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Portunus trituberculatus, an economically important marine crab that was widely

distributed along the coast of China, has been in short supply of high-quality crab

seedlings in recent years. The larval development of P. trituberculatus is

regulated by numerous biological processes at different biological levels,

particularly regarding gene expression during the larval development process.

Understanding the changes in these critical genes can help further regulate these

biological processes to increase crab seedlings’ survival and improve crab quality.

In this study, the molecular mechanisms of morphological and physiological

changes in larval stages of P. trituberculatus were investigated using DNA

microarrays. A total of 109,533 unigenes were obtained, of which 16 genes

were differentially expressed during the whole development stages with evident

timeliness. The enrichment analysis and comparison of differentially expressed

genes (DEGs) showed three types of physiological activities, chitin development,

energy metabolism, and neuroendocrine development. The physiological

activities were evident in the early development of P. trituberculatus, especially

at the Z4-M stage, which is crucial for the growth and development of crab

larvae. These DEGs, cuticle proteins, retinol dehydrogenase (RDHs), Juvenile

Hormone Epoxide Hydrolase (JHEH), and other vital genes were differentially

expressed at the Z4-M stage. Moreover, the insulin-like androgenic gland (IAG),

which was reported to be associated with sex differentiation, was highly

expressed in the megalopa stage, indicating that the gender differentiation

divide may occur at the beginning of this stage. Overall, this research provides

a theoretical basis for the development of the swimming crab larvae, which could

contribute to the artificial growing seedlings technology of P. trituberculatus.
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1 Introduction

Portunus trituberculatus (Crustacea: Decapoda: Portunidae) is a

giant offshore crab widely distributed in the Bohai Sea, Yellow Sea,

East China Sea, and South China Sea (Xu et al., 2009). Due to its rapid

growth, delicious taste, and high breeding profits, it is a commercially

important species artificially cultured along East China’s coastal

regions (Wang et al, 2010). Its culture yield in 2022 reached

105,283 tons in China, marking a 4.35% increase from the previous

year (Fishery and Fisheries Administrative Bureau, 2023). To meet

the gradual increase in market demand, the cultivation and breeding

of this species became popularized in China since the 1990s (Wang,

2010). However, with the expansion of the artificial crab breeding

scale and the intensification of stocking in recent years, the

accompanying demand for quality larvae of P. trituberculatus has

exceeded the supply (Wu et al., 2010). The larval development of P.

trituberculatus goes through four zoeal stages (Z1-4) to one megalopa

stage (M) before they metamorphose to the first juvenile (C)

(Hamasaki, 1996; Anger et al., 2015). It is a fast successional

process that takes 16-22 days (Lu et al., 2022). Several critical

biological processes accompany the larval development, such as

molting, organ formation, food transformation, and immune

system formation. The morphological structure of P. trituberculatus

is slowly being perfected and the habits are adapted during the

process (Dan et al., 2013; Dan et al., 2016). However, mass mortality

is frequent during seed production of P. trituberculatus, and the

average survival rate of larvae is only 11% (Hamasaki et al., 2011). It

has been reported that morphological abnormalities, deficiency of

essential nutrients, and bacterial and fungal diseases are possible

causes of the mass mortality events that occur during swimming crab

seed production (Arai et al., 2007; Hamasaki et al., 2011; Dan et al.,

2013). In addition to the survival rate, the phenotypic characteristics

(neat size, intact appendages) and vitality of swimming crab larvae

are essential criteria for judging the quality of the larvae (Huang

et al., 2015).

Therefore, it is necessary to improve our understanding of the

molecular processes occurring during the development of the larvae

of this marine species, to improve the survival rate and quality of P.

trituberculatus larvae. At present, domestic and foreign research on

swimming crab larvae is mainly focused on external factors, such as

larval rearing (Dan et al., 2017), diseases (Muroga et al., 1989),

morphology (Hamasaki et al., 2011; Dan et al., 2013), and

environmental factors (Ren et al., 2017; Gao and Wang, 2021;

Zhu et al., 2022). In recent years, genomics has been widely applied

in studying crustaceans to elucidate the molecular mechanisms of

different physiological processes (Li et al., 2014; Huerlimann et al.,

2018; Zhao et al., 2021; Zhang et al., 2022). Compared to other

sequencing methods, gene microarray technology can rapidly and

efficiently obtain expression results for many genes at the

transcriptional level, enabling genome-wide gene expression

analysis (Bellin et al., 2009). The identification and analysis of the

genes involved in the ontogeny of P. trituberculatus will contribute

to improving the survival of larvae yielding a commercial benefit.

Therefore, in this research, the cDNA libraries were constructed

by using specimens from each larval stage of the swimming crab P.
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trituberculatus (Z1-C). DNA Microarrays technology was utilized

to compare and analyze the transcriptome during the larval

developmental stages of P. trituberculatus. Various differentially

expressed genes between these stages were screened, validated, and

functionally predicted using GO and KEGG pathway localization.

These findings may help elucidate the molecular mechanisms

involved in the larval development of P. trituberculatus. Overall,

this study provides a panoramic insight into the gene expression of

the complex changes that occurred during the larval development.
2 Materials and methods

2.1 Animals and samples preparation

The larvae culture of P. trituberculatus was carried out at Jing-

Ye Nursery Farm (Ningbo, China). Several artificial-cultivated

spawning crabs were cultured in a cement tank with a volume of

30 m3. Water salinity and temperature were maintained at 24 ± 1

and 27 ± 2°C, respectively. The spawning crabs were fed daily with

fresh mussels and chilled fish at 5-8% of the total weight of the crab.

One spawning crab, which larvae were going to hatch, was

transferred to a plastic basket with an aeration device in the

cement tank, and it was not fed before hatching. After hatching,

the larvae were freely scattered into a cement pool. The larval-

rearing method refers to the process described by Wu et al. (2013).

Briefly, rotifers (Branchionus plicatilis) 30-40 ind./mL and

microalga (Platymonas subcordiformis) (5-10) ×104/mL were fed

every 2 h during Z1-2, while Artemia nauplii 2-3 ind./mL was

provided to Z3-C. The seawater in the pond was not replaced

during the experiment. The larvae from the first zoea (Z1) to the

first juvenile crab (C) were sampled repeatedly at each stage.

Samples were collected when 70-80% of the population molted to

the next stage using Sun’s methods (Sun et al., 1984). The samples

were immediately rinsed with sterilized seawater, snap-frozen in

liquid nitrogen, and then stored at -80°C. Three biological replicates

of six stages were used for the following analysis.
2.2 Microarray hybridization and statistical
analysis

The total RNA was extracted by using the TRIzol reagent. The

RNA integrity was checked by Agilent Bioanalyzer 2100 (Agilent

Technologies). After assessing the RNA quality, the sample labeling,

chip hybridization and elution follow the standard chip procedure.

Firstly, the total RNA is reverse-transcribed into double-stranded

cDNA, and then the cRNA labeled with Cyanine-3-CTP (Cy3) is

further synthesized. The probes were designed based on the

unigenes of the P. trituberculatus cDNA library and NCBI. The

cRNA was purified by RNeasy® Kit (QIAGEN) and subjected to

quality control before the Cy3-labeled cDNAs were used as

microarray targets. The labeled cRNA hybridizes to the chip, and

after elution, the original image is obtained by scanning with an

Agilent Scanner G2505C (Agilent Technologies).
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Feature Extraction software (version 10.7.1.1, Agilent

Technologies) was used to process the original image to extract

the original data. Quantile standardization and subsequent

processing were performed through Genespring software (version

12.5; Agilent Technologies). The normalized data were filtered, and

at least one set of 75% probes labeled “Detected” in each collection

of samples for comparison was stored for subsequent analysis.

Microarray data of the present study were submitted to GEO and

are accessible through GEO series accession number GSE226561.

In this study, differentially expressed genes (DEGs) were

obtained by comparing the gene expression levels of the latter

growth stage with the former growth stage of swimming crab larvae

(five comparative groups: Z2 vs Z1; Z3 vs Z2; Z4 vs Z3; M vs Z4; C

vs M). The DEGs screening was performed using the p-value and

Fold Change of the t-test. The screening criteria were |Fold Change

(FC)| > 2.0 and p-value < 0.05. The DEGs with FC > 2 / FC < -2 were

assigned as up-regulated/down-regulated differential genes.
2.3 Cluster analysis, GO, and KEGG
enrichment

The STEM Clustering Method performed a clustering analysis

of DEGs trends (Ernst and Bar-Joseph, 2006). Trend analysis is the

assignment of DEGs to pre-defined representative trends. If the

expression trends of a particular class of DEGs are similar during

the development of swimming crab larvae, they will be concentrated

in a specific trend. It will result in the number of DEGs in this trend

being more significant than the expected value of the random

distribution. After completing the enrichment analysis, STEM

software will determine the trend of significant enrichment

according to the set significance threshold (p = 0.05). Statistically

significant clustering (p < 0.05, significant temporal characteristics)

was highlighted with a colored background. Next, Fisher’s exact test

was used to calculate the significance of each pathway enriched for

DEGs in the clusters to obtain the enriched pathway bubble chart.

GO enrichment and KEGG pathway enrichment analysis of DEGs

was performed using R based on the hypergeometric distribution.
2.4 qRT-PCR confirmation of differentially
expressed genes

In order to test the reliability of Microarray, 5 DEGs were

selected to confirm the accuracy of different expression patterns by

qRT-PCR. Specific primers were designed according to the

sequences in the cDNA library of P. trituberculatus by using

Primer Premier 5.0 (Table S1). cDNA was generated by reverse

transcription of RNA using HiFiScript cDNA Synthesis Kit. The

qPCR program was under the following conditions: 95°C for 5 min;

95°C for 15 s, 60°C for 15s, and 72°C for 15s (40 cycles). The

ribosomal protein L18 (RPL-18) was used as the reference gene for

expression analysis (Xu and Liu, 2011), which is stably expressed

during the development of swimming crab larvae (Table S2). The

qRT-PCR for each gene was performed in triplicate on Light
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Cycler® 480. Real-time quantitative PCR results were analyzed by

2−DDCT method (Livak and Schmittgen, 2002). Statistical analysis

was performed with SPSS13.0.
3 Results

3.1 Global gene expression analysis

A total of 109,533 unigenes were obtained from the chip. Using

two public databases (NR and SwissProt), 28,020 (25.58%) genes in

the chip were annotated to some extent, of which 14,975 were

mapped to at least one GO term and 10,953 genes were annotated to

KEGG managed genes.

The principal components analysis (PCA) showed the spatial

distribution of the microarray data and revealed the presence of six

clear clusters, which correspond to each development stage

respectively (Figure 1). The results showed that there were

significant differences in gene expression patterns at different

developmental stages. The zoeal larval stages (Z1-Z4) were

distinguished from the megalopa stage (M) and the first juvenile

crab stage (C) by the PC1 component. In contrast, the Z4 was

distinguished from the other zoeal larval stages (Z1-Z3), M, and C,

by the PC2 component. Notably, there is a clear distinction between

zoeal and subsequent development stages, indicating that significant

changes may experience in gene expression at development stages,

consistent with the morphological, physiological, and biochemical

changes of the actual larval development.

A total of 25,629 DEGs were identified across the five

comparative groups (Z2 vs Z1; Z3 vs Z2; Z4 vs Z3; M vs Z4; C vs

M) (Figure 2A). The highest number of DEGs was found in M vs

Z4, with 18,036 DEGs (10,796 up-regulated and 7,240 down-

regulated). In Z2 vs Z1, Z4 vs Z3, and C vs M, a less but

considerable number of DEGs was observed (n = 7,057, 4,050,

3,330, respectively). The fewest number of differentially expressed

genes was observed in Z3 vs Z2, with 1,367 DEGs (871 up-regulated

and 496 down-regulated). It indicates that the amount of differential
FIGURE 1

The principal component analysis (PCA) of the microarray data. Group
indicates the development stages of P. trituberculatus larvae (Z1-C).
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gene expression was highest in the Z4-M period and least in the Z2-

Z3 period during the development of swimming crab larvae.

Only 16 genes were differentially expressed in all five

comparative groups by Venn diagram analysis (Figure 2B). This

result indicates that the 16 DEGs were always differentially

expressed throughout the development of swimming crab larvae.

Further heat map clustering analysis of these DEGs revealed that the

expression of the DEGs was temporally sequential (Figure 2C).

Most of the DEGs were highly expressed in the C stage

(11/16) and lowly expressed in Z1 and Z4 stages (12/16; 13/16,

respectively). Sequence alignment analysis of the DEGs revealed

that the databases annotated the most (13/16). Five of these DEGs

have functions related to immune response (solute carrier family

15), olfactory development (UDP-glucosyltransferase 2), and

chitin development (protein obstructor-E) (Table S3), and the

remaining genes (3/16) have yet to be studied.
3.2 Enrichment and cluster analyses of
the DEGs

All 25,629 DEGs were clustered by their variation in abundance

using the STEM software program to obtain gene dynamic

expression patterns during the larval development (Figure 3).

Forty-nine profiles were produced according to their normalized
Frontiers in Marine Science 04
signal value, in which significant expression profiles (Profile 22,

Profile 38, Profile 8, Profile 15, Profile 1, Profile 36, Profile 26 and

Profile 46, p < 0.05) were identified and marked with different

background colors. The results showed that the clusterings of DEGs

of these eight trend expression profiles were significantly enriched

in the larval crab development time series. Among these profiles, the

most significantly enriched trend expression, Profile 22, clustered to

4,573 DEGs. Secondly, Profile 8, Profile 15, Profile 1, Profile 36,

Profile 26, and Profile 46 were enriched with 2,758, 2,210, 1,888,

1,781, 1,283, and 725 DEGs, respectively (Figure 3).

Consistent with the trend of larval morphology changes in P.

trituberculatus, the expression levels of DEGs of Profile 22 showed

no noticeable difference from Z1 to Z4 stage. However, a marked

increase and a decline in expression levels were noted during the

transition from Z4 to C stage (Figure 3). In Profile 22, 28 pathways

were significantly enriched (p < 0.05), with 21 pathways related to

metabolism. Lysosome (ko04142) and pentose and glucuronate

interconversions (ko00040) were the most significantly enriched

pathways. In conjunction with the trend changes described above,

this finding suggests that the Z4 stage may prepare for significant

morphological changes that occur at the M stage (Figure 4A). The

expression trend of Profile 26 is at a critical point in the Z4 stage.

The expressions of DEGs in Profile 26 reached the minimum

expression at the Z4 stage and then recovered at the M stage

(Figure 3). In Profile 26 (Figure 4B), Cyanoamino acid
B

C

A

FIGURE 2

Differentially expressed genes (DEGs) statistics. (A) Bar Chart. (B) Venn Graph. (C) Heat map of common DEGs. |Fold Change(FC)| > 2.0 and adjusted
p-value < 0.05.
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metabolism (ko00460) and AMPK signaling pathway (ko04152)

related to energy metabolism were significantly enriched.
3.3 Functional enrichment analysis
for DEGs

To acquire complete functional information and pathway-based

analysis of DEGs, GO and KEGG databases were annotated for gene

classification and pathway analysis.

The top 5 most significantly enriched GO terms sorted by p-

value were shown in Table 1, belonging to three categories. The

most significant GO terms were related to signal transduction in

comparing Z2 vs Z1. In addition, the top 5 most significant GO

biological process terms involved with energy metabolism and

others in comparing C vs M.

For Z4 vs Z3 comparison, the top 5most significant GO-BP terms

are associated withDNA replication, cell division and cell cycle. ForM

vs Z4 comparison, the most significant GO-BP terms were

“transposition, DNA-mediated,” followed by “digestion,” and

“skeletal muscle myosin thick filament assembly.” “Retinal metabolic

process” and “chitin catabolic process,” related to larval perception and

morphological development, was also significant during this stage. In

addition, the GO-BP term “phototransduction” is rich in Z2 vs Z1.
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Interestingly, there is a GO-MF term (GO: 0008061, chitin

binding) that is enriched in every comparison (Table 2). 12, 4, 6, 18,

and 6 genes were enriched in the comparison of Z2 vs Z1, Z3 vs Z2,

Z4 vs Z3, M vs Z4, and C vs M, respectively. The enriched genes

mainly include chitinase, obstructor, cuticle protein, chitin-binding

protein, peritrophin and filaggrin-1-like. Among them, the most

up-regulated is the chitinase 3 gene (FC = 1986) in M vs Z4

comparison, while the most down-regulated is the obstructor A

gene (FC = −14.5) in Z4 vs Z3 comparison. In the Z4 vs Z3

comparison, only one (chitin-binding protein) of the six genes was

up-regulated. In contrast, in the other comparisons, only one gene

was down-regulated in the Z2 vs Z1 comparison (chitinase 3) and

the M vs Z4 comparison (acidic mammalian chitinase-like).

The KEGG pathway enrichment analysis was conducted to

evaluate the pathways associated with DEGs. Pathway analysis

can further understand genes’ biological functions (Kanehisa and

Goto, 2000). The top ten enriched pathways of P. trituberculatus

larval development stages sorted by p-value are listed in Table 3.

Among the top ten pathways in each group, some occur multiple

times, such as “DNA replication,” “cell cycle,” and related metabolic

pathways. However, some, such as “retinol metabolism,” “insect

hormone biosynthesis,” and “hematopoietic cell lineage” occurred

only in the M vs Z4 comparison. More significant KEGG pathways

were associated with DNA replication and meiosis in the Z4 vs Z3
FIGURE 3

Cluster analysis of DEGs during P. trituberculatus larval development. Relative expression of genes is depicted on the vertical axis, and development
stages of P. trituberculatus larvae are depicted on the horizontal axis. Colored backgrounds represent significant enrichment of differential genes in
this trend and are arranged in ascending order of p-value.
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and C vs M. The most important pathways were mainly related to

signal transduction in the Z3 vs Z2 comparison.
3.4 qRT-PCR validation

To verify the accuracy of the sequencing data, five genes,

chitooligosaccharidolytic beta-N-acetylglucosaminidase, peroxinectin,

prostaglandin D synthase, heat shock protein 90-1 and pyruvate kinase,

that were differentially expressed at most developmental stages, were
Frontiers in Marine Science 06
selected for qRT-PCR. The gene expression trend (Figure 5) showed

that the results were considered reliable for research.
4 Discussion

The larval development stage of P. trituberculatus is the most

vulnerable stage in its life history, in which body structure and

physiological traits change dramatically through metamorphosis

(Lim and Hirayama, 1991). Larval development is a complex
B

A

FIGURE 4

KEGG enrichment analyses of DEGs in Profile 22 and 26. (A) Profile 22. (B) Profile 26. Y axis represents pathway name. The color indicates the p-value,
the lower p-value indicates the more significant enrichment. Point size indicates DEG number (The larger dots refer to a larger amount).
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process involving multiple genes and is influenced by external

environmental factors. In this study, the transcriptome of six

developmental stages (Z1-C) of P. trituberculatus juveniles was

sequenced to understand better the molec ular mechanism driving

the change from one larval stage to the next in the early life cycle.

The gene function enrichment and short time-series clustering

analyses of different development stages of swimming crab larvae

enabled us to explore the growth mechanism of larval development

from the perspective of multi-gene interaction.
Frontiers in Marine Science 07
Like other invertebrates, swimming crab lack an adaptive

immune system and rely on various innate immune responses to

combat invading pathogens (Ren et al., 2016), especially during the

larval development. In this study, we found that solute carrier

family 15 (SLC15), the gene related to immune response, was always

differentially expressed in all five comparative groups (Table S3).

The solute carrier family (SLCs) are important membrane transport

proteins transporting diverse solutes across biological membranes

(Bai et al., 2017). The study of Litopenaeus vannamei suggests that
TABLE 1 The top 5 significantly enriched gene ontology (GO) terms of different functional classes at P. trituberculatus larval development stages.

Comparison GO – Cellular
Component GO – Molecular Funciton GO – Biological Proecss

Z2_VS_Z1

voltage-gated potassium
channel complex

voltage-gated potassium channel activity regulation of ion transmembrane transport

MCM complex voltage-gated cation channel activity potassium ion transmembrane transport

dense core granule delayed rectifier potassium channel activity sensory perception of smell

cation channel complex lamin binding behavioral response to nicotine

organelle membrane muscle alpha-actinin binding phototransduction

Z3_VS_Z2

extracellular space structural constituent of ribosome amino-acid betaine catabolic process

cytosolic small ribosomal
subunit

copper ion binding peptide amidation

respiratory chain dopamine beta-monooxygenase activity ATP synthesis coupled electron transport

extracellular region NADH dehydrogenase (ubiquinone) activity
positive regulation of establishment of protein

localization to telomere

extracellular matrix structural constituent of cuticle translation

Z4_VS_Z3

MCM complex iron ion binding DNA replication initiation

DNA replication factor C
complex

ribonucleoside-diphosphate reductase activity, thioredoxin
disulfide as acceptor

DNA replication

spindle DNA clamp loader activity cell division

ribonucleoside-diphosphate
reductase complex

oxygen carrier activity cell cycle

chromatin DNA replication origin binding DNA unwinding involved in DNA replication

M_VS_Z4

extracellular space iron ion binding transposition, DNA-mediated

extracellular region RNA-directed DNA polymerase activity digestion

organelle membrane heme binding
skeletal muscle myosin thick filament

assembly

endoplasmic reticulum
membrane

aromatase activity retinal metabolic process

myosin filament
oxidoreductase activity, acting on paired donors, with

incorporation or reduction of molecular oxygen
chitin catabolic process

C_VS_M

MCM complex structural constituent of muscle DNA replication initiation

sarcomere
ribonucleoside-diphosphate reductase activity, thioredoxin

disulfide as acceptor
sarcomere organization

A band actin-dependent ATPase activity muscle contraction

myosin filament iron ion binding DNA replication

organelle membrane aromatase activity
regulation of DNA-dependent DNA

replication initiation
p-value<0.05. Listed in ascending order of p-value.
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TABLE 2 Differentially expressed genes in “chitin binding” term among the adjacent larval stages of P. trituberculatus.

Comparison Gene name Unigene ID Fold Change

Z2_vs_Z1 chitinase 2* IE2IK4G02HN7IG 154.2

Chitooligosaccharidolytic beta-N-
acetylglucosaminidase *

contig16354 94.0

chitinase 2 IE2IK4G02IGXR8 26.0

probable chitinase 3 isoform X2 IE2IK4G01B2OEF 15.7

filaggrin-2-like isoform X3 contig06208 13.6

obstructor A* contig12502 13.4

probable chitinase 10 IE2IK4G02GLYGE 9.6

chitinase 2 IE2IK4G01C5B6E 8.7

cuticle protein 7-like* IE2IK4G02HMT94 6.6

chitinase 3 contig18419 6.6

chitinase domain-containing protein 1-like contig18013 2.1

acidic mammalian chitinase-like contig08858 -2.2

Z3_vs_Z2 chitin-binding protein IE2IK4G01DATPX 8.4

cuticle protein 7-like IE2IK4G02HMT94 6.3

probable chitinase 3 isoform X1 IE2IK4G01A16HP 3.4

probable chitinase 10 IE2IK4G02GLYGE 3.0

Z4_vs_Z3 obstructor A contig12502 -14.5

cuticle protein 7-like IE2IK4G02HMT94 -12.9

obstructor E2* IE2IK4G02HEODJ -9.2

chitinase 6 contig22538 -5.7

peritrophin-1-like, partial contig23725 -2.3

chitin-binding protein contig24192 10.1

M_vs_Z4 chitinase 3* contig19061 1986.3

peritrophin-44-like protein* contig22479 199.7

chitinase 2* contig17465 61.7

chitinase 3 contig18419 11.1

probable chitinase 10 isoform X2* IE2IK4G01AXQ5P 7.2

chitinase 4 contig21996 5.4

filaggrin-2-like isoform X3 contig06208 4.7

chitinase 4* IE2IK4G02F7N8A 4.6

cuticle protein 8-like isoform X1 IE2IK4G01CLKRW 3.6

endochitinase-like IE2IK4G02HL982 3.4

chitinase 2 IE2IK4G02IGXR8 3.4

endochitinase-like IE2IK4G02IHNC4 3.4

acidic mammalian chitinase-like* contig08858 3.3

probable chitinase 10* IE2IK4G02GLYGE 3.0

probable chitinase 3 isoform X2* IE2IK4G01B2OEF 2.9

chitinase domain-containing protein 1-like contig18013 2.8

(Continued)
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SLC15A4 is involved in L. vannamei AMP regulation and anti-

microbial response (Chen et al., 2016). In this study, SLC15 was

significantly down-regulated at the Z4 stage of swimming crab

larvae (Figure 2C). It suggests that most of the energy may be used

for morphological changes during the metamorphic development

(Dan et al., 2013), which leads to reduced immunity in Z4 stage.
4.1 Chitin development

Structural molting is a complex but essential process for

crustaceans, mainly including the degradation of the old

epidermis and the formation of new epidermis. The epidermis is

a dynamic organism component, mainly composed of chitin,

protein and calcium carbonate. In this research, the GO term

chitin binding was enriched throughout the larval development.

Proteins involved in this GO term mainly include cuticle protein,

chitin-binding protein, chitinase, obstructor, peritrophin-1\44-like

protein, and filaggrin-2-like.

The complex of chitin-binding protein and chitin provides an

organic scaffold for calcification in crustaceans (Glazer et al., 2013).

Currently, proteins that can bind to chitin mainly include cuticle

proteins, chitinase, 30K protein, ATP synthase, and so on (Tang

et al., 2010). The cuticle proteins combined with chitin to form a

fibrous skeleton control the calcification of the epidermis and play

essential roles in the formation of a new epidermis (Faircloth and

Shafer, 2007). In the present study, the cuticle protein 7-like gene

was only differentially expressed during the zoeal stages, with the

highest expression in the Z3 stage, while the cuticle protein 8-like

gene only significantly increased from Z4 to M stage. In Anopheles

gambiae, some cuticle protein encoding genes were expressed

exclusively at one metamorphic stage, while other cuticle proteins

were expressed at single or multiple periods associated with molting

(Togawa et al., 2008). The study of shrimp found that the diversity

of cuticle proteins at the transcriptional level may help to rapidly

generate exoskeletons with other physical properties at different

growth stages (Wei et al., 2014). In Tribolium castaneum, the cuticle

proteins in the elytra and hindwings were different, and their
Frontiers in Marine Science 09
expression profiles were also different (Dittmer et al., 2012). Due

to the various combinations of cuticle proteins and their effects on

the arrangement of chitin bundles, the cuticles show other physical

properties at each growth stage of arthropods (Tajiri et al., 2017).

Thus, the results indicate that swimming crab larvae have different

physical properties of exoskeleton between the zoeal stages and the

megalopa stage.

The Obstructor family is a novel multigene family, representing

an evolutionary conserved multigene family in invertebrates that

encodes several putatively secreted chitin-binding proteins (Behr

and Hoch, 2005). In Drosophila melanogaster, Obstructor-E (Obst-

E) localizes to the larval cuticle, regulates the arrangement of chitin

in the cuticle, and determines the pupal body shape by conferring

oriented contractility/expandability on the cuticle (Tajiri et al.,

2017). Moreover, its loss-of-function mutations cause body shape

deformation at the level of the cuticle (Behr and Hoch, 2005). In

Cherax quadricarinatus, Obstructor-A (Obst-A) proteins play a

significant role in cuticle formation, which is related to their

predicted ability to bind three chitin strands(Abehsera et al.,

2018). Obst-A is required for extracellular matrix dynamics in

cuticle-forming organs. Loss of obstructor-A causes severe defects

during cuticle molting, wound protection, tube expansion, and

larval growth control (Petkau et al., 2012). In the study, Obst-A

and Obst-E genes were significantly down-regulated at the Z4 stage

of swimming crab larvae (Table 2, Table S3). It indicates that the

chitin cuticular of larvae crabs may undergo drastic changes

(deformation or shedding) during the Z4 stage in preparation for

metamorphosis development. In addition, the Obst-E gene was

significantly highly expressed in the C stage (Table 2, Table S3),

suggesting that the juvenile crab has a more vital mechanical ability

to control their exoskeleton at this stage.

Peritrophin was first isolated from insect peritrophic membrane

(PM) and was thought to protect insects from the invasion of

microorganisms and stimulate food digestion (Huang et al., 2015).

In Eriocheir Sinensis, peritrophin-44 could bind to different

microbes, and enhance the clearance of Vibrio parahaemolyticus

in vivo, indicating that it is involved in the anti-bacterial innate

immunity of crabs (Huang et al., 2015). The peritrophin-44 protein
TABLE 2 Continued

Comparison Gene name Unigene ID Fold Change

peritrophin-1-like, partial contig23725 2.1

probable chitinase 3 IE2IK4G02IWKOY -3.7

C_vs_M chitinase 1 contig16785 4.4

obstructor E2 IE2IK4G02HEODJ 3.6

chitinase 4 contig21957 2.9

chitinase 5, partial* IE2IK4G02JM539 2.4

glutamate-gated chloride channel isoform X5 contig22479 -4.4

chitinase 4 contig21996 -2.3
* p-value < 0.001. For genes without asterisks, p-value < 0.05.
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was up-regulated 199.7-fold and 3.2-fold in the M vs Z4 and C vs M

comparison, respectively. The gene expression is significantly

increased from the Z4 to the C stage, indicating that these stages

may induce a robust immune response from external stimuli. From

the Z4 stage to the juvenile crab stage, it is already at the late stage of

the nursery, and the water quality is relatively poorer than in the

early stage.

Moreover, the larvae have undergone two significant

morphological changes, consuming more energy and materials.

Therefore, the high expression of peritrophin-44 may be a

reaction of larvae crabs to these situations during the Z4-C stages.

It is known that the hydrolysis of chitin is performed by chitinase, of

which 14 molecular types have been identified in crustaceans

(Huang et al., 2010). Multiple chitinase genes are usually present

in a single individual, and some are responsible for chitin

decomposition in the cuticle. In contrast, others are related to

immunity and digestion (Huang et al., 2010). Throughout the

development process, seven kinds of chitinases are differentially
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expressed at different stages. Both Cht-1 (chitinase 1) and Cht-3

(chitinase 3) are mainly involved in the digestion of chitin in food

and intestinal peritrophic membrane in Penaeus japonicus, and

Cht-1 were also found in the defense against the virus in P.

trituberculatus (Watanabe et al., 1996; Watanabe et al., 1998;

Song et al., 2020). Cht-2 (chitinase 2) played an essential role in

the decomposition and reabsorption of chitin in the epidermis

during the molting of Penaeus monodon (Proespraiwong et al.,

2010). In addition, Cht-4 was expressed in the site of synthesis for

digestive enzymes in Penaeus monodon (Huang et al., 2010). These

chitinase genes are more differentially expressed and have higher FC

during the later stages of larval development (M and C stages) of P.

trituberculatus, which might be due to the different shell

compositions of swimming crab larvae at different growth stages.

They may also be related to the typical diet at the different stages. At

the later stages of larval breeding, Artemia nauplii were used as the

diet, which chitinases should decompose. Moreover, the water

environment became more complex in the later stages of larval
TABLE 3 The top 10 significantly enriched KEGG pathways at P. trituberculatus larval development stages.

Comparison KEGG pathway Comparison KEGG pathway

Z2_vs_Z1 DNA replication Pyrimidine metabolism

Pyrimidine metabolism Base excision repair

Protein processing in endoplasmic reticulum Purine metabolism

Antigen processing and presentation beta-Alanine metabolism

Serotonergic synapse Nucleotide excision repair

Insulin secretion M_vs_Z4 Pentose and glucuronate interconversions

Butanoate metabolism ECM-receptor interaction

Purine metabolism Retinol metabolism

Circadian rhythm - fly Insect hormone biosynthesis

Cholinergic synapse Lysosome

Z3_vs_Z2 Oxidative phosphorylation Arginine and proline metabolism

Ribosome Chloroalkane and chloroalkene degradation

Glycine, serine and threonine metabolism Hematopoietic cell lineage

Antigen processing and presentation Limonene and pinene degradation

Hippo signaling pathway Starch and sucrose metabolism

Estrogen signaling pathway C_vs_M Cell cycle - yeast

Hippo signaling pathway - fly Meiosis - yeast

Adherens junction DNA replication

Phototransduction - fly Cell cycle

Phagosome Glutathione metabolism

Z4_vs_Z3 DNA replication Fatty acid metabolism

Meiosis - yeast Arachidonic acid metabolism

Cell cycle - yeast Tight junction

Cell cycle Non-homologous end-joining

Mismatch repair Cardiac muscle contraction
p-value<0.05.
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breeding. These genes also play an immune role, consistent with the

enrichment of immune-related pathways in swimming crab larvae.

In addition, the analysis revealed that the expression of the beta-

N-acetylglucosaminidase (NAG) gene was significantly up-

regulated in the Z2 stage compared to the Z1 stage (Table 2).

This result was also verified in the qPCR analysis (Figure 5). NAG

genes are the critical enzyme for chitin degradation, mainly

involved in the functions such as molting and food digestion, just

like chitinases (Zhang et al., 2021). The expression of NAG is

known to fluctuate during the crustacean molting cycle (Meng and

Zou, 2009). The expression of NAG is significantly up-regulated in

the pre-molt stage of the Uca pugilator, E. sinensis, and Scylla

serrata (Salaenoi et al., 2006; Meng and Zou, 2009; Li et al., 2015),

which is also the stage when various physiological functions and

epidermal structures undergo significant changes. Significantly high

expression of the NAG gene during the pre-molt stage ensures

effective degradation of the old exoskeleton. Therefore, the results

suggest that swimming crab larvae may undergo more thorough

exoskeletal remodeling during Z2 than the Z1 stage.
4.2 Energy metabolism

The early development of P. trituberculatus gets through zoeal

stages and megalopa stage. The unique early developmental mode

implies dramatic changes and indicates the enormous energy

required to support it. In the study, enrichment analysis of DEGs

showed that plenty of the differentially expressed genes were

involved in energy metabolic processes.

In this research, the genes activating “AMPK signaling

pathway” (ko04152) (TGF-b-activated kinase 1, G6PC, and PCK,

etc.) (Xie et al., 2006; Ju et al., 2012) clustered in Profile 26, and were
Frontiers in Marine Science 11
significantly up-regulated between M vs Z4 stages (Table S4).

AMPK is a “metabolic master switch” that mediates the cellular

adaptation to nutritional and environmental variations depleting

intracellular ATP levels, including heat shock, hypoxia, starvation,

or prolonged exercise. Regardless, AMPK activation results in the

inhibition of energy-consuming biosynthetic pathways and the

activation of ATP-producing catabolic pathways. AMPK can also

modulate the transcription of specific genes involved in energy

metabolism, thereby exerting long-term metabolic control (Viollet

et al., 2009). The result indicates that Z4-M is a stage of high energy

demand, which may be related to the drastic morphological changes

of larvae crabs.
4.3 Neuroendocrine development

As P. trituberculatus larvae developed, the gene expression of

pathways related to the endocrine and nervous systems showed

significant differences between adjacent stages.

The gene related to olfactory function (UDP-glucosyltransferase 2)

was differentially expressed in all five comparative groups (Table S3). In

particular, UDP-glucosyltransferase 2 (UGT2) was highly expressed in

stage C but lowly in stage Z4 (Figure 2C). UDP-glucosyltransferases

(UGTs) are the group of enzymes linked to odorant and xenobiotic

degradation (Ahn et al., 2012). The role of UGTs in vertebrate olfaction

is well established (Heydel et al., 2010). In the study of Drosophila

melanogaster, several UGT genes were preferentially expressed in the

olfactory organ (antenna), suggesting that UGTs may be involved in

deactivation of pheromones (Wang et al., 1999; Younus et al., 2014).

Thus, the expression of UGT2 during the larval development indicates

that the olfactory function of larvae crab may not be broadly developed

until the C stage.
FIGURE 5

qRT-PCR verification of differentially expressed unigenes of P. trituberculatus at larvae development stages. Different letters indicate significant
differences between qRT-PCR groups (p < 0.05).
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Meanwhile, during larval metamorphosis development (Z4-M),

several genes involved in retinol metabolism (ko00830) were

differentially significantly up-regulated (retinol dehydrogenase11,

12, 13 and 14 and b-carotene 9’,10’-oxygenase) (Table S5). It is

worth noting that RDHs mediate key retinoid transformations in

vision and critical functions in eye development by regulating

retinol metabolism during embryonic development (Haeseleer

et al., 2002; Belyaeva et al., 2008). In addition, as a potential

retinoic acid-producing enzyme during embryonic development,

BCO2 is also crucial for the visual cycle and eye development

(Spiegler et al., 2013). Thus, this finding may indicate that the M

stage is critical for developing vision in larvae crabs.

Crustaceans and insects both belong to the phylum Arthropoda.

There are similarities in their physiological processes, such as

growth and molting. It is worth noting that the DEGs of insect

hormone biosynthesis (ko00981) were differentially expressed at M-

Z4 stages (Table S6). Cytochrome P450 (CYP15) and Juvenile

Hormone Epoxide Hydrolase (JHEH) were enriched in this

pathway, and their expressions were significantly higher in M

stage than in Z4 stage. It has been found that CYP15 and JHEH

might be involved in the degradation of the endocrine hormone

Methyl farnesoate (MF) in crustaceans (Qiu et al., 2015; Tu et al.,

2022). Like the pleiotropic juvenile hormone (JH) in insects, MF can

promote the occurrence of molting, control morphogenesis, and

gonadal development, and regulate the stress regulation to the

external environment of crustaceans (Qiu et al., 2015; Tu et al.,

2022). This result indicated that these crucial physiological

processes might be enhanced in the Z4 stage of P. trituberculatus,

which made adequate preparations for transforming into

megalopa larvae.

The insulin-like androgenic gland (IAG) is a key regulator of

crustacean reproductive processes such as spermatogenesis, sexual

differentiation, and sexual transition (Huang et al., 2014). The IAG

gene was differentially expressed at the Z4-M stage (Table S6).

Studies have found that the transcripts of IAG in Scylla

paramamosain and E. sinensis are widely distributed in various

tissues of male and female individuals (Huang et al., 2014; Liu et al.,

2015). Moreover, the study found that the knockdown of IAG can

lead to sex reversal in Macrobrachium rosenbergii (Lezer et al.,

2015). This study indicates that the megalopa stage might represent

a critical phase for the development and high expression of

secondary sex characteristics in swimming crabs. These findings

establish a groundwork for investigating the mechanisms of sex

determination in crustaceans.
5 Conclusion

The present study describes the comprehensive transcriptomic

sequence characterization at the larval development stages of P.

trituberculatus, in which many differentially expressed growth and

development genes were identified. The differentially expressed

genes are involved in morphological change, growth metabolism,

sensory ability, and neuroendocrine system of larvae crab.

Furthermore, the Z4-M stage is the crucial stage for the growth

and development of larvae crab based on the comparison of DEGs
Frontiers in Marine Science 12
and functional enrichment analysis. Overall, these findings

provided an essential basis for clarifying the growth and

development mechanisms of larvae crab, contributing to

promoting the upgrading of artificial breeding technology of

P. trituberculatus.
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