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WRKY transcription factors participate in various regulation processes at different developmental stages in higher plants. Here, 98 WRKY I genes were identified in seven Rosaceae species. The WRKY I genes are highly enriched in some subgroups and are selectively expanded in Chinese pear [Pyrus bretschneideri (P. bretschneideri)] and apple [Malus domestica (M. domestica)]. By searching for intra-species gene microsynteny, we found the majority of chromosomal segments for WRKY I-containing segments in both P. bretschneideri and M. domestica genomes, while paired segments were hardly identified in the other five genomes. Furthermore, we analyzed the environmental selection pressure of duplicated WRKY I gene pairs, which indicated that the strong purifying selection for WRKY domains may contribute to the stability of its structure and function. The expression patterns of duplication PbWRKY genes revealed that functional redundancy for some of these genes was derived from common ancestry and neo-functionalization or sub-functionalization for some of them. This study traces the evolution of WRKY I genes in Rosaceae genomes and lays the foundation for functional studies of these genes in the future. Our results also show that the rates of gene loss and gain in different Rosaceae genomes are far from equilibrium.
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INTRODUCTION

Rosaceae species, such as black raspberry [Rubus occidentalis (R. occidentalis)], strawberry [Fragaria vesca (F. vesca)], peach [Prunus persica (P. persica)], sweet cherry [Prunus avium (P. avium)], Chinese plum [Prunus mume (P. mume)], Chinese pear [Pyrus bretschneideri (P. bretschneideri)], and apple [Malus domestica (M. domestica)], constitute the most important resources for commercial fruits. The botanical family Rosaceae can be divided into 91 genera and includes approximately 4,828 species distributed throughout the world (Christenhusz and Byng, 2016). According to previous studies, the genomes of F. vesca (Shulaev et al., 2011) and R. occidentalis (Vanburen et al., 2016; Jibran et al., 2018) (X = 7), P. persica (Verde et al., 2013), P. avium (Shirasawa et al., 2017), and P. mume (Zhang et al., 2012) (X = 8), and P. bretschneideri (Wu et al., 2013) and M. domestica (Velasco et al., 2010) (X = 17) are evolved from a common ancestor, which contained nine pairs of chromosomes (X = 9) (Illa et al., 2011). The molecular marker was used to study the evolutionary mechanism involved in the speciation process, and later more detailed studies were carried out by sequencing the genomes (Vilanova et al., 2008). These studies revealed that the Rosaceae genomes have undergone a series of chromosome translocations, fusions, and inversions during evolution (Velasco et al., 2010; Shulaev et al., 2011; Wu et al., 2013; Cao et al., 2016c). Additionally, high collinearity between Prunus and Fragaria, and high microsynteny between Malus and Pyrus were described (Vilanova et al., 2008). The above studies suggested that the Rosaceae genomes have a complex evolutionary history (Velasco et al., 2010; Shulaev et al., 2011; Wu et al., 2013; Cao et al., 2016c). Although there is knowledge of these genera of genome evolution, a paralogous or orthologous comparison is excluded. Therefore, a subgroup of the WRKY gene family was selected to analyze specific evolutionary relationships of Rosaceae-related species.

WRKY is one of the largest family of transcription factors in higher plants and has been associated with plant growth and development, abiotic and biotic stress, and others. The WRKY gene family was divided into three subgroups (i.e., types I, II, and III) based on both the number of WRKY domains and the type of zinc finger structure present in the proteins (Eulgem et al., 2000). The type III WRKY proteins have a WRKY domain (WRKYGQK) and C2HC zinc finger motif, the type II proteins contain a WRKY domain and C2H2 zinc finger motif, while type I proteins (i.e., the WRKY I subgroup) possess two WRKY domains (Eulgem et al., 2000; Wu et al., 2005). Since the cloning of the first WRKY gene, SPF1 from Ipomoea batatas (Ishiguro and Nakamura, 1994), a large number of WRKY genes have been experimentally identified from several plant species, such as sweet kumquat [Fortunella crassifolia (F. crassifolia)] (Gong et al., 2015), soybean (Glycine max) (Zhou et al., 2008), rice [Oryza sativa (O. sativa)] (Qiu et al., 2004), poplar [Populus trichocarpa (P. trichocarpa)] (Duan et al., 2015), and Arabidopsis [Arabidopsis thaliana (A. thaliana)] (Dong et al., 2003). Additionally, large-scale systematic analyses of WRKY gene family have been studied for A. thaliana (Wang et al., 2011), O. sativa (Ross et al., 2007), P. bretschneideri (Qiao et al., 2015), P. trichocarpa (He et al., 2012), and Cucumis sativus (Ling et al., 2011).

The previous studies have shown that the members of WRKY subgroup I appear to be functionally different from each other (Ishiguro and Nakamura, 1994). According to comparative genomics, evolutionary analysis of the WRKY subgroup has been reported in some model plants (Coulthart and Singh, 1988), but the specific evolutionary relationships of the WRKY subgroup are still unknown in Rosaceae genomes. To improve our understanding of the WRKY subgroup I in the sequenced genomes of Rosaceae family—F. vesca, R. occidentalis, P. persica, P. avium, P. mume, P. bretschneideri, and M. domestica—we describe the gene duplication and evolution of WRKY I genes in these seven species. We also investigate the putative orthologous or paralogous gene models. In the current study, 12 orthologous clusters and extensive synteny remains in the homologous regions were identified in Rosaceae genomes. Remarkably, we found that most WRKY genes could be traced to ancient whole genome duplication (WGD) or recent WGD, which is shared by both P. bretschneideri and M. domestica genomes. However, the gene loss and duplication rates of the WRKY gene family differ greatly among the separate lineages of Rosaceae. The current study provides the first systematic analysis and may help to push the function of the WRKY gene from one lineage to another.



MATERIALS AND METHODS


Identification of WRKY I Genes in Rosaceae Species

The protein, cDNA, and genome sequences of seven Rosaceae were obtained from the respective genome sequence sites as follows: both P. avium and R. occidentalis from Genome Database for Rosaceae1, F. vesca from Phytozome database2, P. persica from Joint Genome Institute3, P. mume from GigaDB Dataset4, P. bretschneideri from Nanjing Agricultural University5, and M. domestica from Plant Genome Duplication Database6. The Hidden Markov Model (HMM) profiles of the WRKY-domain (PF03106) were extracted from Pfam HMM library and were used to query to search these seven genomes by HMMER 3.0 software (e-value < 0.001) (Mistry et al., 2013). The overlapping genes were manually removed, and then the Pfam database (Finn et al., 2013), InterPro database (Zdobnov and Apweiler, 2001). and SMART software (Letunic et al., 2012) were used to verify the proteins that have two WRKY domains (Figure 1), namely, WRKY I proteins.
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FIGURE 1. The sequence logos of the first WRKY domain (A) and the second WRKY domain (B). These logos were based on multiple alignments of all WRKY proteins. The bit score indicates the information content for each position in the sequence.




Gene Structure Analysis

The gene structures of WRKY I genes were determined by the alignment of its genomic DNA sequence with the coding sequence. The conserved motif structures of WRKY I proteins were generated by Local MEME software (Bailey et al., 2015) with the following parameters: -protein, -nmotifs 20, -minw 5, and –maxw 200. The TBtools software7 was used to visualize the conserved motifs and gene structures. The WebLogo8 was used to generate the sequence logos of the first WRKY domain (a) and the second WRKY domain.



Phylogenetic Analysis of WRKY I Genes

To further understand their evolutionary history, all 98 WRKY I genes from these seven Rosaceae species were used in phylogenetic analysis. The MAFFT software was used to perform the WRKY I gene alignments with default parameters (Katoh and Standley, 2013). The IQ-TREE software was used to build the maximum-likelihood (ML) phylogenetic tree with a bootstrap test for 1,000 replicates, an Shimodaira Hasegawa-approximate likelihood ratio test (SH-aLRT) for 1,000 random addition replicates (Nguyen et al., 2014), and the best nucleotide substitution model (HKY + F + I + G4) was also chosen by this software independently. The FigTree software and iTOL online were used to display the phylogenetic trees (Letunic and Bork, 2006). The Rosaceae species tree was built according to the phylogeny relationships from the NCBI taxonomy database (Federhen, 2012). To estimate the number of WRKY I genes in the ancestral species, the Notung software was used to calculate gene losses and gene gains during evolution (Chen et al., 2000).



Microsynteny Analysis

To classify and expand WRKY I gene family in F. vesca, R. occidentalis, P. persica, P. avium, P. mume, P. bretschneideri, and M. domestica, we examined the chromosome locations of all members of this family. Subsequently, a strategy similar to that of the previously published manuscripts was executed to detect large-scale duplication events (Maher et al., 2006; Cao et al., 2016c). If two WRKY I genes were duplicated by large-scale duplication events (e.g., WGD), the two regions containing these two WRKY I genes were expected to retain some other gene duplicates, which show relatively high sequence similarity at the amino acid level (Maher et al., 2006; Jing et al., 2016). First, all WRKY I genes from F. vesca, R. occidentalis, P. persica, P. avium, P. mume, P. bretschneideri, and M. domestica were employed as the original anchor points. Next, to detect duplicated genes between two independent regions, we compared all protein-coding sequences 100-kb upstream and downstream of each anchor point by pairwise the Basic Local Alignment Search Tool (BLASTP) analysis, based on the previously published articles (Deleu et al., 2007; Cao et al., 2016c). Finally, the total number of protein-coding genes flanking the anchor point (i.e., WRKY I gene) that contained the best non-self-match (cut-off e-value = 10–10) was counted (Sato et al., 2008). According to previously published articles (Coulthart and Singh, 1988; Cao et al., 2016c), such two regions, which contained four or more gene pairs with syntenic relationships, were considered to have evolved from large-scale duplication events.



Analysis of Orthologous Relationship and Selective Pressure

The orthologous relationships were detected in the proteomes of seven Rosaceae species using the OrthoMCL software (Li et al., 2003) with e-value < 1e–10. The ratio between non-synonymous (Ka) and synonymous (Ks) was calculated using the DnaSP software (Librado and Rozas, 2009) on protein-coding genes to detect selective pressure acting on WRKY I genes. The ratios of Ka/Ks > 1, < 1, and = 1 indicate the positive selection, negative selection, and neutral selection, respectively. To further understand the particular amino acid sites under positive selection, we carried out a sliding window analysis of Ka/Ks ratios with parameters: step size, 9 bp; window size, 150 bp (Cao et al., 2016a).



Expression Analysis

To detect the expression patterns of WRKY I genes in seven Rosaceae species, we retrieved the RNA-seq data from Sequence Read Archive (SRA) and European Bioinformatics Institute (EBI) database, and accession numbers for these RNA-seq data are presented in the “Data Availability Statement” section. The SRA toolkit software was used to decompress raw data into the FASTQ format (Sherry, 2012). The HISAT2 software was used to map each dataset to its corresponding template genome with default parameters (Pertea et al., 2016; Cao et al., 2019). The Cufflinks v2.2.1 software was used to calculate the fragments per kilobase of exon per million reads (FPKM) with the default parameters (Trapnell et al., 2012), which were then log2-transformed. The TBtools software (see text footnote 7) was used to produce the heat map.



RNA Extraction and Quantitative Real-Time PCR

This experiment was performed in 2017 on pear trees (P. bretschneideri cv. Dangshan Su’) planted in the experimental orchard of the farm in Dangshan, Anhui, China. Three biological replicates of fruit samples were collected from spring to summer 2017 during P. bretschneideri fruit developmental stages. The first sampling was performed on 18 April (15 days). Subsequently, remaining samples were taken on 13 May (39 days after flowering, DAF), 20 May (47 DAF), 29 May (55 DAF), 5 June (63 DAF), 21 June (79 DAF), 14 July (102 DAF), and 28 August (145 DAF) in 2017 after flowering (DAF). We used the guanidine thiocyanate extraction method to extract the total RNAs by RNA Plus (Takara, Dalian). The first-strand cDNAs were synthesized from DNaseI-treated total RNA using reverse transcriptase (Takara, Dalian) based on the instructions of the manufacturer. The CFX96 Touch™Real-Time PCR Detection System (Bio-Rad) was used to conduct the quantitative real-time PCR (qRT-PCR) experiment. We designed the primers of PbWRKY genes for qRT-PCR using Primer Premier 6.0 software (Applied Biosystems, Takara, Dalian). The relative expression level was calculated as a 2–ΔΔCt method and normalized against the P. bretschneideri Actin gene (NCBI ID AF386514) as described previously (Livak and Schmittgen, 2001; Cao et al., 2016a). For each sample, we conducted three technical replicates in our study. The SPSS v24 was used to detect the analysis of statistical significance.

The experiments did not involve endangered or protected species. No specific permits were required for these locations/activities because the P. bretschneideri genes used in this study were obtained from the tissue culture room of Anhui Agricultural University.




RESULTS


Identification of WRKY I Genes in Rosaceae Species

To identify all full-length WRKY I proteins in seven Rosaceae species, HMM searches were carried out against the annotated genomes of F. vesca, R. occidentalis, P. persica, P. avium, P. mume, P. bretschneideri, and M. domestica. A total of 6, 9, 10, 11, and 13 WRKY I genes were detected in P. avium, P. persica, P. mume, R. occidentalis, and F. vesca, respectively, while 20 and 28 WRKY I genes were identified in P. bretschneideri and M. domestica, respectively (Table 1). Subsequently, we detected the exact chromosomal locations of all WRKY I genes through a blast search of the genome sequences using TBtools software. The distribution of WRKY I genes among the chromosomes in these seven Rosaceae genomes was random and unbalanced (Supplementary Figure 1). For example, in the M. domestica genome, WRKY I genes are mainly distributed in chromosome 12, followed by chromosomes 3 (4) and 6 (4), and the others are located among chromosomes 2, 4, 11, 13, 14, 15, 16, and 17. However, in the P. bretschneideri genome, the WRKY I genes were scattered across chromosomes 2, 3, 5, 6, 8, 9, 11, 12, 13, 14, and 17.


TABLE 1. The detailed information of seven Rosaceae species WRKY I family members.
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Phylogenetic Analysis of the WRKY I Genes

To investigate the WRKY I genes from seven Rosaceae species, we constructed a phylogenetic tree based on the nucleotide sequence alignment (Figure 2). This tree was built according to comparisons of the full-length nucleotide sequence between the Rosaceae species by the ML method with 1,000 bootstrap replicates. The ML tree was divided into 12 subgroups (A–M), which belong to four groups (i.e., class I–IV) with higher bootstrap values. Subgroup J contained the fewest WRKY I gene members (3), but the subgroup I had the most gene members (11), followed by subgroup K (10) and subgroup M (10).
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FIGURE 2. Maximum-Likelihood tree based on sequences of WRKY I genes from P. avium, P. persica, P. mume, R. occidentalis, F. vesca, P. bretschneideri, and M. domestica. The IQ-tree software was used to perform maximum likelihood (ML) phylogenetic analysis with a bootstrap test for 1,000 replicates and an SH-aLRT test for 1,000 random addition replicates. Based on the evolutionary distances and bootstrap support, this tree was divided into 12 subgroups. The tree is rooted to the A. thaliana WRKY I gene (AT1G13980).


The short branch lengths at the tips of the clades confirmed the strong conservation of nucleotide or amino acid sequence, indicating that the evolutionary relationship between these gene members was close. In each subgroup, branches with the lack of WRKY I gene in some species might be due to gene losses, whereas more than one WRKY I genes from the same species were likely to have experienced gene duplication events. In most subgroups, WRKY I genes from the P. bretschneideri and M. domestica were more abundant than WRKY I genes from the other Rosaceae species (Figure 2). Remarkably, we found that in almost every subgroup, at least one extra copy of the WRKY I genes from P. bretschneideri and M. domestica was present. In addition, the WRKY I gene members of different species in each subgroup might be due to evolving from a common ancestral gene by the divergence of the lineage. According to the ML tree, the WRKY I genes from P. bretschneideri and M. domestica have shown close pairwise relationships; the genes of F. vesca and R. occidentalis, and the genes of P. persica, P. avium and P. mume were also the most similar based on genetic distance, which consistent with the species tree of the seven Rosaceae plants (Figure 3C).
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FIGURE 3. The expansion mechanism analysis of WRKY I genes in seven Rosaceae genomes. (A) Orthologous groups were identified among F. vesca, R. occidentalis, P. persica, P. avium, P. mume, P. bretschneideri, and M. domestica. (B) Microsynteny maps of WRKY I genes across the selected Rosaceae genomes. (C) Estimated gene numbers in ancestral species and gains/losses of genes during WRKY I genes evolution in seven Rosaceae species.


To further identify the orthologous relationships and evolutionary origins in the WRKY I gene family of Rosaceae, we carried our interspecies microsynteny analysis (Figure 3). These data presented that high-level microsynteny was maintained among these Rosaceae genomes. The PaWRKY01 was used as an example to present the high-level microsynteny of different species (Figure 3B). Subsequently, a total of 67 WRKY I genes (nine from F. vesca, 10 R. occidentalis, nine P. persica, one P. avium, four P. mume, 14 P. bretschneideri, and 20 M. domestica) were shown in the 10 orthologous groups (Supplementary Table 1). As shown in Figure 3, the orthologous groups also allowed us to confirm the 12 gene lineages inferred from the above phylogenetic analysis. There was a one-to-one correspondence between gene lineages and syntenic orthologous groups, except for the subgroups E and J (Figure 3A). These results indicated that these WRKY I genes from the E and J subgroups may be species-specific genes.



Gains and Losses Analysis of WRKY I Genes

Gene families can evolve either by gene gains or by gene losses. To gain insight into the evolutionary mechanism of the WRKY I gene family in Rosaceae genomes, we compared a species tree and a bootstrap condensed gene tree based on previously published manuscripts (Nam and Nei, 2005). Subsequently, the modified reconciled-tree method was used to estimate the member of WRKY I genes in the most recent common ancestor (MRCA) of the seven plants and gene gains and losses during the evolution of the Rosaceae genomes. As shown in Figure 3C, there are 20 WRKY I genes in the MRCA, and then the Rosoideae WRKY I genes have undergone gene loss events (seven genes lost), reducing its number to 13. Subsequently, F. vesca and R. occidentalis have gained one and one, and lost one and three genes, respectively, since their divergence. In contrast, Maloideae experienced only one gene loss during the long evolutionary period resulting in the current 19 WRKY I genes in the process of evolution (Figure 3C). The number of WRKY I genes was increased to 22, with eight genes gained and five lost since the MRCA of P. bretschneideri and M. domestica. Finally, P. bretschneideri and M. domestica have gained three and eight and lost five and two genes, respectively, since their divergence. The number of WRKY I genes was reduced to 11, with one gene lost, four genes lost, and two genes lost since the MRCA of P. persica, P. avium, and P. mume. Subsequently, P. persica, P. avium, and P. mume have lost 1, 4, and two genes, respectively, since their divergence. Clearly, the WRKY I gene family of P. persica, P. avium, and P. mume has only experienced the gene loss events. Remarkably, the members of genes gained by P. bretschneideri and M. domestica were higher than those lost, resulting in abundant WRKY I gene in these genomes compared to the other Rosaceae genomes (Figure 3C).



Gene Structure Analysis of WRKY I Genes

The mechanism of multigene family evolution may be the diversity of gene structure. At the same time, exon gain or loss can be a key step in producing structural complexity and diversity. To better understand the structural diversity and functional evolution of WRKY I genes, exon-intron organization maps were generated from the coding sequence (CDS) with corresponding genome sequences of the WRKY I gene in seven Rosaceae species. The number of different exons, ranging from 2 (MdWRKY16) to 21 (FvWRKY13), was found in 98 WRKY I gene members. Furthermore, most WRKY I gene members contained four or five exons, and the members in the same subgroup had similar exon-intron structures, such as the members of subgroups B and C contained four exons. Additionally, in some subgroups, we found that different members showed significant structural diversity. For example, in subgroup J, the PbWRKY14 contained seven exons, FvWRKY10 had 11 exons, while FvWRKY13 contained 21 exons (Supplementary Figure 2). These results might explain the diversity of closely related WRKY I gene members, because these genes might have occurred exons losses with significantly higher or lower frequency during evolution.

In addition to the exon-intron structure described above, other conserved motifs may be important for the diverse functions of WRKY I proteins, as reported in previous articles (Wang et al., 2015; Jing et al., 2016). Therefore, the local MEME software was used to capture the conserved motifs, and this map is displayed in Supplementary Figures 2, 3. As expected, the motifs 1, 2, and 3 indicate WRKY domain and distribute in most all WRKY I proteins, affirm its major functional role. We also detect other well-conserved motifs outside the WRKY domain. Noteworthy, several conserved motifs were present in almost WRKY I proteins, such as motifs 7, 8, 15, and 16 (Supplementary Figure 2). The remaining motifs were scanned to be specific in the different subgroups of the WRKY I ML tree. The members of WRKY I protein in subgroup B share motif 10, in subgroup share motif 12, and in subgroup I share motif 6, indicating that these conserved motifs might have specific functions in these subgroups. Additionally, in some subgroups, we found that the motifs present a certain degree of diversity, such as subgroup J. Most of the WRKY I members from the seven Rosaceae species that clustered together with orthologous and/or paralogous gene pairs in the same subgroup contain more than one motif outside the WRKY I domain (Supplementary Figure 2). In the current study, we considered the new motifs, which identified subgroup-specific motifs, were novel. Because these new motifs have no significant similarity to any possible function assignments or known motifs by searching Pfam and SMART databases.



Gene Duplication Analysis of WRKY I Genes

To survey the relationship between the expansion patterns in each Rosaceae WRKY I gene family and the corresponding genetic divergences, the gene duplication events were investigated in these Rosaceae WRKY I gene families. Rosaceae genomes have been confirmed to have undergone one or two WGD events. Therefore, we believe that the large-scale duplication events might contribute to the expansion of the WRKY I gene family. To detect this possibility, the gene similarity of the WRKY I flanking regions was searched. These two WRKY I genes were considered to be conserved and evolved from large-scale duplication events, when at least three of 100 kb downstream and upstream genes flanking two WRKY I genes achieved the best non-self-match by the Blast program. To avoid the possibility that the WRKY I gene pairs were located within more divergent blocks, we also defined a set of relaxed criteria for gene gathering based on the flanking regions of a WRKY I gene pair containing two conserved genes (Cao et al., 2016c, 2017b).

In these seven Rosaceae genomes, the gene duplication events of the WRKY I gene family were only identified in both P. bretschneideri and M. domestica, indicating gene duplication events might contribute to the expansion of the WRKY I gene family. The M. domestica genome had 28 WRKY I gene family members, 24 of which (account for 85.7%) were identified in the duplication region of the genome (Supplementary Table 2). Among them, four gene pairs were identified as tandem duplication events, such as MdW RKY04/MdWRKY05, MdWRKY02/MdWRKY03, MdWRKY15/MdWRKY16, and MdWRKY17/MdWRKY18, (Supplementary Table 2). Twelve gene pairs were found to be located in the duplicated segments of chromosomes, and these pairs were identified to be evolved from segmental duplication or WGD events (Figure 4A). As these genes, (MdWRKY25/MdWRKY10, MdWRKY21/MdWRKY25, MdW RKY20/MdWRKY25, MdWRKY20/MdWRKY10, MdWRKY 13/MdWRKY04, MdWRKY24/MdWRKY01, MdWRKY 19/MdWRKY08, MdWRKY16/MdWRKY06, MdWRKY17/Md WRKY07, MdWRKY26/MdWRKY12, and MdWR KY27/MdWRKY12), were distributed on the high synteny regions, suggesting that these gene pairs might have evolved from large-scale duplication events. Twenty WRKY I gene family members were included in the P. bretschneideri genome, and 10 of which (account for 50%) were found in the duplicated segments of chromosomes. The synteny of seven gene pairs (PbWRKY15/PbWRKY01, PbWRKY11/PbWRKY17, PbWRKY11/PbWRKY04, PbWRKY12/PbWRKY18, PbWRKY12/PbWRKY19, PbWRKY18/PbWRKY19, and PbWRKY13/PbWRKY16) was significant in the duplicated region of the genome and speculated to evolve from large-scale duplication events (Figure 4B). The flanking sequences of the gene pair PbWRKY04/PbWRKY17 contained weak synteny, with only two conserved genes (Figure 4B).
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FIGURE 4. Microsynteny maps of WRKY I genes in M. domestica (A) and P. bretschneideri (B). The relative positions of all flanking protein-coding genes were defined by the anchored WRKY I genes, highlighted in orange. The flanking genes and their transcriptional orientations were indicated by arrows.




Strong Purifying Selection for WRKY I Genes in Pyrus bretschneideri and Malus domestica

As we know, both P. bretschneideri and M. domestica genomes have been expanded by two WGD events. To further insight into the evolutionary constraints acting on the WRKY I gene family, the ratios of Ka/Ks were estimated for all the duplicated gene pairs of this gene family in P. bretschneideri and M. domestica. These results presented that all duplicated pairs contain the ratios of Ka/Ks less than 1, except for MdWRKY20/MdWRKY10, indicating that this gene family was slowly evolving at the protein level and had mainly undergone purifying selection (Figure 5 and Supplementary Table 3). In view of the role of two WGD events in the evolution process of P. bretschneideri and M. domestica gene family, the importance of selection intensity with evolutionary time was also emphasized, and the ratios of Ka/Ks were divided into two sets based on the WRKY I duplicated gene pairs from either the ancient (Ks ∼1.5–1.8; ∼140 MYA) or recent WGD (Ks ∼0.15–0.3; 30–45 MYA) (Supplementary Table 3). The average Ka/Ks ratio for ancient WGD WRKY I gene pairs (0.24) was lower than that of recent WGD WRKY I gene pairs (0.38), however, there was no significant difference between these ratios (t-test, P > 0.05). These results suggested that the older and the younger proteins in the WRKY I gene family had similarly stable evolutionary constraints and further supported the notion that the WRKY I genes play key roles during plant growth and development and the regulation of cellular processes in plants.
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FIGURE 5. Estimates of Ks and Ka/Ks ratios of duplicated WRKY I genes in P. bretschneideri (A) and M. domestica (B). The x- and y-axes denote the synonymous distance and Ka/Ks ratio for each pair, respectively. Ka, non-synonymous; Ks, synonymous.


The previously published manuscripts suggested that the overall strong purifying selection could mask positive selection at a few individual codon sites (Wang et al., 2015). Therefore, we carried out a sliding-window analysis of Ka/Ks ratios between each pair of WRKY I duplicated gene pairs in P. bretschneideri (Supplementary Table 3). In the present study, we found that numerous sites/regions were under neutral to strong purifying or negative selection, as expected from the basic Ka/Ks analysis (Figure 6). The Ka/Ks ratios of the conserved WRKY domains (i.e., the first WRKY domain and the second WRKY domain) were < 1, suggesting these regions were evolving by strong purifying selection, and these sites were subjected to strong functional constraints. Additionally, the second WRKY domain of PbWRKY04/-11 contained slightly higher Ka/Ks ratios (i.e., Ka/Ks ratios > 1), implying this region was subjected to positive selection, and indicating PbWRKY04/-11 underwent somewhat different selective pressure, which reveals that this domain either displaying a higher evolutionary rate or hidden in the mean of the Ka/Ks ratio (Figure 6). At the same time, we also found that positive selection might help increase Ka/Ks ratio, but it does not guarantee that the average Ka/Ks ratio of the gene exceeds 1. Our data suggested that the WRKY I gene family members were highly conserved and have evolved by purifying selection during evolution.
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FIGURE 6. Sliding window analysis of duplicated WRKY I genes in P. bretschneideri. As shown in the key, the gray blocks, from light to dark, represent the positions of the first WRKY domain, and the second WRKY domain, respectively. The step size is 9 bp, and the window size is 150 bp.




Expression Pattern Analysis of WRKY I Genes

To further understand the possible functions of WRKY I genes, we examined the expression patterns of all WRKY I genes using publicly available transcriptome data from the SRA database, such as tissue-specific expression, pooled organs, fruit development, and developmental biology. In P. persica, we examined the expression of WRKY I genes in four different tissues (Supplementary Figure 4). In the data, we found that most of the WRKY I genes exhibited tissue-specific expression patterns, with one, three, and four genes were highly expressed in embryos, fruits, and root, respectively, indicating that these genes might play essential roles in the process of plant development and growth. In P. avium, the expression of WRKY I genes was detected in five growth stages of floral buds: January floral buds, February floral buds, March floral buds, June floral buds, and December floral buds (Supplementary Figure 5). From these results, it was apparent that a few WRKY I genes were relatively higher expressed in P. avium floral buds, such as PaWRKY07 was highly expressed in January floral buds, and PaWRKY04 was highly expressed in March floral buds. In P. mume, we obtained the public RNA-seq data for 10 different tissues (Pollen_grains, Pollen, bud, leaf, root, stem, fruit, Cross_pollinated_pistils, Self_pollinated_pistils, and Unpollinated_pistils) of P. mume (Supplementary Figure 6). Among these WRKY I genes, only one gene (PmWRKY09) exhibited tissue-specific expression patterns, while the remaining WRKY I genes showed express at least two tissues, indicating these genes essential roles in these P. mume tissues. In R. occidentalis, RoWRKY09 and RoWRKY11 exhibited tissue-specific expression patterns, while the remaining WRKY I genes showed express at least two tissues (Supplementary Figure 7). In M. domestica, we analyzed the abundance of WRKY I gene transcripts in leaf, fruit_flesh, root_tip, growing_apex, stem, seed, flower, and during fruit development (Supplementary Figure 8). Our data indicate that 15 of the detected MdWRKYs were expressed differentially in all sampled organs. In F. vesca, we also created a heat map to characterize the expression patterns of WRKY I genes in different representative tissues (Supplementary Figure 9). Based on the heat map, we found that many FvWRKY genes (such as FvWRKY05, FvWRKY12, and FvWRKY08) were expressed and showed high expression levels in most analyzed tissues, implying a possible role in constitutive regulate processes of WRKY I genes throughout the F. vesca plant.

In P. bretschneideri, all WRKY I genes showed express at least two tissues, indicating these genes have essential roles in these P. bretschneideri tissues (Supplementary Figure 10). To further understand the possible functions of WRKY I genes during P. bretschneideri fruit development, we examined the expression patterns of all P. bretschneideri WRKY I genes using a qRT-PCR experiment. The specific primers of PbWRKY genes are presented in Supplementary Table 4. Out of 20 PbWRKY genes, the expression for PbWRKY07 and PbWRKY20 were excluded because the CT values of these two genes were more than 36. The 18 remaining PbWRKY genes were expressed in all P. bretschneideri fruit development stages investigated, but these genes presented differential patterns in terms of both expression level and specificity. Based on their expression patterns, some PbWRKY genes contain expression in particular developmental stages of fruit (Figure 7), such as PbWRKY01, PbWRKY04, and PbWRKY16, were highly expressed in 47 DAF, PbWRKY08, PbWRKY09, PbWRKY12, PbWRKY13, and PbWRKY16 had high expression in 39 DAF, and PbWRKY17 and PbWRKY03 were highly expressed in 145 DAF, suggesting that these genes might play important roles in the specific development of P. bretschneideri fruit. Generally, Pearson’s correlation coefficient (r) was used to assess the similarity between the expression patterns of duplicated gene pairs. According to the previously published manuscripts, 0.3 < r < 0.5, r > 0.5, and r < 0.3 were represented ongoing divergent, non-divergent and divergent, respectively (Blanc and Wolfe, 2004; Yim et al., 2009). To further understand the degree of expression diversity between duplicate WRKY I genes during P. bretschneideri fruit development, we estimated their expression correlations (Table 2). Finally, three duplicate gene pairs, such as PbWRKY15-PbWRKY01, PbWRKY18-PbWRKY19, and PbWRKY13-PbWRKY16, were found to be non-divergent; and five duplicate gene pairs (PbWRKY11-PbWRKY04, PbWRKY11-PbWRKY17, PbWRKY04-PbWRKY17, PbWRKY12-PbWRKY18, and PbWRKY12-PbWRKY19) were divergent (Table 2). Remarkably, we did not find any duplicate PbWRKY gene pairs that were going divergent. In addition, we found that the younger duplication pairs were non-divergent (i.e., Ks value was relatively low); however, most duplication genes were old and divergent (i.e., Ks value was relatively high). Although the structures of WRKY in plants were very conserved, there were many mutations during long evolutionary history. In summary, we observed significant expression divergence in P. bretschneideri WRKY duplication genes.


[image: image]

FIGURE 7. Expression patterns of PbWRKY genes during eight developmental stages of P. bretschneideri fruit at 15, 39, 47, 55, 63, 79, and 145 days after flowering (DAF). *Significant difference compared with the expression level at 15 DAF (p < 0.05).



TABLE 2. The divergence between duplication PbWRKY gene pairs in P. bretschneideri.
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DISCUSSION

WRKY I genes participate in various biological processes, such as regulating plant growth and development, responding to environmental conditions, and plant resistance to abiotic and biotic stresses (Dong et al., 2003; Ross et al., 2007; Wang et al., 2011; Yin et al., 2013). By searching the local genome database, we identified 6, 9, 10, 11, 13, 20, and 28 WRKY I genes in P. avium, P. persica, P. mume, R. occidentalis, F. vesca, P. bretschneideri, and M. domestica, respectively. The ML tree could divide the WRKY I genes into four clades (i.e., clades I, II, III, and VI) and noted that orthologous gene pairs of P. bretschneideri and M. domestica WRKY I genes were more widespread, suggesting some ancestor WRKY I genes have appeared before the divergence of P. bretschneideri and M. domestica. By comparing a species tree and a bootstrap condensed gene tree, we analyzed the gene gains and gene losses. We found that the gene gains and gene losses were shown by a large fraction of variability in the clades. For example, compared with the P. avium, P. persica, P. mume, R. occidentalis, and F. vesca, WRKY I genes from P. bretschneideri and M. domestica were present in at least an extra copy in almost every subgroup. At the same time, we also noted that the extra copy was very close to its potential paralogous. Our data were consistent with the proven results that both P. bretschneideri and M. domestica have experienced an extra WGD which not shared with by the other five Rosaceae genomes (Velasco et al., 2010; Wu et al., 2013). Remarkably, the number of WRKY I genes in both P. bretschneideri and M. domestica was not simply two twice compared to other Rosaceae WRKY I genes, indicating that differential gene gain or/and gene loss events might have occurred in different species. For instance, compared with the number of the most recent common ancestor genes, the number of WRKY I genes was nearly halved in P. avium, P. persica, P. mume, R. occidentalis, and F. vesca, but increased approximately 1.4-fold in M. domestica. These data largely reflect the complex evolutionary history of the WRKY I family in the Rosaceae genomes.

Gene duplication events, such as large-scale duplication and tandem duplication, are the main driving forces to generate novel genes. The previous studies have confirmed that these two duplication events are the main driving force for the expansion of gene families in plants, such as the growth-regulating factor (GRF) gene family (Cao et al., 2016c), peroxidase (PRX) gene family (Cao et al., 2016b), B-BOX gene family (Cao et al., 2017a), and MYB gene family in pear (Cao et al., 2016a), and WRKY I gene family (Jing et al., 2016) and CHS gene family in maize (Han et al., 2016). In both P. bretschneideri and M. domestica, most WRKY I genes could be distributed to the duplicated segments, which indicate that large-scale duplications (i.e., segmental duplication or WGD) might help the expansion of the WRKY I gene family in these two species. After sharing the ancient WGD event and following divergence from the other Rosaceae genomes, the lineage leading to present-day both P. bretschneideri and M. domestica are known to have experienced the recent WGD about 30–45 million years ago (MYA). This duplication did not occur in P. avium, P. persica, P. mume, R. occidentalis, F. vesca, or/and other Rosaceae genomes (Velasco et al., 2010; Zhang et al., 2012; Wu et al., 2013). Two WGDs in the ancestor of both P. bretschneideri and M. domestica lead to the expectation of up to four duplicated genes in these two genomes. As shown in Figure 2, WRKY I genes doubled twice in both P. bretschneideri and M. domestica, and formed two duplicated gene pairs, accordingly (Figure 4). Remarkably, we also noted that these four homologous WRKY I blocks were retained, such as MdWRKY25, MdWRKY20, MdWRKY10, and MdWRKY21 were distributed in four homologous blocks, respectively. Compared to the duplicated WRKY I-containing blocks derived from the ancient WGD, these gene pairs contained more conserved flanking protein-coding genes, which derived from the recent WGD. These results suggested that there are high levels of sequence conservation between the recent WGD blocks in both P. bretschneideri and M. domestica, which is consistent with the previous observations (Velasco et al., 2010; Wu et al., 2013).

The intensity and type of selection can be speculated by comparing the ratio of synonymous (silent; Ks) and non-synonymous (amino-acid altering; Ka) substitution rates (Yang, 2007). Sites with Ka/Ks more than one are regarded as undergoing positive selection with adaptive evolution. Sites showing Ka/Ks < 1 are indicative of purifying selection, suggesting that they may play key roles in structure and function (Yang, 2007). In the current study, the Ka/Ks of both P. bretschneideri and M. domestica WRKY I duplicated gene pairs was < 1, except for MdWRKY20/MdWRKY10, indicating that this gene family underwent slow evolutionary non-diversification following duplication. Because all the characteristic WRKY proteins have clear binding preferences for the same DNA motif, the WRKY domain has been assumed to be the only conservative structural feature to constitute the DNA-binding domain. These genes continue to reveal DNA-binding factors that are involved in the transcriptional regulation of key developmental processes. The WRKY I protein sequences contain two type WRKY domains, each of which has a C2-H2-motif (Figure 1), which is known as a zinc finger structure (Rushton et al., 1995). This sequence motif can be specifically bound to W box [(T)(T)TGAC(C/T)] (De Pater et al., 1996; Hara et al., 2000). These data show that the WRKY domain is very conservative. By a sliding-window analysis, we found that the WRKY domains from WRKY I proteins have experienced strong purifying or negative selection, which may provide evidence for the stability of the WRKY domain during evolution.

Previous manuscripts have confirmed that gene duplication may affect their expression patterns (Cao et al., 2017a, 2018). The fate of the gene pairs may change after the duplication event. Retention of duplicates might also be due to sub-functionalization (Force et al., 1999; Lynch and Conery, 2000), and a half or more of duplicated genes exhibited differential expression in rice, poplar, A. thaliana, and soybean. In the present study, we performed the correlation analysis of PbWRKY duplication and their expression to reveal the relationship between gene duplication and expression divergence. The expression levels of duplication PbWRKY gene pairs suggested that the majority of these gene pairs were differentially expressed during fruit development in P. bretschneideri. These results indicated that the significant functional divergence was detected in duplication PbWRKY genes, and further revealed sub-functionalization or neo-functionalization for their derived from a duplication event.



CONCLUSION

In the present study, a total of 97 WRKY I genes were detected in seven Rosaceae genomes, such as P. avium, P. persica, P. mume, R. occidentalis, F. vesca, P. bretschneideri, and M. domestica. Subsequently, we carried out an integrative analysis of WRKY I genes in Rosaceae, which lay the foundation for functional studies of these genes in the future. This study also shows that the rates of gene loss and gain in different Rosaceae genomes are far from equilibrium.
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Supplementary Figure 1 | Chromosomal location of WRKY I genes among P. avium, P. persica, P. mume, R. occidentalis, F. vesca, P. bretschneideri, and M. domestica. The distribution of WRKY I genes among the chromosomes in each species is diverse. The chromosome number is indicated at the top of each chromosome.

Supplementary Figure 2 | Phylogenetic relationship, the exon-intron structure, and the motif analysis of WRKY I genes from P. avium, P. persica, P. mume, R. occidentalis, F. vesca, P. bretschneideri, and M. domestica. The exons and introns are indicated by green rectangles and thin lines, respectively.

Supplementary Figure 3 | The logos of the twenty motif sequences among P. avium, P. persica, P. mume, R. occidentalis, F. vesca, P. bretschneideri, and M. domestica. The bit score indicates the information content for each position in the sequence.

Supplementary Figure 4 | Expression profiles of P. persica WRKY I genes in different tissues. Blue and red colors correspond to downregulation and upregulation, respectively.

Supplementary Figure 5 | Expression profiles of P. avium WRKY I genes in different tissues. Blue and red colors correspond to downregulation and upregulation, respectively.

Supplementary Figure 6 | Expression profiles of P. mume WRKY I genes in different tissues. Blue and red colors correspond to down-regulation and up-regulation, respectively.

Supplementary Figure 7 | Expression profiles of R. occidentalis WRKY I genes in different tissues. Blue and red colors correspond to downregulation and upregulation, respectively.

Supplementary Figure 8 | Expression profiles of M. domestica WRKY I genes in different tissues. Blue and red colors correspond to downregulation and upregulation, respectively.

Supplementary Figure 9 | Expression profiles of F. vesca WRKY I genes in different tissues. Blue and red colors correspond to downregulation and upregulation, respectively.

Supplementary Figure 10 | Expression profiles of P. bretschneideri WRKY I genes in different tissues. Blue and red colors correspond to downregulation and upregulation, respectively.

Supplementary Table 1 | Synteny data in P. avium, P. persica, P. mume, R. occidentalis, F. vesca, P. bretschneideri and M. domestica.

Supplementary Table 2 | Duplicated WRKY I gene pairs in P. bretschneideri and M. domestica.

Supplementary Table 3 | The divergence between duplicated WRKY I gene pairs in P. bretschneideri and M. domestica.

Supplementary Table 4 | Primers in this study.
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