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In decapod crustaceans, arthropod steroid hormones or ecdysteroids regulatemolting. These hormones are synthe-
sized and released from a pair ofmolting glands called the Y-organs (YO). Cyclic nucleotide,mTOR, and TGFβ/Smad
signaling pathways mediate molt cycle-dependent phase transitions in the YO. To further identify the genes in-
volved in the regulation of molting, a YO transcriptomewas generated from three biological replicates of intermolt
blackback land crab, Gecarcinus lateralis. Illumina sequencing of cDNA libraries generated 227,811,829 100-base
pair (bp) paired-end reads; following trimming, 90% of the reads were used for further analyses. The trimmed
reads were assembled de novo using Trinity software to generate 288,673 contigs with a mean length of 872 bp
and amedian length of 1842 bp. Redundancy among contig sequences was reduced by CD-HIT-EST, and the output
constituted the baseline transcriptome database. Using Bowtie2, 92% to 93% of the reads were mapped back to the
transcriptome. Individual contigs were annotated using BLAST, HMMER, TMHMM, SignalP, and Trinotate, resulting
in assignments of 20% of the contigs. Functional and pathway annotations were carried out via gene ontology (GO)
andKEGGorthology (KO) analyses; 58% and44%of the contigswith BLASTx hitswere assigned toGOandKO terms,
respectively. The gene expressionprofilewas similar to a crayfish YO transcriptomedatabase, and the relative abun-
dance of each contig was highly correlated among the three G. lateralis replicates. Signal transduction pathway
orthologs were well represented, including those in the mTOR, TGFβ, cyclic nucleotide, MAP kinase, calcium,
VEGF, phosphatidylinositol, ErbB, Wnt, Hedgehog, Jak-STAT, and Notch pathways.
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1. Introduction

Decapod crustaceans possess a rigid exoskeleton that must be shed
periodically for organismal growth, a process called ecdysis or molting.
Molting is regulated by two endocrine organs: the X-organ/sinus gland
(XO/SG) complex, located in the eyestalk ganglia, and a pair of molting
glands, or Y-organs (YOs), located in the cephalothorax (Skinner, 1985;
Hopkins, 2012). The interaction between molt-inhibiting hormone
(MIH), an inhibitory neuropeptide produced by the XO/SG complex,
and steroid molting hormones (ecdysteroids), produced by the YO,
drives the progression through the molt cycle (Webster et al., 2012;
Webster, 2015). Hemolymph ecdysteroid titers are low during the
intermolt stage, increase during the premolt stage, drop precipitously
near the end of premolt, and remain at low levels during postmolt
(Chang and Mykles, 2011; Mykles, 2011). The increase in ecdysteroid
titers initiate and coordinate the physiological processes required
for molting, such as degradation and reformation of the exoskeleton
(Skinner, 1985), claw muscle atrophy (Mykles, 1997; Mykles and
ykles).
Medler, 2015), and limb regeneration (Skinner, 1985; Mykles, 2001;
Hopkins and Das, 2015).

The YO undergoes transitions in physiological properties at critical
stages of the molt cycle. During intermolt, the YO is kept in the basal
state by pulsatile releases of MIH to maintain low hemolymph
ecdysteroid titers (Nakatsuji et al., 2009; Chung et al., 2010). The repres-
sion of ecdysteroid synthesis via MIH signaling in the YO is mediated by
cyclic nucleotide second messengers (Covi et al., 2009). MIH binding
to a putative G protein-coupled membrane receptor is hypothesized
to initiate a cAMP-dependent triggering phase, which is followed by
an NO/cGMP-dependent summation phase for prolonged inhibition of
ecdysteroidogenesis between MIH pulses (Chang and Mykles, 2011;
Covi et al., 2012; Webster, 2015). A reduction in MIH during intermolt
de-represses the YO. The activated YO hypertrophies to increase
ecdysteroid synthesis; the hemolymph ecdysteroid titer increases and
the animal transitions to the premolt stage (Chang and Mykles, 2011).
The duration of early premolt depends on environmental and physio-
logical conditions. Environmental stress, acting through theXO/SG com-
plex, can prolong thepremolt period, as the YO remains sensitive toMIH
and a stress neuropeptide, crustacean hyperglycemic hormone (CHH)
(Chang and Mykles, 2011; Shrivastava and Princy, 2014). Autotomy of
a limb regenerate suspends premolt for a few weeks, which allows
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time for a new regenerate to form and grow, and the animal molts with
a complete set of walking legs (Mykles, 2001; Yu et al., 2002; Chang and
Mykles, 2011). A critical transition occurs at mid-premolt, when the
animal becomes committed to molt. The YO increases ecdysteroid pro-
duction further and becomes insensitive to MIH and CHH (Chang and
Mykles, 2011; Covi et al., 2012). The animal progresses through to ecdy-
sis without delay. If a limb regenerate is autotomized at this stage, there
is no regeneration and the animal molts without a full complement of
legs (Mykles, 2001; Yu et al., 2002).

Two highly conserved signaling pathways mediate the molt cycle-
dependent transitions of the YO. The activation of the YO in early pre-
molt requires mechanistic Target of Rapamycin (mTOR)-dependent
protein synthesis. mTOR is a protein kinase that controls global transla-
tion of mRNA into protein in eukaryotic cells (Baretic and Williams,
2014). Its activity is controlled by a variety of signals that regulate ener-
gy allocation to protein synthesis, such as nutrients, cellular energy sta-
tus, growth factors, and stress (Shimobayashi andHall, 2014; Albert and
Hall, 2015; Cetrullo et al., 2015). Cycloheximide, an inhibitor of mRNA
translation, and rapamycin, an mTOR inhibitor, repress YO ecdysteroid
secretion in vitro (Mattson and Spaziani, 1986, 1987; Abuhagr et al.,
2014b). Moreover, increases in mRNA levels of mTOR signaling compo-
nents Gl-mTOR and Gl-Akt as well as Gl-elongation factor 2 (Gl-EF2) in
mid-premolt and late premolt stages coincide with the increase in
ecdysteroid production in the committed YO (Abuhagr et al., 2014b).
The transition of the YO from the activated to the committed state in-
volves TGFβ/Smad signaling via an Activin-like membrane receptor
(Chang and Mykles, 2011). An Activin receptor inhibitor (SB431542)
blocks YO commitment but has no effect on YO activation in eyestalk-
ablated Gecarcinus lateralis in vivo (Abuhagr et al., 2012). Both signaling
pathways are also important in insect molt regulation. mTOR activity
controls the size and ecdysteroid synthetic capacity of the prothoracic
gland (PG) by prothoracicotropic hormone (PTTH), bombyxin, and
insulin-like peptides (ILPs) (Teleman, 2010; Covi et al., 2012;
Yamanaka et al., 2013; Smith et al., 2014; Gu et al., 2015; Hatem et al.,
2015). A recent report of an ortholog of Drosophila Ilp7 and eight
insulin-like growth factor binding proteins in the rock lobster,
Sagmariasus verreauxi (Chandler et al., 2015), lends support for the im-
portance of ILP/mTOR signaling in crustaceans and raises the possibility
that the YO, like the insect PG, is regulated by insulin-like growth factors
(Yamanaka et al., 2013). Moreover, TGFβ signaling, which is mediated
by Smad transcription factors (Macias et al., 2015), is necessary for the
PG to respond to PTTH and insulin. Blocking Activin/Smad signaling in
the Drosophila PG prevents the PTTH-triggered ecdysteroid peak that
initiates metamorphosis (Pentek et al., 2009; Gibbens et al., 2011).
Taken together, the data suggest that mTOR and TGFβ/Smad pathways
play essential roles in the regulation of crustacean and insect molting
glands by neuropeptides.

RNA-Seq technology has quickly become a powerful tool in decapod
crustacean physiology, as it provides a deeper and broader range of
transcripts than other methods (Wang et al., 2009). As the field lacks a
decapod species with a fully mapped and annotated genome, the de
novo assembly of RNA-Seq data allows the cataloging of all the genes
expressed in a tissue, essentially leapfrogging the genome to the direct
analysis of genes that define a specific function. This methodology can
identify gene ontologies and networks associated with a physiological
process, aswell as quantify levels ofmRNA abundance for all genes tran-
scriptionally activated within that physiological state. Transcriptomic
approaches have revealed genes associated with reproduction (Gao
et al., 2014), development (Wei et al., 2014a; Chandler et al., 2015;
Christiaens et al., 2015; Li et al., 2015), chitinmetabolism in integumen-
tary tissues (Tom et al., 2014; Abehsera et al., 2015), digestion (Wei
et al., 2014b), neuroendocrine regulation (Christie, 2014; Ventura
et al., 2014), and molting and growth (Tom et al., 2013; Lv et al.,
2014). In the present study, Illumina high-throughput sequencing and
de novo assembly was used to create a YO transcriptome database of
the blackback land crab, G. lateralis. The species is an important model
for the study of the endocrine regulation molting by neuropeptides
and other factors (Chang and Mykles, 2011). A pipeline for the valida-
tion, analysis, and functional assignment of contigs is described. Genes
encoding signal transduction pathways were characterized. As expect-
ed, the genes in the cyclic nucleotide, insulin/mTOR, and TGFβ/Smad
pathways were well represented in the annotated database. Genes in
theMAP kinase, calcium, VEGF, phosphatidylinositol, ErbB,Wnt, Hedge-
hog, Jak-STAT, and Notch pathways were also expressed. The diversity
of signaling pathways raises the possibility that the YO can integrate en-
docrine, paracrine, and autocrine signals in order to respond appropri-
ately to environmental and physiological conditions that affect molting.

2. Methods

2.1. Animals

Adult male G. lateralis were collected in the Dominican Republic,
shipped to Colorado State University, and maintained as described
(Covi et al., 2010). YOs were dissected from the branchial chamber
side of the anterior branchiostegite region of the cephalothorax and
stored in 300 μL RNAlater (Life Technologies, Grand Island, NY, USA)
at−20 °C until processing. Hemolymph ecdysteroid titers were quanti-
fied using a competitive enzyme-linked immunosorbent assay (ELISA)
(Kingan, 1989; Abuhagr et al., 2014a).

2.2. mRNA isolation, library preparation, and sequencing

Total RNA was isolated using RNeasy™ Mini Kits (Qiagen, Valencia,
CA, USA) following the manufacturer's protocol. RNA was quantified
using Quant-iT™ RiboGreen® RNA Assay (Life Technologies, Carlsbad,
CA, USA). The mRNA purification and cDNA synthesis was carried out
with a TruSeq™ Stranded mRNA Library Prep Kit (Illumina). Three
cDNA libraries, designated Im1, Im2, and Im3, were generated; each li-
brarywas derived frommRNA from six YOspooled from three intermolt
animals. Paired-end sequencing of the cDNA libraries using an Illumina
HiSeq™ 2000 instrument was performed at the Oklahoma Medical
Research Foundation. All samples were run in a single sequencing lane
with three adaptor tags.

2.3. Transcriptome assembly and annotation

The quality of paired-end raw reads in fastq format was assessed
using the FASTQC program (Babraham Institute, Cambridge, UK).
Quality reads with a minimum phred (nucleotide base call) score of 28
and length ranging from 36 bp to 100 bp were extracted by trimming
of low quality reads and adapter sequences via Trimmomatic software
(version number: 0.32) (Bolger et al., 2014). The trimmed reads obtained
from three different biological YO replicates were concatenated into two
files containing forward and reverse sequences, respectively. Further,
both paired and unpaired reads were used for downstream analyses.
The trimmed forward and reverse reads were then assembled via Trinity
software with default settings (version number: r20130814) (Haas et al.,
2013). The minimum contig length was set at 201 bp. Following assem-
bly, the contigs were clustered based on a 90% sequence similarity
threshold using the CD-HIT-EST program (version number: 4.6.1) (Li
and Godzik, 2006). The output of CD-HIT-EST was used as the reference
transcriptome to map the reads from individual libraries. We designated
the assembled data as the YO baseline transcriptome.

For annotation, both nucleotide sequences and predicted protein se-
quences were used to run BLAST queries against NCBI non-redundant
(NR), Swiss-Prot (SP), TrEMBL (Uniprot), and Uniprot Uniref90 protein
databases (http://www.uniprot.org/downloads; Fig. 1) (Altschul et al.,
1990; Bairoch and Apweiler, 2000). The NR and SP databases
were downloaded on April 1, 2015, TrEMBL on October 19, 2015,
and Uniref90 on June 26, 2015. Stand-alone software was used for run-
ning BLAST (version: 2.2.28) against the above-mentioned databases

http://www.uniprot.org/downloads
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Fig. 1. De novo assembly pipeline for the G. lateralis YO transcriptome. The steps in the as-
sembly of the raw reads from the Illumina sequencing and for the estimation of transcript
abundance are illustrated. The software used for each step is indicated by italics; the num-
bers indicate the output fromeach step. See Section 2 for the versions of the software used.
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(http://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastDocs&DOC_
TYPE=Download). The output of BLASTx against the NR database was
generated as an xml format (outfmt 5) and was parsed with a python
script developed by the Palumbi laboratory at Stanford University
(http://sfg.stanford.edu/scripts.html) (De Wit et al., 2012). The results
from BLASTx against SP and Uniprot databases were in tabular format
(outfmt 6). The cutoff for e-value was set for 1e−5 and 10 hits were
assigned per contig.

The functional analysis of the transcriptome via gene ontology (GO)
was generated via Blast2GO Basic (version number 3.0.8) using the
BLASTx against the NR database as input (Conesa et al., 2005). The GO
numbers obtained from Blast2GO were entered into GOSlimViewer
(http://www.agbase.msstate.edu/cgi-bin/tools/goslimviewer_select.pl)
using the “Generic” GOSlim Set option to create a summary of the GO
terms associated with annotated transcripts in the YO baseline tran-
scriptome (McCarthy et al., 2006). For the purpose of pathway annota-
tion, we used the output from BLASTx against the NR database for
assignments to Kyoto Encyclopedia for Genes and Genomes (KEGG)
pathways and KEGG orthology (KO). MEtagenome Analyzer (MEGAN
V5.6.6) software (Kanehisa and Goto, 2000; Huson and Mitra, 2012)
was used for generating KEGG annotations. We used the auxiliary map-
ping files for KO and pathway assignments rather than the out-of-date
built-in KEGG pathways (http://ab.inf.uni-tuebingen.de/data/software/
megan5/download/welcome.html). In order to compare the pathway
annotations of the land crab baseline transcriptome to the previously
published YO transcriptome of crayfish, we downloaded the assembled
Pontastacus leptodactylus transcriptome (TSA: GAFS00000000 from
NCBI database (Tom et al., 2013). The crayfish transcriptome was proc-
essed in the samemanner as the land crab data to generate comparable
KEGG pathway and KO annotations.

TransDecoder (version number: v2.0.1; https://transdecoder.github.
io/)was used to predict coding peptide sequences from the baseline tran-
scriptome contig sequences. These peptide sequenceswere annotated via
BLASTpagainst knowndatabaseswith a cutoff of 1e−5. In order to identify
conserved protein families among the predicted peptide sequences,
HMMER hmmscan (https://svn.janelia.org/eddylab/eddys/src/hmmer/
trunk/documentation/man/hmmscan.man) was used to search for se-
quences against a Pfam-A database (downloaded on June 26, 2015)
(http://hmmer.janelia.org/). In addition, transmembrane helical domains
and cleavage sites for signal peptideswere identifiedusing TMHMM(ver-
sion number: 2.0c) and SignalP (version number: 4.1) software, respec-
tively. All the outputs obtained from the above-mentioned resources
like BLAST, HMMER, TMHMM, and SignalP were used to achieve a com-
prehensive annotation for each contig. For this purposewe used Trinotate
(version number: r201407708) to generate a flat file report containing all
annotation information for each contig (Haas et al., 2013).

2.4. Transcript abundance estimation and statistical analyses

The relative transcript abundance in the three cDNA libraries
was determined via the following steps. The good quality reads from
all three intermolt replicates were mapped back to the YO baseline
transcriptome using Bowtie2 (version number 2.0.3) to generate a
SAM (Sequence Alignment/Map) file (Langmead and Salzberg, 2012).
SAMtools software (version number: 0.1.18) was used convert the
SAM files to BAM (binary form of SAM file) files (Li et al., 2009). These
BAM files were used to quantify abundances of the mapped transcripts
for individual libraries using eXpress software (version number: 1.5.1)
(Roberts and Pachter, 2013). Expression levels are defined in fragments
per kilobase per million reads (FPKM). Further data manipulation and
statistical analyses (correlation coefficients) were performed using R
statistical software (R-Development-Core-Team, 2015).

2.5. Computational resources

The assembly of the baseline transcriptome was performed at
the Data-Intensive Academic Grid (DIAG) via Secure Shell (SSH)
(http://diagcomputing.org). Additional computation jobs (trimming,
mapping, annotation, and abundance estimation) were performed
at the Oklahoma State University High Performance Computing Center
using SSH (http://hpc.it.okstate.edu/).

3. Results

3.1. Assembly and analysis of the baseline transcriptome

The YO baseline biological replicates (designated Im1, Im2, and Im3)
were selected from intermolt (stage C4) animals using standard molt
staging criteria (Covi et al., 2010). Each replicate consisted of YOs
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Table 1
Comparison of the three biological replicates of Y-organs from intermolt (Im) G. lateralis
(land crab) after trimming and mapping results back to each library.

Library Total raw reads from
Illumina

Quality reads
following trimming

RMBT following mapping
via Bowtie

Im1 72,080,779 62,823,512 92.96%
Im2 81,221,231 74,977,808 91.70%
Im3 74,509,819 68,725,152 91.80%

Table 2
Statistics summary for land crab YO baseline transcriptome.

Total number of reads 227,811,829

Total number of contigs 288,673
Mean length (bp) 871
Median length (N50) (bp) 1,842
Number of clusters (CD-HIT-EST output) 231,579
Range of contig lengths (bp) 201 to 28,392
Number of clusters with one contig 203,954
Number of clusters with N1 contigs 27,625
Number of predicted peptides (Transdecoder) 81,481
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from 3 animals. The mean hemolymph ecdysteroid titers were
0.91 ± 0.02 pg/μl for Im1, 1.32 ± 0.01 pg/μl for Im2, and 1.41 ±
0.02 pg/μl for Im3. Reads from Illumina sequencing were assembled
to generate the YO baseline transcriptome (Fig. 1). Table 1 compares
the outcomes of the sequence analysis for each library. A total of
227,811,829 reads were generated. Following trimming, 90% of the
reads were retained for further analysis. The general features of the base-
line transcriptome library are summarized in Table 2. The good quality
reads were assembled via the Trinity program (Haas et al., 2013). This
generated 288,673 contigs with a mean length of 871 bp and median
length (N50) of 1842 bp. The length distribution of the transcriptome in-
dicated that 40% of the contigs ranged between 201 and 299 bp in length
and 30% of all contigs were greater than 500 bp (Appendix Fig. A1). By
comparison, 60% of the contigs that were returned with a BLASTx hit
were greater than 500 bp (Appendix Fig. A2). The median length of the
protein-coding sequences was greater (740 bp) than the median length
of the entire transcriptome (227 bp), suggesting the presence of small
non-coding RNAs and/or assembly artifacts. The distribution of contig
length from this study is comparable to published de novo transcriptomes
(Ghaffari et al., 2014; Lenz et al., 2014).

In order to reduce the number of redundant sequences, the CD-HIT-
EST programwas used to cluster similar sequences at a threshold set at
90% nucleotide similarity (Li and Godzik, 2006). The output from the
CD-HIT-EST program (231,579 contigs) constituted the YO baseline
transcriptome. Using Bowtie, reads from individual libraries were
mapped back to the baseline transcriptome. Read alignmentwas similar
among the three replicates; about 92% to 93% of the readsmapped back
to the transcriptome (Table 1).
Table 3
Comparison of alignments between sequences obtained from Sanger and Illumina sequencing.

Gene (GenBank no.) Contig identification Contig length (bp)

Akt (HM989974.3) comp105797_c0_seq1 2638
EcR (AY642975.1) comp116905_c1_seq4 5899
EF2 (AY552550.1) comp101058_c2_seq1 3018
Mstn (EU432218.1) comp112193_c3_seq5 1871
Ras (HM989971.1) comp33885_c0_seq1 2044
Calpain-B (AY639153.1) comp111795_c1_seq91 4664
E75 (DQ058409.2) comp62979_c0_seq1 3759
mTOR (HM989973.3) comp118786_c0_seq1 8306
NO-insensitive GC III (DQ355438.1) comp119965_c0_seq2 2511
NOS (AY552549.1) comp119039_c0_seq1 4835
β-actin (L76530.1) comp110624_c1_seq1 1186
Calpain-T (AY639154.1) comp112562_c0_seq3 2853
S6K (HM989975.3) comp95075_c0_seq1 2532
As there is no reference genome for G. lateralis, the fidelity of the as-
sembly was assessed by comparing the sequences of contigs with those
of cDNAs obtained by Sanger sequencing. DNA and encoded peptide se-
quenceswere obtained from theNCBI nucleotide and protein databases,
respectively, for 13 cDNAs that were previously identified in G. lateralis
tissues by RT-PCR cloning. Nucleotide identities were 97% to 100%
between sequences obtained via Sanger and Illumina sequencing
(Table 3). Over half of the 13 sequences had greater than 99% identity
in protein alignment. The small discrepancy of 1% to 3% between the nu-
cleotide and protein sequences was attributed to differences between
the two technologies, the tissue sources used, novel isoforms, and se-
quencing errors (Durica et al., 2014). These comparisons confirmed
the accuracy of the sequence generation and assembly protocols, vali-
dating the use of this data for further analysis.
3.2. Transcriptome annotation

The baseline transcriptome was annotated using multiple methods
as shown in the annotation pipeline (Fig. 2). All contigs (231,597)
were annotated via a BLASTx search against the NCBI non-redundant
(NR), UniProtKB/Swiss-Prot (SP), and UniProtKB/TrEMBL (http://
www.uniprot.org/downloads) databases. This resulted in 34,605,
23,504, and 25,723 significant hits, respectively, using 1e−5 as the
e-value cutoff (Table 4). Each BLAST output generated top ten hits per
annotated contig. About 20% of the contigswere identified. The relative-
ly low hit rate was attributed to the lack of an annotated decapod crus-
tacean genome and the restriction of the analysis to protein-coding
genes, which constitute less than 1% of the total RNA.

One problemassociatedwith BLASTx analysis against theNRdatabase
was that the output for many sequences was “hypothetical protein” or
“predicted protein.” In order to increase the identification of contigs
with known genes, the BLASTx output was analyzed against the SP and
TrEMBL databases (Fig. 2). Open reading frames (ORFs) were generated
from the YO baseline transcriptome using TransDecoder. This resulted
in 81,481 predicted peptides, ofwhich 38,151 (47%)were complete (con-
taining both start and stop codons), 19,475 (24%)were five-prime partial
(containing a start codon), 6933 (9%) were three-prime partial (ending
with a stop codon), and 16,922 (21%) were internal (lacking both the
start and stop codons). These ORFs were annotated via BLASTp against
theNR, SP, andUniprot-UniRef90databases. These BLAST analyses result-
ed in 24,850, 19,707, and 24,817 predicted peptides/ORFswith significant
hits, respectively (Fig. 2). In addition to the BLAST analyses, the ORF se-
quences were analyzed to identify predicted Pfam domains (HMMER/
Pfam), transmembrane helices (TMHMM), and signal peptide cleavage
sites (SignalP). All the outputs from BLASTx, BLASTp, HMMER/Pfam,
TMHMM, and SignalP were combined into a single annotation file using
Trinotate (Fig. 2). The result was 18,772 contigs with predicted Pfam do-
mains, 20,706 contigs with predicted transmembrane helices (1 to 16
transmembrane helices per contig), 5745 contigs with a signal peptide
ORF length (aa) % Protein identity % Protein positives % Nucleotide identity

510 100 100 99
550 100 100 99
846 100 100 99
497 100 100 99
182 99 100 99
1015 99 99 99
721 99 99 100
2475 98 98 99
326 99 98 99
1211 98 98 99
332 98 98 97
642 97 97 99
492 97 97 99
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cleavage site, and 9566 contigs with GO annotation from Pfam-A hits
(Table 4).

3.3. Functional annotation—Blast2GO

Blast2GO was used to perform functional annotation for the YO
baseline transcriptome via gene ontology (GO) (Ashburner et al.,
2000; Götz et al., 2008). Of the 34,605 BLASTx hits, 20,208 unique
contigs were assigned to at least one of the three parent GO categories:
molecular function (MF), cellular component (CC), and biological pro-
cess (BP). A Venn diagram illustrates the distribution of unique contigs
annotated to one or combination of the three GO categories (Fig. 3).
Many of the contigs were assigned to two or all three categories. For ex-
ample, therewas considerable overlap of contigs assigned to the CC and
BP categories, with only 674 contigs assigned only to CC and 749 contigs
assigned only to BP. One-third (6718) of the contigswere assigned to all
three categories. The overall distribution was 17,841 contigs (51%) in
MF, 9021 contigs (26%) in CC, and 14,266 contigs (41%) in BP.

A second level GO analysis assigned the contigs to 41, 33, and 71
GO Slims terms in the MF, CC, and BP categories, respectively (http://
geneontology.org/page/go-slim-and-subset-guide). Within the MF
Table 4
Annotation summary for land crab YO baseline transcriptome.

Annotation mode or tool Number of contigs with
hits or assignments

BLASTx against NR 34,605
BLASTx against SP 23,504
BLASTx against Trembl-Uniprot 25,723
BLASTp against NR 24,850
BLASTp against SP 19,707
BLASTp against Uniprot-Uniref90 24,817
Pfam domains 18,772
TMHMM 20,706
SignalP 5,745
GO annotation from BLASTx against NR 20,208
KEGG annotation from BLASTx against NR 15,090
category, the most represented GO Slims were ion binding
(GO:0043167) and oxidoreductase activity (GO:0016491) (Fig. 4A). The
most represented GO Slims were cell (GO:0005623) and intracellular
(GO:0005622) in the CC category (Fig. 4B) and cellular nitrogen com-
pound metabolic process (GO:0034641) and biosynthetic process
(GO:0009058) in the BP category (Fig. 4C). Of the 20,208 GO assignments
within the baseline transcriptome, 7272 were assigned to unique GO
terms; the distribution was 2086 (29%) in MF, 814 (11%) in CC, and
4372 (60%) in BP.
3.4. Pathway annotation—KEGG and comparative analysis of
YO transcriptomes

The pathway annotation for the YO baseline transcriptomewas con-
ducted via KEGG. KEGG orthology (KO) assignment and pathway anno-
tation was performed on the data from BLASTx hits (34,605 contigs)
against the NR database; these are the same data used for the GO anal-
ysis (Fig. 2). The G. lateralis KO assignments were compared to those
from a YO transcriptome generated from the crayfish, P. leptodactylus
(TSA: GAFS00000000) (Tom et al., 2013). The KO assignment analysis
resulted in annotation of 241 and 232 pathways in land crab and cray-
fish, respectively. The total number of G. lateralis contig hits that were
assigned to one or more of the five global KEGG pathways (metabolism
genetic, information processing, organismal systems, cellular processes,
and environmental information processing) was 15,090, of which 6222
had no specific pathway assignments (Fig. 5A). By comparison, 6805
crayfish BLASTx hits were assigned to KEGG pathways, of which 3099
were unclassified (Fig. 5B). The unclassified contigs in both land crab
and crayfish were assigned with a KO number. However, these contigs
were not incorporated into any particular KEGG pathway. As the
KEGG pathways are manually curated, it is possible that these contigs
are part of pathways that have not been assigned in the database.
Although there were fewer numbers of assignments for crayfish com-
pared to land crab, the percentage of BLASTx hits distributed among
KEGG global pathways was similar in both species (Fig. 5).

http://geneontology.org/page/go-limnd-ubsetuide
http://geneontology.org/page/go-limnd-ubsetuide


Fig. 3. Venn diagram of contig numbers assigned to parent gene ontology (GO) terms. The Venn diagram indicates number of contigs annotated by at least one or two or a combination of
all three parent GO terms (molecular function, cellular component, and biological process). BLAST2GOwas used for annotation and GOSlimViewerwas used to summarize the hierarchical
GO terms associated with each contig. A total of 20,208 contigs were annotated with least one parent GO term. The diagram is drawn to scale.
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The KEGG pathways are gene interaction pathways displayed
in a hierarchical manner (Kanehisa et al., 2014). The G. lateralis and
P. leptodactylus data were further assigned to the KEGG second and
third tier in the pathway hierarchy. In land crab, the metabolism global
pathway constituted 32% of the KEGG assignments (Fig. 6A). The signal
transduction pathway had the largest number of assignments of the
second-tier pathways, followed by translation, carbohydratemetabolism,
and transport and catabolism pathways (Fig. 6A). The assignments of the
crayfish contigs showed similar trends, with signal transduction and
translation pathways ranked first and second, respectively (Fig. 6A).
Transport and catabolism pathways were ranked third, and folding,
sorting, anddegradationpathwaywere ranked fourth in termsof number
contigs assigned to KO (Fig. 6A).

Contigs assigned to the signal transduction second-tier hierarchy
were examined further. There are a total of 28 gene interaction path-
ways in the signal transduction third-tier hierarchy (http://www.
genome.jp/kegg/pathway.html). The 1079 contigs in signal transduc-
tion were assigned to 16 signaling pathways; the 12 pathways with
the largest number of contigs are shown in Fig. 6B for both G. lateralis
and P. leptodactylus. Pathway rankings based on number of KEGG
assignments were similar for both species; PI3K-Akt, calcium, MAPK,
and Wnt signaling pathways were ranked first to fourth (Fig. 6B). The
components of the mTOR and TGFβ pathways were well represented
in the transcriptome. Interaction maps for mTOR and TGFβ
pathways included comparisons of the KO assigned in land crab
and crayfish (Fig. 7). All but one of the crayfish KO assignments
(K04657; chordin or short gastrulation) was present in land crab
(Fig. 7B, Tables A1 and B1). However, although a chordin/sog assign-
ment was not observed in the KEGG analysis, an ortholog for chordin/
sog (contig: comp117728_c0_seq1; BLASTx output: gi|308197284
|gb|ADO17754.1| short gastrulation protein [Parhyale hawaiensis];
e-value = 0; score = 1817) was detected in the land crab tran-
scriptome database. Seven KEGG identifiers not assigned in the crayfish
YO transcriptome were detected in the land crab YO transcriptome:
four in the mTOR (K03259, K07209, K04688, K07298) and three in
the TGFβ ((K04661, K03347, K03456) signaling pathways (Fig. 7 and
Tables A1 and B1). Additionally, the main components of the Notch,
Hedgehog, Wnt, and MAPK signaling pathways were identified by
KEGG assignments (Table 5).

3.5. Correlation of expression levels among replicates

The YOs used for the baseline trancriptomes were from intermolt
(stage C4) animals. Although the libraries were from the same molt
stage, the validity of the biological replicates was evaluated by compar-
ing the digital expression levels of contigs in the three libraries using
both count and FPKM values. Count data are used for downstream dif-
ferential gene expression analysis using Bioconductor packages, such
as DESeq and EdgeR (http://www.bioconductor.org/packages/release/
bioc/) (Anders and Huber, 2010; Robinson et al., 2010). FPKM is a nor-
malized value of relative transcript abundance that corresponds to the
RNA concentration at the time of tissue collection. Over one-half
(122,485 or 53%) of all the contigs had an FPKM value of zero in at
least one library, suggesting that either (1) there was no expression of
that particular transcript or (2) the transcript sequence was an artifact
of de novo assembly. Pearson coefficients were calculated in a pairwise
statistical analysis of count and FPKM values (Table 6). Both count and
FPKM values were positively correlated (P = 0.94–0.99), which indi-
cates the three libraries can be used as biological replicates to represent
YO gene expression in intermolt animals.

http://www.genome.jp/kegg/pathway.html
http://www.genome.jp/kegg/pathway.html
http://www.bioconductor.org/packages/release/bioc/
http://www.bioconductor.org/packages/release/bioc/


Fig. 4. Number of YO transcriptome contigs distributed among second-tier GO terms. The
pie charts show the distribution of second-tier GO terms associated with three parent
terms: molecular function (A), cellular component (B), and biological process (C). The
legends rank the terms from the highest to lowest number of contigs in each second-tier
GO categories.
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4. Discussion

High-throughput sequencing technologies has allowed “omics” stud-
ies to be more cost-effective for non-model organisms (Jung et al., 2011;
Tom et al., 2013, 2014; Christie, 2014; Groh et al., 2014; Ventura et al.,
2014; Abehsera et al., 2015). Using similar strategies, a de novo tran-
scriptome was assembled to catalog genes that are expressed in the
G. lateralis YO. An objective was to generate a comprehensive database
of genes that are well annotated and could serve as a reference tran-
scriptome for decapod crustaceans. The data built from Illumina technol-
ogy ensures fidelity during sequencing, as indicated by the high sequence
identities between the contigs and the same genes sequenced using
Sanger technology (Table 3). Although only 20% of the contigs from the
YO transcriptome were annotated, over 34 K protein-coding sequences
were identified. The number of annotated contigs in the G. lateralis YO
transcriptome is greater than other decapod crustacean transcriptomes
(Lv et al., 2014; Li et al., 2015; Suwansa-Ard et al., 2015). This indicates
that there is a need for using a standard method that incorporates all
available tools for annotating de novo-assembled transcriptomes in spe-
cies without genome sequence information. In addition to BLASTx and
BLASTp, HMMER, TMHMM, and SignalP were used to identify protein
family domains, transmembrane helices, and signal peptide sequences,
respectively, in the G. lateralis YO transcriptome. Trinotate software was
used to combine the analyses to generate a comprehensive annotation
profile for each contig. This combinedmethod provided a detailed analy-
sis of the YO transcriptome that did not rely solely on BLAST.

Comparison of the land crab and crayfish YO KEGG pathway
annotations revealed that both transcriptomes have similar gene expres-
sionprofiles. However, certain contigswere not annotated viaKEGG, even
with the presence of a BLASTx hit assigned to the particular contig. These
discrepancies occurred in both crayfish and land crab transcriptomes and
can be overcome by pathway annotation comparison, followed bymanu-
ally curating of the orthologs identified via BLAST into a specific pathway.
The high similarity of percentage of KO assignments across global
KEGG pathways between land crab and crayfish indicates that the YO
transcriptomes share a common expressed-gene profile. This further val-
idates the application of RNA-Seq technology, as well as the utilization of
proper annotationmethods, for the identification of putative orthologs in
a non-model organism. Thus, the G. lateralis YO transcriptome database is
a useful resource to identify and catalog gene networks controlling YO
ecdysteroidogenesis during the molt cycle.

The activation of the molting gland, which is under the control of
neuropeptide hormones, drives the transition from intermolt to pre-
molt. In insects, the PG is activated by PTTH released from the brain.
In decapod crustaceans, the YO is activated by a decrease inMIH release
from the XO/SG complex. The signaling pathways regulating the
molting glands by neuropeptides differ between crustaceans and in-
sects, most likely necessitated by the opposite actions of MIH and
PTTH, respectively, on ecdysteroidogenesis. PTTH binding to Torso, a re-
ceptor tyrosine kinase, triggers an influx of Ca2+, resulting in the activa-
tion of cAMP and/or MAP kinase pathways, depending on species (Covi
et al., 2012; Yamanaka et al., 2013). By contrast, MIH signaling involves
a cAMP/Ca2+-dependent triggering phase and an NO/cGMP-dependent
summation phase linked by calmodulin (CaM) and calcineurin (CaN),
a CaM-dependent protein phosphatase (Chang and Mykles, 2011;
Covi et al., 2012; Webster, 2015). The activation of NO synthase
(NOS) through the combined actions of Ca2+/CaM binding and CaN-
dependent dephosphorylation increases the production of NO from L-
arginine. NOactivates anNO-dependent guanylyl cyclase (GC-I), resulting
in a prolonged increase in cGMP that represses YOecdysteroidogenesis by
cGMP-dependent protein kinase (PKG) (Mykles et al., 2010; Chang and
Mykles, 2011; Webster, 2015). All the components of MIH signaling
are present in the YO baseline transcriptome. Calcium signaling path-
way genes were present in the transcriptome (Fig. 6B). In addition to
cDNAs encoding NOS and GC-Iβ obtained by RT-PCR cloning (Kim
et al., 2004; Lee et al., 2007), transcripts encoding adenylyl cyclase, pro-
tein kinase A, CaM, CaN, and PKGwere identified (Table 7). TheMIH re-
ceptor has yet to be characterized (Webster, 2015). The annotated
transcriptome can be used to identify MIH receptor candidates, as
well as characterize signaling pathway components, such as cyclic



Fig. 5.KEGGpathway analysis of land crab and crayfish YO transcriptomes. The figure depicts the distribution of total assignments for both land crab (A) and crayfish (B) BLASTx assigned
contigs among global KEGG pathways. Land crab had more contigs in each category, but the proportions of the five global KEGG pathways were similar between the two species, as
depicted by the percentage values.

Fig. 6. Comparison of land crab and crayfish contigs associated with selected second- and third-tier KEGG hierarchical pathways. (A) Second-tier KEGG pathways associated with Metab-
olism, Genetic Information Processing, Environmental Information Processing, and cellular processes. The two pathways with the highest number of BLASTx assigned contigs were signal
transduction and translation in the annotated transcriptomes of both species. (B) Third-tier KEGG pathways in the signal transduction category. The PI3K-Akt pathway had the highest
number of assigned contigs in both species, while the TGFβ, Jak-STAT, and Notch pathways had the least representation.
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Fig. 7. Identification genes assigned to the mTOR and TGFβ signaling pathways in land crab and crayfish transcriptomes. MEGAN was used to identify genes annotated via BLAST and
assigned to a KEGG pathway. The mTOR (A) and TGFβ (B) signaling pathway components/genes were represented in both species.
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Table 5
Components of selected KEGG signal transduction pathways in the land crab YO transcriptome.

Signaling Pathway Total assigned contigs Selected genes represented in the KEGG pathway

Notch (KO04330) 53 Dvl (K02353); Notch (K02599); Fringe (K05948); Delta (K06051); RBPSUH (K06053);
γ-Secretase complex (K04505, K06170, K06171, K06172)

Hedgehog (KO04340) 59 Patched (K06225); Smoothened (K06226); Fused (K06228); Su(fu) (K06229); Ci (K16797)
Wnt (KO04310) 155 Wnt (K00182); APC (K02085); β-catenin (K02105); Axin (K02157); Dvl (K02353);

Frizzled (K02354); GSK (K03083); CK II (K03115); TF 7 (K04491)
MAPK (KO04011) 213 EGF (K04357); EGFR (K04361); GRB (K04364); MEK1 (K04368); ERK (K0437); MNK1/2 (K04372);

CREB (K04374); c-Myc (K04377); SRF (K04378); Ras (K07827); FGFR (K05093); SOS (K03099)
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nucleotide phosphodiesterases (PDEs), that contribute to the changes
in MIH sensitivity over the molt cycle (Nakatsuji and Sonobe, 2004;
Nakatsuji et al., 2006).

Hypertrophy of the activated molting gland increases ecdysteroid
synthetic capacity in premolt. Despite the diametrically opposite control
by neuropeptides between insects and crustaceans, both YO and PG ac-
tivation involve mTOR-dependent protein synthesis. Rapamycin in-
hibits YO ecdysteroidogenesis in vitro (Abuhagr et al., 2014b). Contigs
encoding mTOR signaling pathway genes are well represented in the
land crab and crayfish YO transcriptomes (Figs. 6B and 7A).mRNA levels
of Gl-mTOR and Gl-Akt in the land crab YO are increased during premolt
(Abuhagr et al., 2014b). Genetic manipulation of mTOR signaling affects
PG ecdysteroidogenesis in Drosophila. The overexpression of PI3 kinase
stimulates PG growth, whereas the overexpression of Rheb-GTPase ac-
tivating protein inhibits PG growth (Colombani et al., 2005; Mirth
et al., 2005; Layalle et al., 2008). In Bombyx mori, inhibitors of PI3 kinase
and mTOR (rapamycin) block PTTH-stimulated PG ecdysteroid secre-
tion (Gu et al., 2011, 2012), whereas inManduca sexta, PI3 kinase inhib-
itors have no effect on PTTH-stimulated ecdysteroid secretion (Smith
et al., 2014). In Drosophila and both lepidopteran species, insulin and
ILPs stimulate mTOR-mediated PG growth and ecdysteroidgenesis
(Walkiewicz and Stern, 2009; Teleman, 2010; Gu et al., 2011, 2015;
Smith et al., 2014; Hatem et al., 2015). These data show that mTOR sig-
naling mediates the activation of the arthropod molting gland, in re-
sponse to either the release of tropic peptide hormones in insects
(e.g., PTTH and ILP) or a reduction of inhibitory peptide hormones in
crustaceans (e.g., MIH and CHH). The large number of contigs assigned
to the PI3K-Akt signalingpathway (Fig. 6B) suggests that theYOmay re-
spond to growth factors as well.

The activation of TGFβ/Smad signaling is necessary for ecdysteroido-
genesis in molting glands, but its role differs between insects and crus-
taceans. In insects, TGFβ/Smad signaling renders the PG competent to
respond to PTTH and ILPs (Rewitz et al., 2013). In Drosophila, loss of
Activin signaling by knockdown of Type I and II receptors (Babo and
Punt, respectively), Co-Smad (Medea), or R-Smad (dSmad2) blocks
the PTTH-induced ecdysteroid peak that triggers metamorphosis
(Gibbens et al., 2011). Conversely, the expression of Activin (Actb) or
constitutively active Babo causes precocious pupariation (Gibbens
et al., 2011). The knockdown of dSmad2 decreases the mRNA levels of
PTTH receptor (Torso), insulin receptor, and Halloween genes,
supporting the role of TGF-β/Smad signaling in PTTH-dependent stimu-
lation of PG ecdysteroidogenesis (Gibbens et al., 2011). In crustaceans,
TGFβ/Smad signaling appears to be necessary for YO commitment,
which occurs at the transition from early premolt (stage D0) to the
Table 6
Pearson correlation coefficients between the biological replicates.

Library Im2 Im3

A. Using Count data
Im1 0.99 0.94
Im2 - 0.96

B. Using FPKM data
Im1 0.99 0.96
Im2 - 0.95
mid-premolt (stage D1) (Chang and Mykles, 2011). Contigs encoding
Activin/Smad signaling pathway genes are well represented in the
land crab and crayfish YO transcriptomes (Fig. 6B), including a
myostatin-like factor related to Activin (Table A2). SB431542, an antag-
onist of the Activin RII receptor, prevents the transition from the activat-
ed to the committed state in eyestalk-ablated animals (Abuhagr et al.,
2012). Taken together, the data suggest that Activin regulates the sensi-
tivity of the arthropod molting gland to neuropeptides. The differences
between the two arthropod groups are consistent with their opposing
actions. PTTH is a tropic factor, while MIH is a static factor. In insects,
Activin/Smad signaling prevents precocious molting, as it assures that
the PG is not activated by PTTH and ILPs until an animal reaches its crit-
ical weight (Rewitz et al., 2013). In decapod crustaceans, Activin/Smad
signaling appears to be necessary for the transition of the YO to the
committed state. The consequent insensitivity to inhibitory neuropep-
tides (MIH and CHH) and perhaps other factors assures that molting
processes, such as exoskeleton synthesis and limb regenerate growth,
proceed without interruption (Chang and Mykles, 2011; Covi et al.,
2012). In summary, anActivin-like TGFβ factor drives critical transitions
in the molting cycle. In insects, it makes the PG sensitive to tropic pep-
tides, while in decapods it makes the YO insensitive to static peptides.

Other signaling pathways represented in the transcriptome may
regulate YO function. The MAP kinase pathway, via ERK phosphoryla-
tion, may be involved in inhibition of YO ecdysteroid production during
postmolt in the crab, Scylla serrata (Imayavaramban et al., 2007). The ac-
tivation of protein kinase C, which is a target of the phosphatidylinositol
pathway, stimulates YO ecdysteroidogenesis in the rock crab, Cancer
antennarius, but inhibits ecdysteroidogenesis in the crayfish, Orconectes
sp. (Mattson and Spaziani, 1987; Spaziani et al., 2001). Calcium signal-
ing is complex, as it can interact with other pathways to control
ecdysteroid synthesis and secretion. The manipulation of intracellular
Ca2+ concentration with pharmacological reagents yields inconsistent
results, suggesting that sustained ecdysteroidogenesis requires Ca2+

concentrations within a limited range (Spaziani et al., 2001). YO
ecdysteroid secretion increases with increasing extracellular Ca2+ con-
centrations (Spaziani et al., 2001).Moreover, intracellular Ca2+ is corre-
lated with YO ecdysteroidogenesis in the blue crab, Callinectes sapidus
(Chen et al., 2012). It is thought that Ca2+ action is mediated by CaM-
dependent PDEs, thus countering the effects of MIH by keeping cyclic
nucleotide levels low, and/or by activating PKC (Nakatsuji et al., 2009).
Transcriptomics using RNA-Seq technologymakes it possible to explore
the interactions between cyclic nucleotide and Ca2+ secondmessenger
pathways that control YO ecdysteroidogenesis.

There are few studies of theWnt, Hedgehog, and Notch signal trans-
duction pathways in the arthropod molting gland. Contigs encoding
Wnt, Hedgehog, and Notch signaling genes are reported in the land
crab and crayfish YO transcriptomes (Fig. 6B and Table 4), as well as in
the transcriptomes from other decapod tissues (Ventura et al., 2013;
Hao et al., 2014;Wei et al., 2014a; Song et al., 2015). To our knowledge,
these pathways have not been studied in the YO. The insect PG
expresses Wnt and Hedgehog signaling genes, and genetic studies in
Drosophila suggest these pathways have a role in PG function. Hedgehog
signaling inhibits ecdysteroid biosynthesis in the PG (Rodenfels et al.,
2014). Wnt/β-catenin signaling controls gene expression in the PG
via Wnt-dependent cis-regulatory modules (Archbold et al., 2014).



Table 7
BLASTx hits for putative orthologs involved in MIH signaling.

Gene Contig identification Contig
length

BLASTx hit (Subject) Subject length
(bp)

Score e-value

Calmodulin comp72270_c0_seq1 2838 gi|206597719|gb|ACI15835.1| calmodulin [Procambarus clarkii] 149 759 7.59E-91
Adenylyl cyclase comp113291_c0_seq5 9417 gi|398260007|emb|CCF77365.1| Rutabaga adenylyl cyclase [Calliphora vicina] 2087 202 7.38E-12
Adenylyl cyclase comp120618_c0_seq1 2132 gi|646714914|gb|KDR18711.1| Adenylate cyclase type 5,

partial [Zootermopsis nevadensis]
910 1316 2.82E-165

Protein kinase A comp117998_c0_seq3 3311 gi|91093068|ref|XP_968170.1| cAMP-dependent protein kinase catalytic subunit
[Tribolium castaneum]

353 1495 0

Protein kinase A comp120302_c0_seq5 3191 gi|702441760|gb|AIW09155.1| cAMP-activated protein kinase γ subunit,
partial [Carcinus maenas]

369 1514 0

Protein kinase G comp171371_c0_seq1 544 gi|255349294|gb|ACU09499.1| cGMP-dependent protein kinase [Spodoptera exigua] 744 675 2.22E-80
Calcineurin comp113416_c1_seq2 2183 gi|501291888|dbj|BAN20424.1| calcineurin β subunit [Riptortus pedestris] 189 770 1.26E-93
Calcineurin comp105509_c3_seq1 1920 gi|357614525|gb|EHJ69131.1| calcineurin B [Danaus plexippus] 293 772 2.94E-93
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In mammals, Hippo, Wnt, and Notch signaling pathways activate
mTORC1 (Shimobayashi and Hall, 2014). These data suggest that
mTOR-dependent ecdysteroidogenesis by the arthropod molting gland
is controlled by multiple signals.

In summary, a comprehensive YO transcriptomewas assembled and
annotated from deep sequencing with an Illumina platform. Analyses
indicated high fidelity of de novo-assembled contigs with G. lateralis
cDNA sequences in GenBank. The database is available on iPlant and is
intended to serve as a resource for the identification of gene networks
controlling YO function. A significant finding was the similarity in the
representation of numerous signal transduction pathways character-
ized in the YO transcriptomes of land crab and crayfish (Fig. 6B). Signal
transduction genes constituted the largest second-tier hierarchical
category of KEGG assignments (Fig. 6A). The presence of genes in the
mTOR, TGFβ, MAPK, calcium, and phosphatidylinositol signal transduc-
tion pathways is consistent with physiological studies (Spaziani et al.,
2001; Covi et al., 2009; Nakatsuji et al., 2009; Chang and Mykles,
2011; Webster et al., 2012). However, the discovery of genes in the
Wnt, VEGF, ErbB, Hedgehog, Jak-STAT, and Notch pathways raises the
possibility that YO regulation is more complex. As the YO initiates and
sustains molting processes, it is reasonable to hypothesize that the YO
is able to integrate a variety of extrinsic and intrinsic signals to effect
an appropriate response. The decision to initiate molting is controlled
by MIH, but molting can be interrupted or delayed by adverse condi-
tions in early premolt. The decision to complete molting is made
when the animal transitions to mid-premolt, at which point molting
processes continue and the animal molts without delay. The transition
of the YO from the activated to committed state appears to require
Activin signaling. Taken together, the YO may be more like the insect
PG, which is controlled by a variety of tropic and static factors
(Marchal et al., 2010; Covi et al., 2012; Rewitz et al., 2013; Yamanaka
et al., 2013). mTOR and Activin are potential targets of these factors.
One goal is to use transcriptomic tools to identify genes that drive the
transitions in the physiological states of the YO through the molt cycle.
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APC adenomatous polyposis coli protein
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CD-HIT-EST cluster database at high identity with tolerance
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PCR polymerase chain reaction
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PKC protein kinase C
PKG protein kinase G
PTTH prothoracic hormone
RBPSUH recombining binding protein suppressor of hairless
Rheb Ras homolog enriched in brain
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RT-PCR reverse transcriptase polymerase chain reaction
SAM sequence alignment map
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SOS Son of Sevenless
SP SwissPort
SRF serum response factor
Su(fu) suppressor of fused
TF 7 transcription factor 7
TGFβ transforming growth factor beta



37S. Das et al. / Comparative Biochemistry and Physiology, Part D 17 (2016) 26–40
TMH transmembrane helices
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TSA transcriptome shotgun assembly
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VEGF vascular endothelial growth factor
YO Y-organ
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Appendix A
gs is plotted against the length distribution of the (A1) assembled contigs in the baseline
jority of the contigs (70%) ranged from 201 bp to 499 bp in Fig. A1; however, only 10% of
p, 29% (20,529) were assigned a BLASTx hit.



Table A1
The genes and KO associated with mTOR pathway and their corresponding number of contigs in land crab and crayfish transcriptome.

mTOR signaling pathway Land crab Crayfish

K07207—tuberous sclerosis 2 8 1
K07198—5'-AMP-activated protein kinase, catalytic alpha subunit [EC:2.7.11.11] 8 1
K03259—translation initiation factor 4E 6 0
K02991—small subunit ribosomal protein S6e 6 1
K00922—phosphatidylinositol-4,5-bisphosphate 3-kinase [EC:2.7.1.153] 6 2
K16172—insulin receptor substrate 1 4 1
K07209—inhibitor of nuclear factor kappa-B kinase subunit beta [EC:2.7.11.10] 3 0
K03258—translation initiation factor 4B 3 1
K04456—RAC serine/threonine-protein kinase [EC:2.7.11.1] 3 2
K04688—p70 ribosomal S6 kinase [EC:2.7.11.1] 2 0
K02649—phosphoinositide-3-kinase, regulatory subunit 2 1
K06276—3-phosphoinositide dependent protein kinase-1 [EC:2.7.11.1] 2 1
K16185—Ras-related GTP-binding protein A/B 2 1
K16186—Ras-related GTP-binding protein C/D 2 1
K07206—tuberous sclerosis 1 2 2
K08269—unc51-like kinase [EC:2.7.11.1] 2 3
K02677—classical protein kinase C [EC:2.7.11.13] 2 3
K07298—serine/threonine-protein kinase 11 [EC:2.7.11.9] 1 0
K01110—phosphatidylinositol-3,4,5-trisphosphate 3-phosphatase and dual-specificity
protein phosphatase PTEN [EC:3.1.3.16 3.1.3.48 3.1.3.67]

1 1

K07208—Ras homolog enriched in brain 1 1
K08266—G protein beta subunit-like 1 1
K07203—FKBP12-rapamycin complex-associated protein 1 1
K07204—regulatory associated protein of mTOR 1 1
K08267—rapamycin-insensitive companion of mTOR 1 1
K08268—hypoxia-inducible factor 1 alpha 1 1
K04371—extracellular signal-regulated kinase 1/2 [EC:2.7.11.24] 1 1
K04373—p90 ribosomal S6 kinase [EC:2.7.11.1] 1 1
K08271—protein kinase LYK5 1 1
K07205—eukaryotic translation initiation factor 4E binding protein 1 1 2
K08272—calcium binding protein 39 1 2

Table B1
The genes and KO associated with TGFβ pathway and their corresponding number of contigs in land crab and crayfish transcriptome.

TGF-beta signaling pathway Land crab Crayfish

K04513—Ras homolog gene family, member A 5 1
K03347—cullin 1 4 0
K03456—protein phosphatase 2 (formerly 2A), regulatory subunit A 4 0
K04679—MAD, mothers against decapentaplegic interacting protein 4 1
K04678—E3 ubiquitin ligase SMURF1/2 [EC:6.3.2.19] 4 4
K04676—mothers against decapentaplegic homolog 1/5/8 3 1
K04382—protein phosphatase 2 (formerly 2A), catalytic subunit [EC:3.1.3.16] 3 3
K04688—p70 ribosomal S6 kinase [EC:2.7.11.1] 2 0
K04662—bone morphogenetic protein 2/4 2 1
K04675—activin receptor type-1 [EC:2.7.11.30] 2 1
K04501—mothers against decapentaplegic homolog 4 2 1
K04681—retinoblastoma-like protein 1 2 1
K03094—S-phase kinase-associated protein 1 2 1
K04677—mothers against decapentaplegic homolog 6/7 2 2
K04377—Myc proto-oncogene protein 2 2
K04661—follistatin 1 0
K04659—thrombospondin 1 1
K04667—inhibin, beta 1 1
K04671—bone morphogenetic protein receptor type-2 [EC:2.7.11.30] 1 1
K13578—bone morphogenetic protein receptor type-1B [EC:2.7.11.30] 1 1
K04674—TGF-beta receptor type-1 [EC:2.7.11.30] 1 1
K04500—mothers against decapentaplegic homolog 2/3 1 1
K04682—E2F transcription factor 4/5 1 1
K03868—RING-box protein 1 1 1
K04371—extracellular signal-regulated kinase 1/2 [EC:2.7.11.24] 1 1
K04657—chordin 0 1
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Appendix B. Availability of supporting data

The assembled baseline transcriptome is available for researchers
to download from the iPlant Collaborative™ (http://www.iplantcolla
borative.org/). The public sharing link is: http://de.iplantcollaborative.
org/dl/d/9B72D2F1-3F85-43FD-9AB1-B80CE84F1108/Gecarcinus_
lateralis_YO_Baseline_Transcriptome.fasta.zip.
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