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Mutation of Serine protease 1 Induces Male Sterility in Bombyx mori
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Serine proteases are important in reproduction, embryonic development, cell differentiation, apoptosis, and immunity. The genes encoding some serine proteases are essential for male fertility in both humans and rodents and are functionally conserved among metazoan. For example, the Serine protease 1 (Ser1) gene determines male reproductive success in the model lepidopteran insect Bombyx mori. In this study, we explored the function of BmSer1 through transgenic CRISPR/Cas9 technology-mediated mutations in silkworm. We found that the mutation of BmSer1 gene resulted in male sterility but had no effect on female fertility. Male mutants produce normal eupyrene sperm bundles, but the sperm bundles do not dissociate into single sperm. Male sterility caused by the BmSer1 gene mutation was inherited stably through female individuals. Therefore, the serine protease encoded by BmSer1 is essential for male reproductive success in lepidopterans and is a potential target gene for biological reproductive regulation.
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INTRODUCTION

Serine proteases are important proteolytic enzymes that have serine as the active center. More than one-third of known proteolytic enzymes are serine proteases (Page and Di Cera, 2008). Serine proteases are divided into three categories based on substrate specificity: chymotrypsin, trypsin, and elastase (Kasafirek et al., 1976). These proteases are mainly β-proteins in structure, and their sequences have diverged greatly during evolution, but the active sites all contain three amino acid residues of Ser, His, and Asp (Wallace et al., 1996; Betzel et al., 2001). His and Asp are located in the N-terminal domain and ensure structural stability and functional activity, whereas Ser is located in the C-terminal domain and has catalytic function (Kraut, 1977; Zhou et al., 1994). Serine proteases are important for reproduction, embryonic development, cell differentiation, apoptosis, and immunity in animals (Liu et al., 2004; Bhuiyan and Fukunaga, 2008; Wang et al., 2008; Lin et al., 2015; Lee et al., 2018; Barzkar et al., 2021). Loss or deficiency of serine proteases can lead to severe development defects and sterility (Liu et al., 2013; Shang et al., 2018; Holcomb et al., 2020; Kobayashi et al., 2020). In recent years, a considerable number of studies have showed serine proteases are specifically expressed in reproductive tissues in Bombyx mori (Cesari et al., 2010). For example, we have successfully characterized and functionally ovarian serine protein or egg specific protein, as primary proteins conferring the oogenesis and fertility in B. mori (Xu et al., 2020b,2021).

The complex physiological process of spermatogenesis, which involves mitosis, meiosis, and morphological changes, is also regulated by serine proteases that are essential for reproductive success (Le Magueresse-Battistoni, 2007; LaFlamme and Wolfner, 2013; Salicioni et al., 2020). The trypsin-like serine protease 37 (PRSS37) is highly and exclusively expressed in the testis of adult mouse, especially in elongating spermatids during spermatogenesis. Loss of PRSS37 expression cause defective sperm migration from the uterus into oviduct, resulting in male infertility in humans and mouses (Liu et al., 2016; Xiong et al., 2021). Deletion of the gene encoding the serine protease PCSK4 in mouse leads to accelerated capacitation of sperm, impaired binding of sperm to zona pellucida, impaired fertilization, and ultimately infertility (Gyamera-Acheampong and Mbikay, 2009; Tardif et al., 2012). The testis-specific serine kinase family (TSSK) has six members, which are all expressed post-meiotically during spermiogenesis. The members of the TSSK family have high homologies in their kinase domains, and their defects lead to sterility without exhibiting somatic abnormalities (Nayyab et al., 2021). In Drosophila melanogaster, the serine protease Seminase acts as seminal fluid protein component and initiates protease cascade signaling pathway through hydrolysis, thus participating in early post-copulation reproductive regulation. RNA interference (RNAi) technology was used to down-regulate the expression of the Seminase gene, resulting in reduced oviposition and other sex peptide storage defects (LaFlamme et al., 2012). In the silkworm B. mori and Plutella xylostella, the serine protease 2 is a component of seminal fluid, and reductions in its expression lead to male sterility (Xu et al., 2020c).

In addition to the serine protease 2, there are many other serine proteases in the seminal fluid (Le Magueresse-Battistoni, 2007; LaFlamme and Wolfner, 2013; Salicioni et al., 2020). Confusingly, why these serine proteases are necessary and what are the functions of the different proteases? On the other hand, the function of serine protease in reproduction has been studied, but there are few reports in the model lepidopteran insect B. mori. Lepidoptera, the second largest insect order containing more than 70% of the existing agroforestry insect pests (Roscoe et al., 2016). In order to explore the function of other serine proteases in silkworm for more potential sterile gene targets, we here investigated the function of serine protease 1 (Ser1) (NM_001160202.1) in B. mori using transgenic CRISPR/Cas9 technology. We found that the loss of function of BmSer1 resulted in male sterility without reducing female fertility and without affecting growth and development. In bursa copulatrix of females mated with male mutants, due to the eupyrene sperm bundles failed to dissociate into single sperm, resulting in subsequent fertilization failures. Importantly, the male sterility phenotypes were inherited stably to offspring of female mutants that carried the BmSer1 male sterility gene mutations. The competitiveness of mutants was the same as that of the wild-type insects, and the BmSer1 is moderately conserved in evolution. Taken together, our data indicate that the Ser1 gene has potential as a genetic-based inheritable sterile insect technology (SIT) for pest control.



MATERIALS AND METHODS


Insect Strains and Rearing

Nistari, a multivoltine and non-diapausing silkworm strain, was used for all experiments. Larvae were reared on fresh mulberry leaves at 25°C under standard conditions (Tan et al., 2005).



Protein Structure Analysis

Protein structure was modeled using the online software SWISS-MODEL1 (Bienert et al., 2017). Visual Molecular Dynamics software was used for visual analysis (Giorgino, 2019).



Phylogenetic Analysis

Evolutionary history was inferred using the neighbor-joining method (Saitou and Nei, 1987). The evolutionary distances were computed using the Poisson correction method and are in the units of the number of amino acid substitutions per site. The analysis involved amino acid sequences of the Ser1 homologs from B. mori, Ostrinia furnacalis, Papilio xuthus, Spodoptera litura, Helicoverpa armigera, Operophtera brumata, Heliconius melpomene, Eueides isabella, Bicyclus anynana, and Laparus doris. All ambiguous positions were removed for each sequence pair (pairwise deletion option). Evolutionary analyses were conducted in MEGA X (Kumar et al., 2018).



RNA Isolation, Complementary DNA Synthesis, and qPCR Analysis

Total RNA was isolated from several silkworm tissues using TRIzol® reagent (Invitrogen, United States). For complementary DNA (cDNA) synthesis, 1 μg of total RNA was used with the RevertAid™ First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, United States). Quantitative real-time PCR (qRT-PCR) analyses were performed using a SYBR Green Realtime PCR Master Mix (Thermo Fisher Scientific, United States). The PCR conditions were as follows: initial incubation at 95°C for 5 min, 35 cycles at 95°C for 15 s, and 60°C for 1 min. The B. mori gene encoding ribosomal protein 49 (Bmrp49) was used as an internal control. A relative quantitative method (△△Ct) was used to evaluate quantitative variation. The gene-specific primers used for qRT-PCR are listed in Table 1.


TABLE 1. Primers used in PCR amplification and plasmid construction.

[image: Table 1]


Plasmid Construction

The sgRNA sequences that matched the 5′-GG-N18-NGG-3′ rule were identified and potential off-target binding to the relevant silkworm genomic sequence was analyzed using CRISPRdirect2 (Naito et al., 2015). Two 23-base-pair (bp) sgRNAs that target sites in the exon of Ser1 were designed. The activator was the plasmid pBac[IE1-EGFPNos-Cas9] (Nos-Cas9), which results in Cas9 expression, driven by the nanosP (Nos) promoter located in the posterior region of embryos near the gonad site (Xu et al., 2019); and expression of the enhanced green fluorescent protein (EGFP) marker under control of the IE1 promoter as reported in our previous study (Nakao et al., 2008; Xu et al., 2019, 2020a). The effector plasmid was pBac[IE1-DsRed2-U6-sgRNA] (U6-sgRNA), which results in expression of the sgRNA under control of the silkworm U6 promoter and the DsRed fluorescence marker under control of the IE1 promoter. The primers used for plasmid construction are listed in Table 1.



Silkworm Germline Transformation and Mutagenesis Analysis

Silkworm germline transformation was performed by microinjection of a mixed solution of U6-sgRNA and piggyBac helper vector into pre-blastoderm Nistari embryos. Embryos were incubated in a humidified chamber at 25°C until hatching. Larvae were reared to moths and sib-mated or backcrossed with wild-type (WT) moths. G1 progeny were scored for the presence of the marker gene during the embryonic stage under a fluorescence microscope (Nikon AZ100, Japan). Four germlines were produced by the hybridization of the Nos-Cas9 line with the U6-sgRNA line were the F1 progeny, including the mutant line with double-fluorescences (DsRed and EGFP), Nos-Cas9 line with green fluorescence (EGFP), the U6-sgRNA line with red fluorescence (DsRed), and a non-mutant line without fluorescence. Free hybridization of four lines also produced only these four types of individuals. The inheritance of double-fluorescences was confirmed in each subsequent generation. Individuals with double-fluorescences (DsRed and GFP) were ΔBmSer1 somatic mutants and were used in subsequent experiments.

Genomic DNA of ΔBmSer1 individuals was extracted to identify deleted regions. First instar larvae were incubated in DNA extraction buffer (1:1:2:2.5 ratio of 10% SDS to 5 M NaCl to 100 mM EDTA to 500 mM Tris-HCl, pH 8) with proteinase K, then purified with a standard phenol:chloroform extraction and isopropanol precipitation, followed by RNaseA treatment. The genomic PCR conditions were as follows: 94°C for 2 min, 35 cycles of 94°C for 15 s, 55°C for 30 s, and 72°C for 1 min, followed by a final extension period at 72°C for 10 min. The PCR products were sub-cloned into pJET1.2 vectors (Thermo Fisher Scientific, United States), and vectors were sequenced. The primers used for sequencing are listed in Table 1.



Sperm Morphology Observation

Bursa copulatrixes were dissected from mated control and ΔBmSer1 individuals. The tissues were prefixed with 4% paraformaldehyde fixative (Beyotime, CHN), placed on a glass slide, and photographed under a microscope (Olympus BX51, Japan).



Mutant Competitiveness and Germline Transmission Assay

A competitiveness assay was performed in a plastic container (30 × 18 × 4.5 cm3). To evaluate mutant females, newly emerged WT and ΔBmSer1 female moths were placed on either side of the container leaving a distance of 10 cm to the center, and one newly emerged WT male moth was placed in the center of the container. To evaluate mutant males, newly emerged WT and ΔBmSer1 male moths were placed on either side of the container, and a newly emerged WT female moth was placed in the center of the container. Male moths that mated with a female were considered responsive, and the number was recorded. The response index was calculated as a percentage of the number of responsive moths compared with the total number of test moths.



Statistical Analysis

Three independent replicates were used for each treatment. Means were determined, and error bars are ± SEM. A two-tailed Student’s t-test was used to analyze differences between WT and mutant individuals.




RESULTS


Protein Structure and Phylogenetic Identification of Ser1

We modeled the structure of BmSer1 protein using SWISS-MODEL, and visualized the model by Visual Molecular Dynamics software. The protein is predicted to fold into 2 α-helices and 14 β-sheets (Figure 1A). Homologous sequences of the Ser1 protein were selected from 10 different lepidoptera species to explore evolutionary conservation. These species were B. mori, Ostrinia furnacalis, Papilio xuthus, Spodoptera litura, Helicoverpa armigera, Operophtera brumata, Heliconius melpomene, Eueides isabella, Bicyclus anynana, and Laparus doris. The Ser1 protein sequence is moderately conserved (Figure 1B). Most serine proteases are highly specific for certain substrates, and therefore it is likely that the serine proteases involved in reproduction are species specific. We speculate that serine protease specificity may be a factor in reproductive isolation between different organisms. The specificity of serine proteases has not yet been elucidated.
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FIGURE 1. Predicted structure Phylogenetic analysis of BmSer1 protein. (A) Predicted structure in licorice representation and ribbon diagram. (B) Phylogenetic tree. Protein sequences from B. mori (NP_001153674.1), O. furnacalis (XP_028171578.1), P. xuthus (XP_013174764.1), S. litura (XP_022835461.1), H. armigera (XP_021184761.1), O. brumata (KOB66629.1), H. melpomene (ADJ58567.1), E. isabella (AEU11620.1), B. anynana (XP_023944151.1), and L. doris (AEU11625.1). The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree.




Spatiotemporal Expression Pattern of BmSer1

We investigated the transcriptional profile of BmSer1 from two developmental stages: day 3 of the fifth instar larvae (L5D3) and the wandering stage (W). For each developmental stage, we collected 10 different tissues for qRT-PCR analysis: head, epidermis, fat body, midgut, Malpighian tubules, anterior silk gland, middle silk gland, posterior silk gland, testis, and ovary. The results showed that BmSer1 was more highly expressed in the testis than other tissues in both L5D3 and W stages (Figure 2A). Since BmSer1 is highly expressed in the larval testis, we subsequently examined its expression in the adult gonads. We quantified the BmSer1 mRNA expression in six major reproductive tissues of virgin and mated adults, including male accessory gland, seminal vesicle and ejaculatory vesicle, glandula prostatica, testis, female accessory gland, and bursa copulatrix. BmSer1 was more highly expressed in the glandula prostatica than other tissues in both virgin and mated adult stages (Figure 2B). These results suggested that the BmSer1 might be important in male fertility.
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FIGURE 2. Spatial and temporal expression of BmSer1 in WT individuals. (A) BmSer1 expression in ten tissues at L5D3 and W stages. (B) BmSer1 expression in six tissues at virgin and mated adult stages. Abbreviations: epidermis (EPI), fat body (FB), midgut (MG), Malpighian tubules (MT), anterior silk gland (ASG), middle silk gland (MSG), posterior silk gland (PSG), testis (TE), ovary (OV), male accessory gland (MAG), seminal vesicle and ejaculatory vesicle (SV&EV), glandula prostatica (GP), female accessory gland (FAG), and bursa copulatrix (BC). mRNA expression was normalized to Bmrp49. The data shown are means ± S.E.M.




CRISPR/Cas9-Mediated Mutagenesis

We generated BmSer1 loss-of-function silkworms using the CRISPR/Cas9. The BmSer1 gene consists of only one exon, and we selected two regions to target with sgRNAs that fit the consensus GGN19GG (Figure 3A). The BmSer1 mutants were obtained by crossing the strain Nos-Cas9, which encodes Cas9 (with EGFP as a selection marker), with the U6-sgRNA strain that encodes the BmSer1-targeted sgRNAs (with DsRed as a selection marker) (Figure 3B). The silkworm mutants were obtained from the progenies carrying both EGFP and DsRed fluorescent markers. The mutation events were confirmed by genomic PCR. All the mutations of BmSer1 in the transgenic line were somatic mutations, so the mutation types were varied (Figure 3C).
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FIGURE 3. BmSer1 knockout mediated by transgenic CRISPR/Cas9 system. (A) Genomic structure of BmSer1. The locations and sequences of the binding sites for sgRNAs (TS1 and TS2) in the exon of BmSer1 are indicated. (B) Schematic representations the activator line vector Nos-Cas9 and effector line vector U6-sgRNA. (C) Mutations observed in representative heterozygous offspring. The target sequence is in black, and the PAM sequences are in red. The deletion size is indicated to the right of the sequence.




BmSer1 Mutation Induce Male Sterility

Progeny of WT virgin females crossed with WT males (control) and progeny of ΔBmSer1 virgin females crossed with WT males grew and hatched normally. In contrast, WT or ΔBmSer1 virgin females mated with ΔBmSer1 males produced normal numbers of eggs, but these eggs did not hatch within 10 days (Figures 4A,B). We counted the number of eggs produced in broods by WT virgins sib-mated with ΔBmSer1 and by ΔBmSer1 virgins mated with WT males. These numbers were not significantly different compared with eggs produced by controls (Figure 4B). ΔBmSer1 virgins mated with WT males produced a mean of 330 eggs, WT virgins mated with ΔBmSer1 mutant males produced a mean of 318 eggs, ΔBmSer1 virgin females mated with ΔBmSer1 males produced a mean of 282 eggs, and WT females mated with WT males as a control produced a mean of 362 eggs (n = 30 pairs per group). Almost all control eggs hatched (∼93%, 336/362) as did eggs of ΔBmSer1 virgins mated with WT males (∼82%, 269/330), but very few of the eggs of WT females mated with ΔBmSer1 males hatched (∼6%, 19/318), and no eggs produced by ΔBmSer1 virgins mated with ΔBmSer1 males hatched (0%, 0/282) (Figure 4B). In addition, we observed sperm in the bursa copulatrix and found that the eupyrene sperm bundles in the control group had dissociated into single sperm, whereas the eupyrene sperm bundles in the WT females mated with ΔBmSer1 mutant males had not dissociated into single sperm (Figure 4C). These results suggest that infertility of ΔBmSer1 males is caused by the eupyrene sperm bundle dysfunction.
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FIGURE 4. BmSer1 mutations result in male sterility. (A) Photographs of eggs produced by different crosses. (B) Plot of the number of eggs hatched (gray) and unhatched (white) resulting from different crosses. (C) Morphologies of sperm in bursa copulatrix from representative control mating and from a representative WT female mated with ΔBmSer1 mutant male. The data shown are means ± SEM (n = 30 pairs per group). Asterisks indicate significant differences with a two-tailed t-test: ***P < 0.001, n.s. not significant.




Mutations Do Not Affect Adult Competitiveness and Are Heritable

We next quantified expression of BmSer1 mRNA in six major reproductive tissues of virgin WT and ΔBmSer1 males. BmSer1 was significantly down-regulated in all tissues evaluated in ΔBmSer1 males compared with WT males (Figure 5A). To evaluate adult competitiveness, the response index was determined. This index is the percentage of successful matings relative to the total trials in a group. There was no significant difference in competitiveness between ΔBmSer1 and WT females (control, 51.85%; female mutant, 48.48%; n = 30 per group) nor was there any significant difference in male competitiveness (control, 52.09%; male mutant, 47.91%; n = 30 per group) (Figure 5B).


[image: image]

FIGURE 5. Competitiveness and heritability of BmSer1 mutants. (A) Relative mRNA expression of BmSer1 in six reproductive tissues of virgin adults. Abbreviations: male accessory gland (MAG), seminal vesicle and ejaculatory vesicle (SV&EV), glandula prostatica (GP), testis (TE), female accessory gland (FAG), and bursa copulatrix (BC). The mRNA expression was normalized to Bmrp49. (B) Response index of ΔBmSer1 vs. WT females and males. (C) Number of progeny with indicated mutations in F1 (circle), F2 (square), and F3 (triangle) generations. The data shown are means ± S.E.M. Asterisks indicate significant differences with a two-tailed t-test: ***P < 0.001, n.s. no significant.


As germline transformants were constructed by transgenic CRISPR/Cas9 technology, the mutations in BmSer1 should be transmitted to progeny. Four lines were produced by hybridization of the Nos-Cas9 line with the U6-sgRNA lines, and random hybridization of the four lines also produced only these four types of individuals. Hatch rates of each generation were consistent with expected inheritance of the mutation, and the male mutants remained sterile (Figure 5C). These results demonstrated that male sterility induced by disruption of BmSer1 with CRISPR/Cas9 was transmitted into the next generation.




DISCUSSION

In most tissues, the expression of BmSer1 was higher during the W stage than in the L5D3 stage, especially in gonads. Subsequently, we observed BmSer1 expression in the gonads of the adult stage and found that it was highly expressed in the male gonads, especially in the glandula prostatica. This may be relevant to the male reproductive success. For example, serine proteases are hydrolytic enzymes involved in spermatogenesis in testis, sperm capacitation in uterus, migration in female reproductive tract, recognition and binding with the zona pellucida on the egg surface, the acrosome reaction, and fusion of sperm and egg (Zhu et al., 2021). Here, we demonstrated the importance of the male-specific expression of serine protease encoded by BmSer1 in male reproductive success by CRISPR/Cas9 in the silkworm.

Mutations in the BmSer1 gene caused abnormal eupyrene sperm bundle dissociation and male infertility, although mutant females were fertile. Sperm dichotomy is a unique characteristic of lepidoptera species (Phillips, 1971; Karr and Walters, 2015). The male transports eupyrene sperm bundles to the bursa copulatrix of female through ejaculation. About 30 min after entering the bursa copulatrix, the eupyrene sperm bundles dissociate into single curvilinear sperm that are capable of fusion with an egg (Chen et al., 2020). Spermatogenesis and morphology are normal in ΔBmSer1, but the loss of function of the BmSer1 gene led to the failure of eupyrene sperm bundle dissociation.

SIT has proven to be a valuable approach for environmentally friendly pest control. The ideal SIT results from mutation of a gene that only affects reproduction without adversely impacting growth and development (Cong et al., 2013; Hsu et al., 2014). Further, male sterility is superior to female sterility, as this allows females to carry a factor that causes males to produce infertile offspring. When the mutant females are released into the wild, they mate with wild-type males. The female offspring of these matings can mate with wild-type males and produce offspring, whereas males can mate with wild-type females but no offspring are produced. In this way, mutant females spread, reducing the population (Ant et al., 2012; Labbe et al., 2012; Hammond et al., 2016; Marubbi et al., 2017). Mutation of the BmSer1 gene did not affect the growth and development of either sex, and male competitiveness and female attractiveness were no different from those of the wild-type adults. We also found that male sterility due to the mutation in BmSer1 was stably passed through generations by females carrying the mutant gene, and male mutants were sterile in each generation. Therefore, the Ser1 gene is a potential target for SIT.

In summary, mutations of the Ser1 genes in B. mori resulted in male sterility, likely due to a defect in the dissociation process of eupyrene sperm bundles. Phylogenetic sequence analysis showed that the proteins encoded by the Ser1 genes are moderately conserved in Lepidoptera. Lepidoptera, the second largest insect order, includes more than 70% of agroforestry pests (Roscoe et al., 2016). Thus, our study demonstrates that the Ser1 gene is a potential molecular target for genetic-based pest management in a variety of Lepidoptera. The ideal SIT target gene is the one that can be mutated without altering viability or competitiveness of individuals but that causes male sterility (Chen et al., 2016; Collins, 2018). The Ser1 mutation causes male sterility without affecting other growth indicators, therefore, it is a suitable target gene for biological pest control.
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