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The insulin-like androgenic gland hormone (IAG) secreted from the androgenic gland (AG) is a unique endocrine controller (the IAG-switch) of crustacean sexual differentiation. However, while previous studies of the IAG-switch focused mainly on sexual differentiation at early developmental stages of gonochoristic species, this mechanism is yet to be deciphered during naturally occurring sexual shifts in hermaphrodite species. The Northern spot shrimp, Pandalus platyceros, is a protandric hermaphrodite species, native to the North Pacific Ocean. We collected four stages of spot shrimp in Southeast Alaska including: juveniles, adult males, transitionals, and adult females. The AG was dissected from each stage and characterized histologically. Additionally, the IAG mRNA was sequenced. The function of the IAG-switch during the life history of this protandric species was demonstrated through monitoring IAG gene expression. Transcript levels were highest at the juvenile stage, then decreased significantly in mature males and became negligible in the transitional and female stages. Moreover, manipulating the IAG-switch via IAG loss of function in males through RNAi, induced the expected masculine to feminine sexual transformation that naturally occurs in this species. This included reduction in IAG transcript levels in males, elevation of vitellogenin gene expression in hepatopancreas and transformation of the gonad from an ovotestis containing both ovarian and testicular tissue to a true ovary with vitellogenic oocytes. Furthermore, a transcriptomic library from tissues associated with the endocrine axis upstream and downstream the IAG-switch yielded 1,801, 1,707, 1,946, and 182 differentially expressed genes between males, transitionals, and females in the AG, eyestalk, gonad, and hepatopancreas, respectively. Among these genes, the transcriptional pattern of six of them (all of them in the AG), between males, transitionals and females, had similar or inverted transcriptional pattern to that of IAG in P. platyceros. Five of these putatively IAG-switch associated genes are downregulated and one is upregulated throughout the P. platyceros shift from maleness to femaleness. Homolog protein sequences for the above novel genes were found in 17 other decapod species suggesting that they might represent conserved factors associated with the IAG-switch and involved in universal crustacean sexual differentiation mechanisms.
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INTRODUCTION

A key player governing the crustacean sexual differentiation process is the androgenic gland (AG), a unique crustacean endocrine gland that controls masculine differentiation and development (Cronin, 1947; Charniaux-Cotton, 1954). The AG is known to secrete the insulin-like androgenic gland (IAG) hormone (Manor et al., 2007), which is suggested as a universal sex-differentiating mechanism, termed the ’IAG-switch’ (Levy et al., 2018; Levy and Sagi, 2020), in which the synthesis and secretion of IAG from the AG induces masculinization. The absence of IAG secretion results in feminization (Ventura et al., 2011). Until now, the IAG-switch and its role in sexual differentiation was mostly studied in gonochoristic species but never in the light of sex-transformation in hermaphrodite species (Levy and Sagi, 2020). The IAG-switch has been thoroughly described in many species and its manipulation in many crustacean species resulted in partial or even full sexual shifts (Charniaux-Cotton, 1958; Katakura, 1960; Payen, 1969; Nagamine et al., 1980a,b; Nagamine and Knight, 1987; Malecha et al., 1992; Aflalo et al., 2006; Ventura et al., 2012; Levy et al., 2016). Even in isopods, in which an elevated bacterial dosage of Wolbachia resulted in feminization, it was postulated that Wolbachia feminized males through intervention in the IAG-switch by instigating dysfunctional insulin receptors (Herran et al., 2020). However, while few other genes were found to be associated with the expression of IAG [MIH, GIH, CHH, CFSH, DMRT, and GEM (Li et al., 2015; Jin et al., 2019; Zhong et al., 2019; Jiang et al., 2020)], genes (other than the IAG itself) that act directly within the core of the IAG-switch cascade, have yet to be found.

Next generation sequencing techniques provide powerful tools to study the upstream controlling factors for the mechanism of sexual differentiation. RNA libraries generated from tissues involved with reproduction and sexual differentiation can, after assembly and annotation, provide general information about potential upstream controlling factors for sexual differentiation, and more specifically for the IAG-switch. Applying the above next generation transcriptomic approach in gonochoristic crustacean species is complicated since sexual differentiation occurs at an early developmental stage (Levy et al., 2018; Levy and Sagi, 2020), when the size of the animal is usually too small to perform high-resolution dissections of target tissues. Therefore, using a hermaphrodite organism as a model, in which sexual shifts occur naturally in mature stages when the animal is relatively large (Ghiselin, 1969; Benvenuto and Weeks, 2020), may overcome this obstacle.

The Northern spot shrimp, Pandalus platyceros, a member of the Pandalidae family, is a protandric hermaphrodite in which each individual first matures as a functional male, and then going through a transitional phase followed by maturation as a functional female (Berkeley, 1930; Hoffman, 1969; Levy et al., 2020). Distinguishing between the different developmental stages could be done through observation of the secondary sexual characteristics like appendix masculine (AM) which is developed during the maturation of a juvenile into a male stage, then gradually disappears when the shrimp transforms to a female (Levy et al., 2020). This species is widely distributed in the North Pacific Ocean (Butler, 1964), constitutes the main target species for shrimp fishery in Southeast Alaska (Smith and Gray, 2017) and is considered a highly important species for the ecosystem’s health while serving as a putative indicator for climate change (Anderson, 2000).

Due to its pivotal role in crustacean sexual differentiation (Levy et al., 2018; Levy and Sagi, 2020), understanding the IAG-switch in P. platyceros will shed new light on its role in reproductive physiology and potentially will benefit better conservation efforts, support fishery management practices and maybe even enable sustainable P. platyceros mariculture. Moreover, since the sexual differentiation mechanism in P. platyceros is not limited to early developmental stages, but is an integral to the life history as shrimp transform between maleness and femaleness (Bergstrom, 2000), the results of this study could be relevant also to other crustacean species.

In the present study we characterized the AG histologically, sequenced the IAG and followed its activity during the life cycle of P. platyceros, and tested, in vivo, its function in the course of sexual transformation from maleness to femaleness. Moreover, we constructed RNA libraries from tissues related to reproduction and its control (AG, eyestalk, gonad, and hepatopancreas) in order to discover genes that are associated with the IAG-switch and are correlated with the IAG transcriptional pattern during the P. platyceros life-cycle.



MATERIALS AND METHODS


Animals and Life Stage Definition

Pandalus platyceros were collected using baited pots during the annual shrimp survey conducted by the Alaska Department of Fish and Game. Animals were transferred to the University of Alaska Southeast marine laboratory in Juneau and maintained in 750-L tanks in flow-through seawater with ambient temperature (4–11°C), salinity (20–33 ppt) and dark conditions (tanks were covered) throughout this study. The animals were fed ad libitum (herring chunks, squid or clams) throughout the entire study. In P. platyceros, the AM located on the 2nd pleopod develops as the juvenile shrimp matures as a male and gradually decreases in length as the shrimp transforms into a female (Hoffman, 1972; Levy et al., 2020). Therefore, for the entire study, the following stages were determined using morphological parameters such as body size and appendage lengths [i.e., appendix masculina (AM) and appendix interna (AI)]. Juveniles (J) were small animals (total body length of 4 to 8 cm) with AM/AI ≤ 1. Males (M) were medium sized animals (total body length of 12 to 16 cm) AM/AI ≈ 2. The transitional phase during which the male transforms into the female was separated into two stages based on the AM/AI ratio: early transitional (T1), represented the first stage that occurs one molt after the M phase (the first molt in which the AM becomes shorter), with AM/AI ≈ 1 and late transitional (T2), is the phase that occurs one molt after the T1 stage and the AM/AI is < 1. Mature females (F) were large animals (over 16 cm total body length) with visible developed ovary and absence, or nearly absence of AM (AM/AI ≈ 0).



Characterizing the AG and Sequencing the IAG in P. platyceros

Fifth pereiopods, the prominent location of the AG (Charniaux-Cotton, 1962), were dissected from P. platyceros males. One pereiopod was fixed for histology in 4% buffered formalin for 48 h in room temperature. Samples were gradually dehydrated through a series of increasing alcohol concentrations (70, 80, 90, and 100%), incubated with xylene, and embedded in Paraplast (Kendall, Mansfield, MA, United States). Consecutive sections of 5 μm were placed on silane-coated slides (Menzel-Gläser, Brunswick, Germany) and stained with hematoxylin and eosin (H&E) for morphological observations as follows: slides were dipped in Xylene for 5 min × 2, then 100, 90, 80, and 70% of EtOH for 1 min each. Later, in tap water for 1 min, Hematoxylin for 5 min, washing in tap water for 4 min and removal of background staining in Acidic 70% EtOH for 10 s. The final stage included dipping the slides in Eosin, 95 and 100% EtOH for 5 min × 2 each, Xylene for 5 min × 2 and then cover the section with cover slip.

In order to sequence the IAG mRNA in P. platyceros (Pnp-IAG), total RNA was extracted from the other male 5th pereiopod using EZ-RNA Isolation kit (BI, Cromwell, CT, United States). A forward degenerative primer (5′-GATCAGRTHGACTTYGACTGYGG-3′) was designed on the basis of the conserved amino acids sequence DFDCG in the IAG B-chains as previously described (Levy et al., 2017). The Pnp-IAG mRNA sequence was obtained by the rapid amplification of cDNA ends (RACE) method using a SMARTer RACE cDNA Amplification kit (Clontech, Mountain View, CA, United States), using the total RNA extraction from the fifth pereiopod as a template and the above-mentioned forward degenerative primer and the Universal Primers Mix (UPM) from the RACE kit (including the long universal primer: 5′-CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACG CAGAGT-3′, and the short universal primer: 5′-CTAATACGACTCACTATAGGGC-3′). The latter reaction amplified the 3′ end of the mRNA sequence (including the poly-A tail). Additional PCR amplification of the 5′ region was performed using specific primer (5 RACE_Rev: 5′-AGGGTTCGACTGGAGCATCA-3′) and the UPM with the above mentioned RACE kit. After sequencing the full Pnp-IAG mRNA, the predicted structure of the protein was inferred from its deduced amino acids sequence.



In vitro Expression of Pnp-IAG in Different Stages

Total RNA was extracted as described above and cDNA was synthetized using qScript cDNA Synthesis kit (Quanta, Beverly, MA, United States) from the AG of P. platyceros animals at different stages: J (n = 10), M (n = 8), T1 (n = 7), T2 (n = 6), and F (n = 8). Additionally, RNA was extracted from a male hepatopancreas (which does not express IAG) as a control to normalize the transcript levels of the qPCR assay. Relative quantification of transcript levels was performed using Roche Diagnostics FastStart Universal Probe Master Mix (Basel, Switzerland) and Roche Universal Probe Library probes. The following primers and probe were used: qPnp-IAG F (5′-CTTGACACGACACGCAGAAG-3′) and qPnp-IAG R (5′-GCGTCTTTGAAGAGACACTGGT-3′), and Probe #98. P. platyceros 18S, which served for normalization, was also quantified by means of qPCR using the primers, qPnp-18S F (5′-CCCTAAACGATGCTGACTAGC-3′) and qPnp-18S R (5′-TACCCCCGGAACTCAAAGA-3′), and Probe #152. The qPCR reactions were performed in the QuantStudio 1 Real-Time PCR System, Applied Biosystems (Foster City, CA, United States).



dsRNA Preparation for Pnp-IAG Loss of Function Experiments

Using plasmid containing the Pnp-IAG open-reading frame (ORF) coding sequence, two PCR products of Pnp-IAG were generated using a T7 promoter anchor (T7P: 5′-TAATACGACTCACTATAGGG-3′) attached to one of the two primers used to amplify each product. For Pnp-IAG sense RNA synthesis: primer T7P forward (5′-T7PAACTTCCACGATGGGACGAG-3′) and primer reverse (5′-GCCTGAATTAGTGCAGTTGTTG-3′). For Pnp-IAG antisense RNA synthesis: primer forward (5′-AACTTCCACGATGGGACGAG-3′) and primer T7P reverse (5′-T7PGCCTGAATTAGTGCAGTTGTTG-3′). The two PCR products were electrophoresed on a 1.5% agarose gel, visualized with SYBR Safe DNA Gel Stain, Thermo Fisher Scientific (Waltham, MA, United States) and blue light, excised from the gel, and purified with a NucleoSpin Gel and PCR Clean-up Kit, Machery-Nagel (Düren, Germany). Single-stranded RNA of each PCR product was synthesized with TranscriptAid T7 High Yield Transcription Kit, Thermo Fisher Scientific (Waltham, MA, United States) according to the manufacturer’s instructions. The two strands were hybridized at 70°C for 15 min, 65°C for 15 min followed by incubation in room temperature for 30 min.



Short Term Reproductive Effects Following Pnp-IAG Knockdown

To test the effects of Pnp-IAG during sexual transformation and masculine maintenance in P. platyceros, Pnp-IAG loss of function experiment, using RNAi, was performed. All animals received 5 μg/g body weight of dsPnp-IAG prepared from a 1 μg/μL solution of dsPnp-IAG. Ten males with average weight ± SD of 22.7 ± 3.8 g were injected in the abdominal muscle with dsPnp-IAG and 10 males (23.9 ± 3.9 g) served as controls and were injected with crustacean saline solution (Pantin, 1934). Previous RNAi experiments performed in our laboratory used injection of dsRNA of exogenous gene (Ventura et al., 2012; Lezer et al., 2015; Sharabi et al., 2015; Abehsera et al., 2017, 2018) or water (Rosen et al., 2010) as a control. Since none of them resulted in off-target effects nor were different from the solvent itself, in recent years we have changed our protocols and commonly use crustacean saline as a control. Two days post-injection, total RNA was extracted from the AG and the hepatopancreas of each animal and cDNA was synthetized as described above. Relative quantifications of Pnp-IAG in the AG and P. platyceros vitellogenin (Pnp-Vg) in the hepatopancreas were performed. Pnp-IAG transcript levels were quantified to test the dsPnp-IAG silencing efficiency and Pnp-Vg levels were quantified to examine initiation of vitellogenesis that occurs when the animal transforms from maleness to femaleness (Levy et al., 2020). The qPCR assay for Pnp-IAG was performed as described above while for Pnp-Vg the same assay was performed using the following primers: qPnp-Vg F (5′-TGTGCAACTAAGGGAGTTATGGA-3′) and qPnp-Vg R (5′-GGTGAGTGCCAAAGAAGAGTG-3′), and Probe #89.



Long Term Reproductive Effects Following Pnp-IAG Knockdown

To test whether Pnp-IAG knockdown will induce the sex-transformation that naturally occurs in this protandric species, an additional Pnp-IAG loss of function experiment, using RNAi, was performed. Twenty males (22.5 ± 4.4 g) were injected with dsPnp-IAG and 14 males (21.6 ± 5.1 g) were injected with crustacean saline solution for a control, as described above. Injections of dsPnp-IAG or crustacean saline were repeated a week and 2 weeks after the first injection. All animals were tagged and maintained in separate tanks for 7 months. Molting events and mortality were monitored daily. After the 7-month long experiment, 11 and 8 animals remained alive in the dsPnp-IAG injected and the control group, respectively. For the remaining animals: (i) each animal was weighed, (ii) gonad was dissected, weighed and fixed for histology as described above, (iii) gonadosomatic index (GSI; i.e., the proportion of the gonad weight out of the total body weight) was calculated as previously described (Levy et al., 2016) and (iv) RNA was extracted from the AG and the hepatopancreas of each animal and cDNA was synthetized for qPCR of Pnp-IAG and Pnp-Vg as described above. Low quality RNA samples were discarded from the qPCR analysis. Later, histological sections of the gonads were stained with H&E and oocyte diameters were measured as previously described (Levy et al., 2020).



RNA Library Preparation of P. platyceros Different Reproductive Stages

In order to characterize transcriptional patterns of genes in tissues related to reproduction in different stages during the P. platyceros life-cycle, RNA was extracted, as described above, from AG, gonad, hepatopancreas and eyestalks of males (n = 10), late transitionals (T2; n = 7), and females (n = 10). While the choice of the gonad to study reproduction is obvious, the AG was chosen since it is a prominent crustacean masculine endocrine organ (Charniaux-Cotton, 1962), the hepatopancreas was chosen due to its involvement in vitellogenin synthesis (Levy et al., 2020) and the eyestalk was chosen since it functions as a controlling endocrine factor over the reproductive system in crustaceans (Khalaila et al., 2002). Due to the location of the AG (Hoffman, 1969), in order to avoid the loss of AG cells and collect the entire AG, as commonly practiced we dissected the entire area of the terminal ampule, which, in males, contains the AG (Nagamine et al., 1980a). For males and females, 2 pools of RNA were made for each tissue, each contained RNA from five animals, while for the transitionals, the first and second pools of each tissue were made from 3 and 4 animals, respectively. All of the 24 pooled RNA samples (4 tissues × 2 replicates × 3 stages) were sent for sequencing (Novogene, Hong Kong) using Illumina NovaSeq 6000 platform.



Assembly and Annotation of P. platyceros RNA Library

The bioinformatics analysis was carried out at the Bioinformatics Core Facility of Ben-Gurion University using NeatSeq-Flow version 1.6.0 (Sklarz et al., 2018). The sequenced RNA samples generated 1,024 million high-quality paired-end 150 bp-long reads. Reads were quality-trimmed with TrimGalore! version 0.4.21, which removed less than 1% of the reads. Trinity version 2.5.1 (Grabherr et al., 2011) was used to de novo assemble all clean reads. The quality of the assembly was determined with quast version 4.5 (Gurevich et al., 2013). BUSCO analysis (Simão et al., 2015) was performed on the transcriptome against the Metazoa database (metazoa_odb9). Representative transcripts per gene were selected with the filter_low_expr_transcripts.pl script from the Trinity software suite. The representative transcripts were annotated using Trinotate pipeline version 3.1.12.



Differential Expression Analysis of Genes From the RNA Library

Mapping of samples to the reference transcriptome was conducted with bowtie2 version 2.3.5 (Langmead and Salzberg, 2012) and transcript abundance was estimated with RSEM version 1.3.0 (Li and Dewey, 2011). DESeq2 (Love et al., 2014) was used to identify the differentially expressed (DE) genes between the stages (namely males, transitionals, and females) in each of the tissues (namely, AG, eyestalks, gonad, and hepatopancreas) separately. Genes were considered as DE if they had FDR adjusted P-value < 0.05 and absolute linear fold change > 1.3. Hierarchical clustering of the DE genes, after z-scoring of their variance stabilized expression values, was carried out using R’s pheatmap function to generate a heatmap representing the transcriptional pattern of the DE genes in each tissue. Venn diagrams were generated to compare the lists of the DE genes between each of the stages in each tissue.



Mining for Genes Associated With Pnp-IAG Transcriptional Pattern

According to the transcriptional pattern of Pnp-IAG during the life-history of P. platyceros, DE genes that are correlated or negatively correlated with Pnp-IAG transcription levels between the different reproductive stages (males, transitionals, and females) were searched in the above RNA library. SMART (Schultz et al., 2000) was used to predict domains of the deduced amino acid sequences inferred from the genes correlated with Pnp-IAG transcription levels. To examine whether those genes are conserved among decapods, blastx alignment (i.e., translated nucleotide to protein sequences) to decapod protein databases [i.e., Non-redundant protein sequences (nr), Transcriptome Shotgun Assembly proteins (tsa_nr), and Protein Data Bank proteins (pdb); Organism: Decapoda (taxid: 6683)] in the NCBI server was performed.



Statistical Analyses

All data used for statistical analysis in this study was first tested for residuals’ normality using the Shapiro–Wilk test and for variance’s homogeneity using the Levene’s test and, if needed, was transformed as to fit proper statistical analysis. For the qPCR relative transcript levels of Pnp-IAG and Pnp-Vg, as well as for the oocyte diameters, the data was first logarithmically transformed. For the GSI measurements, reciprocal transformation (1/x) of the data was performed. The transformed data was then analyzed using one-way ANOVA followed by a post hoc Tukey’s HSD test, for Pnp-IAG quantification in different stages, or using t-test, to compare all the tested parameters between the two groups (silenced and control) in the short and long term silencing experiments. All statistical analyses were performed using Statistica v13.3 software (StatSoft, Ltd., Tulsa, OK, United States).



RESULTS


Pnp-IAG and AG in P. platyceros

The Pnp-IAG mRNA sequence (accession number KX619617.1; Figure 1A) included fragments of 246, 504, and 241 bp for the 3′ UTR, ORF and 5′ UTR, respectively. The deduced structure of the Pnp-IAG hormone, according to the predicted ORF, contains signal peptide (27 aa), B chain (42 aa), A chain (43 aa), and C peptide (55 aa). Detailed cellular morphological changes during AG development were previously described by Hoffman (1969). As in other crustaceans, including P. platyceros (Hoffman, 1969), the histological section of the 5th pereiopod from a male (Figure 1B) revealed the typical form of the AG which consisted of cords of dense cells with oval nuclei adjacent to the terminal segment of the sperm duct.
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FIGURE 1. IAG and AG in P. platyceros. (A) Predicted structure of Pnp-IAG. The full sequence of Pnp-IAG mRNA and its open reading frame (ORF)-deduced amino acids. 5′ (first) and 3′ (second) UTR’s are highlighted with gray background. The signal peptide is highlighted with green background. B (first) and A (second) chains are highlighted with yellow background, with C peptide (blue background), including its cleavage sites (underlined), flanked between them. The start (ATG) and stop (TAA) codons are shown in red and underlined. The stop codon is also indicated with an asterisk. (B) The androgenic gland in P. platyceros (magnified × 6.1). Histological section of the fifth pereiopod base in a P. platyceros male stained with hematoxylin and eosin (H&E). The sperm duct (SD) and androgenic gland (AG) are indicated. Bar scale (200 μm) is given.




Pnp-IAG Expression Throughout the P. platyceros Life-Cycle

Pnp-IAG relative transcript levels (Figure 2A) were found to be significantly different between the stages [defined by AM/AI ratio; Figure 2B (Levy et al., 2020)] sampled in this study (ANOVA, F(4,34) = 75.72, P < 0.05). More specifically, according to the Tukey’s HSD test, IAG transcription was highest in juveniles and was significantly reduced after the animals matured as males, followed by an additional reduction in early and late transitional stages (P < 0.05). The low Pnp-IAG transcription level in females did not significantly differ from the early and late transitional stages (P > 0.05).


[image: image]

FIGURE 2. Pnp-IAG expression in different reproductive stages of P. platyceros. (A) Relative expression of Pnp-IAG from androgenic glands of the different reproductive stages: (J) Juvenile (n = 10), (M) Male (n = 8), (T1) Early transitional (n = 7), (T2) Late transitional (n = 6), (F) Female (n = 8). Error bars represent standard error of the means and statistical difference between the stages is distinguished with letters. (B) Second pleopods at different reproductive stages. The location of the second pleopod is shown in the blue circle (top left). Appendix masculina (AM; green) and appendix interna (AI; blue) are highlighted. Bar scales (= 5 mm) are consistent in all photos. The AM/AI ratio in the different reproductive stages are given in the table.




Pnp-IAG Knockdown Effects

While the transcription level of Pnp-IAG in intact males was significantly higher than in transitionals (Figure 2A), and the level of Pnp-Vg in intact males was negligible and significantly lower than that of transitionals (Levy et al., 2020), in the short term experiment, although this result was not statistically significant (t16 = 0.95, P > 0.05), Pnp-IAG relative transcript levels in the group injected with dsPnp-IAG (i.e., the ’silenced’ group), was reduced by 55% compared to the control group (Figure 3A). However, the relative transcript levels of Pnp-Vg in the hepatopancreas (Figure 3B) was 8.5-fold higher in the silenced group compared to the control (statistically significant; t16 = −2.34, P < 0.05).
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FIGURE 3. Short term Pnp-IAG loss of function through RNAi. (A) Relative expression of Pnp-IAG and (B) Pnp-Vg in P. platyceros males injected with dsPnp-IAG (red, n = 10) or with crustacean saline (control; green, n = 8). Error bars represent standard error of the means. *P < 0.05.


In the long term experiment, during the 7 months period, all of the 11 animals that remained alive in the silenced group injected with dsPnp-IAG, molted twice. On the other hand, in the control group that was injected with saline, among the eight animals that remained alive, six molted once, and only two molted twice. Since molting is required to facilitate transformation from a male to a female including the morphological changes in the AM/AI ratio along the transformation process (Levy et al., 2020), we followed the changes in AM/AI ratio in an amputated 2nd pleopod. It appeared that the one or two molts which occurred were not sufficient to fully regenerate the amputated pleopod and instead, the animals developed a ’regenerative-looking pleopod’ in which the AM could not be determined (Supplementary Figure S1).

Histological sections of the gonads (Figure 4A) depicted ovotestis containing both testicular and ovarian tissues in the control group where most oocytes were pre-vitellogenic. Contrary to the above, in the silenced group most animals had an ovary with vitellogenic oocytes and absence of testicular tissue. The oocytes in the gonads (Figure 4B) were significantly larger in size (t17 = −3.10, P < 0.01) in animals from the silenced group compared to the control. The average ± SD oocyte diameter measured were 298.55 ± 88.90 and 203.56 ± 32.86 μm for the silenced and control animals, respectively. However, the differences in GSI between the silenced and the control group, 0.23 ± 0.10 and 0.17 ± 0.08%, respectively, were not statistically significant (t17 = 1.09, P > 0.05).
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FIGURE 4. Long term Pnp-IAG loss of function through RNAi in terms of Pnp-IAG and Pnp-Vg transcript levels and gonad anatomy. P. platyceros males were injected with dsPnp-IAG (blue) or with crustacean saline (control; gray). (A) Representative gonad photos of dsPnp-IAG injected (top) and control (bottom) animals. Ovarian (Ov) and testicular (Tes) tissues are indicated. Bar scales (= 5 μm) are consistent in both photos. (B) Oocyte diameter and (C) Gonadosomatic index (n treatment = 11, n control = 8). (D) Pnp-IAG relative expression levels (n treatment = 9, ncontrol = 5). (E) Pnp-Vg relative expression levels (n treatment = 9, n control = 8). Error bars represent standard error of the means. P-values are denoted: *P < 0.01, **P < 0.001, ***P < 0.0001.


After 7 months, in the silenced group injected with dsPnp-IAG, Pnp-IAG relative transcript levels were significantly reduced by 99% (t12 = -5.01, P < 0.001) (Figure 4C) whereas the relative transcript levels of Pnp-Vg in the hepatopancreas (Figure 4D) was significantly higher by 13-fold in the silenced group compared to the control (t15 = 5.83, P < 0.0001).



P. platyceros RNA Library and Sex-Specific Differentially Expressed Genes

De novo assembly of all clean reads of the library resulted in 751,594 contigs representing transcripts from 416,769 putative genes. The total length of all contigs was 343,592,935 bp with N50 = 2,140 bp. BUSCO analysis performed on the gene representatives identified 92.7% of the BUSCO sequences, 78.0% in single copy and 14.7% duplicated.

Following the DESeq2 analysis, a total of 1,801, 1,707, 1,946, and 182 genes were found to be differentially expressed (FDR adjusted P-value < 0.05 and absolute linear fold change > 1.3) between the reproductive stages (male, transitional, and female) in the AG, eyestalks, gonad, and hepatopancreas, respectively. Focusing on significant differential genes between males and females, 898, 539, 1,164, and 74 genes were found in the AG, eyestalk, gonad, and hepatopancreas, respectively (2,675 in total). Three transcripts (see ’AG F vs. M’ sheet in Supplementary Table S1) were found to contain fragments that assemble the Pnp-IAG mRNA (accession number KX619617.1) and were annotated as such. Summary of all DE genes between males, transitionals and females for each tissue separately is presented in Figure 5 and Supplementary Figures S2–S5 while a detailed list of all the 2,675 DE genes between males and females in all the sampled tissues is presented in Supplementary Table S1.
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FIGURE 5. Differentially expressed genes at different reproductive stages of P. platyceros. Significant differential genes (FDR adjusted P-value < 0.05 and absolute linear fold change > 1.3) between males (M), transitionals (T), and females (F) in the following tissues (A) androgenic gland, (B) eyestalk, (C) gonad and (D) hepatopancreas are given. (Top) Heatmaps represent the intensity of variation in gene expression between different reproductive stages (two pooled samples in each stage). (Bottom) Venn diagrams represent the number of genes that were found to be significantly different when comparing expression patterns from the different reproductive stages in each tissue. A list of all significant differential genes between males and females in the different tissues are given in Excel table in the Supplementary Material.




Differentially Expressed Genes Correlating With the Pnp-IAG Expression Pattern

The transcriptional pattern of Pnp-IAG showed high expression at the juvenile stage and a decrease in males, with negligible levels in transitionals and female stages (Figure 2). Among the tissues sampled for transcriptomic library preparation in the present study, only the AG contained genes with similar transcriptional pattern to that of Pnp-IAG. Five of these genes were found to be positively correlated with the Pnp-IAG transcriptional pattern, i.e., downregulated in transitionals vs. males and in females vs. transitionals, and were assumed to be associated with the IAG-switch and thus termed ’Pnp-IAG-switch 1-5’ (Figure 6 and Table 1). Pnp-IAG-switch 1, 3, 4, and 5 had an ORF but none of these genes contained a signal peptide nor a typical conserved protein domain. Only a single gene, ’Pnp-IAG-switch 6,’ was found to be negatively correlated with Pnp-IAG transcriptional pattern, i.e., upregulated in transitionals vs. males and in females vs. transitionals and it was the only gene to be annotated. Pnp-IAG-switch 6 was annotated as a proclotting enzyme which contains a Trypsin-like serine protease domain (Tryp_SPc). Protein homolog sequences in 17 other decapod species, including shrimps, crabs, hermit crabs, lobsters and crayfish, were found for all the above genes but one (Pnp-IAG-switch 5), as thoroughly described in Table 2. The accession numbers of the mRNA sequences of the above six genes are given in Table 1.
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FIGURE 6. Read counts of AG differentially expressed genes correlated with Pnp-IAG transcriptional pattern throughout the P. platyceros life-history. Normalized read counts of each of the two replicates per reproductive stage that were sequenced to assemble the P. platyceros RNA library described in this study. (A–E) Genes with decreasing transcriptional pattern (i.e., Pnp-IAG-switch 1-5). (F) A gene with increasing transcriptional pattern (i.e., Pnp-IAG-switch 6). Genes considered significant according to the following parameters: FDR adjusted P-value < 0.05 and absolute linear fold change > 1.3. A detailed list of the above genes is given in Table 1.



TABLE 1. AG differentially expressed genes correlated with Pnp-IAG transcriptional pattern throughout the P. platyceros life-history.
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TABLE 2. Homolog sequences of the genes from Table 1 in other decapod species.
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DISCUSSION

Studying the IAG-switch and its control in gonochoristic species is complex since the sexual differentiation period is limited to early developmental stages (i.e., larval and post-larval stages) (Levy et al., 2018; Levy and Sagi, 2020) and isolation of tissues in which IAG-switch associated genes are expressed is difficult due to the small body size of the undifferentiated animal. The protandric P. platyceros used in this study is an ideal crustacean model to investigate IAG-switch-related mechanisms since the sexual differentiation process is not limited to a particular early period, but occurs when an individual matures as a male and later during its transformation from a mature male to a mature female.

To lay the foundations for the present study, we confirmed the presence of the AG at the typical location for decapods (Charniaux-Cotton, 1962), the base of the 5th pereiopod, as previously described also in P. platyceros during an histological study that followed the morphology of the AG in shrimp of different sizes and developmental stages including juveniles, reproductively active and non-active males and early transitionals (Hoffman, 1969). Moreover, while the IAG mRNA was previously obtained in a simultaneous protandric shrimp, Lysmata wurdemanni (Zhang et al., 2017), to the best of our knowledge, the Pnp-IAG mRNA obtained in this study is the first IAG to be sequenced in a sequential protandric shrimp.

The transcriptional pattern of Pnp-IAG, which was highest in juveniles, decreased significantly in males and became almost negligible in transitionals and females, could be preeminently discussed according to a previous study conducted more than four decades ago, which described the development of the AG in different stages of P. platyceros, from immature males to early transitionals (Hoffman, 1969). This histological study (Hoffman, 1969) describes juvenile males (6–8 months old) exhibiting an AG with dense proliferating cells that were later vacuolated in mature males and started degradation when the animal initiated transformation toward femaleness. Our finding of Pnp-IAG transcript levels, that are sixfold higher in juveniles than in males, implies that albeit smaller AG size in the juvenile stage (Hoffman, 1969), the proliferating cells in the AG of juveniles express more IAG than the vacuolated cells comprising the larger AG in active mature males. It has been postulated that AG and IAG activity are essential not only for crustacean male sexual differentiation (Manor et al., 2007), but also for masculine maintenance and male morphotypic differentiation in adults (Sagi et al., 1990). However, the above results of higher Pnp-IAG transcript levels in juveniles may indicate that higher IAG levels are required during the early male differentiation and maturation process rather than for masculine maintenance in adult males. To the best of our knowledge, this is the first report to compare IAG transcription between early male differentiation stage (juveniles) and mature males during the life history of the same species.

The pivotal function of IAG in this protandric species is best exemplified by the loss of function experiments. According to the short term Pnp-IAG loss of function experiment, the efficiency of the dsIAG injection on reducing the IAG transcript level was lower (55% reduction in IAG transcription level) compared to similar experiments in other gonochoristic decapods, including the crayfishes Cherax quadricarinatus and Procambarus clarkii, which showed a reduction of 97 and 98% of IAG transcription levels, respectively (Rosen et al., 2010; Savaya et al., 2020). On the other hand, while short term loss of function experiments are usually conducted as a preliminary technical step to test only the efficiency of the introduced double stranded RNA before performing a long term experiment, the results of the short term experiment in this study were surprising as even partial IAG silencing was sufficient to cause significant elevation in hepatopancreas Pnp-Vg transcript levels after 48 h. Indeed, it has been suggested that crustacean AG and IAG are considered, not only as key factors for masculine differentiation and maintenance, but also as repressors of the vitellogenesis process and transcription of the vitellogenin gene in the hepatopancreas (Sagi et al., 2002). However, as far as we know, this is the first species in which this concept is proven in such a short time frame (2 days) post dsIAG administration, thus exemplifying the high degree of sexual plasticity in protandric species.

The long term silencing experiment of Pnp-IAG revealed that the dsPnp-IAG silencing clearly induced the typical sexual transformation from maleness to femaleness that naturally occurs in protandric species. While the GSI values were larger, but not statistically significant, in the silenced group vs. the control, a comparison of the oocyte diameters in the present study to our previous study that characterized reproductive parameters in all P. platyceros stages (Levy et al., 2020), shows that the oocytes of the silenced group are quite similar to those of early transitionals (T1) sampled in the previous study (299 vs. 287 μm, respectively), whereas the control group is quite similar to mature males (204 vs. 181 μm, respectively). The latter determination of the reproductive stage (M and T1 for the control and silenced groups) is also supported by the relative quantification of Pnp-IAG transcript levels in the present study, that was 100-fold higher in the silenced compared to the control group (Figure 4D), similarly to the fold change quantified between T1 and M (Figure 2). All anatomical, morphological and molecular differences between the silenced and the control groups described in this study are consistent with the previous report regarding natural changes in the same parameters between M and T1 during a protandric sexual shift (Levy et al., 2020). While previous manipulations of the IAG-switch that were performed at early developmental stages of gonochoristic species aimed to understand the AG and IAG function in light of early sexual differentiation mechanisms (Levy and Sagi, 2020), the present study, to the best of our knowledge, is the first to describe how IAG functions as a major regulator during the sexual transformation between adult stages (i.e., mature male to mature female) in hermaphrodite species. With continuously declining P. platyceros populations in nature (Smith and Gray, 2017; Levy et al., 2020), such induction of sexual transformation, might significantly shorten the long P. platyceros life-cycle (Barr, 1973; Iversen et al., 1993; Kimker et al., 1996; Levy et al., 2020) contributing to potential establishment of sustainable mariculture for this important species and consequently, reduce the need for fishing thus allowing recovery and conservation of P. platyceros populations in nature.

Other than IAG, genes that are correlated with the activity of the IAG-switch have yet to be found and this study is presenting a great opportunity to target such genes in the protandric P. platyceros, in which sexual differentiation processes are continuous through adulthood; while transforming from maleness to femaleness (Levy et al., 2020). According to the DESeq analysis performed on the RNA library data in the present study, 1000s of genes that are DE between the different developmental stages in the different tissues related to reproduction and its control were found (Figure 5). Interestingly, the number of DE genes in the hepatopancreas was ∼10-fold lower than in other tissues. This could be due to the fact that although the Vg gene, which is related to female reproductive activity (Okuno et al., 2002), is being transcribed in the hepatopancreas of P. platyceros (Levy et al., 2020), most of the hepatopancreas functions in crustaceans are related to metabolism as digestion, absorption and storage of nutrients, mechanisms which are not sex-specific (Vogt, 2019). Moreover, although the most dramatic change in IAG transcription levels was between male and transitional stages, most cases of DE genes in the AG and eyestalk were found between the transitional and female stages. It is noteworthy that not every sexually biased gene must be directly related to sexual development. For example, in the Pacific White shrimp Litopenaeus vannamei, genes that were annotated as 40S and 60S ribosomal proteins were expressed 10-fold higher in female larvae when compared to males, although their relation to sexual development is unclear (Wang et al., 2020). Also, in this study, most gene annotations of the DE genes between the different developmental stages in all the tissues, if they exist (Supplementary Table S1), do not necessarily reflect a function related to reproduction or sexual development. Therefore, with majority of potential genes whose annotation is not clear, the strategy was to focus on genes with similar or opposite transcription pattern to the known pivotal IAG gene. Interestingly, all of the six genes (Pnp-IAG-switch 1-6) that exhibited a very similar transcriptional pattern (or mirror image) with Pnp-IAG were found in the AG library. Thus, it may be hypothesized that those genes are also related, directly or indirectly, with the IAG-switch. Therefore, with no clear annotations we decided to term them IAG-switch related (IAG-switch 1-6). Moreover, their high conservation rate among other decapods raises assumptions that they might serve as universal crustacean IAG-switch associated factors. Those six genes may set the basis for future studies aiming to uncover controlling elements over the crustacean IAG-switch. For example, knockdown/out based functional experiments of the above six genes in P. platyceros and their homologs in other crustacean species, might yield new insights regarding the universal IAG-switch mechanism and open a new window into the heart of sexual differentiation in crustaceans.



CONCLUSION

Crustacean sexual differentiation and reproductive physiology have been studied for many years due to the global importance of crustaceans to the marine and freshwater ecosystems, as well as their potential of serving as a sustainable food source. With these respects, the IAG-switch is the mostly studied mechanism due to its pivotal role in crustacean sexual differentiation. However, until now, the IAG gene is the only proven key factor discovered within the IAG-switch. While previous studies focused on gonochoristic species, the novel approach of using a protandric shrimp as a model for a molecular sexual differentiation research, as described in the present study, yielded six novel significant candidate genes whose transcriptional pattern is strongly similar to that of IAG and conserved among other decapod species. We believe that further study of these genes will reveal additional pieces of the crustacean sexual differentiation puzzle and lead to better understanding of the IAG-switch mechanism.
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Supplementary Figure 1 | ‘Regenerative-looking pleopod.’ (A) Post-molt second pleopod of a male whose original second pleopod was removed in the beginning of the long term Pnp-IAG silencing experiment. (B) Post-molt second pleopod of a male whose original second pleopod was not removed in the beginning of the same experiment. Appendix interna and appendix masculina are indicated by yellow and black arrows, respectively. Bar scales (= 1500 μm) are consistent in both photos.

Supplementary Figure 2 | Heatmaps of the DE genes in the androgenic gland. The figure represents a larger version of the heatmap given in Figure 5.

Supplementary Figure 3 | Heatmaps of the DE genes in the eyestalk. The figure represents a larger version of the heatmap given in Figure 5.

Supplementary Figure 4 | Heatmaps of the DE genes in the gonad. The figure represents a larger version of the heatmap given in Figure 5.

Supplementary Figure 5 | Heatmaps of the DE genes in the hepatopancreas. The figure represents a larger version of the heatmap given in Figure 5.

Supplementary Table 1 | Differentially expressed (DE) transcripts between males and females in P. platyceros. DE transcripts (P ≤ 0.05) from the transcriptomic library of P. platyceros (column A) and their read counts in each stage (male, transitional and female; columns B–G) are given in the excel file along with their linear fold change (column H), adjusted p-value (column I) and transcriptional pattern (down/up regulated; column J) between females and males. Blastp annotations are given in column K. Each sheet represents DE genes for a different tissue (Androgenic gland (AG), eye stalk (ES), gonad and hepatopancreas). Transcripts that were annotated as Pnp-IAG or Pnp-IAG-switch 1–6, in the AG data sheet, are marked in yellow.


FOOTNOTES

1 https://github.com/FelixKrueger/TrimGalore

2 Trinotate.github.io
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Gene ID and accession number Linear FC Adjusted P-value Linear FC Adjusted P-value Pattern Blastp Decapods with

(T.vs.M) (T.vs.M) (F.vs.T) (F.vs.T) annotation homologs

(A) Pnp-IAG-switch_1 MT708476 —23.6 1.27E-08 —87.1 0.000377 Down NA 2
(B) Pnp-IAG-switch_2 MT708477 —23.9 0.00114 —771 0.00968 Down NA 1

(C) Pnp-IAG-switch_3 MT708478 —18.1 3.22E-05 -76.2 0.0039 Down NA 2
(D) Pnp-IAG-switch_4 MT708479 —13.8 0.019 —26.1 0.00141 Down NA 3
(E) Pnp-IAG-switch_5 MT708480 —6.93 0.00103 —-10.2 7.12E-05 Down NA 0
(F) Pnp-IAG-switch_6 MT708481 45.8 1.40E-14 57.2 1.60E-21 Up Pro-clotting 17

enzyme

For each gene ID, which is graphically represented in Figure 6 (as indicated by the uppercase preceding each gene ID in the first column), FDR fold change (linear FC)
and adjusted P-values of transitionals vs. males and females vs. transitionals and the transcriptional pattern (down/up regulated) are indicated. Blastp annotations are
given where available. The numbers of decapod species that were found to contain a homolog coding sequence for each gene ID in P. platyceros are indicated.
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Pnp-IAG-switch_2 Scylla olivacea
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NA
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QIR83543.1
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ALR35020.1
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2F91_A
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Accession numbers of the homolog sequences from each species are given

for each gene ID.
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