloween enzymes and from
cytochromes in the mitochondrial electron transport chain (Hamer,
2015; Head et al., 2019; Hrycay and Bandiera, 2015). A transaldolase,
which may regulate ecdysteroidogenesis (Lachaise et al., 1996) and
glutamate dehydrogenase, which converts glutamate to α-ketoglutarate
to activate mTOR (Duan et al., 2015; Wu et al., 2016), increase during
premolt (Head et al., 2019). The repressed YO in postmolt G. lateralis
was not analyzed (Head et al., 2019). Principle component (PC) ana-
lysis of the proteins that significantly changed in the C. maenas YO
showed that the intermolt and early premolt stages were separated from
the early and late postmolt stages along the PC1 axis, which were re-
presented by differences in the abundances of cytoskeleton, ROS
scavenging, and hemolymph proteins (Hamer, 2015). A PC analysis of
the G. lateralis proteome revealed distinct intermolt, early premolt, mid-
premolt, and late premolt clusters (Head et al., 2019). These results
indicate that the basal, activated, committed, and repressed YO are
distinguished by qualitative and quantitative changes in protein abun-
dance that are associated with YO functional properties. An important
discovery was the increased levels of ROS scavenger proteins to counter
the effects increased energy production and ecdysteroid synthesis in the
premolt YO.

6. Conclusions and perspectives

Progress over the last ten years has identified signaling mechanisms
that regulate the YO and has provided a fresh perspective on earlier
work. The model for the organization of the MIH, mTOR, and TGFβ/
Activin signaling pathways is presented in Fig. 11. mTOR has a central
position, as it is regulated by MIH and most likely other signaling
pathways, as it controls the allocation of energy and nutrients for
protein, lipid, and nucleic acid synthesis (Cao et al., 2019; Kim and
Guan, 2019; Liu and Sabatini, 2019; Saxton and Sabatini, 2017;
Weichhart, 2018). mTOR controls the activation of the YO in early
premolt, as ecdysteroidogenesis is inhibited by rapamycin in vivo and in
vitro (Fig. 3; Abuhagr et al., 2014b). mTOR acts initially by phosphor-
ylating 4EBP and S6K to stimulate the translation of mRNA, as

Fig. 9. Two-dimensional gel proteome map com-
posed of gels from all molt stages. Spot numbers re-
present all 457 protein spots detected from the G.
lateralis YO in intermolt, early, mid-, and late premolt
stages. The average pixel density from this fused
image was normalized to determine changes in pixel
density (protein abundance) among each gel image in
each molt stage. All protein spots were manually
excised from gels for identification using MALDI-
ToF/Tof mass spectrometry, of which 191 were po-
sitively identified. From Head et al. (2019).
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rapamycin inhibits YO ecdysteroid secretion (Abuhagr et al., 2014b)
and cycloheximide, but not actinomycin D, inhibit YO ecdyster-
oidogenesis and protein synthesis in vitro (Covi et al., 2009; Dauphin-
Villemant et al., 1995; Han et al., 2006; Mattson, 1986; Mattson and
Spaziani, 1987). Cycloheximide also inhibits the uptake of high-density
lipoprotein in the C. antennarius YO, suggesting that mTOR activity is
also necessary for the uptake of cholesterol for ecdysteroid synthesis
(Kang and Spaziani, 1995). Moreover, YO protein synthesis is increased
during premolt (Dauphin-Villemant et al., 1995; Mykles, 2011). These
results provide strong evidence that mTOR-dependent protein synthesis
is necessary for the increase in ecdysteroid synthesis in the activated
YO. mTOR activity acts at the translational level to drive the transition
of the YO from the basal to activated state (Figs. 1, 11).

mTOR is also necessary to support further increases in YO ecdys-
teroid synthesis in mid- and late premolt animals. Increased hemo-
lymph ecdysteroid titers are correlated with increased YO ecdysteroid
synthesis and secretion (see Mykles, 2011 for references). Hypertrophy
of the YO is accompanied by the proliferation of mitochondria and
elaboration of the SER (Kang and Spaziani, 1995; Lachaise et al., 1993;
Shyamal et al., 2014), which corresponds to increases in energy me-
tabolism and ROS scavenging proteins (Head et al., 2019). This in-
creases ecdysteroid synthetic capacity, as cytochrome P450 enzymes
that catalyze the ecdysteroid synthetic reactions are localized in the
mitochondrion or SER (Lachaise et al., 1993; Mykles, 2011). This ap-
pears to be controlled at the transcriptional level by mTOR. RNA-seq
data show that mTOR activity regulates the mRNA levels of thousands
of genes by three days post-ESA (Shyamal et al., 2018). Three notable
pathways are up-regulated by mTOR: mTOR signaling itself, TGFβ/
Activin signaling, and the ecdysteroid synthetic pathway. Up-regulation

Fig. 10. Summary of the major functional categories of proteins at each molt stage in the G. lateralis YO. Inner circles represent the molt stage abbreviation and
physiological state of the YO. Proteomic analysis of postmolt crabs were not conducted. From Head et al. (2019).

SB431542 
Activated YO 

Committed YO 

Repressed YO 

Fig. 11. Organization of the signaling pathways mediating YO phenotype
transitions over the molt cycle. Cyclic nucleotide-mediated MIH signaling
maintains the YO in the basal state by inhibiting mTOR signaling. Reduction in
MIH, such as eyestalk ablation (ESA), stimulates mTOR activity, which is in-
hibited by rapamycin. mTOR stimulates ecdysteroid synthesis and up-regulates
mTOR and TGFβ/Activin signaling genes, and down-regulates MIH signaling
genes. Activin/myostatin signaling, which is inhibited by SB431542, up-reg-
ulates mTOR signaling genes and controls expression of commitment genes that
determine the committed phenotype. High ecdysteroid titers in late premolt
may trigger the repressed phenotype in postmolt. Modified from Shyamal et al.
(2018).
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of mTOR signaling genes in early premolt in MLA animals (Fig. 7B) and
by ESA (Figs. 4, 8) constitutes a positive feedback mechanism that
would drive the YO forward in the molt cycle (Fig. 11). Up-regulation of
TGFβ/Activin signaling by mTOR is necessary for YO commitment, as
rapamycin not only inhibits YO activation, it also prevents transition of
the YO to the committed state (Fig. 3). ESA increases Gl-Mstn mRNA
levels by 3 days post-ESA (Abuhagr et al., 2016). YO commitment in-
volves changes in gene expression mediated by Smad transcription
factors activated by Mstn/Activin (Fig. 11). TGFβ/Activin up-regulates
mTOR signaling, as SB431542 decreases the mRNA levels of Gl-mTOR,
Gl-Rheb, Gl-Akt, and Gl-EF2 by three days post-ESA and lowers hemo-
lymph ecdysteroid titers by seven days post-ESA (Fig. 4). ESA-induced
increases in ecdysterodogenic pathway genes are inhibited by rapa-
mycin (Shyamal et al., 2018). These data suggest that transcriptional
control by TGFβ/Activin signaling precedes the large increase in ec-
dysteroid synthesis in mid- and late premolt. Other than the mTOR
signaling genes, the Mstn/Activin gene targets, designated “commit-
ment genes” (Fig. 11), have yet to be identified. Taken together, gene
regulation by mTOR supports the synthesis of macromolecules needed
for YO hypertrophy, supports YO activation, and drives the Mstn/Ac-
tivin-mediated transition of the YO from the activated to committed
state (Figs. 1, 11).

The interaction between MIH and mTOR signaling pathways con-
tributes to the changes in physiological properties of the YO in the in-
termolt and premolt stages. MIH signaling maintains the YO in the basal
state by inhibiting mTOR-dependent protein synthesis necessary for
sustained ecdysteroidogenesis (Fig. 11). The MIH signaling model ex-
plains how prolonged inhibition of the YO is accomplished by the
pulsatile release of MIH from the X-organ/sinus gland. A Ca2+/CaM-
dependent NOS plays a critical role by linking a transient increase in
cAMP to the sustained production of cGMP by GC-I (Fig. 2). Protein
synthesis is inhibited by MIH or sinus gland extracts (Dauphin-
Villemant et al., 1995; Mattson and Spaziani, 1986b). Cell-permeable
cyclic nucleotide analogs, forskolin, and PDE inhibitor IBMX inhibit YO
ecdysteroidogenesis and protein synthesis (Covi et al., 2009; Han et al.,
2006; Han and Watson, 2005; Mattson, 1986; Mattson and Spaziani,
1986b, 1987; Webster et al., 2012). Once activated, mTOR activity
leads to the down-regulation of MIH signaling genes. This, coupled with
increased PDE activity, contributes to the decreased sensitivity of the
YO in mid- and late premolt.

Two critical questions regarding the MIH signaling pathway remain
to be answered: (1) What is the identity of the MIH/CHH receptor(s)?
and (2) How does PKG inhibit mTOR activity? Some progress has been
made in answering the first question. Several putative CHH GPCRs have
been identified in the YO using transcriptomics and in silico analyses
(Tran et al., 2019). The next step is to develop functional assays to
determine ligand binding properties and specificities. One approach is
to transiently express candidate GPCRs in a heterologous reporting
system to test recombinant MIH and CHH (Ventura et al., 2017). Al-
though MIH and CHH share a similar structure (Katayama et al., 2003),
they bind to distinct receptors in the YO membrane (Webster, 1993).
This suggests that the two neuropeptides bind distinct GPCRs. However,
this contradicts earlier work on hepatopancreatic membrane prepara-
tions that the CHH receptor is a membrane guanylyl cyclase (GC-II;
reviewed in Chang and Mykles, 2011; Covi et al., 2009, 2012). In order
to answer the second question, the substrates of PKG must be identified
and then determine which of those substrates inhibit mTOR. A likely
downstream target is TSC1/2, which is inactivated by phosphorylation
by Akt. PKG may phosphorylate and activate Akt, leading to the sti-
mulation of mTOR by Rheb-GTP. A promising approach is to use liquid
chromatography tandem MS to determine the effects of molt stage, ESA,
and PKG inhibitors on the YO phospho-proteome.

The mechanisms for the transition of the YO from committed state
to the repressed state and from the repressed state back to the basal
state remain to be elucidated. The peak in hemolymph ecdysteroid ti-
ters in late premolt may initiate the transition to the repressed

phenotype. The transition from very high to very low ecdysteroid
synthesis occurs over a relatively short period, from the end of late
premolt to as little as one day post-ecdysis. This results in very low
hemolymph ecdysteroid titers in postmolt (Mykles, 2011). By 10 days
postmolt in G. lateralis, the levels of most contigs, including those in the
MIH, mTOR, and TGFβ/Activin signaling pathways, are at their lowest
levels, suggesting that the repressed YO is transcriptionally inactive
(Fig. 7; Das et al., 2018). The down-regulation of MIH signaling genes
suggests that the insensitivity of the committed YO to MIH continues in
the repressed YO. If so, YO repression would not involve MIH signaling.
The repressed phenotype is distinct from the basal phenotype and
prevents molting until the new exoskeleton is completely formed (Das
et al., 2018). The repressed state is also distinct from the blocked state,
in which the MIH signaling genes are up-regulated, but mTOR signaling
genes are not affected (Pitts et al., 2017). The down-regulation of
mTOR and TGFβ /Activin signaling pathways may keep the YO in the
repressed state. Accordingly, not until the basal phenotype is restored in
intermolt does normal control of YO ecdysteroidogenesis by MIH re-
sume. Discovery of the mechanisms driving the transition from the
repressed to basal state is a promising area for future research.

Transcriptomic and proteomic tools have contributed to a better
understanding of the endocrine regulation of molting in decapod
crustaceans. Five discrete YO phenotypes have been characterized, as
best illustrated in the model species, G. lateralis. The YO progresses
through the basal, activated, committed, and repressed states during a
normal molt cycle (Fig. 1). The blocked phenotype occurs in those in-
dividuals or species that exit the molt cycle for an indefinite period,
such as terminal anecdysis. Each phenotype has unique mRNA and
protein profiles (Das et al., 2018; Head et al., 2019; Pitts et al., 2017).
The MIH signaling, mTOR signaling, and TGFβ/Activin signaling
pathways determine the basal, activated, and committed states, re-
spectively, and high ecdysteroid may determine the repressed state
(Fig. 11). Other signaling pathways are likely involved. A surprising
discovery was that the G. lateralis YO transcriptome has 878 contigs
assigned to 23 KEGG signaling pathways (Table 3; Das et al., 2018). For
the GPCRs alone, the YO can potentially respond to dozens of ligands,
ranging from biogenic amines (e.g., serotonin and octopamine) to
various neuropeptides (e.g., MIH, CHH, LAFpro, CRZ, allatostatins,
bursicon, proctolin, and FMRFamides; Tran et al., 2019). This suggests
that the YO resembles the insect prothoracic gland, which responds to a
variety of tropic and static factors (Covi et al., 2012; Marchal et al.,
2010; Rewitz et al., 2013; Yamanaka et al., 2013). Studies on insects
suggest that Wnt and Hedgehog signaling regulate the prothoracic
gland (Archbold et al., 2014; Rodenfels et al., 2014). Contigs of two
Wnt ligands, Gl-Wnt5 and Gl-Wnt7, are at their highest levels in the YO
of late premolt animals, suggesting that Wnt signaling is involved in the
transition of the YO from the committed to the repressed state (Das
et al., 2018). There is extensive crosstalk between mTOR, TGFβ, MAPK,
Jak-STAT, Wnt, Hippo, Notch, and Hedgehog pathways (Alexandratos
et al., 2016; Andersen et al., 2013; Rewitz et al., 2013; Shimobayashi
and Hall, 2014; Zhang et al., 2014), raising the possibility that the YO
integrates a variety of signals to modulate ecdysteroidogenesis in re-
sponse to variety of intrinsic and extrinsic factors.

High-throughput sequencing and tandem MS methods are trans-
forming crustacean endocrinology (Das and Mykles, 2016; Mykles
et al., 2016; Ventura et al., 2018; Head et al., 2019). The growing
number of genomic and transcriptomic databases are resources for
understanding phenotypic plasticity (Jung et al., 2013; Mykles et al.,
2010b; Nong et al., 2020; Ventura et al., 2018; Zhang et al., 2019). The
blackback land crab, G. lateralis, has proven to be a valuable model for
experimental studies on the endocrine control of molting. However, G.
lateralis and most other decapod species have limited usefulness for
testing gene function. The only method available currently is dsRNA,
which lacks tissue specificity and can have off-target effects (Sagi et al.,
2013). The cherry shrimp, Neocaridina davidi (formerly N. denticulata)
has many of the life history traits that make it a suitable model
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organism for functional genomics (Mykles and Hui, 2015). Until a
transgenic model is developed, crustacean biologists must continue to
rely on dsRNA knockdown experiments to determine gene function.
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