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			ABSTRACT

		

		
			Glutathione S-transferases (GSTs) comprise a large and diverse family of enzymes with a wide phylogenetic distribution. They are multifunctional enzymes that play a crucial role in cellular detoxification and oxidative stress tolerance. Comparing with that in mammals, investigation of GSTs is more complicated in teleosts because of the greater pressure they suffer in aquatic environment. In this study, we identified a set of 27 GSTs including 8 classes of members in common carp genome. Both sequences alignment and phylogenetic analysis exhibited that genes derived from the same GST class from different species share more similarity than genes of different classes in the same species. Copy number of GSTs examining showed that five classes of GST genes in common carp have undergone the gene duplications, including MGST1, GSTK, GSTM, GSTA and GSTT. Comparative genomics and syntenic analysis provided new evidences for better understanding on gene fates post whole genome duplication (WGD) of common carp. The expression patterns of all GST genes were established in various tissues, including brain, heart, spleen, kidney, intestine, gill, liver, skin, blood and muscle of common carp. Expression profiles provided us more evidences to understand GST gene functions as well as their functional evolution post duplication. Overall, the whole set of GST genes provide essential genomic resources for future biochemical, toxicological and physiological studies in common carp.
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			INTRODUCTION

			

			Glutathione S-transferases (GSTs), also known as the glutathione transferases, comprise a large and diverse family of enzymes with a wide phylogenetic distribution. These enzymes catalyze the conjugation of glutathione (GSH) with a variety of electrophilic compounds and server as intracellular binding and transport proteins (Buetler and Eaton, 1992). On the base of these two characters, GSTs can detoxify electrophilic xenobiotics, such as environmental pollutants, drugs, and carcinogens. For example, some research suggests that polymorphic sites on glutathione-S-transferase P1 (GSTP1) are associated with risk of asthma in people (Hemmingsen et al., 2001; Al-Arifa and Jahan, 2016). Besides that, they can also inactivate endogenous quinones, epoxides and hydroperoxides formed as secondary metabolites during oxidative stress (Hayes et al., 2005). In addition, the GSTs also activate the biosynthesis of some hormones like prostaglandins and progesterone (Listowsky et al., 1988), as well as degradation of tyrosine.

			Due to the crucial role GSTs play in detoxication of multiple compounds, especially xenobiotics, and their extensive distribution in almost every species, various investigators have focused on their purification, characterization and expression in plants and mammals. Ever since the first characterization of GST more than fifty years ago, a lot of data has been available on this family of enzymes. So far, 84 GST genes have been identified and grouped into eight classes in barley by sequence alignment and phylogenetic analysis (Rezaei et al., 2013). Several classes of GST sequences have been identified and classified from both mammalian and non-mammalian organisms through different techniques, such as immunological methods, amino acid sequencing, molecular cloning and so on (Buetler and Eaton, 1992). In mammalian, this superfamily is composed of three subfamilies, namely cytosolic, mitochondrial, and microsomal GST (Hayes et al., 2005). Indeed, several attempts had been taken for the classification and nomenclatures of so much GST enzymes identified by different laboratories through different techniques (Mannervik et al., 1988). Eventually a generally accepted nomenclature introduced by Mannervik et al. (1988) mainly on human GSTs were published in 1992 (Buetler and Eaton, 1992). So far, the GSTs of mammals have been divided into several classes based on the sequence (Board et al., 2001), subunit structure (Ma et al., 2009), kinetics, inhibitor specificity (Blanchette et al., 2007) and immunological identity (Fan et al., 2007). These classes include Alpha, Mu, Pi, Theta, Sigma, Omega, and Zeta of the cytosolic GSTs (Kim et al., 2010), Kappa of the mitochondrial GSTs and Mgst1, Mgst2 and Mgst3 of the microsomal GSTs also designated as MAPEG now (Hayes et al., 2005).

			The studies in teleost is more complicated, because of the aquatic environment and the greater pressure they suffer. Most of the investigations about fish GSTs focus on the expression level and changes when exposed to metal like cadmium rather than their identification. Thus, information is not enough to establish the accurate molecular phylogeny of GSTs in fish.

			Common carp, Cyprinus carpio, one of the most significant aquaculture fish species, is widespread all over the word especially in Europe and Asia. Great efforts have been made in developing genomic resources in recent years. These genomic resources included a large number of ESTs (Christoffels et al., 2006), BAC end sequences (Xu et al., 2011), comprehensive transcriptome obtained by RNA-seq (Ji et al., 2012), single nucleotide polymorphism (SNPs) (Xu et al., 2014a), genetic and physical maps (Zhao et al., 2013). The common carp whole genome sequences have recently been published (Xu et al., 2014b). It is now known that common carp genome is allotetraploidized genome which had experienced an additional round of whole genome duplication (WGD) compared with many other teleosts. Therefore, the complexity of the tetraploidized genome and gene duplications may cause misidentification in assembly and annotation. Examination of gene families with phylogenic or orthologous analysis would verify the whole genome sequences assembly and annotation (Liu et al., 2013). In this study, by utilizing all available common carp genomic resources, we identified 27 GST genes across the genome. Further phylogenetic and syntemic analysis confirmed the annotation. Our study on examining gene families in common carp not only supported the accuracy of the common carp whole genome sequences assembly and annotation, but also provided valuable genomic resources for the future evolutionary, biochemical, toxicological, and physiological studies on common carp and other teleosts.

			

			MATERIALS AND METHODS

			

			Identification of GSTs genes and homologs

			To identify the GSTs genes, public available databases were searched for GST family homologues in seven species: zebrafish (Danio rerio), human (Homo sapiens), chicken (Gallus gallus), frog (Xenopus tropicalis), pufferfish (Takifugu rubripes), medaka (Oryzias latipes), stickleback (Gasterosteus aculeatus). All amino acid sequences of GSTs genes were retrieved by searching the Ensembl genome browser (http:// www.ensembl.org) and GenBank (http://www.ncbi.nlm.nih.gov/genbank/) and used as queries to search against all available common carp genomic resources, including the databases of whole genome sequences, amino acid sequences, transcriptome sequences and cDNAs, by BLAST searches to acquire the candidate genes with an E-value cut off of 1e-10. All the databases used above were sequenced, assembled and annotated by our own laboratory. Methods applied for sequence data production of common carp are described in previous publication (Xu et al., 2014b). The resulting alignments were checked manually to identify the best hits as candidate sequences considering score, identity values and alignment position of the query. Then reciprocal BLAST searches were conducted by using the candidate common carp GST genes as queries to verify the veracity of candidate genes. Additionally, the coding sequences were confirmed by BLAST searches against NCBI non-redundant protein sequence database (nr). The full-length amino acid sequences as well as the partial sequences coding for the conserved domains were used in the phylogenetic analysis. The GST proteins from other organisms were retrieved from the Ensembl genome database (Release 75) for phylogenetic analysis with exclusion of partial sequences.

			

			Nomenclature of GSTs

			The predicted GST genes of common carp were named based on their zebrafish orthologs, corrected by phylogenetic topologies. First, the subfamilies and gene members were determined for each common carp GST orthologs based on the classes of zebrafish (for instance, GSTA, GSTO, etc). Then, the closely related zebrafish GST genes were assigned to each common carp GST orthologs, respectively. 
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			Fig. 1. Sequence alignment and gene structure of common carp GST genes. The sequence alignment of carp GST genes was conducted by ClustalO. Sketch map of GST genes structure was conducted on GSDS.

			

			These GST genes were named after their closely related zebrafish genes by sequences alignment. When more than one copy of common carp GST genes was clustered with certain zebrafish GST gene, the alphabetical suffixes were added to each copy (for instance, GSTK1a, GSTK1b, GSTK1c, GSTK1d, etc). After construction of phylogenetic tree, few of these names given for carp GST genes were corrected to adjust the phylogenetic topologies. GST gene names among different teleost species have not been standardized. To prevent further confusion, we renamed all the GST genes which appear in this study based on the rules stated above and the original name of the gene. Names of all GST genes in surveyed species and their accession numbers are listed in Table I.

			

			Gene characterization and sequence alignment

			To characterize the gene structure, we performed exon-intron structure analysis by using Gene Structure Display Server 2.0 online analysis tool (http://gsds.cbi.pku.edu.cn/). The analysis was conducted automatically by providing both CDS and genomic sequence of gene. Gene structure analysis is shown in Figure 1. The incomplete gene sequences are ignored. The predicted common carp GST amino acid sequences together with zebrafish GST genes were aligned by MAFFT version 7 (http://mafft.cbrc.jp/alignment/server/) using default parameters and illustrated with GeneDoc. Details about sequences alignment is shown in Supplementary Figure S1 and percent identity matrix between carp and zebrafish is listed in Supplementary Table SI.

			

			Phylogenetic analysis

			For the sake of annotating the GST genes, phylogenetic analysis was conducted with amino acid sequences of GST genes from common carp and other seven vertebrates including four teleost. For nomenclatures of the common carp GSTs, whenever possible we followed those of zebrafish because zebrafish is the most closely related model species to common carp. Finally, a total of 136 protein sequences were aligned by Mega 6 using ClustalW method with default parameters. A maximum likelihood tree of carp and seven representative species GSTs (Fig. 2) was constructed by Mega 6, with LG model, and 1000 bootstrap replicas were utilized to access the strength of the suggested associations.

			

			Syntenic analysis

			Syntenic analysis of the evolution relationship about GST superfamily genes were performed among seven species by identifying the common genes both up- and

			[image: 2.jpg]

			

			Fig. 2. Phylogenetic tree of GST gene family. Neighbor-joining-based phylogenetic tree of GST protein sequences. Including several kinds of typical vertebrates: human (Hs), chicken (Gg), frog (Xt), zebrafish (Dr), pufferfish (Tr), medaka (Ol), stickleback (Ga) and common carp (Cc). GST superfamily is labeled by three subfamilies: cytosolic GST, mitochondrial GST and MAPEG.

			

			downstream of the focal genes in zebrafish and common carp. Annotation information of genes distribution along chromosomes of common carp is available on CarpBase database (http://www.carpbase.org/). The distribution information of genomic regions in other species was downloaded from Ensembl (http://www.ensembl.org/). Then we confirmed the conservative regions between zebrafish and common carp by comparing annotation information of genes with the help of Perl program. Syntenic maps were constructed mainly based on the information regarding the location of genes and draw manually.

			

			Tissue expression profiling of GST genes

			Total RNA from various adult common carp tissues (brain, heart, spleen, kidney, intestine, gill, liver, skin, blood, muscle) was extracted using Trizol reagent (Life Technologies, NY, USA), and the cDNA was synthesized by the RT-PCR using the SuperScript III Synthesis System (Life technologies, NY, USA). ß-actin gene was used as an internal positive control, with forward primer (5’-TGCAAAGCCGGATTCGCTGG-3’) and reverse primer (5’-AGTTGGTGACAATACCGTGC-3’). The PCR thermal cycle comprised an initial denaturation step of 2 min at 94°C followed by 35 cycles of denaturation (30 sec at 94°C), annealing (30 sec at 62°C or 64°C), and extension (20 sec at 72°C), and a final elongation step of 2 min at 72°C. The PCR products were separated by gel electrophoresis (1.0% agarose gel at 140 V) in the presence of ethidium bromide and visualized under ultraviolet light.
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			RESULTS AND DISCUSSION

			

			Identification and nomenclature of GSTs

			Previous reports have described 9 classes of carp GST genes from three GST subfamilies: MAPEGs (mGST1, mGST2 and mGST3), Kappa from the mitochondrial GSTs, and the cytosolic GSTs (Mu, Alpha, Theta, Pi and the Rho which is special in fish and shares no molecular homologue in mammals) (Konishi et al., 2005; Fu and Xie, 2006). In this study, the Blast searching of zebrafish GSTs against all available genomic resources of common carp revealed a total of 27 GST genes, including 2 new classes of cytosolic GSTs that have not been identified previously in common carp: Omega and Zeta. All coding sequences of GST genes were deposited to DDBJ database with continuous accession number of LC071486 to LC071512 (Table I). We have also downloaded different amino acid sequences of GSTs in several organism genomes available in Ensemble genome browser and GenBank. However, during the process of data analysis, we found it using hard to classify these sequences using abbreviations of gene names due to different nomenclatures of these species. We thus renamed all these genes based on nomenclature of zebrafish GSTs according to the amino acid sequences alignment. Gene names and their corresponding accession numbers are shown in Table I.

			

			Sequences analysis and alignment of common carp GSTs

			Among all the GSTs genes discovered in common carp, 4 of them (GSTK1c, GSTK1d, GSTM3c, GSTM3d) are fragments due to the absence of complete coding sequence. Detailed information of their genomic sequences, coding sequences and location are summarized in Table II. Most GST proteins include 200 to 250 amino acids except for MAPEGs (MGST1.1a, MGST1.1b, MGST1.2, MGST2, MGST3.1, MGST3.2) which are much shorter. The exon numbers of the MAPEGs are also less than other GSTs which implies their special role.

			To better understand gene structure and their differences, we have aligned those GST sequences of common carp and their orthologs of zebrafish. Figure 1 and Supplementary Figure S1 show gene structure and the amino acid sequences which display significant diversities among different subfamilies and even different classes in the same subfamily. For example, GSTK exhibited a closer evolutionary relationship with members of MAPEGs than other classes of GSTs, whereas sequence structures showed great differences. This is corresponding to the fact that different GSTs have different subunits and are involved in different reactions (Hayes et al., 2005). However, sequences under the same class, like genes in GSTTs, GSTMs, GSTAs or GSTKs unusually retain similar gene structures (Fig. 1). Protein sequence alignment revealed that carp GSTs share much more identity with zebrafish GSTs under the same class, like GSTA, than other members of this superfamily (Supplementary Table SI). So this leads to the conclusion that sequences of the same class of GSTs are highly conserved.

			

			Phylogenetic analysis of GSTs

			Phylogenetic tree of GST proteins from the predicted genes in common carp and the other seven vertebrates including four teleost were constructed using Maximum Likelihood method performed by MEGA6 (Fig. 2). Based on the resultant tree, it is inferred that major functional diversification within the GST family predated the divergence of vertebrates, and most classes of the teleost GSTs are present in all the species involved in this tree. As shown in Figure 2, all GSTs fall into three main branches that are comprised of eleven sub-branches, with GSTK solely in a clade, MAPEGs in a clade, and GSTO, GSTZ, GSTR, GSTA, GSTP, GSTM and GSTT in a clade, respectively. This result is well matched with the classification relationship of the subfamilies. Classes of the cytosolic GST subfamily clustered together with a step-by-step evolutionary relationship and GSTM seemed to be the most primitive one. The phylogeny of the eleven classes are consistent with sequence similarity analysis between carp and zebrafish (Supplementary Table SI), which showed that genes derived from the same GST class from different species share more similarity than genes of different classes in the same species. The carp GSTs in the phylogenetic tree are usually clustered with their zebrafish orthologs and then to other three teleosts, which agree with their evolutionary relationships. 

			

			Table II.- Summary of GST gene family in common carp genome.

			

			
				
					
					
					
					
					
					
					
				
				
					
							Gene name
							
							Nucleotide size (bp)

						
							
							Predicted cDNA size (bp)

						
							
							Predicted peptide size (amino acids)

						
							
							CDS status

						
							
							No. of exons

						
							
							Location

						
					

					
							
							MGST1.1a

						
							
							595

						
							
							417

						
							
							138

						
							
							complete

						
							
							3

						
							
							LG8

						
					

					
							
							MGST1.1b

						
							
							1087

						
							
							462

						
							
							153

						
							
							complete

						
							
							3

						
							
							LG8

						
					

					
							
							MGST1.2

						
							
							670

						
							
							468

						
							
							155

						
							
							complete

						
							
							3

						
							
							LG5

						
					

					
							
							MGST2

						
							
							1498

						
							
							426

						
							
							141

						
							
							complete

						
							
							5

						
							
							LG28

						
					

					
							
							MGST3.1

						
							
							1081

						
							
							465

						
							
							154

						
							
							complete

						
							
							5

						
							
							scaffold28912

						
					

					
							
							MGST3.2

						
							
							1971

						
							
							423

						
							
							140

						
							
							complete

						
							
							4

						
							
							LG25

						
					

					
							
							GSTK1a

						
							
							1739

						
							
							690

						
							
							229

						
							
							complete

						
							
							7

						
							
							scaffold5619

						
					

					
							
							GSTK1b

						
							
							1732

						
							
							663

						
							
							220

						
							
							complete

						
							
							7

						
							
							scaffold5619

						
					

					
							
							GSTK1c

						
							
							-

						
							
							624

						
							
							207

						
							
							partial

						
							
							-

						
							
							scaffold3734

						
					

					
							
							GSTK1d

						
							
							-

						
							
							678

						
							
							225

						
							
							partial

						
							
							-

						
							
							scaffold3734

						
					

					
							
							GSTM3a

						
							
							2386

						
							
							660

						
							
							219

						
							
							complete

						
							
							8

						
							
							LG9

						
					

					
							
							GSTM3b

						
							
							3050

						
							
							660

						
							
							219

						
							
							complete

						
							
							8

						
							
							LG9

						
					

					
							
							GSTM3c

						
							
							-

						
							
							186

						
							
							61

						
							
							partial

						
							
							-

						
							
							LG3

						
					

					
							
							GSTM3d

						
							
							-

						
							
							564

						
							
							187

						
							
							partial

						
							
							-

						
							
							LG15

						
					

					
							
							GSTA1

						
							
							1531

						
							
							672

						
							
							223

						
							
							complete

						
							
							6

						
							
							LG11

						
					

					
							
							GSTA2

						
							
							1435

						
							
							672

						
							
							223

						
							
							complete

						
							
							6

						
							
							LG11

						
					

					
							
							GSTT1a

						
							
							1290

						
							
							729

						
							
							242

						
							
							complete

						
							
							5

						
							
							LG35

						
					

					
							
							GSTT1b1

						
							
							1792

						
							
							729

						
							
							242

						
							
							complete

						
							
							5

						
							
							LG42

						
					

					
							
							GSTT1b2

						
							
							-

						
							
							729

						
							
							242

						
							
							complete

						
							
							-

						
							
							scaffold2140

						
					

					
							
							GSTT2a

						
							
							1279

						
							
							684

						
							
							227

						
							
							complete

						
							
							5

						
							
							LG48

						
					

					
							
							GSTT2b

						
							
							1279

						
							
							684

						
							
							227

						
							
							complete

						
							
							5

						
							
							LG46

						
					

					
							
							GSTP

						
							
							3584

						
							
							627

						
							
							208

						
							
							complete

						
							
							6

						
							
							LG10

						
					

					
							
							GSTO1

						
							
							-

						
							
							723

						
							
							240

						
							
							complete

						
							
							-

						
							
							LG25

						
					

					
							
							GSTO2

						
							
							-

						
							
							723

						
							
							240

						
							
							complete

						
							
							-

						
							
							LG12

						
					

					
							
							GSTZ1

						
							
							2360

						
							
							663

						
							
							220

						
							
							complete

						
							
							9

						
							
							scaffold2542

						
					

					
							
							GSTR1

						
							
							4138

						
							
							681

						
							
							226

						
							
							complete

						
							
							6

						
							
							LG30

						
					

					
							
							GSTR2

						
							
							7383

						
							
							681

						
							
							226

						
							
							complete

						
							
							5

						
							
							scaffold3096

						
					

				
			

			

			The GST family consists of three subfamilies: the cytosolic, mitochondrial, and microsomal proteins, which are shown in the phylogenetic tree (Fig. 2). The GSTK members, which cluster in the most ancient branch in the phylogenetic tree, are distinct from other GSTs in sequence similarity and protein structure and shows similarity to prokaryotic 2-hydroxychromene-2-carboxylate isomerases (Robinson et al., 2004). Based on Figure 2, we can deduce that the original GST gene differentiated into two distinct subsets, the mitochondrial GSTs and the common ancestor of microsomal GSTs and cytosolic GSTs. Subsequently, the common ancestor is subdivided into many more different classes. As we previously mentioned, the cytosolic GST subfamily contains seven classes in mammals. Teleost cytosolic GSTs also own the same number of classes. Sigma are absent in teleost genome, and are replaced by a new class, Rho.

			

			Gene duplications and losses of GSTS in common carp

			Bridges (1936) reported one of the earliest observations of doubling of a chromosomal band of the fruit fly Drosophila melanogaster, which exhibited extreme reduction in eye size. Since then, importance of gene duplication in supplying raw genetic material to biological evolution has been recognized and several studies on comparative analysis have been conducted. Ohno (1970) suggested that two rounds of whole-genome duplication (WGD) occurred in the early phase of the vertebrate evolution; whereas, Meyer and Schartl (1999) showed third round duplication in the ray-finned fish lineage. Furthermore, on some cyprinids such as common carp, an additional WGD (the 4R WGD) has been hypothesized to have occurred during the evolution (Wang et al., 2012; Zhang et al., 2013). Comprehensive estimation based on whole genome dataset suggested that the latest WGD (4R) event has occurred around 8.2 MYA (Xu et al., 2014b). As a result of genome duplication, common carp ought to own more gene copies than most other teleosts. However, in fact, additional gene copies derived from WGD event usually accumulate mutations because of relaxed selection, and many of them became pseudogenes due to detrimental substitutions. Only a few duplicates can survive from acquisition of new function or shared different function of the original gene with its sister duplicates (Postlethwait et al., 2004). Common carp genome resources provide us the good genome models to look into the gene fates after the latest round of WGDs. We used GST gene family as an instance for exploration (Supplementary Table SII).
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			Fig. 3. Analysis of conserved synteny blocks harboring GSTK genes in several vertebrates. Horizontal lines denote orthologous relationships. Abbreviations: PHC: Polyhomeotic homolog; STYK1: Serine/threonine/tyrosine kinase 1; GSTK1: Glutathione S-transferase kappa 1; MBOAT7: Membrane bound O-acyltransferase domain containing 7; TMC: Transmembrane channel-like; LMTK3: Lemur tyrosine kinase 3; PRPF31: Pre-mRNA processing factor 31 homolog; CLCN1: Chloride channel, voltage-sensitive 1; CASP2: Caspase 2, apoptosis-related cysteine peptidase.

			As we can see in Figure 2 and Supplementary Table SII, there are at least 17 GST genes in common carp which have undergone gene duplication, including classes of MGST1, GSTK, GSTM, GSTA and GSTT. The gene duplication in common carp may lead to the speculation that these duplicates are highly likely derived from the 4R WGD. However, we also observed significant segmental gene duplications in several GST genes, suggesting the complexity of GST gene evolution in common carp genome. To better understand the complexity, we selected GSTK subfamily as the typical instance. We performed comparative genomic analysis to identify potential syntenic regions in common carp and related vertebrate genomes (Fig. 3). As shown in Figure 3, four GSTK genes are located into two distinct scaffolds of common carp genome, which suggested that GSTKa/GSTKb and GSTKc/GSTKd may have been derived from the latest round of WGD. GSTKa and GSTKb are located on the same genome region, suggesting the segmental duplication or tandem duplication origin. GSTKc and GSTKd have the similar inference of their segmental duplication origin. The phylogenetic topology demonstrated that CcGSTKa and DrGSTKa have higher similarity than that of CcGSTKa and CcGSTKb, which suggested that GSTKa and GSTKb may diverge earlier than the divergence time of zebrafish and common carp. However, CcGSTKc and CcGSTKd obviously diverged post zebrafish and common carp divergence. Surprisingly, we observed all zebrafish GSTK genes are tandemly located on chromosome 16. Multiple rounds of gene losses and segmental duplications/relocations may be involved in zebrafish.

			On the contrary of gene gains from WGD and segmental duplication, gene loss is the most typical fate post WGD events during evolution. Although the latest common carp specific WGD just occurred around 8.2 MYA, we already observed gene losses in GST gene superfamily in carp genome. Some GST classes retain only one copy, such as MGST2, GSTP and GSTZ, which suggest potential gene loss after WGD (Supplementary Table SII). To demonstrate gene loss, we constructed syntenic block across common carp and other five vertebrate genomes (Fig. 4). A single copy of MGST2 can be identified in higher vertebrates such as human, chicken and frog. In teleost, we identified either single copy of MGST2 gene (such as common carp, zebrafish and platyfish, etc) or absent (such as stickleback, medaka and pufferfish, etc), which suggested that MGST2 gene was lost in some teleost genomes completely, but still retained one copy in Cyprinids such as carp and zebrafish. 

			

			[image: 4.jpg]

			

			Fig. 4. Analysis of conserved synteny blocks harboring MGST2 genes in several vertebrates. Horizontal lines denote orthologous relationships. Abbreviations: NAA15: N(alpha)-acetyltransferase 15, NatA auxiliary subunit; RAB33B: Member RAS oncogene family; SETD7: SET domain containing (lysine methyltransferase) 7; MGST2: Microsomal glutathione S-transferase 2; ANXA5: Annexin A5; FGFBP1: Fibroblast growth factor binding protein 1; FGFBP2: Fibroblast growth factor binding protein 2; PROM1: Prominin 1; TAPT1: Transmembrane anterior posterior transformation 1.
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			Fig. 5. RT-PCR based expression analysis of common carp glutathione S-transferase genes. The amplification of β-actin was used as an internal control.

			

			The observation implies that MGST2 gene function would be redundant along with other MGST members in teleost. Therefore, MGST2 duplicates derived from the multiple rounds of WGD were lost quickly. The gene loss of MGST2 may not affect their survival, and even benefit their adaptation in aquatic environment. More surveys and investigations are required to confirm the inference.

			

			Tissue expression profiles of GST genes of common carp

			Functional inferences of genes in teleost fish, especially those that have undergone duplications or losses, would be very interesting because they are potentially underlying the adaptations to aquatic environments. Due to the important role of GST genes on cellular detoxification and the expansion in common carp, it was necessary to examine how many of these genes are expressed. It was also important to confirm the expression pattern of these genes for identification of functional differentiation post duplication. Thus, we conducted RT-PCR using gene-specific primers to examine the expression pattern of all members of GST superfamily in 10 tissues of common carp. The expression profiles are shown in Figure 5. Overall, GST genes are widely expressed in all tissues with relatively higher expression in brain, heart, spleen, kidney, intestine and liver. All classes of MAPEG were mainly expressed in brain, heart, spleen, kidney, intestine and liver. We observed significant expression differences among a number of duplicated GST genes. For instance, MGST1.1b was universally expressed in all tissues, while its duplicate copy, MGST1.1a, was absent in gill, liver and muscle. MGST3.2 was widely expressed in all tissues, while MGST3.1 was not expressed in gill, skin and blood. Similar expression differences were also identified in GSTM3a/GSTM3b/GSTM3c, of which GSTM3a was not expressed in gill, and GSTM3b was not expressed in gill and skin. In the expression profiles of GSTT1b1/ GSTT1b2, GSTT1b2 was absent in gill and blood. Overall, we observed similar expression profiles in all GST genes across their duplicate copies, suggesting that they are still retain similar gene functions after duplications. However, significant differences on expression profiles of some specific pairs of duplicated GST genes implied that substantial subfunctionalization did occur after the gene duplications and potentially evolved new functions.

			

			CONCLUSION

			

			A total of 27 GST genes were identified from common carp genome. Sequences analysis and alignment exhibited that genes under the same class are highly conserved while members of different classes shows great difference. Phylogenetic analysis, which provided the basis for accurate nomenclature and annotation of these genes, indicated that GSTK ought to be the most ancient branch and MAPES may have a common ancestor with cytosolic GSTs. Besides that, phylogenetic results based on sequence alignment show that same GST class members from different species share more identity than different classes of the same species. Comparative genomics and syntenic analysis provided new evidences for better understanding of gene fates after WGD of common carp. Some of the glutathione S-transferases genes were ubiquitously expressed in common carp and their high expression in tissues like kidney, intestine and liver, indicated the critical roles of this gene family in detoxication. However, detailed functions of each gene need further studies. The complete set of GST genes provided the essential genomic resources for future biochemical, toxicological and physiological studies in common carp.
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ABSTRACT

Glutathione S-transferases (GSTs) comprise a large and diverse family of enzymes
with a wide phylogenetic distribution. They are multifunctional enzymes that play a
crucial role in cellular detoxification and oxidative stress tolerance. Comparing with
that in mammals, investigation of GSTs is more complicated in teleosts because of
the greater pressure they suffer in aquatic environment. In this study, we identified
a set of 27 GSTs including 8 classes of members in common carp genome. Both
sequences alignment and phylogenetic analysis exhibited that genes derived from
the same GST class from different species share more similarity than genes of
different classes in the same species. Copy number of GSTs examining showed that
five classes of GST genes in common carp have undergone the gene duplications,
including MGST1, GSTK, GSTM, GSTA and GSTT. Comparative genomics and
syntenic analysis provided new evidences for better understanding on gene fates post

GST genes were established in various tissues, including brain, heart, spleen, kidney,
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provided us more evidences to understand GST gene functiahsoagctielitestithetriosynthesis of some hormones like
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efiaagieioona tranestarnses, foofipnise hitaigemnind Jitcsrimlogicad medlpisydéghagatadn of tyrosine.

ftodigsafi morgmen wath.a wide phylogenetic distribution.
These enzymes catalyze the conjugation of glutathione
(GSH) with a variety of electrophilic compounds and
server as intracellular binding and transport proteins
(Buetler and Eaton, 1992). On the base of these two
characters, GSTs can detoxify electrophilic xenobiotics,
such as environmental pollutants, drugs, and carcinogens.
For example, some research suggests that polymorphic
sites on glutathione-S-transferase P1 (GSTP1) are
associated with risk of asthma in people (Hemmingsen et
al., 2001; Al-Arifa and Jahan, 2016). Besides that, they
can also inactivate endogenous quinones, epoxides and
hydroperoxides formed as secondary metabolites during

Due to the crucial role GSTs play in detoxication
of multiple compounds, especially xenobiotics, and
their extensive distribution in almost every species,
various investigators have focused on their purification,
characterization and expression in plants and mammals.
Ever since the first characterization of GST more than
fifty years ago, a lot of data has been available on this
family of enzymes. So far, 8 GST genes have been
identified and grouped into eight classes in barley by
sequence alignment and phylogenetic analysis (Rezaei et
al., 2013). Several classes of GST sequences have been
identified and classified from both mammalian and non-
mammalian organisms through different techniques,
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