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Abstract

:

Glycosylphosphatidylinositol mannosyltransferase I (GPI-MT-I) is an essential glycosyltransferase of glycosylphosphatidylinositol-anchor proteins (GPI-APs) that transfers the first of the four mannoses in GPI-AP precursors, which have multiple functions, including immune response and signal transduction. In this study, the GPI-MT-I gene that regulates GPI-AP biosynthesis in Andrias davidianus (AdGPI-MT-I) was characterized for the first time. The open reading frame (ORF) of AdGPI-MT-I is 1293 bp and encodes a protein of 430 amino acids that contains a conserved PMT2 superfamily domain. AdGPI-MT-I mRNA was widely expressed in the tissues of the Chinese giant salamander. The mRNA expression level of AdGPI-MT-I in the spleen, kidney, and muscle cell line (GSM cells) was significantly upregulated post Chinese giant salamander iridovirus (GSIV) infection. The mRNA expression of the virus major capsid protein (MCP) in AdGPI-MT-I-overexpressed cells was significantly reduced. Moreover, a lower level of virus MCP synthesis and gene copying in AdGPI-MT-I-overexpressed cells was confirmed by western blot and ddPCR. These results collectively suggest that GSIV replication in GSM cells was significantly reduced by the overexpression of the AdGPI-MT-I protein, which may contribute to a better understanding of the antiviral mechanism against iridovirus infection.
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1. Introduction


Glycosylphosphatidylinositol-anchor proteins (GPI-APs) are conserved post-translational modification proteins that bind different proteins to the cell surface and have multiple functions, including signal transduction, immune response, and biosynthesis [1]. In mammalian cells, GPI-APs have different functions as hydrolase enzymes, receptors, adhesion molecules, complement regulatory proteins, and other immune-related proteins [2,3]. In fungi, the GPI biosynthetic pathway is necessary for cell wall biosynthesis and the survival of yeast cells [4]. In the protozoa Plasmodium falciparum and Trypanosoma brucei, GPI-APs are the predominant membrane attachment of cell surface proteins and play a role in the pro-inflammatory immune response to parasitic infection [5,6]. Therefore, GPI synthesis could be exploited as a target for antifungal or antiparasitic agents. Moreover, GPI-APs have been used as protein transfer vectors to regulate host immune responses in mammalian cells. Lipid raft-resident GPI-APs have been reported to regulate leukocyte adhesion, polarization, and motility in both integrin-dependent and -independent manners [7]. Many T cell surface proteins are attached to the cell membrane by a GPI anchor, which may be involved in cell signaling, protein targeting, or protein release. The purified GPI-AP MHC class I molecule HLA-A2.1 delivers a hepatitis B virus antigen peptide to the surface of a cytotoxic T cell target, which activates specific T cells [8]. The biosynthesis of GPI-APs occurs in the ER by the sequential addition of sugars to the phosphatidylinositol through the coordinated activity of several proteins, among which glycosylphosphatidylinositol mannosyltransferase I (GPI-MT-I) is one of the most essential mannosyltransferases [9,10].



GPI-APs play a crucial role during pathogen invasion, and the essential mannosyltransferase GPI-MT-I during its biosynthetic pathway might be a reasonable target for the development of antipathogen drugs [9,11]. As an essential enzyme for adding mannose on the glycosylphosphatidyl group, protozoan mannosyltransferase (GPI-14) is a key enzyme in the biosynthesis of lipophosphoglycan (LPG) and glycoinositolphospholipids (GIPLs), which play important roles in the parasite infectious cycle [12]. Ribeiro et al. proposed that the overexpression of GPI-14 in both proflagellate and anflagellate Leishmania brasiliensis protects the parasite against trivalent antimony, indicating that GPI-14 has significant potential as a target for new leishmaniasis treatment alternatives [13]. Recent studies showed that virus-like particles containing GPI-anchored mucose-associated epithelial chemokine (CCL28) vaccine preparations elicited high and sustained levels of long-term virus-specific antibodies and reduced viral load and inflammatory responses during immunization with murine influenza H3N2 viruses and mucosal antibody-induced responses [14]. In humans, the GPI-AP biosynthesis pathway is highly conserved [15]. Nevertheless, the function of GPI-MT-I in lower vertebrates such as amphibians remains unclear and needs further investigation.



The Chinese giant salamander, Andrias davidianus, is the largest extant amphibian species in the world and is classified as a critically endangered species by the International Union for Conservation of Nature in China [16]. Because of its unique evolutionary status, it is a good specimen for studying biological evolution and species diversity [17,18]. In recent years, the outbreak of the Chinese giant salamander iridovirus (GSIV) brought great losses to the breeding industry, and there is no medical treatment for this disease. GSIV, a member of the genus Ranavirus and belonging to the iridovirus family, is a double-stranded DNA virus with icosahedral symmetry and a diameter of approximately 140 nm [19,20,21]. The GSIV infection of Chinese giant salamanders causes anorexia, lethargy, skin ulceration, and tissue necrosis, and the mortality rate of giant salamanders infected with iridovirus is more than 90% [22]. Electron microscopy revealed that hexagonal or round virus particles mostly existed in the cytoplasmic region in spleen and kidney tissue samples. Both spleen and kidney tissues of GSIV-infected salamanders showed varying degrees of damage, with many splenocytes, enlarged necrotic nuclei, proliferative lymphoid nodules, and vacuolar degeneration detected in the spleen. The vacuolar degeneration and necrosis of renal hematopoietic tissue cells and glomeruli were detected in the kidney tissues [19,23]. In EPC cells infected with GSIV, the virus mostly aggregated in the cytoplasmic and nucleus breaking regions and crossed the cell membrane in a budding manner to form an envelope [19]. In order to explore more effective drugs and understand the mechanism of virus inhibition, it is necessary to further study the characteristics of GPI-MT-I.



In this study, the characteristics and function of GPI-MT-I (AdGPI-MT-I) in the Chinese giant salamander were investigated. The results indicated that AdGPI-MT-I played an inhibitory role during GSIV infection, representing the first report on the involvement of GPI-MT-I in antiviral immunity in amphibians. This study may increase our understanding of the regulatory mechanisms during iridovirus infection.




2. Results


2.1. Sequence Characterization of AdGPI-MT-I


The open reading frame sequence of the AdGPI-MT-I gene is 1293 bp and encodes a protein of 430 amino acid residues. The molecular weight of the protein encoded by AdGPI-MT-I is about 50 kDa, and the theoretical isoelectric point is 9.016. Similar to other GPI-MT-I homologues, the AdGPI-MT-I protein possesses a conserved dolichyl-phosphate-mannose-protein mannosyltransferase (PMT2) superfamily domain (140–414 aa) containing a mannosyltransferase domain (PIG-M) and a GPI transamidase subunit PIG-U domain (Figure 1). Multiple alignment indicated that AdGPI-MT-I shared 63–98% overall sequence identity with the GPI-MT-I homologues of Homo sapiens, Mus musculus, Xenopus tropicalis, Danio rerio, and Gallus and Penaeus vannamei (Figure 2). The GPI-MT-I proteins from various organisms share a DXD motif, which is circled in a black box in Figure 2. In addition, a phylogenetic tree of the amino acid sequences of AdGPI-MT-I and GPI-MT-I in different species was constructed using the neighbor-joining method to reveal their phylogenetic relationships. As shown in Figure 3, AdGPI-MT-I was closest to Xenopus tropicalis GPI-MT-I and Bufo GPI-MT-I among the examined species (Figure 3).
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Figure 1. Nucleotide and deduced amino acid sequence analysis of open reading frame (ORF) of AdGPI-MT-I. Yellow highlights indicate start codons and stop codons, and asterisk indicates the termination of amino acids. The grey shading indicates the PMT2 super family domain, and the underlined part is the predicted signal peptides. The DXD motif is marked with a box (□). 
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Figure 2. Multiple sequence alignment by Clustal W of GPI-MT-I gene encoding proteins from different species. Consensus residues are shaded in red; residues that are ≥75% identical among the aligned sequences are identified with red letters. The AdGPI-MT-I is marked with a pentagram (★), and the DXD motif is marked with a black box (□). The sequences used are listed in Table 1. 
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Table 1. GenBank accession numbers of GPI-MT-I for phylogenetic analysis and multiple sequence alignments.
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	Taxonomy
	Species/Gene
	Accession Number





	Mammal
	
	



	
	Homo sapiens GPI-MT-I
	NP_660150.1



	
	Pan troglodytes GPI-MT-I
	NP_001233402.1



	
	Hylobates moloch GPI-MT-I
	XP_032009911.1



	
	Rattus norvegicus GPI-MT-I
	NP_077058.1



	
	Mus musculus GPI-MT-I
	NP_080510.1



	
	Equus caballus GPI-MT-I
	XP_005610027.1



	Avian
	
	



	
	Gallus gallus GPI-MT-I
	NP_001026693.2



	
	Anas platyrhynchos GPI-MT-I
	XP_005023671.2



	Reptile
	
	



	
	Gopherus evgoodei GPI-MT-I
	XP_030410133.1



	
	Chelonoidis abingdonii GPI-MT-I
	XP_032648289.1



	
	Notechis scutatus GPI-MT-I
	XP_026547789.1



	Amphibian
	
	



	
	Xenopus tropicalis GPI-MT-I
	NP_001008120.1



	
	Bufo bufo GPI-MT-I
	XP_040289781.1



	Fish
	
	



	
	Polyodon spathula GPI-MT-I
	XP_041101136.1



	
	Danio rerio GPI-MT-I
	NP_956684.1



	
	Amphiprion ocellaris GPI-MT-I
	XP_023121236.1



	
	Poecilia latipinna GPI-MT-I
	XP_014911736.1



	Invertebrate
	
	



	
	Octopus sinensis GPI-MT-I
	XP_029633767.1



	
	Exaiptasia diaphana GPI-MT-I
	KXJ16443.1



	
	Penaeus vannamei GPI-MT-I like
	XP_027225082.1



	
	Chionoecetes opilio GPI-MT-I
	KAG0721514.1
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Figure 3. Phylogenetic relationships between GPI-MT-I genes in different species. Amino acid sequences of GPI-MT-I genes were deduced from GenBank, and the phylogenetic tree was constructed with the neighbor-joining method in MEGA7.0 software. Numbers beside the internal branches indicate bootstrap values based on 1000 replications. AdGPI-MT-I is highlighted with a triangle symbol (▲). 
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2.2. Expression Patterns of AdGPI-MT-I in Tissues and Cells


The qRT-PCR test showed that AdGPI-MT-I was widely expressed in the examined tissues, with the highest level in the intestine and heart; an intermediate level in the thymus, kidney, and spleen; and the lowest level in the liver and muscle (Figure 4). To further understand the changes in the expression of AdGPI-MT-I during virus infection, the expression level of AdGPI-MT-I in the spleen, kidney, and GSM cells was detected at 0, 6, 12, 24, 48, and 72 h post GSIV infection. Compared with the control group, the mRNA expression level of AdGPI-MT-I in the spleen was slightly increased at 6 h (2.5-fold, p < 0.01), peaked at 12 h (seven-fold, p < 0.01), decreased to the initial level at 24 h, and increased significantly at 48 h (five-fold, p < 0.01) and 72 h (2.6-fold, p < 0.05) after GSIV infection (Figure 5A). Meanwhile, the mRNA expression level of AdGPI-MT-I in the kidney was obviously increased at 6 h (p < 0.01); after that, it gradually decreased until the upward trend appeared again at 72 h after GSIV infection (Figure 5B). In the GSM cells, the AdGPI-MT-I mRNA expression level in GSIV-infected cells was induced at 6 h (2.2-fold, p < 0.05) and significantly upregulated at 24 h (7-fold, p < 0.01) compared with the control, then reached its peak at 48 h (24-fold, p < 0.01) after infection (Figure 5C).




2.3. Subcellular Localization of AdGPI-MT-I


The molecular weight of eukaryotic plasmid pmCherryN1-AdGPI-MT-I was predicted to be 78 kDa, while that of pmCherryN1 was 28 kDa, and the western blot result confirmed the successful expression of pmCherryN1-AdGPI-MT-I in the GSM cells (Figure 6A). Confocal microscopy showed that the main expression site of the AdGPI-MT-I protein was in the cytoplasm (Figure 6B).




2.4. Antiviral Effect of AdGPI-MT-I in GSM Cells


In the pmCherryN1-AdGPI-MT-I-plasmid-transfected GSM cells, the mRNA expression level of GSIV MCP significantly decreased at 24 h (4.5-fold, p < 0.01), 48 h (20-fold, p < 0.01), and 72 h (5-fold, p < 0.01) compared with the normal cells and cells transfected with the empty vector plasmid (Figure 7).



To further quantify the inhibitory effect of AdGPI-MT-I on virus proliferation, western blot was used to detect MCP protein expression, and digital droplet PCR (ddPCR) was used to detect the virus copies during GSIV infection. As shown in Figure 8A, after the overexpression of AdGPI-MT-I in GSM cells for 48 h, the GSM cells were infected with GSIV at 24 h, 48 h, and 72 h, and the MCP protein level was detected by western blot. Gray scale quantitative analysis showed that compared with the cells transfected with pmCherryN1 plasmid and normal cells, the level of GSIV MCP protein in the experimental group was significantly reduced (Figure 8A). Moreover, compared with the control groups, the ddPCR results showed that the MCP gene copy number of GSIV was significantly reduced after infection with GSIV for 48 h and 72 h (Figure 8B).





3. Discussion


GPI-APs are a series of integral membrane proteins present on the cell surface that have various functions, including as hydrolytic enzymes, receptors, adhesion molecules, protease inhibitors, complement regulators, and prions. Previous studies showed that the steps in the GPI-AP assembly pathway and the various enzymes that perform these steps are highly conserved, but with slight differences. The GPI moiety of GPI-APs contains the conserved core glycan with the structure of EtNP6-Manα2-Manα6-(EtNP)2-Manα4-GINα-myoIno-Plipid (Man, Mannose). GPI-MT-I, a mannosyltransferase required for the addition of the first mannose, is often used as a target for specific inhibitors of GPI-AP biosynthesis [24,25]. In mammals, GPI-MT-I contains a GPI transamidase subunit PIG-U domain and a mannosyltransferase domain (PIG-M), which together form a PMT2 superfamily domain [9,26,27]. PIG-U is thought to represent the fifth subunit in this complex and may be involved in the recognition of either the GPI attachment signal or the lipid portion of GPI [28,29]. The DXD motif in the PIG-M domain is thought to be involved in the binding of manganese ions, which are required for enzymes to bind to nucleotide sugar substrates, and the DXD motif is functionally essential, suggesting that the first mannose transfer occurs in the luminal side of the ER [30]. In this study, we determined that Chinese giant salamander GPI-MT-I shares the conserved PMT2 superfamily domain and contains a DXD motif. Sequence alignment and phylogenetic tree analysis showed that the AdGPI-MT-I gene had high homology with the GPI-MT-I gene of other species. The above analysis indicated that AdGPI-MT-I is a member of the glycosylphosphatidylinositol mannitol transferase I (GPI-MT-I) family.



GPI-Aps exist in a wide range of organisms, including mammals, protozoans, fungi, insects, and plants. Hundreds of human proteins, such as cell surface receptors, enzymes, cell adhesion molecules, and mutated protective antigens, are anchored by glycosylphosphatidylinositol (GPI) structures, as they lack transmembrane domains [31]. The mammalian GPI-APs consist of three mannoses attached to acylated glucosamine-(acyl) phosphatidylinositol (GlcN-(acyl) PI) to form mannose (Man) (3)-GlcN-(acyl) PI, in which GPI-MT-I transfers the first mannose to GlcN-(acyl) PI [32]. In our study, AdGPI-MT-I was detected in all tissues, which implied universal GPI-AP synthesis in the Chinese giant salamander. The products of the GPI-AP biosynthetic pathway appear to be widely distributed in the intracellular intimal system [33]. GPI anchoring is a post-translational modification which arises on the endoplasmic reticulum (ER) membrane, undergoes several remodeling steps in the ER and the Golgi apparatus, and is finally transported to the plasma membrane (PM). Previous studies showed that the biosynthesis of GlcN-(acyl) PI occurred on the cytoplasmic side, and the luminal location of the functionally important DXD motile was one of the pieces of evidence supporting the luminal location of the GPI mannose transfer reaction [25,30]. Subcellular localization revealed that AdGPI-MT-I was mainly distributed in the cytoplasm of GSM cells, which further suggested its mannose-adding function. In diseases involving GPI-APs, pathology can induce changes in GPI-AP expression or properties. At present, it is difficult to elucidate the nature of the causative agent, and only the correlation between abnormal GPI-APs and the pathological state can be observed [34]. Notably, as a key factor in intracellular pathogen recognition, toll-like receptor 7 was expressed in the kidney and spleen at 6 h and 48 h after GSIV infection, respectively [35]. The transcript levels of the innate immune-related myxovirus-resistance and 2′-5′-oligoadenylate synthetase genes were also significantly upregulated in the spleen and kidney at 6 h after infection, followed by a significant upregulation in the type I IFN expression at 12 h [36,37,38]. In this study, we noted that AdGPI-MT-I was significantly upregulated in the spleen and kidney tissues of Chinese giant salamanders at 6 h after GSIV infection, indicating that AdGPI-MT-I might contribute to the eradication of the pathogen by regulating the anchoring of the GPI-APs involved in GSIV invasion. The relative expression of different immune genes thought to be affected by GPI-MT-I will be investigated in further studies.



In clinical studies, gene defects involved in the synthesis and processing of GPI-APs can result in a variety of genetic diseases, particularly affecting immune response and signal transduction [39]. GPI-APs in various parasitic protozoans can mediate cellular immune responses through toll-like family members of pattern recognition receptors [40]. Furthermore, as a crucial enzyme in GPI-AP biosynthesis, GPI-AP glycosyltransferases may be one of the potential targets during pathogen infection [41]. In the present study, to demonstrate whether AdGPI-MT-I has antiviral properties, GSM cells were transfected with pmCherryN1-AdGPI-MT-I plasmid and then infected with GSIV. AdGPI-MT-I overexpression significantly downregulated GSIV MCP gene transcription in GSM cells, and consistent results were detected for GSIV MCP gene copies and protein expression, suggesting that GPI-MT-I might play a key role in the immune response of giant salamanders against GSIV infection. We speculate that the overexpression of AdGPI-MT-I altered the anchoring process of the GPI-APs, which was beneficial for virus elimination and suppressed virus propagation. Due to the lack of sufficient quantities of pure anchors and anchored proteins, it is difficult to study the characteristics and relationships among various glycosyltransferases during the synthesis of GPI-APs. Although the genes involved in the biosynthesis of GPI-APs are well characterized, the regulation of GPI biosynthesis during virus infection remains unclear and needs further investigation.



In conclusion, this study identified an AdGPI-MT-I gene from Chinese giant salamanders and explored its cellular expression and antiviral function. The results showed that the gene was mainly located in the cytoplasm. The overexpression of AdGPI-MT-I has an inhibitory effect on GSIV replication by restraining the viral transcription, protein expression, and viral load. This study is the first to demonstrate the antiviral function of GPI-associated enzymes in amphibians, providing a new insight for further study of the antiviral mechanisms of the Chinese giant salamander.




4. Materials and Methods


4.1. Animals, Cells, and Virus


Chinese giant salamanders were obtained from the Yangtze River Fishery Research Institute of the Chinese Academy of Fishery Sciences in Wuhan, China. Before testing, all the salamanders were kept in tanks for one month at 20 °C and fed with fresh fish meal once a day. PCR detection confirmed that these animals were free of GSIV. All animal procedures were conducted in accordance with the recommendations in the guidelines of the Care and Use of Laboratory Animals Monitoring Committee of Hubei Province, China. The Chinese giant salamander muscle cell line (GSM cells) was generously provided by Professor Qi-ya Zhang (Institute of Water Biology, Chinese Academy of Sciences). GSM cells were cultured in a T25 cell culture flask (Corning, Corning, NY, USA) with a density of 6 × 106 cells/mL, with 5 mL M199 medium (Hyclone, Logan, UT, USA) containing 10% fetal bovine serum (FBS) (Hyclone, Logan, UT, USA). The incubator temperature was 25 °C. The GSIV was originally isolated and identified from diseased Chinese giant salamanders by our laboratory [19].




4.2. DNA Extraction, RNA Extraction, and cDNA Preparation


Viral DNA was extracted using a viral DNA kit (Omega, Norcross, GA, USA) according to the manufacturer’s protocol, and the TCID50/mL of the GSIV was measured using the Reed and Muench methods [42]. Total RNA was extracted using TRIzol reagent (Thermo Scientific, Waltham, MA, USA), and residual DNA traces were removed using DNase I (TaKaRa, Taejin, Japan). After extraction, the integrity and purity of the RNA were detected by agarose gel electrophoresis and a NanoDrop One spectrophotometer (Thermo Fisher Scientific). Finally, a TRANS reverse transcription kit (TransGen, Beijing, China) was used for reverse transcription. The cDNA and RNA templates of all samples were stored at −80 °C for later use.




4.3. cDNA Cloning of AdGPI-MT-I and Bioinformatic Analysis of Sequences


The cDNA sequence of AdGPI-MT-I was acquired from the transcriptome database of Chinese giant salamanders in our lab. A pair of primers, AdGPI-MT-I-ORF-F1 and AdGPI-MT-I-ORF-R1, was designed to specifically amplify the AdGPI-MT-I ORF sequence using Primer Premier 5 software (Table 2). Initial denaturation was performed at 94 °C for 4 min, followed by 35 cycles of 94 °C for 30 s, annealing at 59 °C for 30 s, and extension at 72 °C for 1 min. After the thermal cycle, PCR amplification was performed by extension at 72 °C for another 10 min to complete PCR amplification. The following operations were performed according to the manufacturer’s instructions. PCR specific products were collected, followed by purification of the products with a Gel Extraction kit (Omega Bio-tek, Norcross, GA, USA), and then the products were ligated and inserted into the pMD19-T vector (TaKaRa, Taejin, Japan) and sequenced at TsingKe Biotechnology Company for confirmation (TsingKe, Beijing, China).



The BLAST program of the National Center of Biotechnology Information (available online: http://www.ncbi.nlm.nih.gov/blast (accessed on 11 March 2021)) was used to search sequences. The signal peptide was analyzed online using SignalP-4.0 Server (available online: http://www.cbs.dtu.dk/services/SignalP-4.0/ (accessed on 13 October 2021)). Multiple amino acid sequence alignments were generated with Clustal W (available online: http://www.ebi.ac.uk/Tools/clustalw/ (accessed on 15 October 2021). Conserved domains were predicted by SMART (available online: http://smart.emblheidelberg.de/ (accessed on 15 October 2021)), and the conserved residues were shaded using DNAMAN (V6). The phylogenetic tree was constructed by MEGA 7.0 [43] using the neighbor-joining (NJ) algorithm. Genbank accession numbers of the selected sequences were obtained from the National Center of Biotechnology Information (NCBI) and are shown in Table 1.




4.4. Detection of AdGPI-MT-I Distribution in Tissues by Quantitative Real-Time PCR (qRT-PCR)


Six healthy giant salamanders were euthanized with tricaine methanesulfonate MS222 (100 mg/L, sigma). Various tissues, including muscle, liver, spleen, kidney, thymus, heart, and intestinal, were collected. cDNA templates were collected according to the above method for qRT-PCR analysis.




4.5. The Effects of GSIV on the AdGPI-MT-I Expression in Tissues and GSM Cells


Seventy-two healthy salamanders with negative GSIV-detection results were randomly divided into two groups of thirty-six animals, with six salamanders for each time period. The animals were observed daily for signs of infection and mortality after an intraperitoneal injection of 200 μL of GSIV (1.0 × 107.8 TCID50/mL) per animal and an equal amount of PBS (Hyclone, Logan, UT, USA) in the control group. Furthermore, spleens and kidneys were collected at different time points (0, 6, 12, 24, 48, and 72 h) post injection. In addition, GSM cells were cultured overnight in 6-well plates (2 × 106 cells/mL), and the experimental group was stimulated with 1 mL of GSIV (1.0 × 107.8 TCID50/mL) diluted 100-fold for 2 h, followed by the addition of 500 μL of M199 medium containing 2% fetal bovine serum (Hyclone, Logan, UT, USA). The control group was given the same treatment with serum-free M199 medium (Hyclone, Logan, UT, USA). Cell samples were collected at different time points (0, 6, 9, 12, 24, and 48 h) after GSIV infection (MOI of 0.1), transcribed into cDNA as described above, and characterized in vitro for the expression of the AdGPI-MT-I gene after GSIV infection. Three wells were tested for each time period.



In order to test the AdGPI-MT-I expression in vivo and in vitro after infection with GSIV, qRT-PCR was performed with primers AdGPI-MT-I-rqF and AdGPI-MT-I-rqR (Table 2). The β-actin of the Chinese giant salamander (GenBank accession number: HQ822274) was amplified as the internal control gene for cDNA normalization (Table 2). The qRT-PCR primers were verified to be specific, with only one target PCR product. The melt curve of the qRT-PCR primers had a single peak, and the threshold period (CT) was less than 30. The qRT-PCR test was performed on a Rotor-Gene 6000 Real-Time PCR system (Qiagen, Dusseldorf, Germany) using a 2 × TB Green Fast qPCR Mix (TaKaRa, Taejin, Japan). The qRT-PCR program consisted of 1 cycle at 95 °C for 5 min, followed by 40 cycles at 95 °C for 20 s, 60 °C for 20 s, and 72 °C for 20 s. The qRT-PCR mixture consisted of 10 μL Power 2 × TB Green Fast qPCR mixture (TaKaRa, Taejin, Japan), 0.8 μL of each primer (10 M), 2 μL of diluted cDNA samples, and 6.4 μL of sterile H2O. Relative qRT-PCR gene expression analysis was performed using the 2−4ΔΔCTmethod, and all the experiments were repeated three times [44].




4.6. AdGPI-MT-I Expression Plasmid Construction, Subcellular Localization, and Western Blot Confirmation


A pair of specific primers, AdGPI-MT-I-ORF-F2 and AdGPI-MT-I-ORF-R2, with BamH I and XhoI (shown in Table 2) restriction sites added were designed to amplify the cDNA of AdGPI-MT-I. The specific PCR product was purified as mentioned above, inserted into the pMD19-T vector (TaKaRa, Taejin, Japan), and then ligated into the pmCherryN1 expression vector (pmCherryN1-AdGPI-MT-I) by double digestion using BamH I and XhoI. After successful ligation, the product was removed and expanded with an Endo free Plasmid Mini Kit (Omega, Norcross, GA, USA) to extract the recombinant plasmid pmCherryN1-AdGPI-MT-I and then sequenced (TsingKe, Beijing, China).



GSM cells were seeded into 6-well plates at a density of 2 × 106 cells/mL according to the above method and cultured for 24 h until a cell monolayer of approximately 70–90% confluence was formed. Then, 500 μL of M199 (Hyclone, Logan, UT, USA) medium containing 5 μg of pmCherryN1-AdGPI-MT-I or pmCherryN1 plasmid and 10 μL of lipofectamine™ 3000 (Invitrogen, Carlsbad, CA, USA) was introduced into each well of cells according to the manufacturer’s instructions. Twelve hours after transfection, fresh M199 (Hyclone, Logan, UT, USA) medium containing 10% FBS (Hyclone, Logan, UT, USA) was replaced. After 48 h of transfection, the cell medium was removed, and the GSM cells were washed three times with PBS (Hyclone, Logan, UT, USA), fixed with 4% paraformaldehyde for 20 min, and washed three times again with PBS (Hyclone, Logan, UT, USA) before transfection with 6-diamidino-2-phenyl-ndole (DAPI) (Solarbio, Beijing, China) to stain the cell nuclei. Finally, culture dishes (Biosharp, Anhui, China) were washed with PBS (Hyclone, Logan, UT, USA) and examined by confocal microscopy (Olympus, Tokyo, Japan).



After 48 h of transfection with the above method, cells were harvested and the expression of pmCherryN1-AdGPI-MT-I was detected via western blot with anti-mCherry-Tag mouse polyclonal antibodies (#AE002, ABclonal, Wuhan, China). Meanwhile, the expression of β-actin was detected by western blot with anti-β-actin mouse polyclonal antibodies (#12262, CST, Danvers, MA, USA).




4.7. Antiviral Activity of AdGPI-MT-I in GSM Cells


The GSM cells were cultured under the same conditions as described above and transfected with pmCherryN1-AdGPI-MT-I and pmCherryN1 plasmid, respectively, as before. After 48 h of transfection, three parallel samples were collected at 0, 12, 24, 48, and 72 h post infection (MOI of 0.1). The control group was given the same amount of PBS (Hyclone, Logan, UT, USA). cDNA templates were collected according to the above method for qRT-PCR analysis. qRT-PCR was performed to quantify the major capsid protein (MCP) of the virus using the primer MCP-rqF/MCP-rqR, as shown in Table 2. The amplification was performed by a Rotor-Gene 6000 Real-Time PCR system (Qiagen, Dusseldorf, Germany). Relative qRT-PCR gene expression analysis was performed using the 2−ΔΔCT method, with the β-actin gene used as the internal control gene for cDNA normalization [44]. All the experiments were repeated three times.



Moreover, after 48 h of transfection with the above method, three parallel samples were collected at 0, 24, 48, and 72 h after GSIV infection (MOI of 0.1). Protein samples were processed as follows: First, proteins were resolved with 12% SDS-PAGE gel at around 120 v for 90 min. Then, samples were transferred onto 0.45 μm pore nitrocellulose membrane using a semi-dry blotter (Bio-Rad, Hercules, CA, USA); washed with TBST for 5 min; and blocked with TBST containing 5% skimmed milk for 2 h at 37 °C. Next, the membrane was incubated with our laboratory’s anti-MCP mouse monoclonal antibodies (1:1000) and anti-β-actin mouse monoclonal antibodies (#12262, CST, Danvers, MA, USA) at 4 °C overnight. The membranes were washed three times with TBST; incubated with alkaline horseradish peroxidase-conjugated anti-mouse IgG (#58802, CST, Danvers, MA, USA) for 2 h at room temperature; and finally washed three times with TBST. Then, the washed PVDF membranes were incubated with ClarityTM Western ECL substrate (Bio-Rad, Hercules, CA, USA) for 5 min and exposed through a gel imaging system (Bio-Rad, Hercules, CA, USA). EasySee Western Marker (25–90 kDa) (TransGen, Beijing, China) was used in the experiments.




4.8. Digital Droplet PCR (ddPCR) Detection of Major Capsid Protein (MCP) Gene Copies of GSIV


The GSM cells were cultured under the same conditions as above and transfected with pmCherryN1-AdGPI-MT-I and pmCherryN1 plasmid, respectively, as before. After 48 h of transfection, three parallel samples were collected at 0, 24, 48, and 72 h (MOI of 0.1) after GSIV infection. Viral DNA was isolated using a Viral DNA Kit (OMEGA, Norcross, GA, USA) and stored at −80 °C. Amplification was performed using a QX200™ Droplet digital PCR™ system (Bio-Rad, Hercules, CA, USA). The ddPCR-related primers are listed in Table 2, and the amplification procedure consisted of 1 cycle at 95 °C for 5 min; 40 cycles of 30 s at 95 °C and 1 min at 60.8 °C; and 1 cycle at 98 °C for 10 min. The amplification system was as follows: 2 μL diluted DNA samples; 10 μL ddPCR Supermix for Probes (Bio-Rad, Hercules, CA, USA); 2 μL of each primer (10 M); 0.5 μL of specific probe (10 M); and 4 μL sterile H2O.




4.9. Statistical Analysis


Statistical summarization of qRT-PCR and ddPCR data was performed using Graphpad Prism 6.01 software (Version X, La Jolla, CA, USA), and statistical significance between samples was analyzed by one-way analysis of variance (ANOVA). The western blot results were quantified in grayscale using ImageJ software [45]. All data are presented in mean ± standard deviation format. Error bars indicate mean ± SD (n = 3). Values of p < 0.05 were considered statistically significant differences, and values of p < 0.01 were considered extreme differences.
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Figure 4. The mRNA transcription levels of AdGPI-MT-I in six healthy Chinese giant salamander tissues including muscle, liver, spleen, thymus, kidney, heart, and intestine. The mRNA expression of AdGPI-MT-I was detected by quantitative real-time PCR (qRT-PCR), which was normalized to β-actin. The expression level in muscle was set as 1. Data are the means of three independent assays and are presented as means ± SD. 
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Figure 5. Expressions of AdGPI-MT-I in the spleen (A), kidney (B), and GSM cells (C) at indicated times post GSIV infection. The mRNA expression level of AdGPI-MT-I was determined by quantitative real-time PCR (qRT-PCR), with six salamanders included in each time period. For the convenience of comparison, the expression level in the control at 0 h normalized to β-actin was set as 1. Error bars indicate the mean ± SD (n = 3). ** p < 0.01, * p < 0.05. Six salamanders were included in each time period. 
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Figure 6. (A) Western blot was used to verify the overexpression of the AdGPI-MT-I protein in GSM cells. GSM cells were transfected with pmCherryN1 vector or pmCherryN1-AdGPI-MT-I plasmid DNA for 48 h and then harvested for western blot. β-actin was used as an internal reference. (B) Confocal microscopy was used to observe the subcellular localization of the AdGPI-MT-I protein in GSM cells (scale bar, 20 μm). Nuclei were stained with DAPI. The nucleus and cytoplasm are marked with the numbers 1 and 2, respectively. 
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Figure 7. Effect of overexpression of AdGPI-MT-I on mRNA expression of major capsid protein (MCP) of GSIV detected by quantitative real-time PCR (qRT-PCR). The normal GSM cells and cells transfected with the empty vector plasmid were set as the control group, and the experimental group was transfected with pmCherryN1-AdGPI-MT-I plasmid for 48 h. At 0, 12, 24, 48, and 72 h after GSIV infection (MOI = 0.1), cell samples were collected for RNA extraction, and the transcription levels of the MCP gene were detected by qRT-PCR. All the experiments were repeated three times. Data are the means of three independent assays and presented as means ± SD; ** p < 0.01. 
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Figure 8. (A) Western blot analysis of MCP protein expression and grayscale quantitative analysis. Western blot was used to detect protein synthesis after GSIV infection at different times, and mouse anti-MCP monoclonal antibody and anti-β-actin monoclonal antibodies were used as primary antibodies, respectively. HRP-tagged antimouse IgG was used as a secondary antibody. β-actin was used as internal control. The gray values of GSIV-MCP and β-actin protein bands were quantitatively analyzed by ImageJ software. (B) Digital droplet PCR (ddPCR) was used to detect the MCP gene copy number of GSIV in GSM cells. After transfection of pmCherryN1-AdGPI-MT-I plasmid with GSM cells for 48 h, the copy number of the MCP gene at 0, 12, 24, 48, and 72 h after GSIV infection was detected by ddPCR. Error bars indicate the mean ± SD (n = 3). The asterisks indicate significant difference (* p < 0.05) between treated and control groups. 






Figure 8. (A) Western blot analysis of MCP protein expression and grayscale quantitative analysis. Western blot was used to detect protein synthesis after GSIV infection at different times, and mouse anti-MCP monoclonal antibody and anti-β-actin monoclonal antibodies were used as primary antibodies, respectively. HRP-tagged antimouse IgG was used as a secondary antibody. β-actin was used as internal control. The gray values of GSIV-MCP and β-actin protein bands were quantitatively analyzed by ImageJ software. (B) Digital droplet PCR (ddPCR) was used to detect the MCP gene copy number of GSIV in GSM cells. After transfection of pmCherryN1-AdGPI-MT-I plasmid with GSM cells for 48 h, the copy number of the MCP gene at 0, 12, 24, 48, and 72 h after GSIV infection was detected by ddPCR. Error bars indicate the mean ± SD (n = 3). The asterisks indicate significant difference (* p < 0.05) between treated and control groups.



[image: Ijms 23 09009 g008]







[image: Table] 





Table 2. The relevant primers used in this study.
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	Application
	Primer Name
	Nucleotide Sequence (5′-3′)





	PCR
	
	



	
	AdGPI-MT-I-ORF-F1
	ATGGCATCCTCGCTGAGATTTCA



	
	AdGPI-MT-I-ORF-R1
	CTAATGCAATTTAAGTTTTTCCACC



	
	AdGPI-MT-I-ORF-F2
	CCGGATCCATGGCATCCTCGCTGAGATTTCA



	
	AdGPI-MT-I-ORF-R2
	GCCTCGAGCTAATGCAATTTAAGTTTTTCCACC



	
	GSIV-F
	GACTTGGCCACTTATGAC



	
	GSIV-R
	GTCTCTGGAGAAGAAGAA



	qRT-PCR
	
	



	
	AdGPI-MT-I-rqF
	TTACTCCCCATTGTCCTCCA



	
	AdGPI-MT-I-rqR
	GTGTTCCAAAAACTCCCAGC



	
	MCP-rqF
	GCGGTTCTCACACGCAGTC



	
	MCP-rqR
	ACGGGAGTGACGCAGGTGT



	
	β-actin-rqF
	TGAACCCAAAAGCCAACCGAGAAAAGAT



	
	β-actin-rqR
	TACGACCAGAGGCATACAGGGACAGGAC



	ddPCR
	
	



	
	GSIV MCP-F
	GCGGTTCTCACACGCAGTC



	
	GSIV MCP-R
	ACGGGAGTGACGCAGGTGT



	
	GSIV probe
	FAM + AGCCGACGGAAGGGTGTGTGAC + TAMARA
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Homo sapiens GPT-MT-I
Mus musculus GPI-MT-I

# AdGPI-MT-I
Xenopus fropicalis GPI-MT-1
Chelonoidis abingdonii GPI-MT-I
Gallus GPI-MT-1
Damo rerio GPI-MT-I precursor
Penaeus vannamel GPI-MT-L1

Homo sapiens GPI-MT-1
Mus musculus GPI-MT-I

* AdGPI-MT-I
Xenopus tropicalis GPI-MT-I
Chelonoidis abingdonii GPI-MT-I
Gallus GPI-MT-I
Danio rerio GPI-MT-I precursor
Penaeus vannamei GPI-MT-L1

Homo sapiens GPI-MT-I
Mus musculus GPI-MT-I

* AdGPI-MT-I
Xenopus tropicalis GPI-MT-I
Chelonoidis abingdonii GP1-MT-I
Gallus GPI-MT-I
Danio rerio GPI-MT-I precursor
Pepaeus vannamei GPI-MT-L1

Homo sapiens GPI-MT-I
Mus musculus GPI-MT-1

# AdGPI-MT-I
Xenopus tropicalis GPI-MT-I
Chelonoidis abingdonii GPI-MT-1
Gallus GPI-MT-I
Danio rerio GPI-MT-I precursor
Penaeus vannamei GPI-MT-L1

Homo sapiens GPI-MT-I
Mus musculus GPI-MT-I

* AdGPI-MT-I
Xenopus tropicalis GPI-MT-1
Chelonoidis abingdonii GPI-MT-I
Gallus GPI-MT-I
Danio rerio GPI-MT-I precursor
Penaeus vannamei GPI-MT-L1

Homo sapiens GPI-MT-I
Mus musculus GPI-MT-1

#* AdGPI-MT-I
Xenopus tropicalis GPI-MT-I
Chelonoidis abingdonii GPI-MT-I
Gallus GPI-MT-I
Danio rerio GPI-MT-I precursor
Penaeus vannamei GPI-MT-L1

Homo sapiens GPT-MT-I
Mus musculus GPI-MT-I

W AdGPI-MT-I
Xenopus tropicalis GPI-MT-I
Chelonoidis abingdonii GPI-MT-I
Gallus GPI-MT-I
Danio rerio GPI-MT-I precursor
Penaeus vannamei GPI-MT-L1

1

110

1 10 20
........... MGSTKHWGEWLLNLEKVAPAGHF[GVA|F F T 1|H
e et MSYPMHWGEWILNFR[VEPAGVFIGVAF F T1|L
........... MASSLRFQERFLSAFLKTYV|LFSSAF F TML
............... MMKQAGILKIFLQHQFMFP T2lF L T ML
MPSHRTHTHPPMPSHQALGEQVTRAL|LRRDV|LI|GA AV F TML
..................... MAGGR[P|[GLRAALIGAGL L VMR
et et ettt ettt MERRVCV[LF|GARA C T LK
............. MALGTKNSRFGSTEGIQIHLSLGF v T HA

70 80 20
§iD Y[B]VF T DA AN GI{S PR REATHR Y T Ei L0 L P NN TRIF[T
D YR(VF TDA AR G S PRIAREITHR ¥ T ERA LISCH . EN P MRS I T|AlF|L
D Y5V F T DA AESIRENAGEA S P Vglo] RE\TF4R Y T 38 LENCRA LG8 P N i@ My i alnlylL
WD YE(VF TDARINSMES G\ S PRAREATNR Y TEB LE\TE Lk P N &l Ay
D YR(VF TDA AR G S PRI REITHR Y TESH LIEHCEY LB P N i@ alaly|L
- SRE\TIYR Y T iz9# LEY VHLGE alznlclv
SIREITIAR Y T3 LENSH L P NEASR: |# slG|L{L
D YE(VF TDAARSAENIG e s PR REITHR ¥ TiEdal LENGAYU LA P N F AR
12? 13? 14? 15? J.El?
LYRLMLLEGLGR . ROEICGYCVIFCIALRERAE M AR S IanEID S 1 vENSIREAM VL Y|L[T|K K[RIL[V alc
LYRLMLLKGLGR . ROA|CG Y|lc VIFLRALIRRA® M 2 1 s 146 kAT s 1 vENS iRV8A s T(1 v[F|T|E K[RIL|T 2lC
MSRIMLLRGLIPI . RKANWYC LFRRAFIERAP M TVA si¥e kA 5 v TRV AR ML Y|c Mo K|B|S|T VT
THRIMVDRGI|KD . sals|. Lylc 2| tERF bR M Vg s EEE s v LE\VIRSA s VL Yly[v]o KIRIR|L I|K
IYQIMLLREVDT. SKaFGY|CAFEZMLIEA 1 208 e nEs s L LEAVIRSAA T v|Y|I|E KlGiN|T VK
LYREAMRRRGEISPGRAICIGCCAaA|ARRALINERAC M2 ] s ¥ NEYE A . vENVIRSAA A1 HILVIE Alcls[v GR
MFRLMVLRGA|SH . Gslalcvsic alLiBAL A" M AVE] TIN5 v LEA\VIRSA s T|L Llc|ro LIrlk[H T|T
IYQIMLIDGLTK. LTALKCSELZM YRV I R Tia sEVE A L MENVIRSAL T|v ¥|M|LK LIB/F|S v|L
79 15? 19(? 20? 21? 220
aEVF[Y HLD...... PDRDNDKSLRQFRYTFQACLYELL
AR VR HLR...... PERDDDERLRQARFSFQARLYDF
s|a vIL|Y HLOTAVVSGQODMGQAVSSPTSKHWFLEHFRDF
GaL|I|y FFQKEDFYGSQEGKRVVS. . . NLKYIRIFRNL
sla I|F[F HLONNECWGKGKTD TVHLKKSKFSLVDHFWOL
alaLicly RILOGS. . .GEGAAGAGRDGTAEFTLVGGIWRR
AlA L|LF AL TAAP . v v v v v v vt v s e snseess  ARGRGV
Al LF|L ] 701 DSHSDSL
230 24 260 270 280
cll. RAVT|LF VA VARG T THIF FGF Y WEF LEHTN FREIL TEIRD I ERLBaC]r ¥ 134 LE4L T
cls|. walvLlLFvavialcL TFV FGF Y WEF LEHT[Y FYL TR 1 883 v gl LEqL T
L. 0DV L|ILF GAVA|IGLTF|S FT[YY WEF LEHT[Y Ly@stv TEIR[N TR0 03RS v IahqM LE4L T
Lls|. RDIILILF VTS|V TFA LEFY WEF LENT[Y Y@L TEIRN 1 RS v e LEqL T
L. RD[VLIFFVVYS|GF TFA LSFY WDF LEHT[Y LY@ TEIRD TR bl v iald LEqL T
L. RNV L|ILF GAVVIGSV LA VLIFY WEF LEHAlY LV L TEIRI 1 83838 v gk LEqL T
Fls|. PALLRFRAVISRRAVEL LIFY WEF LOEA[Y Ty L THEIRN LR8I e 713 1. Obe v C
LIP[NY TKMR[LVTGA[T I SF|F GL|GF] EQY IEEAF LFIL sEITH TEE ST v ik LFqT A
290 300 310

AESKWSFISIGIAAF LEXOL IIMASEVSFRY Y R|. .
RESKWSF|TMG IAAF LiZoF IiMAs|lan s|FlaY YR]. .
AESSWEFAMGLAAF LS. LIMAVA v SVAF Y K. .
AENNNSFIMGLAAFFIZOL VIRAFV VS|LAYFK|. .
RESEWSFAMGLSAF LIS L VIMALV vV S|LI2 Y YK]. .
RESKWSFRMGLAAF LIS LMALIVVS[VAFYK|. .
AERCWSS|GMLPLLLLIISL LIMALIL 2 s|alaF S 5l. .
S.DYHIPGHNIATFGIEOL IIMAT|A LGYKFCH

1iui"

FEromd=% 7 9]

3270 380

el ORNGIWLHPAY ML E E'[#]
EORYMWLEPAYNT E F#
e OENUNWLEP AY QL E F'):d
S|OEVWLNP AY L E F)
el ONAW LEP A Y YL E E)d
S OEMWLEP AY ML E Fj:
RO MW LIAP AY)ISL E E'le]
IT VLGV ARMRAISEEATIF:S4T RPN H

0Ll 010Gl G0 o

Foonoooaonn]
IMHHHKHHHAH]






nav.xhtml


  ijms-23-09009


  
    		
      ijms-23-09009
    


  




  





media/file8.jpg
) =) 0 =)
- -

I"LIN-IdDPYV JO S[PA] VNY W dANEB[Y





media/file11.png
GSM cells

ook

*..:.
%
>
¢
<
%

— = B

07|

5 g %

()

mm %

§ 8 R & °

1= LT DPY J0 SPA YN W aAnepy

O

Kidney

—I

M

Spleen

ek

—_— * llIIl.'.'l.lll.llllll.l.l.l -

o 3

£ -

g »

v U
w0 o 0 =
LIN-TdDPV JO SPAI] VN W 2ADERY

8+ E= Control

T T T 1
w =t o o

IFLIN-TdDPY JO SPAY VN H W 2ARERR

>

Time points post GSIV infection

Time points post GSIV infection

Time points post GSIV infection





media/file6.jpg
o——

100

—=—

ey N
——

—

Chonoecte apilo GPLMT-1
P —
Ocopus svnss GPLMTL
Ecapasia daphara GPLAT
Amphipron ccelars GPLMTL
Pocllalarina GBLTA
Do i GPIAMT precser
Pobodon et GRLAT
By GRLMTL

AdoRam

Henapusropicals GRLAT
Noeci cania GPLMT1
Gophens evgoodel GPLMT-1
oot cbngdons GPLMT
Anas lonyiynchas GPLNTA
Galla GPL.
Homo spiens GRLMT1
P ogiodtes GRLMTA
Hiobaes moloch GPLMT1
Equs coblls GRLAT
PR—e
[——

Invertebrate

Fish

Amphibian

Repile

} avian

Mamnal






media/file2.png
1 -GCATCCTCGCTGAGQTTTCAGGMC G T T CCTCAG T GG T TCCTGAAGACGTACGTCTTGTTCAGT T CAGCCTTCCTC

1 M A 8 8 L R F © E R F L 8 A F L FE T ¥ V L F 8 8 A& F L
82 GTCAGAGTGGCACTGETCTTC TATGEAGT CT TTCARAGACCGEACCATGCTGGTGAAGTATACAGATATTGACTACCATGTT

28 YV R V A L VvV F ¥ 6 ¥ F ¢ D R T M L Vv K ¥ T |p 1 Dl H ¥

163 TTCACACATGOGGOCAGCATTCATCACAAAGCECGCTTOT CCATAC CARAGAGOGACTTATCGCTATACCCCGOTCOTGEA

55 F T D A A R F I T K G A & P Y Q R A T Y R Y T P L I A&
244 TGGEAT T T TAACACCARACAT CTACC T CACTGAGCTGTATGGAARANT TG TT TTTATAT CATGTGATC TTATTGCTGCATAC

82 W I L T P N 1 Y L T E L ¥ = K I v F I = C D L. I A &A Y
325 CTGATGTCTAGAATT TGO TCCTCUGEGEATTACCCATCCGTARAGC GAAT GG TACTGTCTTTTCTGECTTITTCAACCCT

109 L M 8 R I L L L R & L P I R R AR N W ¥ ¢ L F W L F N P
406 CTGCCAATGACTGTGTC CAGTAGAGGARATGCAGAGTCTGTTATTGCACTCOTTGTGCTGGCCATSTTATATTGCATGCAG

136 L P M T SR e e e e e s R i e
487 AAGCATAGCATAGTGACCTCTGC TGTACTATATGGCCTCTCTGTTCACATGAAGATTTACCCAATCACCTACTTACTCCCC

163 s A i s B D R G e, R e e sl s BB S R B R i S B e e
568 ATTGTCCTCCATCTGCAGACGGC TG TG TTT CGGEACAAGATATGGGECAAGC TG TCAGTTCACCARCATCTARACATTGE

1590 T3 R T B P B e R e R e e R S e e e W T e e R R
649 TTCTTGGAGCACTTTCGTGAT TTCTTGCTTAGGCTATTGAATCAAGATGTTCTGCTTTTT GGAGCGGTTGCCGGACTTACG

217 oo B H OFESORGD E L LR L BGN QDN L RE G RN N G E e
730 TTTTCTGCCTTGACT TTCACATATTAC TACAGTTAT GGCTGGGAGTTI TTTGEAACACACCTACCTATACCATGTANI CAGS

244 e e R e T i il el S et D D SV O DR T gl S v S T i B )
811 A-E-EATAT T OCTCAC AT T T T TATT T TAC AT T GTACTTGAC T HCAGAGAGUAGUTHEAGTTTT T CTGGEA

271 RIS S e W LT T B DR s R D T T e L [ R L TR L B
852 CTCoECTEC T T T T AT T T T TG T T T LT T LT G ATT T TACALAGGACCTTGTATTCT O TECTTT

298 SR e L D e S T T R TR S B e e s R R N R R D S Y
573 CTTCACACGGCCATT TTTGTCAGC TTCARCAAAGTGTGCACATCTCAGTACTTCCTCTGGTACCTT TGO TTAT TECCCCCT

325 S e e O e B SR R DS T e SR e R I - M IR e B o [ e B
1054 GTAATGCOTACCOTAAGGATGTCATGCCATCGGGGEATT TGCCTTCT TGCACTTTGETTCACTGGGLAGGCATTTTGGCTT

352 ¥ e ) Dl Lt R el T RESE. ) e RS R o e e © SR Bl RS, SRt TR B L Sl W | e S b e B nelailer Wiy b | BRI
1135 AT TGO TTAC T T T OTGGAATT TAAA GEACACAATACATTTATTCTAAT CTCGOTGGOTGEACTGOTOTTCCTT T TCATT

379 LR DU LR s IR i el Sl 2t Sl D B ST s e s el S e i sl i e i
121¢ AATTGTTTCATTCT TG TGAAATTATTACT CACTAC CAACC CACAGTACARCGGGT GGAAAAACTTAAATTGCAT-

406 BRI e H Y QO P T ¥V O Q R V E K L E L H Y





media/file13.png
DAFI

puCherryN1-GPI-MT-1

Merge

[—
20 pm

Detail

pmCherryN1

20 um

Merge

Detail






media/file10.jpg
-

ERE IRy EEER EECIEIE






media/file7.png
100 |
77 |

99
100 |
72 '

100
100

|
|
100 |
|
99 |
99 |

54
100 [

Chionoecetes opilio GPI-MT-1
Penaeus varmamei GPI-MT-LI
Octopus sinensis GPI-MT-1
Exaiptasia diaphana GPI-MT-I
Amphiprion ocellaris GPI-MT-1
Poecilia latipinna GPI-MT-1
Danio rerio GPI-MT-I precursor
Polvodon spathula GPI-MT-1
Bufo GPI-MT-1

A AdGPI-MT-1

Xenopus tropicalis GPI-MT-1
Notechis scutatus GPI-MT-1
Gopherus evgoodei GPI-MT-1
Chelonoidis abingdonii GPI-MT-I
Anas platvwriynchos GPI-MT-1
Gallus GPI-MT-1

Homo sapiens GPI-MT-1

Pan noglodvtes GPI-MT-1
Hylobates moloch GPI-MT-1
Equus caballus GPI-MT-1
Rattus norvegicus GPI-MT-1
Mus musculus GPI-MT-1

~ Invertebrate

—_

- Fish

~ Amphibian

- Reptile

]- Avian

- Mammal






media/file12.jpg





media/file3.jpg
I8 nE






media/file9.png
— %
M so&ﬂ

2
I -,

.
5 0 5 0
- -

[ LIN-IdDPYV JO S[2A3] VN YW AN E[Y





media/file14.jpg
Relative mRNA levels of GSIV MCP

GSIV MCP

407 mmm nomal cell
X pmCherryN1
== pmCherryN1-GPI-MT-I

30

204

N
NI S SO

Time points post GSIV infection





media/file1.jpg
1 B CATOTT OSSNSO AGGAA S ST PO TSAG TGO T I CTGARGACT TACG ST ST ICAGTICAGOCTINCTE.

o AR TGRS TA TGS T T T AN G SGACSR TGO TG TaATATA A TATI GACTACCATITE.
2 vRvaiversvreo oRTHLYREYTETB RV
16 ARG AT TN A CAAAGG oM T A TAC S AMAG SOSACTTATOROTATASS SO NGER G
s rrDAARFITE GASPYQGRATYRYTRLILA
108 LM 8 RILLIOLAGLEPIRRANMRGYCLENLESNS
106 PP A TP A TR GG AN EGCAGAG T TG T ARG AGT ST TG CTGCCRIGTTATAR TGSNGEAG.
136 Loe mor EOEIRIG R A E S YT AT LAY NG
17 AT AT T IO AT AT AT SO TC T TG AN TGANGA T TACCOARICACC TACTTACT 25
16 KW vEaAYVLYGLSYRMELYPINTLLE
seo AT AT AGA G TG NG GGG AR ATATSAGSCAA GG TCAGTICACCAACATCTAMACATIS
150 VLA 4OTAVVAOQDKGOAVS SR TEKMN
oo TR CAC PTG T TR TG AT AR ARG TG T TGC T THGGAGGGTTGOCGGACTIACS
a7 e )
o1 AT TR AT T AT TR TACATGCTGTACTIGACT G AGAGAGCAG TS GAGTTTRGCTCTGIGA
m R DI RENFTO S YEYMLYLTAEZSSNSEALG
20 EA A ELPOL S L LY AY SV APYKDLVECEE
s A A AT TG TSR AR T TS AT T AT OO TG TAS T TS AT IG5
a2 LH T A TP VS F N KVCTSOYELANYLCLI RS
108 OTAAMICOTAGCCTAMGGATGTCATGCSATCOGAGIATT TGS T T TG CTT TGS TCACTIGIGAGICATITIGISTY
a5z VoW an R M 8 & H RGXEELALNPEE QAR T
1216 AR TICATTCTTUrTGAAAT TATTACTCACTACCAACCCACAGTACAACGOOTGAAARRACT TARATTGCATHRR

406 R « r o ¢ T v Q R VE KL KL R





media/file16.jpg
,1: - /

A

Tie polot poot GEIV tncten.

TR g e o e a1 e 2 s &





media/file15.png
Relative mRNA levels of GSIV MCP

40-

30 -

20 -

GSIV MCP

E=3 normal cell
EX] pmCherryNl1
E= pmCherryN1-GPI-MT-I

Time points post GSIV infection





media/file0.png





media/file17.png
500= === mnormal cell
4004 —® pmCherryNI
3004 —& pmCherryN1-AdGPI-MT-I

GSIV-MCP

p-actin

b k.
SLLSLA

Wi

> > K O

Number of MCP gene copy/GSM cell
2

GSIV-MCP/B-actin
densitometry

0.734  0.710  0.655 1.644 1831 1232 2631 2159 1545

Time points post GSIV infection





