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The parasitism by Polyascus gregaria on Eriocheir sinensis induces feminization of the appearance of male crabs, misleading fishermen to bring them to the breeding ponds as female crabs to cultivate broodstock selection. However, there are few studies on whether P. gregaria feminizes the male germ cells, resulting in a decline in the fecundity of male crabs. Therefore, this study aims to clarify the changes in gene expression levels of male crab testes after being parasitized by P. gregaria through transcriptome sequencing to evaluate the change in fecundity. We selected parasitized and healthy male crabs from a pond culture for comparison of gene expression in germ cells. The results showed that, compared with healthy male crabs, there were 104 genes with significantly different expressions, of which 79 were up-regulated and 25 were down-regulated. These genes are mainly focused on the cytoskeleton pathway in cell components and cellular protein complex assembly in biological processes. Several spermatogenesis-related genes, such as Kazal-type protease inhibitor, which inhibits gelatinolytic activities of sperm proteases, and juvenile hormone esterase 6, which degrades methyl farnesoate, were up-regulated; while the down-regulated expression of certain heat shock proteins may lead to spermatogenic dysfunction. In addition, some immune-related genes, such as double whey acidic protein domain-containing protein and serine proteinase inhibitor 3, were significantly up-regulated. These results indicated that P. gregaria changed the development process and cell structure of male host germ cells to inhibit sperm proliferation and maturation, while multiple immune pathways in the hosts were activated to resist P. gregaria invasion.
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1 Introduction

Sacculinidae is a family of parasitic barnacles belonging to the infraclass Rhizocephala and Kentrogonida (Arthropoda, Crustacea, Cirripedia). They live as crustacean parasites in their adult stage, and in their juvenile stage, they live in seawater as plankton (Alvarez et al., 1995; Shukalyuk, 2002). These parasites infest their specific crustacean hosts, such as the swimming crab (Charybdis longicollis) parasitized by Heterosaccus dollfusi (Innocenti et al., 2003), the Chinese mitten crab Eriocheir sinensis infested by Polyascus gregaria(Tang et al., 2005; Li et al., 2011), the coastal crab (Hemigrapsus sanguineus and Hemigrapsus longitarsis) infested by Polyascus polygenea (Shukalyuk et al., 2007). Grapsid hosts Metopograpsus thukuhar are parasitized by Polyascus plana (Noever et al., 2016), the green crab (Carcinus maenas) is infested by the parasitic barnacle Sacculina carcini (Kristensen et al., 2012), and Sacculina Spp. infestations occur in Portunus sanguinolentus (Raffi et al., 2012).

The Chinese mitten crab, E. sinensis, is one of the most important cultivated crustacean species in China. The adult crab is integral to the rice-crab culture, and the production of E. sinensis not only enhances farm productivity and the income of farmers, but also balances the health of the ecosystem and agricultural production(Bashir et al., 2021). In 2020, the production of E. sinensis reached to 775,887 tons, with a commercial value of approximately US$ 7.8 billion in China (Dan Wang, 2021). The rhizocephalan parasite P. gregarious is the most common parasite found in E. sinensis, potentially harming aquaculture crabs in various aspects, including broodstock selection, culture, and growth. Parasitized crabs are significantly smaller than healthy crabs living concurrently in ponds or rice fields. Male parasitized crabs display more evident alterations in traits that are collectively referred to as “morphologic feminization” (Kristensen et al., 2012; Short et al., 2014; Waiho et al., 2017), including widening of the abdominal carapace from a narrow triangle to a semicircular shape, the development of setae on the edges, and copulatory appendages that are shorter and thinner. A previous investigation discovered that the frequency of infested female crabs and feminized males was higher than that of unmodified males. It is possible that morphologic feminization allows male crabs to hold more externae of P. gregarious in the wider abdominal carapace to better hatch the offspring, which is similar to the hatching behavior of female crabs (Rees and Glenner, 2014; Nagler et al., 2017; Mouritsen et al., 2018).

At present, partial broodstock of E. sinensis still depends on fishing, and strongly feminized males are often mistaken for females by fishermen seeking to replenish broodstock, which leads to the spread of parasites and resulting economic losses (Waiho et al., 2021). The changes in germ cells of infected males have yet to be determined, and thus the risk of production reduction and the spread of parasites cannot be ascertained. In this study, we compared the gene expression profiles of testes between parasitized and healthy crabs using transcriptome sequencing. We aimed to analyze the changes in male germ cells in response to P. gregaria infestations to evaluate the hosts’ fertility and resistance. These differentially expressed genes (DEGs) related to reproduction and immunity will provide us with a more in–depth understanding of the mechanisms of sex regulation and immunity to parasitic diseases in crabs.




2 Materials and method



2.1 Preparation and collection of samples

In this experiment, 10 healthy male E. sinensis were collected as the control group (CG), while 10 male E. sinensis parasitized by P. gregaria were selected as the experimental group (EG). They were all 2 years old and obtained from a pond culture in Yingkou City, Liaoning Province, China, in September. There were no records of rhizocephalan parasites on cultured crabs in this pond prior to this study. The abdomens of the parasitized male crabs were broader and carried 1–8 externae each. The pair of copulatory organs were thinner than those of healthy male crabs. The two groups were housed in two separate laboratory ponds for 1 week, and the temperature was maintained at 16°C. The light time was consistent with normal weather. The crabs were anesthetized on ice whereafter the profile data was measured and they were dissected. Since the testis of parasitized crabs had atrophied and the mature spermatozoa existed primarily in the vas deferens, both the testis and vas deferens were dissected and combined as one sample in each crab. The samples were separately flash frozen in liquid nitrogen and then kept at −80°C until RNA isolation and sequencing. Three or four samples were pooled as one sequencing sample. A total of six samples were sequenced.




2.2 Histology of externae and testes of EG and CG

The externae of P. gregarious and testes of infected and healthy crabs were peeled off and fixed in 4% paraformaldehyde, then dehydrated using an alcohol series, embedded in paraffin, and cut into 5 µm sections. Tissue sections were then deparaffinated, rehydrated, and stained with hematoxylin-eosin staining following established protocols (Eddy et al., 2007). The sections were observed using an OLYMPUS CX43 microscope with an Mshot MsX2 camera.




2.3 RNA extraction, library construction, and sequencing

Total RNA was extracted using a Trizol reagent kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. RNA quality was assessed on an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) and checked using RNase free agarose gel electrophoresis. After total RNA was extracted, eukaryotic mRNA was enriched using Oligo(dT) beads (NEBNext), while prokaryotic mRNA was enriched by removing rRNA using Ribo-Zero™ Magnetic Kit (Epicentre, Madison, WI, USA). The enriched mRNA was then fragmented using a fragmentation buffer and reverse transcribed into cDNA with random primers. Second-strand cDNA was synthesized using DNA polymerase I, RNase H, dNTP, and a buffer. The cDNA fragments were then purified using a QiaQuick PCR extraction kit (Qiagen, Venlo, The Netherlands), end repaired, poly(A) added, and ligated to Illumina sequencing adapters. The ligation products were size selected by agarose gel electrophoresis, PCR amplified, and sequenced using Illumina HiSeq™ 4000 (Genedenovo Biotechnology Co., Ltd., Guangzhou, China). The final sample was filtered using fastp (version 0.18.0) to obtain high quality clean reads. Transcriptome denovo assembly was carried out using the short reads assembling program-Trinity.




2.4 Differential expression and enrichment analysis

RNAs differential expression analysis between the two different groups was performed using DESeq2 software (Love et al., 2014). The genes with the parameter of false discovery rate (FDR) below 0.05 and absolute fold change ≥2 were considered DEGs. GO function analysis on the one hand gived the GO function classification annotation of differentially expressed proteins; On the other hand, GO functional significance enrichment analysis of differentially expressed proteins was presented by qvalue<0.05.




2.5 qRT-PCR validation

Total RNA was extracted from the sequencing samples to verify the accuracy of RNA-Seq. The first-strand cDNA was synthesized using the PrimeScript RT Reagent Kit with gDNA Eraser (Takara) depending on the concentrations of total RNA. The templates of 2 μL cDNA were analyzed by qRT-PCR using the SYBR Green II in an Applied Biosystems 7500 Fast Real-Time PCR System with β -actin as the reference gene. Results were analyzed through a comparative Ct method. Relative expression amounts were calculated based on the equation 2−ΔΔCt. These eight pairs of gene-specific primers were used to amplify the partial cDNA sequences (Table 1). Cycle parameters were 95°C for 30 s followed by 40 cycles of 95°C for 5 s and 60°C for 30 s.


Table 1 | Genes and primers used in the quantitative qRT-PCR analysis.






2.6 Data processing and statistics

The profile data of EG and CG were measured, including weight, carapace width and length, abdomen width, and copulatory organ width and length. All data was analyzed using Independent-samples T test in SPSS Statistics 18 and considered at P<0.05.





3 Results



3.1 Phenotypic character measurement and histological observation of parasitized male E. sinensis

In EG, the average weight of parasitized crabs was 42.02 ± 7.97g, the carapace width was 4.93 ± 0.35cm, the carapace length was 4.56 ± 0.25 cm, and the width and length of the copulatory organ were 0.18 ± 0.05cm and 1.58 ± 0.36cm, respectively. In CG, the average weight of healthy crabs was 84.13 ± 6.80g, the carapace width was 5.66 ± 0.13cm, the carapace length was 5.07 ± 0.10cm, and the width and length of the copulatory organ were 0.31 ± 0.02 and 2.05 ± 0.07, respectively (Table 2). As a result of parasitism, the size of parasitized male crabs was significantly smaller than that of healthy males of the same age, including the weight, carapace width and length, copulatory organ width and length (P<0.05).


Table 2 | Comparison of profile data between EG and CG.



The externae of P. gregarius are oval in shape with a smooth external cuticle in the abdomen of crabs. The abdomen shape of parasitized male crabs changed from a narrow triangle to a semicircle (Figures 1A, B). The diameters of these externae were 0.4–1 cm and the number of externae varied from 1–15 on one host. There were two types of externae. One was small, pure white or yellowish in color, and round in shape (Figure 1C). The other was larger in size, color was brown, and shape was oval (Figure 1D). The observation of tissue sections showed that the internal structure of the white externa was compactly packed and the oocytes were arranged orderly. Several to dozens of oocytes formed a cluster, which was separated from other oocytes by a diaphragm. The content of the nucleus was high, suggesting that germ cells in white externae were in a period of rapid proliferation (Figures 1E). However, the internal structure of brown externa was loose. The ovary appeared degenerated and only remnants of germ cells could be found (Figure 1F). The testes sections showed that the numbers of spermatids in parasitized male crabs were less than in healthy crabs, and the distribution was looser (Figures 2A, B). Most of the shapes of spermatids in parasitized male crabs were round, while those of healthy crabs were cup-shaped (Figures 2C, D).




Figure 1 | Deformed abdomen and histology of the externae of parasitized E. sinensis (A): the parasitized male crab with semicircular abdomen; (B): the healthy male crab with narrow triangle abdomen (C): the abdomen of parasitized male crab with thinner and shorter copulatory organs and white externae; (D): the abdomen of parasitized male crab with thinner and shorter copulatory organs and brown externae; (E): the internal structure of the white externae by HE staining; (F): the internal structure of the brown externae by HE staining, CO, copulatory organ; E, externae).






Figure 2 | Histology of the testes of parasitized and healthy male E. sinensis (A, C): the internal structure of the testes of parasitized male crab by HE staining; (B, D): the internal structure of the testes of healthy male crab by HE staining).






3.2 Transcriptome sequencing and assembly

The purpose of transcriptome sequencing was to analyze the changes in gene expression in the testes of E. sinensis between the EG (parasitized crabs) and CG (healthy crabs). Principal component analysis based on testes transcriptome profiles showed that the repeatability within the group in the sample was good and there was a good degree of distinction between groups (Figure 3). The sequence data reported in this study were archived in the Sequence Read Archive (SRA) with the accession number PRJNA801113.




Figure 3 | Principal component analysis based on testes transcriptome profiles.



A total of 90438 unigenes were assembled, among which 34999 genes were annotated and 55439 genes were not annotation. The four databases of Nr, KEGG, KOG, and SwissProt were annotated with 33513, 27274, 19914, and 21911 genes, respectively (Table 3). A large proportion of genes without annotation might be attributed to the limited number of crustacean sequences in public databases.


Table 3 | Functional annotation of assembled unigenes.



In the Nr database, the top three species with the highest number of sequence hits were Hyalella azteca (5200, 15.52%), Daphnia magna (1501, 4.48%), and Zootermopsis nevadensis (1170, 3.49%). According to KEGG analysis, these genes were assigned to 145 pathways, most of which belong to metabolism (90/145), Genetic Information Processing (22/145), environmental information processing (16/145), cellular processes (9/145), and organismal systems (6/145) successively. By searching against KOG database, all unigenes were classified into 25 groups. The top three function classifications were general function prediction only (4063/19914), signal transduction mechanisms (3234/19914), and posttranslational modification, protein turnover, and chaperones (2439/19914).




3.3 Functional characterization of the testes of parasitized E. sinensis

To identify the change in testes of E. sinensis during Sacculina parasitism, we screened the genes with FDR<0.05 and |log2FC|>1 as significantly different genes. In total, 104 genes showed significant differences in genes abundance between EG and CG, including 79 genes that were highly expressed in EG and 25 genes that were highly expressed in CG (Figure 4). Gene Ontology (GO) enriched analysis showed that cytoskeleton, cellular protein complex assembly, protein complex assembly, protein complex biogenesis, cellular macromolecular complex assembly, macromolecular complex assembly, cellular component assembly, cellular component biogenesis, aminoglycan biosynthetic process, regulation of tube size, regulation of tube diameter, and protein complex subunit organization were significantly enriched (Table 4). KEGG pathway enrichment analysis showed that the “Phagosome” (ko04145) was enriched.




Figure 4 | Numbers of significantly differentially expressed genes between CG and EG (FDR<0.05 and |log2FC|>1) (A) number of up and down regulated genes; (B) volcano plot.




Table 4 | CG-vs-EG GO enrichment analysis.






3.4 DEGs related to sex determination and reproduction in germ cells

The expression levels of some crucial sex determination and reproduction genes were shown to be changed through the transcriptome analysis (Table 5). Tissue gene expression profiles in parasitized E. sinensis showed that the Kazal-type protease inhibitor (Es-KPI) was up-regulated. In addition, seven genes were annotated from the transcriptome by blast searching of all the transcripts against the public database that were related to germ cell proliferation. Among these, five genes, including Es-tubulin, 60S ribosomal protein L38-like (Es-RPL38), cytochrome c oxidase subunit 6B2-like isoform X2-like (Es-Cox6b2), and heat shock proteins (Es-hsp70 and Es-hsp90) were down-regulated. While both juvenile hormone esterase 6 (Es-JHE6) and endonuclease and reverse transcriptase-like protein (Es-RTase) were up-regulated.


Table 5 | CG-vs-EG GO enrichment analysis of sex determination and reproduction.






3.5 DEGs related to immunity in germ cells

We screened and identified a series of up-regulated immune-related genes. The expression level of double whey acidic protein domain-containing protein (Es-DWD) and venom allergen 5 (Es-VA5) of E. sinensis in EG was higher than that in the CG. Multiple sequence alignment revealed that predicted protein serine proteinase inhibitor 3 (Es-serpin 3) showed a sequence similarity of 69.55% with serpin 3 from Penaeus monodon, and a similarity of 68.76% with serpin 3 from Litopenaeus vannamei. The homology between annotated zinc proteinase Mpc1 (Es-ZP) sequence and that of Portunus trituberculatus was 68.08%. Moreover, Vacuolar protein sorting-associated protein 37A (Es-VP37A), annotated from the transcriptome, showed a sequence similarity of 58.76% with VP37A from Amphibalanus amphitrite and a similarity of 43.37% with VP37A from Pollicipes. Compared with the CG, the expression of Es-serpin 3, Es-ZP, and Es-VP37A of EG were similarly significantly up-regulated.




3.6 DEGs were confirmed by qRT-PCR

The expression patterns of all eight tested genes showed good consistency between qRT-PCR and RNA-Seq, which verified the reliability of RNA-Seq. As seen in Figure 5, the tested genes that related to sex regulation included Es-KPI, Es-JHE6, Es-tubulin, and Es-RPL38, while those related to immunity included Es-DWD, Es-VA5, Es-serpin 3, and Es-VP37A.




Figure 5 | Relative expression profiles of eight DEGs by qRT-PCR and RNA-Seq. The qRT-PCR results were represented with the column diagram and primary axis, and the RNA-Seq results were represented with the line chart and secondary axis.







4 Discussion



4.1 Harm by parasites to the growth of E. sinensis

The rhizocephalan Sacculina carcini leads to a decrease in the population of many species of crabs, including the ecologically important shore crab C. maenas (Rowley et al., 2020), highly valuable king crab species (Lithodidae) (Noever et al., 2016), family Portunidae (Raffi et al., 2012), and mud crabs (Scylla spp.) (Fazhan et al., 2020). These parasitized crabs receive damage to two essential organs, namely the hepatopancreas and gonads. Since the parasites absorb the nutrition of the hosts and the externae hinder the crabs from molting, the parasitized crabs were less active than the healthy crabs and did not molt during the laboratory breeding period. Some parasitized crabs faced up and their appendages trembled. The infested crabs were smaller than healthy crabs. The tissue sections showed that the number of spermatids in the testis decreased and the shape of spermatids was mostly round in parasitized crabs, which suggest that parasitism suppresses spermatogenesis of crabs. However, there is no effective treatment for the parasitized crabs, and the fishermen kill the crabs found with externae through manual screening. However, it is not possible to ascertain whether the crabs were parasitized with no externae present. Therefore, the transmission of P. gregarious cannot be completely suppressed at present.




4.2 DEGs involved in the reproduction of E. sinensis

Many economically important crustacean species that are infected with rhizocephalan parasites exhibit feminization of morphological characters, including Anomura (Lithodidae), Brachyura (Cancridae), and Brachyura (Platyxanthidae) (Brockerhoff et al., 2010; Noever et al., 2016; Nagler et al., 2017; Boyko and Williams, 2020; Waiho et al., 2021). The abdomen of parasitized male crabs becomes wider, while the copulatory organ becomes shorter and thinner (Kristensen et al., 2012; Waiho et al., 2017). However, it is not clear whether the reproductive system of male crabs is feminized or not. In this study, we examined the molecular changes in the testes of hosts after infestation. From the 90438 unigenes obtained, 109 genes were significantly differentially expressed. Interestingly, Es-JHE6 and Es-KPI were up-regulated. JHE6 is a key enzyme in methyl farnesoate (MF) degradation, which plays a significant role in regulating the MF titer (Xu et al., 2017). MF has been regarded as the crustacean equivalent to the juvenile hormone (JH) in insects (Nagaraju, 2007; Miyakawa et al., 2014), and is involved in regulating reproduction and molting. In the male spider crab (Libinia emarginata), high levels of MF enhance reproductive behavior (Sagi et al., 1994). While in the crayfish (Procambarus clarkii), MF stimulates ovarian maturation (Laufer et al., 1998). Therefore, we speculate that P. gregarious decreases the level of MF by inducing an increase in JHE6 expression in the host, which in turn affects the molting and testes development of the host, resulting in the feminization of certain characteristics. Es-KPI inhibits the gelatinolytic activities of E. sinensis sperm proteases (Qian et al., 2012). Hence, the up-regulated expression of Es-KPI may be one of the reasons the spermatid of parasitized crabs does not mature.

During spermatogenesis, tubulin functions as a platform for proteins to correct transport and assembly in the formation of mature sperm. The expression of tubulin in the testes determines the quality and function of the spermatozoa in mammals (Lehti and Sironen, 2016; Amargant et al., 2019). In the rat testis, destruction of the actin and microtubule-based cytoskeletons induced elongated spermatid exfoliation (Su and Cheng, 2019). As microtubular structures in sperm are a fertility biomarker in Cambaroides japonicas and Cambarus sp. (Aquino et al., 2021), the down-regulated expression of tubulin may be one of the reasons the spermatid of parasitized crabs do not mature.




4.3 DEGs involved in the immunity of E. sinensis

Proteins containing whey acidic protein (WAP) domains are highly conserved and serve in proteinase inhibition and bacterial killing processes, not only in mammals but also in invertebrates(Smith, 2011). The single WAP domain-containing protein (SWD) and double WAP domain-containing proteins (DWDs) are identified in many species of crustaceans, including Fenneropenaeus chinensis (Du et al., 2009), Penaeus monodon (Suthianthong et al., 2011), Litopenaeus vannamei (Visetnan et al., 2017; Sakunwattana et al., 2020), and E. sinensis (Li et al., 2012; Li et al., 2013). Both SWD and DWDs expressions are up-regulated to perform immune functions against the bacterial infection. Hence, the up-regulated DWDs found in our study may be associated with defense against the parasites.

The serine proteinase inhibitors (SPIs) were classified into several families, such as serpin, Kazal, alpha-2-macroglobulin, and pacifastin, based on their structures, topological similarities, and inhibition mechanisms in invertebrates (Laskowski and Qasim, 2000). In shrimp, Pm-serpin 3 decreases the clearance rate of bacteria by regulating the PO activating system in P. monodon (Wetsaphan et al., 2013). As there was a 69.55% similarity between the serpin 3 obtained through sequencing and Pm-serpin 3, we speculate that the up-regulated serpin 3 is induced by parasites to overcome the activity of the PO system when E. sinensis resists the parasites. However, several serpins and Kazal-type SPIs suppress the proteolytic cascade to control the phenoloxidase (PO) system as the unique immune system of the crustacean (Cerenius et al., 2008; Cerenius and Soderhall, 2021). The serpin and Kazal-type SPIs prevent severe damage to the hosts that is caused by the overreaction of the PO system in crustaceans or inhibit extracellular proteinase secretion by specific pathogens (Cerenius et al., 2010; Apitanyasai et al., 2020). In Penaeus vannamei, serine proteinase inhibitor 7 (LvSerpin7) reduces the toxic effects that result from unregulated activation of the PO defense system by acute hepatopancreatic necrosis disease (AHPND). In P. monodon, Kazal-type serine proteinase inhibitor SPIPm2 resists the yellow head virus (YHV) and Bacillus subtilis infection (Donpudsa et al., 2009; Visetnan et al., 2018). Therefore, the function of Es-serpin 3 in crustaceans requires further study.




4.4 Life history and parasitic mechanism of P. gregarious

The life cycle and developmental characteristics of the rhizocephalan parasite were studied, including Sacculina carcini Thompson, 1836 parasitizing the shore crab C. maenas (Lutzen et al., 2018; Jensen et al., 2019), Sacculina yatsui Boschma, 1936 infecting the Asian shore crab Hemigrapsus sanguineus (Kobayashi et al., 2018), and Polyascus polygenea infecting the coastal crab Hemigrapsus sanguineus (Korn et al., 2004). The developmental stages of the externae were divided into separate stages, including the virgin stage, sexual maturity stage, and degradation stage. In our study, we found two types of externae in P. gregarious. The internal structure of externa shows that the white externa is in the virgin stage and the brown externa is in the degradation stage. These results indicate that P. gregarious is able to be fertilized, reproduce, and spread in cultured E. sinensis of both pond cultures and rice fields. Therefore, careful attention must be paid to prevent this parasite from spreading further.

Apart from clarifying the characterizations of P. gregarious, we need to understand the resistance mechanisms of the hosts. A more in-depth understanding of the interaction mechanism between parasite and host will aid in the development of preventative strategies for Sacculinidae infestations in crabs. Two rhizocephalan species from the families Peltogastridae (Peltogaster paguri) and Peltogasterellidae (Peltogasterella gracilis) invade the nervous systems of hermit crabs Pagurus pubescens, Pagurus ochotensis, and Pagurus pectinatus, which suggests that the parasite interacts with the host on the humoral level via neuromediators, hormones, attractants, and trophic factors(Miroliubov et al., 2020). As eyestalk and thoracic ganglion are the most important neuroendocrine organs of nervous system for various biological functions in E. sinensis (Rotllant et al., 2018; Chen et al., 2019; Jiang et al., 2020), we speculate that P. gregarious induces these two organs to secrete neurotransmitters that change the appearance and behavior of the male crabs, including the male crab hatching externae of Sacculina similar to the female crab hatching eggs. The enriched GO pathways also showed that P. gregaria changed the development process and cell structure of germ cells of male E. sinensis. Further, the molecular mechanisms should be investigated to determine a prevention or treatment.





5 Conclusion

This is the first transcriptomic analysis of the testes of E. sinensis infested with P. gregaria, which is useful for helping us to understand the change in germ cells after the crabs became parasitized. The parasite induces lower expression of genes related to sperm proliferation and maturation, thus destroying the structure and function of germ cells to reduce the fertility of infected crabs. Meanwhile, the increased expression of several immune genes indicates that the infected crabs adjust multiple immune pathways to resist the parasites. These results will facilitate our understanding of infection pathogenesis and the life cycle progression of P. gregarious which are useful to formulate a control strategy.
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