






	Biocell
DOI:10.32604/biocell.2021.015178
	[image: images]
www.techscience.com/journal/biocell



	Article
	




Es-ATG7 is required for spermatogenesis of Eriocheir sinensis and modulates p53-dependent apoptosis in germ cells
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Abstract: Spermatogenesis is a complicated and highly regulated male gamete differentiation process that begins with the proliferation and differentiation of spermatogonia to the release of the mature spermatozoa. The autophagy-related gene atg7 has been reported as closely related to spermatogenesis and communication of Sertoli cell-germ cells in mice, including acrosome biogenesis, sperm flagellum development, and ectoplasmic specialization assembly. However, the function of es-ATG7 and its molecular regulatory mechanism during spermatogenesis in Crustacea remain largely unknown. Here, we cloned and identified es-atg7 from the testes of the Chinese mitten crabs Eriocheir sinensis and found that the expression of es-atg7 was relatively high in testes through semi-quantitative RT-PCR. The dynamic localization of es-ATG7 detected by immunofluorescence may convey information about its role in the spermatogenesis of E. sinensis. Furthermore, a knockdown of es-atg7 revealed that the malformed sperm with irregular sperm shape or loose nuclear cup and germ cell apoptosis were increased significantly. Accompanying this, we found an up-regulated expression of es-p53 during spermatogenesis in es-atg7 knockdown groups. Altogether, our results indicate that es-ATG7 plays an essential role during spermatogenesis of E. sinensis, and we demonstrated that es-ATG7 acts as an antagonist for p53-dependent apoptosis induction in this process.
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Introduction

Spermatogenesis is an important and remarkable event for all sexually reproducing animals during their reproductive period. Spermatogenesis, as a process, is divided into three main phases: the mitotic phase, the meiotic phase, and the spermiogenesis phase. In the mitotic phase, spermatogonia proliferate to maintain their amount or differentiate to produce spermatocytes; and then enter the meiotic phase. Haploid spermatids were generated from the meiotic divisions of spermatocytes. Finally, the spermiogenesis phase where the haploid spermatids undergo complicated morphological changes and transform to mature sperm (Hermo et al., 2010; Turek, 2016). Crustaceans are unique among the invertebrates. In terms of sperm morphology, crustaceans are not only atypical in shape but also aflagellate in structure, which needs special transport mechanisms to complete their fertilization (Koch and Lambert, 1990). In Crustacea, it is similar to most animals in the process of spermatogenesis. There is the proliferation of spermatogonia, the formation of spermatocytes, where spermatids are produced through meiosis in the testis. These then enter into the process of spermiogenesis and emerge as mature sperm. Mature sperm are transported from the vasa deferentia into the spermatophores (Subramoniam, 2017). However, spermiogenesis is extensively different in various crustacean taxa because their mature sperm show species-specific morphology and structure (Tudge, 2009; Poljaroen et al., 2010). The mature sperm of the Chinese mitten crab, Eriocheir sinensis, shows the typical structure of the brachyuran sperm. They are cup-shaped with a globular acrosome cupped by the nucleus (Medina and Rodríguez, 1992).

Autophagy-related-7 (ATG7) is homologous to the ubiquitin-activating enzyme E1 (Uba1), which facilitates post-translational modifications in the ubiquitination-like process and is essential for the formation of autophagosomes (Xie and Klionsky, 2007; Walls et al., 2010). ATG7 is one of the most important members among a series of ATG proteins and is essential to autophagy regulation. Autophagy, with a rather conserved molecular machinery, is triggered by LC3, which is activated by ATG7 (Yang and Klionsky, 2009). In mammals, the acrosome is also identified as a novel lysosome-related organelle (LRO) (Berruti and Paiardi, 2011; Kang-Decker et al., 2001). Wang et al. (2014) assumed that autophagy is likely involved in acrosome biogenesis based on the possibility of the acrosome originating from a modified autolysosome. A new function of Atg7 in acrosome biogenesis was uncovered, because of almost complete infertility with aberrant acrosome formation in Atg7-mutant male mice, which also supports that the acrosome originates from the autolysosome (Wang et al., 2014). In addition, they also found a malformation in the “9+2” sperm flagellum and an inefficient cytoplasm removal in Atg7-null spermatozoa, except for the deficiency of acrosome biogenesis. Atg7 knockout in spermatids induced the accumulation of PDLIM1, a negative regulator of the organization of the cytoskeleton, which resulted in the disruption of cytoskeleton organization and the inefficient removal of cytoplasm during spermiogenesis (Shang et al., 2016). Therefore, ATG7 plays an important role in mammal spermatogenesis.

In addition, ATG7 is not only a key factor for autophagy induction but also an upstream mediator of lysosome dysfunction-induced cell death (Walls et al., 2010). During starvation, ATG7-induced autophagy plays a cytoprotective role, and ATG7 has a unique pro-apoptotic function in lysosome dysfunction-induced death. Once atg7 is knocked down, the phosphorylation of p53 declines. This causes a deficiency of ATG7 stimulating p53-dependent apoptosis (Walls et al., 2010). Mice with cartilage-specific ablation of atg7 (atg7cKO) show growth retardation associated with decreased cell proliferation and enhanced chondrocyte cell death (Vuppalapati et al., 2015). Autophagy promotes chondrocyte survival, and autophagy inhibition leads to growth retardation in mice due to caspase-dependent apoptosis of chondrocytes (Vuppalapati et al., 2015). However, previous studies reported that the crosstalk between autophagy and apoptosis is quite complicated in the regulation of cell death. Autophagy can work as a partner or an antagonist with apoptosis during cell death (Eisenberg-Lerner et al., 2009; Ullman et al., 2008). In high-fat diet (HFD)-induced obesity mice, autophagy is overactivated in the testis, and the process of spermatogenesis is impaired. When autophagy is inhibited by chloroquine (CQ), the deficiency of spermatogenesis by HFD is improved, which suggests that autophagy is closely involved in the impairment of HFD-induced spermatogenesis (Mu et al., 2017). In addition, heat stress was reported to reduce the expression of ATG7 protein in germ cells with a notable decrease of the autophagic level. Lower cell apoptosis and impaired spermatogenesis were detected (Zhang et al., 2012). Therefore, the accurate functions of ATG7 during cell death and spermatogenesis are still not fully understood, particularly in Crustacea, research in this field is almost non-existing.

The Chinese mitten crab is a suitable model for studying the molecular mechanism during spermatogenesis in Crustacea. The purpose of this study was to explore whether es-ATG7 plays a role during spermatogenesis of E. sinensis and whether it is related to apoptosis of the germ cells in the testis. To solve this problem, we obtained the full-length cDNA of the es-atg7 gene from the testis of E. sinensis. The expression pattern of es-ATG7 protein during spermatogenesis indicated that es-ATG7 may affect the process of spermatogenesis in E. sinensis. More than that, we conducted RNAi to knock down the expression of es-ATG7 by dsRNA injection and dsRNA transfection in vivo and in vitro, respectively.

Materials and Methods

Animals and sample preparation

The adult male Chinese mitten crabs were bought from Chongming Island Research Base of Shanghai Ocean University, Shanghai, China. All crabs were randomly cultured in the breeding troughs in a manner of five crabs in a group and kept the temperature about 22°C for 1 week to ensure that they are in a stable, healthy state. After the adaptation period, we selected 6 crabs from the breeding troughs and then quickly sacrificed them to collect various tissues, including heart, hepatopancreas, muscle, gill, intestine, seminal vesicle, and testis on ice. Among them, various tissues from three crabs were quickly frozen in liquid nitrogen and preserved at −80°C for RNA analysis. Testes from the remaining three crabs were immediately fixed in 4% paraformaldehyde (PFA) dissolved in phosphate-buffered saline (PBS, 0.1 M, pH 7.4) at 4°C overnight, then dehydrated orderly in 15% (for 8 h) and 25% (4 h) sucrose solution in PBS and then embedded them in O.C.T. for sectioning in the frozen state. Those samples were stored at −80°C for future experiments.

Total RNA extraction and cDNA reverse transcription

Total RNA of various tissues was extracted according to the manufacturer’s instruction of RNAiso Plus (Takara, Dalian, China). Each sample was dissolved using the RNAiso Plus through a homogenizer. The homogenate was ordinally dealt with chloroform, isopropanol, and 75% ethanol to get the RNA precipitate. Finally, we dissolved the obtained precipitate from each tissue in 100 μL RNase-free H2O. After we finished the extraction, we measured the concentration using the micro-spectrophotometer (Nano-100, Allsheng, Hangzhou, China). Some total RNA was used to prepare cDNA, and the remaining cDNA was stored at −80°C.

The PrimeScript® RT reagent Kit (Takara, Dalian, China) was used for RNA reverse transcription. The testis cDNA was used for es-atg7 gene cloning. The cDNA from different tissues was used for semi-quantitative PCR analysis of es-atg7 mRNA expression. The 5’ and 3’ end cDNA were reverse transcribed by the Smart RACE cDNA Amplification Kit (CloneTech, Dalian, China) and the 3’-Full RACE Core Set with PrimeScript™ RTase (Takara, Dalian, China) following the manufacturer’s instructions, respectively. All cDNA samples were stored at −20°C.

Cloning of es-atg7 full-length and its sequence analysis

A partial sequence of es-atg7 mRNA was obtained from our transcriptome data, and primers for es-atg7 cloning were designed by the software Primer Premier 5.0 (Tab. 1). The 2×Flash Hot Start MasterMix (CoWin Biosciences, Beijing, China) was used for PCR, and the program was run as follows: 35 cycles at 98°C for 5 s, 60°C for 10 s, and 72°C for 15 s. SanPrep column DNA gel extraction kit (Sangon Biotech, Shanghai, China) was used to purify the PCR production. Finally, the purified fragment was linked into PMD19-T-vector (Takara, Dalian, China), propagated in competent cells of Escherichia coli DH5α (Takara, Dalian, China), and then sent to Healthy Creatures Biological Technology Company for sequencing. For 3’ RACE and 5’ RACE, two forward primers (atg7-F’1311 and atg 7-F’1859) and two reverse primers (atg7-R’292 and atg7-R’228) were designed by Primer Premier 5 (Tab. 1). The Nested Touchdown PCR was performed with primers in each kit. The amplification procedures were as follows: 98°C for 5 s, 10 cycles of the touchdown program (98°C for 5 s, 65°C for 10 s, 72°C for 15 s, followed by a 0.5°C decrease of the annealing temperature per cycle), and then followed by 25 cycles (98°C for 5 s, 60°C for 10 s, and 72°C for 15 s). The same operation was conducted with the PCR product like before, and the sequencing results were acquired from the company.

The full-length sequence of the es-atg7 gene was assembled and checked by a software named Seqman (DNASTAR, Inc.). The amino acid sequence of es-ATG7 was translated through the online ExPASy translate tool (http://web.expasy.org/translate/). Multiple sequence alignment was completed in the Vector NTI10 software (Invitrogen). The secondary structure and 3-D structure of es-ATG7 were predicted with an online tool SMART (http://smart.embl-heidelberg.de/) and I-TASSER (http://zhanglab.ccmb.med.umich.edu/I-TASSER), respectively. A neighbor-joining (NJ) phylogenetic tree was constructed according to a deduced amino acid sequence using MEGA 6 software. The sequences of ATG7 used in this study were downloaded from NCBI. Their Genbank accession numbers were as follows: Homo sapiens (BC000091.2), Bos taurus (BC134445.1), Sus scrofa (HM046511.1), Mus musculus (BC058597.1), Rattus norvegicus (BC082059.1), Xenopus tropicalis (BC167363.1), Macrobrachium nipponense (MH587643.1), Locusta migratoria (KY053223.1), Penicillium chrysogenum (EF107740.1), Pichia angusta (EF102887.1), Brachionus koreanus (MH231881.1), Dugesia japonicas (KX268473.2).

Es-atg7 and es-p53 mRNA expression detected through semi-quantitative RT-PCR

The primer of es-atg7 (atg7-RT-F2 and atg7-RT-R2), es-p53 (p53-RT-F1 and p53-RT-R1), and β-actin (actin-RT-F1 and actin-RT-R1) used for semi-quantitative RT-PCT were designed by Primer 5.0 software (Tab. 1). The 2×Flash Hot Start MasterMix (CoWin Biosciences, Beijing, China) was used for PCR, and the program was run as follows: 30 cycles of 98°C for 5 s, 55°C for 10 s, and 72°C for 15 s. The Image J and GraphPad Prism 7 were used to analyze the expression of es-atg7 and es-p53 mRNA in different samples.

Antibody preparation for es-ATG7 protein

A partial sequence of es-ATG7 was selected and amplified with primers atg7-KT-F3 and atg7-KT-R3 (Tab. 1) into the expression vector pET28a. The prokaryotic expression of this recombinant plasmid was performed in BL21 strain with 0.5 mM isopropyl-β-d-thiogalactoside (IPTG). Recombinant es-ATG7 protein was purified with His-Tagged Protein Purification Kit (Inclusion Body Protein) (CoWin Biosciences, Beijing, China), and then the purified protein was dispensed into mice by intraperitoneal injection four times in a month (one time/week). In the first time of intraperitoneal injection, the purified protein (100 μL) was well blended with Complete Freunds Adjuvant (100 μL) (Sigma-Aldrich, Missouri, USA). In the remaining three times, the purified protein (100 μL) was intensively mixed with incomplete Freund adjuvant (100 μL) (Sigma-Aldrich). Five days after the fourth injection, the antibody of es-ATG7 protein was obtained from the blood serum of immunized mice.

Table 1: Primers used in the present study for es-atg7 cloning, semi-quantitative RT-PCR, and the construction of recombinant plasmids for prokaryotic expression and dsRNA synthesis
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Total protein extraction and western blot

Various tissues from the Chinese crabs were ground in RIPA Lysis Buffer (Beyotime, Shanghai, China), and a 1% protease inhibitor was added. The total protein was separated by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) gels and transferred to polyvinylidene fluoride (PVDF) membranes (Millipore) with 200 mA, 80 min. The membranes were firstly blocked in 5% non-fat milk in PBST buffer (0.1% Tween-20 in PBS, pH 7.2–7.4) for 2 h, and then incubated overnight in primary antibodies at 4°C (anti-ATG7 mouse polyclonal antibody (1:500), anti-p53 rabbit polyclonal antibody (1:1000, made by our lab) (Xu and Yang, 2018), or anti-ACTB rabbit polyclonal antibody (1:2000, Sangon Biotech, Shanghai, China)). Then the membranes were incubated with secondary goat-anti-rabbit HRP-conjugated antibody (1:4000, Sangon Biotech) or secondary goat-anti-mouse HRP-conjugated antibody (1:4000, Sangon Biotech) for 1 h after being washed for three times (15 min each) in PBST. After washing for three times like before, an enhanced chemiluminescent kit (Beyotime, Shanghai, China) was used to examine the protein blots through chemiluminescence imaging. β-actin was used as a control.

Immunofluorescence

The prepared samples were taken out from the −80°C freezer and cut into 8 μm sections by a Cryostat microtome (Thermo Scientific, HM525 NX, Waltham, USA). The sections were permeabilized with 0.25% Triton X-100 in PBS for 15 min. Then, the sections were blocked in 5% BSA for 1 h. After that, they were incubated with es-ATG7 mouse polyclonal antibody (1:100) or es-p53 rabbit polyclonal antibody (1:100) overnight at 4°C. The negative control sections were incubated with a non-immune primary antibody (IgG, 1:100). They were washed in PBST three times and each time 15 min. Subsequently, the sections were incubated with secondary Alexa Fluor 555-conjugated donkey-anti-rabbit antibody (1:500, Beyotime) and secondary Alexa Fluor 488-conjugated donkey-anti-mouse antibody (1:500, Beyotime) for 1 h at room temperature. The sections were then incubated with DAPI (Beyotime) to stain the nucleus for 5 min after being washed in PBST three times. Finally, the sections were mounted with Antifade Mounting Medium (Beyotime), observed, and documented by taking photos with a laser scanning confocal microscope (Carl Zeiss, FV3000, Jena, Germany).

DsRNA synthesis and RNA interference (RNAi)

Two pairs of specific primers of es-atg7 and one pair of egfp negative control primers (Tab. 1) with restriction sites XbaI/KpnI were designed by Primer Premier 5 software. We cloned the target sequences into L4440 plasmid with dual T7 promoters. The recombinant plasmid was then transferred into HT115 competent cells (Weidi Biotechnology, Shanghai, China) to synthesize the dsRNA with 0.5 mM IPTG. The quality and concentration of synthetic dsRNA were examined by 1% agarose gel electrophoresis and a micro-spectrophotometer (Nano-100, Allsheng, Hangzhou, China), respectively.

Healthy adult male crabs, selected for an RNA interference experiment, were divided into four groups (PBS group, EGFP group, RNAi-1 group, and RNAi-2 group, 5 individuals in each group). In vivo injection of dsRNA on the crabs was conducted at the base of the fifth pleopod (Liu et al., 2016b). In the EGFP, RNAi-1, and RNAi-2 groups, each crab was injected with 120 μg dsRNA diluted in 120 μL RNase-free PBS every three days. In the PBS group, each crab was only injected with 120 μL RNase-free PBS every three days. And the in vivo injection experiment was continued for two weeks.

Primary germ cell culture and transfection

After thoroughly disinfecting the crabs with 1% potassium permanganate solution steeped for about 1 h, we dissected them, took out their testes, and washed them in PBS three times. Then we transferred the testes into PBS with 100 U/mL penicillin/streptomycin (Genom, Shanghai, China) for 5 min. We cultured them using 6-well cell culture plates after cutting them into small pieces of about 1 mm3. The culture medium we used was Dulbecco’s modified Eagle’s medium (DMEM; Genom, Shanghai, China) with 10% fetal bovine serum (Evergreen, Hangzhou, China) and 1% penicillin/streptomycin. The plates were placed in a 28°C stationary incubator without carbon dioxide. After 24 h, when most germ cells were released from the small tissue, we removed all tissue pieces and conducted primary germ cell cultures. Two days later, we renewed the culture medium and continued the primary germ cell culture in fresh medium for another two days. Subsequently, the primary germ cells were transfected with the dsRNA (100 pmol for each well) using Lipofectamine 8000 (Byotime, Shanghai, China). We collected all cells for the total RNA extraction, for total protein extraction, and cell smear preparation 48 h later (Wei et al., 2019).

Hematoxylin-eosin (HE) staining and the malformation rate calculation

The smeared sperm slides were fixed in 4% paraformaldehyde in PBS for 15 min. Followed by staining in hematoxylin for 15 min, washing with tap water for 5 min, color separation with 10% hydrochloric acid and 1% ammonium hydroxide for 15 s, washing with tap water for 5 min again, dehydrating with graded ethanol (70%, 80%, 90%, 95%, 100%, 100%) for 2 min each step, dyeing in eosin for 3 min and dehydrating with graded ethanol (95%, 95%, 100%, 100%) again, and finally in xylene for 5 min. Neutral balsam medium was used to mount the slides, and the pictures were captured by a light microscope (Olympus BX 40, Tokyo, Japan).

We randomly selected four pictures from the es-atg7 RNAi group and the control group, counted the total sperm and the abnormal sperm in each picture, and then calculated the malformation rate, respectively. The total number of sperms, counted in the es-atg7 RNAi group and the control group, was 661 and 1258, respectively. We indicated the results as mean ± SD.

TUNEL assay

The One Step TUNEL Apoptosis Assay Kit (Beyotime, Shanghai, China) was used for a TUNEL assay. The prepared sections (tissue sections or smeared sperm slides) were fixed in 4% PFA for 30 min and then transferred to 0.5% Triton X-100 in PBS for 5 min for permeabilized treatment. After that, the sections were washed with PBS two times, 10 min each time. Subsequently, these sections were incubated with a TUNEL reaction mixture for 1 h at 37°C in the dark, washed three times (10 min each time) in PBS, and then stained with DAPI (Beyotime, Shanghai, China) for 5 min. Finally, the sections were mounted with Antifade Mounting Medium (Beyotime, Shanghai, China), examined, and documented by taking photos with a laser scanning confocal microscope (Carl Zeiss, FV3000, Jena, Germany).

Statistical analysis

Statistical analyses were performed by the GraphPad Prism 7.0 software. A t-test was used to determine the significance between the two groups. Statistical significance was presented as *P < 0.05; **P < 0.01; ***P < 0.001, and no significance (ns). We indicated the results as means ± SEM.

Results

Identification and characterization of the es-atg7 gene from the testis of E. sinensis

Based on the partial sequence of es-atg7 from the transcriptome data, we obtained its full-length through 3’/5’ RACE from the testis of E. sinensis. The full-length of the es-atg7 gene we obtained was 2298 bp (GenBank accession number: MT543027), which consisted of 63 bp 5’ untranslated region (UTR), 2076 bp coding sequence (CDS), and 159 bp 3’ UTR (Suppl. Fig. S1). It can be translated into the es-ATG7 protein with 691 amino acids (aa) (Suppl. Fig. S1), whose molecular weight and isoelectric point were predicted by an online ExPASy-ProtParam tool (https://web.expasy.org/protparam/) to be 76.15 kDa and 6.41, respectively. There were two important domains in this protein predicted by an online tool named SMART: the ATG7_N domain at the N-terminal from 7 aa to 319 aa and the ThiF domain at the C-terminal from 333 aa to 630 aa (Suppl. Fig. S2a). Phylogenetic analysis indicated that the es-ATG7 protein of E. sinensis formed a sister clade with its homologs of Macrobrachium nipponense (Palaemonidae, Decapoda, Crustacea), and this was in accordance with its evolutionary position (Suppl. Fig. S2b). The analysis of multiple alignments with ATG7 homologs showed that the ThiF domain at the C-terminal was relatively conserved among different species (Suppl. Fig. S3). The similarity of es-ATG7 was highest with that of M. nipponense, and their similarity was 65.28%.

Es-atg7 mRNA is highly expressed in testis of E. sinensis

In order to determine the expression of the es-atg7 gene in different tissues of this crab, we conducted a semi-quantitative RT-PCR to examine it. The results of the semi-quantitative RT-PCR showed that es-atg7 mRNA expressed in all selected tissues had the highest expression in the testis (Figs. 1a–1b).
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Figure 1: The expression of es-atg7 mRNA and es-ATG7 protein in different tissues of E. sinensis. (a) Semi-quantitative RT-PCR of es-atg7 mRNA in different tissues. (b) The analyses of es-atg7 expression. The expression of es-atg7 mRNA was highest in testis. H: heart, HE: hepatopancreas, M: muscle, G: gill, I: intestine, SV: seminal vesicle, and T: testis.

Distribution of es-ATG7 protein at various phases during spermatogenesis of E. sinensis

To investigate the functions of es-ATG7 during spermatogenesis of E. sinensis, we performed IF to determine its localization in different phases of the developing germ cells. In the early stage of spermatogenesis from the spermatogonial phase to the early primary spermatocyte phase, the signal of es-ATG7 was dispersed in the whole cytoplasm (Figs. 2a–2b). In the metaphase primary spermatocytes of the first meiosis, es-ATG7 signals were gathering around the nucleus (Fig. 2c). At the beginning of spermiogenesis, the es-ATG7 signal was not only detected in the cytoplasm of the early spermatids, but also in the cavity of the nucleus, where the proacrosomal vesicle was developing (Fig. 2d). With the developing spermatids, they began to further reshape. At this moment, es-ATG7 was mainly detected at the dorsal sides of the nuclei and acrosome complex (Fig. 2e). Finally, in the mature sperm, the es-ATG7 signal was just found around the acrosome complex (Fig. 2f). In the control group, no signal of es-ATG7 was detected from the spermatogonia until the mature sperm was developing (Suppl. Figs. S4a–S4e). In addition, we determined the specificity of our es-ATG7 antibody. The results showed that specific bands at 76.0 kDa and 30 kDa were obtained from the total protein of E. sinensis testis and the es-ATG7 fusion protein, respectively (Suppl. Fig. S4f). When we blocked the es-ATG7 antibody by the es-ATG7 fusion protein, the specific bands disappeared (Suppl. Fig. S4g). So, our es-ATG7 antibody was specific and effective.
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Figure 2: Immunofluorescent localization of es-ATG7 during spermatogenesis in the testis of E. sinensis. (a) Spermatogonia. The signal of es-ATG7 was dispersed in the whole cytoplasm (white arrows). (b) Early primary spermatocyte. The distribution of the es-ATG7 signal is the same as that in spermatogonia (white arrows). (c) The metaphase primary spermatocytes of the first meiosis. At this time, the es-ATG7 signal was gathered around the nucleus (white arrows). (d) Early spermatid. Es-ATG7 signal was detected in the cytoplasm and in the cavity of the nucleus (white arrows). (e) Middle spermatid. Es-ATG7 was mainly detected on the dorsal sides of the nuclei and acrosome complex (white arrows). (f) Mature sperm. Es-ATG7 signal was just found around the acrosome complex (white arrows). AC: acrosomal cap, AT: acrosomal tubule, AV: acrosomal vesicle, FL: fibrous layer, LS: lamellar structure, MC: membrane complex, ML: intermediate layer, N: nucleus, NC: nuclear cup, PV: proacrosomal vesicle.

Deficiency of es-atg7 in vivo results in sperm malformation in the testes of E. sinensis

To further illustrate the role of es-ATG7 during spermatogenesis of the Chinese mitten crab, the models of es-atg7 RNAi crabs were constructed by dsRNA injection in vivo. The PBS injection group and EGFP injection group were used as control. The efficiency of es-atg7 knockdown was examined by semi-quantitative RT-PCR and western blot. Both the band results and gray analysis results revealed that the expression of es-atg7 mRNA and es-ATG7 protein were significantly declined in the RNAi groups compared to the two control groups (Figs. 3a–3d). Therefore, these two groups of es-atg7 RNAi were effective, and both were used in follow-up studies.
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Figure 3: Knockdown efficiency of es-ATG7 by dsRNA injection in vivo. (a) The expression of es-atg7 mRNA was examined by semi-quantitative RT-PCR analysis in the testis. (b) A quantitative analysis of es-atg7 mRNA expression in the testis was determined by Image J. (c) The expression of the es-ATG7 protein was examined by Western blot in the testis. (d) A quantitative analysis of es-ATG7 protein was determined by Image J. PBS and EGFP were used as control groups, which were injected with PBS and dsRNA of egfp, respectively. RNAi-1 and RNAi-2 were injected with two dsRNA of es-atg7, respectively. β-actin was used as an internal control.

After confirming the low es-ATG7 expression in testes, we conducted morphological detection of the mature sperm through sperm smear by HE-staining. In the control group of EGFP, the sperm was perfectly circular with nuclear rings, and clear acrosomal tubes were observed from the upside and oval-shaped with nuclear cups, and clear acrosomal tubes were observed in profile (Figs. 4b, 4b1 and 4b2). However, in the es-atg7 RNAi group, some abnormal sperm were detected, most with loose nuclei and irregular sperm morphology (Figs. 4a, 4a1 and 4a2). In addition, we counted the teratosperm ratios. We found that the teratosperm ratio in the es-atg7 RNAi group was as high as 17.89%, being significantly increased when compared to the EGFP group (1.38%) (Fig. 4c). These results demonstrated, therefore, that es-ATG7 was essential for the spermatogenesis of E. sinensis, and its deficiency resulted in sperm malformation.
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Figure 4: Knockdown of es-atg7 induces sperm malformation and germ cell apoptosis. (a) The histomorphological changes of E. sinensis spermatid in the RNAi group by HE-staining. (a1, a2) The enlargements of abnormal sperm (white arrows) from the RNAi group. (b) The histomorphological changes of E. sinensis spermatid in the control group by HE-staining. (b1, b2) The enlargements of normal sperm (white arrows) from the control group. Scale bar: 20 μm. (c) Quantification of the abnormal spermatozoa in a and b. (d, e) No apoptosis signal was detected in spermatogonia (d) and spermatocytes (e) in the RNAi group. (f-h) Es-atg7 knockdown resulted in apoptosis (white arrows) of the metaphase primary spermatocytes of the first meiosis (f), early spermatid (g) and middle spermatid (h). (i) No apoptosis signal was detected in mature. (j-o) No apoptosis signal was detected in each stage of spermatogenesis in the control group. Scale bar: 10 μm.

Es-atg7 knockdown in vivo induced germ cell apoptosis in the testes of E. sinensis

The lower expression of es-ATG7 could produce abnormal sperm. But did it affect germ cell apoptosis in E. sinensis? To solve this problem, the TUNEL assay was performed. The results showed that the signal of apoptosis was detected in primary spermatocytes experiencing the first meiotic division, the early spermatids and reshaping the middle spermatids after es-ATG7 was knocked down (Figs. 4f–4h), while almost no apoptosis signal was found in the spermatogonial phase, the early primary spermatocyte phase, and the mature sperm phase (Figs. 4d, 4e, and 4i). We also examined apoptosis in the control group, and no apoptosis signal was detected throughout the whole spermatogenesis process (Figs. 4j–4o). These results indicated that es-ATG7 played a key function during spermatogenesis of E. sinensis, and its deficiency led to germ cell apoptosis.

Depletion of es-atg7 in vivo up-regulates the expression of es-p53 in testis of E. sinensis

In order to further expound the mechanism on germ cell apoptosis induction related to es-atg7 knockdown, we examined the expression of the tumor-suppressor gene es-p53 by semi-RT PCR and western blot. Surprisingly, we found an obviously higher expression of both es-p53 mRNA and es-p53 protein detected in es-atg7 RNAi groups than in the control groups (Fig. 5), which suggested es-ATG7 was likely to regulate the expression of es-p53 to participate in the germ cell apoptosis process.
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Figure 5: Depletion of es-ATG7 in vivo up-regulates the expression of es-p53 in the testis of E. sinensis. (a) The expression of es-p53 mRNA was examined by semi-quantitative RT-PCR analysis in the testis. (b) A quantitative analysis of es-p53 mRNA expression in the testis. (c) The expression of the es-p53 protein was examined by Western blot in the testis. (d) A quantitative analysis of es-p53 protein. PBS and EGFP were used as control groups, which were injected with PBS and dsRNA of egfp, respectively. RNAi-1 and RNAi-2 were injected with two dsRNA of es-atg7, respectively. β-actin was used as an internal control.

Es-atg7 knockdown increased the expression of es-p53 and spermatid apoptosis in vitro

To further verify our results, we carried out the primary germ cell culture from the testes of E. sinensis. We checked the cultured primary germ cells by microscopy and found that most cells were spermatids. Then we performed dsRNA transfection on primary cultured germ cells in vitro. The knockdown efficiency of es-atg7 in cultured germ cells was examined with the same methods as above, and the results testified a successful knockdown of es-atg7 in cultured germ cells (Figs. 6a–6d). The expression level of es-p53 was increased in the dsRNA transfected groups at both the transcriptional level and the translational level, which was agreed with the in vivo results (Figs. 6e–6h). Finally, we also verified germ cell apoptosis or spermatid apoptosis in the cultured cells from the testes of the crabs. Plenty of TUNEL-positive signals were presented in the dsRNA transfected groups, while they rarely appeared in the EGFP group (Figs. 6i–6l).

[image: images]

Figure 6: Depletion of es-ATG7 resulted in up-regulation of es-p53 and apoptosis in the primary cultured germ cells of E. sinensis. (a–b) The expression of es-atg7 mRNA was examined in the primary cultured germ cells. (c–d) The expression of the es-ATG7 protein was examined by Western blot in primary cultured germ cells. (e–f) The expression of es-p53 mRNA was determined in the primary cultured germ cells. (g–h) The expression of the es-p53 protein was determined by Western blot in the primary cultured germ cells. (i) Plenty of TUNEL-positive signals (white arrows) were detected in the primary cultured germ cells of the RNAi group. (j) The enlargements of i. (k) TUNEL-positive signals (white arrows) were rarely found in the primary cultured germ cells of the EGFP group. PBS and EGFP were used as control groups, which were injected with PBS and dsRNA of egfp, respectively. RNAi-1 and RNAi-2 were injected with two dsRNA of es-atg7, respectively. β-actin was used as an internal control. Scale bar: 10 μm.

Discussion

Atg7 is a key member of a series of autophagy-related genes and indispensable for initiating the formation of autophagic vacuoles (Ravikumar et al., 2010). Although several studies focused on ATG7 participating in the regulation of autophagy, the functions of ATG7 during spermatogenesis were just reported from mice. Therefore, to fill in gaps among Crustacea, we identified and characterized es-ATG7 from the testes of E. sinensis, and our results suggest that es-ATG7 is likely to play a critical role in the spermatogenesis of Crustacea. Besides, es-atg7 knockdown up-regulates the expression of es-p53 and induces the p53-dependent apoptosis of the germ cells in E. sinensis.

Spermatogenesis is the male gamete production process and accompanied by successive cellular renewal and differentiation throughout the mitosis of spermatogonia, meiosis of spermatocyte, and spermiogenesis of spermatids (Hess and Renato de Franca, 2008, Ma et al., 2017). In atg7-null mice, the spermatozoan motility declined sharply with the defect of flagellar and cytoskeleton organization (Shang et al., 2016). It was reported that ATG7 can modulate cytoskeleton organization by the regulation of negative regulators of cytoskeleton organization in spermatids, Sertoli cells, and even cardiomyocytes (Li et al., 2016; Liu et al., 2016a). In addition, several studies also reported that the expression change of ATG7 in porcine oocytes is involved in abnormal spindle formation and rescue (Lee et al., 2014; Lin et al., 2018). In the present study, we obtained the sequence of the es-atg7 gene from the testes of the Chinese mitten crabs, and its expression in the testes is also quite high among all selected tissues suggesting an important function for es-ATG7 in the spermatogenesis of E. sinensis. Subsequently, from the results of es-ATG7 localization in different germ cell types, we found that the es-ATG7 signal gathered around the nucleus of the metaphase primary spermatocytes during the first meiosis, but not being dispersed in the whole cytoplasm like in the earlier stages. These dynamics of es-ATG7 may convey information about its role in the process of meiosis.

The acrosome is a specialized organelle that is surrounded tightly by the nuclear cup with a number of radial arms in E. sinensis (Du et al., 1988). Although the acrosomal morphology in crustaceans is quite different from that of mammals, their origination is evolutionarily conserved (Berruti and Paiardi, 2011; Du et al., 1988). In mammals, ATG7 is essential to acrosome biogenesis during spermiogenesis. A serious defect in acrosome biogenesis was observed in atg7 deficient mice. Meanwhile, ATG7 and even all autophagy molecular machinery were validated to be involved in the fusion and transportation of proacrosomal vesicles, similar to their function in the induction of autophagy (Wang et al., 2014). We found that es-ATG7 localization is related to the formation of the acrosome with the developing spermatids, suggesting its function in acrosome biogenesis.

The malformation of the nucleus is always accompanied by defected acrosomes in several studies (Kanemori et al., 2016; Liu et al., 2017). In atg7 deficient mice, a defect nucleus and acrosome were also observed together (Wang et al., 2014). There is no exception during spermiogenesis in es-atg7 knockdown of E. sinensis. We not only detected that the es-ATG7 protein localization changed with the progress of nuclear architecture but also observed abnormal shape and chromatinic state of the nucleus. Therefore, our data revealed that es-ATG7 is critical for the development of the nuclear cup during spermiogenesis of E. sinensis.

Some crosstalk mechanisms between autophagy and apoptosis have been identified through the models with ATG7 deficiency since ATG7 can trigger autophagy directly (Kroemer et al., 2010; Maiuri et al., 2007; Ravikumar et al., 2010). In other words, ATG7 is closely related to cell apoptosis to a certain degree. However, crosstalk between autophagy and apoptosis is quite complicated and remains controversial. Two kinds of opposite interplay between them were shown in different studies: partnership or antagonist (Eisenberg-Lerner et al., 2009; Zhang et al., 2012). Therefore, ATG7 is likely to perform dual functions in apoptosis induction and regulation (Han et al., 2014, Walls et al., 2010). Targeted deletion of atg7 gene in different cell lines (Gomez-Puerto et al., 2016; Liu et al., 2015; Vuppalapati et al., 2015; Yang et al., 2012), tissues (Ghavami et al., 2012; Ni et al., 2012), and diseases (Folkerts et al., 2017) has been evidenced that ATG7 induces and promotes cell apoptosis in a caspase-dependent manner or p53-dependent manner. In mouse embryonic fibroblasts with prolonged metabolic stress, ATG7 deficiency led to enhanced DNA damage with increased p53-dependent apoptosis (Lee et al., 2012). Knockdown of atg7 triggered apoptosis and accompanied by increased p53 expression in leukemic cell lines and primary human CD34+ acute myeloid leukemia cells coincided with the results in human hematopoietic stem/progenitor cells (Folkerts et al., 2017; Ghavami et al., 2012). However, some other studies show that a decreased ATG7 expression inhibits cell apoptosis and promotes cell survival (Walls et al., 2010; Wang et al., 2018). Moreover, ATG7 plays a key function in the impairment of spermatogenesis after heat treatment and in obesity-induced spermatogenesis deficiency (Mu et al., 2017; Zhang et al., 2012). We explored the role of es-ATG7 during the spermatogenesis of crustaceans for the first time. Our results indicate that es-atg7 knockdown in E. sinensis can increase germ cell apoptosis with the up-regulation of es-p53, which suggests es-ATG7 works as an antagonist in germ cell apoptosis induction during spermatogenesis of E. sinensis.

In conclusion, we identified and characterized es-ATG7 from the testes of E. sinensis for the first time. The spatial and temporal distribution of es-ATG7 during spermatogenesis of E. sinensis was examined by IF, suggesting that the dynamics of es-ATG7 may convey information about its role in the spermatogenesis of E. sinensis. Knockdown of es-atg7 augmented spermatogenesis impairment and significantly increased the production of abnormal sperm. Our study also confirmed that es-ATG7 modulated germ cell apoptosis as an antagonist with an inhibited expression of es-p53. In addition, combined with the reports in other species that we discussed above, our results showed that the functions of atg7 were likely to conserve among species in spermatogenesis and apoptosis.
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Supplementary Figure S1: The full length of es-atg7 cDNA from Eriocheir sinensis testis. The full length of es-atg7 cDNA consists of a 63 bp 5’ untranslated region, a 159 bp 3’ untranslated region, and a 2076 bp coding sequence encoding 691 amino acids. The amino acid sequence is shown below the nucleotide sequence
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Supplementary Figure S2: The prediction of major structural features of es-ATG7 and phylogenetic tree of its homologs. (a) Two main domains are shown in this figure. The N-terminus from 7 aa to 319 aa is the ATG_N domain, and the C-terminus from 333 aa to 630 aa is the ThiF. (b) The phylogenetic tree of es-ATG7 and its homologues were constructed by the neighbor-joining method through the software Mega 6. The number of bootstrap replications we used here was 1000. Es-ATG7 of E. sinensis is most closely related to that of Macrobrachium nipponense
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Supplementary Figure S3: Multiple sequence alignment of es-ATG7 protein homologs
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Supplementary Figure S4: The negative control for es-ATG7 during spermatogenesis in the testis of E. sinensis (a–e) and the specificity of the es-ATG7 antibody (f–g). (a) Spermatogonia. (b) Spermatocyte. (c) Early spermatid. (d) Middle spermatid. (e) Mature sperm. No red signal was detected at each stage during spermatogenesis. Scale bar: 10 μm. (f) The western blot results of the total protein of E. sinensis testis (Testis) and the fusion protein of es-ATG7 (ATG7-FP) using our es-ATG7 antibody. (g) The western blot results of the total protein of E. sinensis testis (Testis) and the fusion protein of es-ATG7 (ATG7-FP) using the blocked es-ATG7 antibody by the fusion es-ATG7 protein
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Homo sapiens (1) ------ MAAATG PGL KLQFADFHSA DVGFWHELTQKKLNEYRLDEAPK IKGEYYNGDSAGLPARLT EFSAFD!-SAPTPARCCPAGTLYN
Mus musculus (1) =======-~-~ PGL KLQFADF\ISA DVGFWHELTQKKLNEYRLDEAPKDIKGYYYNGDSAGLPTRLTLEFSAFDM-SASTPAHCCPAMGTLHN
Locusta migratoria (1) ==------- MSK NDRDVLLYAPFESFVHTTFWHKLEQIKLEWDKLKEDARSIWGCYTCTTPPAMCS - EUDFSSFNH-DFQDQPLALPMEGTEIN

Xenopus tropicalis u) MASGTDPPSDLLAADDEKLQFVPFHSALDAGFWHQLTOKXLNEYRLDETPKEIKGHY YNGDPAGLPTRLTLEFSAFDY-NTPTPARCCPALGELYN
Macrobrachium nipponense MGDPPILQFAPFESAVDAG KF‘TQLKLDILHLSEKPVSIVGSYVNSDPQGLPTRL EEDALDRNLQTISEWSCSAPCTLIN

Eriocheir sinensis MEEQTLLQFAPFSSAVDAGEWHHFTQLKLDYLOLNBQAVPMAGSHTNSDTPGLPPRLEMEYNALER-RQVP SSWSCHATGKMIN
Consensus D D AKLQFAPFSSALDAGFWH LTQKKLNVYRLDE PKDIKGYYYNGDPAGLPTRLTLEFSAFDM TPA CCPALGTLIN
Section 2

(97) 97 110 120 130 140 150 160 170 180 192

Mus musculus (86) TNTLERFKEADKKLLLEQSANEIWEAIKSGAALENPMLLNKFLLLTFADLKKYHFYYWECCPALCLPE RGPVSLDQRLSPKQIQALEHAYD

Locusta migratoria (86) KNTLESFKEYDKVQLLEEYGONLLSSI TETEALKN P LESRFILLTYADLKKYHF Y YWFAFPAMNLPT- IKLES PPRKLNSVENGDQMQOLLDAYT
Xenopus tropicalis (96) TNTLESFKSCDK ﬂR ANE! EAIQSGAAIED? HLEKFHLLTE; Dm(KYRF"YHF!FPALCLQEGVRL OPPASLEORFSELQWGALQREYD
Macrobrachium nipponense (85) TN T NAITSGDAVMENPSWLESFLMF TE‘ADL(KYH!VYWFAFPAFTLPKEVPL QAPQSLSSVE) GDQI LLTTYS
Eriocheir sinensis (84) TN T WEAITSGRALEDPSLLASFLLFTFADLXKYHYYYWFAFPAFTFPK-VMYTXPPQELSEAF] ple LTEYM
Consensus (97) TNTLESFKT DKKLLLEEAANEIWEAITSG ALENPSLLTKFLLLTFADLKKYHFYYWFCFPALCLPESVPLIQPP SLSQRFS KQI ALL AYD

Section 3

240 250 260 288
TKET GVYDPC.\JLAQ PGWPLRNFLVLAA| WSSSIQSVEVICFRDRT!

Homo sapiens (90) T\ITLLS[KHADKKLLEQ ANE WE!IKSG‘I‘ALEN?VLLNKFLLLTE‘ADLKKYHE‘YYWFEPALCLPEqPL QGPVGLDORFSLKQIEALECAYD

(193) 193 200 210 220

Homo sapiens (186) NLCQTEGVTALPYFL!KYDNMVLVELLEHYSDE‘
Mus musculus (182) DLCRAEGVTALPYFLFKYDPDTVLVSLLKHYSDE,
Locusta migratoria(181) NIXDWKQ---RPEFLVQVQSGNVSIRPLCDIN

GVYDPCNLAQM[PGWPLRNFLVLAA SGSEQSVEVLCEFRDRTM

QRPHKENENNITNS YLGF!DPSV PANPGWPLRNLLALVLEHCKGILGKQLQLVALRLQK

Xenopus tropicalis (192) ELWQKEG- TPPPYFLVKYTITSC v PLIAIP KDG--------- DKVTLGFCDPCTL PQ'PG-‘\PLR\ILLVLAA HWGSRVREAEVLCEFRDRTL
Macrobrachium nipponense(181) SHEDIVE--QGFYTIVO-TTNEFSLEPLSDYPNLRDSSSGNK- -~~~ KEVFLGF DPCTLPQNPG'&'PLRNLLTLVALHWSKQ PVHR.CLRVRT
Eriocheir sinensis (179) SQETECD——RGFES TK-CGEEC HPLBDYPS RTEA'DE'D ————— REVYLGISDPSTLPSNPGWTLRNLLTLAAVQOWSQOWRSHKVLCLRVIT
Consensus (193) L EG T PYFLVKY E VAVSPLKDYPDLFQG R KVTLGFSDPCTLPQYPGWPLRNLLVLAAHRWS F S EVLCFRDRTR

Section 4

(289) 289 300 310 320 330 340 350 360 370 384

Homo sapiens (274) QGA---RDVAHS E‘EVKLP---EMAFSPCPKAVGWEKN!KGGMG?RMVNLSECMDPKRLAESSVDLNLKLMCWRLVPTLDLDKV SVRCLLLGA

Mus musculus (270) QGA---RDVTHSIIFEVKLP---EMAFSPDCPKAVGWEKNQKGGMGPRMVNL SGCMDPKRLAESSVDLNLKLMCHRLVPTLDLDKVYSVKCLLLGA

Locusta migratoria(274) CGDGQSWSVESS HN ELP-TEENAPPKATPSWHGHORNEKGKFGPREAKLSESMDPAKLAEESVOLNLKLMKWRLVPDLDLDVVREIRCLLLGA
Xenopus tropicalis (278) QGE---RDVTHS QLP---EMPANQEHPKAVGWEKNGKGOMGPRMVNLSECMDPKRLAESSVDLNLKLMRWRLVPTLDLDKVEHTKCLLLGA
Macrobrachium nipponense (269) NGI---RDAAHS EVNLEGSV'PNSVPE PQ GUEKNERGKMGPRMVNL SETMDDTNTAES!VDLNLK7MR APQLDLDVVQSTRCLLLGA

Eriocheir sinensis (267) SGV---QNAMHSLVLDVDLGDEADSLLPSEMP PELGWEKNERGKMGPRMVNL SANMDPTRLAESAVDLNLKLMRWRYAPQLDLGIEHRTRCLLLGS
Consensus (289) QG RDV HSIIFEV LP EMA PEMPKAVGWEKNQKGKMGPRMVNLSACMDPKRLAESSVDLNLKLMRWRLVPTLDLDXKVVSTKCLLLGA
Section 5

(385) 385 390 400 410 420 450 460 470 480

Homo sapiens (364) GTL G"HVARTLMGWG\/RHITFVDN

Mus musculus (360) GTLGC VARTLMGWCVRHI’I‘FVDNK SYSNPVRQPLYEFEDCLGGGKPKARAAAERLOKIFPGVNARGENMS IPMPGHPVNESDVTMEQARRDVE

Locusta migratoria (369) GTLGCAVARTL STV SEHSNPVRQSLY T¥KDCLNGGRPXKAVARAEFMKI IFPGVNASGYQLHMPMPGHEVGEV--MLPEVKKTVL
Xenopus tropicalis (368) GTLGCNVARALMGWGVRHITEVDNAKISYSNPVROPLY E‘SDCLGGGVP-(AE\VAAA'LEKIFPGVI\ARGE‘NLSIPMPGHPVHHSQETIQAQR DVE
Macrobrachium nipponense (362) GTLGCAVARCLMGHGVRNITLVDNGKVSESNPVRONLEXFSNCLNGGHAKAEARAQALVEIFPKVNAKGVLLNIPMPGHEVGES - - LIEQVRODVA
Eriocheir sinensis (360) GTLGCAVARCLMGWGVRHETLVDNGKVSYSNPVRONLY TFKDCONGGRYKAWARAEALLE I FPKMNSKGVVLSIPMPGHEHGES- - LLKQVKEDVA
Consensus (385) GTLGCNVARTLMGWGVRHITFVDNAKISYSNPVRQPLYEF DCLNGGKPKALAAAERL KIFPGVNARGFNLSIPMPGHTVGFS TLEQVRRDVE

Section6

IKEHSYSNPVROPLY| FEDCLGCG!P(AEAAR LQKI[‘PGVI\ARGFNHSIPMPGHPV\IESSVTLEQAEDVE

(481) 481 490 500 510 520 530 540 550
Homo sapiens (460) QLEQLIESHDVVFLLMDERESRWLPAVIAASKRKLVINAARLGFDTFVVMRHGLKKP QQGAGELCPNHPVASEDLLGSSLFE IPGHLGCY?CNP
N

Musmusculus(456)QLEQJI}\HDVEF LLMDIRESRWLPTVIAASKRKLVINAALGFDTFVVMRHGLKKPRKQOGAGDLCPSHLVAPADLG-SSLFANIPGYKLGCYFCND
Locusta migratoria (463) KLEQLIEBHDVEFLLTDSRESRNLPTVIATSKQKLVMBEAARLGFDTFVVMREGMR- - - - - -~ ———-----—-——- HQMKDJAVAPDDLQLGCYFCSD
Xenopus tropicalis (463) KLEALIGQHDVVFLLMDIRESRWLETVIAASQQKLYINAALGFDTEVVMREGLKMPRKEG SWADG—ANSHDLLGSSLE‘HNIPGHILGCYFCND
Macrobrachlummpponense(456)SL“;ﬁHD\uF LLMD RESRWL?TqVKQKL‘J*AALGFDHVMR GYR---G sssqsv- --E-KEPSVSGKPIPGHLLGCYFCND
Enochelr5|nen5|s(454) ALEQLIEEHDAVFLLMDSRESRWLPTVIGARKEKLYV AALGFDSFEVMRHG ---0Q GTGSPQP ———————— AST'IPRDSIPGHMLGCYFCND
Consensus (481) LEQLIEEHDVVFLLMDSRESRWLPTVIAASKQKLVITAALGFDTFVVMRHGLK PKQAGAGD P ADL SSLFANIPGHKLGCYFCND

Section 7

(577) 577 590 o 610 620 630 640 650  BeO 672

Homo sapiens (556) VVAPGDSTRORTLDOQCTVERPG FAGALAVELMVSVLOHPEGGYAMASSSDDRMNEP----PTSLGLVPHQIRGFLSRFDNVLPVSLAFDKCT

Mus musculus (551) VVAPGDSTRDRTLDQQCTVSREG IAGALAVELMVSVLOHPEGGYAHASSSDDRMNEP----PTSLGLVPHQIRGFLSRFDNVLPVSLAFDKCT

Locusta migratoria (539) VEAPGNSQVDRTLDQQCTVRPG 4

SEARSLVVELMVSVLQHPLRGHAPAEGVSDTNKTASYDSQEALGEVPHEIRGFLS SYEQMICVSHAFQNCT
Xenopus tropicalis (558) VVAPGDSTRDRTLDOQCTVSREG

AGALAVELMVSVIOHPEGGYA'ASSSDDRMNEP----PTS LGLVP SREFDNVLPVSLAFDKCT

Macrobrachium nipponense (544) VVAPGDEMODRTLDOOCTVIRPGVS Y] ASAHIVELM»’?LQHP! EAEAQISQDHEAK ————— EGVLGSVP GRQQH PLAISRE‘QQCP
Eriocheir sinensis (539) VVAPGNSTHDRTLDOQCTVIREPCY AEHV TE TLQHP REASVO.HGGVK ----- EGVLGPVPHSERGFLGRHQL TPASTAFDQCE
Consensus (577) VVAPGDSTRDRTLDQQCTVSRPGLAVIAGALAVELMVSVLQHPEGGYAIASSSDDRMNEP PTSLGLVPHSIRGFLSRFDNVLPVSLAFDKCT
Section 8

(673) 673 680 690 700 710 720 735

Homo sapiens (648) ACSSKVLDQYEREGFNFLAKVENSSHSBLEDLTGLTLLEQETQAAEIWDMSDDETE--~---~~

Mus musculus (643) ACSPKVLDQYEREGFTFLAKVENSSHSELEDLTGLTLLHQETQAAEIWDMSDEETV --~--~--~

Locusta migratoria (635) ACSKMVEQEYQQQGFAFLMAVFNN-PHYLEDITGLTELHOKSEDAEVWELSDESDTD

Xenopus tropicalis (650) ACSPKVLDQYERDGFQFLAKAFNSSHSELEDLTGLTLLHQETQAAEIWDMSDDEIV----~--

Macrobrachium nipponense (635) ACGDK-AAVQNE"CDFLLKV:NS PSYLEEVAGLGQLOQCAIDSQIWENSDEEEEED- -~~~

Eriocheir sinensis (630) ECCSQVLNA"KDEGFEF"LKV NS-TAMLE GLNKLHQCVCMTSQSEGGSSVVVSNNGKSK
Consensus (673) ACS KVLDQYEREGF FLAKVFNSSHSFLEDLTGLTLLHQETQAAEIWDMSDSE V
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Primers Primer sequences Purpose

atg7-59F TTTGGCACCACTTCACGCA PCR

atg7-1845R GTGTCGTCCCAGGAACCCG PCR

atg7-F’1311 CCACACCATTGGAGAGAGCCTG 3’ RACE

atg7-F1859 CTGCCTCCACCGCCTTTGACC 3’ RACE

atg7-R’292 GGTCTTGTTTGCTTCGGTTGCGGA 5 RACE

atg7-R’228 ATGGCAGGACCAACTGGAGGGGAC 5 RACE

atg7-RT-F2 GTCGTACAGCAACCCAGTGA semi-quantitative RT-PCR
atg7-RT-R2 GAAGGGTGGCTACCAGCATC

p53-RT-F1 TACCCAAGCCGTCACTTTACC

p53-RT-R1 CGAGAGGAACCACGACAGAGAG

actin-RT-F1 AGCCTTCCTTCCTGGGTATGG

actin-RT-R1 AGGGAGCGAGGGCAGTGATT

atg7-KT-F3 CGCGGATCCATGGAGGAGCAAACTCTCCTTCAG Plasmid construction for prokaryotic expression
atg7-KT-R3 CCGGAATTCGGCTGCCGTCCTGAGGCTGG

ATG-dsIR GGGGTACCCTCGCCACACTTGGTAATGC Plasmid construction for dsSRNA synthesis
ATG-ds2F GCTCTAGAGGCATCATTCACAGGACCCG

ATG-ds2R GGGGTACCGAAGGAGTCAAAGCCCAGA

ATG-ds1F GCTCTAGATCCTTCAGTTTGCTCCGTTCAG

EGFP-ds1F GGACTAGTCGACGTAAACGGCCACAAGTT

EGFP-ds1R CCGCTCGAGATGGGGGTGTTCTGCTGGTAG






