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A B S T R A C T

In crustaceans, some of fundamental regulatory processes related to a range of physiological functions, including
ovarian maturation, molting, glucose homeostasis, osmoregulation, etc., occur in the organs of the eyestalk.
Additionally, reproduction is regulated by neuropeptide hormones and other proteins released from secretory
sites (X-organ/sinus gland, XO/SG) within the eyestalk. As unilateral eyestalk ablation was the most common
method used to artificially induce ovarian maturation for farmed Litopenaeus vannamei, to better understand the
reproductive regulation mechanism in L. vannamei, we have investigated the transcriptomes of the eyestalk
during five ovary developmental stages with or without eyestalk ablation by high-throughput Illumina se-
quencing technology. The raw reads were assembled and clustered into 127,031 unigenes. Meanwhile, the
differentially expressed genes (DEGs) between ovarian development stages were identified. We examined,
through DEG enrichment analysis, eyestalk gene expression patterns for Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways, comparing natural to artificially induced ovarian ma-
turation. We also identified a variety of transcripts that appear to be differentially expressed throughout ovarian
maturation. These include transcripts that encode G-protein coupled receptors (GPCRs) and neuropeptides, such
as the crustacean hyperglycemic hormone (CHH), molt-inhibiting hormone (MIH), and crustacean female sex
hormone (CFSH). Furthermore, numerous exoskeleton formation-related genes were found to be down-regulated
during ovarian maturation, including cuticle-like proteins, eclosion hormone (EH), and gastrolith-like proteins,
of which the latter are the first reported in L. vannamei. Our work is the first reproduction-related investigation of
L. vannamei focusing on the eyestalk at the whole transcriptome level. These findings provide novel insight into
the function of the eyestalk in reproduction regulation.

1. Introduction

The Pacific white shrimp, Litopenaeus vannamei, is one of the most
important farmed penaeid shrimp species in the world. The most
common method used to stimulate ovarian maturation and spawning
during captive breeding of L. vannamei is unilateral eyestalk ablation.
While ablation can induce ovarian maturation, it also jeopardizes
growth, increases energetic demands, and causes a significant hormonal
imbalance that has a considerable impact on the quantity, quality, and
survival of the larvae produced (Benzie, 1998; Browdy and Samocha,
1985; Palacios et al., 1999). Thus, predictable maturation and spawning
in farmed shrimp without eyestalk ablation is a long-term goal for the
shrimp culture industry.

A better understanding of the hormonal regulation of shrimp re-
production would allow for the development of methods for manip-
ulation of reproduction without eyestalk ablation. Endocrine control of
crustacean reproduction is an area that has received considerable at-
tention, with emphasis placed on the roles of the eyestalk neuropeptides
and hormones. The crustacean eyestalk is where the X-organ/sinus
gland (XO/SG) complex is located, and is an important neuroendocrine
system (Christie et al., 2010b; Webster et al., 2012). The XO/SG com-
plex is the main site of production and storage of the crustacean hy-
perglycemic hormone (CHH) superfamily, which includes the CHH, the
molt-inhibiting hormone (MIH), the gonad-inhibiting hormone (GIH),
and the mandibular organ-inhibiting hormone (MOIH), and the chro-
matophorotropins, including the pigment dispersing hormone (PDH)
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and the red pigment concentrating hormone (RPCH). These neuropep-
tides control many fundamental physiological functions such as
molting, osmoregulation, modulation of glycemia, and reproduction
(Christie et al., 2010b; Hopkins, 2012; Manfrin et al., 2015).

Because the effect of eyestalk ablation has been attributed to a re-
duction in the normal levels of GIH in the neurosecretory cells of the
eyestalk (Hopkins, 2012), the GIH, also known as vitellogenesis-in-
hibiting hormone (VIH), is the most potent known inhibitor of gonadal
maturation. Thus, in previous studies, molecular research on the re-
productive regulation of eyestalk in L. vannamei has mostly con-
centrated on identifying and cloning such regulatory genes. Several
neuropeptide genes related to reproductive regulation were PCR am-
plified and sequenced. Seven peptides (designated as SGP-A, -B, -C, -D,
-E, -F, and -G) of the CHH family were purified by reversed-phase HPLC,
identified by N-terminal amino acid sequencing from the sinus glands of
L. vannamei, and examined for their regulatory effects on vitellogenin
(Vg) mRNA expression using in vitro incubation of ovarian fragments
(Tsutsui et al., 2007). Furthermore, the cDNA sequence of L. vannamei
SGP-G (Liv-SGP-G) was cloned, and the vitellogenesis inhibiting activity
of recombinant Liv-SGP-G was examined in vitro using ovarian frag-
ments (Tsutsui et al., 2013). Another candidate gene, LvVIH, was
characterized and its reproduction inhibitory effect was confirmed by
both in vitro and in vivo approaches (Chen et al., 2014). In addition, MIH
is another potential reproductive regulator. In L. vannamei, two forms of
MIH-like genes (LivMIH1 and LivMIH2) were cloned and characterized,
and the LivMIH2 protein positively regulated hepatopancreatic Vg gene
expression (Chen et al., 2007; Luo et al., 2015). However, the in-
formation collected using these methods was incomplete and provided
only a fragmented picture. The molecular mechanisms by which the
eyestalk regulates ovarian development remain unclear. The next-gen-
eration RNA-sequencing method, which can be used to compare a few
genes to the entire transcriptome, could be a vital approach in under-
standing this ontology. This technology has dramatically improved the
efficiency and speed of analysis, especially for non-model species,
which has been widely applied to studies in L. vannamei (Dai et al.,
2017; Gao et al., 2017; Lu et al., 2016; Wei et al., 2014). Therefore, it is
considered to be a powerful tool for dissecting gene networks associated
with particular biological and developmental processes at the whole
transcriptome level.

To investigate and gain a better understanding of the regulation
mechanism of the eyestalk in L. vannamei, we analyzed the tran-
scriptomic characterization of the eyestalk during five dynamic ovarian
developmental stages through Illumina high-throughput sequencing
data. To our knowledge, this is the first transcriptome wide gene ex-
pression profiling of the eyestalk in L. vannamei. This study will be a
foundational resource for further studies in reproductive regulation
mechanisms.

2. Materials and methods

2.1. Animal origin and acclimatization

One hundred adult females (34–45 g body weight) were stocked in
the shrimp reproduction laboratory at Hebei Xinhai Aquatic
Biotechnology Co., Ltd. These females were stocked equally in two
ponds at a density of 5 shrimp per square meter. The water was ex-
changed daily (95%). The temperature was maintained at 28 °C. The
salinity was maintained at 30 ppt.

2.2. Experiment design

Before the experiment, the shrimp were fed commercial diets. Then,
they were fed fresh bait when the experiment began. The diet was
composed of 40% squid and 60% rag worm. It was divided into four
equal daily rations that accounted for a total daily supply of 20% of wet
weight biomass and was adjusted daily. Ovarian development was

assessed daily by observing the size and color of gonads with a lamp.
Macroscopically, developmental stages of the ovary were classified by
the appearance of the ovary at the cephalothorax region or along the
abdominal back that could be seen through the dorsal exoskeleton. The
criteria for ovary staging were as follows: S0 stage (immature), un-
developed ovaries were not visible in either the cephalothorax region or
along the abdominal back; S1 stage (early maturation), there were
enlarged ovaries in the cephalothorax region, and they could be ob-
served as a thin line through the dorsal exoskeleton; S2 stage (inter-
mediate maturation), the ovaries appeared as a yellowish linear band
through the dorsal exoskeleton; S3-4 stage (mature), the ovaries started
to become orange-colored, appearing as a double thick line along the
abdominal back with larger expansion at the posterior thorax (adapted
from (Tan-Fermin and Pudadera, 1989)). The molting cycle of the
shrimp was also recorded. According to the appearance of the epi-
dermis, pigmentation, the formation of new setae, and the presence of
matrix or internal cones in the setal lumen (Corteel et al., 2012; Jrdeo
et al., 2006), the molt stage of the shrimp was determined through the
morphological observation of uropod under a light microscope.

The eyestalks of the shrimp used in this study were not ablated at
the beginning of the experiment. They were cultivated with the eyestalk
intact for natural maturation during the following 50 days. At the end of
the 50-day cultivation, there were five shrimp with ovaries at S3-4
stage, two shrimp at S1 stage, and one shrimp at S2 stage, and others
were still at S0 stage. Then, the five shrimp with ovaries at S3-4 stage
were dissected, and the eyestalks (E4) were separately flash frozen in
liquid nitrogen and then kept at −80 °C until RNA isolation. Five
shrimp with ovaries still at S0 stage were also dissected, and the eye-
stalks (E0) were separately collected as described above. After that,
other shrimp at S0 stage were subjected to unilateral eyestalk ablation
to artificially induce ovarian maturation. These shrimp were also
stocked equally in two ponds. During the following week, the eyestalks
(E1, E2, E3) of five S1, S2, and S3-4 females were separately collected
as well. The ovaries of 5 shrimp for each ovarian development stage
were dissected and weighed, and a portion of the lateral lobe was flash
frozen in liquid nitrogen for RNA isolation or fixed in Bouin’s solution
for histological analysis (Fig. S1). In addition, the shrimp were weighed
to calculate the gonadsomatic index (GSI) to further assess the devel-
opment of the ovaries (Table S1). Besides, all the shrimp were sampled
in the inter-molt stage.

2.3. RNA isolation and quality control

Total RNA was separately isolated from the each eyestalk or ovary
using TriPure isolation reagent kit (Roche Diagnostics, USA) according
to the manufacturer’s instruction. The genomic DNA was cleaned from
RNA with RNase free DNase I (Takara, China), and the degradation and
contamination of RNA was monitored by running samples on 1.5%
agarose gels. The RNA purity was checked using a NanoPhotometer
spectrophotometer (Implen, Germany). The RNA concentration was
measured using a Qubit RNA Assay Kit in Qubit 2.0 Fluorometer (Life
Technologies, USA). The RNA integrity was assessed using the RNA
Nano 6000 Assay Kit for the Bioanalyzer 2100 system (Agilent
Technologies, USA) and expressed as an RNA Integrity Number (RIN).
According to the results, all of the RNA samples were high quality
(OD260/280= 2.0–2.2, OD260/230≥ 2.0, RIN≥ 8.0, and
28S:18S≥ 1.0).

2.4. Library construction and Illumina sequencing

RNA samples of the five eyestalks from the same ovarian develop-
mental stages were pooled together in equal amounts to generate one
mixed sample. A total amount of 3 μg of high-quality RNA was used for
library construction. These five RNA samples (E0-E4) were used to
construct individual cDNA libraries (Lu et al., 2016). The cDNA li-
braries were sequenced on an Illumina HiSeq2500 platform at
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Annoroad Genomics (Beijing, China) and 150 bp pair-end reads were
generated.

2.5. De novo transcriptome assembly and functional annotation

The adapter-polluted sequences, low-quality reads, and reads with
unknown nucleotides larger than 5% were removed from the raw reads
by Cutadapt (Martin, 2011) and Fqtools developed by ANOROAD.
Then, the high-quality reads were used for downstream analysis. The
clean reads were then assembled using Trinity software (v.20140717)
to obtain transcripts with an optimized k-mer length of 25 and all other
parameters were set to default (Grabherr et al., 2011). The longest as-
sembled non-redundant transcripts were referred to as unigenes.

The assembled transcripts were translated into all six possible open
reading frames (ORFs) through TransDecoder (v.20140717), and their
proper translation was defined as the one that gave the longest amino
acid sequence (Saha et al., 2002). Then, Trinotate (v.20140717) was
used for performing the functional annotation of unigenes. All unigenes
and ORFs were used as queries to align against sequences in NCBI non-
redundant nucleotide/protein database (NT and NR databases), Uni-
versal Protein Resource (UniProt) database, Gene Ontology (GO),
Cluster of Orthologous Groups of proteins (COG), and Kyoto En-
cyclopedia of Genes and Genomes (KEGG) database with an E-value
cut-off of 1.0e-5. The NR/NT and UniProt databases were downloaded
on October 9, 2016.

2.6. Analysis of differentially expressed unigenes

Reads counts for each gene in each sample were counted by HTSeq
v0.6.0, and the RPKM (reads per kilobase million mapped reads) was
then calculated to estimate the expression level of genes in each sample
(Mortazavi et al., 2008). The RPKM eliminated the effect of sequencing
depth and gene length on gene expression levels, enabling direct
comparison among the data. DEGseq v1.18.0 was used for differential
gene expression analysis between samples (E0-E1, E1-E2, E2-E3, E3-E4,
and E4-E0) (Wang et al., 2010). The p-value was assigned to each gene
and adjusted by the Benjamini and Hochberg’s approach as q-value for
controlling the false discovery rate (FDR). Genes with q < 0.05 and
|log2Ratio| ≥1 are identified as differentially expressed genes (DEGs).

The GO enrichment analysis of DEGs was implemented by the
GOseq R package, and enrichment analysis was also performed to
identify the DEGs that were significantly enriched in KEGG pathways
with the KOBAS software (Wu et al., 2006). The GO terms and KEGG
pathways enrichment of DEGs were implemented by a hypergeometric
test, in which the p-value was calculated and adjusted as a q-value, and
the data background were genes of the whole transcriptome. GO terms
or KEGG pathways with q < 0.05 were considered to be significantly
enriched.

2.7. Validation by real-time quantitative PCR

To verify the accuracy of RNA-seq data, twelve unigenes were se-
lected for verification by qPCR amplification with gene-specific primers
designed by Primer 5.0 (Table S2). The RNA samples used here were
separately isolated from the eyestalk or ovary from the same animals
used for RNA-seq analysis as described above. Amplification reactions
were examined by gel electrophoresis to confirm a single product of the
expected size and the efficiency of the primers was examined by Real-
time PCR Miner (Zhao and Fernald, 2005). Then, these specific PCR
products were verified through sequencing.

qPCR was performed in a 20 µl solution containing 20 ng template
cDNA and THUNDERBIRD SYBR qPCR Mix (TOYOBO, Japan) via the
ABI7500 system (Applied Biosystems, USA) at 98 °C (5min) for pre-
incubation, followed by 40 cycles at 98 °C (10 s), 60 °C (10 s) and 68 °C
(40 s). Finally, the melting curve was analyzed to detect single ampli-
fication. The accumulation of fluorescent signal from SYBR Green was

recorded at the 68 °C (40 s) phase during each cycle. A negative control
(no-template reaction) was always included. Three biological replicates
of each sample were analyzed, with each sample run in triplicate.

β-actin and EF1α were used as reference genes, and the relative
expression level was normalized by geometric averaging of the two host
genes (Vandesompele et al., 2002). The relative gene expression levels
were calculated using the comparative Ct method with the formula
2−△△Ct (Livak and Schmittgen, 2001). The relative expression level of
β-actin or EF1α was calculated with the other gene as a reference gene.
qPCR data were statistically analyzed by one-way ANOVA followed by
a Tukey’s post hoc test using SPSS 20.0 (SPSS, IL, USA), and p < 0.05
denotes a statistically significant difference. The qPCR results were then
compared with transcriptome data (RPKM value) to detect their ex-
pression correlation of each gene.

3. Results

3.1. Transcriptome sequencing and assembly

Five cDNA libraries were constructed on the basis of 25 RNA sam-
ples as described. The overall Illumina sequencing data were deposited
in the Short Read Archive database of NCBI (SRR6488339, SRR648838,
SRR6488341, SRR6488340, and SRR6488337), which contained
268,684,708 raw reads (Table S3). After removing adaptors and trim-
ming low quality reads, 235,094,096 clean reads were obtained.

The clean bases were used to perform de novo assembly and were
assembled into 150,127 transcripts with a total length of 108,551,181
nucleotides (Table 1). The average percentage of GC content for the
transcripts was 43.07%. The length of the transcripts ranged from
201 bp to 79,844 bp with an average length of 723 bp. The lengths of
N50 and N90 of the transcripts were 1,363 bp and 263 bp, respectively.
These transcripts were subsequently assembled into 127,031 unigenes
with an average length of 625 bp. The lengths of N50 and N90 of the
unigenes were 1,024 bp and 249 bp, respectively. The data was de-
posited in the Transcriptome Shotgun Assembly database of NCBI (ac-
cession number: GGQV00000000). The total length of the unigenes was
79,372,773 bp, which covered 73.12% of the length of transcripts. The
assembly efficiency was further validated by Bowtie2 (v2.2.3)
(Langmead and Salzberg, 2012), and the percentage of individual li-
brary reads that mapped back to the assembled transcriptome was
83.98%, 87.38%, 89.06%, 87.99%, and 89.25%, respectively.

3.2. Functional annotation of unigenes

In our analysis, 27,583 unigenes that were predicted to have ORFs
were acquired, which represent 21.71% of the total assembled uni-
genes. The lengths of the predicted ORFs range from 297 to 13,233 bp,
with an average length of 949 bp. The assembled unigenes and pre-
dicted ORFs were subjected to similarity analysis in public databases.
The maximum number of 28,879 unigenes matched the NR database,
followed by UniProt (23,637 unigenes) and NT (4326 unigenes). A total
of 13,910 ORFs were annotated in the UniProt database. The Venn
diagram (Fig. S2) illustrates the interrelation of Blast hits for unigenes

Table 1
Summary of de novo assembly results of the transcriptome.

Basic Stat Trinity Unigene

N50 1363 1024
N90 263 249
Min length 201 201
Max length 79,884 79,884
Mean length 723 625
Count 150,127 127,031
Percent GC (%) 43.07 42.51
Total Bases 108,551,181 79,372,773
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and ORFs against three databases.
A total of 23,218 unigenes were successfully annotated by Gene

Ontology (GO) assignments and were classified into three functional
categories, namely, biological process, molecular function, and cellular
component (Fig. 1A). The biological process category was grouped to
23 subcategories, among which the major subcategories were cellular
process (63.77%) and metabolic process (55.62%). The cellular com-
ponent category contained 22 subcategories, among which cell part
(77.98%) and organelle (40.28%) were the dominant subcategories. In
the molecular function category, the major subcategories were binding
(60.07%) and catalytic (50.83%).

As for Clusters of Orthologous Groups (COG), 11,474 unigenes were

classified into 25 functional categories (Fig. 1B). The dominant cate-
gories included (J) Translation, ribosomal structure and biogenesis, (R)
General function prediction only, (O) Posttranslational modification,
protein turnover, chaperones, (C) Energy production and conversion,
and (E) Amino acid transport and metabolism.

The biological pathways for the unigenes were searched using the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database, by which
14,633 unigenes were assigned to 5 special KEGG pathways, including
Metabolism (D, 47.08%), Organismal Systems (E, 17.45%), Genetic
Information Processing (C, 13.67%), Cellular Processes (A, 11.38%),
and Environmental Information Processing (B, 10.40%) (Fig. 1C). The
annotated unigenes were involved in 324 different pathways. Among

Fig. 1. Gene ontology (GO), Clusters of Orthologous Group (COG), and Kyoto Encyclopedia of Genes and Genomes (KEGG) classification of all unigenes. (A) The GO
classification results summarized in three main GO categories (cellular component, molecular function, and biological process). The x-axis represents the GO
ontology. The y-axis indicates the percentage of unigenes. (B) COG classification of all unigenes. The columns with different colors represent the number of unigenes
in different subcategory. (C) KEGG classification of all unigenes. The columns represent the number of unigenes in each subcategory.
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all the KEGG classifications, the largest number of unigenes (2769)
were assigned to the ‘Global and overview maps’ pathway, accounting
for 40.18% of the total annotated unigenes in the category of Meta-
bolism, followed by the ‘Signal transduction’ pathway (1172 unigenes)
and the ‘Translation’ pathway (1166 unigenes) in the categories of
Environmental Information Processing and Genetic Information Pro-
cessing, respectively. Additionally, there were 471 and 490 unigenes
separately identified in the ‘Nervous system’ and ‘Endocrine system’
pathways in the category of Organismal Systems.

3.3. DEGs between different phases of ovarian development

To identify DEGs involved in ovarian development, we used the
RPKM value to compare the expression differences between different
groups. A large number of DEGs were screened with adjusted q < 0.05
and |log2Ratio| ≥ 1 (Fig. 2; Fig. S3). Of all the Trinity assemblies
(127,031 unigenes), 20,037 unigenes were identified as DEGs between
E0 and E1 (6690 up-regulated and 13,347 down-regulated in the E0
samples), and 25,337 were identified as DEGs between E1 and E2
(11,643 up-regulated and 13,694 down-regulated in E1). The number
of DEGs distinctly decreased when comparing E2 with E3 (16,582 DEGs
with 10,285 up-regulated, 6,297 down-regulated in E2), and increased
to the largest when comparing E3 with E4 (32,137 DEGs with 18,188
up-regulated and 13,949 down-regulated in E3). The number of up-
regulated DEGs was slightly more than that of down-regulated DEGs
when comparing E4 with E0 (20,023 DEGs with 10,237 up-regulated
and 9,786 down-regulated in E4).

3.4. Functional enrichment analysis of GO terms and KEGG pathways

GO term and KEGG pathway enrichment analyses were able to
improve our understanding of the underlying biological processes re-
lated to various biological traits. GO term enrichment analysis detected
significantly overrepresented GO terms in DEGs with adjusted
q < 0.05. The top five most significantly enriched GO terms are shown
in Table 2, including the q-value of the GO term and the number of up-
and down-regulated genes enriched in each GO term. The biological
process terms described a series of events accomplished by one or more
organized assemblies of molecular functions. For the five comparison
groups, ‘translation’ was the process with the highest enrichment level
except in the E3-E4 group. Other significant biological process terms
include ‘protein metabolic process’ and ‘small molecule metabolic
process’. The molecular function terms provided insight into the ele-
mental activities that occur at the molecular level. For E0-E1, E1-E2,
E2-E3, and E4-E0 groups, ‘structural molecule activity’, ‘structural
constituent of ribosome’, and ‘structural constituent of cuticle’ were all
listed in the top five molecular function terms. In addition, the ‘ribo-
some’, ‘ribonucleoprotein complex’, ‘cytosolic ribosome’, and

‘extracellular region’ were listed together in the top five cellular com-
ponent terms in E0-E1, E2-E3, and E4-E0 groups.

To evaluate the pathways associated with DEGs, we conducted the
KEGG pathway enrichment analysis. The top five enriched pathways
are listed in Table 3, including the number of up-regulated and down-
regulated genes enriched in each pathway. The ‘ribosome’ pathway,
with the highest enrichment level and the highest number of DEGs, was
enriched in E0-E1, E1-E2, E2-E3, and E4-E0 groups, and it was also
listed with the highest number of DEGs among the top five enriched
pathways in E3-E4 group.

3.5. Identification of functional unigenes during ovarian development

In this study, nineteen unigenes encoding putative neuropeptides
were identified by Blast searching of all the transcripts against the
public database (Table 4). Among them, four unigenes were annotated
as CHH superfamily members. Moreover, the expression of two uni-
genes (c108833_g1, c103865_g1) was significantly increased in the E1
and E3 stages after the eyestalk was ablated. We also performed qPCR
analysis to further confirm their expression patterns (Fig. 3A). The
peptide encoded by unigene (c108833_g1) showed very high simila-
rities with the genes LvITP (GenBank: ABN11282.1) and CHH-B1
(GenBank: AAN86056.1) from L. vannamei (Fig. S4A). The peptide en-
coded by the other unigene (c103865_g1) was identified with the
molting-inhibiting hormone-like (MIHL) protein from L. vannamei
(GenBank: ATN45407.1) (Fig. S4B). In addition, sequence alignment
showed that the unigene (c24357_g1) had a high similarity with the
neuropeptide SGP-G of L. vannamei (GenBank: AB744717) (Fig. S4C),
but its expression was hardly detected. Another unigene (c122023_g1)
showed considerable expression levels with no significant changes
during ovarian development and was identified with the CHH gene
from L. vannamei (GenBank: KJ660842.2).

Except for the CHH superfamily, the expression of the unigene
(c15356_g1) annotated as the crustacean female sex hormone (CFSH)
was significantly increased at the E4 stage (Fig. 3A). We further ex-
amined the expression profiles of this putative Liv-CFSH gene and vi-
tellogenin (Liv-Vg) gene in the ovary during ovarian maturation. We
could only detect the expression of Liv-Vg in the ovary with high ex-
pression levels at the S2 stage (Fig. S5), while there was no expression
of the unigene (c15356_g1) in the ovary during ovarian maturation.

In addition to the neuropeptides, we also screened fourteen G-pro-
tein coupled receptors (GPCRs), which showed lower expression levels
in the E0 and E4 stages when the eyestalks were not ablated, while they
showed higher expression levels in the E1, E2, and E3 stages after
unilateral eyestalk ablation (Fig. 4).

We also screened and characterized a series of unigenes that showed
similar expression patterns during ovarian maturation. A total of 104
unigenes were identified to be significantly down-regulated (Table S4),
and 29 unigenes were significantly up-regulated (Table S5) from the E0
stage to the E3 stage when screened with adjusted q < 0.05 and
|log2Ratio| ≥ 1. For the up-regulated genes, only seven genes have
been annotated, and none of the genes have homology to known pro-
teins of aquatic species related to ovarian maturation. For the down-
regulated genes, 25 genes were shown to function in exoskeleton for-
mation, including one gene (c106238_g1) annotated as eclosion hor-
mone (EH) and other genes annotated as cuticle protein or calcification-
associated protein (Fig. 5). Multiple sequence alignment revealed that
the predicted EH-like peptide of L. vannamei showed a high similarity
with those from other species and all EH sequences shared six con-
served cysteine residues in the eclosion domain (Fig. S6). Phylogenetic
analysis showed that this EH was most closely related to EH from an-
other crustacean species, Callinectes sapidus, then to EHs from other
crustacean species, and finally to EHs from insects (Fig. S7). The ex-
pression levels of those exoskeleton formation-related genes were
highest at the E0 stage and drastically decreased with ovarian ma-
turation. In addition, their expression levels were also significantly

Fig. 2. Statistics of differentially expressed genes between samples. Black col-
umns represent the number of up-regulated genes while gray columns represent
the number of down-regulated genes.
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decreased at the E4 stage when compared with the E0 stage (Fig. 5).
Interestingly, we identified another 34 unigenes, the expression levels
of which were the highest at the E0 stage with a sharp decline during
ovarian maturation (Fig. 5; Table S6). The annotation results showed
that these genes also encoded exoskeleton formation-related proteins,
such as cuticle protein and chitin-binding protein. In addition, four
unigenes (c99091_g1, c94442_g1, c112239_g1, c112325_g1) were an-
notated as the gastrolith protein (GAP). It was the first reported gas-
trolith-like protein in L. vannamei. The predicted protein (LvGAP) of
unigene (c99091_g1) showed a sequence similarity of 70% with GAP 65
from Cherax quadricarinatus. Furthermore, bioinformatics analysis re-
vealed that the LvGAP was also a member of the chitin-deacetylase
family possessing the characteristic set of three domains: chitin-binding
domain 2 (ChtBD2), low-density lipoprotein receptor class A domain
(LDLa), and chitin-deacetylase domain (Fig. S8).

The unigene (c49610_g1) annotated as the farnesoic acid O-me-
thyltransferase (FAMeT) was not differentially expressed during
ovarian development. Nevertheless, the RPKM values suggested the
possible higher expression levels of this gene with development of the
ovary. qPCR analysis further detected an abundant expression of this
gene in the eyestalk during all the stages of reproductive development
and confirmed that the FAMeT had slightly higher expression levels in
the eyestalks with ovary maturation, especially at the E4 stage
(Fig. 3D).

qPCR analysis was performed on some of the unigenes mentioned

above, including neuropeptides (Fig. 3A) and exoskeleton formation-
related genes (Fig. 3B). The expression patterns of the selected genes
determined by qPCR had good consistency with the RNA-seq results. In
addition, we also selected several immune-related unigenes for qPCR
validation, such as mannose-binding protein, prophenoloxidase acti-
vating enzyme 2, and serine proteinase inhibitor (Fig. 3C). These results
could more comprehensively validate the reliability and accuracy of
DEG analysis.

4. Discussion

As a crustacean species that dominates world shrimp production, L.
vannamei is routinely brought into sexual maturation and ovulation in
industry by the eyestalk ablation method. However, the procedure
presumably also results in other hormonal imbalances and con-
sequential detrimental effects, including high mortality. This study is
the first report examining key genes and pathways involved in the
ovarian maturation processes in the eyestalk by RNA-seq technology.

4.1. Functional enrichment analysis of GO terms and KEGG pathways

GO and KEGG enrichment analysis were able to assign biological
processes related to various biological traits. Groups E0 and E4 were
intact shrimp with different ovarian developmental stages, and com-
parison between the two groups identified the DEGs potentially in-
volved in the natural maturation of ovary. Groups E1, E2, and E3 were
eyestalk-ablated samples from different ovarian developmental stages,
and comparisons of adjacent groups from the E0 group to the E3 group
(E0-E1, E1-E2, and E2-E3) were intended to clarify the possible reg-
ulatory mechanism for the artificial induction of ovarian maturation.
The biological process terms ‘translation’ and ‘protein metabolic pro-
cess’, the molecular function terms ‘structural molecule activity’,
‘structural constituent of ribosome’, and ‘structural constituent of cu-
ticle’, and the cellular component terms ‘ribosome’, ‘ribonucleoprotein
complex’, ‘cytosolic ribosome’, and ‘extracellular region’ were all listed
in the top five enriched GO terms; the KEGG pathway ‘ribosome’ was
the most significantly enriched pathway when the adjacent groups from
the E0 group to the E3 group are compared or the E0 group is compared
to the E4 group. These results indicated that a large number of pro-
cesses involved in protein synthesis were triggered to prepare for the
regulation of ovarian development in the eyestalk. Moreover, similar
enriched terms and pathways between the two comparisons suggested
that the regulatory mechanism of ovarian development under natural

Table 3
The top five most significantly enriched KEGG pathways.

Compared groups KEGG Pathways Up* Down*

E0-E1 Ribosome 70 370
E1-E2 Ribosome 359 68

Biosynthesis of amino acids 86 36
Citrate cycle (TCA cycle) 68 8

E2-E3 Ribosome 200 12
Other types of O-glycan biosynthesis 27 1
Citrate cycle (TCA cycle) 36 4

E3-E4 Cell adhesion molecules (CAMs) 64 10
MAPK signaling pathway 50 15
Ribosome 27 215
Focal adhesion 64 18
Regulation of actin cytoskeleton 61 22

E4-E0 Ribosome 110 142

* The number of up-regulated and down-regulated DEGs enriched in each
KEGG pathway in the former group of the compared groups.

Table 4
The expression profiles of identified neuropeptides in the eyestalk during the ovarian maturation.

Gene ID E0 E1 E2 E3 E4 NR Description

c108833_g1 5.17 16.19 1.54 4.70 1.80 hyperglycemic hormone-like peptide
c103865_g1 0 3.01 0.12 0.70 0 molt inhibiting hormone
c122023_g1 14.46 22.24 12.04 15.35 25.05 crustacean hyperglycemic hormone
c24357_g1 0.28 0.27 0 0 0 crustacean hyperglycemic hormone
c15356_g1 0 0.34 0.21 0 0.96 crustacean female sex hormone
c157867_g1 0 0.18 0.26 0 0.17 red pigment-concentrating hormone
c45163_g1 0.12 0.12 0 0 0.45 pigment-dispersing hormone 3
c83723_g1 0.12 1.47 0 0.22 0 pigment dispersing hormone II
c106238_g1 3.26 0.92 0.09 0.04 0.04 eclosion hormone
c107163_g1 214.56 247.17 291.69 167.59 251.20 neuroparsin
c98774_g1 105.42 90.42 229.90 208.92 139.51 neuroparsin
c113005_g1 19.39 13.09 25.09 38.59 33.81 neuroparsin
c109629_g1 1.40 0.66 0.70 1.23 0.18 bursicon beta subunit
c126398_g1 0.11 0 0 0.30 0.30 B-type preproallatostatin I
c80141_g1 0.19 0 0 0.06 0.80 crustacean cardioactive peptide
c28909_g1 0.25 0 0.39 0 0.08 preprotachykinin
c10160_g1 0.18 0 0.25 0 0.54 preprotachykinin
c95914_g1 0.51 0.72 0.39 0.69 0.30 Myomodulin neuropeptides 1
c98533_g1 368.16 351.07 222.15 939.85 243.10 FMRFamide-related peptides type HF-4

The gene ID, expression profile (RPKM value), and NR description is depicted.
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conditions shared some characteristics with oogenesis induced by
eyestalk ablation. The identified 59 exoskeleton formation-related
unigenes were significantly down-regulated from the E0 to the E3 group
and the E4 group (Fig. 5), which corresponded with the enriched mo-
lecular function term ‘structural constituent of cuticle’. This suggests a
potential negative regulation of exoskeleton formation-related genes
during ovarian development.

The comparison between the E3 and the E4 groups showed different
results in the enrichment analysis. The top five enriched biological
process terms were all involved with ‘metabolic process’ instead of
‘translation’. For molecular function terms, the top three enriched terms
were related to the term ‘transporter activity’, while other comparisons
were enriched for ‘structural molecule activity’. In addition, most en-
riched cellular component terms specified cell membrane-related
components, while it was the term ‘ribosome’ in other compared
groups. As the ovaries of both groups were all at the S3-4 stage, these
results imply differences in regulatory mechanisms between natural and
artificial induced ovarian development.

4.2. Neuroendocrine regulation of the eyestalk during ovarian development

As the eyestalk is a major site for the production of neurohormones
and regulates many physiological activities, including molting, growth,
feeding, and reproduction (Christie et al., 2010b; Hopkins, 2012;
Manfrin et al., 2015), we first focused our attention on transcripts be-
longing to endocrine pathways.

Proteins associated with term identifiers designating ‘intracellular’
or ‘cellular membrane associated with receptors’ were considered po-
tential candidates for understanding the main activities of the eyestalk.
G-protein coupled receptors (GPCRs) constitute a superfamily of seven
transmembrane spanning proteins that respond to a diverse array of
sensory and chemical stimuli, such as light, odor, taste, pheromones,
hormones, and neurotransmitters (Ferguson, 2001). In this study, the
identified fourteen GPCRs showed higher expression levels in E1, E2, or
E3 groups after unilateral eyestalk ablation (Fig. 4). Seven unigenes
showed highest levels early in the E1 stage. The homolog of two uni-
genes (c119632_g1, c115985_g1) is the lipoprotein receptor (CasLpR)
from C. sapidus, which is involved in the defense system or the stress
response of C. sapidus (Tsutsui and Chung, 2012). Therefore, the high
expression of these unigenes in the E1 stage might respond to the stress

Fig. 3. Real-time quantitative PCR validation of RNA-seq data. Twelve unigenes were selected for validation, including neuropeptides (A), exoskeleton formation-
related genes (B), immune-related genes (C), and non-differentially expressed genes (D), such as FAMeT and housekeeping genes. X axis represents the developmental
stages. Columns and bars represent the means and standard error of relative expression levels from qPCR results (Y axis at left). Lines represent the FPKM value from
transcriptome results (Y axis at right). Values with different superscripts indicated statistical significance (p < 0.05), which were calculated via one-way ANOVA.
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and damage resulting from eyestalk ablation. The other seven GPCR-
assigned unigenes showed an opposite pattern with highest levels late
in the E3 stage. It is possible that the expressions of these receptors
increased in response to the loss of basal hormone signals or the release
of eyestalk neuropeptides caused by eyestalk ablation. In addition, the
shrimp were artificially induced to mature in one week after the eye-
stalk ablation. It was possible that the higher expression of these GPCRs
was involved in regulating the rapid maturation of ovary. Further
functional characterization of the various hormone receptors in the
eyestalk, including their modes of regulation and probable coupling to
excitation-release mechanisms in the neurosecretory cells of the eye-
stalk, may offer additional opportunities for manipulation of eyestalk
neuropeptide levels.

In this study, the expression of two CHH unigenes (c108833_g1,
c103865_g1) was induced by eyestalk ablation with the highest level in
the E1 stage when the ovary began to develop in the cephalothorax
region. Their expression levels sharply declined at the E2 stage and
increased again at the E3 stage (Fig. 3). The expression patterns of these
genes showed some similarities with the GPCRs described above, sug-
gesting a possible synergy between the two kinds of genes in re-
productive regulation. In addition, the homologs of c108833_g1 (LvITP
or CHH-B1) and c103865_g1 (MIHL) have been reported to be involved
in hyperglycemic regulation, osmoregulation, and immune response.
The LvITP transcript has been observed in the eyestalk, extra-eyestalk
neuronal tissues such as the thoracic ganglion, brain, and ventral nerve,
and in non-neuronal tissues such as the gut and gill, suggesting a po-
tential role in osmoregulation (Tiu et al., 2007). Functional analysis
confirmed the hyperglycemic and osmotic effects of recombinant CHH-
B1 protein (Camacho-Jiménez et al., 2015; Camacho-Jiménez et al.,
2017; Lago-Lestón et al., 2007). Recently, the MIHL protein was re-
vealed to play important roles in antiviral and antibacterial immune
responses in shrimp (Zuo et al., 2018). It has been suggested that all
members of the CHH superfamily originated from a common ancestral
gene through single-gene or genome duplication, and they may develop

multiple biological functions as a consequence of gene duplication and
divergence in crustaceans (Chan et al., 2003; Montagné et al., 2010).
Therefore, further study is needed to explore their roles in other phy-
siological processes related to reproduction in order to understand
completely CHH peptide family relevance during the reproductive cycle
of L. vannamei.

The CFSH was first purified from the female eyestalk of the blue
crab C. sapidus, suggesting an essential role in the development of fe-
male secondary sexual characteristics (Zmora and Chung, 2014). In the
kuruma prawn, Marsupenaeus japonicus, two CFSH isoforms were
identified to be derived from distinct tissues, the eyestalk (Maj-CFSH-
es) and ovary (Maj-CFSH-ov), and studies revealed that they may play a
role in the orchestration of reproductive processes (Kotaka and Ohira,
2018; Tsutsui et al., 2018). In this study, the unigene (c15356_g1) an-
notated as the CFSH was significantly increased at the E4 stage, sug-
gesting that it was involved in regulating vitellogenesis in shrimp with
intact eyestalks. As there was no expression of the unigene (c15356_g1)
in ovary during ovarian maturation in this study, we speculated that
this putative Liv-CFSH may be specifically expressed in the eyestalk. For
a comprehensive study of the CFSH function, the expression of this
neuropeptide will have to be analyzed in the juvenile and subadult
shrimp. Based on these results, further functional characterization of
CFSH will be addressed using RNA-interference mediated gene knock-
down and administration of recombinant hormone.

Eyestalk ablation has been extensively practiced in commercial
shrimp culture as a technique to accelerate maturation of female gonads
in crustaceans, which is based on the assumption that eyestalk removal
diminishes VIH production (Hopkins, 2012; Okumura, 2007). However,
in this study, the transcript of LvVIH was not detected in the eyestalks
from either intact shrimp or unilateral eyestalk-ablated shrimp at any
ovarian maturation stage. Furthermore, sequence alignment showed
that the unigene (c24357_g1) had a high similarity with the neuro-
peptide SGP-G of L. vannamei, which has been reported to exhibit vi-
tellogenesis inhibiting activity (Tsutsui et al., 2007; Tsutsui et al., 2013)

Fig. 4. Expression profiles of GPCRs in the eyestalk
during ovary maturation. Heatmap colors represent
relative mRNA expression as indicated in the Color
key. The red color shows high expression, and the
blue color represents lower levels of expression. The
color from red to blue represents the log10
(RPKM+1) from large to small.
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(Fig. S4C). Transcript levels of c24357_g1, however, were extremely
low. The low relative expression levels of these transcripts suggested
that GIH in the eyestalk may not be the main reason for hindering the
maturation of the ovary. Perhaps the peptides in other organs may be
responsible for the inhibitory effect. A previous study revealed that very
high levels of LvVIH mRNA expression are observed in the brain in L.
vannamei, surpassing even eyestalk LvVIH mRNA levels in relative
terms, and eyestalk ablation could induce ovary maturation by not only
removing the LvVIH production from the ablated eyestalk but also re-
ducing the production of LvVIH from the brain (Chen et al., 2014). On
the other hand, it is possible that other peptides in the eyestalk might
have greater impacts on the regulation of ovarian development in
parent shrimp. In this study, it is possible that eyestalk ablation induced
ovary maturation by increasing the expression levels of the above two
CHH peptides (c108833_g1, c103865_g1). This study suggests that
crustacean reproduction is meditated by more CHH superfamily pep-
tides than are currently known, and ablation of the eyestalk may in-
fluence crustacean reproduction by changing the circulating con-
centration of as yet unidentified CHH superfamily peptides.

4.3. Analysis of methyl farnesoate (MF) synthesis in the eyestalk in L.
Vannamei

In crustaceans, MF participates in various physiological processes
(Miyakawa et al., 2014), including molting (Taketomi et al., 1989;
Tamone and Chang, 1993), reproduction (Olmstead and Leblanc, 2002;
Reddy et al., 2004), morphogenesis (Laufer et al., 2005; Rotllant et al.,
2000), and osmoregulation (Lovett et al., 1997; Lovett et al., 2006).
FAMeT is the key enzyme responsible for the conversion of farnesoic
acid (FA) to MF in the final step of MF synthesis using the cofactor S-
adenosyl-L-methionine (Nagaraju, 2007). Although both FA and MF
had been implicated as the major products of the mandibular organ
(MO) (Laufer et al., 1987; Tobe et al., 1989), the constitutive expression
of FAMeT in shrimp demonstrated that only small amounts of FA were
converted to MF in the MO, and most of the FA was secreted to the
hemolymph and converted to MF by FAMeT in the target tissues
(Gunawardene et al., 2002; Hui et al., 2008). In this study, the unigene
(c49610_g1) annotated as FAMeT showed considerable expression in
the eyestalk, suggesting that the eyestalk was also a target tissue for the
synthesis of MF. qPCR analysis further confirmed that the gene was
expressed slightly higher in the eyestalks during the ovary maturation
(Fig. 3D). Exogenous MF administration has been reported to result in

Fig. 5. Expression profiles of exoskeleton-formation related genes in the eyestalk during ovary maturation. Heatmap colors represent relative mRNA expression as
indicated in the Color key. The red color shows high expression, and the blue color represents lower levels of expression. The color from red to blue represents the
log10 (RPKM+1) from large to small. The names with black fonts were down-regulated genes from E0 to E3 stage, and those with grey fonts were other down-
regulated exoskeleton formation-related genes.

Z. Wang et al. General and Comparative Endocrinology 274 (2019) 60–72

69



gonad stimulation in Macrobrachium malcolmsonii (Nagaraju et al.,
2003), Oziotelphusa senex senex (Reddy et al., 2004), and L. vannamei
(Alnawafleh et al., 2014). Thus, FAMeT may be involved in the reg-
ulation of the reproductive process in L. vannamei through the synthesis
of MF. Further research is needed to detect the levels of FAMeT and MF
in other tissues in order to establish the exact roles of FAMeT and MF in
the control of reproduction in crustaceans.

4.4. Exoskeleton formation-related genes putatively involved in L.
Vannamei reproduction

In insects, eclosion hormone, regulated by 20-hydroxyecdysone
(20E) (Morton and Truman, 1988; Truman et al., 1983), evokes an
ecdysis motor program (Clark et al., 2004) and triggers the shedding of
the old cuticle at the end of each ecdysis (Ewer et al., 1994). In crus-
taceans, several eclosion hormone genes have been identified from C.
sapidus (Christie et al., 2010a), Euphausia crystallorophias (Toullec et al.,
2013), Scylla paramamosain (Bao et al., 2015), and Exopalaemon car-
inicauda (Zhou et al., 2017). Phylogenetic analysis confirmed that the
unigene (c106238_g1) encoded the L. vannamei eclosion hormone
(LvEH). In this study, we identified the down-regulation of LvEH and
other exoskeleton formation-related genes during ovarian maturation.
A functional study of EH in E. carinicauda revealed that EH probably
played important roles in the molting process, although it showed dif-
ferent tissue expression profiles from that in insects (Zhou et al., 2017).
As exoskeleton formation is closely related to the molting process in
crustaceans, in-depth studies are needed to detect the expression pat-
terns of LvEH during the molting cycle in L. vannamei.

It is well known that to generate a new exoskeleton, crayfish rely on
gastroliths, which are cuticle-like structures that serve as temporary
calcium storage organs and assist in the fast hardening of the new post-
molt cuticle (Luquet and Marin, 2004; Travis, 1960; Ueno, 1980). The
protein GAP 65 isolated from the gastrolith of C. quadricarinatus was
demonstrated to play central roles in the formation of gastrolith and
extracellular matrix and the functioning of mineral deposition during
the biomineralization process (Glazer et al., 2015; Shechter et al.,
2008). In this study, we also identified and characterized a unigene
(c99091_g1) encoding a GAP 65 homolog with the characteristic set of
three domains: chitin-binding domain 2 (ChtBD2), low-density lipo-
protein receptor class A domain (LDLa), and chitin-deacetylase domain
(Fig. S8). Of these, the LDLa domain has predicted calcium-binding
ability (Rodenburg and Van der Horst, 2005). Unlike the crayfish, no
gastrolith-like structure has been reported in shrimp. A previous study
reported that calcium was mainly absorbed from the external en-
vironment, used to mineralize the cuticle of L. vannamei, and stored in
the hemolymph and hepatopancreas (Greenaway, 1985; Li and Cheng,
2012). Therefore, on the one hand, the identification of LvGAP sug-
gested that there may be new pathways for re-absorption and storage of
calcium in L. vannamei, which needs further confirmation. On the other
hand, in our dataset, 59 exoskeleton formation-related proteins showed
similar expression patterns with the identified gastrolith proteins, in-
cluding the EH, cuticle-like proteins, calcification-associated proteins,
and chitin-binding proteins (Fig. 5). The cuticle protein is an important
part of the exoskeleton. The crustacean cuticle provides initial re-
inforcement by cross-linking cuticle proteins attached to the cuticle
chitin-fiber matrix. Considering the chitin-binding and calcium-binding
abilities attributed to the ChtBD2 and LDLa domains of LvGAP
(Rodenburg and Van der Horst, 2005; Tetreau et al., 2015), we spec-
ulate that LvGAP might function in the exoskeleton formation process,
contributing to the calcification of cuticle proteins and the hardness of
the exoskeleton.

In earlier studies, the exoskeleton formation-related genes were
differentially expressed among different molting phases. For example,
the transcripts encoding various cuticle proteins displayed molt-cycle
stage specific differential expression in Portunus pelagicus (Kuballa et al.,
2007). In L. vannamei, genes involved in exoskeleton formation,

development, and construction, showed a strong coordination with a
high degree of order during the molt cycle (Gao et al., 2017). However,
in this study, these exoskeleton formation-related transcripts had the
highest expression levels in the E0 stage when the ovary was un-
developed, while they showed poor expression levels in the E3 and the
E4 stages when the ovary was mature. As the shrimp were all sampled
in the inter-molt stage with different ovarian stages, it seemed that the
expression of these exoskeleton formation-related transcripts could also
be modulated by ovarian maturation stage besides the molting cycle. A
similar phenomenon was also found in other crustacean species. The
cuticle protein DD9B, determined to be up-regulated in epithelial cells
in post-moltM. japonicus (Watanabe et al., 2000), was also up-regulated
at pre-vitellogenic stage compared with the vitellogenic stage in the
eyestalk of wild-caught Penaeus monodon during ovarian maturation
(Brady et al., 2012). Furthermore, the down-regulation of these exos-
keleton formation-related genes in this study suggested an antagonistic
effect to reproduction. Several studies, describing the down-regulation
and synchronization of vitellogenesis with the molt cycle, revealed
molting as an antagonistic process to the reproductive cycle (Raviv
et al., 2008). In L. vannamei, vitellogenin gene expression was high in
the inter-molt/early pre-molt stages and was down-regulated im-
mediately before and after ecdysis. The observed ovarian re-sorption in
females between 1 and 3 days before ecdysis and the re-development of
the ovaries approximately 1 day after ecdysis were in keeping with the
quantities of Vg mRNA measured at these periods (Raviv et al., 2006).
Chan (1995) reported that ovary maturation in Penaeidae occurred
when the process of molting was in progress. Thus, the Penaeidae, like
other crustaceans, have to manage the large energy requirement of both
molting and reproduction, as vitellogenesis, the central event of the
female reproductive cycle, and secretion of a new cuticle during
molting could affect organism physiology through their competitive
utilization of reserve materials from storage organs (Hartnoll, 2006;
Nelson, 1991). Therefore, in this study, the down-regulated exoskeleton
formation-related genes might be attributed to the competition between
exoskeleton formation and reproduction for energy allocation. The
measurement of circulating ecdysteroid concentration during ovarian
development is needed to further clarify the relationship between this
phenomenon and the molting process.

Hormonal interactions play a significant role in the regulation of
nutritive supply for molting and reproduction processes. The crustacean
MIH produced in the XO/SG negatively regulates molting by decreasing
the circulating molt-stimulating hormone ecdysteroid that is synthe-
sized in the Y-organ (Chang and Mykles, 2011). Previous studies have
suggested that MIH may serve as one of the candidates for mediating
the physiological process of molting and reproduction. In Metapenaeus
ensis, C. sapidus, and L. vannamei, the action of MIH on molting and
reproduction in females was antagonistic: MIH inhibited molting and
stimulated vitellogenesis (Luo et al., 2015; Tiu and Chan, 2007; Zmora
et al., 2009). As described in the former section, two CHH genes were
differentially expressed during ovarian maturation. The expression of
MIHL and ITP was induced by eyestalk ablation with the highest level
in the E1 stage when the ovary began to develop in the cephalothorax
region. Then, their expression levels sharply declined at the E2 stage
and increased again at the E3 stage. It is possible that the MIHL and ITP
genes might have a similar function to MIH in L. vannamei due to the
duplication of the CHH superfamily in crustaceans (Chan et al., 2003;
Montagné et al., 2010). Thus, the high expression of these CHH su-
perfamily members hypothetically functioned to inhibit the expression
of molting-related genes, including exoskeleton formation-related genes
and promote the expression of Vg and probably other vitellogenesis-
related genes. In fact, eyestalk ablation could induce the maturation of
ovary several times during the reproductive cycle, along with short-
ening the molting cycle in L. vannamei (Arcos et al., 2005; Sainz-
Hernández et al., 2008). As we only collected samples from shrimp
during the first cycle of ovarian maturation, an in-depth study mon-
itoring CHH gene expression relative to changes both in hemolymph
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ecdysteroid titer and vitellogenin synthesis is needed to comprehen-
sively examine the role of these peptides on molt progression and
ovarian maturation.

5. Conclusions

This paper presents the first eyestalk transcriptome analysis to cover
the complete and dynamic ovary maturation cycle in shrimp. The en-
richment analysis of GO terms and KEGG pathways reveals similarities
and differences between natural and artificially induced ovarian ma-
turation. It also establishes a transcriptional scenario for the regulation
of ovarian development and examines the transcriptional events in-
volved from several perspectives, including neuroendocrine regulation
in the eyestalk, and the down-regulation of exoskeleton formation-re-
lated genes during ovarian development. Moreover, it provides novel
insights into the molecular processes underlying these transcriptional
events. It indicates that a complex regulatory network is involved in the
regulation of ovary development in L. vannamei. These results enhance
our understanding of reproductive regulation in shrimp and provide an
experimental blueprint for future research on eyestalk regulation for
growth and reproduction in other crustaceans.
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