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Class III peroxidases (PRXs) are plant-specific enzymes and play important roles in plant growth, development and stress response. In this study, a total of 102 non-redundant PRX gene members (StPRXs) were identified in potato (Solanum tuberosum L.). They were divided into 9 subfamilies based on phylogenetic analysis. The members of each subfamily were found to contain similar organizations of the exon/intron structures and protein motifs. The StPRX genes were not equally distributed among chromosomes. There were 57 gene pairs of segmental duplication and 26 gene pairs of tandem duplication. Expression pattern analysis based on the RNA-seq data of potato from public databases indicated that StPRX genes were expressed differently in various tissues and responded specifically to heat, salt and drought stresses. Most of the StPRX genes were expressed at significantly higher levels in root than in other tissues. In addition, real-time quantitative PCR (qRT-PCR) analysis for 7 selected StPRX genes indicated that these genes displayed various expression levels under abiotic stresses. Our results provide valuable information for better understanding the evolution of StPRX gene family in potato and lay the vital foundation for further exploration of PRX gene function in plants.
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INTRODUCTION

As a large family of isozymes, peroxidases (POD) play important roles in the growth, development and defense processes in plants (Hiraga et al., 2001). Peroxidases are divided into two major groups, hemoglobin peroxidases and non-hemoglobin peroxidases, according to their protein structures (Hiraga et al., 2000). Exception of animal peroxidases, the hemoglobin peroxidases have been further divided into three classes based on their sequences and catalytic properties, namely, I, II and III peroxidases. Class I peroxidases are widely distributed in most living organisms other than animals, and play an important role in removing excess H2O2 to prevent cell damage (Erman and Vitello, 2002; Shigeoka et al., 2002). Class II peroxidases only present in fungi and are mainly involved in lignin degradation (Piontek et al., 2001). Class III peroxidases (PRX, EC 1.11.1.7) exist in various plants as a multi-genic family (Tognolli et al., 2002; Duroux and Welinder, 2003; Passardi et al., 2004a). The PRX protein contains highly conserved amino acid residues, including a single peptide chain and the protoporphyrin IX domain (Welinder, 1993). Most plant PRXs fuse with carbohydrate side chains to form glycosylated proteins. This glycosylation prevents the protein being degraded by protease and maintains the enzyme stability (Zheng and Van Huystee, 1991). In addition, two histidine residues interact with a heme group and eight cysteine residues, forming disulfide bridges; the distal histidine is essential for catalytic activity (Passardi et al., 2004a). The functions of PRXs have been illustrated in several studies as important proteins for a wide range of physiological processes of plants, such as growth hormone metabolism (Gazaryan et al., 1996), formation of lignin and liposites, crosslinking of cell walls (Barcelo and Pomar, 2001; Passardi et al., 2004b), cell growth and elongation, and various defense processes against biotic and abiotic stresses (Schopfer et al., 2002; Liszkay et al., 2004; Bindschedler et al., 2006). For example, Arabidopsis peroxidases AtPrx33 and AtPrx34 are associated with root elongation (Passardi et al., 2006), and AtPrx72 has an important role in lignification (Herrero et al., 2013). Cotton GhPOX1 is involved in cotton fiber elongation by means of maintaining high levels of reactive oxygen species production (Mei et al., 2009). The expression of several ZmPRX is altered significantly in response to abiotic stress based on microarray analysis in maize, suggesting that these genes play important role in resistance to abiotic stress (Wang et al., 2015). It was also reported that either present or lack of specific peroxidase isoforms appears to be correlated to a particular cellular process or participating a particular protein localization (Loukili et al., 1999; Allison and Schultz, 2004). Genome-wide analysis of this large multigenic family will be greatly helpful to understand its physiological roles and characteristics. In recent years, the PRX family has been widely studied in many species, such as Arabidopsis thaliana (Tognolli et al., 2002), rice (Passardi et al., 2004a), and maize (Wang et al., 2015).

Potato (Solanum tuberosum) is one of the most important food crops in the world. Potato tubers are rich in nutrients and are valuable processing raw materials for food industry (Pang, 2019). However, potato contains rich phenolic substances, which are the substrates of peroxidase reaction and lead to an enzymatic browning reaction frequently caused by POD (peroxidase) in the storage and potato processing (Zhu and Hu, 2013), affecting the quality of products (Zhou et al., 2010; Zhu, 2017). In addition, potato plants are often subjected to various types of abiotic and biotic stresses during growth and development. Although PRX gene family members play important roles in the plant growth and development, their functions in potato are poorly deciphered. Thoroughly analyzing the PRX gene family in potato is a primary step to understand its physiological roles and characteristics.

In this study, a systematic investigation of the PRX gene family in potato, including PRX gene structure, chromosomal localization, gene duplication and phylogenetic relationship, was performed using the sequences from the genome database. Moreover, the tissue-specific expression profile and expression patterns under abiotic stresses such as drought, heat and salt treatments were also investigated. The objectives of this study were to identify and assess the sequence structures of the potato PRX gene family and analyze the evolutionary relationship of PRX gene family in plants. The results of this study provide a solid foundation for the next phase functional investigation of PRX genes in potato.



MATERIALS AND METHODS


Screening and Domain Identification of Potato PRX Proteins

The protein sequences of the Arabidopsis thaliana PRX members (Tognolli et al., 2002) were downloaded from the Arabidopsis database1. These protein sequences of Arabidopsis were used as the queries to identify the PRX orthologs in potato using the BLASTP tool SpudDB2 and Phytozome v12.13. Proteins with more than 30% similarity to the query sequence and an E < E–10 were selected. The domains for PRX proteins were further confirmed using the Conserved Domain Database of NCBI4. The sequences possessing PRX conserved domain were selected as the final candidates of PRX genes (StPRXs) and were renamed according to their physical position in the potato genome. The information of these genes was obtained from Phytozome5, including gene IDs, physical position, gene sequence and protein sequence. The parameters for the predicted StPRX proteins were calculated using online ExPASy tools (Gasteiger et al., 2003)6.



Gene Structure and Conserved Motif Analysis of Potato PRX Protein

The StPRX gene structures were identified using the Gene Structure Display Server (GSDS7; Guo et al., 2007). The conserved motifs were identified using the MEME software (version 5.0.38; Bailey et al., 2009). Parameters were set as 20 motifs with the optimum motif width of 50–300 residues. The conserved motifs were then further annotated with the CDD program9 (Marchler et al., 2017).



Phylogenetic Analysis of PRX Proteins

The protein sequences of StPRXs were aligned using the multiple sequence alignment tool ClustalX (Thompson et al., 1997). The phylogenetic tree of PRX family proteins was generated using the MEGA-X maximum-likelihood model (Kumar et al., 2016) with 1000 bootstrap replicates. Orthologs identification method is based on a report (Blanc, 2004). To identify putative orthologs between two different species, each sequence from potato was searched against all sequences from maize and Arabidopsis using the BLASTN tool (Altschul et al., 1997). For each query sequence, the best hit among those that met the criteria of alignment ≥ 300 bp and similarity ≥ 40% was considered as the ortholog.



Chromosomal Location and Gene Duplication

Information of the chromosomal location image of StPRX genes was retrieved by the MapInspect tool10. To assess gene duplication, the parameters for the proportion of overlap and the similarity between the two sequences were set to be > 70% (Gu et al., 2002; Yang et al., 2008). Two nearby duplicated genes were defined as tandem duplicated genes when the physical space between them was less than 100 kb and contained less than three intervening genes (Wang et al., 2010), while any other two duplicated genes that did not meet the condition of tandem duplicated genes, including those located on the same chromosome or different chromosomes, were all defined as segmental duplicated genes.



Expression Analysis

The FPKM (fragments per kilobase per million) values of StRPX in various tissues and treatments (salt, drought and heat) and their control (CK) generated by RNA-seq (DM_v4.03) were extracted from the Potato Genome Database (see footnote). The expression profile of StRPX genes was generated using the R package11 of the heatmap function (Warnes et al., 2016).



Plant Treatments and Quantitative Real-Time PCR Analysis

T virus-free plantlets (S. tuberosum L. autotetraploid cultivar Zhongshu 3) were generated by in vitro nodal cutting method. Potato shots placed on full MS solid medium were cultured in a growth chamber under the condition of 22°C and 16 h light/8 h dark photoperiod for 1 month. The plantlets were transplanted into a tray with a half-strength modified Hoagland solution (Hammer et al., 1978) for 6 days, and then were exposed to the abiotic stress conditions, including heat (35°C), drought (260 mM mannitol) and salt (150 mM NaCl) treatments. Untreated plantlets were used as control (CK). The treated and control plantlets were collected 6 h after treatment and then stored at −80°C before RNA extraction.

The total RNA of the plantlets was extracted using TRIzol reagent (Invitrogen)12 according to the manufacturer’s instructions. The cDNA samples were then assessed by qRT-PCR using SYBR Premix Ex Taq (Takara). Actin was used as an internal control gene. Three biological replicates (each containing 6 plants) and three technical replicates were measured for each treatment. The relative expression level of a gene was calculated according to the 2–ΔΔCt method (Livak and Schmittgen, 2001). The primers used for qRT-PCR analysis are listed in Supplementary Table S1.



RESULTS


Identification and Characterization of PRX Genes

Using 73 Arabidopsis PRX sequences as queries (Tognolli et al., 2002) and validating the candidate sequences by conservative domain analysis based on CDD, a total of 102 PRX genes (StPRXs) were identified from potato genome and were renamed from StPRX1 to StPRX102 based on their physical position on chromosomes (Table 1). However, the location of StPRX1 on the chromosome could not yet be defined because it was located in the unmapped scaffold. The protein lengths of the 102 StPRX genes varied from 152 (StPRX29) to 592 (StPRX60) amino acids, with an average of 310.8 amino acids. The molecular weights ranged from 16866.8 Da (StPRX29) to 63735.06 Da (StPRX60). The theoretical isoelectric points (pI) of these StPRX genes varied from 4.43 (StPRX20) to 10.02 (StPRX81). The detailed information for StPRX genes was listed in Table 1.


TABLE 1. The characters of 102 PRX gene family members in Solanum tuberosum.
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Phylogenetic Analysis

To reveal the evolutionary relationship of the PRX gene family, an unrooted phylogenetic tree (Figure 1A) was obtained basing the MEGA-X maximum-likelihood model. The 102 StPRXs were classified into 9 subfamily (I-IX) with the bootstrap values (≥50%) on the phylogenetic tree. However, 2 StPRX genes (StPRX 8 and StPRX22) could not be assigned to any of the 9 subfamilies due to the low bootstrap values (<50%). Among these 9 groups, subfamily I possessed the largest clade, which contained 35 StPRX genes, followed by group VIII, which had 22 PRX members. These two subfamilies accounted for 55.88% of the total StPRXs. In contrast, groups III and IV only had two or three StPRX genes.
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FIGURE 1. Phylogenetic tree and gene structure of StPRX genes. (A) The maximum-likelihood phylogenetic tree generated by MEGA X with bootstrapping analysis (1,000 replicates). Each subfamily is distinguished by different colors. (B) The exon-intron structure of StPRX genes generated by the online software GSDS. The horizontal black lines and the green boxes represent introns and exons, respectively. The blue boxes represent upstream or downstream sequences. The sizes of exons and introns can be estimated according to the scale at bottom.


To further explore the evolutionary process of the PRX family in potato, the 102 PRX protein sequences of potato were aligned with 73 PRX proteins of Arabidopsis thaliana and 119 PRX proteins of maize (Tognolli et al., 2002; Wang et al., 2015). The phylogenetic tree was divided into 12 different groups (groups A–L; Figure 2). Among these groups, group G was the largest, which contained 92 PRX members, including 35 of potato, 30 of maize and 27 of Arabidopsis. Groups A, D and K also had a large number of genes, containing 40, 35, and 40 members, respectively. In contrast, group F was the smallest, which contained only 5 members, including 1 of potato, 1 of maize and 3 of Arabidopsis. Interestingly, although group D was large, it had no members from Arabidopsis. Moreover, group I and L only contained 5 and 8 members from maize, respectively. A few groups were supported by low bootstrap values, which might be due to the relative less informative character positions beside the conserved PRX domains. This scenario has been also found in the analysis of other gene families (Li et al., 2006; Wang et al., 2018). In addition, a total of 82 ortholog pairs were identified between potato and Arabidopsis (St-At; Supplementary Table S4). However, only four ortholog pairs were retrieved between potato and maize (St-Zm; Supplementary Table S5). The orthologs between potato and Arabidopsis were much greater than that between potato and maize, probably because of the closer evolutionary distance between these eudicot species.
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FIGURE 2. Phylogenetic tree of potato, maize and Arabidopsis PRXs. Each PRX subfamily is shown by a specific color. The phylogenetic tree was constructed by MEGA X with 1000 bootstrap replicates. The circles, squares, and triangles represent maize, Arabidopsis and potato PRX proteins, respectively.




Gene Structure and Protein Motif Analysis of StPRX

Structure analysis of StPRX genes showed that the number of introns varied from 0 to 7 (Figure 1B). Most of them had 1–3 introns, with StPRX60 containing the maximum (7) while four genes lacked introns (StPRX28, StPRX29, StPRX46, and StPRX66) (Figure 1B). Genes with similar exon/intron structure were grouped together, but structural variation was also found among these StPRX genes (Figure 1).

To investigate the diversity of motif components among StPRXs, the motif distribution in 102 StPRX proteins was investigated using the online tool MEME program. A total of 18 conserved motifs were identified (Figure 3 and Supplementary Table S2). The majority of StPRX proteins contained two to three conserved motifs. The StPRX proteins on the same branch had similar conserved motif composition and sorting order, suggesting that StPRX proteins in the same branch might share similar function. Using the CDD tool, a total of 11 motifs (motif 1/2/3/4/5/6/7/9/10/12/15) were functionally annotated for the components of the conserved PRX domain (Figure 3 and Supplementary Table S2). All the members of the potato PRX family contained at least one motif belonging to the typical domains of PRX family. In addition, some motifs appeared to be unknown in function. For example, the functions of three motifs (motif 11/14/18) in subgroup III and of four motifs (motif 8/13/16/17) in subgroups I, III, V, and VIII were yet to be determined.
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FIGURE 3. Conserved motifs of PRX proteins in potato. The protein list on the left is the same as that in Figure 1. The genes of different subfamilies are highlighted with different colors. Different motifs are exhibited with different colored boxes and numbers (1–18). The detailed sequences of motifs are listed in Supplementary Table S2.




Chromosomal Locations and Duplications of StPRX Genes

To reveal the genome organization and distribution of StPRX on different chromosomes in potato, a graph of chromosomes was constructed using the MapInspect tool. A total of 101 out of the 102 StPRX genes were located on the 12 potato chromosomes (Figure 4). Among them, the largest number of StPRX genes (15) was located on chromosome 2, followed by chromosomes 1 (13), and chromosomes 11 (11) and 10 (10). In contrast, only a few StPRX genes were located on chromosomes 8 (3), 6 (4), and 9 (4). In addition, some chromosomes showed a dense cluster of StPRXs, such as near the telomeric region of chromosomes 2, 4, 5, 7, 10, 11, and 12. Gene duplication events, including segmental duplication and tandem duplication, are important for the expansion of the gene family during the process of the evolution (Cannon et al., 2004). In this study, a total of 83 StPRX gene pairs were identified from the phylogenetic and comparative analysis (Figure 4), among which 57 pairs were found to be involved in the segmental duplication events, and 26 pairs were confirmed to be tandem duplicated genes (Figure 4 and Supplementary Table S3). The number of segmental duplication gene pairs was twice as many as that of the tandem duplicated, and most of the tandem duplicated gene pairs were densely distributed at the end of chromosomes 5, 7, 10, 11, and 12.
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FIGURE 4. Chromosomal locations of potato PRX genes. The scale on the left presents the length of potato chromosomes (Mb). Tandem duplicated gene pairs are displayed with boxes of the same color. Segmented duplicated gene pairs are displayed with boxes connected by lines.




Expression Patterns of StPRX Genes

To further explore the expression patterns of the StPRX genes, the transcript data of major tissues was obtained from the public genome database, including root, shoot, petal, carpel, sepal, stamen, tuber, leaf, flower and petiole. A heatmap was generated based on the transcript data of 80 StPRX genes, and the other 22 genes were excluded from the heat map analysis due to the low expression level (FPKM < 0.5) or lack of expression in all tissues (Figure 5). As shown in Figure 5, some AtPRX genes exhibited distinct tissue-specific expression patterns, while others were active in the whole plant. The 80 StPRX genes were grouped into four groups (Figure 5). Six genes (StPRX41/19/28/25/40/21) were included in group IV, which had especially abundant expression level in all of the developmental stages, suggesting that these genes might play important basic roles in all development stages of plant. A total of 19 genes (StPRX51/13/20/30/29/55/39/62/23/2/3/34/9/69/83/68/35/57/33) were included in group III, which had high expression levels in most of the analyzed tissues. In contrast, 44 genes in group II exhibited low expression or no expression in the most of the tissues analyzed. However, most of them showed relatively high expression in root than in other tissues. This was also observed in the PRX family of maize (Wang et al., 2015) and Arabidopsis (Tognolli et al., 2002). Therefore, the expression patterns of StPRX genes may reflect the correlation with their functions.
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FIGURE 5. Expression profiles of StPRX genes in different tissues. FPKM values for StPRX genes were transformed by log2(FPKM+1). The heatmap was generated using the R package of the heatmap function.




Expression of StPRX Genes in Response to Abiotic Stress

To further investigate the response of the StPRX genes subjected to different stresses, including heat, salt and drought, the relative expression levels among the tissues were measured based on the expression FPKM values (stress/control) (Figure 6). The expression levels of different genes showed great variation under the various types of treatments. Under heat stress, most of the StPRX genes in groups III and IV were significant upregulated, such as StPRX93/33/39/74/31/100/36/22, whereas most of the StPRX genes in groups I and II exhibited significant downregulation, such as StPRX 28, -18 and -17. Most of the StPRX genes showed downregulation under the stress of drought, in contrast to the performance under heat stress, and some StPRX genes in groups II and III were extremely sensitive to the drought stress and exhibited significant downregulation, such as StPRX4/13/31/38/46/57/51/58/74/77/89/91. In terms of saline stress, the genes exhibited diverse responses, the genes in group IV were significantly upregulated, and the genes in group II showed significant downregulation, while the genes in groups I and III only showed slight changes, implying the functional dissimilation among the StPRX genes.
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FIGURE 6. Expression changes of StPRX genes under heat (H), salt (S) and drought (D) stresses. The expression change is indicated by the ratio of FPKM value of the treatment to that of the control (CK). The heatmap was generated using the R package of the heatmap function.


Seven StPRX genes (StPRX19/28/33/35/40/41/57) with high expression levels in all organs were selected for further qRT-PCR analysis under different abiotic stresses. The 7 genes showed different levels of response to the three abiotic stress treatments (Figure 7). All of the selected genes were up-regulated under heat stress, and the expression change of StPRX57 was over twofold. For saline stress, most of the selected genes were up-regulated, and the upregulation of StPRX33 and StPRX57 was more than threefold. In response to drought stress, 5 genes (StPRX19/28/40/41/57) were upregulated, whereas StPRX33 and StPRX35 appeared to be slightly down-regulated. Notably, 2 genes (StPRX41 and StPRX57) were extremely sensitive to drought stress. Their expression levels increased 4 folds compared to that of control.
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FIGURE 7. Relative expression levels of 7 StPRX genes in response to heat, salt and drought stresses after 6 h treatment compared with that of control (CK). Error bars are standard deviations of three biological replicates. *P < 0.05, **P < 0.01.




DISCUSSION

PRXs are plant-specific enzymes that have multiple functions in the growth and development of plants. It has been confirmed that PRX genes are widely involved in stress response in many species (Gray and Montgomery, 2003; Xue et al., 2008). To date, the comprehensive genome-wide analysis of the PRX gene family has been performed in many plant species, including Arabidopsis (Tognolli et al., 2002), rice (Passardi et al., 2004a), and maize (Wang et al., 2015). In this study, a total of 102 StPRX genes were identified. The number was more than that in Arabidopsis (containing 73 PRX genes), but slightly less than that of maize (119) and rice (138). According to the phylogenetic tree of the 288 PRX family members from Arabidopsis, maize and potato, we found that some groups only contained members from one or two species. In addition, orthologs between potato and Arabidopsis (82 pairs) were much more than those between potato and maize (4 pairs), suggesting that the PRX gene family underwent a specific expansion after the three species diverged each other in the evolutionary path of speciation, especially after the divergence of monocots and eudicots.

We have seen that the StPRX proteins showing similar domain architectures and motif constitutions were usually grouped in the same subfamily (Figure 3), and the structural constitutions of the StPRX genes in each group were basically in consistence with the result of phylogenetic analysis (Figure 1). Similar phenomenon have also been found in many other species, such as maize (Wang et al., 2015) and rice (Passardi et al., 2004a). As protein function is mostly determined by its domain structure, these results imply that the StPRX proteins with similar domain architectures and motif constitutions could probably perform similar functions.

It is known that the structural diversity of genes drives the evolution of multigene families. The intron/exon structure variation is a cause of gene diversity. Many studies have shown that introns are specifically inserted into and retained in the genome during evolution (Rogozin et al., 2003). The loss and insertion of new introns appear to be frequent events, which may result in diverse functional consequences in gene evolution. The duplication from an ancient gene formed by shuffling of small exons could be the reason that resulted in the genes with a relatively high number of introns (Gilbert et al., 1997). In maize, it is speculated that the intron variation among PRX genes might result from the depletion and duplication of single introns in the course of evolution (Wang et al., 2015). In this study, we found that the number of introns in StPRX genes was also quite variable (varying from 0 to 7), and the proteins in the same subfamily were not completely identical in terms of their intron/exon structure and motifs (Figures 1, 3), implying that exon shuffling might be a main pattern of StPRX evolution, which might be the main contributors to the functional diversity of the potato PRX family. Among the 102 StPRX genes, more than half of them consist of 3 introns and 4 exons. This 3-intron/4-exon model is also represented a significant proportion in Arabidopsis (Tognolli et al., 2002) and in rice (Passardi et al., 2004a), suggesting that it is an ancestral intronic model of PRX genes.

Gene duplication events, including segmental and tandem duplication are important for the expansion of the gene family during the process of the evolution (Cannon et al., 2004). Gene duplication events can theoretically produce two gene copies, and one or both copies can acquire the novel gene functions for adaptation under a smaller selective pressure of evolution (Van de Peer et al., 2009). Each paralog is specialized for a specific functional assignment (Zhang, 2003), which often leads to the expansion of gene family (Cannon et al., 2004). The segment duplication event refers to the duplication of large fragments of the genome, which may have derived from segmental, chromosomal or whole genome duplications with many losses and rearrangements (Zhang, 2003). Tandem duplication affects a limited number of genes (one or more neighboring genes); it often derives from unequal crossing-over (Achaz et al., 2000) and multiple episodes of unequal crossovers. In addition, the retrotransposition event of cDNA also contributes to the expansion of gene family, which is characterized by the loss of all introns and related regulatory sequences and by a random insertion within the genome. In our study, a total of 83 duplicated gene pairs were identified in potato PRX gene family, including 57 segmental duplication gene pairs and 26 tandem duplicated genes pairs (Supplementary Table S3), which were much more than those in maize (28 duplicated gene pairs; Wang et al., 2015) and rice (Passardi et al., 2004a). The segmental duplication gene pairs were twice as many as the tandem duplicated gene pairs, indicating that segmental duplication might play the dominant role in the expansion of the potato PRX family. Most of the tandem duplicated gene pairs were densely distributed in telomeric regions of chromosomes (such as on chromosomes 5 and 7), and many tandem duplicated genes shared high similarity with the same segmental duplication genes, implying that most of the tandem duplicated genes might appear after the segmental duplication events. Notably, two gene pairs (StPRX28/46, StPRX46/66) met the criteria of segmental duplication gene pairs but had no introns, suggesting that they might likely be generated by retrotransposition. Strictly speaking, therefore, they might not be segmental duplication gene pairs.

Gene expression pattern is an important aspect related to gene function. In this study, among the 102 StPRX genes, except for 22 with weak or without expression in all of the tissues examined, the rest all exhibited distinct patterns of tissue-specific expression (Figure 5) and response to stress (Figure 6), indicating the functional dissimilation of StPRX proteins. This is consistent with the results of phylogenetic and protein motif analyses. Several genes in group IV were expressed in all organs (Figure 5), suggesting that they might play basic roles for the plant. Notably, the largest number of StPRX genes with high expression levels was found in root (Figure 5). Similar observations were also reported in maize (Wang et al., 2015), Arabidopsis (Tognolli et al., 2002), and rice (Passardi et al., 2004a), suggesting that the PRX family might be critical for root function in plants. In maize, there are many cell wall or membrane-bound PRXs in root (Mika et al., 2008; Šukaloviæ et al., 2015); several ZmPRX genes from roots are regulated by methyl jasmonate, salicylic acid and pathogen elicitors (Mika et al., 2010); and some genes (ZmPRX26/42/71/75/78) highly expressed in root show significant responses to H2O2, SA, NaCl, and PEG treatments (Wang et al., 2015). In Arabidopsis, two AtPRX genes (AtPrx33/34) are associated with root elongation (Passardi et al., 2006). Interestingly, the five ZmPRX genes (ZmPRX26/42/71/75/78) and two AtPRX genes (AtPrx33/34) were all clustered in grouped G in this study (Figure 2). Most StPRX genes in group G (Figure 2) were included in the subfamily I (Figures 1, 3) with similar gene structure and motif components. The results imply that the StPRX genes clustered in group G might also function in root similar to their counterparts in maize and Arabidopsis. Therefore, the results of our study may provide a basis for the functional exploration of the potato PRX gene family members.

To analyze the trend of the gene expression derived from qRT-PCR (Figure 7) and the FPKM values, we compared the results from these two different platforms (Figure 6). Overall, similar propensity of gene expression was found between the two different approaches. However, the results of qRT-PCR did not totally agree with the pattern of the gene expression from RNA-seq data. There could be several reasons for the discrepancy. First, the genotypes of potato varieties used in the two experiments were different. A doubled monoploid potato variety (DM) was used in RNA-seq (Xu et al., 2011), whereas an autotetraploid cultivar Zhongshu 3 was used for qRT-PCR analysis. Second, the experimental treatments were different. The plantlets for qRT-PCR were grown under a photoperiod of 16 h light/8 h dark environment, while the materials for RNA-seq were grown in the dark (Xu et al., 2011).



CONCLUSION

In this study, a genome-wide investigation and comprehensive analysis of the PRX gene family in potato was conducted. The structural diversity of StPRXs may reflect their functional diversity. The analysis of expression patterns of StPRX genes showed that these genes were expressed distinctly in different tissues of potato, and some might be linked to stress responses. It is important to thoroughly investigate the biological functions of StPRX genes, especially the roles in the resistance to abiotic stresses. Our results provide the vital information for the exploration of the functional aspect of the gene family.
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5https://phytozome.jgi.doe.gov/pz/portal.html

6http://web.expasy.org/protparam/
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