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Abstract

:

Rosa chinensis, an important ancestor species of Rosa hybrida, the most popular ornamental plant species worldwide, produces flowers with diverse colors and fragrances. The R2R3-MYB transcription factor family controls a wide variety of plant-specific metabolic processes, especially phenylpropanoid metabolism. Despite their importance for the ornamental value of flowers, the evolution of R2R3-MYB genes in plants has not been comprehensively characterized. In this study, 121 predicted R2R3-MYB gene sequences were identified in the rose genome. Additionally, a phylogenomic synteny network (synnet) was applied for the R2R3-MYB gene families in 35 complete plant genomes. We also analyzed the R2R3-MYB genes regarding their genomic locations, Ka/Ks ratio, encoded conserved motifs, and spatiotemporal expression. Our results indicated that R2R3-MYBs have multiple synteny clusters. The RcMYB114a gene was included in the Rosaceae-specific Cluster 54, with independent evolutionary patterns. On the basis of these results and an analysis of RcMYB114a-overexpressing tobacco leaf samples, we predicted that RcMYB114a functions in the phenylpropanoid pathway. We clarified the relationship between R2R3-MYB gene evolution and function from a new perspective. Our study data may be relevant for elucidating the regulation of floral metabolism in roses at the transcript level.
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1. Introduction


The v-myb myeloblastosis viral oncogene homolog (MYB) proteins form one of the largest transcription factor families, widely distributed in all eukaryotic organisms [1]. The MYB proteins are identified based on their highly conserved N-terminal DNA-binding domain [-W-(X19)-W-(X19)-W-…-F/I-(X18)-W-(X18)-W-], which can form three α-helices, with the second and third helices forming a helix-turn-helix motif [2,3], as well as a highly variable C-terminal activation or repression domain [4]. On the basis of the number of repeating MYB domains, the MYB family has been divided into the following four subfamilies: 1R-MYB (or MYB-related), R2R3-MYB (2R-MYB), R1R2R3-MYB (3R-MYB), and 4R-MYB [2,5]. The R2R3-MYB subfamily is the largest, with members containing two MYB domain repeats that are similar to the R2 and R3 repeats of their vertebrate homologs, c-MYB [6]. Many R2R3-MYB proteins influence processes related to plant growth and development, such as cell-cycle regulation, meristem formation, and cellular morphogenesis [7]. The R2R3-MYBs are also vital for various plant responses, including biotic and abiotic stresses, phytohormones, and diverse environmental signals [8,9,10,11,12].



One of the most important roles of R2R3-MYBs involves the regulation of the synthesis of phenylpropanoid-derived compounds, which represent a diverse family of secondary metabolites [13]. In 1987, the first isolated MYB gene, ZmC1 from Zea mays, was revealed to affect anthocyanin biosynthesis [14]. Since then, many MYB genes have been identified and characterized in various plant species regarding their sequence and potential functions [2,15]. The release of genome data has enabled phylogenetic analyses of the MYB family at the genome level in several plant species, including Arabidopsis thaliana [16], Z. mays [17], Glycine max [18], Malus domestica [19], and Eucalyptus grandis [20]. The conserved subgroup in A. thaliana can be used to predict the functions of R2R3-MYB genes in nonmodel species, because genes in the same subgroup are thought to have similar roles [21]. In addition to phylogenetic and conserved subgroup analyses to functionally characterize R2R3-MYB genes, investigations of whole-genome synteny have also been conducted [22]. An analysis of synteny may clarify the evolution of gene families by revealing local conserved gene arrangements in a genome. Moreover, a comparative analysis of synteny between species may be relevant for elucidating the evolutionary trajectory of genes and genomes as well as the final traits of organisms [23,24]. Building a network of all of the syntenic relationships among R2R3-MYB genes across many species can provide new insights into the R2R3-MYB gene evolutionary history.



Rose species are the most commonly cultivated ornamental plants worldwide. There are currently more than 35,000 rose cultivars [25]. The considerable ornamental value of rose plants is due to their diverse floral colors, pleasant floral fragrance, and recurrent flowering trait. Rosa chinensis ‘Old Blush’ has made important contributions to the modern rose cultivars (Rosa hybrida), and a high-quality genome sequence for ‘Old Blush’ has been obtained [26]. In roses, the main compounds responsible for flower colors (i.e., anthocyanidins and flavonoids) and volatile compounds (i.e., 3, 5-dimethoxytoluene and phenylethyl alcohol) are synthesized by the phenylpropanoid pathway [27,28,29]. Therefore, R2R3-MYB proteins are likely to be involved in the regulation of rose flower colors and floral development, but more evidence is needed to confirm their roles.



In this study, we applied a phylogenomic synteny network (synnet) of R2R3-MYB genes across 35 plant genomes to identify the rose R2R3-MYB genes and investigate their origins and evolutionary positions. We also analyzed the R2R3-MYB genes based on their genomic locations, phylogenetic relationships, and encoded conserved motifs. Moreover, the R2R3-MYB transcript abundance patterns in rose petals and other tissues were assessed by RNA sequencing (RNA-seq). On the basis of these analyses, we may have identified several R2R3-MYBs involved in the regulation of the metabolism of developing rose flowers. Furthermore, the data presented herein may be useful for future studies that examine the regulation of rose floral metabolism at the transcript level.




2. Materials and Methods


2.1. Plant Growth and Sample Collection


Rosa chinensis ‘Old Blush’ and Nicotiana benthamiana plants were grown in a glasshouse at Beijing Forestry University (Beijing, China) under a 12 h (25 °C) day/12 h (18 °C) night cycle. The samples were collected from 3-year-old rose plants and immediately placed in a 5 mL centrifuge tube. Specifically, the petals were harvested during the following four typical developmental stages: FB_GP (green petals in the flower bud), FB_CP (petals changing colors in the flower bud), FB_PP (pink petals in the flower bud), and OF_PP (pink petals on the open flower). The root, stem, leaf, prickle, stamen, pistil, and ovary were also harvested. For each collected plant material, samples from six plants were combined to form one sample and then frozen in liquid nitrogen.




2.2. Plant Genome Analysis and Pairwise Whole-Genome Comparisons


The genomes of 35 plant species were included in the analyses (Supplemental Table S1). The species status was checked with the R package plant list. The phylogenetic relationships were analyzed with Phylomatic (version 3), and a phylogenetic tree was constructed with the Figtree program (version 1.4.4). All-against-all pairwise comparisons of whole-genome sequences were completed with a GitHub script (https://github.com/zhaotao1987/SynNet-Pipeline) to detect all synteny blocks.




2.3. Identification of R2R3-MYB Gene Models


The Pfam annotations based on the conserved protein domain PF00249 were used for identifying the R2R3-MYB genes [30]. Hidden Markov Models (HMMs) retrieved from the Pfam 3.0 database were used to search 35 plant genomes with the hmmscan program of the HMMER3.0 package [31] to identify R2R3-MYB proteins with two DNA-binding domains (PF00249). All R2R3-MYB proteins with significant hits (e-value < 0.001) that are encoded by the genomes of 35 species (nodes) are listed in Supplemental Table S2.




2.4. Calculation of Syntenic Blocks and Construction of a Synteny Network for R2R3-MYBs


The Synets method was used for calculating syntenic blocks, constructing networks, and detecting clusters [32]. The default parameters of the MCScanX program [33] (minimum match size for a collinear block = 5 genes, maximum gaps allowed = 25 genes) were used to compute genomic collinearity. Information regarding all syntenic blocks (edges, with headers Locus_1 and Locus_2) is provided in Supplemental Table S3. The syntenic blocks containing all of the R2R3-MYB genes in the 35 analyzed species were used to build the synnet, visualized with Cytoscape (version 3.6.1) [34] and Gephi 0.9.1 [35].




2.5. Network Clustering


The CFinder program was used to implement the clique percolation method [36,37] and locate clique communities (k = 3) for the R2R3-MYB synnet to identify clusters of gene nodes (Supplemental Tables S4 and S5). The clusters were visualized with Gephi 0.9.1 [35]. For each genome, all clusters were decomposed to the number of involved syntenic genes (Supplemental Table S6). The dissimilarity index of all clusters was calculated according to the Jaccard method of the vegan package [38] and then hierarchically clustered and visualized with ward.D and pheatmap, respectively.




2.6. Chromosomal Localization and Phylogenetic Analysis


Chromosomal location information was obtained from the gff3 file of the R. chinensis genome database (RchiOBHm-V2) (Supplemental Table S9). The Mapchart software [39] was used to visualize the chromosomal locations of all rose R2R3-MYB genes.



The amino acid sequences of 121 RcMYB proteins (R. chinensis) and 136 AtMYB proteins (A. thaliana) were used to analyze the phylogenetic relationships between the R2R3-MYBs of these two plant species (Supplemental Table S10). Multiple sequences were aligned with the ClustalX program (version 2.0), and a phylogenetic tree was constructed according to the neighbor-joining method of MEGA 6.0, with 1000 bootstrap replicates [40,41]. The iTOL and evolview online tools were used to annotate the phylogenetic tree [42]. Conserved motifs were detected based on the multiple sequence alignment by ClustalX (version 2.0). All sequences were stored in a fasta file. WebLogo was used to generate sequence logos.




2.7. Calculation of Ka/Ks Ratios of Gene Pairs


To determine whether R2R3-MYB genes evolved under positive selection, the A. thaliana and R. chinensis R2R3-MYB genes were aligned with MEGA 6.0. The DnaSP (version 6.0) program was then used to calculate the synonymous substitution (Ks) and nonsynonymous substitution (Ka) rates. The Ka/Ks ratio indicates the selection pressure on genes as follows: Ka/Ks > 1 (positive selection), Ka/Ks < 1 (negative selection), and Ka/Ks = 1 (neutral selection) (Supplemental Table S12) [43].




2.8. Transcriptome Sequencing, Functional Annotation, and Analysis of Differentially Expressed Genes


Total RNA was extracted from the various collected plant materials (root, stem, leaf, prickle, stamen, pistil, and ovary) with the SV Total RNA Isolation Kit (Promega, Madison, WI, USA), and the RNA purity was checked using the NanoPhotometer® spectrophotometer (Implen, West Lake Village, CA, USA). The Qubit® RNA Assay Kit in the Qubit® 2.0 Flurometer (Life Technologies, Carlsbad, CA, USA) was used to measure the RNA concentration, and the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, Palo Alto, CA, USA) was used to assess the RNA integrity. A total amount of 1 µg RNA per sample was used as the input material for the RNA sample preparations. The RNA samples were used as templates to construct libraries; each kind of sample had two biological replications and a total of 12 libraries. A NEBNext® UltraTM RNA Library Prep Kit (New England Biolabs, MA, USA) was used to generate the libraries, following the manufacturer’s recommendations, and index codes were added to attribute sequences to each sample. The library fragments were purified using the Agencourt AMPure XP system (Beckman Coulter, Brea, CA, USA) and 250–300 bp cDNA fragments were selected. The Agilent Bioanalyzer 2100 system (Agilent Technologies) were used to assess the library quality. The libraries were sequenced using an Illumina HiSeq™ 4000 system (Illumina, San Diego, CA, USA) at the Novogene Bioinformatics Institute (Beijing, China). Each library was sequenced to at least 6 Gb clean bases.



All raw data were submitted as a BioProject (PRJNA546486) to the NCBI (National Center for Biotechnology Information) Sequence Read Archive (accession number SUB5725876). Clean reads were obtained by removing reads containing adapter sequences, reads containing ploy-N, and low quality reads from raw data and were calculated by their Q20, Q30, GC contents, and error rates. All reads were quantified with StringTie [44], and the information is shown in Supplemental Table S14. All the downstream analyses were based on the clean reads with high quality. The R. chinensis ‘Old Blush’ reference genome and gene model annotation files were downloaded from an online genome portal (RchiOBHm-V2) [26]. HISAT (version 2.0.4) was used for building the index of the reference genome [45] and aligning the paired-end clean reads to the reference genome. HTSeq v0.9.1 was used to count the read numbers mapped to each gene (Supplemental Table S15) [46]. The expected number of fragments per kilobase of transcript sequence per million base pairs sequenced (FPKM) of each gene was calculated based on the length of the gene and the read count mapped to this gene [47]. Differential expression analysis of two groups (two biological replicates per group) was performed using the DESeq R package (1.18.0) [48]. The resulting p-values were adjusted using the Benjamini and Hochberg’s approach for controlling the false discovery rate. Genes with an adjusted p-value < 0.05, found by DESeq, were assigned as differentially expressed. All read annotations were retrieved from the RchiOBHm-V2 ‘Old Blush’ genome annotation database, including gene descriptions and Blast2GO annotations.



Except for the new transcriptome sequencing of other rose tissues, we also analyzed the published sequencing data of rose petals under the same data treatments. The FPKM method [47] was used to normalize the differential expression of RcMYB genes in petals at different developmental stages (BioProject PRJNA351281; accession number SRP092271, Supplemental Table S13) [49] and in other rose tissues (Supplemental Table S16). Heat maps representing gene expression levels were drawn with the R package pheatmap.




2.9. Validation of Gene Expression by a qRT-PCR Assay


The gene expression levels in the following rose tissues were validated by a quantitative real-time polymerase chain reaction (qRT-PCR) assay: root, stem, leaf, prickle, stamen, pistil, ovary, and petals collected at four developmental stages (FB_GP, FB_CP, FB_PP, and OF_PP). The total RNA was extracted with the SV Total RNA Isolation Kit (Promega). First-strand cDNA was synthesized from 1.0 µg total RNA with the PrimeScript RT Reagent Kit with gDNA Eraser (Takara Bio, Shiga, Japan). The qRT-PCR assay was completed with the CFX96™ Real-Time PCR system (Bio-Rad Laboratories, Hercules, CA, USA) and a reaction solution comprising 10 µL SYBR Premix Ex Taq (Takara Bio), 0.4 µL 10 µM forward and reverse transcript-specific primers (Supplemental Table S17), 2 µL cDNA, and 7.2 µL sterile distilled water. The PCR program was as follows: 95 °C for 30 s, 40 cycles of 95 °C for 5 s and 60 °C for 30 s, and a final melting curve analysis stage of 95 °C for 15 s, 60 °C for 1 min, and 95 °C for 15 s. The relative gene expression levels were calculated with the 2−ΔΔCq method (Young et al., 2010) and were normalized against the expression level of the endogenous reference gene (RcActin) [49]. Each sample was examined with three biological replicates, each consisting of three technical replicates. The Origin9 program (OriginLab, Northampton, MA, USA) was used to generate histograms.




2.10. Transient Overexpression of RcMYB114a in Tobacco


To generate the RcMYB114a overexpression construct, a full-length RcMYB114a cDNA sequence was obtained by a PCR amplification of rose petal cDNA with the OE-RcMYB114a forward and reverse primers (Supplemental Table S17) under the following conditions: 94 °C for 2 min; 35 cycles of 98 °C for 10 s, 54 °C for 30 s, and 68 °C for 1 min; and 68 °C for an additional 2 min (KOD-plus, Toyobo, Japan). The purified PCR product was ligated to the pDONR221 entry vector and sequenced, after which it was incorporated into the pH7WG2D expression vector. The pH7WG2D vector and the pH7WG2D-RcMYB114a recombinant plasmid were inserted into Agrobacterium tumefaciens EHA105 cells, which were then incubated at 28 °C in Luria-Bertani liquid medium containing 10 mM MES [2-(4-morpholino)ethanesulfonic acid] and 20 μM acetosyringone. The transformed A. tumefaciens cells were harvested when the optical density at 600 nm (OD600) of the culture reached 0.2. The cells were resuspended in infection buffer (10 mM MgCl2, 10 mM MES, pH 5.6, and 150 μM acetosyringone) for a final OD600 of 0.4. The resuspended cells were maintained at room temperature for 2 h. The suspension with cells carrying pH7WG2D-RcMYB114a was gently injected into the epidermis on the right side of a tobacco leaf with a sterile needle-free 1 mL syringe. The control suspension (i.e., with cells carrying the empty pH7WG2D vector) was injected into the epidermis on the left side of the same leaf. The leaf inoculation was completed with three biological replicates, each consisting of 10 leaves. After incubating the infected leaves for 40–48 hours under the plant growth conditions, the left and right sides of each leaf were collected separately for a qRT-PCR assay, which was completed as described in the previous section.





3. Results


3.1. Identification of R2R3-MYB Genes in 35 Genomes


We constructed a phylogenetic tree based on 35 plant species with published genome data, including 8 monocots, 19 rosids, 5 asterids, Beta vulgaris and Nelumbo nucifera (eudicots that are not rosids or asterids), and an early diverging angiosperm (Amborella trichopoda) (Supplemental Table S1). In Figure 1a, the whole-genome duplication (WGD) and whole-genome triplication (WGT) events are indicated with red and blue dots, respectively. Rosa chinensis was most closely related to Fragaria vesca among the included species. We performed a genome-wide sequence homology search to identify the R2R3-MYBs in the 35 species. Eight R2R3-MYB proteins (AT2G36890, AT2G47190, AT3G49690, AT3G60460, AT4G38620, AT5G23000, AT5G35550, and AT5G56110) were used to build profile HMMs. On the basis of these profiles, we identified 4648 R2R3-MYBs in 35 plant species, with considerable differences in the copy numbers among the examined genomes (Supplemental Table S2).



Synteny networks have been used to identify sequence homologies and elucidate the evolutionary history of genes in plants [32,50]. The synnet applied in the current study consisted of nodes representing R2R3-MYB genes, with edges that indicated synteny and sequence similarity (Figure S1). We detected 58,500 edges (pairwise syntenic connections between genes) and 4,648 nodes (genes connected to other genes) (Supplemental Table S2 and S3). Communities (node clusters) can be detected in the synnet with a published community detection method [50]. A total of 119 clusters were obtained with a k-clique percolation clustering method (k = 3) implemented by CFinder and were visualized with Gephi [35] (Supplemental Tables S4 and S5). These clusters were used to generate a phylogenetic profile. Detailed edgelist information for each cluster is provided in Supplemental Table S5. The 119 clusters in the phylogenetic profile for the R2R3-MYB genes in 35 species are highlighted in Figure 1b and Supplemental Table S6. These clusters were also investigated to clarify the syntenic relationships among the R2R3-MYB genes. The clusters were subdivided into the following six evolutionary categories based on the gene specificity in each cluster: angiosperm-wide (25 clusters), eudicot-specific (35 clusters), monocot-specific (28 clusters), rosid-specific (18 clusters), asterid-specific (4 clusters), and species-specific (9 clusters) (Supplemental Table S7). Moreover, 25 clusters comprised R2R3-MYBs from all 35 plant species, including A. trichopoda, monocots, and eudicots, suggesting that these MYBs are highly conserved and originate in angiosperms. The specificity of each cluster is indicated in Figure 1b.




3.2. Some Lineage-Specific Clusters of R2R3-MYBs


To further clarify the evolutionary events affecting the R2R3-MYB homologs in various plant species, we developed clusters for monocots, rosids, and asterids (Figure 2a and Supplemental Table S7). We also determined the pairwise syntenic relationships among the R2R3-MYB genes of all lineage-specific clusters of monocots, rosids, and asterids in the phylogenetic tree (Figure 2b). Several genes from monocot or rosid species in distal gene clades were syntenically connected. The phylogenetic and network-based analyses clearly indicated that genes from lineage-specific clusters were connected. An analysis of the identified R2R3-MYB genes, presented in Figure 2a, revealed that the monocot-specific clusters contained the most syntenic homologs (syntelogs), implying these genes share a common monocot origin. In contrast, the asterid-specific clusters had the fewest syntelogs. The lineage-specific rosid clusters included seven R. chinensis MYB genes (Figure 2a, red dots), which may have been the result of rosid-independent evolutionary events.



The R2R3-MYB syntelogs can be detected with the Synets method [32,50]. The homologs on the corresponding chromosomes of different species as well as the paralogs in one species were clearly presented in the R2R3-MYB clusters. We developed an additional three clusters (Figure 2c–e). Cluster 93 contained 14 genes from 12 species (i.e., peach, grape, cacao, Prunus mume, pear, strawberry, poplar, Dryas drummondii, apple, soybean, eucalyptus, and rose). This cluster was rosid-specific and the apple and pear paralogs may have been the result of a WGD event (Figure 2c). Other clusters also appeared with similar regularities, such as Cluster 94 and Cluster 95 (Figure 2d,e). These results may be useful for identifying the R. chinensis R2R3-MYB orthologs and paralogs and for characterizing the specific evolutionary events that affected R2R3-MYBs. There were seven independent syntenic gene pairs between R. chinensis and F. vesca when k < 3, which was consistent with the relatively close evolutionary relationship between rose and strawberry (Figure 2f and Supplemental Table S8).




3.3. Physical Distribution of R2R3-MYB Genes on R. chinensis Chromosomes


We identified 121 R. chinensis R2R3-MYB proteins, which were named according to the annotations based on genome data (Supplemental Table S9). The genes having identical names but differentiated by a, b, c, and d refer to MYB transcription factors with the same annotations and positioned on closely linked loci. The physical locations of the genes encoding these 121 MYBs on seven R. chinensis chromosomes (Chr1–Chr7) were visualized with Mapchart (Figure 3a and Supplemental Table S9). As presented in Figure 3a, Chr2 had the most RcMYB genes (31, 25.6%), followed by Chr7 (27, 22.3%). In contrast, Chr3 only had 11 R2R3-MYB genes. Additionally, Ch6 contained seven tandemly distributed RcMYB genes (namely RcMYB8d, RcMYB8e, RcMYB30b, RcWERd, RcWERe, RcWERf, and RcMYB3a), all of which belonged to Cluster 108. An analysis of Cluster 108 revealed that it was an angiosperm-wide cluster and the tandem distribution of genes mostly occurred in Rosaceae species (Figure 3b and Supplemental Table S4).




3.4. Predicted Functions and Analysis of the Spatiotemporal Expression of R2R3-MYB Genes in R. chinensis


We predicted the functions of rose R2R3-MYBs based on the conserved subgroups in A. thaliana. Additionally, an alignment of the R. chinensis and A. thaliana MYB protein sequences was used to construct a neighbor-joining phylogenetic tree (Figure 4a). Considering the topology of the tree and the clade support values (at least 50% bootstrap support), we subdivided the phylogenetic tree into 32 subgroups. Moreover, the information derived from 67 related articles was applied to predict gene functions. All of the relevant information is provided in Supplemental Table S11. Among all subgroups, S28 was specific to R. chinensis and S12 was specific to A. thaliana. However, 54 genes (40 RcMYB genes and 14 AtMYB genes) did not fit well into any subgroup (Supplemental Table S11).



We also calculated the Ks and Ka values for the R. chinensis and A. thaliana R2R3-MYB genes (Figure 4b and Supplemental Table S12). We identified 6067 homologous gene pairs. Overall, 86.95% (5275) of the homologous gene pairs had a Ka/Ks ratio less than 1, whereas 12.98% (787) of the homologous gene pairs had a Ka/Ks ratio greater than 1 (Figure 4b). One gene pair (AtDHL5 and RcMYB114b) had a Ka/Ks ratio of 28.75. The RcMYB114b gene may have evolved under strong positive selection. However, most of the Ka/Ks ratios for the homologous genes were less than 0.8.



The R2R3-MYB mRNA levels also affected their functions. To examine the spatiotemporal RcMYB expression dynamics, the RNA-seq data for four typical petal developmental stages and six tissues in ‘Old Blush’ were analyzed (Figure S2 and Supplemental Tables S13–S16). Heat maps were used to visualize the tissue-specific, RcMYB expression patterns based on FPKM data (Figure 4c,d). Transcripts were detected for 100 RcMYB genes in the petals collected during four developmental stages. The RcMYB genes were more highly expressed in the FB_GP and OF_PP stages than in the other two stages. Additionally, 110 RcMYB genes were differentially expressed in various rose tissues, including the root, stem, leaf, stamen, prickle, pistil, and ovary. The RcMYB genes that were expressed at relatively high levels in specific tissues are presented in Figure 4d. Many R2R3-MYB genes were actively expressed in roses, especially in the petals.



We focused on the subgroups involved in the phenylpropanoid pathway (Subgroups 4–7 (S4–S7)). The AtMYB genes in these subgroups have been confirmed to influence anthocyanin biosynthesis, flavonol biosynthesis, and other pathways related to the development of flower colors and fragrances (references in Supplemental Table S11). Only RcTT2 from S5 was highly expressed in the FB_GP stage. The genes encoding other MYBs in S4, S6, and S7 were highly expressed in the FB_PP and OF_PP stages, which correspond to the stages during which the flowers are opening (Figure 4c). Further analyses of the RcMYB expression levels in the other examined tissues revealed that RcMYB genes in S4–S7 were mainly expressed in the leaf, stamen, pistil, and ovary.



Subgroup 4 included six AtMYB genes, namely AtMYB3 (homolog of RcMYB6c), AtMYB6, AtMYB8 belonging to Cluster 59, AtMYB4 (homolog of RcMYB308d), AtMYB7, and AtMYB32 belonging to Cluster 112 (Figure 4a and Supplemental Table S11). Although all S4 genes contribute to the phenylpropanoid pathway, they were divided into two clusters. All nodes were closely connected to each other in Cluster 112, but the edges were separated into two parts in Cluster 59 (Figure 5a,b). We constructed a phylogenetic tree for the two clusters to represent the syntenic connections among these genes (Figure 5c). The alignments of the 82 and 74 MYB proteins encoded by genes in Clusters 112 and 59 were built by WebLogo (Figure 5d,e). The differences of residues have been marked by red triangles in Figure 5d,e. Moreover, RcMYB30c (RchiOBHmChr7g0241861) in S7 of Cluster 119 may participate in flavonol biosynthesis. Furthermore, Cluster 119 was identified as an angiosperm-wide cluster, with nodes that were closely connected (Figure S3).




3.5. RcMYB114a May Affect the Formation of the Flower Color and Fragrance


The five identified RcMYB genes (namely RcMYB113a, RcMYB113b, RcMYB113c, RcMYB114a, and RcMYB114b) in Subgroup 6 may be involved in anthocyanin biosynthesis. We completed a qRT-PCR assay to analyze the expression of these five genes in four petal developmental stages and in other tissues (Figure 6a–c and Supplemental Figure S4). The qRT-PCR results were consistent with the RNA-seq data (Figure 4c,d). These RcMYB genes were more highly expressed in petals than in the other examined tissues, especially RcMYB113b, which was specifically expressed in rose petals. Cluster 2, which includes RcMYB113b, was eudicot-specific (Figure 6b and Supplemental Table S4). Additionally, RcMYB113a and RcMYB114a belonged to the rosid-specific Clusters 82 and 54, respectively (Figure 6a,c). For further analyses, we selected the following genes encoding four key enzymes in the later steps of the phenylpropanoid pathway: RcANS (anthocyanidin synthase), RcFLS (flavonol synthase), RcOOMT1 (orcinol O-methyltransferase 1), and RcOOMT2 (orcinol O-methyltransferase 2). Both RcOOMT1 and RcOOMT2 were selected because of their roles in the biosynthesis of 3,5-dimethoxytoluene, which is one of the main compounds responsible for the R. chinensis flower fragrance [51,52]. A qRT-PCR assay was completed to analyze the expression of these genes during different petal developmental stages (Figure 6d). The RcMYB114a gene was co-expressed with RcANS from FB_GP to OF_PP, with expression trends that were the opposite to that of RcFLS, RcOOMT1, and RcOOMT2 in FB_PP and OF_PP. Additionally, RcMYB114a was transiently expressed in tobacco leaves (Figure 6e), after which we examined whether the expression levels of the tobacco homologs of RcANS, RcFLS, RcOOMT1, and RcOOMT2 were affected. Compared with the expression levels in the control leaf samples, which were injected with A. tumefaciens cells containing the empty vector, the RcMYB114a-overexpressing leaf samples had higher NbANS expression levels but lower NbFLS and NbOOMT expression levels (Figure 6f).





4. Discussion


The R2R3-MYB transcription factors have important regulatory functions, influencing almost all aspects of plant growth, development, and metabolism. The diversity of their functions is reflected by the size of the R2R3-MYB family. In the 35 species examined in our study, R. chinensis has 121 R2R3-MYBs, and only six species have fewer than 90 R2R3-MYBs (Supplemental Table S6). Synteny networks can clearly present the synteny among the R2R3-MYB genes in several plant genomes as well as the corresponding polyploidy events. Whole-genome duplication events can introduce new gene copies, leading to changes in evolutionary regulatory constraints, which are one of the main drivers of functional diversity within a gene family [53,54]. In the Rosaceae family, a WGD event occurred only in Malus domestica and Pyrus × bretschneideri (Figure 1b), which have 183 and 163 R2R3-MYB genes, respectively. These two species have considerably more R2R3-MYB genes than the other Rosaceae species analyzed in this study.



We applied a synnet analysis for the R2R3-MYB genes from 35 species, and the communities were labeled with the corresponding partial clustering ID numbers (Figure S1). The large clusters, such as Clusters 106, 107, and 108 (i.e., angiosperm-wide), had nodes that are likely to have important conserved functions. However, we focused more on the clusters with species-specific synteny to identify the special MYBs generated during the evolution of rose species, as they may be related to the unique traits of rose plants. Additionally, the seven rose MYB genes that exhibited synteny only with strawberry genes will need to be more thoroughly investigated (Figure 2h). We detected a tandem distribution of rose R2R3-MYB genes on Chr6 and the seven MYB genes corresponded to the nodes of Cluster 108 (Figure 3a,b). Cluster 108 indicated that the tandem distribution of R2R3-MYB genes is conserved among Rosaceae species. The effect of this phenomenon on the function of R2R3-MYB transcription factors in Rosaceae remains unknown, because the functions of these MYBs are mostly uncharacterized.



The phylogenetic tree with RcMYB and AtMYB genes provided considerable information regarding RcMYB functions. We were most interested in the transcriptional regulation of RcMYB genes in the phenylpropanoid pathway. A previous study summarized the R2R3-MYB-related regulation of the phenylpropanoid pathway in Arabidopsis, with a proposed model mainly comprising MYB genes from Subgroups 4–7 [2]. We tried to combine diverse information from clusters, spatiotemporal gene expression analyses, and multiple sequence alignments to investigate the R2R3-MYBs of the phenylpropanoid pathway in R. chinensis. Regarding S4, we speculated that RcMYB308d is conserved among angiosperms, based on the synnet results (Figure 5a). However, Cluster 59, which includes RcMYB6c, might have evolved relatively independently in monocots and typical eudicots (rosids and asterids), with the monocot cluster expanding during evolution (Figure 5b). The amino acid residues encoded by the genes in Clusters 112 and 59 also revealed differences, although the genes all belong to the same subgroup. The phylogenetic relationships and synnet revealed in this study may be useful for screening MYB transcription factors with important functions. In S5, AtMYB123, which is an ortholog of RcTT2, helps regulate proanthocyanidin synthesis [55]. Both AtMYB123 and RcTT2 belong to Cluster 108, which also contains the tandemly distributed RcMYB genes. The closest subgroup of S5 was S28, a rose-specific subgroup with unknown functions. Many of the RcMYB genes in Cluster 108 and S28 exhibit spatiotemporal expression trends that are similar to that of RcTT2. These RcMYB genes may need to be prioritized in future studies on the transcriptional regulation of proanthocyanidin synthesis in roses.



In plants, MYB transcription factors are important for regulating anthocyanin synthesis [56]. In petunias, the MYB transcription factors are affected by growth and development as well as environmental conditions, and they regulate the complex floral and vegetative tissue pigmentation patterns [57]. In red-skinned pear, PyMYB114 is reportedly involved in anthocyanin biosynthesis [58]. Previous studies have also confirmed that MYB genes have important functions in many secondary metabolic processes [59,60]. In the current study, we determined that the four RcMYB genes in Subgroup 6 are highly expressed in rose petals at stages FB_PP and OF_PP (Figure 6b,c and Supplemental Figure S4), which coincide with the stages in which anthocyanins accumulate (mainly cynidin-3,5-diglucoside in ‘Old Blush’ petals) [49]. Furthermore, OOMT regulates the biosynthesis of the major compound responsible for the fragrance of rose flowers, 3,5-dimethoxytoluene, which is derived from the phenylpropanoid pathway [51,61]. Our data did not indicate that ANS, FLS, and OOMT transcription is directly regulated by RcMYB114a. However, our results provided some evidence of the complexity of the MYB functions in roses. The potential regulatory functions of RcMYB114a in the phenylpropanoid pathway are summarized in Figure 6g. These functions will be experimentally verified in future studies.



Analyses of shared synteny are critical for determining the orthology of genomic regions in various species. Moreover, a highly conserved synteny may reflect the functional relationships among genes [62,63]. The results of the current study indicate that plant R2R3-MYB genes have distinct origins, and the synteny of most of them is conserved among angiosperms. Independent evolutionary patterns of some clusters (e.g., tandem distribution and ancestral diversification) may have contributed to sequence diversification and neofunctionalizations. The structural and functional plasticity due to the distinct evolution of R2R3-MYB genes may have contributed to the rich ornamental traits of rose plants. The data presented herein may form the foundation of future investigations on the evolution and functions of homologs from multiple species. Our findings may also be relevant for identifying rose genetic resources with useful functions.
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Figure 1. Phylogenetic relationships among 35 species and the distribution of syntenic R2R3-MYB genes in these species. (a) Phylogenetic tree comprising 35 species. Red branches indicate the basal rosid Vitis vinifera, the basal eudicots Beta vulgaris and Nelumbo nucifera, and the basal angiosperm Amborella trichopoda. Red and blue dots indicate whole-genome duplication and whole-genome triplication events, respectively. (b) Phylogenetic profile revealing the number and distribution of R2R3-MYB genes in 119 clusters (k = 3) for 35 species (Supplemental Table S6). Rows are arranged according to the species listed in panel (a). Each cell indicates the number of R2R3-MYB genes in one species. 
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Figure 2. Partial clustering analysis. (a) Lineage-specific clusters of monocots (green nodes, top), rosids (orange nodes, middle), and asterids (blue nodes, bottom). The Rosa chinensis R2R3-MYBs are marked in red. (b) A neighbor-joining phylogenetic tree (Poisson correction) of all lineage-specific clusters. Connected branches indicate synteny between the gene pairs. The green, orange, and blue lines indicate genes belonging to monocots, rosids, and asterids, respectively. (c–e) Clusters of Clusters 93, 94, and 95. Species abbreviations for each MYB are provided in the middle of each node. Details regarding the species abbreviations are listed in Supplemental Table S1. The Beta vulgaris, Nelumbo nucifera, and Amborella trichopoda nodes are in beige. The rose nodes are in red, with gene names provided. (f) Seven independent syntenic R2R3-MYB gene pairs between R. chinensis and Fragaria vesca are presented. The rose nodes are in red, with gene names provided. 
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Figure 3. Physical positions of the 121 R2R3-MYB genes on seven R. chinensis chromosome scaffolds, and the synteny network of Cluster 108. (a) The physical distribution of R2R3-MYB genes on rose chromosomes. The tandemly distributed MYB genes on Chr6 are marked by a red frame. (b) Cluster 108 synteny network. Node colors represent the following: rosids (orange), monocots (green), asterids (blue), R. chinensis (red), and other species (beige). Gene names and species abbreviations are provided in the nodes of rose and other species, respectively. 
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Figure 4. Phylogenetic relationships and R2R3-MYB gene expression heat maps. (a) Neighbor-joining phylogenetic tree constructed based on 257 predicted amino acid sequences (136 Arabidopsis thaliana proteins and 121 R. chinensis proteins). All subgroups had bootstrap values exceeding 50. The subgroup ID numbers are provided in the outer circle of the phylogenetic tree. Subgroups 4–7 are in pink. (b) Analysis of the Ka/Ks ratios for the R. chinensis and A. thaliana R2R3-MYB genes. (c) Analysis of R2R3-MYB genes differentially expressed during the following four petal developmental stages of ‘Old Blush’: FB_GP, green petals in the flower bud; FB_CP, petals changing colors in the flower bud; FB_PP, pink petals in the flower bud; OF_PP, pink petals on the open flower. The genes in Subgroups 4–7 are in pink. (d) Analysis of R2R3-MYB genes differentially expressed in other tissues of ‘Old Blush’ plants (i.e., root, leaf, stamen, pistil, ovary, stem, and prickle). The genes in Subgroups 4–7 are in pink. 
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Figure 5. Comparative analysis of Clusters 112 and 59 in Subgroup 4. (a,b) Synteny networks of Clusters 112 and 59. Node colors represent the following: rosids (orange), monocots (green), asterids (blue), R. chinensis (red), and other species (beige). Gene names and species abbreviations are provided in the nodes of rose and other species, respectively. (c) Neighbor-joining phylogenetic tree of genes in Clusters 112 and 59. Connected branches indicate synteny between the gene pairs. Orange and red connections represent the synteny of Clusters 112 and 59, respectively. (d,e) Comparison of the myb-binding domain of all R2R3-MYBs in Cluster 112 (d) or Cluster 59 (e) based on sequence logos. Bits represent the conservation of an amino acid at a particular position. The positions with different patterns in Clusters 112 and 59 are indicated by red triangles. The size of each amino acid letter corresponds to how conserved the amino acid is. 
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Figure 6. Gene expression and synteny associations of R2R3-MYB genes in Subgroup 6: (a–c) analysis of RcMYB113a, RcMYB113b, and RcMYB114a expression levels in four petal developmental stages and in other tissues based on a qRT-PCR assay. The following four typical petal developmental stages were examined: FB_GP (green petals in the flower bud), FB_CP (petals changing colors in the flower bud), FB_PP (pink petals in the flower bud), and OF_PP (pink petals on the open flower). Data are presented as the mean + standard deviation of three biological replicates. The primers for each gene are listed in Supplemental Table S16. The synteny network of RcMYB113a (Cluster 82), RcMYB113b (Cluster 2), and RcMYB114a (Cluster 54) are presented on the right. Node colors represent the following: rosids (orange), asterids (blue), R. chinensis (red), and other species (beige). Gene names and species abbreviations are provided in the nodes of rose and other species, respectively. (d) Analysis of RcANS, RcFLS, RcOOMT1, and RcOOMT2 expression levels in four petal developmental stages. Data are presented as the mean + standard deviation of three biological replicates. (e) Transient overexpression of RcMYB114a in tobacco leaves. White bars represent the RcMYB114a expression level in control leaf samples treated with the empty vector, whereas black bars represent the RcMYB114a expression level. Data are presented as the mean + standard deviation of three biological replicates. ** p < 0.01 (Student’s t-test). (f) Expression of endogenous tobacco genes (NbFLS, NbANS, and NbOOMT) in the control and RcMYB114a-overexpressing leaf samples. Data are presented as the mean + standard deviation of three biological replicates. ** p < 0.01 (Student’s t-test). (g) Summary of the predicted regulatory functions of RcMYB114a in roses. 
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