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Transcriptomic variation of 
hepatopancreas reveals the 
energy metabolism and biological 
processes associated with molting 
in Chinese mitten crab, Eriocheir 
sinensis
Shu Huang1,*, Jun Wang1,*, Wucheng Yue1, Jiao Chen1, Sarah Gaughan2, Weiqun Lu1, 
Guoqing Lu2 & Chenghui Wang1

Molting is a critical developmental process for crustaceans, yet the underlying molecular 
mechanism is unknown. In this study, we used RNA-Seq to investigate transcriptomic profiles 
of the hepatopancreas and identified differentially expressed genes at four molting stages of 
Chinese mitten crab (Eriocheir sinensis). A total of 97,398 transcripts were assembled, with 31,900 
transcripts annotated. Transcriptomic comparison revealed 1,189 genes differentially expressed 
amongst different molting stages. We observed a pattern associated with energy metabolism and 
physiological responses during a molting cycle. In specific, differentially expressed genes enriched 
in postmolt were linked to energy consumption whereas genes enriched in intermolt were related 
to carbohydrates, lipids metabolic and biosynthetic processes. In premolt, a preparation stage for 
upcoming molting and energy consumption, highly expressed genes were enriched in response 
to steroid hormone stimulus and immune system development. The expression profiles of twelve 
functional genes detected via RNA-Seq were corroborated through real-time RT-PCR assay. Together, 
our results, including assembled transcriptomes, annotated functional elements and enriched 
differentially expressed genes amongst different molting stages, provide novel insights into the 
functions of the hepatopancreas in energy metabolism and biological processes pertaining to molting 
in crustaceans.

Molting is an essential biological process occurring multiple times throughout the life history of crus-
taceans. Many behavioral and physiological activities such as growth, development, and reproduction 
depend on successful molting1–4. Crustaceans experience rhythmic molting cycles, each cycle with four 
major stages, ecdysis (molting), postmolt, intermolt, and premolt5. During ecdysis, individuals must 
loosen the connectives between living tissues and extracellular cuticles, absorb water to expand the 
new flexible exoskeletons, and then quickly harden the skeletons for defense and locomotion6. During 
postmolt, the stage immediately following ecdysis, the exoskeleton is hardened via sclerotization and 
mineralization6. Intermolt is the longest period in a molting cycle during which individual crustaceans 
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accumulate energy and gain weight. In premolt, the stage prior to ecdysis, the old exoskeleton is absorbed, 
and the new exoskeleton will be formed.

Many regulatory hormones/genes and potential pathways that are pertaining to molting have been 
identified. These include ecdysteriods and crustacean farnesoate (MF), regulatory hormones that pro-
mote molting7. The primary site for ecdysteroid synthesis is the molting glands (Y-organs or YOs). The 
neuroendocrine hormones, molt-inhibiting hormone (MIH) and crustacean hyperglycaemic hormone 
(CHH), which are synthesized and stored in the sinus gland/X-organ complex, were found to inhibit 
crustacean molting8. A number of other hormones/genes, including vitellogenesis-inhibiting hormone 
(VIH), ecdysone receptor (EcR), and retinoid X receptor (RXR), have been connected to molting. A 
possible signaling pathway linking MIH to the regulation of ecdysteroidogenesis in decapod crustacean 
molting gland has been proposed, which include the triggering phase (MIH reduction) and the summa-
tion phase (ecdysone synthesis and secretion)6. Although much progress has been made in understand-
ing the mechanism of crustacean molting, the studies conducted so far focus mainly on a few important 
hormones/genes or individual pathways3,6,7,9.

The Chinese mitten crab Eriocheir sinensis, native to East Asia, is the most important economic crab 
species throughout the northern and central coastal regions of China10. This species has also gained noto-
riety as an invasive species in Europe and North America11. The economic and biological significance of 
this species makes the Chinese mitten crab a unique system to explore the genes involved in the molting 
cycle. Periodic molting occurs approximately 18 times during its life cycle12. The duration of these molt-
ing stages ultimately determines the lifespan of E. sinensis11,13–15. Through each molting cycle, the crab 
shows saltatory changes or increments in growth and autotomized organ regeneration. Understanding 
the molecular mechanism pertaining to the molting of E. sinensis could promote aquaculture efforts in 
China and assist its biological control in Europe and North America.

The hepatopancreas plays important roles in carbohydrate and lipid metabolism, nutritional status, 
energy storage and breakdown in various crustaceans16. It is an important organ for the steroid hormone 
biosynthesis and catabolism related to reproduction system17,18. The hepatopancreas is also responsible 
for removing ecdysteroids from the hemolymph and adjusting ecdysteroid changes during the molting 
cycle19,20. In addition, large amounts of energy are stored in the hepatopancreas in preparation for molt-
ing, reproduction, limb regeneration and other life activities18. The hepatopancreas is thus an ideal organ 
to study transcriptomic changes during molting cycles.

The advent and advance of high-throughput next-generation sequencing (NGS) technology has revo-
lutionized the way we conduct various biological research21–23. In this study, RNA-Seq was used to inves-
tigate hepatopancreas transcriptome profiles in E. sinensis. The specific objectives are (1) assemble and 
annotate a comprehensive de novo transcriptome of E. sinensis hepatopancreas, (2) identify differentially 
expressed genes enriched at different molting stages, and (3) validate expression patterns of important 
functional genes via quantitative real-time PCR (qRT-PCR).

Materials and Methods
Animal Sampling.  One-year-old crabs from a full-sib family were sampled from our research facility 
at the Shanghai Ocean University (China, Shanghai). These individuals were cultured in glass tanks with 
adequate aeration, temperature (20 °C) and food (twice daily). Based on our previous observations, one 
molting cycle takes approximately 30 days for a one-year-old E. sinensis under glass tank conditions, male 
crabs grow faster than female, and intermolt (stage) is longer than postmolt or premolt24. In our exper-
iment, crabs from four different time points after molting (Fig. 1) were sampled for analysis. Sampling 
started at the following days: Day 2 after molting (postmolt, PoM) - the exoskeleton of the crabs was soft, 
and the crabs sheltered in the corner and did not ingest food; Day 10 after molting (intermolt-I, InM-I) - 
the exoskeleton was consolidated and hardened, the color of the carapace turned cyanish, and the crabs 
started to ingest food; Day 20 after molting (intermolt-II, InM-II) - the external morphological pattern 
of the crabs looked similar to that at InM-I stage except that the color of the carapace turned brownish; 
Day 30 after molting (premolt, PrM) - pleural suture cracks between the carapace and the abdomen of 
the crabs were present, the shell color turned dark-brown, and the crabs stopped eating. According to 
Phlippen’s description of molting stages, PoM should correspond to stage B, InM-I and InM-II both 
correspond to stage C, and PrM corresponds to stage D3 25. Three individual crabs were sampled at each 
molting stage. The carapace length, carapace width, and body weight of each crab were measured prior 
to tissue collection (Table S1). Fresh hepatopancreas tissue from each crab was quickly collected and 
immediately stored into liquid nitrogen for RNA isolation.

RNA isolation and RNA-Seq library preparation.  Total RNA was extracted from approximately 
80 mg of hepatopancreas tissue with TRIzol Reagent (Invitrogen) according to the manufacturer’s instruc-
tions. The RNA integrity and quantity were determined using an Agilent 2100 Bioanalyzer (Agilent, 
Shanghai, China). A total of 4 μ g RNA with RNA integrity number above 7.0 was used for RNA-Seq 
library construction using the NEBNext®  UltraTM RNA Library Prep Kit for Illumina (NEB, USA). 
Indexed libraries were then pooled and sequenced on Illumina HiseqTM2500, with 150 bp pair-end reads 
produced.
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Cleaning and assembly of transcriptome sequencing reads.  Raw reads from all four stages were 
first combined and quality-filtered using the Trimmomatic read trimming tool26. Reads containing 3′  or 
5′  ends with an average quality score below 20 in a 4 bp sliding window were trimmed, and reads with 
quality below 10 at the beginning or the end were also removed26. Any reads shorter than 120 bp were 
excluded from further assembly. All the cleaned reads were used for the reference transcriptome assem-
bly based on Trinity version 2014-04-13 with the paired-end mode27. To filter out the misassembled 
transcripts, raw sequenced reads were mapped to the assembled reference transcriptome using Bowtie 
1.0.028. Transcript abundance was estimated using RSEM software, the FPKM (fragments per kilobase 
per transcript per million mapped reads) value was calculated, and transcripts with FPKM <  1 were 
filtered out29. Filtered transcripts were then used as E. sinensis reference transcriptome for downstream 
analysis.

To identify transcriptomic differences amongst the four molting stages of the molting cycle (PoM, 
InM-I, InM-II and PrM), four de novo assembled transcriptomes (one at each stage) were assessed using 
Trinity software. To investigate the accuracy of the assembled transcriptome, raw reads were mapped to 
the assembled transcriptome using Bwa-0.7.9a with BWA-MEM algorithm30, and the mapping statistics 
was calculated using SAMtools 0.1.19 with the samtools flagstat command31. To test the saturation level 
of our assembled transcriptome, 20, 40, 60, 80, and 100 million reads were randomly selected from the 
raw reads and then assembled using Trinity software, and the number of transcripts with FPKM ≥  1 was 
counted.

Transcriptome annotation.  Assembled transcriptomes were annotated using BLASTX against 
NCBI-NR and UniProt protein databases, with a cutoff E-value smaller than 1e-6. The BLASTX results 
were imported into BLAST2GO software, and Gene Ontology (GO) terms and EC numbers for the 
KEGG pathway were annotated32. The protein-coding DNA sequence region (CDS) was predicted using 
TransDecoder implemented in Trinity software. Sequences with a corresponding protein length greater 
than 100 were retained for further analysis. The predicted CDS was also subjected to BLASTP against the 
eggNOG V4.0 database to predict Clusters of Orthologous Groups (COGs)33. SignalP 4.1 software was 
used for predicting the presence and location of signal peptide cleavage sites in amino acid sequences34. 
To predict transcription factors (TFs), protein sequences were used as queries against the PFAM-A data-
base using HMMER v3.1b1 software with hmmscan command35. The curated DNA-binding domain 
HMM list (PFAM 18) download from the DBD database was used to map the TF ID36. To identify novel 
noncoding RNAs, we removed the transcripts that could be annotated as functional genes based on the 
NCBI-NR database, as well as transcripts with the number of amino acids more than 100. The remaining 

Figure 1.  Energy metabolism and physiological responses in a typical molting cycle in Chinese mitten 
crab. (A) Day 2 after molting (postmolt, PoM), soft exoskeleton; (B) Day 10 after molting (intermolt-I, 
InM-I), hardened exoskeleton and cyanish carapace; (C) Day 20 after molting (intermolt, InM-II), 
brownish carapace; (D) Day 30 after molting (Premolt, PrM), pleural suture cracks between carapace and 
abdomen and dark brown carapace. M - molting stage (ecdysis), yellow arrows - molting cycle, green 
bars - boundaries of different molting stages, black circle - physiological responses, and red circle - energy 
metabolism pattern in different molting stages.
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transcripts were used as query sequences to BLAST against the Rfam database using rfam_scan.pl_v_1.04 
software37.

Differential expression analysis.  The filtered transcriptome generated through de novo assembly 
was used as a reference transcriptome for RNA-Seq expression analysis. Raw reads generated from each 
stage were mapped to the reference transcriptome, and FPKM values were calculated by RSEM soft-
ware29. The resulting data matrix that contains the expression value (FPKM) for the samples of all four 
stages was generated by “rsem-generate-data-matrix” script. This data matrix was imported into edgeR 
2.14 to identify the differentially expressed genes (DEGs) with P <  0.001 for FDR38. FPKM values of 
DEGs were normalized by log2 and median centered, and cluster analysis was performed using the 
hierarchical cluster method based on Euclidean distance using Trinity Perl script27. We chose clusters 
of genes that showed different expression patterns following the instructions of Trinity software. For 
each defined cluster, expression patterns were plotted by R scripts. GO enrichment analysis of the DEGs 
detected in specific clusters was conducted by DAVID function annotation tools39.

qRT-PCR validation.  To validate the results from RNA-Seq differential gene expression analysis, 
quantitative real-time PCR (qRT-PCR) was carried out amongst four molting stage. Twelve genes from 
different gene expression clusters were chosen for qRT-PCR assays. PCR primers were designed based 
on the assembled transcriptome sequences (Table S2). Internal reference genes were chosen based on the 
estimation of RefFinder (http://www.leonxie.com/referencegene.php). RefFinder integrates the currently 
available major computational programs (geNorm, Normfinder, and BestKeeper) and the comparative 
∆Ct method to compare and rank the tested candidate reference genes40–43. We used alpha-tubulin, ubiq-
uitin conjugating enzyme, and β-actin as internal reference genes to normalize the gene expression level 
(Figure S1). The qRT-PCR was conducted by using SYBR Green Premix Ex Taq (Takara, Japan) in a 
CFX96 real-time PCR system (Bio-Rad, USA). A standard curve was firstly generated to assess accuracy, 
and primers with efficiency of amplification between 95% and 105% were chosen for following qRT-PCR. 
Four biological and three technical replicates were used for each gene. qRT-PCR was performed in a 25 μ l 
reaction mixture including 12.5 μ l SYBR Premix Ex TaqTM II (2× ), 1 μ l each primer (10 μ M), 2 μ l cDNA, 
and 8.5 μ l ddH2O. The PCR procedure used was: 95 °C for 30 s, followed by 40 cycles of 95 °C for 5 s and 
60 °C for 30 s, a 0.5 °C/5 s incremental increase from 60 °C to 95 °C, 30 s elapse time for each cycles. The 
relative expression was estimated using the 2–∆∆Ct method with PoM stage samples as calibration control, 
therefore, ∆∆Ct =  [(Ct, target – Ct, reference) molt stage] – [(Ct, target – Ct, reference) PoM stage]44. Relative expression 
results were presented as the fold-change relative to PoM stage. Statistical significance (P <  0.05) was 
determined using one-way ANOVA and Duncan’s multiple range tests under SPSS 17.0.

Results
Transcriptome assembly.  A total of 125,852,483 paired-end reads with 150 bp each were obtained 
from 12 samples at the four molting stages. After trimming low quality reads, 100,979,293 clean reads 
were used for de novo transcriptome assembly, resulting in 256,361 transcripts (each with more than 
200 bp). The N50 for the assembled transcripts were 766 bp and the average length was 585 bp. A large 
portion of transcripts were smaller than 400 bp (Figure S2A). After filtering transcripts with FPKM <  1, 
97,398 transcripts remained for downstream analysis (Figure S3). These transcripts resulted in a filtered 
reference transcriptome with N50 of 1,432 bp and an average length of 746 bp (Figure S2B). Although 
the number of transcripts decreased after filtering, the proportion of reads mapped to the transcriptomes 
was comparable (87.7% vs 86.3%) (Table 1), indicating the transcripts with FPKM <  1 were likely to be 
misassembled.

The number of transcripts assembled from over 60 million reads varied from 113,599 to 151,932, 
depending on the molting stage. The number of transcripts with FPKM ≥  1 ranged from 79,273 to 104,104 
(Fig. 2A, Table S3). Sequencing reads from the specimens of each stage were mapped back to the filtered 
reference transcriptome and the corresponding stage-specific transcriptome. More than 80% of the reads 
were mapped to the filtered reference transcriptome and the corresponding transcriptome (Fig. 2B, Table 
S4). The number of transcripts (FPKM ≥  1) assembled from 20, 40, 60, 80, and 100 million clean reads 
ranged from 82,379 to 102,527, indicating that 20 million clean reads were nearly sufficient for E. sinensis 
transcriptome assembly. These results demonstrated that our reference transcriptome assembled with 
more than 100 million clean reads was saturated and thus of very high quality (Figure S4).

Transcriptome annotation.  BLASTX searches against two protein databases (NCBI-NR and 
UniProt) resulted in 31,900 (32.8% of total transcripts) and 23,582 transcripts annotated, respectively, 
with significant BLAST hits to the reference transcriptome (Fig. 2C, Table 1). Most top BLAST hits were 
matched to Daphnia pulex sequences (Figure S5). Further GO analysis showed that 24,402 transcripts 
were mapped to at least one GO category (Figure S6). In biological processes, most of the GO-mapped 
transcripts were related to cellular and metabolic processes. A high number of transcripts (2,280) were 
mapped to the GO category: response to stimulus (GO:0050896). In addition, we identified 91, 170, 
and 753 transcripts involved in growth (GO:0040007), reproduction (GO:0000003), and developmental 
processes (GO:0032502), respectively. A total of 14,760 transcripts were annotated with correspond-
ing enzymes, and 131 KEGG pathways were identified through functional analysis of the E. sinensis 
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Sequencing

Raw reads (pair-end) 125,852,483

Clean reads (pair-end) 100,979,293

Total nucleotides (bp) 3.8 ×  1010

Assembly

De novo assembled Filtered (FPKM ≥  1)*

No. of transcripts 256,361 97,398

No. of N50 transcripts 41,705 13,081

N50 length 766 1,432

Mean transcripts length 585 746

Largest transcripts 32,421 32,421

Reads Mapped 87.7% 86.3%

Annotation 

NCBI-Nr 31,900

UniProt 23,582

GO 24,402

KEGG 14,760

COG 28,904

Table 1.   Summary statistics of Chinese mitten crab transcriptome. *FPKM: fragments per kilobase per 
transcript per million mapped reads.

Figure 2.  Assembly, mapping, annotation and comparisons of transcriptomes in different molting stages 
of Chinese mitten crab. (A) Total number of de novo assembled transcripts and number of transcripts with 
FPKM ≥  1; (B) Total number of reads, number of reads mapped to reference transcriptome and number of 
reads mapped to stage-specific transcriptome for each molting stage; (C) Number of transcripts annotated 
using NCBI-NR and UniProt protein database; (D) Venn diagram for the number of annotated genes. PoM: 
postmolt (Day 2), InM-I: intermolt-I (Day 10), InM-II: intermolt-II (Day 20), and PrM: premolt (Day 30).
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transcriptome (Table S5). Purine metabolism, pyrimidine metabolism, thiamine metabolism, pyruvate 
metabolism, and oxidative phosphorylation were the top pathways with the highest number of genes 
represented.

After TransDecoder prediction, the number of predicted protein coding sequences (CDS) with a 
minimum amino acid length of 100 was 36,948. The predicted protein sequences were used for BLASTP 
against the eggNOG database to find COGs, and the results are presented in Figure S7. A total of 28,904 
transcripts were found in one COG group. Most proteins were annotated as “S: functional unknown” 
due to the lack of annotated protein sequences of closely related species. Using predicted amino acid 
sequences, 2,149 signal peptides with cleavage sites were predicted (Table S6). With the HMMER soft-
ware and PFAM-A database, 1,167 protein sequences were predicted to have 106 TFs (Table S7) com-
pared with 112 TFs in D. pulex36. The top 20 TFs in E. sinensis were compared with the top 20 TFs in 
D. pulex (Figure S8A,B), and both had around 60% C2H2-type zinc finger (PF00096) TFs. In addition, 
we were able to identify 135 transcripts corresponding to 27 noncoding RNAs that include micro-RNAs, 
small RNAs, 5S_rRNAs, and tRNAs (Table S8).

The number of transcripts annotated through BLAST search against NCBI-NR database ranged 
from 21,405 to 23,666, depending on the molting stage, and the number of transcripts annotated with 
UniProt ranged from 16,881 to 18,715 (Fig.  2C). We identified 5,860 annotated genes shared among 
stages (Fig. 2D) corresponding to 18,014, 16,509, 17,782, and 18,032 transcripts in PoM, InM-I, InM-II, 
and PrM, respectively. The numbers of transcripts in the PrM and PoM stages were significantly higher 
than those in the InM-I and InM-II stages (P <  0.01, t-test) (Table S9).

Differentially expressed genes (DEGs) in different molting stages.  A total of 1,189 differentially 
expressed genes (DEGs) were identified across the four molting stages. No DEGs were observed between 
the two intermolt stages (InM-I and InM-II); more DEGs were found in PoM compared with other stages 
(Fig.  3). We identified 740, 491, and 550 genes differentially expressed respectively between PoM and 
each of other three stages, InM-I, InM-II and PrM. A total of 195 DEGs were identified between PrM 
and InM-I whereas 24 DEGs were found between PrM and InM-II. Eight clusters were defined based 
on the hierarchical clustering results revealing different expression patterns in the four stages (Fig. 3 and 
S9). DEGs in clusters 1, 3, 5, and 6 were highly expressed in PoM compared to other stages. DEGs in 
cluster 2 showed that the expression of genes increased with the days following molting (from PoM to 
PrM). Clusters 4, 7, and 8 showed that the genes had low expression levels in the PoM and PrM stages 
but relatively high expression levels in the InM-I and InM-II stages (Fig. 3 and S9).

Figure 3.  Heat map of differentially expressed genes clustered in two ways - molting stages and GO 
categories. PoM: postmolt (Day 2), InM-I: intermolt-I (Day 10), InM-II: intermolt-II (Day 20), and PrM: 
premolt (Day 30). Numbers - replicate samples, C1–C8 - functional clusters of differentially expressed genes, 
and Color key value - FPKM fold change.
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GO enrichment analysis of differentially expressed genes showed that genes in clusters 1, 3, 5, and 6 
(highly expressed in PoM; Fig. 3) were mainly associated with “energy consumption process”, “homeo-
stasis process”, and “response to stimulus”. Genes such as sterol o-acyltransferase 1(soat1), niemann-pick 
C1(npc1), apoptosis 2 inhibitor (iap2), G-protein coupled receptor moody (moody), and nocturnin (ccrn4l) 
in cluster 1 were enriched in biological processes such as lipid and sterol homeostasis and metabo-
lism, programmed cell death and endothelial cell differentiation, response to stimulus (smell, chemicals, 
and cocaine), and rhythmic processes (Fig. 3, Table S10). Genes such as glucose-6-phosphate translocase 
(g6pt1), carnitine O-palmitoyltransferase 1 (cpt1a), phosphoenolpyruvate carboxykinase (pck), fumarylace-
toacetase (fah), long chain acyl-CoA synthetase 8 (lacs8), probable proline dehydrogenase 2 (prodh2), and 
glutamate dehydrogenase (gdh) in clusters 3, 5, and 6 were associated with glucose, monosaccharide, and 
hexose metabolism; neutral lipid metabolism, and fatty-acid metabolism; and amino acid catabolic and 
metabolic processes (Fig. 3, Table S10).

DEGs in clusters 4, 7, and 8 (highly expressed in InM-I and InM-II) were related to energy storage 
and specific developmental processes. Genes such as probable C-5 sterol desaturase (erg3), aldehyde dehy-
drogenase family 8 member A1 (aldh8a1), fatty acid synthase (fas), ATP-citrate synthase (acly), mitotic 
checkpoint serine (bub1), centromere protein F (cenpf), actin-binding protein anillin (anln) and cyclin-A2 
(ccna2) in cluster 4 were strongly enriched in lipids, fat-soluble vitamins, cholesterol and sterol biosyn-
thetic process, and mitosis; they were mostly related to the accumulation of nutrient substances and cell 
proliferation (Fig.  3, Table S10). Genes such as aldehyde dehydrogenase (aldh2), superoxide dismutase 
(sod2), and acetylcholinesterase (ache) in cluster 7 were enriched in liver development, neurotransmitter 
receptor biosynthetic process, receptor biosynthetic process, and neurotransmitter catabolic and meta-
bolic processes. Genes such as glucose-6-phosphate isomerase (pgi), triosephosphate isomerase B (tpi1b), 
phosphoglycerate mutase 2 (pgam2), ATP-dependent 6-phosphofructokinase (pfk), phosphoglycerate kinase 
(pgk), ADP-dependent glucokinase (adpgk), elongation of very long chain fatty acids protein 6 (elovl6), and 
acyl-coA desaturase (scd) in cluster 8 were strongly enriched in carbohydrate metabolic, biosynthesis, 
fatty acid synthesis and metabolism (Fig. 3, Table S10).

The DEGs in cluster 2 (increase form PoM to PrM) were enriched for genes broad-complex core pro-
tein isoforms 1(br), ecdysone receptor (ecr), niemann-pick C1 (npc1), arylsulfatase B (arsb), and forkhead 
box protein P1 (foxp1) associated with the response to steroid hormone stimulus, nutrient levels and 
acid transport, developmental cell growth, RNA transcription, and immune system development (Fig. 3, 
Table S10).

qRT-PCR validation.  Twelve genes were selected from the clusters of differentially expressed genes 
and then verified by qRT-PCR. One gene (casein kinase isoform epsilon) from cluster 1, four genes (cuticle 
protein cbm, myosin isoform e, beta-lactamase, and phosphoenolpyruvate carboxykinase) from cluster 3 
and two genes (methyltransferase and juvenile hormone-inducible protein) from cluster 5 had the highest 
expression levels during postmolt. Three genes (metalloreductase steap4, loc100186072 and loc100880818) 
from cluster 4, one gene (long chain fatty acid ligase acsbg 2) from cluster 8 presented the highest expres-
sion levels in intermolt. One gene (ecdysone receptor) from cluster 2 showed the highest expression level 
in premolt. qRT-PCR efficiency of amplification was above 95% and the correlation value (R2) was more 
than 0.98 for each gene (Table S2). The qRT-PCR results confirmed the findings of RNA-Seq (Fig. 4 and 
S10), with a correlation coefficient (r) from 0.798 to 0.997 depending on specific genes and reference 
genes.

Discussion
Transcriptomic repertoire for Chinese mitten crab.  This study established a comprehensive rep-
ertoire of annotated genes, differentially expressed genes, non-coding RNA, and transcription factors 
for the Chinese mitten crab from different molting stages throughout one molting cycle. In order to 
produce a comprehensive reference transcriptome, all raw reads from the four different molting stages 
were combined (more than 120 million paired-end reads) and assembled. The saturation analysis and 
the comparison of transcription factors between E. sinensis and Daphnia pulex (water flea) asserted a 
high-quality hepatopancreas transcriptome for E. sinensis.

Gene Ontology functional annotation analysis revealed a relatively large number of transcripts in 
“response to stimulus,” which suggest these genes may be involved in the adjustment of permeation 
pressure during the transition from saltwater to freshwater during the crab’s lifecycle and presumably 
prevent automutilation45. KEGG analysis demonstrated the top enriched pathways are energy related 
ones, including oxidative phosphorylation and glycolysis/gluconeogenesis. This is consistent with the 
assumption that the molting process requires a significant amount of energy to uptake water and swell 
the exoskeleton and to produce chitin.

Crustaceans are the second largest group of arthropods, the most speciose and morphologically 
diverse animal group on the planet46. To date, there is only one crustacean species - Daphnia pulex (water 
flea) with its genome sequence publically available, although a number of transcriptomic studies have 
been reported to address issues such as salinity stress, immune responses to microbial pathogens, and the 
development of sexual organs in E. sinensis47–50. As of May 28, 2015, there are 9 Bio-Samples with over 
60 Gb sequence data available in E. sinensis in the NCBI SRA database. One future direction for this pro-
ject is to sequence transcriptomes of other tissues to corroborate the preliminary findings in this study 
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and to integrate publically available transcriptomic data to enhance our transcriptomic repertoire for the 
Chinese mitten crab. Nevertheless, our transcriptomic data and analysis results will facilitate genomic 
sequencing and annotation of other crustaceans (including the Chinese mitten crab) in the future.

Transcriptomic variation among different molting stages.  A comparable number of anno-
tated transcripts were attained for each of the four transcriptomes assembled from different molting 
stages (Fig.  2C), despite the difference in the number of total assembled transcripts in different stages 
(Fig. 2A). The largest numbers of assembled transcripts were found in stages postmolt (PoM) and pre-
molt (PrM), which are the two critical stages that may have more developmental and immune response 
genes involved as discussed below. With the mapping of raw reads from each molting stage to the 

Figure 4.  Expression profiles of 12 differentially expressed genes from RNA-Seq (blue) and qRT-PCR 
(red) with alpha-tubulin as reference gene in different molting stages. 
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reference transcriptome, we successfully identified differentially expressed genes and gene clusters asso-
ciated with energy metabolism and physiological responses during one molting cycle in the E. sinensis 
hepatopancreas.

Postmolt (PoM) is a period when the Chinese mitten crab is recovering from molting. During post-
molt the exoskeleton of E. sinensis is quickly hardened as a mechanism to avoid predation, which requires 
sufficient energy input. Our clustering analysis revealed several clusters of highly expressed genes during 
the postmolt stage. The genes in cluster 1 are involved in homeostasis (soat1, npc1), response to stim-
ulus, and programmed cell death and differentiation, which may suggest the crabs under postmolt are 
very sensitive to the external and internal environments. Clusters 3, 5 and 6 contain highly expressed 
genes enriched in carbohydrate, neutral lipid, and amino acid metabolic process (pck, g6pt1, Cpt1a, Fah, 
and prodh2) , which may provide more energy to maintain homeostasis when dietary carbohydrate is 
unavailable in the PoM stage (Table S10, cluster 3, 5, 6)51–54. The pck gene has been considered as a vital 
marker for liver gluconeogenesis - a metabolic pathway to produce glucose when starvation occurs for 
extended periods51,52. Furthermore, we found the cuticle protein cbm gene (likely involved in chitin met-
abolic process) enriched in cluster 3. The over expression of this gene is likely to promote the synthesis 
of chitin to quickly harden their shell for defense.

Intermolt (InM-I and InM-II) is an important period in growth and development and thus it is an 
essential stage for energy storage55,56. We found a number of highly expressed genes associated with 
the glycolysis pathway. These genes including adpgk, pgi, pfk, tpi1b, pgk and pgam2, are involved in 
the conversion of glucose into pyruvic acid to produce energy. Note that the two genes, adpgk and pfk, 
are associated with the irreversible steps in this glycolysis process compared to gluconeogenesis52. The 
product of glycolysis, i.e., pyruvic acid, could supply sufficient energy to cells through the citric acid 
cycle under aerobic condition and consequently facilitate the growth and development for E. sinensis 
in InM stage. Our clustering analysis revealed several highly expressed genes such as bub1, cenpf, anln 
and ccna2, and these genes are likely pertaining to mitosis (Table S10, cluster 4). Two genes, aldh2 and 
sod2, were linked to liver development, and one gene, ache, was presumably related to eye development 
(Table S10, cluster 7).

During intermolt (InM-I and InM-II) fatty acid synthesis occurs and it is primarily controlled by the 
fas and acly genes, which catalyze the lipids synthesis pathway through converting the carbohydrates 
into fatty acids18,57,58. We found these two genes highly expressed in InM stage in addition to the genes 
involved in lipid synthesis such as erg3, aldh8a1, elovl6, and scd. These genes are likely to convert exces-
sive carbohydrates into fatty acids that could be eventually stored in the hepatopancreas52. The storing of 
lipids shall play an important role in energy supply when E. sinensis is fasting in other molting stages12. 
Several studies have reported that crustaceans synthesize a large amount of carbohydrates, lipids, fatty 
acids, and fat-soluble vitamins during the intermolt stage for subsequent molting and limb regenera-
tion59. Reduction in food supply has been linked to a longer intermolt period59.

During premolt, we found the ecdysone receptor gene differentially expressed. This gene is an essen-
tial regulatory element for ecdysone hormone and has been shown to regulate the molting of crusta-
ceans6,60. Other enriched genes included those associated with steroid hormone stimulus, immune system, 
response to nutrient levels, and amino acid transport. Gene expression analysis revealed several other 
genes highly expressed during the premolt (PrM) stage, including EcR, br and foxp1. EcR is a heterodimer 
composed of the products of the EcR and RXR/USP nuclear hormone genes and was found to regulate 
the ecdysone hormone, one vital hormone for successful molting in crustaceans9,61–64. Up-regulation of 
EcR has been observed in other crustacean species such as the freshwater prawn Macrobrachium nip-
ponense, Pacific white shrimp, Litopenaeus vannamei, and grapsid crab, Metopograpsus messor during 
the premolt stage65–67. The br and foxp1 genes are assumed to be associated with responses to steroid 
hormone stimuli as shown in the fruit fly, Drosophila melanogaster, and honeybee, Apis mellifera68,69.

Understanding the dynamic process of molting is an essential goal for both aquaculture and inva-
sive species management. For aquaculture, the intermolt stage is an ideal period to enhance nutrition 
to shorten the intermolt period interval and foster growth of crabs. During the postmolt stage it is 
essential to increase protection for these crabs in the form of additional habitats to ensure they are not 
victims of predation. For invasive species management, limiting the amount of nutrients available to the 
crabs is essential to extend the intermolt period in order to limit the number of sexually mature indi-
viduals. Furthermore, additional research needs to be done to determine if the postmolt stage might be 
extended which would cause invasive crabs to be more susceptible to predation as potential management 
technique.

In conclusion, we performed a comprehensive transcriptomic study on the hepatopancreas of E. sin-
ensis amongst four molting stages. We established the first reference transcriptome of the hepatopancreas 
of E. sinensis, characterized genes and functional categories at each molting stage, and identified regu-
lar patterns of differentially expressed genes amongst different molting stages. Our study thus provides 
unique insight into the functions of the hepatopancreas in energy metabolism and biological processes 
for molting in crustaceans. Future research directions include transcriptomic studies of more tissues and 
samples from different molting cycles and genomic sequencing of the Chinese mitten crab.

Data Archiving.  Sequencing reads are available at NCBI SRA database (SRX824594, SRX845724, and 
SRX845725).
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