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A B S T R A C T   

A pair of Y-organs (YOs) synthesize ecdysteroids that initiate and coordinate molting processes in decapod 
crustaceans. The YO converts cholesterol to secreted products through a biosynthetic pathway involving a Rieske 
oxygenase encoded by Neverland (Nvd) and cytochrome P450 monooxygenases encoded by Halloween genes 
Spook (Spo; Cyp307a1), Phantom (Phm; Cyp306a1), Disembodied (Dib; Cyp302a1), and Shadow (Sad; Cyp315a1). 
NAD kinase (NADK) and 5-aminolevulinic acid synthase (ALAS) support ecdysteroid synthesis in insects. A 20- 
hydroxylase, encoded by Shed in decapods and Shade in insects, converts ecdysone to the active hormone 20- 
hydroxyecdysone (20E). 20E is inactivated by cytochrome P450 26-hydroxylase (Cyp18a1). Contigs encoding 
these eight proteins were extracted from a Gecarcinus lateralis YO transcriptome and their expression was 
quantified by quantitative polymerase chain reaction. mRNA levels of Gl-Spo and Gl-Phm were four orders of 
magnitude higher in YO than those in nine other tissues, while mRNA levels of Gl-NADK and Gl-ALAS were 
similar in all ten tissues. In G. lateralis induced to molt by multiple leg autotomy, YO mRNA levels of Gl-Nvd, Gl- 
Spo, Gl-Phm, Gl-NADK, and Gl-ALAS were highest in intermolt and premolt stages and lower in postmolt. Gl-Dib 
mRNA level was not affected by molt stage. mRNA level of Gl-Sad, which converts 2-deoxyecdysone to ecdysone, 
was higher in mid- and late premolt stages, when YO ecdysteroidogenic capacity is greatest. Gl-Cyp18a1 mRNA 
level was highest in intermolt, decreased in premolt stages, and was lowest in postmolt. In animals induced to 
molt by eyestalk ablation, YO mRNA levels of all eight genes were not correlated with increased hemolymph 20E 
titers. These results suggest that YO ecdysteroidogenic genes are differentially regulated at transcriptional and 
translational levels.   

1. Introduction 

Ecdysteroid hormones control molting in arthropods. Steroidogenic 
organs, such as the prothoracic gland in insects and the Y-organ (YO) in 
decapod crustaceans, convert cholesterol obtained from the diet to 
ecdysteroids (Kamiyama and Niwa, 2022; Kannangara et al., 2021; 
Mykles, 2011; Pan et al., 2021). The ecdysteroid biosynthetic pathway is 
similar between insects and crustaceans (Lafont et al., 2012; Mykles, 
2011). Cholesterol is converted to 7-dehydrocholesterol (7DC) by a 7,8- 
dehydrogenase encoded by Neverland (Nvd) (Yoshiyama-Yanagawa 
et al., 2011). “Black box” enzymes, such as Shroud (Sro; CYP6T3) and 
Spook (Spo; CYP307a1), and a 5β [H]-reductase convert 7DC to 5β- 
diketol. 5 β -Diketol is converted to 5 β -ketodiol by 3-dehydroecdyste
roid-3 β -reductase (Mykles, 2011; Niwa and Niwa, 2014). Cyto
chrome P450 enzymes encoded by Halloween genes Phantom (Phm; 

CYP306a1), Disembodied (Dib; CYP302a1), and Shadow (Sad; CYP315a1) 
hydroxylate 5β-ketodiol at C25, C22, and C2, respectively, to ecdysone 
(Gilbert and Rewitz, 2009; Mykles, 2011; Niwa and Niwa, 2014). Unlike 
insects, in which ecdysone is the primary product of the prothoracic 
gland, the crustacean YO can secrete ecdysone, 25-hydroxyecdysone, 3- 
dehydroecdysone, and 3-dehydro-25-deoxyecdysone (Mykles, 2011). A 
20-hydroxylase (Cyp314a1) encoded by Shade (Shd) in insects and Shed 
in decapod crustaceans converts ecdysone and 25-deoxyecdysone to the 
active hormones 20-hydroxyecdysone (20E) and ponasterone A (PA), 
respectively (Mykles, 2011; Swall et al., 2021; Ventura et al., 2017, 
2018). A 26-hydroxylase, encoded by Cyp18a1, inactivates 20E and PA 
and leads to their degradation and elimination (Dermauw et al., 2020; 
Guittard et al., 2011; Mykles, 2011). 

Arthropod cytochrome P450 enzymes belong to a gene superfamily 
of heme-thiolate proteins that are organized into six CYP clans, 
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designated mitochondrial, CYP2, CYP3, CYP4, CYP16, and CYP20 
(Dermauw et al., 2020). Halloween genes and Cyp18a1 are grouped into 
the CYP2 (Spo and Phm) and mitochondrial (Dib, Sad, Shd/Shed, and 
Cyp18a1) clans (Dermauw et al., 2020; Feyereisen, 2012; Guittard et al., 
2011). Spo and Phm are microsomal proteins associated with the 
endoplasmic reticulum, whereas Dib, Sad, Shd/Shed, and Cyp18a1 are 
located in mitochondria (Feyereisen, 2012). Ecdysteroidogenic enzymes 
are characterized by a heme-binding domain containing a 
PFxxGxRxCxG/A consensus sequence, in which the cysteine interacts 
with the heme iron (Feyereisen, 2012; Gilbert and Rewitz, 2009; Xie 
et al., 2016). Other conserved sequences are Helix-C (GxxWxEQRR), 
Helix-I (GxE/DTT/S), Helix-K (ExLR), and PERF (PxxFxPE/DRF) (Asa
zuma et al., 2009; Dermauw et al., 2020; Feyereisen, 2012; Gilbert and 
Rewitz, 2009; Swall et al., 2021; Xie et al., 2016). The N-terminal region 
of microsomal P450 (e.g., Spo and Phm) is characterized by a hydro
phobic segment followed by a proline/glycine (P/G) rich domain (Asa
zuma et al., 2009; Iga and Smagghe, 2010; Swall et al., 2021; Xie et al., 
2016). 

Molt-inhibiting hormone (MIH), a neuropeptide released from the X- 
organ/sinus gland complex in the eyestalk ganglia, controls molting 
through inhibition of the YOs (Hopkins, 2012; Mykles and Chang, 2020). 
The YO progresses through four phenotypic states that are associated 
with molt cycle stages: basal state during intermolt (stage C4); activated 
state during early premolt (stage D0); committed state during mid- and 
late premolt (stages D1 and D2, respectively); and repressed state during 
postmolt (stages A, B, and C1-3) (Mykles and Chang, 2020). Molting is 
initiated when a decrease in MIH release activates the YOs, which hy
pertrophy and increase ecdysteroid production in early premolt (Mykles 
and Chang, 2020). A downstream target of MIH signaling, which in
volves a cAMP/Ca2+-dependent triggering phase and an NO/cGMP- 
dependent summation phase, is mechanistic Target of Rapamycin 
Complex 1 (mTORC1) (Covi et al., 2009; Mykles and Chang, 2020). 
mTORC1 is a rapamycin-sensitive protein kinase complex that controls 
protein translation, lipid and nucleotide synthesis, autophagy, and 
lysosome biosynthesis (Battaglioni et al., 2022; Melick and Jewell, 2020; 
Saxton and Sabatini, 2017). Rapamycin inhibits YO ecdysteroidogenesis 
in vitro in Gecarcinus lateralis and Carcinus maenas and blocks molt 
initiation in vivo in G. lateralis (Abuhagr et al., 2014b; Abuhagr et al., 
2016). In G. lateralis, Gl-mTOR expression increases during premolt 
(Abuhagr et al., 2016). In Eriocheir sinensis, RNAi knockdown of Es- 
mTOR lengthens the molt interval 16%, from 34 days to 39.3 days (Hou 
et al., 2021). The activity of mTORC1 is controlled by the small GTPase 
Ras homolog enriched in brain (Rheb). Active GTP/Rheb stimulates 
mTORC1 activity (Melick and Jewell, 2020). The tuberous sclerosis 
complex (TSC), a GTPase-activating protein, inactivates Rheb by pro
moting the hydrolysis of GTP to GDP. It is hypothesized that cGMP- 
dependent protein kinase (PKG) inhibits mTORC1 via TSC and Rheb 
(Mykles, 2021). These data suggest that YO activation requires 
mTORC1-dependent protein synthesis by initially stimulating trans
lation of mRNAs, followed by altering the expression of thousands of 
genes that drive the transition of the YO from the activated to committed 
state (Das et al., 2018; Mykles, 2021; Shyamal et al., 2018). 

Transcriptomics has identified contigs encoding ecdysteroid 
biosynthetic and degradative pathway genes in the YO of G. lateralis 
(Shyamal et al., 2018; Swall et al., 2021) and other decapod species 
(Andersen et al., 2022; Legrand et al., 2021; Tom et al., 2013; Ventura 
et al., 2017; Wang et al., 2020). cDNAs encoding Halloween genes Nvd, 
Phm, Sad, and Spo have been characterized (Asazuma et al., 2009; 
Sathapondecha et al., 2017; Xie et al., 2016). This study characterized 
eight genes involved in ecdysteroid metabolism that are expressed in the 
G. lateralis YO. Gl Nvd, Gl-Spo, Gl-Phm, Gl-Dib, and Gl-Sad encode en
zymes in the ecdysteroidogenic pathway and Gl-Cyp18a1 encodes a 26- 
hydroxylase (Mykles, 2011). A cytochrome P450 20-monooxygenase 
encoded by six Gl-Shed contigs was previously characterized (Swall 
et al., 2021). NAD kinase (NADK) and 5-aminolevulinic acid synthase 
(ALAS) catalyze reactions for NADP(H) production and heme 

biosynthesis, respectively (de Mena et al., 1999; Lerner et al., 2001; Love 
et al., 2015; Ohashi et al., 2012; Okano et al., 2010). Contigs encoding 
Gl-ALAS, and Gl-NADK, which support ecdysteroidogenesis in the insect 
prothoracic gland (Nakaoka et al., 2017), were also characterized. 
Quantitative polymerase chain reaction (qPCR) was used to quantify 
mRNA levels in ten tissues from intermolt animals and in the YO from 
animals induced to molt by multiple leg autotomy (MLA) or by acute 
withdrawal of MIH by eyestalk ablation (ESA). 

2. Materials and methods 

2.1. Animals and experimental treatments 

Adult male Gecarcinus lateralis were shipped from the Dominican 
Republic and maintained at Colorado State University (Swall et al., 
2021). Molting was induced by autotomy of 8 walking legs (MLA) or by 
ESA (Mykles and Chang, 2020). Premolt stages were monitored by limb 
bud growth, as measured by the regeneration (R) index (Yu et al., 2002). 
Hemolymph ecdysteroid titers were quantified by a competitive 
enzyme-linked immunosorbant assay (ELISA) (Abuhagr et al., 2014a). 

2.2. Characterization of contig sequences in the YO transcriptome 

A custom tBLASTn web portal was used in the running a BLAST 
search with each of the eight protein sequences derived from NCBI 
against the G. lateralis YO transcriptome (Das et al., 2018; Swall et al., 
2021). The full nucleotide sequences of the selected contigs were ob
tained for all 8 genes from the transcriptome using prfectBlast (Santiago- 
Sotelo and Ramirez-Prado, 2012). Protein sequences were obtained 
using the online ExPASy translate tool (Artimo et al., 2012). The Swiss 
Institute of Bioinformatics was used to identify the open reading frame 
(ORF) for each of the contigs that were extracted, selecting the longest 
ORF that matched the reading frame that the transcriptome tBLASTn 
returned. The sequences of Gl-Phm, Gl-Sad, Gl-Spo, and Gl-Nvl were 
confirmed by direct sequencing of PCR products from YO cDNA using 
sequence-specific primers (Suppl. Table 1). The sequences of all eight 
contigs were deposited in GenBank and their accession numbers are 
given in Table 2 and Supplementary Data 1. 

Multiple alignments of amino acid sequences identified conserved 
regions and motifs. Clustal X version 2.1 (Larkin et al., 2007) and 
GeneDoc version 2.7 (Nicholas et al., 1997) were used to generate and 
edit sequence alignments. The Conserved Domain Database was used to 
identify the variable regions in each gene and the results were cross- 
referenced with published information on the structure of each gene 
in other species (Marchler-Bauer et al., 2015). 

For phylogenic analysis, multiple protein sequence alignments pro
duced by ClustalW2 software was used to generate phylogenetic trees 
using UGENE software (Okonechnikov et al., 2012; Thompson et al., 
1994). Interactive Tree of Life (iTOL) and Maximum Likehood Tree 
software were used to display the phylogenic trees (http://itol.embl.de) 
(Letunic and Bork, 2016). 

2.3. Quantification of tissue mRNA levels 

RNA isolation, DNase treatment, and cDNA synthesis are described 
(Swall et al., 2021). RNA was quantified by absorbance at 260 nm with a 
NanoDrop ND-1000 (Abuhagr et al., 2014a). qPCR was performed on a 
Light cycler 480 Thermocycler (Roche Applied Science, Indianapolis, IN, 
USA). Reactions contained 0.5 μl each of forward and reverse gene- 
specific primers (Table 1), 5 μl SYBR Green (Roche), 3 μl nuclease free 
water, and 1 µl cDNA. Reaction conditions were: denaturation for 3 min 
at 95 ◦C; 45 cycles, each cycle consisting of 30 sec at 95 ◦C, 30 sec at 
62 ◦C, and 20 sec at 72 ◦C; and a final extension of 7 min at 72 ◦C. The 
data are expressed as log copy number per µg total RNA (mean ± 1 S.E., 
n = sample size). 
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2.4. Statistical analysis and graphing 

SigmaPlot (Systat Software, Inc.) was used for statistical analysis and 
graphing. One-way ANOVA and Tukey post-hoc tests were used to 
determine differences in mean values between groups (p < 0.05). A 
Dunn’s post-hoc test was used if equal variance tests failed (p < 0.05). 

3. Results 

3.1. Ecdysteroid metabolism genes in G. lateralis YO transcriptome. 

Eight contiguous sequences encoding proteins involved in ecdyste
roid metabolism were extracted from a G. lateralis YO transcriptome 
(Table 2). The transcriptome was assembled from high-throughput RNA 
sequencing (RNA-seq) of YOs from animals at intermolt, early premolt, 
mid-premolt, late premolt, and 10-day postmolt stages (Das et al., 2018). 
Full-length contigs encoding a Rieske oxygenase enzyme (Gl-Nvd), five 
cytochrome P450 enzymes (Gl-Phm, Gl-Dib, Gl-Sad, Gl-Spo, and Gl- 
CYP18a1), a NAD kinase (Gl-NADK), and a 5-aminolevulinic acid syn
thase (Gl-ALAS) were obtained (Suppl. Data 1). The sequences of Gl- 
Phm, Gl-Sad, Gl-Spo, and Gl-Nvd were confirmed by direct sequencing of 
PCR products amplified from YO cDNA (see Materials and Methods; data 
not shown). Multiple alignments of the G. lateralis amino acid sequences 
with those of orthologs from other arthropod species identified 
conserved domains and motifs essential for protein functions. Gl-Nvd 
had the Rieske domain and non-heme iron-binding motif character
istic of Rieske oxygenases (Suppl. Fig. 1). Gl-Phm, Gl-Dib, Gl-Sad, Gl- 
Spo, and Gl-CYP18a1 had a heme-binding domain with a 
PFxxGxRxCxG/A consensus sequence and conserved sequences in Helix- 

C (GxxWxEQRR), Helix-I (GxE/DTT/S), Helix-K (ExLR), and PERF motif 
(PxxFxPE/DRF) that are characteristic of cytochrome P450 enzymes 
(Suppl. Figs. 2–5, 8). In addition, Gl-Phm and Gl-Spo had the P/G-rich 
motif characteristic of the CYP2 clan (Suppl. Figs. 2, 3). Gl-NADK had 
the diacylglycerol kinase catalytic domain containing the GGDG motif, 
NE/D motif, and conserved domain II characteristic of NADKs (Suppl. 
Fig. 6). Gl-ALAS contained the 5-aminolevulinate synthase presequence 
and 5-aminolevulinate synthase catalytic domains characteristic of these 
enzymes in other species (Suppl. Fig. 7). 

Phylogenetic analysis confirmed the gene identities. Gl-Nvd, Gl-Phm, 
Gl-Spo, Gl-Sad, Gl-Dib, Gl-NADK, and Gl-ALAS clustered with their 
corresponding orthologs in other species (Fig. 1). Moreover, the cyto
chrome P450 enzymes in the CYP2 (Gl-Phm and Gl-Spo) and mito
chondrion (Gl-Sad and Gl-Dib) clans formed two large groupings 
(Fig. 1). 

3.2. Tissue expression of Gl-Phm, Gl-Spo, Gl-NADK, and Gl-ALAS 

The mRNA levels of Gl-Phm, Gl-Spo, Gl-NADK, and Gl-ALAS were 
quantified in 10 tissues from intermolt G. lateralis. Gl-Phm and Gl-Spo 
were expressed in all tissues, but the mRNA levels were four orders of 
magnitude higher in the YO than the levels in the other nine tissues 
(Fig. 2A, B). By contrast, Gl-ALAS and Gl-NADK mRNA levels were 
similar in all ten tissues (Fig. 2C, D). 

3.3. The effects of molt induction on YO gene expression 

The effects of molt stage were determined in animals induced to molt 
by MLA. YOs were collected at different stages as determined by the R- 
index (Yu et al., 2002): intermolt (R = 7–9); early premolt (R = 11–13); 
mid-premolt (R = 16–18); and late premolt (R > 19). YOs were also 
collected from postmolt animals (10 days post-ecdysis). Hemolymph 
ecdysteroid level increased through premolt and was lowest in postmolt 
(Fig. 3). Gl-Nvd, Gl-Spo, Gl-Phm, and Gl-CYP18a1 mRNA levels were 
higher during intermolt and premolt with the means at intermolt and 
premolt stages significantly higher than the means at postmolt (Fig. 4). 
Gl-Sad mRNA level was higher at mid-premolt and late premolt with the 
mean at mid-premolt significantly higher than the means at intermolt 
and postmolt (Fig. 4). By contrast, molt stage had no significant effect on 
Gl-Dib mRNA level and only limited effects on Gl-NADK and Gl-ALAS 
mRNA levels (Fig. 4). The mRNA levels were lowest at postmolt, with 
the means of Gl-NADK at intermolt and of Gl-ALAS at intermolt and early 
premolt significantly higher than the means at postmolt (Fig. 4). 

The effects of molt induction by ESA on gene expression were 
determined. Intermolt animals were eyestalk ablated at Day 0. YOs were 
harvested from intact intermolt animals and from animals at 1, 3, 7, and 
14 days post-ESA. There was a significant increase in hemolymph 
ecdysteroid titer, starting at 1 day post-ESA (Fig. 5A). ESA had no sig
nificant effect on Gl-Nvd mRNA level (Fig. 5B). Gl-Spo and Gl-Phm mRNA 
levels were lower at 3 days post-ESA than at 1 day post-ESA (Fig. 5C, 
5F). Gl-NADK, Gl-ALAS, Gl-Dib, Gl-Sad, and Gl-CYP18a1 mRNA levels 
significantly decreased by 14 days post-ESA (Fig. 5D, E, G, H, and I). 

4. Discussion 

Five genes in the ecdysteroid biosynthetic pathway and a 26-hydrox
ylase (Cyp18a1) were extracted from a G. lateralis YO transcriptome. 
Nvd plays a key role in ecdysteroid synthesis, as it converts cholesterol 
transported from the hemolymph to 7DC (Yoshiyama-Yanagawa et al., 
2011). Gl-Nvd has the conserved regions characteristic of Rieske domain 
proteins (Sathapondecha et al., 2017; Yoshiyama-Yanagawa et al., 
2011). Reductases and cytochrome P450 enzymes encoded by Spo, Phm, 
Dib, and Sad convert 7DC to ecdysone (Mykles, 2011). However, the YO 
can secrete other products in addition to ecdysone, depending on species 
and molt stage: 3-dehydroecdysone, 25-deoxyecdysone, and 3-dehydro- 
25-deoxyecdysone (Mykles, 2011). 20-Monooxygenases (Cyp314a1) 

Table 1 
Oligonucleotide primers used for quantitative PCR of G. lateralis ecdysteroid 
metabolism genes. Abbreviations: bp, base pairs; F, forward; R, reverse; and TM, 
annealing temperature.  

Gene Primer Sequence (5′–3′) Product size 
(bp) 

TM 
(̊C) 

Phantom F1: TCTTTCACTTCACCACCACC 182 54.9  
R1: TCCTCTGTGACTCAGGTCTTA  54.4 

Disembodied F1: TCTCTTCAGTCAGTCCCTATGT 234 54.6  
R1: GCATCTCAGCTACCTCTCATTT  54.6 

Shadow F1: CGGCTGACTCCCTCATAATTT 234 54.7  
R1: GGAAGGCAGCTCGCTATAAG  55.4 

Spook F1: CCCTTCAGCACCGGAAAG 251 56.2  
R1: CTAGTGATACTCGTGATGCCTG  54.6 

Neverland F1: GTGTCCGAGGCGAGACATT 183 57.3  
R1: ACGTCGACCATCACCATTAC  54.7 

CYP18a1 F1: CACTGTCATTCCACTCCTCTAC 177 54.6  
R1: TCACTCCTCGCCAAGACATT  56.2 

ALAS F1: 
CAAGGTCTCGGATGAACTGATAA 

129 54.3  

R1: CATACCAAGCCCATGATGGA  54.7 
NADK F1: GCCGAATCATGCGAAACTC 101 54.5  

R1: CTTGTCTGTGTTGGTCATCAAG  53.9  

Table 2 
Ecdysteroid metabolism contig sequences from the G. lateralis MLA YO tran
scriptome (Das et al., 2018). All contigs encoded full-length proteins. Abbrevi
ations: aa, amino acids; bp, base pairs; and ORF, open reading frame.  

Gene Contig Number GenBank 
Accession # 

Contig Length 
(bp) 

ORF 
(aa) 

Phantom c268220_g1_i1 OP555907 3513 564 
Disembodied c268194_g1_i1 OP555908 2452 538 
Spook c262802_g1_i1 OP555906 3241 520 
Neverland c218937_g1_i1 OP555905 1961 515 
CYP18a1 c259236_g1_i1 OP555910 1845 527 
Shadow c247804_g1_i2 OP555909 2980 556 
ALAS c209048_g2_i2 OP572284 2696 532 
NADK c242467_g1_i5 OP722285 2109 452  
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encoded by Shed in crustaceans and Shade in insects, hydroxylate 
ecdysteroid precursors at C20 to active products, such 20E and PA 
(Mykles, 2011; Swall et al., 2021; Ventura et al., 2017). Six Shed genes 
are expressed in the G. lateralis YO and other tissues (Swall et al., 2021). 
The G. lateralis Halloween enzymes and Cyp18a1 have all the conserved 
domains and motifs characteristic of cytochrome P450 proteins, with Gl- 
Spo and Gl-Phm assigned to the CYP2 clan and Gl-Dib, Gl-Sad, Gl-Shed, 
and Gl-Cyp18a1 assigned to the mitochondrial clan (Suppl. Fig. 2–5, 8) 
(Mykles, 2011; Swall et al., 2021). The mRNA levels of Gl-Spo and Gl- 
Phm were four orders of magnitude higher in the YO than their levels in 
nine other tissues (Fig. 2A, B). In other decapod species, Halloween 
genes (e.g. Nvd, Spo, and/or Phm) are highly expressed in the YO (Asa
zuma et al., 2009; Legrand et al., 2021; Sathapondecha et al., 2017). 
These data support the paradigm that the YO is the primary site for 
ecdysteroid synthesis. The gonad is also a site of ecdysteroidogenesis 
and expression of Halloween genes (Liu et al., 2021; Pan et al., 2022; 
Yuan et al., 2021a,b; 2022). 

YO is also a site for 20E production, as in vitro assays show that the 
YO secretes both ecdysone and 20E (Swall et al., 2021). Unlike Gl-Spo 
and Gl-Phm, Gl-Shed mRNA levels in the YO are comparable to the levels 
in other tissues in intermolt animals (Swall et al., 2021). This suggests 
that peripheral tissues, which constitute a larger proportion of the body 
mass, such as skeletal muscle and the hepatopancreas, contribute more 
to total 20E and PA production than the YOs (Mykles, 2011). Thus, the 
general paradigm that the molting glands synthesize and secrete 
ecdysteroid precursors, which are converted to active hormones by pe
ripheral tissues is consistent between insects and crustaceans (Gilbert 
and Rewitz, 2009; Mykles, 2011; Niwa and Niwa, 2014). However, Gl- 
Shed5A expression in the YO is higher than the other five Gl-Sheds and its 
mRNA level is increased in early premolt and mid-premolt animals 
(Swall et al., 2021), which suggests that the YO contributes to the 

increase in hemolymph 20E titers during premolt (Mykles, 2011; Mykles 
and Chang, 2020). 

Cyp18a1 is a 26-hydroxylase that inactivates 20E and PA (Lafont 
et al., 2012; Mykles, 2011). It is expressed in a wide variety of tissues, 
including the YO and prothoracic gland of crustaceans and insects, 
respectively (Figs. 4, 5I) (Guittard et al., 2011; Mykles, 2011). In 
Drosophila melanogaster, Cyp18a1 is responsible for the decrease in 20E 
at the prepupal to pupal transition (Rewitz et al., 2010). Both ectopic 
overexpression and knockdown/knockout of Cyp181a in the prothoracic 
gland and other tissues disrupt development and result in third instar 
larval or pupal lethality (Guittard et al., 2011). These data indicate that 
Cyp18a1 contributes to the control of 20E levels around the time of 
metamorphosis. In MLA animals, Gl-Cyp18a1 mRNA level is high at 
intermolt and is lower during premolt (Fig. 4). Assuming that Gl- 
Cyp18a1 mRNA level serves as a proxy for Gl-Cyp18a1 protein and/or 
activity, this suggests that Gl-Cyp18a1 contributes to the secretion of 
20E and other active ecdysteroids by the YO. Higher 26-hydroxylase 
activity during intermolt may contribute to the low ecdysteroid secre
tion by the basal YO, while lower 26-hydroxylase activity during pre
molt may contribute to higher ecdysteroid secretion by the activated and 
committed YO (Mykles, 2011; Mykles and Chang, 2020). Gl-Cyp18a1 
may have a limited role during postmolt, when ecdysteroid synthesis 
and Gl-Cyp18a1 mRNA level in the repressed YO are lowest (Fig. 4) 
(Mykles, 2011; Mykles and Chang, 2020). The repressed YO is tran
scriptionally quiescent, as mRNA levels of many genes are at their lowest 
(Das et al., 2018). 

NADK and ALAS support ecdysteroidogenesis in the insect protho
racic gland. In Bombyx mori, NADK (Bmb018637) and ALAS 
(Bmb021395) are expressed in the prothoracic gland at more than ten 
times the level in brain (Nakaoka et al., 2017). In D. melanogaster, NADK 
(CG33156) and ALAS (CG3017) are preferentially expressed in the ring 

Fig. 1. Phylogenetic analysis of G. lateralis Neverland, 
Phantom, Disembodied, Spook, Shadow, NADK, and 
ALAS protein sequences. Abbreviations for crustacean 
species: Cm, Carcinus maenas; Dm‘, Daphnia magna; Es, 
Eriocheir sinensis; Ls, Lepeophtheirus salmonis; Pj, 
Penaeus japonicus; Pl, Pontastacus leptodactylus; Sp, 
Scylla paramamosain; and Up, Uca pugilator. Abbrevi
ations for insect species: Ag, Anopheles gambiae; Am, 
Apis mellifera; Bd, Bactrocera dorsalis; Bm, Bombyx 
mori; Dm, Drosophila melanogaster; Dp, Drosophila 
pachea; Mb, Mamestra brassicae; Ms, Manduca sexta; 
Nv, Nicrophorus vespilloide; Pm, Papilio machaon; and 
Sg, Schistocerca gregaria. Abbreviations for vertebrate 
species: Hs, Homo sapiens; Mm, Mus musculus; Pt, Pan 
troglodytes; and Xt, Xenopus tropicalis. GenBank 
accession numbers of all sequences used for the 
analysis are given in Supplementary Data 2.   

S.A.M. Benrabaa et al.                                                                                                                                                                                                                        



General and Comparative Endocrinology 340 (2023) 114304

5

gland and RNAi knockdown of either gene in the ring gland reduces 
whole-body 20E and makisterone A to basal levels (Nakaoka et al., 
2017). ALAS is a pyridoxal phosphate-dependent enzyme that catalyzes 
the first step in heme biosynthesis (de Mena et al., 1999; Okano et al., 
2010). NADK controls NADP production by phosphorylating NAD to 
NADP (Lerner et al., 2001; Love et al., 2015; Ohashi et al., 2012). Cy
tochrome P450 CYP monooxygenases (e.g., Spo, Phm, Dib, Sad, Shd/ 

Shed, and Cyp18a1) require a heme cofactor for electron transfer and 
NADP(H) as an electron donor (Lafont et al., 2012; Nakaoka et al., 
2017). As heme and NADP(H) are required for redox reactions in the 
cell, it is not surprising that ALAS and NADK are expressed in all 
D. melanogaster and G. lateralis tissues (Nakaoka et al., 2017)(Fig. 2C,D). 
However, unlike D. melanogaster and B. mori, Gl-ALAS and Gl-NADK 
were not preferentially expressed in the YO (Fig. 2C,D). Moreover, Gl- 
ALAS and Gl-NADK mRNA levels were higher in YOs from intermolt and 
premolt animals and lower in YO from postmolt animals (Fig. 4). This 
suggests that the mRNA levels are sufficient to support increased 
ecdysteroid production during premolt. Alternatively, NADP(H) can be 
provided by transaldolase, an enzyme in the pentose phosphate 
pathway. In C. maenas YO, transaldolase protein and activity are 
correlated with ecdysteroid synthesis, and transaldolase activity is 
inhibited by MIH (Lachaise et al., 1996). In G. lateralis YO, relative 
expression of transaldolase is increased by ESA (Shyamal et al., 2018). 

Molting can be readily induced in G. lateralis by MLA and ESA. An
imals can regenerate lost appendages, but they must molt to restore a 
functional limb (Bliss, 1979; Das, 2015). Autotomy of five to eight 
walking legs causes precocious molts in order to regain mobility as 
quickly as possible (Skinner, 1985; Yu et al., 2002). Impaired mobility 
from MLA is especially serious for a terrestrial species, such as 
G. lateralis, which lack the neutral buoyancy of water to support the 
body (Mykles and Chang, 2020). MLA produces physiological changes 
consistent with natural molts. G. lateralis enter premolt three to six 
weeks after MLA, complete premolt in about three weeks, molt suc
cessfully, and complete postmolt in three to four weeks (Mykles, 2001; 
Pitts et al., 2017; Skinner, 1985; Skinner and Graham, 1970; Yu et al., 
2002). By contrast, ESA induces molting by the acute withdrawal of 
MIH, and animals enter premolt by 1 day post-ESA (Bliss, 1979; Mykles 
and Chang, 2020). Although it is an effective experimental technique to 
synchronize animals to a molt stimulus, ESA also causes reductions of 
other neuropeptides that control critical physiological processes, such as 

Fig. 2. Tissue distribution of Gl-Spo, Gl-Phm, Gl- 
ALAS, and Gl-NADK transcripts in intermolt 
G. lateralis. Abbreviations: AG, antennal gland; B, 
brain; CM, claw muscle; G, gill; H, heart; HG, hindgut; 
HP, hepatopancreas; MG, midgut; TG, thoracic gan
glion; and YO, Y-organ. mRNA levels were quantified 
by qPCR. Data are presented as mean ± S.E.M. log10 
copy number per µg total RNA (n = 3 for AG, HG, MG, 
and YO; n = 4 for G and HP; n = 5 for B, CM, and TG; 
n = 6 for H). Asterisks (Fig. 2A, B) indicate the means 
of Gl-Spo and Gl-Phm in the YO are significantly 
higher than the means in the other 9 tissues (P <

0.001).   

Fig. 3. Hemolymph ecdysteroid titers in G. lateralis induced to molt by MLA. 
Molt stages: early premolt (EP; stage D0), mid-premolt (MP; stage D1), late 
premolt (LP; stage D2-3) and 10 days postmolt (PM). Data presented as mean ±
S.E.M. pg 20E equivalents per µl hemolymph (EP, n = 6; MP, n = 8; LP, n = 10; 
and PM, n = 10). All means are significantly different from each other (P 
< 0.05). 
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glucose metabolism, reproduction, development, immunity, and ion and 
water balance (Chen et al., 2020). Animals proceed through premolt, but 
fail to molt successfully, which likely results from the disruption of 
hormonal control (Skinner, 1985). Nonetheless, it is still informative to 
compare the effects of MLA and ESA on gene expression. Similar re
sponses may indicate a common mechanism, whereas different re
sponses may not be directly attributed to molting, particularly after 
prolonged withdrawal of eyestalk neuropeptides in mid-premolt animals 
by 14 days post-ESA. The significant drop of Gl-ALAS, Gl-NADK, Gl-Dib, 
and Gl-Sad mRNA levels in the YO at 14 days post-ESA may have 
resulted from dysregulation of organ systems maintaining organismal 
homeostasis (Fig. 5D, E, G, and H). 

The effects of molt stage on Halloween gene expression in the YO 
vary between species and individual genes. In C. sapidus, mRNA levels of 
Cs-Spo and Cs-Nvd were quantified in the YOs from animals at intermolt, 
early premolt, and mid-premolt stages (Legrand et al., 2021). Although 
Cs-Spo and Cs-Nvd mRNA levels were higher at premolt stages than at 
intermolt, only the Cs-Nvd means between intermolt and early premolt 
were significantly different (Legrand et al., 2021). In M. japonicas, Mj- 
Phm mRNA level is 7-fold higher at premolt than at intermolt (Asazuma 
et al., 2009). Moreover, rMIH and sinus gland extract decrease Mj-Phm 
mRNA level in activated YOs after 24 h in an in vitro assay (Asazuma 
et al., 2009). In P. monodon, Pm-Nvd mRNA level in the YO increases 
only ~4-fold in mid-premolt (stage D1) compared to intermolt (stage C) 
animals (Sathapondecha et al., 2017). RNAi knockdown of Pm-Nvd de
creases hemolymph 20E titer and delays molting (Sathapondecha et al., 
2017). In Macrobrachium nipponense, Mn-Phm is highly expressed in 
ovary and testis, but Mn-Phm mRNA level in the YO was not examined 
(Pan et al., 2022). However, RNAi knockdown of Mn-Phm decreases 20E 
content and molting frequency (Pan et al., 2022). In G. lateralis, the 
expression of five Halloween genes was quantified in the YO at five molt 
stages. Gl-Nvd, Gl-Spo, and Gl-Phm showed a similar expression pattern, 
with highest mRNA levels at intermolt, lowest levels at postmolt, and 
intermediate levels at premolt stages (Fig. 4). Gl-Dib mRNA level was not 
affected by molt stage. Only Gl-Sad showed an expression pattern 
consistent with YO ecdysteroid synthesis, with the highest mRNA levels 
at mid- and late premolt (stages D1 and D2; Fig. 4). 

ESA is an effective method to induce molting in most decapod species 
(Skinner, 1985). As the X-organ/sinus gland complex is the primary 

source of MIH, ESA results in YO activation and increases in hemolymph 
ecdysteroid titers (Fig. 5A). However, some species, such as green shore 
crab (C. maenas), are refractory to ESA (Abuhagr et al., 2014a). The 
effects of ESA on hemolymph ecdysteroid titer and YO gene expression 
vary between species and between different Halloween genes, so that 
ecdysteroid titer and mRNA levels are not always correlated. In Portunus 
trituberculatus, mRNA levels of Pt-Dib and Pt-Sad are transiently 
increased, reaching maximum levels at 4 days post-ESA, while Pt-Spo 
mRNA level is unchanged (Xie et al., 2016). P. trituberculatus appears to 
be refractory to ESA, as hemolymph titer increased no more than two- 
fold by 4 days post-ESA (Xie et al., 2016). In C. sapidus, hemolymph 
ecdysteroid titer and YO mRNA levels of Cs-Nvd, Cs-Spo, Cs-Dib, and Cs- 
Sad increase in early premolt animals induced by ESA (Legrand et al., 
2021). By contrast, in G. lateralis, ESA had no or only transitory effects 
on the mRNA levels of Gl-Nvd, Gl-Spo. Gl-Phm, Gl-Dib, and Gl-Sad be
tween 0 and 7 days post-ESA; the levels were not correlated with he
molymph 20E titers (Fig. 5; compare A with B, C, F, G, and H). The 
results from qPCR conflict with those from RNA-seq data reported by 
Shyamal et al. (2018). ESA increased relative expression of Gl-Nvd, Gl- 
Spo, Gl-Phm, Gl-Dib, and Gl-Sad (see Suppl. Fig, 5G in Shyamal et al., 
2018). This illustrates that RNA-seq data should be interpreted with 
caution when a low number of biological replicates (n = 3) are used. A 
standard practice is to confirm RNA-seq data with qPCR quantification 
(e.g., see Legrand et al., 2021). 

Molting gland ecdysteroidogenesis is mediated by mTORC1 in both 
insects and crustaceans (Mykles, 2021). mTORC1 controls the global 
translation of mRNA into protein in eukaryotic cells (Battaglioni et al., 
2022; Melick and Jewell, 2020; Saxton and Sabatini, 2017). In insects, 
mTORC1 inactivation blocks prothoracicotropic hormone- and growth 
factor-stimulated increases in ecdysteroid synthesis by the prothoracic 
gland (Gu et al., 2012; Kemirembe et al., 2012; Rewitz et al., 2013; 
Scieuzo et al., 2018; Smith and Rybczynski, 2012; Teleman, 2010). YO 
activation in early premolt (stage D0) requires mTORC1-dependent 
protein synthesis (Mykles, 2021). Rapamycin inhibits YO ecdyster
oidogenesis in vitro and inhibits YO activation in vivo (Abuhagr et al., 
2014b, 2016; Shyamal et al., 2018). Later in the early premolt stage, 
mTORC1 activity controls, either directly or indirectly, the expression of 
thousands of genes (Shyamal et al., 2018). Most notably, mTORC1 and 
TGFβ/Activin/Myostatin (Mstn) signaling pathway genes are up- 

Fig. 4. Expression of Gl-ALAS, Gl-CYP18A1, Gl-Dib, 
Gl-NADK, Gl-Nvd, Gl-Phm, Gl-Sad, and Gl-Spo in the 
YO of G. lateralis induced to molt by MLA. mRNA 
levels at intermolt (IM; stage C4); early premolt (EP; 
stage D0), mid-premolt (MP; stage D1), late premolt 
(LP; stage D2) and 10 days postmolt (PM) were 
quantified by qPCR. Data are presented as mean ± S. 
E.M log10 copy number per µg total RNA (IM, n = 10; 
EP, n = 6; MP, n = 8; LP, n = 10; and PM, n = 10). 
Brackets indicate means that are significantly 
different from each other (P < 0.05).   
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regulated and MIH signaling pathway genes are down-regulated in 
G. lateralis induced to molt by MLA and ESA (Abuhagr et al., 2014b; Das 
et al., 2018; Mykles, 2021; Shyamal et al., 2018). In G. lateralis, 
C. sapidus, and Metacarcinus magister, YO Rheb expression is increased 
during premolt, indicating that Rheb mRNA level can serve as a marker 
for mTORC1-dependent ecdysteroidogenesis (Abuhagr et al., 2014b; 
Roegner and Watson, 2020; Wittmann et al., 2018). TGF β /Activin/ 
Mstn signaling mediates the transition of the YO to the committed state 
in mid-premolt, as Gl-Mstn mRNA level peaks at 3 days post-ESA and 
SB431542, an inhibitor of Activin receptor signaling, prevents 
G. lateralis from transitioning from early premolt to mid-premolt (Abu
hagr et al., 2016). By contrast, mRNA levels of ecdysteroid synthetic 
enzymes are not consistently higher during premolt or not correlated 
with hemoymph ecdysteroid titers (Figs. 4, 5) (Asazuma et al., 2009; 
Legrand et al., 2021; Sathapondecha et al., 2017; Xie et al., 2016). These 
data suggest that the regulation of ecdysteroidogenic enzymes during 
the intermolt and premolt stages is primarily at the translational level by 
mTORC1. 

5. Conclusions 

The YO is the major site of ecdysteroid synthesis in decapod crus
taceans. Contigs extracted from G. lateralis YO transcriptomes encode 
five Halloween enzymes (Gl-Nvd, Gl-Spo, Gl-Phm, Gl-Dib, and Gl-Sad), 
two enzymes that may support ecdysteroid synthesis (Gl-NADK and Gl- 
ALAS), and one enzyme that inactivates 20E and PA (Gl-Cyp18a1). To 
our knowledge, this is the first study comparing the effects of two molt 
induction methods on the expression of five Halloween genes in the YO. 
Acute withdrawal of MIH and other eyestalk neuropeptides by ESA had 
little or no consistent effect on mRNA levels 0 to 7 days post-ESA and 
those levels were not correlated with hemolymph ecdysteroid titer. In 
animals induced to molt by MLA, only Gl-Sad mRNA level was correlated 
with high YO ecdysteroidogenesis in mid- and late premolt. By contrast, 
the mRNA levels of the other four Halloween genes were higher in 
intermolt animals. These data suggest that the increased ecdysteroido
genic capacity in the G. lateralis YO is primarily driven by mTORC1- 
mediated translation of mRNA to protein. Thus, the basal YO is 
primed to respond rapidly to the drop in hemolymph MIH titer and 

Fig. 5. Effects of molt induction by ESA on hemolymph ecdysteroid titer (A) and gene expression in G. lateralis YO (B-I). Hemolymph and YOs tissues collected from 
intact (Day 0) animals and from animals 1 day, 3 days, 7 days, or 14 days post-ESA. Ecdysteroid levels were quantified by ELISA and data presented as mean ± S.E.M. 
pg 20E equivalents per µl hemolymph. mRNA levels were quantified by qPCR and data are presented as mean ± S.E.M log10 copy number per µg total RNA. Samples 
sizes (n) were 8 for Day 0, 6 for Day 1, 8 for Day 3, 8 for Day 7, and 7 for Day 14. Means designated by the same letter are significantly different from each other (P 
< 0.05). 
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initiate molting. The up-regulation of Gl-Sad, which hydroxylates C2 to 
form ecdysone, may sustain the high rates of ecdysteroid synthesis by 
the committed YO. The mRNA levels of Halloween genes, except for Sad, 
may be unreliable markers for YO ecdysteroid activity in G. lateralis. 
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