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Although sugars and acids have a substantial influence on the taste of apple fruits, the genetic and regulatory networks underlying their metabolism in fruit remain insufficiently determined. To fully decipher the genetic basis of the accumulation of sugars and acids in apple fruits, we adopted an integrated strategy that included time-course RNA-seq, QTL mapping, and whole-genome sequencing to examine two typical cultivars (‘HanFu’ and ‘Huahong’) characterized by distinctive flavors. Whole-genome sequencing revealed substantial genetic variation between the two cultivars, thereby providing an indication of the genetic basis of the distinct phenotypes. Constructed co-expression networks yielded information regarding the intra-relationships among the accumulation of different types of metabolites, and also revealed key regulatory nodes associated with the accumulation of sugars and acids, including the genes MdEF2, MdPILS5, and MdGUN8. Additionally, on the basis of QTL mapping using a high-density genetic map, we identified a series of QTLs and functional genes underlying vital traits, including sugar and acid contents. Collectively, our methodology and observations will provide an important reference for further studies focusing on the flavor of apples.
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Introduction

Apples (Malus × Domestica Borkh.) are among the most commercially important fruit crops cultivated worldwide with a considerable global production (FAOSTAT, http://faostat.fao.org). With increasing market demand, consumers are pursuing higher quality apple fruits with good flavors, reflecting desirable sugar and acid contents.

Among the quality-related traits of apple fruit, perhaps the most important are appearance, flavor (Cappellin et al., 2015; Guan et al., 2015; Xu et al., 2022), and texture (Sara et al., 2013; Bink et al., 2014), which have been established to be quantitative traits controlled by multiple genes. With respect to flavor, the contents of sugars and acids in apple fruits have been particularly well studied. For example, the MdbHLH3 gene has been demonstrated to regulate the expression of MdPFPβ to promote sugar accumulation (Yu et al., 2022) and regulate the expression of MdcyMDH to enhance acid content (Yu et al., 2021). Similarly, the expression of MdTSTa and MdMa11 has been found to promote the accumulation of sugars and acids in fruits (Ma et al., 2021). Conversely, the expression of MdSUT4.1 has typically been observed to be negatively correlated with the accumulation of fructose (Peng et al., 2020). Furthermore, it has been established that MdERDL6-1 can influence the accumulation of glucose in vesicles by regulating the expression of two types of transporter protein, MdTST1 and MdTST2 (Zhu et al., 2021), whereas transient overexpression of MdVGT1 and MdpGlcT2.1 promoted significant increases in glucose concentration (Zhu et al., 2022), and MdWRKY126 has been observed to influence the accumulation of malic acid in apple fruits by regulating the expression of MdMDH5 (Zhang et al., 2022).

RNA-Seq is an effective technique that can be used to examine gene function and investigate vital trait-related biological pathways, and in recent years, RNA-seq methodology has been widely applied to characterize gene function in different crop species such as pepper (Park et al., 2019), oilseed rape (Jian et al., 2019; Song et al., 2021), tomato (Wen et al., 2019), and maize (Xu et al., 2022). By deciphering the co-expression modules associated with particular traits, we can potentially gain an in-depth understanding of the underlying gene regulatory networks. For example, an examination of the effect of low temperature on anthocyanin accumulation, revealed the genes MdMYB22, MdMYB12 and MdMYB114 to be specifically expressed within co-expression modules highly associated with anthocyanin accumulation (Song et al., 2019). Similarly, the Ma1 gene identified in the “MEturquoise” module highly associated with acidity provided insights for the study of fruit acidity (Bai et al., 2015). In a parallel bud mutation study, several candidate genes were identified in modules associated with sugar and acid specificity, including MdDSP4, MdINVE, and MdSTP7, which play important roles during fruit development (Zhao et al., 2019), and the discovery of these genes has made an important contribution to the current focus of studies examining the accumulation of sugars and acids in bud mutation.

Quantitative trait locus (QTL) mapping has been widely employed to determine the genetic basis of important quantitative traits in apples. For example, three major QTLs associated with volatile organic compounds were detected in the progeny population derived from a ‘Fiesta’ × ‘Discovery’ cross (Costa et al., 2013), and the regulatory gene MdSDH2, which controls the fructose content in fruits, was detected using an F1 population obtained from a cross between ‘Honeycrisp’ and ‘Qinguan’ (Wang et al., 2022). Furthermore, four QTLs distributed on chromosomes 8 and 16 were found to be associated with fruit acidity using a combined MapQTL and BSA-seq approach, and it has been demonstrated experimentally that MdSAUR37, MdPP2CH, and MdALMTII influence the malic acid content in fruits (Jia et al., 2018). Moreover, QTL analysis of different polyphenolic compounds among the progeny of a ‘Royal Gala; × ‘Braeburn’ cross identified LAR1 and HCT/HQT as important enzymes affecting the concentrations of polyphenolic compounds in apple fruit varieties (David et al., 2012; Sun et al., 2015). However, despite these important discoveries, completely deciphering the associated genetic and regulatory networks remains a challenge.

Motivated by the findings of recently reported studies, we have adopted multi-level strategies, including genome sequencing, RNA-seq, and QTL mapping, to further decipher the genetic basis and regulatory networks associated with sugar and acid metabolism during the development of apple fruit. In this study, we examined the changes in sugar and acid contents in fruits of the cultivars ‘Hanfu’ and ‘Huahong’ at different time points during fruit development, analyzed the results based on whole-genome sequencing to assess the amount of variation between these two cultivars, and applied RNA-seq technology to elucidate the regulatory networks associated with sugar and acid metabolism. To identify candidate genes associated with sugar or acid metabolism, we compared the genes identified within the detected QTL intervals with those shown to be differentially expressed based on RNA-seq analysis The findings of this study provide new insights into the genetics and regulation of fruit sugars and acids from different perspectives, and will serve as a valuable basis for further research on sugars and acids in apple fruits.



Materials and methods


Plant materials and sampling

The two apple cultivars ‘Hanfu’ and ‘Huahong’ and 210 offspring used in this study were planted in the Liaoning Institute of Pomology, Xiongyue, Yingkou, Liaoning, China (40°17ʹN, 122°15ʹE). The fruits were harvested at 30, 90, and 150 days after blooming (DAB) with three biological replicates. The classification of apple fruit developmental stages was based on previous research, with the three selected time points corresponding to the juvenile, expansion, and maturity stages, respectively (Janssen et al., 2008). Each harvested apple was peeled, cut into pieces, and then frozen in liquid nitrogen and stored at -80°C.



Determination of sugar and acid content in fruit

For each fruit, we measured the sugar and acid contents. Samples (10 g) were ground to a fine powder using a SPEX 6870 lyophilizer (SPEX, Metuchen, USA) under liquid nitrogen and extracted with ultrapure water. The extract thus obtained was centrifuged at 16000 × g for 10 min and the resulting supernatant was passed through an OnGuard II Ag column (Dionex Corporation, Sunnyvale, CA, USA). The extracts were filtered using a Sep-Pak filter containing a 0.22-μm aqueous membrane. The sugar and acid contents of apple fruits were determined using a DIONEX ICS-5000 high-performance liquid chromatography system (Dionex Corporation, Sunnyvale, CA, USA). In addition, for each fruit, we determined the fruit weight, fruit diameter, fruit length, fruit shape index, flesh firmness, soluble solids, and flesh browning of freshly harvested samples. Data were analyzed using Graphpad Prism software (V8.2.1) and an analysis of variance (ANOVA) was used to test for differences between groups.



Resequencing of ‘Hanfu’ and ‘Huahong’

Genomic DNA was extracted from fruit samples using a Genomic DNA Isolation Kit (TianGen, Beijing, China). Illumina sequencing libraries were constructed using NEBNext DNA Library Prep Mix (NEB), and paired-end sequencing was performed using an Illumina HiSeq X ten platform (Illumina, San Diego, CA, USA). Clean reads were mapped to the doubled haploid (DH) apple genome using the Burrows–Wheeler Aligner (version 0.7.17) (Janssen et al., 2008; Daccord et al., 2017), SNP and InDel calls were processed using SAMtools software (Li et al., 2009a; Li, 2011), and structural variant calling was performed using Delly software (version 0.8.1) (Rausch et al., 2012).



RNA-Seq library construction, sequencing, and data processing

Total RNA was extracted using a modified CTAB method. An NEBNext Poly(A) mRNA Magnetic Isolation Module and NEBNext Ultra Directional RNA Library Prep Kit for Illumina (New England Biolabs, Massachusetts, USA) were used to isolate mRNA for RNA-seq library preparation. cDNA libraries were sequenced using the Illumina HiSeq X Ten platform (Illumina). HISAT2 was used to compare quality-controlled data based on the reference genome (Kim et al., 2015), and StingTie was used for transcript assembly and quantification (Pertea et al., 2015). Raw data were extracted from each sample and differentially expressed genes (DEGs) were detected using the default parameters of DESeq2 (Love et al., 2014) software, with genes having a false discovery rate (FDR) of less than 0.01 being identified as differentially expressed.



Identification of co-expression modules

We conducted weighted gene co-expression network analysis (WGCNA) of the expression data using the R package WGCNA (Zhang and Horvath, 2005; Langfelder and Horvath, 2008). The threshold strength of the correlation matrix was selected according to a pickSoftThreshold function of 8. The resulting adjacency matrix was converted to a topological overlap (TO) matrix using the TOM similarity algorithm, and the genes were hierarchically clustered based on TOM similarity. The hierarchical clustering tree was partitioned using a dynamic hybrid tree pruning algorithm and the branches obtained after tree pruning were defined as modules. We summarized the expression of each module as a first principal component (referred to as the module feature gene). Modules that were highly correlated (a coefficient greater than 0.75) were merged.



QTL mapping

The genetic map used for QTL mapping was constructed using Specific-Locus Amplified Fragment Sequencing (SLAF-seq) technology (Sun et al., 2013) and HighMap software (Liu et al., 2014) developed by the Beijing BMK Biotechnology Company for high-density molecular marker construction (including resequencing of the two parents and SLAF simplified genome sequencing of 210 offspring) for the genetic segregation population of apple cultivars (unpublished). The map, which included a total of 7043 markers, had a total length of 2804.01 cM (unpublished). The phenotypic data, genotypic data, and number of individual plants were imported into MapQTL 6.0 mapping software, and the QTLs associated with sugar and acid contents were analyzed based on a mixed model and interval mapping, with the 95% confidence interval of LOD values being calculated using the Permutation test of MapQTL 6.0 software.




Results


Phenotype characteristics of ‘Hanfu’ and ‘Huahong’ during fruit development

Fruits of the two important apple cultivars ‘Hanfu’ (HF, ‘Toko’ × ‘Fuji’) and ‘Huahong’ (HH, ‘Golden Delicious’ × ‘Megumi’) were collected for fruit quality assessment at 30, 90, and 150DAB, which correspond to the juvenile, expansion, and maturity stages of fruit development, respectively. We found that concentrations of malate, fumarate, citrate, succinate, and oxalate declined during the course of development. Moreover, at each of the three stages assessed, the contents of all five acids were significantly higher in HH than in HF (Figure 1A). In contrast, we detected increases in the concentrations of fructose, sucrose, glucose, sorbitol, and soluble solids from 30 DAB to 150 DAB. Among these sugars, the concentrations of fructose in HH fruit at 150 DAB and sucrose at 90 DAB and 150 DAB were significantly higher than those in HF, whereas at all stages, we detected more sorbitol and less glucose in HH. However, there were no significant differences between the two varieties with respect soluble solids contents (Figure 1B). In addition, HH fruit had a higher fruit shape index (fruit length/fruit diameter) and fruit weight than HF at 150DAB (Figures 1C, D), and at maturity, HF fruit was found to be firmer than that of HH, whereas the latter was more resistant to browning at all stages (Figures 1E, F). Collectively, these findings indicate the distinct flavors of these two cultivars and accordingly suggested differences in the genetic basis of these distinct favors.




Figure 1 | Fruit phenotype at different stages of ‘HanFu’ and ‘Huahong’ fruit development. (A) Contents organic acid in fruit of the two cultivars at three stage of development [30, 90, and 150 days after flowering (DAB)]. (B) Contents of sugars, sorbitol, and soluble solids in fruits of the two cultivars at the three stages of development. (C) Physical measurements of fruit length, diameter, and fruit shape index of the two cultivars at the three developmental stages. (D–F) Phenotypes of fruit weight, flesh firmness, and flesh browning showing variation during development. The error bars represent the standard deviation (SD) among the replicates (n = 5). *, **, and *** indicate significant difference between the two cultivars at P < 0.05, 0.01, and 0.001, respectively, as determined using Student’s t-test.





Whole-genome resequencing identified mutations between ‘Hanfu’ and ‘Huahong’

To examine the underlying differences between the two cultivars at the genomic level, we performed whole-genome resequencing analysis, obtaining 153,786,736 and 158,603,659 reads for HF and HH, respectively, with corresponding coverages of 96.20% and 96.64% (Table S1). The sequencing reads provided an average 30× coverage of the apple DH genome, with approximately 31.23 million reads assigned to the apple DH genome and approximately 30.12 million reads were uniquely mapped reads (Table S1). In total, 9,220,533 SNPs and 737,698 InDels distributed across 17 chromosomes were identified in variant detection analysis of HF versus HH (Figures 2A, B and Table S2). There were no correlations between chromosome length and the number of SNPs and InDels. For example, although the numbers of both SNPs and InDels were higher on the longest chromosome, Chr15, than on other chromosomes, the lowest numbers of SNPs and InDels were detected on Chr13 and Chr6, respectively (Table S2). In addition, the presence of large segmental structure variants (SVs) was detected, which, like SNPs and Indels, were unevenly distributed across the 17 chromosomes (Figures 2A, C).




Figure 2 | Circular overview of the variations between ‘HanFu’ and ‘Huahong’. The outer circle (A) shows the numbers of genes within a 1-Mbp window; the intermediate circle (B) shows the number of SNVs between HanFu’ and ‘Huahong’ within a 1-Mbp window; and the inner circle (C) shows the number of SVs between ‘HanFu’ and ‘Huahong’ within a 1-Mbp window.





Transcriptome profiles of ‘Hanfu’ and ‘Huahong’ flesh during fruit development

Using the three replicate fruit samples collected at the three assessed developmental stages (30, 90, and 150 DAB), we performed RNA-Seq analysis to determine differences in gene expression in the flesh of the two cultivars during fruit development. RNA-Seq generated 143.8 gigabytes (Gb) of clean data (Q30 > 93.14%) with 7.00–9.37 Gb obtained from the 18 complementary libraries. After removing low-quality reads, a total of 46,783,954–62,640,562 reads per library were obtained, of which 73.93%–80.89% could be uniquely assigned to the apple DH genome (Table S3). All genes were quantified and mapped based on fragments per kilobase transcript per million (FPKM), among which, the expression of 40,134 genes was detected across the three fruit developmental stages (Table S4). High Pearson correlation coefficients (>0.95) indicated high quality control among the biological replicates (Figure S1). Overall, approximately 24.96%–28.79% of the genes were characterized by low expression, 38.11%–41.19% showed moderate expression, and 25.55%–27.11% and 6.74%–7.07% were identified as highly and very highly expressed, respectively (Figure S2 and Table S4).



Genes differentially expressed between ‘Hanfu’ and ‘Huahong’ at different stages of fruit development

Genes with a greater than 2-fold change and an FDR of less than 0.01 were identified as being differentially expressed using the DESeq R package. In total, we identified 7521 genes showing significantly different expression between HH and HF at the three developmental stages (Table S5), with the numbers of DEGs at stages 30, 90, and 150 DAB being 2887, 3393, and 5197, respectively (Figure 3A and Table S5). Among those genes showing differential expression at 30DAB, 1664, including 77 transcription factor-encoding genes (TFs), showed significantly higher expression, and 1223, including 48 TFs, showed significantly lower expression in HH than in HF (Figure 3B and Table S5). Comparatively, at 90 and 150 DAB, the numbers of up- and down-regulated genes were 1688 vs. 1705 and 2920 vs, 2277, respectively, including 101 vs. 97 and 113 vs. 201 TFs (Figure 3B and Table S5). Among the Aux/IAA, GNAT, and bZIP TF families, the numbers of up-regulated members were significantly higher than those of the down-regulated TF members, whereas contrastingly, in the HSF, GRAS, WRKY, bHLH, and zf- HD TF families, the numbers of down-regulated members were significantly higher than those of the up-regulated members (Figure 3C and Table S5).




Figure 3 | Differentially expressed genes between ‘HanFu’ and ‘Huahong’ at three stages of fruit development. (A) A Venn diagram showing the number of differentially expressed genes (DEGs) at the three stages of fruit development. (B) A histogram showing the number of up-regulated and down-regulated DEGs and transcription factors (TFs). (C) A heatmap showing the number and percentage (color) of up- and down-regulated TFs belonging to different families.



Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis revealed that differentially expressed genes (DEGs) were significantly distributed among 31 metabolic pathways (P < 0.05) (Table S6 and Figure S3). Among the enriched metabolic pathways, three, namely, starch and sucrose metabolism, plant hormone signal transduction, and flavonoid biosynthesis, reached a highly significant level of enrichment (P < 0.001) (Table S6 and Figure S3). In addition, the starch and sucrose metabolism pathway were enriched in the 30down, 90down, 150up, and 150down gene sets (Figure 4A and Table S7); the flavonoid biosynthesis pathway was enriched in the 30down, 90down, and 150up gene sets (Figure 4A and Table S7); and the DNA replication pathway was enriched in the 90down gene set (Figure 4A and Table S7). Gene Ontology (GO) enrichment analysis of the DEGs identified 49 terms (Table S8 and Figure S4). At 30 and 90 DAB, genes associated with biological regulation and cell communication categories were up-regulated, whereas secondary metabolism and stress categories were enriched at 150 DAB (Figure 4B and Table S9).




Figure 4 | Enrichment analysis of differentially expressed genes between ‘HanFu’ and ‘Huahong’ at three stages of fruit development. (A) A bubble diagram showing the result of KEGG pathway analysis of the up- and down-regulated differentially expressed genes (DEGs). The size of the bubbles indicates the ratio of the number of DEGs in the pathway to that of the total number genes identified. (B) A heatmap showing the result of GO enrichment analysis of the up- and down-regulated DEGs.





Identification of co-expression modules among DEGs

To investigate the gene regulatory networks comprising DEGs, we performed weighted gene co-expression network analysis (WGCNA), which accordingly identified 13 modules among the DEGs, with gene numbers ranging from 36 to 1716 (Figures 5A, B). Module-trait relationship analysis revealed that seven of these modules were significantly associated with at least one property in the 18 samples (|r| ≥ 0.7, P < 0.01) (Figure 5C and Table S10). The module “MEpurple” was identified as being correlated with most (10) traits (i.e., fructose, sucrose, glucose, malate, fumarate, and succinate contents; fruit length, diameter, and weight; and pulp firmness). The module “MEturquoise” was found to be highly correlated with all assessed organic acids, and the modules “MEyellow” and “MEbrown” were clearly associated with sorbitol content and flesh browning, respectively (Figure 5C and Table S10). We also identified the following module-trait relationships: “MEblue” - citrate and oxalate; “MEblack” - glucose, citrate, and oxalate; and “MEred” - glucose, citrate, and oxalate (Figure 5C and Table S10).




Figure 5 | Weighted gene co-expression network analysis of differentially expressed genes between ‘HanFu’ and ‘Huahong’ over three development stages. (A) A clustering dendrogram of the differentially expressed genes (DEGs), with dissimilarity based on topological overlap, together with assigned module colors. (B) The numbers of genes harbored in each module. (C) Module-trait associations. Each row corresponds to a module eigengene, and each column to a trait. Each cell contains the corresponding correlation and P values. The table is color coded by correlation as indicated in the color legend.





Deciphering key co-expression modules

As mentioned in the previous section, the “MEpurple” module was found to be significantly correlated with most of the assessed fruit traits (Table S10). Within this module, there were 124 genes identified as being differentially expressed between HF and HH, among which, four genes (MdACCH1, MdEF2, MdMIF2, and MD04G1216300) were identified as hub genes (Table S11 and Figure 6). The expression of MdACCH1, MdEF2, and MdMIF2 gradually increased during the course of development, reaching peak levels at 150DAB. Contrastingly, MD04G1216300 showed an opposite trend, with the lowest levels of expression being detected at 150 DAB (average FPKM = 29.86). Notably, the MdEF2 gene, which encodes a ZF-HD transcription factor, showed the greatest difference between the development of HF and HH. These findings thus provide evidence to indicate that MdEF2 plays an important role in regulating multiple traits in apple fruits.




Figure 6 | The co-expression network of the “MEpurple” module. The green diamonds indicate transcription factors (TFs) and the red diamonds indicate the hub genes, which are also TFs. The purple and red filled circles denote the genes and hub genes in this module, respectively. The width of edges corresponds to the weight value between different genes, with a larger width being indicative of a larger weight.



Module-trait significance analysis revealed that the “MEblack” module, which contained 444 genes differentially expressed between HF and HH during the three developmental periods, was significantly correlated with glucose, citrate, and oxalate contents (Table S10). Analysis of corresponding co-expression network revealed three genes (MdNU160, MdRHD32, and MdRHD32) showing a high correlation with other genes in the network, thereby identifying these as the hub genes of the module (Table S11 and Figure S5). Analysis of the expression of these hub genes revealed a gradual increase throughout the development of HF and HH, with MdRHD32 showing the pronounced change during 30–150 DAB. Combined with our finding that MdRHD32 was the most strongly associated in the co-expression network, we predicted that MdRHD32 play an important regulatory role in sugar and acid accumulation during apple fruit development.

The “MEblue” module, comprising 1,134 DEGs, was assessed as showing a high correlation with citrate and oxalate (Table S10). Co-expression network analysis identified two hub genes, MdFTSHC and MD04G1091300 based on the degree of association with other genes (Table S11 and Figure S6), the expression levels of both of which were up-regulation during all three developmental stages. On the basis of the combined findings of the co-expression network and gene expression analyses, we hypothesized that these two hub genes may play important roles in the accumulation of citrate and oxalate.

The “MEbrown” module, containing 1,096 DEGs, was found to show a significant correlation with fruit flesh browning (Table S10). Five genes showing the highest association in the co-expression network, namely, MdPILS5, MD14G1011900, MdGUN8, MdPMEI3, and MdANRPN, were identified as hub genes in this module (Table S11 and Figure S7). Analysis of gene expression at the different stages of development revealed that there were different reductions in gene expression during the 30–90 DAB stage, with the changes in MdANRPN expression being the most evident. Given the observed changes in MdANRPN expression at all developmental stages, we speculate that MdANRPN plays an important regulatory role in apple fruit browning.

Similar to the “MEblack” module, the “MEred” module containing 446 DEGs also showed significant correlations for glucose, citrate, and oxalate (Table S10). The constructed co-expression network revealed five genes, MD07G1239500, MdPUB35, MdXTH33, MdMES17, and MdZIP1, to be strongly associated with other genes, and these were accordingly identified as hub genes of the “MEred” module (Table S11 and Figure S8). Among these genes, the expression of MdMES17 in HF was found to be significantly higher than that of other genes at the same stage.

The “MEturquoise” module, which contained the highest number of DEGs (1,716 DEGs) was significantly associated with malate, fumarate, succinate, citrate, oxalate, glucose, and fruit diameter (Table S10). Co-expression network analysis identified the five genes MdPSAF, MdU603, MdRR17, MD15G1264900, and MD12G1264100 as potential hub genes (Table S11 and Figure S9), among which, the expression of MdPSAF was observed to be significantly higher than that of the others. On the basis of differences in the variation of MdPSAF expression during fruit development and the strong correlation shown in the co-expression network, we hypothesized that MdPSAF has a regulatory effect on the accumulation of glucose and multiple acids in apple fruits.

The “MEyellow” module containing 939 DEGs was found to be specifically associated with fruit sorbitol content (Table S10). Co-expression network analysis revealed MdAB1K8 and MdRK1 to be the most highly associated genes within the co-expression network, and these were duly identified as module hub genes (Table S11 and Figure S10). Comparative analysis of the gene expression of MdAB1K8 and MdRK1 in HF and HH at each of the assessed developmental stages indicated that MdRK1 plays an important role in the accumulation of sorbitol in fruits.



Sugar and acid metabolism during apple fruit development

To gain insights into the molecular mechanisms underlying changes in the sugar and acid contents of apple fruit, we analyzed the DEGs identified as being associated with sugar and acid metabolism.

In the glycolytic pathway, glucose is progressively cleaved to phosphoenolpyruvate (PEP), which is catalyzed by pyruvate kinase (PK, EC 2.7.1.40) (Wulfert et al., 2020; Zhang et al., 2020). We identified three genes that were differentially expressed between the two cultivars, namely, MD13G1000500, MD02G1244000 and MD11G1104800 (Table S12 and Figure 7A). Pyruvate phosphate double kinase (PPDK, EC 2.7.9.1) is the rate-limiting enzyme of the C4 pathway in plants, in which pyruvate is catalyzed to produce PEP (Wang et al., 2008; Shi et al., 2020). Interestingly, all of the three DEGs encoding PPDK (MD16G1179400, MD13G1177500 and MD16G1179500) were observed to show a higher level of expression in HF at 30 and 150 DAB, thereby tending to indicate the heightened activity of these genes during the early and late stages of apple fruit development (Table S12 and Figure 7A). From the cell cytoplasm, pyruvate crosses the mitochondrial membrane and enters the mitochondrial matrix, wherein it is further catalyzed in the tricarboxylic acid (TCA) cycle. Among the DEGs, we identified seven key genes associated with the TCA cycle, including pyruvate dehydrogenase (PDH, EC 1.2.4.1), citrate synthase (CS, EC 2.3.3.1), isocitrate dehydrogenase (IDH, EC 1.1.1.42), succinate dehydrogenase (SucDH, EC 1.3.5.1), and fumarate hydrolase (FUM, EC 4.2.1.2) (Table S12 and Figure 7A). Interestingly, with the exception of IDH, all these DEGs exhibited higher expression in HH during all stages of development (Table S12 and Figure 7A). Of the two IDHs, the gene expression (FPKM) of MD11G1266500 approached 5.94 at 30 DAB and the expression of both was higher in HF at all developmental stages (Table S12). Oxaloacetic acid (OAA) is catalyzed by NAD-malate dehydrogenase (NAD-MDH, EC 1.1.1.37) to malate, which passes through the mitochondrial membrane into the cytoplasm. Simultaneously, pyruvate is converted to malate by the action of the NADP-malate enzyme (NADP-ME, EC 1.1. 1.40). Malate generated by both pathways is re-oxidized to OAA by NAD-MDH and to PEP by the action of phosphoenolpyruvate carboxykinase (PEPCK, EC 4.1.1.31) (Malone et al., 2007; Shen et al., 2017; Famiani et al., 2018), completing the first step of gluconeogenesis (Figure 7A). We observed notable differences in the expression pattern of the DEGs associated with malate metabolism in mitochondria, with almost all these DEGs exhibiting higher expression in HF (Table S12). All our observations indicated that there are systematical differences regarding the biosynthesis of acids.




Figure 7 | Analysis of the differentially expressed genes associated with metabolic pathways in ‘HanFu’ and ‘Huahong’. (A) The metabolic pathways of glucose for major acids (malic acid, fumaric acid, citric acid, succinic acid, oxalic acid) in apple fruit. (B) The metabolic pathways of glucose, fructose, sorbose, and sucrose in apple fruit. (C) A heat map of differentially expressed genes (DEGs) involved in cell wall synthesis and genes encoding other genetic regulatory pathways. A heatmap showing log2-Fold changes of DEGs (‘HanFu’ vs. ‘Huahong’).



With respect to the biosynthesis of sugars, we identified a total of 28 DEGs in the investigated pathways (Table S12 and Figure 7B), although failed to detect any consistent difference between the two cultivars, thereby tending to indicate a more complex underlying genetic basis for the biosynthesis of sugars. In addition, we found 96 DEGs with differential expression in the analysis of metabolic pathways (Figure 7C). These DEGs are associated with various metabolic pathways such as cell wall synthesis, polyphenol synthesis, etc.



QTL mapping analysis and candidate gene prediction

On the basis of QTL mapping analysis, we identified 7 significant QTLs distributed among four chromosomes that were associated with sugars, with phenotypic variation explained (PVE) values of between 13.3% and 25.7%. Among these QTLs, four were found to explain more than 10% of the phenotypic variation (Fru06.1, Fru09.1, Suc04.1, and Glu09.1), and the remaining three explained more than 20% (Fru06.2, Glu06.1, Sor08.1) (Table 1). The physical location of these QTL regions in the genome was determined based on markers within the QTL regions. The number of genes within these QTLs ranged from 45 to 568, totaling 2,362 candidate genes for soluble sugars (Table S14).


Table 1 | Summary statistics for the classification of significant QTL for sugars and acids.



Comparatively, we identified a total of 25 significant QTLs associated with the five assessed acids distributed across seven chromosomes, with (PVE) values ranging from 12.9% to 86%. Among these, 18 main-effect QTL explained more than 10% of the phenotypic variation and 7 explained more than 20% (Fu08.1, Fu08.2, Fu09.1, Su05.1, Su14.1, Su14.2, and Ox06.1, Ox14.1) (Table 1). Interestingly, the QTL Su14.2 mapped to chromosome Chr14 (Table S13), corresponding to 11.20–16.44 Mb on the genome, exhibited the highest LOD score (4.15) and PVE value (50.6%) (Table 1), thereby indicating that this region of Chr14 has a strong genetic effect regarding this phenotype.

Using RNA-seq analysis, we predicted the candidate genes within the detected QTL regions. As indicated previously, we detected seven QTLs associated with sugar contents (sucrose, fructose, glucose, and sorbose), which collectively harbored a total of 2,363 genes. Among these, RNA-seq analysis revealed 424 DEGs within the QTL intervals (Table S16). As candidate genes associated with sugar content, we selected six of these DEGs based on the gene annotation information (Table S17). Among these, MdBAM3 (MD06G1112400), encoding a β-amylase, is involved in starch degradation and maltose metabolism in chloroplasts (Fulton et al., 2008). MdBAM2 (MD09G1275700) similarly encodes a β- amylase, although this appears to be less active than the MdBAM-encoded enzyme, and has a weaker interaction with starch and maltose (Li et al., 2009b; Monroe, 2020). MdSPSA3(MD04G1013500), encoding a sucrose phosphate synthase, plays an important role in sucrose synthesis as a rate-limiting enzyme that catalyzes the synthesis of sucrose from glucose and F6P (Qazi et al., 2012). MdGUX8(MD06G1058200) encodes a putative glucuronosyltransferase, whereas MdPLST3(MD09G1209000) encodes a plastid glucose transporter protein involved in the transport of glucose to the cytoplasmic matrix, and MdAGPL1(MD08G1027900), encoding an ADP-glucose pyrophosphorylase, plays a role in starch synthesis.

With respect to the five assessed acids (malate, fumarate, oxalate, succinate, and citrate), we detected 25 associated QTLs, harboring a total of 3,934 genes (Table S15), among which, 643 DEGs were identified within the QTL intervals based on RNA-seq (Table S16). With reference to the annotation information obtained for these DEGs, we selected three as acid-associated candidate genes (Table S17). Among these, MdNADPME (MD08G1111500) encodes an NADP-dependent malic enzyme involved in catalyzing the oxidative decarboxylation of malic acid (Shi et al., 2015; Chen et al., 2019); MdMDHC (MD05G1238800) encodes a malate dehydrogenase involved in the conversion of oxaloacetate to malic acid (Etienne et al., 2013); and MdALMT9(MD06G1214800) encodes an aluminum-activated malate transporter protein involved in the efflux of malic acid (Gao et al., 2018).




Discussion


The use of co-expression modules to identify candidate genes associated with sugar and acid contents in apple fruits

In this study, we performed RNA-seq analysis to identify genes showing differential expression between the two apple cultivars ‘HanFu’ and ‘Huahong’ at different stages of fruit development and used these DEGs as a basis for subsequent co-expression module analysis. By screening the modules with significant associations with the traits of interest, we accordingly identified hub genes that are speculated to play key roles in the regulation of these traits.

Among the modules characterized, the “MEpurple” module was found to be significantly associated with fruit length, weight, and sugar contents. In the model plant Arabidopsis thaliana, AtMIF2 binds specifically to AtKUN to form a transcriptional repressor complex that inhibits the expression of AtWUS. Repression of this gene affects carpel number and ultimately fruit size (Bollier et al., 2018). In apple, MdACCH1 catalyzes the terminal reaction of the ethylene biosynthesis pathway, in which ACC is converted to ethylene (Shi and Zhang, 2012), with expression reaching peak levels during the period of fruit ripening, which is consistent with our RNA-seq results. ACC can also promote plant fruit ripening by influencing the activity of plant hormones, such as salicylic acid and the growth hormone indole acetic acid (IAA) (Song et al., 2005). The “MEbrown” module obtained in this study was established to be specifically associated with fruit browning. In this regard, MdANRPN has been demonstrated to yield precursors required for the synthesis of proanthocyanidins or condensed tannins (Bogs et al., 2005), and also catalyzes NADPH-dependent double reduction of anthocyanins (Gargouri et al., 2009; Gargouri et al., 2010). MdPILS5, which encodes a novel growth hormone transporter protein, regulates intracellular growth hormone distribution (Barbez et al., 2012; Liu et al., 2018), whereas MdCEL1 is a key enzyme involved in cellulose formation in the cell wall, which is closely associated with plant growth, xylem development, and cell wall thickening (Palomer et al., 2006; Shani et al., 2006). MdPMEI3 encodes a pectin esterase inhibitor that regulates the demethylation of pectin in apical meristematic tissues, thereby influencing protoplast formation and foliar structure patterns (Lionetti et al., 2007). Overexpression of AtPMEI3 has been shown to promote HG hypermethylation and influences the formation of floral primordia (Li et al., 2021). The hub gene MdFTSHC, detected in the “MEblue” module, is an ATP-dependent zinc metalloprotease containing an AAA (an ATPase associated with various cellular activities) and a Zn2+ metalloprotease structural domain that plays a key role in the hydrolysis of membrane proteins (Adam et al., 2005; Wagner et al., 2012). In the “MEred” module, the hub gene MdXTHs encodes a cell wall enzyme involved in the linking of xylans to oligosaccharides or other available xylan chains, and is believed to play important roles in regulating growth and development (Yokoyama et al., 2004; Becnel et al., 2006; Maris et al., 2011). MdMES17 encodes a methyl esterase that efficiently and specifically hydrolyzes methylindole-3-acetic acid (MeIAA) to IAA (Yang et al., 2008). The roots of Arabidopsis plants overexpressing AtMES17 have been found to be characterized by an enhanced sensitivity to MeIAA, although not to IAA. Among genes in the “MEyellow” module, MdABC1K8 encodes a BC1 complex kinase, and mutants of MdABC1K8 are characterized by the production of higher levels of lipoproteins that, in conjunction with the activity of MdABC1K7 (Manara et al., 2015), influences the synthesis or accumulation of chloroplast lipids and regulates the composition of chloroplast membranes in response to stress. The hub genes identified in the present study, based on co-expression network analysis, will provide a reference for studying the gene regulatory networks associated with fruit quality traits.



A combination of RNA-seq analysis and QTL mapping was used to identify candidate genes associated with sugar and acid accumulation

On the basis of the co-localization of DEGs and QTL regions, we identified six sugar-associated candidate genes from among 283 DEGs with annotation information. Among these genes, MdSPS3 encodes a sucrose phosphate synthase, the orthologs of which have been extensively studied in prunes, peaches, grapes, and tomatoes, in which it plays a catalytic role in sucrose synthesis, thereby enhance fruit sweetness. The proteins encoded by MdBAM2 and MdBAM3 have measurable β-amylase activity, with higher activity being detected in the latter (Fulton et al., 2008). In Arabidopsis, AtBAM3 plays an important role in nocturnal starch degradation, and in AtBAM3 mutants in which total β-amylase activity is reduced, there is a corresponding increase starch content. The β-amylase encoded by AtBAM2 has been observed to have very low activity and a poor glucan binding capacity. Notably, in AtBAM2, there is no reduction in total β-amylase activity, and thus it is assumed that AtBAM2 has no effect on amylolysis (Li et al., 2009b). In contrast to most studies, Monroe et al. (2017) found that the AtBAM2-encoded β-amylase had significant catalytic activity under specific physiological circumstances, a unique result that provides evidence to indicate a novel pathway for the study of AtBAM2. ADP-glucose pyrophosphorylase, an enzyme comprising four large and two small subunits, plays a regulatory role as the rate-limiting enzyme of the amylogenic pathway. Among these subunits, one of the large subunits (AtAGPL3) is capable of promoting starch synthesis (Hwang et al., 2006). Within the intervals of the 20 acid-associated QTLs, we detected 643 DEGs, three of which were identified as candidates. Among these, MdNADPME encodes an NADP-dependent malic enzyme involved in catalyzing the oxidative decarboxylation of malic acid (Chen et al., 2019), and has been identified as one of the essential enzymes for malic acid metabolism. It is accordingly speculated that differences in the accumulation of malic acid in ripe apples could be attributable to the differential expression of this gene (Shi et al., 2015). Of the other two candidates, the malate dehydrogenase encoded by MdMDH is a key enzyme in malate metabolism involved in the conversion of oxaloacetate to malate (Etienne et al., 2013), whereas MdALMT9 encodes an aluminum-activated malate transporter protein involved in the efflux of malate and citrate, and plays an important role in the aluminum tolerance of plants (Liu et al., 2009; Kochian et al., 2015; Gao et al., 2018).

Although the candidate genes identified based on a combined QTL mapping and RNA-seq approach differ from the hub genes determined using WGCNA, we nevertheless believe these candidate genes to be informative from the perspective of characterizing changes in sugar and acid contents during the different stages of fruit development.
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Morphogenesis of root is a vital factor to determine the root system architecture. Cytokinin response regulators (RRs) are the key transcription factors in cytokinin signaling, which play important roles in regulating the root morphogenesis. In this study, 29 RR proteins, including 21 RRs and 8 pseudo RRs, were identified from the genome of citrus, and termed as CcRR1-21 and CcPRR1-8, respectively. Phylogenetic analysis revealed that the 29 CcRRs could be classified into four types according to their representative domains. Analysis of cis-elements of CcRRs indicated that they were possibly involved in the regulation of growth and abiotic stress resistance in citrus. Within the type A and type B CcRRs, CcRR4, CcRR5, CcRR6 and CcRR16 highly expressed in roots and leaves, and dramatically responded to the treatments of hormones and abiotic stresses. CcRR2, CcRR10, CcRR14 and CcRR19 also highly expressed in roots under different treatments. Characteristic analysis revealed that the above 8 CcRRs significantly and differentially expressed in the three zones of root, suggesting their functional differences in regulating root growth and development. Further investigation of the 3 highly and differentially expressed CcRRs, CcRR5, CcRR10 and CcRR14, in 9 citrus rootstocks showed that the expression of CcRR5, CcRR10 and CcRR14 was significantly correlated to the length of primary root, the number of lateral roots, and both primary root and the number of lateral roots, respectively. Results of this study indicated that CcRRs were involved in regulating the growth and development of the root in citrus with different functions among the members.




Keywords: citrus, root system architecture, response regulators, gene family, abiotic stress



Introduction

Root system architecture is a critical characteristic to determine the distribution of roots in soil, the capacity of absorption, anchorage and stress resistance (Lavenus et al., 2013; Singh et al., 2020; Jeon et al., 2021). Formation of root system architecture is a complex biological process regulated by multiple genes, of which the expression greatly affected by environmental conditions. Plant root can sense signals of any environmental changes and modify its primary root length and lateral root density through cell proliferation and cell differentiation to adapt to the changes of environmental factors (Street et al., 2016; Liu and Wirén, 2022). Phytohormones such as auxin, cytokinin, abscisic acid etc., play essential roles in root morphogenesis and growth (de Bang et al., 2020; Pandey et al., 2021; Deng et al., 2022; Ji et al., 2022; Li C. et al., 2022; Timilsina et al., 2022).

Cytokinin, a plant-specific chemical messenger, plays an important role in many aspects of plant growth and development, such as cell division and differentiation of the root meristem, vascular development, stress response and plant immunity (Choi et al., 2010; Ni et al., 2017; Li L. et al., 2022; Papon and Courdavault, 2022). It acts as a potent negative regulator of root formation and elongation, including primary root, lateral root and crown root (Li L. et al., 2022). The cytokinin signaling system is a two-component system, mainly consisting of three important parts: receptor protein histidine kinase (HK), histidine-phosphotransfer protein (HP), and response regulator (RR) (Muller and Sheen, 2007). Among them, RRs play crucial roles in cytokinin signal transduction.

In Arabidopsis, the RR family contains 24 members, which can be divided into four types, type A, type B, type C and pseudo ARR (Makino et al., 2000; Horák et al., 2008; Schaller et al., 2008). Type A ARRs have a conserved aspartic acid-aspartic acid-lysine (D-D-K) region and a short C-terminal with unknown functions, and their expression could be induced by exogenous cytokinin, which occurs in the absence of de novo protein synthesis (To et al., 2004). In addition to the D-D-K domain, type B ARRs contain a long C-terminal sequence encoding a MYB-like DNA binding domain, called ARRM, which is the binding site to downstream target genes for cytokinin signaling (Ramireddy et al., 2013; Sakai et al., 2001). Type B ARRs serve as transcriptional regulators for certain target genes such as the type A ARR genes (Tajima et al., 2004). Type C ARRs have a domain similar to that of the type A ARRs in structure. However, their expression could not be induced by cytokinin (Yang et al., 2016). Pseudo ARRs lack conserved residues for phosphorylation and some of them contain a CCT (for CONSTANS, CONSTANS-like and TOC1) motif in C-termini (Strayer et al., 2000; To et al., 2007; Li et al., 2017).

RR family members were reported to be involved in root development. Previous study showed that ARR1 and ARR12 could bind to the promoter of LAX2, an auxin influx carrier, and inhibited its expression, thus regulating the distribution of auxin in the root apical meristem (Zhang et al., 2013). ARR1 mediated arsenate-induced root growth inhibition by directly binding to the promoters of ASA1 (ANTHRANILATE SYNTHASE ALPHA SUBUNIT) and ASB1 (BETA SUBUNIT 1), and positively regulating their expressions (Tu et al., 2021). Similarly, ARR2 and ARR12 could affect the formation of lateral root primordia by directly and negatively regulating the localization of PIN-FORMED (PIN) proteins, the key factors in regulating cell division and differentiation of root meristem by maintaining adequate auxin concentration (Hwang et al., 2012). The up-regulated ARR16 and ARR17 at the lower water potential side of root were involved in root hydrotropism through promoting the division of cells in the meristem zone (Chang et al., 2019). RcRR1, a Rosa canina type A response regulator gene, homology to ARR8 and ARR9, was reported to be involved in cytokinin-modulated rhizoid organogenesis, and overexpression of RcRR1 resulted in increased primary root length and lateral root density (Gao et al., 2013). Citrus is the most important fruit plant worldwide. However, little attention has been paid to RRs in citrus research. Previous study in our group indicated that RRs probably play essential roles in citrus rootstock roots by RNA-seq analysis (unpublished data).

In this study, the RR genes were comprehensively identified and characterized in the whole citrus genome. The expression profiles of type A and type B CcRRs were analyzed in different plant tissues and organs, under different hormones and stresses treatments as well. Expressions of CcRRs in different zones of root and varieties were also analyzed to mine the functional genes related to root morphogenesis in citrus rootstocks. It is a crucial basis for further study on the regulation of RR genes in citrus root morphogenesis, and provides guidance for genetic modification of rootstocks to solve the issues faced in citriculture.



Materials and methods


Plant materials

The nine citrus rootstock varieties, including Poncirus trifoliata (Pt026, Pt030, Pt034, Pt038), Citrus wilsonii Tanaka ‘Zhique’, C. limonia Pasquale ‘Volkamer’, C. limonia Osbeck ‘Canton Lemon’, C. reshni Hort. Ex Tan ‘Cleopetra’, and C. reticulata ‘Zhuju’, were used in this study. The plant materials were collected from National Citrus Germplasm Repository (Chongqing, China).

The seedlings of ‘Volkamer’ were used for analysis of genes expression in different tissues and organs, and under different hormone treatments and stresses. The seedlings of all varieties were used to study the correlation between root indexes and gene expression.



Genome-wide identification of RR gene family in citrus

The genome and protein information of citrus plant (C. clementina) was downloaded from the Phytozome database (http://phytozome.jgi.doe.gov/pz/portal.html). Twenty-four response regulators’ protein sequences of Arabidopsis thaliana (http://www.arabidopsis.org/) (ARRs) were used as reference sequences to identify the members of the RR family in C. clementina (CcRRs) with protein basic local alignment search tool (BLASTP) (Mahram and Herbordt, 2015). The top E-value was less than 1 × 10−10. All the retrieved sequences were submitted to the HMMER database (https://www.ebi.ac.uk/Tools/hmmer/; Potter et al., 2018), Pfam database (http://pfam.xfam.org/; Punta et al., 2011) and NCBI CDD database (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi; Marchler-Bauer et al., 2015) to confirm whether they were the members of RR family. The redundant members were removed manually. ExPASy website (http://web.expasy.org/) was used to predict molecular weight (MW) and isoelectric points (pI) of all proteins of the identified RR family members. CELLO website (http://cello.life.nctu.edu.tw/) was used to predict the subcellular localization of RR family members (Yu et al., 2006).



Chromosomal distribution

The chromosomal location of each RR gene was derived from the genome annotation information. Chromosomal distributions of these genes were generated using MapChart software (Voorrips, 2002).



Phylogenetic analysis

MEGA7.0 software (Kumar et al., 2016) was used to construct the phylogenetic tree with protein sequences of RRs from different plant species based on the Maximum Likelihood Method (MJ). The bootstrap value was repeated 1000 times.



Gene structure, motif and promoter analysis

TBtools (Chen et al., 2020) was used to display the distribution of gene structure of RRs. The analysis of the protein conserved motif was conducted through the online MEME website (https://meme-suite.org/meme/tools/meme; Bailey and Elkan, 1995) to study the differences among RR family members. The maximum number of motifs was set to 5. 2000 bp upstream sequence of each RR gene was extracted from the citrus genome. The cis-elements in the promoter region were predicted using PlantCARE database (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) (Lescot et al., 2002).



Treatments

After removal of seed coats, the embryos were cultured in petri dish at 28°C under moisturized conditions for 3-5 days for germination. The seedlings of Volkamer were grown in hydroponics for 25 days. The roots, stems and leaves were collected for gene expression analysis of CcRRs. Meanwhile, the remaining seedlings were treated with hormones and abiotic stresses. The root samples were collected at different time (0, 1, 3, 6, 12 h) after 50 μM 6-BA, 100 μM ABA, and 20% polyethylene glycol (PEG6000) treatments for RNA extraction, respectively. The roots were also sampled from the seedlings treated at 4°C and 200 mM NaCl for 0, 3, 6, 12 and 24 h, respectively. In addition, the seedlings with lateral root primordium just emerged (as shown in Supplementary Figure 1) were used to explore the expression of type A and type B RRs in different zones of root (RT: the meristematic/elongation zone; RM: the root elongation/differentiation and lateral root initiation zone; RC: lateral root growth zone).  This division was based on the reports of Hwang et al. (2012), Goh (2019), Santos Teixeira and ten Tusscher (2019).

The seeds of nine citrus rootstocks under same state were selected and sown in the pots (30 × 30 cm) filled with the mix of vermiculite and perlite. Different zones of root were sampled at 25, 50 and 75 days after sowing. The samples were immediately frozen with liquid nitrogen and stored at -80°C for RNA extraction to explore the expression of the three RR genes. At the same time, the length of primary root and the number of lateral roots in RC zone of the root were counted. All the seedlings were grown at 28°C in a greenhouse under 16 h day length.



RNA extraction and qRT-PCR

Total RNA was isolated from samples using an EASYspin Plus Plant RNA Rapid Extraction Kit RN38 (Aidlab, Beijing, China) following the manufacturer’s instructions. Subsequently, the RNA was reverse transcribed using the Thermo Scientific RevertAid MM (Thermo Fisher, Lithuania). qRT-PCR was performed with 10 μL reaction mixture containing 2 μL cDNA sample, 5 μL universal SYBR® Green Supermix (2 × iTaq™, Bio-Rad, CA, USA), 0.2 μL of each primer (10 μM) and 2.6 μL sterilized water. The qRT-PCR program was as follows: 95°C for 60 s, followed by 39 cycles of 95°C for 20 s, 60°C for 30s. The primers used in this study are listed in Supplementary Table 1. Each treatment included three replications. The expression levels of the genes were normalized with citrus Actin gene, and fold changes were calculated using 2-ΔΔCt method (Zhang et al., 2020).




Results


Identification of CcRR family members in citrus

In this study, more than 100 RRs and RR like proteins were searched out from the C. clementina genome. The RRs with sequence redundancy or alternative splicing forms were removed. Furthermore, the RRs containing other domains, or lacking conserved motifs were also eliminated. Finally, a total of 29 potential RR proteins (including 8 pseudo RRs) were identified, and named as CcRR1-21 and CcPRR1-8 according to their positions on the scaffolds. The details of CcRRs, including their names, accession numbers, number of amino acids, molecular weight, isoelectric point (pI), grand average of hydropathicity (GRAVY) and putative subcellular localization were listed in Table 1. The number of amino acids of CcRR proteins varied from 140 (CcRR12) to 873 (CcPRR7), with molecular weight (MW) from 15.29 (CcRR12) to 95.44 kDa (CcPRR7) and pI from 4.88 (CcRR19) to 8.92 (CcRR21). The prediction of subcellular localization showed that most of CcRRs were located in the nucleus, and a few of them were located in the plasma membrane, mitochondria or chloroplast.


Table 1 | Physicochemical properties and subcellular localization prediction of CcRRs.





Phylogenetic analysis and chromosomal distribution of CcRRs

To uncover the phylogenetic relationship of CcRRs, a phylogenetic tree was generated with 95 RR proteins, of which 33 were from Arabidopsis (24 ARR and 9 APRR), 33 from poplars (22 PtRR and 11 PtPRR) (Ramírez-Carvajal et al., 2008), and 29 from citrus (21 CcRR and 8 CcPRR) (Figure 1). It showed that the 95 RRs were divided into 9 clusters. Based on the feature of protein structure, the 9 clusters could be classified into 4 types. The group in green represented type A CcRRs with only one D-D-K domain, including CcRR5-6, CcRR8, CcRR11-13 and CcRR19. Type C CcRR (pink) was mostly close to type A with a similar D-D-K domain. It is a small group with only four members in citrus (CcRR3, CcRR7 and CcRR17-18). CcRR1-2, CcRR4, CcRR9-10, CcRR14-16 and CcRR20-21 were placed in type B CcRRs (blue) with D-D-K domain and MYB-like DNA-binding domain. The group marked in orange color contained pseudo RRs with D-D-K domain and CCT domain. Chromosome mapping results showed that most of CcRR members were clustered on scaffold 3, 4 and 9, and a few of them were on scaffold 1, 2, 5, 7 and 8 (Figure 2).




Figure 1 | Phylogenetic tree of RR proteins from Citrus clementina, Arabidopsis thaliana and Populus trichocarpa. Groups with different colors represent different types of RRs (Green: type A RRs, with only one D-D-K domain; Blue: type B RRs, with D-D-K domain and MYB-like DNA-binding domain; Pink: type C RRs, with a D-D-K domain similar to type-A CcRRs; Orange: pseudo RRs, with D-D-K domain and CCT domain, except for CcPRR4 and CcPRR6).






Figure 2 | Chromosome location of CcRR gene family members on the C. clementina scaffolds. Pseudo RRs were indicated in purple colour.





Gene structure and motifs of CcRRs

The diversity of exon-intron structure and motifs may reveal the evolution of gene family (Wang et al., 2017; Sun et al., 2022). Intron-exon analysis of CcRR genes (Figure 3) indicated that the CcRRs classified into type A and B possessed 3 to 7 intronic regions, while there was only one intron in the type C CcRRs. The numbers of introns for CcPRRs varied more, ranging from 5 to 10. Five potential conserved motifs were identified from 29 CcRRs by online MEME program. The details of each motif were shown in Supplementary Figure 2. As shown in Figure 3, motifs 1, 2 and 4 encoding the D-D-K domain presented in most of CcRRs, but the sequences of D-D-K domain in some of CcRRs were incomplete. CcRR12 of type A, CcRR9 and CcRR21 of type B, CcPRR5 and CcPRR6 of pseudo RRs, and all type C CcRRs were missing part of the D-D-K domain sequence. All the type B CcRRs and CcPRR8 also possessed motif 3, which was identified as a conserved MYB-binding domain. Motif 5 was deemed as a conserved CCT motif and it existed in almost all CcPRRs except CcPRR4 and CcPRR6. These results suggested that the four types of CcRRs may play different roles in citrus.




Figure 3 | Phylogenetic relationship, conserved domains and exon-intron structures of CcRRs. Left: A phylogenetic tree constructed with the N-J method with MEGA 7. The proteins can be divided into four types, which are indicated with different colored lines (Green: type A; Blue: type B; Red: type C; Yellow: pseudo). Middle: Distribution of conserved domains of CcRRs. The relative positions of each domain are shown by colored bars (Motif 1, 2 and 4: D-D-K domain; Motif 3: MYB-binding domain; Motif 5: CCT domain). Right: The exons, introns and untranslated regions (UTRs) are represented by yellow rectangles, black lines and green rectangles, respectively.





Prediction of cis-element in promoters of CcRR genes

Cis-element in promoter region of the gene plays an important role in the regulation of gene transcription and usually combines with TFs to determine the level of gene expression (Wang et al., 2017; Dai et al., 2022). Results of cis-element prediction showed that the promoters of CcRR family members contain a large number of light responsiveness elements (Figure 4). Drought-induced, low-temperature response, defense and stress response elements were also found in promoter regions of CcRRs. In addition, there are many hormone response elements, such as abscisic acid, auxin, methyl jasmonate, salicylic acid, gibberellin response elements and zein metabolism regulation element. Some specific cis-acting elements were also identified, such as anaerobic induction, meristem development, and endosperm expression elements. The analysis of the predicted cis-elements in the promoter indicated that the transcriptional regulation of CcRR gene family members was probably related to the processes of growth and development of citrus plants, and the responses to various stresses.




Figure 4 | Predicted cis-acting elements in the promoter regions (2000 bp upstream of ATG start code) of CcRRs.





Tissue-specific expression profiles of CcRR genes

Levels of gene expression in the roots, stems and leaves were analyzed by qRT-PCR to characterize the expression of type A and type B CcRR genes in different tissues of citrus (Figure 5). CcRR12, CcRR13, CcRR20 and CcRR21 expressed at very low level in roots, suggesting that they are not active in this tissue, therefore, they were excluded from further work of this study. The remaining 13 CcRR genes showed various expression patterns in different tissues, and most of them had the highest expression in leaves, such as CcRR4-6, CcRR10, CcRR11, CcRR15 and CcRR16. Among them, CcRR4, CcRR5, CcRR6 and CcRR16 also highly expressed in roots.




Figure 5 | Heat-map of the expression profiles of CcRR genes in different tissues. R: root; L: leaf; S: stem. The vertical color scale shown to the right of the image represents log2 expression values.





Expression of CcRR genes in response to phytohormones and abiotic stresses

Phytohormone and abiotic stress treatments could induce the expression of CcRR genes. Analysis of RR genes’ expression under hormone treatments and abiotic stresses showed that the transcriptional levels of CcRR4, CcRR5, CcRR6, CcRR16 were high and changed significantly under the conditions of PEG, NaCl, cold, ABA or 6-BA treatment, indicating that those CcRRs dynamically responded to the multiple stresses (Figure 6).




Figure 6 | Heat-map of the expression pattern of CcRR genes in roots response to the treatments of hormone and abiotic stresses. (A) 6-BA treatment; (B) ABA treatment; (C) PEG treatment; (D) Cold treatment; (E) NaCl treatment. The figures (C-E) use the same ruler. The 0, 1, 3, 6, 12 and 24 h labels indicate the time after treatment. The vertical color scales shown to the right of the image represent log2 expression values.



Under 6-BA treatment (Figure 6A), the expressions of all the type A CcRRs (CcRR5, CcRR6, CcRR8, CcRR11, CcRR19) and some of type B CcRRs (CcRR2, CcRR15, CcRR16) were up-regulated at the early stage of the treatment and then declined, while the expressions of CcRR1, CcRR4, CcRR9, CcRR10 and CcRR14 were generally suppressed by the treatment. For ABA treatment (Figure 6B), the expression patterns of seven CcRRs (CcRR2, CcRR4, CcRR5, CcRR11, CcRR14, CcRR15, CcRR16) were basically the same. Their expressions up-regulated at the beginning of treatment and then declined, while the expression of CcRR19 was increasing throughout the treatment. However, CcRR1 and CcRR10 showed the opposite trend of decreased expression, while the expressions of CcRR6, CcRR8 and CcRR9 were only down-regulated at the early stage, but increased afterward.

Under PEG treatment (Figure 6C), the expressions of four genes (CcRR2, CcRR5, CcRR8 and CcRR19) were all up-regulated at 1h or 3 h after treatment, but down-regulated from 3h or 6h after treatment, while the expressions of CcRR4 and CcRR9 were up-regulated nearly in the whole period of treatment. On the opposite, the expression of CcRR10 was gradually decreased during the treatment, while the expressions of five genes (CcRR1, CcRR6, CcRR11, CcRR15, CcRR16) were down-regulated at the early stage of treatment and then recovered at late stage. Under low temperature condition (Figure 6D), the expressions of CcRR2, CcRR14 and CcRR16 increased in the entire period of treatment, while the expression level of type A CcRRs (CcRR5, CcRR6, CcRR8, CcRR11, CcRR19) and CcRR4 showed a trend of increasing first and then decreasing. However, the expressions of CcRR1 and CcRR10 were consistently decreasing, while the expressions of CcRR9 and CcRR15 were down-regulated at the early stage of treatment and then slight increased. For NaCl treatment (Figure 6E), the similar expression patterns were observed in the most of genes (CcRR2, CcRR4, CcRR5, CcRR6, CcRR8, CcRR9, CcRR14, CcRR15, CcRR16 and CcRR19). Their expressions were also up-regulated at the beginning of treatment and then declined at varying degree. The expressions of CcRR1 and CcRR11 declined during the whole period of treatment, while the expression of CcRR10 was down-regulated at the early stage of treatment and then up-expressed. The results of above observation indicated that most of CcRR genes involved in the processes responding to the various abiotic stresses and exogenous hormone treatments.



Expression of CcRR genes in different zones of root and citrus varieties

The eight CcRRs highly expressed in roots, also drastically respond to the abiotic stresses and exogenous phytohormone treatments in above study were selected to explore their functions involved in root development with Volkamer seedlings. The levels of gene expression were investigated in RT, RM, and RC zones of the roots as shown in Figure 7. CcRR2, CcRR5, CcRR6 and CcRR19 predominately expressed in RM, among which the expression of CcRR5 was the most prominent. The expressions of CcRR4, CcRR16, especially CcRR10, were higher in RC than that in RT. However, expression of CcRR14 was significantly higher in both RT and RC than in RM. The results suggested that those CcRRs probably play different roles in root morphogenesis. Therefore, the three CcRRs (CcRR5, CcRR10 and CcRR14) that distinguishingly expressed in different zones of root were further investigated to determine their roles in root morphogenesis of 9 citrus rootstocks, which varied in the length of primary roots and the numbers of lateral roots. Results of analysis indicated that the expression of CcRR5 in RT zone was significantly correlated to the length of primary root, while the expression of CcRR10 in RC zone was significantly correlated to the number of lateral roots, and the expressions of CcRR14 were significantly correlated to the two root indexes (Figure 8; Supplementary Table 2).




Figure 7 | The relative expression of CcRR genes in different zones of citrus root. RT: the meristematic/elongation zone; RM: the root elongation/differentiation and lateral root initiation zone; RC: lateral root growth zone. The values are means ± SD of three independent biological replicates for qRT-PCR.






Figure 8 | Root indexes and the correlation analysis of CcRR5, 10 and 14 at different stages. (A) Citrus root at 25, 50 and 75 days after sowning. From left to right are Poncirus trifoliata (Pt030, Pt038, Pt034, Pt026), Citrus wilsonii Tanaka ‘Zhique’, C. reticulata ‘Zhuju’, C. reshni Hort. Ex Tan ‘Cleopetra’, C. limonia Pasquale ‘Volkamer’, C. limonia Osbeck ‘Canton Lemon’, respectively; (B) Relationship between root indexes and their expressions.






Discussion

Transcription factor RRs play crucial roles in the cytokinin signaling circuitry, due to their participation in multiple biological functions such as DNA-binding transcriptional regulation (Imamura et al., 1999; Sakai et al., 2001; Zeng et al., 2017). Members of the RR gene family have been identified in several woody plants, such as apple, pear, peach and poplar, and found to be involved in fruit development, adventitious root formation and primary root elongation (Singh and Kumar, 2012; Li et al., 2017; Ni et al., 2017; Zeng et al., 2017). However, in citrus, knowledge of RRs is very limited and the identification of CcRR gene family have not been reported. In this study, 29 RR members were bio-informatically identified from citrus genome. Phylogenetic analysis with Arabidopsis and poplar homologs classified those CcRRs into four types distinguished by their representative domains as reported in other species (Singh and Kumar, 2012; Li et al., 2017). Interestingly, each member of the CcRR family contains a D-D-K domain, suggesting that CcRRs may share a highly conserved function. However, the specific motifs and gene structures presented in different types of CcRR genes implied a diversified and physiological function of CcRRs.

Previous studies indicated that the expressions of the members of RR gene family were tissue specific in relating to their function (Ferreira and Kieber, 2005; Huang et al., 2015; Li et al., 2015). In the four types of RRs, type A and type B RRs play vital roles in aspects of plant growth and development (Jain et al., 2006; Bertheau et al., 2015). Type B ARRs can mediate lateral root formation under cold stress (Jeon et al., 2016). Type A and type B ARRs were reported to be involved in primary root growth, and type-B ARRs negatively modulate primary root growth via AUX-1 mediated auxin translocation (Sharma et al., 2021). Therefore, the type A and type B CcRRs were targeted in this study. The expression patterns of type A and type B CcRRs were explored in root, stem and leaf. Among them, four genes (CcRR4, CcRR5, CcRR6 and CcRR16) were highly expressed in roots and leaves. CcRR12, CcRR13, CcRR20 and CcRR21 were excluded from further work of this study because of their low activities in the root. Promoters of CcRRs contained the certain elements related to hormone responses and abiotic stresses, indicating their function may related to the hormone signaling and abiotic stress response same as in other plants (Jain et al., 2006; Ramírez-Carvajal et al., 2008; Tsai et al., 2012; Yang et al., 2016). This was proved by the results that 8 type A and type B CcRRs drastically responded to the treatments of exogenous hormones and abiotic stresses, partially as reported by Huang et al. (2018) in Arabidopsis. It was reported that root system architecture, including root growth and lateral root branching, was closely related to abiotic stresses resistance (Bielach et al., 2012). Functional analysis of homologous genes indicated that CcRR14 and CcRR16 might play roles in abiotic stress resistance in the root of citrus as they were grouped into the same clade with ARR1, ARR2 and PtRR13. In this group, ARR1 plays leading roles in many stress response processes, such as cold stress, salinity and ABA induction (Zhu et al., 2015; Li et al., 2015; Jeon et al., 2016; Yan et al., 2021), and PtRR13 is a negative regulator of adventitious root development in Populus (Ramírez-Carvajal et al., 2009). In addition, ARR1 and ARR2 are response factors involved in primary root and lateral root meristem initiation, pathogen resistance, and leaf senescence (Hwang et al., 2012).

The specific expression of RR genes may relate to their function in root system architecture (Mason et al., 2004; Ferreira and Kieber, 2005; Garay-Arroyo et al., 2012). In this study, the tissue specific expression of CcRR5, CcRR10 and CcRR14 were significantly correlated to the characteristic indexes of root (primary root length and lateral root numbers) of nine citrus rootstocks. CcRR5, a type A RR gene highly expressed in RM, which is the elongation/differentiation and lateral root initiation zone of the root. Four RRs (ARR5/6/7/15) from Arabidopsis and one RR (PtRR10) from Populus were classified into the same subfamily with CcRR5. PtRR10 is an ortholog of ARR5 (Ramírez-Carvajal et al., 2008; Immanen et al., 2013). Those ARRs are as negative regulators of cytokinin signaling, participating in a negative feedback loop to reduce the sensitivity to cytokinin (Kiba et al., 2003; To et al., 2004; Leibfried et al., 2005; To et al., 2007). Cytokinin plays an inhibitory role on primary root growth arising from effects on cell division in the root meristem and on cell expansion in the root elongation zone (Kieber and Schaller, 2014). Therefore, it could be speculated that CcRR5 should be involved in regulating root growth in citrus. CcRR14 was classified into the same group as ARR1, which was reported to activate the expression of auxin signal inhibitor SHY2 to regulate root meristem size in Arabidopsis (Li et al., 2020). Its expression significantly correlated to the length of primary root in nine citrus rootstocks, suggesting that it would be related to root elongation. Bielach et al. (2012) reported that the mutant of arr1 arr11 in Arabidopsis (orthologues of CcRR14 and CcRR10, respectively) enhanced cytokinin activity in pericycle cells, preventing lateral root initiation in close proximity to existing lateral root primordia. CcRR10 predominantly expressed in the RC of root in citrus. The expressions of CcRR10 and CcRR14 were significantly correlated to the number of lateral roots. This clearly suggested that they are probably involved in the development of lateral roots. Results of this study indicated that CcRR5, CcRR10 and CcRR14 may play important roles in the process of root morphogenesis.



Conclusions

Twenty-nine RR family members were identified from citrus genome and classified into four types based on their amino acid sequences and conserved domains. Expressions of type A and type B CcRRs varied in different tissues of plant and highly responded to phytohormones and abiotic stresses in the root. Three CcRRs (CcRR5, CcRR10 and CcRR14) were identified to express at high levels in different zones of root, and their expression significantly correlated to the root characteristic indexes in nine citrus rootstocks. Functional analysis of their orthologs in Arabidopsis suggested that they may participate in regulating root morphogenesis.
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Flowering is an important factor to ensure the success of plant reproduction, and reasonable flowering time is crucial to the crop yield. BBX transcription factors can regulate several growth and development processes. However, there is little research on whether BBX is involved in flower formation and floral organ development of pineapple. In this study, AcBBX5, a BBX family gene with two conserved B-box domains, was identified from pineapple. Subcellular localization analysis showed that AcBBX5 was located in the nucleus. Transactivation analysis indicated that AcBBX5 had no significant toxic effects on the yeast system and presented transcriptional activation activity in yeast. Overexpression of AcBBX5 delayed flowering time and enlarged flower morphology in Arabidopsis. Meanwhile, the expression levels of AtFT, AtSOC1, AtFUL and AtSEP3 were decreased, and the transcription levels of AtFLC and AtSVP were increased in AcBBX5-overexpressing Arabidopsis, which might lead to delayed flowering of transgenic plants. Furthermore, transcriptome data and QRT-PCR results showed that AcBBX5 was expressed in all floral organs, with the high expression levels in stamens, ovaries and petals. Yeast one-hybrid and dual luciferase assay results showed that AcBBX5 bound to AcFT promoter and inhibited AcFT gene expression. In conclusion, AcBBX5 was involved in flower bud differentiation and floral organ development, which provides an important reference for studying the functions of BBX and the molecular regulation of flower.
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Introduction

Flowering, the symbol of vegetative development to reproductive development is an important factor to ensure the success of plant reproduction (Khan et al., 2014). The transition from vegetative stage to reproductive stage is precisely regulated by external environmental signals and internal developmental states (Albani and Coupland, 2010; Wang et al., 2021). Appropriate flowering time is crucial for the crop yield and quality (Roux et al., 2006). Flowering studies are the most extensive in Arabidopsis, and mainly involved photoperiod, vernalization, gibberellin, autonomic, ambient temperature and age-related pathways (Albani and Coupland, 2010; He, 2012; Cheng et al., 2017). Flowering is a very complex physiological process, which is regulated and coordinated by multiple genes (Liljegren et al., 1999).

BBX transcription factors have a wide range of functions and play important roles in flower initiation, light morphogenesis, anthocyanin synthesis and abiotic stress tolerance (Almada et al., 2009; An et al., 2020; Li et al., 2021). For example, CmBBX24 regulates flowering time and tolerance to freezing and drought stress in chrysanthemum by regulating GA biosynthesis (Yang et al., 2014). AtBBX20 interacts with HY5 to activate the gene expression and promote light morphogenesis (Wei et al., 2016). MdBBX22 and MdBBX33 in apple are involved in MDHY5-mediated signal transduction and regulate anthocyanin accumulation (An et al., 2019; Plunkett et al., 2019). CONSTANS (CO) in Arabidopsis is the first BBX protein to be identified in plants. Flowering locus T (FT) genes receive signals from the photoperiodic regulatory center CO under long day conditions, which drives the transition from vegetative to reproductive growth in Arabidopsis (Putterill et al., 1995). However, CO could also inhibit FT-induced flowering by affecting TERMINAL FLOWER1 (TFL1) expression under short-day conditions (Luccioni et al., 2019). Interestingly, in rice, Hd1 is a CO homolog that promotes flowering under short-day conditions but inhibits flowering under long-day conditions (Yano et al., 2000; Kojima et al., 2002; Hayama et al., 2003). In flower formation pathway, BBX protein is strongly conserved among different plants. In addition to CO, other BBX proteins are also involved in the regulation of flower formation in plants. In Arabidopsis, both AtBBX6 and AtBBX24 are positive regulators of flower formation (Hassidim et al., 2009; Li et al., 2014), while AtBBX4, AtBBX7 and AtBBX32 delay flower formation (Cheng and Wang, 2005; Tripathi et al., 2017). OsCOL4, OsBBX14 and OsCOL9 in rice delayed the heading through repressing the Ehd1 pathway under SD and LD conditions (Lee et al., 2010; Bai et al., 2016; Liu et al., 2016). BvCOL1 in sugar beet also causes early flowering under LD conditions (Chia et al., 2008).

Pineapple is one of the world’s famous tropical fruits. Spraying ethephon to induce flower formation is currently the most widely used method in pineapple production (Min and Bartholomew, 1997). At present, there are some excellent pineapple varieties that cannot be widely promoted in the market due to the difficulty in regulating the maturation time (Turnbull et al., 1999). Therefore, studying the molecular mechanism of flower formation induced by ethylene in pineapple can provide theoretical support for perinatal regulation and new variety cultivation. In recent years, several genes regulating flowering such as AcERS and AcETR (Li et al., 2016), AcERF (Zhang et al., 2021a), AcTrihelix (Wang et al., 2022), AcBBX (Ouyang et al., 2022) have been isolated from pineapple, but however, the research on its functional mechanism is still not in-depth.

BBX genes are involved in the determination of flowering time through photoperiod, and there are few studies on flower formation in response to the hormone regulation (Putterill et al., 1995; Yano et al., 2000). Previous studies have found that AcBBX5 was found in the pineapple BBX family study to have an expression peak at 12 h and 7 w after ethylene induced flowering of pineapple. AcBBX5 may be involved in ethylene induced flower formation and flower morphogenesis in pineapple (Ouyang et al., 2022). Here, AcBBX5 was identified from the BBX family analysis of pineapple, and found it may regulate flower formation of pineapple. The sequence characteristics and expression characteristics of AcBBX5 were analyzed by bioinformatics, subcellular localization and transcriptional activation assay. AcBBX5 overexpression, expression characteristics and regulatory mechanism were further analyzed. All these data lay a foundation for the further study of floral formation regulation network in pineapple.



Materials and methods


Plant materials and treatments

Ananas comosus L. cv. Comte de Paris was used as experimental material, and grown in pineapple resource nursery, Zhanjiang, China. The uniform pineapple plants (15-month-old) were treated with 30 mL 200 mg/L ethephon to induce flowering, and the control group with the same amount of water instead. The flower organs including petals, ovary, stamens, sepals and styles were collected separately in pineapple. All samples were performed with three biological replications and immediately frozen in liquid nitrogen and then stored at −80 °C until further use.



RNA extraction and RT-qPCR assay

Total RNA was extracted with Polysaccharide Polyphenol Plant RNA Extraction Kit (Huayueyang, China) according to the manufacturer’s instructions. After detecting the concentration and quality of RNA by NanoDrop™ One/OneC Spectrophotometer (Thermo Fisher Scientific, USA), reverse transcription was carried out through the Revert Aid First-Strand cDNA Synthesis Kit (Thermo Fisher Scientific, USA). RT-qPCR was performed with ChamQ Universal SYBR qPCR Master Mix (Vazyme, China) on LightCycler 480 II (Roche, Switzerland). AcActin was used as an internal reference gene of pineapple. The reaction conditions for RT-qPCR consisted of predegeneration (95°C for 2 min), circular reaction (95 °C for 10 s, 58 °C for 30 s, 40 cycles) and Dissociation curve (95 °C for 15 s, 60 °C for 60 s, 95 °C for 15 s). All experiments incorporated three biological samples and three technical replicates. The relative expression levels of each gene were evaluated by using the 2−ΔΔCt method (Rao et al., 2013).



Bioinformatics analysis

The AcBBX5 protein sequence of pineapple was obtained from pineapple Genome Database (http://pineapple.zhangjisenlab.cn/pineapple/html/index.html) (Xu et al., 2018). The protein sequences of other species were all derived from NCBI (National Center for Biotechnology Information). MEME online site was used to analyze the conserved motifs (Bailey et al., 2009). The phylogenetic tree was constructed by neighbor-joining (NJ) method in MEGA 6.0 software, and the bootstrap value was set at 1000 replications (Hall, 2013).



Subcellular localization and transcriptional activities

The coding sequence of AcBBX5 was introduced into the pCAMBIA2300-GFP vector digested with Kpn I and Xba I restriction enzymes to generate the construct 35S::AcBBX5-GFP. After sequencing correctly, it was transformed into Agrobacterium tumefaciens strain GV3101. The epidermal cell transformation of tobacco leaves was injected with the A. tumefaciens carrying out with the recombinant vector. After incubation in the dark for 12 h at 25 °C, the tobaccos were transferred to normal growth for 24–36 h. The fluorescence signal was observed by a confocal scanning microscope Ax-io-Imager_LSM-800 (Zeiss, Germany) under excitation of 488 nm.

A yeast assay system was used to examine the transcriptional activity of AcBBX5. Nde I and Sal I were selected as restriction sites, and the coding sequences of AcBBX5 were inserted into the bait vector pGBKT7 by homologous recombination. Following the manufacturer’s protocol, the recombinant vectors were transferred into AH109 strain yeast and cultured on SD/-Trp medium at 30 °C for 2–3 days. Single colonies were selected for amplification culture and then transferred to SD/-Trp and SD/-Trp/-His/-Ade solid media for further culture. Three days later, X-α -Gal was added to observe whether the colony was blue.



Transformation and screening of AcBBX5 transgenic plants

Arabidopsis thaliana (ecotype Colombia) grown under conditions of 21 ± 1°C (day/night, 16/8 h) and used for heterologous transformation in this study. pCAMBIA2300-GFP-AcBBX5 vectors (the recombinant vectors were used for subcellular localization) were used to transform into Arabidopsis via the floral dip method (Clough and Bent, 1998). Empty vectors were transformed as control. The seeds of the T0 generation were harvested and screened on plates containing MS medium with 50 mg/L kanamycin sulfate and then further verified the transgenic plants by PCR amplification. The T3 generation transgenic Arabidopsis lines were used for subsequent phenotype observation and functional analysis. To detect the expression levels of the AcBBX5 and some flowering-related genes in transgenic and control plants, 28-day-old seedlings of both transgenic and control Arabidopsis plants were collected for qRT-PCR analysis.




Results


Characterization analysis of AcBBX5

To investigate the function of the AcBBX5 protein, we first identified and cloned AcBBX5 from the ‘Paris’ pineapple by RT-PCR. The coding sequence of AcBBX5 was 603 bp in length, encoding 197 amino acid residues. In order to better understand the properties of AcBBX5, the amino acid sequence of AcBBX5 was analyzed. The results showed that AcBBX5 and its homologous proteins in other species all contained two B-box conserved domains, and contained motif 1, motif 2 and motif 4 in conserved motif analysis (Figure 1A). However, compared with homologous protein sequences of other species, AcBBX5 sequence was significantly shorter and lacks motif 3, which was common in other sequences. Interestingly, the positions of motifs 1 and 2 in the sequence almost overlapped with those of the two B-box conserved domains, and both motifs 1 and 2 might represent B-box conserved domains. Furthermore, multiple sequence alignments with homologous amino acid sequences in Arabidopsis, rice, pear, cucumber and tomato revealed that the amino acid sequence similarity between AcBBX5 and homologous proteins in other species were 24.8% (AtBBX22), 24.53% (CsaBBX14), 24.27% (OsBBX16), 22.93% (PbBBX18), and 25.60% (SlBBX22), respectively (Figure S1). The low sequence similarity is probably due to the absence of a fragment at the C-terminal of AcBBX5 relative to homologous sequences of other species.




Figure 1 | Characterization of AcBBX5 sequence in pineapple. (A) Motif analysis of AcBBX5 proteins. Different colored boxes represent the different types of motifs. (B) Domain analysis of AcBBX5 proteins. (C) Syntenic relationships of AcBBX5 in pineapple with rice, grape and banana. (D) Phylogenetic analyses of AcBBX5. Phylogenetic tree based on BBX proteins involved in flower formation regulation.



The function of BBX protein has been studied in many plants. Collinearity analysis of pineapple with rice, grape, and banana revealed that pineapple AcBBX5 has one homologous gene pair in rice and banana, but two in grape (Figure 1). In order to investigate the role of AcBBX5 protein in flower formation, 18 BBX proteins that have been confirmed to be involved in flower formation regulation were selected to construct phylogenetic tree (Figure 1 and Table S1). Among them, there were six BBX proteins promoting flowering (BvCOL1, AcBBX18, HvCO1, VvCO, AtBBX6 and CmBBX8) and 9 delayed flowering proteins (AtBBX32, AtBBX7, BvCOL1, CmBBX24, FaBBx28c1, OsBBX14, OsBBX15, OsCOL9, OsBBX27 and PvCO1). AtBBX1 and OsBBX18 are genes that can both promote and inhibit flower formation. Phylogenetic tree analysis showed that AcBBX5 and delayed flowering proteins (CmBBX24 and OsBBX14) clustered in the same branch, suggesting that their functions may be similar. AcBBX5 may have the function of delaying flower formation as CmBBX24 and OsBBX14.



Subcellular localization and transcriptional activation activity of AcBBX5

Subcellular localization information is of great significance to our understanding of protein function. To investigate the subcellular localization of the AcBBX5 protein, 35S::AcBBX5-GFP protein was transiently expressed in Nicotiana benthamiana leaves (Figure 2). Under confocal microscope, the GFP fluorescence of the control vector was distributed in the nucleus and the cell membrane, while the fluorescence signals of 35S::AcBBX5-GFP were detected in only the nucleus. The results indicate that AcBBX5 localizes in the nucleus, and may act as a transcription factor in the nucleus to participate in the transcriptional regulation of other gene expression.




Figure 2 | Subcellular localization of AcBBX5 in tobacco leaf cells. (A) Vectors for AcBBX5 subcellular localization analysis. (B) AcBBX5 was localized in tobacco leaf epidermal cells. 2300-GFP and 2300-AcBBX5-GFP plasmids were transformed into tobacco. The dark field, bright field and merge field were shown in the left, middle and right panels, respectively.



The detection of transcriptional activation and yeast toxicity provides a foundation for further exploring the mechanism of AcBBX5. The complete coding region of AcBBX5 was fused to the GAL4-binding domain in the pGBKT7 vector, and expressed in the yeast strain Y2H. The pGADT7-T and pGBKT7-53 vectors served as the positive control, while the empty pGBKT7 vector was negative control. As shown in Figure 3, the positive control strains and the yeast cells with the pGBKT7-AcBBX5 vectors grew extremely well on both SD/-Trp and SD/-Trp/-His/-Ade medium, and could turn blue on medium coated with X-α-gal, whereas those negative control strains were unable to grow on SD/-Trp/-His/-Ade medium, which confirms that AcBBX5 has no significant toxic effects on the yeast system and exhibited transcriptional activation activity in yeast.




Figure 3 | Transcriptional activation activity analysis of AcBBX5 in yeast. The empty vector pGBKT7 was transformed into yeast as the negative control; pGADT7-T and pGBKT7-53 were co-transformed into yeast was used as a positive control.





Overexpression of AcBBX5 significantly delays the flowering time in Arabidopsis

Previous studies have found that AcBBX5 had a high expression peak at 7 w after ethylene induction, which was the stage of floret development (Ouyang et al., 2022). To evaluate whether AcBBX5 is involved in flower formation, overexpressed Arabidopsis transgenic lines of AcBBX5 were constructed. Transgenic plants carrying pCAMBIA2300-GFP empty vector were used as negative control. Three highly expressed lines were selected from T3 homozygous positive transgenic lines (OE-3, OE-9 and OE-13) by PCR amplification and QRT-PCR to study their characteristics (Figure 4A). All three AcBBX5 transgenic lines flowered significantly later than control Arabidopsis, and rosette numbers were significantly higher than those of control. In the long day (16 h light/8 h dark) condition, the control plants with about 18 rosette leaves began to blossom about 18 days after transplanting. The overexpressed OE-3, OE-9 and OE-13 bloomed at about 58, 50 and 29 days after transplanting, and the number of rosette leaves was about 37, 25 and 23, respectively (Figure 4B). We also detected the transcript levels of AcBBX5 in T3 lines of OE-3, OE-9 and OE-13 Arabidopsis respectively, and found that expression levels of AcBBX5 in different transgenic lines were significantly increased. Interestingly, the flowering time was negatively associated with the expression of AcBBX5 in transgenic Arabidopsis plants (Figure 5). These results indicated that overexpression of AcBBX5 in Arabidopsis leaded to a serious delay in flowering time.




Figure 4 | Ectopic expression of AcBBX5 in Arabidopsis. (A) Phenotypes analysis of T3 transgenic Arabidopsis with AcBBX5. (B) Days to flowering and number of rosette leaves at flowering in transgenic plants (n=8). Asterisks indicate significant differences. (*P < 0.1, **P < 0.05, based on Student’s t-test).






Figure 5 | Expression analysis in transgenic Arabidopsis plants. RT-qPCR analysis of AcBBX5 and genes involved in flowering, including AtSEP3, AtSVP, AtCO, AtFLC, AtSOC1, AtFUL and AtFT, in transgenic Arabidopsis plants (n=3). Asterisks indicate significant differences. (*P < 0.1, **P < 0.05, based on Student’s t-test).



In order to better understand the molecular mechanism of AcBBX5 involved in flowering time regulation, the cDNAs of AcBBX5 transgenic Arabidopsis lines as template were used to analyze the genes involved in flower regulation in Arabidopsis by QRT-PCR (Figure 5). Seven genes involved in the determination of flowering time and flower development were searched from the Arabidopsis flowering database (http://www.phytosystems.ulg.ac.be/florid/). Compared with the control plants, the expression levels of FT, SUPPRESSOR OF OVEREXPRESSION OF CO1 (SOC1), FRUITFULL (FUL) and SEPALLATA3 (SEP3) genes promoting flower formation in Arabidopsis were inhibited in overexpressed lines, while the expression levels of FLOWERING LOCUS C (FLC) and SHORT VEGETATIVE PHASE (SVP) genes negatively regulating flower formation were significantly increased in transgenic Arabidopsis plants. These results further confirmed that AcBBX5 repressed flower formation in Arabidopsis by regulating the expression of other floral genes and this might suggest the possibility that AcBBX5 represses flowering in Pineapple.



Overexpression of AcBBX5 can enlarge the floral morphology of the transgenic Arabidopsis

In addition to delay flowering, florets were also larger in AcBBX5 transgenic lines compared to control lines at full flowering (Figure 6). To test whether AcBBX5 is involved in floral organ development, transcriptome data and QRT-PCR were used to analyze floral organs of pineapple, including sepal, ovary, stamen, petal and pistil. The results demonstrated that AcBBX5 was specifically expressed in the floral organ with higher expression levels in stamen and petals. The results showed that AcBBX5 was specifically expressed in floral organs, with higher expression levels in stamens and petals. The phenotypic characteristics of AcBBX5 were evaluated by comparing the sepal and petal sizes of AcBBX5 and control (35S-COL) flowers. Compared with the control plants, the width of petals and sepals in the transgenic plants was larger, suggesting that AcBBX5 was also involved in floral organ development.




Figure 6 | Phenotypes and expression characteristics of floral organs in transgenic Arabidopsis. (A) Transcriptome data. (B) RT-QPCR. Se, Sepal; Pe, Petal; St, Stamen; Ov, ovary; St, Style; Pu, Fruit; Rc, Root; and Wc, Leaf. (C–F) Phenotypes characteristics of floral organs. (G) Statistical analysis of floret height, floret width, petal length, petal width, sepal length and sepal width of AcBBX5 transgenic lines and control lines (n=3). Asterisks indicate significant differences. (*P < 0.1, **P < 0.05, based on Student’s t-test).





AcBBX5 regulates the expression of AcFT in pineapple

To further identify the genes directly regulated by AcBBX5 in pineapple flower formation, yeast one-hybrid assay was performed to determine whether AcBBX5 could bind to the promoter of AcFT. PB42AD-AcBBX5 and Placzi-proAcFT vectors were combined to transform yeast strain EGY48. PB42AD/Placzi- proAcFT and Placzi/PB42AD-AcBBX5 were used as negative control. The transformed yeast showed blue color in SD/Trp-Ura- medium containing X-Gal, but the negative control did not. This result indicated that AcBBX5 could bind to the promoter of AcFT (Figure 7A). In addition, the reporter (pGreenII0800-LUC-proAcFT) and effector plasmid (35S:AcBBX5) were constructed and a dual luciferase (LUC) assay was performed in N. benthamiana leaf cells to examine whether AcBBX5 could activate the AcFT promoter. As expected, in the LUC reporter assays, the fluorescence signal was significantly attenuated in sites infected by AcBBX5 and AcFT promoters compared with the negative control, and the activity of the promoter expressed by the LUC/REN ratio was significantly reduced relative to the control (Figure 7B). In conclusion, AcBBX5 can bind to the AcFT promoter and inhibit its expression, thereby inhibiting the flower formation of pineapple.




Figure 7 | AcBBX5 binds to AcFT promoter and negatively regulates its expression. (A) Yeast one-hybrid assay to test whether AcBBX5 could directly bind to the promoters of AcFT (B) Schematic diagram of effector and reporter structures used for dual luciferase assay. LUC, firefly luciferase. REN, Renilla luciferase. P35S and T35S, the promoter and terminator of CaMV35S, respectively. (C) The comparison of luciferase activity (n=3). Asterisks indicate significant differences. (*P < 0.1, **P < 0.05, based on Student’s t-test). (D) Representative bioluminescence image of AcBBX5 activation on the AcFT promoter in tobacco leaves.






Discussion

The BBX gene family is widely involved in plant growth and development and response to the environment. AcBBX5 is a member of the pineapple AcBBX family (Ouyang et al., 2022). Here, conserved domain analysis confirmed that AcBBX5 and other orthologous proteins contain two conserved B-box domains at the N-terminus (Figure 1A). Motif analysis identified two conserved B-box domains containing a different conserved motif (Figure 1B). Based on the difference in amino acid sequence identity of the b-box motif and the specificity of zinc binding amino acid residues, it is divided into two types: B-box 1 and B-box 2 (Crocco and Botto, 2013). Plant B-box domains can form heterodimers within the BBX protein family or with other proteins, and play an important role in mediating protein interactions and regulating the gene expression (Gangappa et al., 2013). For example, PpBBX18 in pear forms a heterodimer with PpHY5 via two b-box domains, thereby inducing PpMYB10 transcription and regulating anthocyanin biosynthesis (Bai et al., 2019). Subcellular localization analysis showed that AcBBX5 protein was located in the nucleus of epidermal cells of Nicotiana benthamiana leaves (Figure 2) and had transcriptional activation activity in yeast (Figure 3), suggesting that AcBBX5 gene has general characteristics of transcription factor and may be involved in the transcription level of other genes. However, Figure S1 shows that the sequence length of AcBBX5 was significantly shorter than the others. In addition, except for AcBBX5, which has only 3 conserved motifs, other homologous proteins have at least 6 conserved motifs (Figure 1A). These imply that the function of AcBBX5 may be different from that of homologous genes in other species.

BBX genes are involved in the determination of flowering time (Putterill et al., 1995; Yano et al., 2000). AtBBX24, CmBBX8 and HvCO1 are the BBX genes that have been shown to promote flower formation. AtBBX24 overexpression not only reduces the expression level of FLC, but also activates FT and SOC1 expression, which leads to early flowering in Arabidopsis under long- and short-day conditions (Li et al., 2014). In summer chrysanthemum, overexpression of CmBBX8 accelerated flowering under long- and short-day conditions. CmFTL1 can act as floral inducer in long day conditions, and CmBBX8 promotes flowering through binding with CORE element (CCACA) of the CmFTL1 promoter (Wang et al., 2020). In barley, HvCO1 overexpression up-regulated HvFT1, which may promote flowering by activating HvFT1. But it has no promoting effect on Arabidopsis thaliana (Armstead et al., 2005). In this study, overexpression of AcBBX5 gene in Arabidopsis delayed flowering time (Figure 4). BBX has also been reported to inhibit floral formation in other species. In rice, OsBBX14 delays heading date via different ways under long and short-day conditions. OsBBX14 delays heading date by promoting the expression of Hd1 under long day conditions. However, under short day conditions, it acts as a repressor of Ehd1 to delay heading date (Bai et al., 2016). CmBBX24 may inhibit flowering in Chrysanthemum Morifolium by negatively regulating the expression of GA biosynthetic genes (GA20ox and GA3ox) and photoperiodic flowering pathway genes (GI, PRR5, CO, FT and SOC1) (Yang et al., 2014). OsBBX14 and CmBBX24, which inhibit flower-forming genes, cluster on the same branch of the evolutionary tree with AcBBX5 (Figure 1D), suggesting that genes of the same classification or more closely related genes may have similar functions.

Molecular studies on flowering have focused on FT, FLC, CO and SOC1 genes. In addition to AtBBX24 (Li et al., 2014), which has been shown to regulate FLC, FT and SOC1, AtBBX7/AtCOL9 has been reported to inhibit CO and FT expression and delay floral transition in Arabidopsis (Cheng and Wang, 2005). The heterodimerization between BBX28 and CO affects the activation of FT transcription by CO, which negatively regulates Arabidopsis flower formation (Liu et al., 2020). In this study, the relative expression levels of positive regulators of flower formation (FT, SEP3, SOC1 and FUL) were inhibited in Arabidopsis transgenic lines, while negative regulators of flower formation (FLC and SVP) were higher than control lines (Figure 5). This further confirmed that AcBBX5 overexpression inhibited flowering in Arabidopsis. However, the relative expression of CO in the Arabidopsis transgenic lines was almost no different from that in the control, indicating that AcBBX5 does not negatively regulate flower formation by inhibiting CO expression.

Yeast one-hybrid and dual luciferase assay results found that AcBBX5 is transcriptional activator (Figure 3), but it can bind to the promoter of FT gene and inhibit its expression (Figure 7). Similarly, previous studies on transcription factors in other species have also confirmed that transcription factors with transcriptional activation activity can also act as repressors under certain conditions. In grape hyacinth, MaBBX51 interfered with the binding of MaHY5 to the promoters of MaMybA and MaDFR, thereby inhibiting anthocyanin biosynthesis (Zhang et al., 2022). VvMYB30 in grapevine competes with activator VvMYB14 to bind to common binding sites in VvSTS15/21 promoter, controls stilbene biosynthesis in grapevine (Mu et al., 2022). In grape, VvMYB30 competed with the activator VvMYB14 to bind to characteristic binding sites in the VvSTS15/21 promoter to effect stilbene biosynthesis (Mu et al., 2022). In Arabidopsis, AtBBX24 inhibited anthocyanin accumulation by interfering with the binding of HY5 to the promoter of related genes in anthocyanin biosynthesis (Job et al., 2018). AtBBX19 negatively regulated flowering time by interfering with CO binding to FT through physical interaction with CO proteins (Wang et al., 2014). In view of this, BBX5 may act as a weak activator, which binds to the FT promoter of the target gene and occupies a limited binding site to block the binding of some strong activators, thus inhibiting the expression of FT gene. This speculation still needs further systematic experimental verification.

A trait is regulated by multiple genes, and a gene may be involved in the regulation of multiple traits. Here, AcBBX5 may not only regulate the flower formation of pineapple (Figure 4), but also promote the growth and development of floral organs (Figure 6). BBX gene is one of the many genes involved in flower organ growth and development. However, there are few studies on the BBX gene in flower organs. In rose, RhBBX28 is a key player in regulating petal senescence, and overexpression of RhBBX28 produces smaller flowers than WT (Zhang et al., 2021b). In the present study, AcBBX5 overexpression also showed differences in flower size in Arabidopsis. But in contrast to RhBBX28, overexpression of AcBBX5 produced larger flowers than the control (Figure 6). Transcriptome and quantitative data showed that AcBBX5 was highly expressed in petals, suggesting that AcBBX5 may play a role in petal development. Further studies and sufficient experimental evidence are needed to prove the specific regulatory mechanism.



Conclusions

In this study, AcBBX5, a member of the BBX family, is identified as a negative regulator of floral formation in Arabidopsis and may be involved in floral organ development. Subcellular localization and transcriptional activation analysis showed that AcBBX5 was located in the nucleus and had transcriptional activation potential. The relative expressions of FT, SOC1, FUL and SEP3 were decreased, and FLC and SVP were increased in AcBBX5-overexpressing Arabidopsis. In addition, AcBBX5 was expressed in different floral organs of pineapple, but highly expressed in stamens, ovary and petals. Yeast one-hybrid and a dual luciferase assay results confirmed that AcBBX5 bound to AcFT promoter in pineapple and inhibited the expression of AcFT gene. These data will enrich the known regulatory network of BBX in different plants and provide information on the regulation of flowering and floral organ development in pineapple.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Author contributions

YO and HZ wrote the manuscript and completed the experiments. XZ and HZ designed the experiment and contributed to data. YH took charge the experimental materials treatment and collection. YW investigated the data analyze of the study. YO and CW carried out RNA extraction and QRTPCR verification. XZ and ZL constructed the vectors and completed the transgenic experiments. HZ and XZ conceived the study. All authors contributed to the article and approved the submitted version.



Funding

The project was funded by the National Natural Science Fund of China (31872079 and 32160687), the National Key R&D Program of China (2019YFD1001105 and 2018YFD1000504), the Natural Science Foundation of Hainan Province (321RC467 and 322MS013), the major science and technology project of Hainan Province (ZDKJ2021014), and the Scientific Research Start-up Fund Project of Hainan University (KYQD-ZR-20090).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.1060276/full#supplementary-material

Supplementary Figure 1 | Protein alignment of AcBBX5 and its homologs from other species.



References

 Albani, M. C., and Coupland, G. (2010). Comparative analysis of flowering in annual and perennial plants. Curr. Top. Dev. Biol. 91, 323–348. doi: 10.1016/S0070-2153(10)91011-9

 Almada, R., Cabrera, N., Casaretto, J. A., Ruiz-Lara, S., and González Villanueva, E. (2009). VvCO and VvCOL1, two CONSTANS homologous genes, are regulated during flower induction and dormancy in grapevine buds. Plant Cell Rep. 28, 1193–1203. doi: 10.1007/s00299-009-0720-4

 An, J., Wang, X., Zhang, X., Bi, S., You, C., and Hao, Y. (2019). MdBBX 22 regulates UVB-induced anthocyanin biosynthesis through regulating the function of MdHY 5 and is targeted by MdBT2 for 26S proteasome-mediated degradation. Plant Biotechnol. J. 17, 2231–2233. doi: 10.1111/pbi.13196

 An, J., Wang, X., Zhang, X., You, C., and Hao, Y. (2020). Apple b-box protein BBX37 regulates jasmonic acid-mediated cold tolerance through the JAZ-BBX37-ICE1-CBF pathway and undergoes MIEL1-mediated ubiquitination and degradation. New Phytol. 229, 2707–2729. doi: 10.1111/nph.17050

 Armstead, I. P., Skøt, L., Turner, L. B., Skøt, K., Donnison, I. S., Humphreys, M. O., et al. (2005). Identification of perennial ryegrass (Lolium perenne (L.) and meadow fescue (Festuca pratensis (Huds.)) candidate orthologous sequences to the rice Hd1(Se1) and barley HvCO1 CONSTANS-like genes through comparative mapping and microsynteny. New Phytol. 167, 239–247. doi: 10.1111/j.1469-8137.2005.01392.x

 Bailey, T., Boden, M., Buske, F. A., Frith, M., Grant, C. E., Clementi, L., et al. (2009). MEME SUITE: tools for motif discovery and searching. Nucleic Acids Res. 37, W202–W208. doi: 10.1093/nar/gkp335

 Bai, S., Tao, R., Yin, L., Ni, J., Yang, Q., Yan, X., et al. (2019). Two b-box proteins, PpBBX18 and PpBBX21, antagonistically regulate anthocyanin biosynthesis via competitive association with pyrus pyrifolia ELONGATED HYPOCOTYL 5 in the peel of pear fruit. Plant J. 100, 1208–1223. doi: 10.1111/tpj.14510

 Bai, B., Zhao, J., Li, Y., Zhang, F., Zhou, J., Chen, F., et al. (2016). OsBBX14 delays heading date by repressing florigen gene expression under long and short-day conditions in rice. Plant Sci. 247, 25–34. doi: 10.1016/j.plantsci.2016.02.017

 Cheng, X., and Wang, Z. (2005). Overexpression of COL9, a CONSTANS-LIKE gene, delays flowering by reducing expression of CO and FT in arabidopsis thaliana. Plant J. 43, 758–768. doi: 10.1111/j.1365-313X.2005.02491.x

 Cheng, J., Zhou, Y., Lv, T., Xie, C., and Tian, C. (2017). Research progress on the autonomous flowering time pathway in arabidopsis. Physiol. Mol. Biol. Plants. 23, 477–485. doi: 10.1007/s12298-017-0458-3

 Chia, T. Y., Müller, A., Jung, C., and Mutasa-Göttgens, E. S. (2008). Sugar beet contains a large CONSTANS-LIKE gene family including a CO homologue that is independent of the early-bolting (B) gene locus. J. Exp. Bot. 59, 2735–2748. doi: 10.1093/jxb/ern129

 Clough, S. J., and Bent, A. F. (1998). Floral dip: a simplified method for agrobacterium-mediated transformation of arabidopsis thaliana. Plant J. 16, 735–743. doi: 10.1046/j.1365-313x

 Crocco, C. D., and Botto, J. F. (2013). BBX proteins in green plants: insights into their evolution, structure, feature and functional diversification. Gene 531, 44–52. doi: 10.1016/j.gene.2013.08.037

 Gangappa, S. N., Crocco, C. D., Johansson, H., Datta, S., Hettiarachchi, C., Holm, M., et al. (2013). The arabidopsis b-BOX protein BBX25 interacts with HY5, negatively regulating BBX22 expression to suppress seedling photomorphogenesis. Plant Cell 25, 1243–1257. doi: 10.1105/tpc.113.109751

 Hall, B. G. (2013). Building phylogenetic trees from molecular data with MEGA. Mol. Biol. Evol. 30, 1229–1235. doi: 10.1093/molbev/mst012

 Hassidim, M., Harir, Y., Yakir, E., Kron, I., and Green, R. M. (2009). Over-expression of CONSTANS-LIKE 5 can induce flowering in short-day grown arabidopsis. Planta 230, 481–491. doi: 10.1007/s00425-009-0958-7

 Hayama, R., Yokoi, S., Tamaki, S., Yano, M., and Shimamoto, K. (2003). Adaptation of photoperiodic control pathways produces short-day flowering in rice. Nature 422, 719–722. doi: 10.1038/nature01549

 He, Y. (2012). Chromatin regulation of flowering. Trends Plant Sci. 17, 556–562. doi: 10.1016/j.tplants.2012.05.001

 Job, N., Yadukrishnan, P., Bursch, K., Datta, S., and Johansson, H. (2018). Two b-box proteins regulate photomorphogenesis by oppositely modulating HY5 through their diverse c-terminal domains. Plant Physiol. 176, 2963–2976. doi: 10.1104/pp.17.00856

 Khan, M. R., Ai, X. Y., and Zhang, J. Z. (2014). Genetic regulation of flowering time in annual and perennial plants. Wiley Interdiscip Rev. RNA. 5, 347–359. doi: 10.1002/wrna.1215

 Kojima, S., Takahashi, Y., Kobayashi, Y., Monna, L., Sasaki, T., Araki, T., et al. (2002). Hd3a, a rice ortholog of the arabidopsis FT gene, promotes transition to flowering downstream of Hd1 under short-day conditions. Plant Cell Physiol. 43, 1096–1105. doi: 10.1093/pcp/pcf156

 Lee, Y. S., Jeong, D. H., Lee, D. Y., Yi, J., Ryu, C. H., Kim, S. L., et al. (2010). OsCOL4 is a constitutive flowering repressor upstream of Ehd1 and downstream of OsphyB. Plant J. 63, 18–30. doi: 10.1111/j.1365-313X.2010.04226.x

 Liljegren, S. J., Gustafson-Brown, C., Pinyopich, A., Ditta, G. S., and Yanofsky, M. F. (1999). Interactions among APETALA1, LEAFY, and TERMINAL FLOWER1 specify meristem fate. Plant Cell 11, 1007–1018. doi: 10.1105/tpc.11.6.1007

 Li, C., Pei, J., Yan, X., Cui, X., Tsuruta, M., Yi., L., et al. (2021). A poplar b-box protein PtrBBX23 modulates the accumulation of anthocyanins and proanthocyanidins in response to high light. Plant Cell Environ. 44, 3015–3033. doi: 10.1111/pce.14127

 Li, F., Sun, J., Wang, D., Bai, S., Clarkeand, A. K., and Holm, M. (2014). The b-box family gene STO (BBX24) in arabidopsis thaliana regulates flowering time in different pathways. PloS One 9, e87544. doi: 10.1371/journal.pone.0087544

 Liu, H., Gu, F., Dong, S., Liu, W., Wang, H., Chen, Z., et al. (2016). CONSTANS-like 9 (COL9) delays the flowering time in oryza sativa by repressing the Ehd1 pathway. Biochem. Biophys. Res. Commun. 479, 173–178. doi: 10.1016/j.bbrc.2016.09.013

 Liu, Y., Lin, G., Yin, C., and Fang, Y. (2020). B-box transcription factor 28 regulates flowering by interacting with constans. Sci. Rep. 10, 17789. doi: 10.1038/s41598-020-74445-7

 Li, Y., Wu, Q., Huang, X., Liu, S., Zhang, H., Zhang, Z., et al. (2016). Molecular cloning and characterization of four genes encoding ethylene receptors associated with pineapple (Ananas comosus l.) flowering. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.00710

 Luccioni, L., Krzymuski, M., Sánchez-Lamas, M., Karayekov, E., Cerdán, P. D., and Casal, J. J. (2019). ). CONSTANS delays arabidopsis flowering under short days. Plant J. 97, 923–932. doi: 10.1111/tpj.14171

 Min, X. J., and Bartholomew, D. P. (1997). Temperature affects ethylene metabolism and fruit initiation and size of pineapple. Acta Hortic. 425, 329–338. doi: 10.17660/actahortic.1997.425.36

 Mu, H., Li, Y., Yuan, L., Jiang, J., Wei, Y., Duan, W., et al. (2022). MYB30 and MYB14 form a repressor-activator module with WRKY8 that controls stilbene biosynthesis in grapevine. Plant Cell, koac308. doi: 10.1093/plcell/koac308

 Ouyang, Y., Pan, X., Wei, Y., Wang, J., Xu, X., He, Y., et al. (2022). Genome-wide identification and characterization of the BBX gene family in pineapple reveals that candidate genes are involved in floral induction and flowering. Genomics 114, 110397. doi: 10.1016/j.ygeno.2022.110397

 Plunkett, B. J., Henry-Kirk, B., Friend, A., Diack, R., Helbig, S., Mouhu, K., et al. (2019). Apple b-box factors regulate light-responsive anthocyanin biosynthesis genes. Sci. Rep. 9, 17762. doi: 10.1038/s41598-019-54166-2

 Putterill, J., Robson, F., Lee, K., Simon, R., and Coupland, G. (1995). The CONSTANS gene of arabidopsis promotes flowering and encodes a protein showing similarities to zinc finger transcription factors. Cell 80, 847–857. doi: 10.1016/0092-8674(95)90288-0

 Rao, X., Huang, X., Zhou, Z., and Lin, X. (2013). An improvement of the 2– ΔΔCT method for quantitative real-time polymerase chain reaction data analysis. Biostat Bioinforma Biomath. 3, 71–85. doi: 10.1089/cmb.2012.0279

 Roux, F., Touzet, P., Cuguen, J., and Le Corre, V. (2006). How to be early flowering: an evolutionary perspective. Trends Plant Sci. 11, 375–381. doi: 10.1016/j.tplants.2006.06.006

 Tripathi, P., Carvallo, M., Hamilton, E. E., Preuss, S., and Kay, S. A. (2017). Arabidopsis b-BOX32 interacts with CONSTANS-LIKE3 to regulate flowering. Proc. Natl. Acad. Sci. U S A. 114, 172–177. doi: 10.1073/pnas.1616459114

 Turnbull, C. G., Sinclair, E. R., Anderson, K. L., Nissen, R. J., Shorter, A. J., and Lanham, T. E. (1999). Routes of ethephon uptake in pineapple (Ananas comosus) and reasons for failure of flower induction. J. Plant Growth Regul. 18, 145–152. doi: 10.1007/pl00007062

 Wang, C. Q., Guthrie, C., Sarmast, M. K., and Dehesh, K. (2014). ). BBX19 interacts with CONSTANS to repress FLOWERING LOCUS T transcription, defining a flowering time checkpoint in arabidopsis. Plant Cell 26, 3589–3602. doi: 10.1105/tpc.114.130252

 Wang, Y., He, X., Yu, H., Mo, X., Fan, Y., Fan, Z., et al. (2021). Overexpression of four MiTFL1 genes from mango delays the flowering time in transgenic arabidopsis. BMC Plant Biol. 21, 407. doi: 10.1186/s12870-021-03199-9

 Wang, J., Ouyang, Y., Wei, Y., Kou, J., Zhang, X., and Zhang, H. (2022). Identification and characterization of trihelix transcription factors and expression changes during flower development in pineapple. Horticulturae 8, 894. doi: 10.3390/horticulturae8100894

 Wang, L., Sun, J., Ren, L., Zhou, M., Han, X., Ding, L., et al. (2020). CmBBX8 accelerates flowering by targeting CmFTL1 directly in summer chrysanthemum. Plant Biotechnol. J. 18, 1562–1572. doi: 10.1111/pbi.13322

 Wei, C., Chien, C., Ai, L., Zhao, J., Zhang, Z., Li, K. H., et al. (2016). The arabidopsis b-BOX protein BZS1/BBX20 interacts with HY5 and mediates strigolactone regulation of photomorphogenesis. J. Genet. Genomics 43, 555–563. doi: 10.1016/j.jgg.2016.05.007

 Xu, H., Yu, Q., Shi, Y., Hua, X., Tang, H., Yang, L., et al. (2018). PGD: Pineapple genomics database. Hortic. Res. 5, 66. doi: 10.1038/s41438-018-0078-2

 Yang, Y., Ma, C., Xu, Y., Wei, Q., Imtiaz, M., Lan, H., et al. (2014). A zinc finger protein regulates flowering time and abiotic stress tolerance in chrysanthemum by modulating gibberellin biosynthesis. Plant Cell 26, 2038–2054. doi: 10.1105/tpc.114.124867

 Yano, M., Katayose, Y., Ashikari, M., Yamanouchi, U., Monna, L., Fuse, T., et al. (2000). Hd1, a major photoperiod sensitivity quantitative trait locus in rice, is closely related to the arabidopsis flowering time gene CONSTANS. Plant Cell 12, 2473–2484. doi: 10.1105/tpc.12.12.2473

 Zhang, H., Pan, X., Liu, S., Lin, W., Li, Y., and Zhang, X. (2021a). Genome-wide analysis of AP2/ERF transcription factors in pineapple reveals functional divergence during flowering induction mediated by ethylene and floral organ development. Genomics 113, 474–489. doi: 10.1016/j.ygeno.2020.10.040

 Zhang, H., Wang, J., Tian, S., Hao, W., and Du, L. (2022). Two b-box proteins, MaBBX20 and MaBBX51, coordinate light-induced anthocyanin biosynthesis in grape hyacinth. Int. J. Mol. Sci. 23, 5678. doi: 10.3390/ijms23105678

 Zhang, Y., Wu, Z., Feng, M., Chen, J., Qin, M., Wang, W., et al. (2021b). The circadian-controlled PIF8-BBX28 module regulates petal senescence in rose flowers by governing mitochondrial ROS homeostasis at night. Plant Cell 33, 2716–2735. doi: 10.1093/plcell/koab152



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Ouyang, Zhang, Wei, He, Zhang, Li, Wang and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 02 February 2023

doi: 10.3389/fpls.2022.1083374

[image: image2]



Genetic analysis of grapevine root system architecture and loci associated gene networks



Dilmini Alahakoon and Anne Fennell *



Agronomy, Horticulture, and Plant Science Department, South Dakota State University, Brookings, SD, United States



   Edited by: 
 Jianfu Jiang, Zhengzhou Fruit Research Institute, Chinese Academy of Agricultural Sciences, China 

 Reviewed by: 
 Antonio Lupini, Mediterranea University of Reggio Calabria, Italy
 Olfa Zarrouk, Smart Farm CoLab (SFCOLAB), Portugal
 Lei Sun, Beijing Academy of Agricultural and Forestry Sciences, China 

*Correspondence: 
 Anne Fennell
 anne.fennell@sdstate.edu 

Specialty section: 
 This article was submitted to Functional and Applied Plant Genomics, a section of the journal Frontiers in Plant Science 

 Received: 28 October 2022

Accepted: 29 December 2022

Published: 02 February 2023

Citation:
Alahakoon D and Fennell A (2023) Genetic analysis of grapevine root system architecture and loci associated gene networks . Front. Plant Sci. 13:1083374. doi: 10.3389/fpls.2022.1083374

  Own-rooted grapevines and grapevine rootstocks are vegetatively propagated from cuttings and have an adventitious root system. Unraveling the genetic underpinnings of the adventitious root system architecture (RSA) is important for improving own-rooted and grafted grapevine sustainability for a changing climate. Grapevine RSA genetic analysis was conducted in an Vitis sp. ‘VRS-F2’ population. Nine root morphology, three total root system morphology, and two biomass traits that contribute to root anchorage and water and nutrient uptake were phenotyped. Quantitative trait loci (QTL) analysis was performed using a high density integrated GBS and rhAmpSeq genetic map. Thirty-one QTL were detected for eleven of the RSA traits (surface area, root volume, total root length, fresh weight, number of tips, forks or links, longest root and average root diameter, link length, and link surface area) revealing many small effects. Several QTL were colocated on chromosomes 1, 9, 13, 18, and 19. QTL with identical peak positions on chromosomes 1 or 13 were enriched for AP2-EREBP, AS2, C2C2-CO, HMG, and MYB transcription factors, and QTL on chromosomes 9 or 13 were enriched for the ALFIN-LIKE transcription factor and regulation of autophagy pathways. QTL modeling for individual root traits identified eight models explaining 13.2 to 31.8% of the phenotypic variation. ‘Seyval blanc’ was the grandparent contributing to the allele models that included a greater surface area, total root length, and branching (number of forks and links) traits promoting a greater root density. In contrast, V. riparia ‘Manitoba 37’ contributed the allele for greater average branch length (link length) and diameter, promoting a less dense elongated root system with thicker roots. LATERAL ORGAN BOUNDARY DOMAIN (LBD or AS2/LOB) and the PROTODERMAL FACTOR (PFD2 and ANL2) were identified as important candidate genes in the enriched pathways underlying the hotspots for grapevine adventitious RSA. The combined QTL hotspot and trait modeling identified transcription factors, cell cycle and circadian rhythm genes with a known role in root cell and epidermal layer differentiation, lateral root development and cortex thickness. These genes are candidates for tailoring grapevine root system texture, density and length in breeding programs.



 Keywords: LATERAL ORGAN BOUNDARY DOMAIN, protodermal factor, circadian rhythm, autophagy, grapevine, adventitious roots 

  1. Introduction.

Grapevine (Vitis sp.) is one of the most economically important fruit crops cultivated in the USA and the world (Nass, 2019). The increased temperature, water, and pest stresses associated with climate change frequently exceeds practical viticulture solutions. Therefore, to maintain an ecologically sound production system, development of cultivars with improved biotic and abiotic stress tolerance, water use, fruit quality, yield, and manageability is necessary (Limera et al., 2017). Grapevines are vegetatively propagated and either grown own-rooted or grafted to a rootstock. Adventitious roots provide anchoring and mechanical support, absorb water and nutrients from the soil, store carbohydrates, and exposure to beneficial soil microorganisms (Bellini et al., 2014). They serve as the only interface to sense and respond to changing soil environments, enabling plants to overcome abiotic stress challenges. The grape phylloxera epidemic of the late 1800s in Europe spurred the development of phylloxera resistant rootstocks and hybrid own-rooted grapevines. A large portion of the resulting rootstock cultivars are closely related and selected for phylloxera resistance and graft compatibility rather than stress tolerance and there has been limited genetic analysis of grapevine root systems (Walker et al., 2014; Ollat et al., 2016; Dalbó and Souza, 2019; Riaz et al., 2019). In contrast, genetic analysis of grapevine scion cultivars for improved fruit quality, abiotic and biotic resistance, cold tolerance, seedlessness, and other enological and phenological traits have proceeded rapidly (Correa et al., 2014; Delrot et al., 2020; Gautier et al., 2020; Zinelabidine et al., 2021; Vezzulli et al., 2022). The need for improved stress tolerance and pest resistance in changing climatic conditions highlights the need for a greater understanding the genetic basis of root system architecture (RSA) to continue development of improved own-rooted cultivars and rootstocks (Serra et al., 2014; Hugalde et al., 2021b).

The RSA is the spatial distribution of roots and reflects the shape, three-dimensional distribution, and branching pattern of post-embryonically generated roots or adventitious roots (Lynch, 1995; Satbhai et al., 2015). Root architecture can be described by morphology, topology, geometry, and growth dynamics (Lynch, 1995). Morphology refers to root shape, diameter, length, and orientation. The topology is the connection of roots through branching such as primary or secondary order roots. The positional gradient of roots or root biomass/length and their soil depth contribute to root geometry. Root growth rate and lateral emergence rate are examples of root dynamics. Roots have a seasonal growth pattern that optimizes nutrient and water uptake and anchorage. The main environmental factor that impacts root system growth and development is the heterogeneity of the soil properties such as bulk density, texture, water availability, and nutrient content (Smart et al., 2006; Comas et al., 2013; Serra et al., 2014; Yildirim et al., 2018). RSA shows considerable variation among species, genotypes within a species, and cultivars (Lynch, 1995). Root trait mapping studies for the annual crops rice (Uga et al., 2013), soybean (Valliyodan et al., 2017), barley (Robinson et al., 2018), and wheat (Zhang et al., 2019) have identified colocated quantitative trait loci (QTL) for root branching, morphology, biomass, and yield. In the deciduous tree Populus, adventitious root QTL are colocated with related shoot traits indicating the importance of the root system on shoot development (Han et al., 1994; Sun et al., 2019). Scion transpiration rate and acclimation to water deficit are controlled by rootstock genetics (Marguerit et al., 2012). An interspecific V. vinifera L. × V. riparia Michx. rootstock population study indicates that scion transpiration is controlled by a small number of loci each responsible for<10% of the phenotypic variance and suggests that hormonal (abscisic acid) and hydraulic (aquaporins) signaling genes play a role in the rootstock genotype response to water deficit (Marguerit et al., 2012). Studies of V. riparia × V. labrusca and ‘Riparia Glorie’ drought sensitive rootstocks have shallower root distribution than the drought-tolerant rootstocks ‘110R’ (Vitis berlandieri × Vitis rupestris) and ‘Ramsey’ (Vitis champinii) (Fort et al., 2017). The interspecific rootstocks V. riparia × V. rupestris Scheele. and V. vinifera × V. berlandieri Planch. had different capacity to withstand water and sodium chloride stress indicating that genotype variation contributes to root physiological and functional differences in response to the environment (Meggio et al., 2014). Petiolar nutrient concentration is influenced by rootstock and V. riparia contributes to lower petiolar magnesium and phosphorus and higher sulphur concentration in the scions in comparison to rootstocks with V. rupestris or V. berlandieri (Gautier et al., 2020).

The adventitious root system and rootstocks contribute to the sustainability of the grapevine; however, most reported root traits are controlled by multiple genes, each governing small effects and often changing with environmental conditions (De Dorlodot et al, 2007; Cooper et al., 2009). Marker assisted selection for efficient grapevine root systems has been limited due to lack of rapid and accurate phenotyping methods for roots and linkage of root phenotype to crop productivity (Lynch, 1995). The degree of diversity and associated variation in root traits, their complex genetic control, and the strong environmental effect on morphological traits inhibits traditional genetic studies in grapevine root systems (De Dorlodot et al, 2007). These difficulties result in a gap in our understanding of the genetic control of RSA and contribute to the lack of markers needed to assist in selection for improved root systems in own-rooted or rootstock cultivars. Therefore, this study was undertaken to explore the genetic architecture of root morphology in an interspecific F2 grapevine population and identify loci and candidate gene influencing adventitious root system morphology.


 2. Materials and methods.

 2.1. Plant material and growing conditions.

The VRS-F2 diploid population was produced by selfing a single F1 (V. sp. ‘16_9_2’) developed from a cross between V. riparia Michx. (seed parent, ‘Manitoba 37’, PI#588289) and V. sp. ‘Seyval blanc’ (pollen parent, VIVC#11558) (Fennell et al., 2005). Six-year-old potted VRS-F2 vines for this study were cycled annually through the greenhouse and cold storage in South Dakota State University, Brookings, SD (44.31°C N, 96.80°C W). The ecodormant vines were root pruned and repotted in soil, perlite, and peat growing medium (1:2:2 by volume), grown five months, induced into dormancy by natural short daylengths, and returned to cold storage after harvesting canes. Dormant replicate canes were collected from 266 F2 individuals, the population parent, and grandparents in early November and stored at 4°C as three-node cuttings (nodes 3-5 from the cane base) keeping genotype identity. For this study, chilling fulfilled canes were placed in a container with 10 cm water layer for three days to ensure uniform hydration. After three days of hydration, single node cuttings with swollen buds (six cm cane sections) were selected from the center of the 3-node cutting and placed randomly in a rooting box (60×45×15 cm (length x width x depth)) of perlite. Six replicate cuttings were used for each VRS-F2 genotype, 28 replicates for the F1 parent, and 18 replicates for each grandparent. Cuttings were placed randomly (maintaining identity) 7.5 cm apart within row and between row spacing. The root boxes were flooded and drained daily to maintain uniform moisture content. The rooting study was conducted in the greenhouse with >14-hour natural daylength at 26 ± 3°C and 80% relative humidity.


 2.2. Trait measurements.

After 35 days, plants were harvested and cleaned using tap water to remove all perlite particles. Samples were stored (in plastic bags with 1 ml of water) in a 4°C cooler until they were scanned. Genotypes and their RSA replicate-identity were maintained throughout the experiment. Each root system was scanned using Epson scanner (PERFECTION V700PHOTO, Seiko Epson Corporation, Tokyo, Japan). Each root system was scanned twice (two different faces on scanner) to get the mean traits. After scanning, the length of the longest root was measured with a ruler. All the roots were then cut off at the collar region. The root fresh weight (FW) was measured, and the roots were dried at 60°C for 48 hours and the dry weight (DW) measured. Finally, the diameter (CD) and length (CL) of the single node cane section were measured manually. Eleven traits related to RSA were measured using WinRhizo software Reg 2016a (Regent Instruments Inc, Quebec, Canada). The root and propagule traits were categorized into four groups (total root system characters, individual root characters, average root characters, and stem characters) based on their morphology ( Table 1 ). These root trait category names and trait name abbreviations are used throughout the results and discussion.

 Table 1 | Root system architecture trait abbreviations and measurement unit. 




 2.3. Statistical analysis.

For each trait, the mean, median, minimum, maximum, and standard error were calculated. The grandparent’s trait means were tested for significant differences using a t-test in R (R Core Team, 2019). Only VRS- F2 genotypes (239) with no missing replicates were used for analysis. The genotype mean trait values for 16 traits were explored for their correlation, major trait contribution by principal component (PCA), and genotype relationship to grandparents or parent by cluster analysis. The data were analyzed using different packages in R statistical software (R Core Team, 2019). Descriptive data analyses were performed using dplyr (Wickham et al., 2019) and psych (Revelle, 2018) packages. The Hmisc package (Harrell, 2019) was used to calculate significant trait Pearson correlation coefficients. Principal component analysis was conducted for 16 traits (including 14 RSA traits and 2 stem traits) to identify trait contribution to RSA using the factoextra package (Kassambara and Mundt, 2017). Unsupervised k-means clustering method was used to categorize the 239 VRS-F2 genotypes with zero missing trait values using cluster package (Maechler et al., 2019).


 2.4. Integrated VRS-F.2 map

An integrated VRS-F2 GBS-rhAmpSeq genetic map using 1449 GBS markers as described in Yang et al. (2016) and 1970 rhAmpSeq markers developed from a genus-wide core genome and described in Zou et al. (2020). Genotyping and SNP calling of GBS markers were performed as described in Yang et al. (2016). rhAmpSeq marker development including DNA processing and genome assembly, core-genome construction, genus-wide variant calling, marker design pipeline, rhAmpSeq sequencing and genotyping, and quality control were detailed in Zou et al. (2020). As described in Alahakoon et al. (2022) distorted GBS and rhAmpSeq markers were tested using a threshold 1 × 10-21 chi-square p-value. Linkage groups containing a total of 2519 markers across 19 chromosomes with LOD = 5 were established using JoinMap (version 5, Kyazma B. V., Wageningen, Netherlands) (Alahakoon et al., 2022). Quantitative mapping was carried out for each of the 14 root traits, using the VRS-F2 GBS-rhAmpSeq integrated genetic map and R/qtl software (Broman et al., 2003; Alahakoon et al., 2022). Normal distribution of RSA phenotypes was measured using Shapiro-Wilk test and those not normally distributed were transformed to achieve normality. QTL were determined using scanone function in R/qtl. A permutation test was performed to identify 5% genome-wide log10 likelihood ratio (LOD) threshold (1,000 permutations). Eight traits had multiple significant QTL and QTL modeling was performed for those eight traits. All significant QTL used to build an additive model (y~x  1 +⋯+x  n +∈, where  y  is the trait,  x  is the QTL,  n  is the number of significant QTL, and  ∈  is the error term). Modeling of multiple QTL for a given trait was conducted according to the R/qtl package and QTL contributing to the model were tested for significant interactions and no interactions were significant. The QTL peak position marker, LOD score, percent of variation explained by individual and modeled QTL were evaluated by analysis of variance. Using Bayesian method, 95% confidence intervals were calculated. Dominant allele and the contributing grandparent for each of the modeled trait were identified.


 2.5. Pathway analysis.

Pathway enrichment analysis of individual traits was conducted by extracting the genes in the Vitis vinifera ‘PN40024 12X.v2 genome using 700 Kb either side of peak position considering that candidate genes should be within 3-4 cM of peak position or 1.4 Mb total based on grape genome size (Cipriani et al., 2011; Hugalde et al., 2021a). This 1.4 Mb region was used to identify enriched VitisNet pathways and candidate genes (Cipriani et al., 2011; Grimplet et al., 2012). The pathways were analyzed using the VitisNet functional annotation of the Vitis vinifera ‘PN40024 12X.v2’ genome and Fisher’s test (p-value< 0.05 for enrichment (Grimplet et al., 2012; Osier, 2016). VitisNet pathway enrichment analysis was also conducted for QTL that had three or more traits with the same peak position to identify RSA candidate genes.



 3. Results.

 3.1. RSA phenotypic variation among grandparents, the parent and F.2 population

Grapevine adventitious roots that developed under well-watered conditions were analyzed for 239 VRS-F2 genotypes. The RSA phenotypic variation for the grandparents and the parent of the VRS-F2 population is shown in  Figure 1 . Significant differences between means of the grandparents were detected for all measured RSA traits except RV, FW, LR, and ALBA ( Table 2 ). SA, TRL, DW, NT, NF, and NL values were greater for ‘Seyval blanc’ than for V. riparia ‘Manitoba 37’ and AD, ALL, ALSA, and ALD were greater for V. riparia than for ‘Seyval blanc’. The values for the VRS-F2 population showed wide variation for all traits with values ranging from less to greater than the means of the parent and grandparents ( Table 2 ). Original trait distributions showed deviation from the normality ( Supplementary Figure 1 ). Traits were normalized and a Shapiro-Wilk normality test p-values revealed that eleven traits were successfully transformed with p-value > 0.05.

 

Figure 1 | Representative adventitious root systems for the grandparents and parent of the VRS-F2 population. V. riparia ‘Manitoba 37’ (left) and ‘Seyval blanc’ (middle), and the VRS-F2 population parent 16-9-2 (F1) (right). 



 Table 2 | Descriptive RSA trait statistics for V. riparia ‘Manitoba 37’ and ‘Seyval blanc’ (grandparents), F1 (parent), and the F2 population. 




 3.2. Trait correlations.

The total root system traits and individual root characteristics traits showed significant (p-value<0.05) and strong positive correlations ( Table 3 ). Average root characteristic traits did not display a strong correlation with total root system traits or individual root characteristics traits. The AD and total root system characteristics and individual root characteristics traits that would contribute to root length and number had a negative correlation. AD had a positive relationship with the other average traits (ALL, ALSA, and ALD). The cane propagule section diameter and length (CD and CL) did not show a strong correlation with any RSA traits.

 Table 3 | Pearson correlation coefficients for RSA traits in VRS-F2.. 




 3.3. Morphological traits explain major part of the RSA.

The principal component analysis was performed for all RSA traits measured to identify the trait contribution to RSA. The first principal component (Dim1), and second (Dim2), and third (Dim3) explained 45.9%, 18.8%, and 10.3% of the root system variation, respectively. The first dimension was predominately explained by total root system characteristics and individual root characteristics traits. Average root characteristics traits contributed to the second dimension. ALBA mainly characterized the third dimension. Traits that contributed to first and second dimensions clustered separately in the PCA biplot ( Figure 2 ).

 

Figure 2 | Root system architecture trait principal component biplot. The first (Dim1) and second (Dim2) principal component dimensions are in x and y-axis respectively. Red and orange ovals represent clusters formed. Vector color represents the percent contribution of each individual trait to the first and second principal components. 




 3.4. Genetic diversity in VRS-F.2 population

Cluster analysis of the 14 RSA traits and the 2 propagule traits classified 239 genotypes into three groups ( Figure 3 ). Cluster 1 comprised 55 genotypes plus the female grandparent, V. riparia ‘Manitoba 37’. A second cluster contained ‘Seyval blanc’ and 120 genotypes, while the third cluster included 66 genotypes plus the F1 parent.

 

Figure 3 | VRS-F2 population cluster plot for 14 root system traits and 2 propagule traits. Cluster plot was generated by using k-means clustering method and principal component analysis. VR indicates V. riparia ‘Manitoba 37’, Seyval indicates ‘Seyval blanc’ and F1 indicates the VRS-F2 population parent. Dots not circled represent VRS-F2 genotypes. 




 3.5. QTL detection and colocalization.

Thirty-one QTL were detected for 11 RSA traits on chromosomes 1, 2, 7, 9, 11, 12, 13, 17, 18, and 19 ( Table 4 ,  Figure 4 ). No QTL were observed for the DW biomass trait, ALBA, and ALD average morphology traits or the CD and CL propagule traits. Multiple QTL were closely located on chromosomes 1, 9, 13, 18, and 19. In chromosomes 1, 9, 13, and 19 there were five identical peak positions for three or more trait QTL on chromosome 1 (NF, NL, and TRL; 3.01 Mb), 9 (TRL, NT, NF, and NL; 0.89 Mb), 13 (SA, RV, and TRL; 0.24 Mb) and (NT, NF, and NL; 0.51 Mb), and 19 (SA, TRL, NT, and NL; 5.92 Mb) ( Table 4 ). The two separate peak positions for multiple traits on chromosome 13 were close to the end of the chromosome and had overlapping and small confidence intervals; therefore, for enrichment analysis they were analyzed as one position. None of the QTL identified on chromosome 18 had identical peak positions ( Table 4 ). Single QTL were found on chromosomes 2 (RV), 7 (LR), 11 (NF), 12 (AD), and 17 (AD) ( Table 4 ).

 Table 4 | Summarized QTL information for each trait. 



 

Figure 4 | Chromosomal location of 31 QTL for eleven RSA traits. Chromosome number is at the top of the image. Legend on right of image identifies RSA traits with QTL (surface area (SA); root volume (RV); fresh weight (FW); total root length (TRL); longest root (LR); number of tips, forks, and links (NT, NF, NL); and average diameter, link length, and link surface area (AD, ALL, ALSA). Length of the band identifies the confidence interval. 




 3.6. Identical QTL peak positions identify inter-relationship of root traits.

Chromosomes 1, 9, 13, and 19 had QTL peak positions that were identical for three to six root traits on each chromosome ( Figure 5 ). These QTL had narrower confidence intervals than most of the single QTL. Examination of enriched VitisNet pathways underlying 700 kb either side of the peak position on each chromosome identified 17 enriched pathways that occurred in at least 2 of these loci and showed the interplay between individual and total root traits ( Figure 5 ). All enriched pathways for each QTL are noted for the chromosome hotspot in  Supplementary Table 1 . In chromosomes 1 and 13 the enriched transcription factor pathway contained LATERAL ORGAN BOUNDARIES DOMAIN genes (LBD4 and ASYMETRIC LEAVES 2, vv60007AS2) close to the QTL peak position. Enriched ALFIN-LIKE transcription factor and auxin signaling pathways on chromosome 9 contained an ALFIN-LIKE PHD FINGER PROTEIN (ALFINDOM8, vv60002ALFIN) and six auxin signaling genes near the QTL peak position. On chromosome 13, which had 6 traits mapping with an identical peak QTL, there were cell cycle and AS2 transcription factor pathways enriched and these included several cell cycle genes and two additional LBD/LOB genes in the loci. The QTL on chromosome 19 contained enriched actin cytoskeleton and HOMEO BOX DOMAIN (HB) transcription factor pathways which included TORTIFOLIA1 (TOR1, which regulates cortical microtubules) and PROTODERMAL FACTOR 2 (PDF2) near the peak position. On chromosome 1 and 19, circadian rhythm pathway was enriched with the presence of CONSTANS-LIKE 11 and 16 and an ALTERED RESPONSE TO GRAVITY (ARG1) from the primary transporter enriched pathway were within the QTL confidence interval. Regulation of autophagy pathway was enriched (AUTOPHAGY, APG 12 and 18) for QTL on chromosome 9 and 13.

 

Figure 5 | Enriched VitisNet networks for traits with identical QTL peak positions. Shading indicates the significantly enriched pathway (Fisher test p-value 0.05) in at least two of the loci. Trait abbreviations are noted in  Table 1 . All enriched pathways and contributing genes for each hotspot are identified in  Supplementary Table 1 . The two peak positions on chromosome 13 were merged into one hotspot as the 700 kb regions overlapped. 



The variation explained by each QTL was small; therefore, models were tested for the individual root traits with more than one QTL. All the trait models were additive and no significant interactions were dectedted for this study. Modeling increased the explained phenotypic variation two- to five-fold for each trait to individual QTL ( Tables 4  and  5 ). Both grandparents contributed dominant alleles for different RSA traits. ‘Seyval blanc’ grandparent contributed dominant allele for modeled traits (TRL, SA, RV, NT, NF, and NL). Three pathways were uniquely enriched for the individual NT, NF, and NL QTL; specifically, the regulation of autophagy (VV44140), the APETALA2-ETHYLENE- RESPONSIVE ELEMENT BINDING PROTEIN (VV60003 AP2-EREBP) and ASYMMETRIC LEAVES2 (VV60007 AS2) transcriptions factors pathways ( Supplementary Table 1 ). Exploration of the genotype effect for NF using two markers near the LATERAL ORGAN BINDING DOMAIN (LBD) candidate genes showed the dominant A allele in homozygous or heterozygous genotypes (A contributed by ‘Seyval blanc’) had a greater number of forks than the homozygous B genotypes ( Table 5 ,  Figure 6 ). A negative correlation existed between the NF and AD traits. Examination of the genotype effect for the same markers relative to the AD phenotype indicated that the dominant allele B is associated with greater AD. V. riparia contributed dominant allele for modeled traits AD and ALL ( Table 5 ). The dominant allele contributor for the single QTL traits FW and LR was ‘Seyval blanc’ and for the ALSA trait it was V. riparia.

 Table 5 | RSA trait model phenotypic variation and genotype dominant allele contribution. 



 

Figure 6 | Genotype effect for markers surrounding LATERAL ORGAN BOUNDARIES DOMAIN candidate genes. The grandparent genotype is indicated in parentheses. 




 3.7. VitisNet Pathway enrichment analysis in modeled traits.

An analysis of all genes underlying the 700 Kb region either side of each QTL peak position for modeled traits indicated > 2200 unique genes for the regions underlying modeled trait QTL. Enriched VitisNet pathways and their contributing genes for all modeled trait QTL are indicated in  Supplementary Table 2 . The number of enriched pathways varied by trait and there were 27 pathways enriched for five or more of the eight modeled traits ( Figure 7 ). TRL and individual root traits (NT, NF, and NL) showed the most enriched pathways in-common ( Figure 7 ), similarly they had the greatest co-localization of QTL ( Table 4 ). The individual root traits (NT, NF, and NL) showed 25 in-common enriched pathways underlying their QTL, with ABA and Auxin signaling, circadian rhythm, cell cycle, Regulation of autophagy, AP2_EREBP and BASIC HELIX-SPAN-LOOP-HELIX BHSH transcription factors ( Supplementary Table 2 ). The modeled average traits AD and ALL had 12 enriched pathways in common and nine of these were in common with other root traits ( Supplementary Table 2 ;  Figure 7 ). Of the average root traits, ALL had the most enriched pathways in common with the individual root traits and TRL; notably circadian rhythm, cell cycle and HB and MYB transcriptions factors ( Supplementary Table 2 ).

 

Figure 7 | Enriched VitisNet pathways for modeled total root system, individual root and average traits. Shading indicates the significantly enriched pathway for total root system (black), individual root (dark gray), and average root (light gray/) traits (Fisher test p-value 0.05) White indicates not enriched. Only pathways enriched in at least five of the modeled traits are presented. All enriched pathways for an individual modeled trait are in  Supplementary Table 2 . Trait abbreviations are noted in  Table 1 . 





 4. Discussion.

 4.1. VRS-F.2 grandparents differ in trait contribution to RSA

The challenge of increased summer temperatures and decreased water availability associated with climate change emphasizes the need for improved own-rooted grapevine or rootstock cultivars to maintain globally sustainable production (Smart et al., 2006; Delrot et al., 2020; Schmitz et al., 2021). While significant effort is paid to the genetic analysis of cluster and canopy architecture, less information is available for the grapevine root architecture as this hidden portion of the plant is more difficult to phenotype (Iandolino et al., 2013; Correa et al., 2014; Li et al., 2019; Krzyzaniak et al., 2021; Zinelabidine et al., 2021). The highly heterozygous grapevines are vegetatively propagated as own-rooted or grafted on rootstock to maintain their unique traits; thus, the entire root system of grapevines in production is formed of adventitious roots (Smart et al., 2002). In typical vine propagation, the cane or stem size impacts the available carbon and vascular development for root development in cuttings (Smart et al., 2002). In this study there was a very low correlation between RSA and cutting size suggesting that the cutting size was uniform and resulted in negligible variation across the genotypes. For multigenic traits like root system architecture, selection of parents that show genetic and phenotypic divergence increases the power of QTL detection (Hung et al., 2012). In this study, a VRS-F2 mapping population known to segregate for cold hardiness and berry quality traits was used to explore the genetic characteristics of a young grapevine adventitious root system (Fennell et al., 2005; Yang et al., 2016; Fennell et al., 2019; Alahakoon et al., 2022). VRS-F2 progeny showed morphological variation across all traits and progeny clustered with the parent or one of the grandparents, indicating that genetic contribution from both grandparents were important in determining the RSA. The SA, TRL, NT, NF, NL, and LR traits provide measures of the total root system and are key factors influencing soil exploration (vertical and horizontal) and play a role in anchorage and water and mineral nutrient uptake (Comas et al., 2013; Yildirim et al., 2018). Exploration of the LBD candidate gene markers identified in QTL hotspot showed that the grandparent ‘Seyval blanc’ contributed the dominant allele for the NF trait. In contrast, the cold-hardy grandparent V. riparia contributed the dominant allele for AD the trait which impact root thickness/diameter. Similarly in tropical and temperate tree species AD correlates with cortical thickness and plays a major role in increasing absorptive capacity and isolating the stele from environmental stress especially in cold climate (Gu et al., 2014; Wang et al., 2019a). Several studies have shown that RSA traits work together to ensure resource uptake and plant survival under environmental stress (Comas et al., 2013; Uga et al., 2013; Koevoets et al., 2016). The SA, TRL, RV, NT, NF, and NL are all strongly correlated and can contribute to increased root system size, which would be beneficial for increased soil exploration, water and nutrient uptake, and strong plant anchorage as shown under drought conditions in Juglans and maize (Sun et al., 2011; Comas et al., 2013; Lynch, 2013). In contrast, root diameter impacts cortical thickness and thicker roots support increased absorptive capacity, thus acting as a buffer that protects the stele from environmental stress and contributes to better anchorage (Smart et al., 2002; Aloni et al., 2006; Alvarez-Uria and Körner, 2007; De Dorlodot et al, 2007; Gu et al., 2014; Wang et al., 2019a). The negative correlation between AD (V. riparia) contributing the dominant allele and NF (‘Seyval’ contributing dominant allele) provide a point of genetic interaction that may control the overall differences root system morphology in population for the more ‘Seyval’-like and V. riparia-like progeny.


 4.2. QTL hotspots identify functional genomic units of RSA.

Adventitious RSA and soil layer exploration result from an interplay of root traits. Root studies in several grain crops have shown that individual RSA trait QTL co-locate creating hotspots. In 24 rice QTL studies, many QTL for maximum root length co-located creating QTL hotspots (Comas et al., 2013). In Populus, 150 QTLs were associated with adventitious root traits and 25 hotspots were identified for these traits (Sun et al., 2019). In a grapevine rootstock population, developed to explore pH related nutrient deficiencies (Bert et al., 2013), 30 QTL for shoot and root traits show root biomass, root section and coarse root number co-localizing in field grown vines using an SSR map (Tandonnet et al., 2018). Similarly, in the VRS-F2 population there were seven areas of co-localization encompassing three to seven trait QTLs for chromosomes 1, 9, 13, 18, and 19. Although different traits were phenotyped in field vines with mature root systems, hotspots were identified in similar regions of chromosome 1 and 9 for traits that could contribute to root biomass in either study, providing further confidence in QTL identified in newly rooted cuttings. Genes found to regulate Arabidopsis root development such as auxin signaling were identified in the confidence interval of Tandonnet et al. (2018) and the current study. However, this study identified LATERAL ORGAN BOUNDARIES DOMAIN genes (LBD4 and ASYMETRIC LEAVES 2) and ALFIN-LIKE transcription factors near the peak positions in the hotspots which have also been shown to play a role in root development. Pathway enrichment was conducted for genes located 700 kb up and downstream of the QTL peak position based on the recommendation that candidate genes be within 3-4 cM of the peak (Cipriani et al., 2011; Hugalde et al., 2021). The AP2_EREBP enriched pathway on chromosomes 1 and 9 included the ETHYLENE-RESPONSIVE transcription factor ERF118, a gene associated with xylem cell expansion in Populus gene co-expression analysis (Seyfferth et al., 2018). In addition, there were two AP2 DOMAIN CONTAINING RAP2 genes that are known to regulate shoot development and are expressed in root vasculature during root development (Che et al., 2006). Another AP2_EREBP gene AINTEGUMENTA (ANT1) often regulating floral organogenesis was found in the chromosome 9 hotspot. This was interesting as a GROWTH REGULATING FACTOR (GRF) transcription factor gene is a potential target of ANT1 regulation and this may play a role in the regulation of meristematic competence (Krizek et al., 2020). In Arabidopsis ANT1 binds to genes similar to another related transcription factor PLT2 which is known to function in primarily in roots (Krizek et al., 2020). The transport related gene ALTERED RESPONSE TO GRAVITY 1 (ARG1) gene known to interact with PIN-FORMED auxin transport proteins regulating the distribution of auxin in response to gravitropic signals is also found in the chromosome 1 hotspot of this study (Konstantinova et al., 2021). In addition, four lateral organ boundary domain genes (LBD41-3, LBD41-4, LBD21, and ASL5) were found near the peak position for TRL, NT, NF and NL on chromosomes 1 and 13. LBD genes are known to have a role in lateral root development in grapevine and other species (Grimplet et al., 2017; Trinh, 2019). The enriched C2C2-CO transcription factors are CONSTANS-LIKE (COL11 and COL16) genes known to be involved in floral development. Several MYB transcription factor genes with potential roles in root function and development contributed to the enrichment of the MYB pathway on chromosomes 1 and 9 (MYB3R1, MYB62, WEREWOLF-5, MYB7-1, TT2, and MYB26) (Baudry et al., 2004; Gu et al., 2017; Wang et al., 2018; Wang et al., 2019b; Van Den Broeck et al., 2021). MYB3R1 is a cell cycle related gene that forms a regulatory hub with the TSO1 transcription factor to coordinate cell division in root and shoot (Wang et al., 2018). WEREWOLF-5 has a role in regulating root epidermal cell root-hair and nonhair cell types (Wang et al., 2019b). MYB7 is thought to have a role, in Arabidopsis roots, as a repressor regulating CYC6 a cortex/endodermis asymmetric stem cell division gene (Wang et al., 2019b). Overexpression of MYB26 in Populus promotes secondary wall deposition and is a potential master switch controlling secondary-wall biosynthesis (Xiao et al., 2021). Thus, these genes have the potential to be involved in regulating cell division, root hair and lateral root development. Autophagy, a cytoplasmic degradation pathway, has recently been shown to be involved in glucose-mediated root meristem activity by peroxisome regulation of the production of reactive oxygen species and auxin biosynthesis (Huang et al., 2019; Su et al., 2020). In Populus, expression level of several autophagy (ATG) genes alternated during the differentiation of xylem and phloem tissues and different ATG genes were specific to primary and secondary root tissue development (Wojciechowska et al., 2019). Over-expression of ATG in Arabidopsis resulted in fewer lateral roots (Su et al., 2020). In the current study, two AUTOPHAGY genes (APG12a and ATG18) were identified underlying the hotspots on chromosome 9 and 13 for NT, NF, and NL traits, suggesting a role in root branching. ALFIN-like transcription factors have a role in root hair elongation, meristem development, root development, and abiotic stress and have been shown to enhance drought and salt tolerance (Kayum et al., 2015; Tao et al., 2018). Therefore, the ALFINDOM1 and ALFINDOM8 which are identified in SA, RV, TRL, NT, NF, and NL may play a role in the adventitious root morphology. Taken together the enriched suite of transcription factor pathways and the autophagy pathway genes underlying the hotspots for the morphological traits related to root system size and branching patterns present strong candidate genes for further analysis in the genetic control and development of RSA.


 4.3. Modeling RSA QTL reveals the inter-relationship of small effect traits underlying the RSA complexity.

In the present study, all QTL had minor effects that explained less than 10% of phenotypic variance. This is similar to other reports that the RSA is a multigenic trait and often shows 3-6 QTL and a low percentage of variability explanation for individual root traits (Smith, 2010; Bert et al., 2013; Tandonnet et al., 2018). De Dorlodot et al. (2007) suggests that modeling of RSA traits may address the complexity of RSA and reveal interesting relationships between the traits (Comas et al., 2013). They indicate that the possibility of identifying QTL loci in related species using comparative QTL mapping is as an advantage of modeling (Comas et al., 2013). Enriched pathway analysis by trait, in contrast to the analysis of the individual hotspots provided a global perspective of the genes related to each of the root traitsIt is well known that adventitious root initiation is regulated by hormone signaling and a central role for auxin biosynthesis and signaling in lateral root initiation; however, when both the hotspots and modeled QTL were interrogated, several other enriched pathways were identified. Therefore, emphasis here is placed on the less frequently described cell cycle, circadian rhythm, and the HB transcription factor family enriched pathways underlying root trait specific QTL (Trinh, 2019).

Unique to modeled traits were distinct cell cycle genes, two CYCLINA1 and two CYCLINB1 (CYCA1-1, CYCA1-2, and CYCB1-2) which are expressed in root tips, dividing root cells, lateral roots and root epidermis in Arabidopsis, thus also implicating a role in the grapevine RSA (Masucci et al., 1996; Himanen et al., 2002). Clock related genes were found in the enriched circadian rhythm pathway in this study ( Figure 7 ,  Supplementary Table 2 ). The circadian rhythm pathway had seven genes contributing to its pathway enrichment with five of these having a function in circadian clock signaling (two EARLY FLOWERING 4 (ELF4), PHYTOCHROME C (PHYC), PHYTOCHROME-ASSOCIATED PROTEIN 1 (PAP1), and ADAGIO PROTEIN 1 (ZTL)) and the signaling gene CONSTITUTIVELY PHOTOMORPHOGENIC 1 (COP1). Light modulates primary root elongation and lateral root development and elongation (Yang and Liu, 2020). In grapevine roots there is a strong network of ABA, cytokinin, and circadian rhythm gene expression during water stress induced growth reduction (Khadka et al., 2019). In roots, the circadian clock is simpler than in the shoot, runs faster in the root tip than shoot, and rephases in roots to controls levels of auxin and auxin related genes during lateral root emergence (Voß et al., 2015; Greenwood et al., 2022). PHYC is active in root tips and has a role in gravitropism in Arabidopsis hypocotyls but a limited role in root gravitropism (Tóth et al., 2001; Salisbury et al., 2007; Kumar et al., 2008). ELF4 is a mobile shoot to root signal that promotes regulation of the root clock speed in response to temperature conditions (Chen et al., 2020). The enrichment of the circadian rhythm pathway in several root traits in this study suggest further investigation is warranted as there is limited literature on its function in adventitious RSA. There were six HB transcription factors contributing to the enrichment of this pathway for six traits. Of these PROTODERMAL FACTOR2 (PDF2) and ANTHOCYANINLESS2 (ANL20) are potential candidate genes in RSA as they play a role in regulating epidermal layer and root cell differentiation and root development (Kubo et al., 1999; Kubo and Hayashi, 2011; Ogawa et al., 2015). These genes regulate cellular organization and the identification of these genes near peak position on chromosomes 13 and 19 support a role in RSA.



 5. Conclusion.

The variation and genetic architecture of own-rooted VRS-F2 population are reported. VRS-F2 genotypes that had similar root morphology to either grandparent or the parent were identified. ‘Seyval blanc’ contributed to dominant allele for SA, RV, FW, TRL, LR, NT, NF, and NL traits that maximize resource uptake and anchorage. V. riparia contributed dominant allele to greater root thickness and link length in the AD, ALSA, and ALL traits which has been noted in species with environmental stress tolerance. QTL hotspots with identical peak positions were identified on chromosomes 1, 9, 13, and 19. These hotspots were underlain by AUTOPHAGY genes and LBD, MYB, and ALFINDOM transcription factor genes that have been shown to have a role in root development in other species. QTL modeling and candidate gene identification revealed interrelatedness of small effect traits causing the RSA complexity. Enriched pathways underline QTL confidence intervals identified genes involved lateral root growth (LBD and PDF) and cell cycle and circadian clock genes which have previously been shown to have a role in Arabidopsis and alfalfa root development. The combined analysis of QTL hotspots and modeled root trait QTLs in a grapevine F2 population with grandparents of differing RSA has provided a suite of candidate genes that can be explored for selection of improved adventitious root system architecture in grapevine and other woody species.
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Grape gray mold disease (Botrytis cinerea) is widespread during grape production especially in Vitis vinifera and causes enormous losses to the grape industry. In nature, the grapevine cultivar ‘Beta ‘ (Vitis riparia × Vitis labrusca) showed high resistance to grape gray mold. Until now, the candidate genes and their mechanism of gray mold resistance were poorly understood. In this study, we firstly conducted quantitative trait locus (QTL) mapping for grape gray mold resistance based on two hybrid offspring populations that showed wide separation in gray mold resistance. Notably, two stable QTL related to gray mold resistance were detected and located on linkage groups LG2 and LG7. The phenotypic variance ranged from 6.86% to 13.70% on LG2 and 4.40% to 11.40% on LG7. Combined with RNA sequencing (RNA-seq), one structural gene VlEDR2 (Vitvi02g00982) and three transcription factors VlERF039 (Vitvi00g00859), VlNAC047 (Vitvi08g01843), and VlWRKY51 (Vitvi07g01847) that may be involved in VlEDR2 expression and grape gray mold resistance were selected. This discovery of candidate gray mold resistance genes will provide an important theoretical reference for grape gray mold resistance mechanisms, research, and gray mold-resistant grape cultivar breeding in the future.
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1 Introduction

Vitis vinifera L. belongs to genus Vitis of the family Vitaceae. As a major table grape resource, it possesses important social and economic values in the world. While in China, due to the temperate continental climate, it is easily infected by many fungal diseases among which the grape gray mold that is caused by Botrytis cinerea Pers. was one of the major pathogens (Choquer et al., 2007). In most grape production regions, in case of infection by grape gray mold, the yield would reduce by 20%–60%, and the berry quality would also face huge damages (Martínez-Romero et al., 2007; Dean et al., 2012; Saito et al., 2019). During the grape production process, antifungal agents could inhibit the occurrence of diseases to a certain extent, but this is not recommended due to environmental pollution and food safety. At present, the breeding of high gray mold resistance grapevine cultivar became a hot point. In nature, many grapevine resources possess higher gray mold resistance than V. vinifera L., including Vitis amurensis Rupr., Vitis quinquangularis Rehd., Vitis piasezkii Maxim., Vitis riparia Michx, Vitis rupestris Scheele, and Vitis labrusca L. (Gabler et al., 2003; Wan et al., 2015).

Marker-assisted selection based on genetic linkage map construction and quantitative trait locus (QTL) mapping has been widely used to screen high disease resistance grapevine cultivars through traditional crossbreeding strategies such as ripe rot, downy mildew, powdery mildew, and white rot (Barba et al., 2014; Teh et al., 2017; Fu et al., 2019; Sapkota et al., 2019; Tello et al., 2019; Su et al., 2021) for its high breeding efficiency. Until now, there were no QTL mapping reports related to grape gray mold resistance, and research on gray mold resistance transcriptional regulation mechanism was majorly focused on the transcription factor ERF and MYB families in Arabidopsis and tomato (Lorenzo et al., 2003; Pre et al., 2008; Zhao et al., 2012; Liu et al., 2021). In grapevine, there have been some reports related to gray mold resistance including structure genes VvSWEE4, VvSWEE15, VvSWEET7, and VvAMP2 and some transcription factors including VvWRKY52, VqERF072, VqERF112, VqERF114, VaERF20, VaERF16, and VaMYB306 (Nanni et al., 2014; Jiao et al., 2015; Wang et al., 2018a; Wang et al., 2018b; Breia et al., 2019; Zhu et al., 2019; Wang et al., 2020; Zhu et al., 2022). While the quantitative trait was controlled by many genes, candidate genes related to gray mold resistance in grapevine still need to be explored.

In this study, we selected three gray mold resistance grapevine cultivars, ‘Zhuosexiang’ (‘ZSX’) (V. vinifera × V. labrusca), ‘Venus seedless’ (‘VS’) (V. vinifera × V. labrusca), and ‘Beta’ (“BT”) (V. riparia × V. labrusca), and two susceptible cultivars, ‘Red Globe’ (‘RG’) and ‘Victoria’ (‘VT’), which belong to V. vinifera. Among these grapevine cultivars, ‘RG’ was identified as one of the highly susceptible grape cultivars to B. cinerea (Wan et al., 2015), and ‘BT’ was usually used as rootstock for its high cold and disease resistance character. Based on the hybrid population and high-density genetic linkage map (Zhu et al., 2018; Su et al., 2021), which was created through interspecific crossing of ‘ZSX’ × ‘VT’ and ‘RG’ × ‘VS,’ we firstly conducted QTL mapping for gray mold resistance, and then transcriptome analysis was conducted for ‘RG’ and ‘BT’ at different infection stages on account of their most distinct resistance level of grapevine gray mold. Finally, candidate genes related to grapevine gray mold resistance were screened by QTL mapping and RNA sequencing (RNA-seq).



2 Materials and methods


2.1 Plant material and gray mold resistance identification

Grape cultivars ‘RG’ (V. vinifera L.), ‘VT’ (V. vinifera L.), ‘ZSX’ (V. vinifera × V. labrusca), ‘VS’ (V. vinifera × V. labrusca), and ‘Beta’ (‘BT’) (V. riparia × V. labrusca) and two hybrid populations were cultivated in the Grape Experimental Garden of Shenyang Agricultural University (23°24’N, 41°50’E), China. Interspecific hybridization of ‘RG’ × ‘VS’ was conducted in May 2009; ‘RG’ was used as the female parent, and ‘VS’ was used as the male parent. ‘ZSX’ × ‘VT’ was conducted in May 2014; ‘ZSX’ was used as the female parent, and ‘VT’ was used as the male parent. A total of 177 and 176 individuals from ‘RG’ × ‘VS’ and ‘ZSX’ × ‘VT’ were used for the gray mold resistance identification in 2019 and 2020. The third-to-fourth leaf from the tip of an annual branch was selected (three leaves per individual). The collected leaves were rinsed with 70% ethanol for 1 min, followed by 10% sodium hypochlorite for 1 min, and rinsed three times with ultrapure water. Next, the leaves were placed in plastic culture dishes and punctured in the left, middle, and right regions. Ten microliters of 107/ml gray mold spore suspension was then dripped on the wound points to induce gray mold infection. Leaves with gray mold spores were incubated in a moist chamber at 28°C with 95% relative humidity. The lesion area of the infected region of each leaf was measured with a YMJ-C smart leaf area meter (Tuopu Instrument, Guangdong, China) (Su et al., 2021). Leaf samples of ‘RG’ and ‘BT’ that showed distinct resistance to gray mold at 0, 72, and 120 h after infection were collected for RNA-seq. Three biological replicates were collected at different infection periods of each cultivar with at least three leaves per replicate.



2.2 Gray mold resistance quantitative trait locus mapping

The lesion area (mean value of three replicates) of each genotype collected in 2019 and 2020 was used for QTL mapping. The integrated genetic linkage maps of ‘RG’ × ‘VS’ and ‘ZSX’ × ‘VT’ used in this research were constructed by using Restriction-site Associated DNA (RAD)-Sequencing, including 6,249 and 70,061 single nucleotide polymorphism (SNP) markers (Zhu et al., 2018; Su et al., 2021). A multiple QTL mapping (MQM) method was used to find significant QTL after a 1,000-permutation test (α = 0.05) based on the R/qtl package (Broman et al., 2003), and finally, the  Logarithm of odds (LOD) threshold was set to 3. The max.qtl was set to 10 for forward selection. A 1-LOD confidence interval corresponding to the 95% confidence interval was calculated by using the “lodint” function. The explained phenotypic variation of each QTL phenotypic variation explained (PVE) was estimated using the “fitqtl” function. Candidate genes within the confidence interval of each QTL on the integrated map were selected according to 12X.v2 version of the Grape Genome database (https://urgi.versailles.inra.fr/Species/Vitis/Data-Sequences/Genome-sequences).



2.3 Gray mold resistance transcriptome analysis

RNA integrity was assessed using the RNA Nano 6000 Assay Kit and the Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA). The input material for the RNA sample preparation was 1-μg RNA per sample. Sequencing libraries were generated using the NEBNext® Ultra™ RNA Library Prep Kit (New England Biolabs, Ipswich, MA, USA) and then sequenced on an Illumina Novaseq platform. Finally, 150-bp paired-end reads were generated. Clean reads were obtained by removing reads containing adapter, ploy-N, and low-quality reads from the raw data. The high-quality and paired-end clean reads were aligned to the reference genome (https://urgi.versailles.inra.fr/Species/Vitis/Data-Sequences/Genome-sequences) using HISAT 2v2.0.5 software, and the mapped reads of each sample were assembled by StringTie. The fragments per kilobase per million (FPKM) value of each gene was calculated based on the length of the gene and the number of reads mapped to this gene. Differential expression analysis was performed using the DESeq2 R package (1.20.0), and genes with an adjusted P-value <0.05 found by DESeq2 were assigned as differentially expressed. Gene Ontology (GO) enrichment analysis of differentially expressed genes (DEGs) was implemented by the clusterProfiler R package.



2.4 qRT-PCR validation of candidate genes

Infected leaves of grape cultivars ‘RG’ and ‘BT’ at 0, 72, and 120 h after gray mold infection were collected, and then these samples were used for total RNA extraction according to the manufacturer’s instructions of Plant Total RNA Isolation Kit (SK8631; Sangon Biotech, Shanghai, China). The PrimeScript™ RT-PCR Kit (RR047A; TaKaRa Bio, Kusatsu, Japan) was used to conduct cDNA synthesis, and the cDNA was diluted five times. Quantitative real-time PCR (qRT-PCR) was conducted in ABI QuantStudio™ 6 Flex System (Applied Biosystems). The relative expression level of selected genes was normalized to grapevine β-actin (Fujimori et al., 2016) and calculated using the 2-ΔΔCT method. All reactions were performed using three biological replicates. The primers used in this study are listed in Table S1.




3 Results


3.1 Identification of grapevine gray mold resistance

Gray mold resistance identification of five grape cultivars, ‘RG,’ ‘VT,’ ‘ZSX,’ ‘VS,’ and ‘BT,’ at different infection stages was evaluated based on the lesion area (Figure 1A). Among these five cultivars, ‘BT’ showed the highest resistance to gray mold infection, and ‘ZSX’ also showed higher resistance compared with the other three cultivars. Furthermore, 176 hybrid progenies of ‘RG’ × ‘VS’ and 177 hybrid progenies of ‘ZSX’ × ‘VT’ were identified for gray mold resistance in 2019 and 2020; the results of these two hybrid progenies showed continuous variation (Figure 1B; Table S2). These results indicated that gray mold resistance in grapevine was a typical quantitative trait controlled by multiple genes.




Figure 1 | Grapevine gray mold resistance identification of five grape cultivars and two hybrid populations. (A) Gray mold lesion area identification of five grape cultivars. ‘BT,’ ‘RG,’ ‘VS,’ ‘ZSX,’ and ‘VT’ represent grape cultivars ‘Beta,’ ‘Red Globe,’ ‘Venus seedless,’ ‘Zhuosexiang,’ and’Victoria,’ respectively. (B) Gray mold lesion area distribution of two hybrid populations in 2019 and 2020.





3.2 Gene function annotation and differential expression analysis

To identify candidate genes involved in grape gray mold resistance, we conducted RNA-seq for grapevine cultivars ‘RG’ and ‘BT’ at 0, 72, and 120 h after infection. After removing low-quality reads and adapters, a total of 124.20 Gb Clean Data were harvested and retained for further analysis. The average clean data of each sample were 6.17 Gb and have been uploaded to NCBI Sequence Read Archive (SRA) with the Accession Number PRJNA788159. The clean data were assembled using StringTie software. In total, 50,817 annotated transcripts from 42,416 gene loci were obtained through aligning with Swiss-Prot, GO, Kyoto Encyclopedia of Genes and Genomes (KEGG), and Pfam databases by using BLAST and HMMER software (Tables S3, S4). The FPKM value that was calculated by the comparison of sequenced reads with obtained RNA-seq database represents the expression of each transcript (Table S4). To confirm the reliability and rationality of the experiment, we calculated the Pearson’s correlation coefficients for all gene expression levels between each sample and reflected these coefficients in the form of a correlation matrix map (Figure 2A). A total of 5,407 genes were differentially expressed in RG0 vs. BT0 {|[log2 (fold change)]| >1 and adjusted P < 0.05} after differential expression analysis, among which 2,838 were upregulated and 2,569 were downregulated; 7,642 genes were differentially expressed in RG72 vs. BT72, among which 3,693 were upregulated and 3,949 were downregulated; 6,529 genes were differentially expressed in RG120 vs. BT120, among which 2,887 were upregulated and 3,642 were downregulated (Figure 2B).




Figure 2 | Transcriptome and differentially expressed gene analysis. (A) Pearson’s correlation coefficient analysis for gene expression levels between each sample. (B) Differentially expressed gene statistics in RG0 vs. BT0d, RG72 vs. BT72, and RG120 vs. BT120.





3.3 Gray mold resistance gene discovery based on QTL mapping

Based on the gray mold identification of hybrid offspring in 2019 and 2020 and our constructed genetic linkage maps, we conducted QTL mapping to further discover the candidate genes related to grape gray mold resistance (Figure 3; Table 1). Eight potential QTL related to grape gray mold resistance were identified on LG2, LG7, LG9, LG12, and LG14 in the integrated map of ‘ZSX’ × ‘VT’ (Figure 3A), and the phenotypic variation they explained ranged from 6.70% to 16.50%. Seven potential QTL were identified on LG2, LG7, LG8, LG13, and LG16 in the integrated map of ‘RG’ × ‘VS’ (Figure 3B), and the phenotypic variation they explained ranged from 4.40% to 15.10%. Interestingly, four potential QTL on LG2 were detected stable in the two integrated maps in 2019 and 2020, and these stable QTL accounted for 6.86%–13.70% of the phenotypic variation in the gray mold resistance. Two potential QTL on LG7 were detected stable in the integrated map of ‘RG’ × ‘VS’ in 2019 and 2020. These stable QTL accounted for 4.40%–11.40% of the phenotypic variation in the gray mold resistance.




Figure 3 | Candidate gray mold resistance gene discovery based on QTL mapping. (A, B) Gray mold resistance QTL mapping based on the hybrid population ‘ZSX’ × ‘VT’ and ‘RG’ × ‘VS’. (C) Cluster heat map of gene expression involved in the common interval of stable QTL. (D) qRT-PCR analysis of candidate gray mold resistance gene VlEDR2 at different infection periods. Light-gray bars represent cultivar ‘RG,’ and dark-gray bars represent cultivar ‘BT.’ Error bars represent the standard deviation of three biological replicates. Lowercase letters on the bar chart represent significant differences between the two cultivars and different developmental stages according to Duncan’s multiple range test at P < 0.05.




Table 1 | Gray mold resistance QTL mapping based on the hybrid offspring of ‘ZSX’ × ‘VT’ and ‘RG’ × ‘VS’.



According to the QTL mapping, the common physical intervals of stable QTL were 13598944-13740048 in chromosome 2 and 20767619-20873218 in chromosome 7. In this study, we majorly focused on the candidate genes that were involved in the common intervals, and finally, 17 genes were discovered (Table S5). After analyzing the differential expression of the selected genes in different comparison groups (RG0 vs. BT0, RG120 vs. BT120, RG0 vs. RG120, and BT0 vs. BT120) with |[log2FC]| >1 and adjusted P < 0.05 (Figure 4A; Table S3), we finally screened the candidate gene Vitvi02g00982 that annotated as enhanced disease resistance 2 (VlEDR2) for further analysis (Figure 3C). The results showed that the expression of VlEDR2 in ‘RG’ was significantly upregulated after gray mold infection, and the expression level in ‘BT’ was significantly downregulated; the expression level of VlEDR2 in ‘RG’ was significantly higher than that in ‘BT’ at 72 h (P < 0.05). After that, the expression level of VlEDR2 in grapevine cultivars ‘VT,’ ‘ZSX,’ and ‘VS’ was also identified (Figure 3D). The result showed that the expression of VlEDR2 in sensitive cultivars was significantly higher than that in resistant cultivars (Figure 3D). The Kruskal–Wallis test was employed to analyze the relationships between the phenotypic values and genotypes of the markers on LG2 and LG7, which showed a significant correlation at P < 0.05. Markers chr2_12269488 and chr2_13516138 were most significantly linked to gray mold resistance in the population of ‘ZSX’ × ‘VT’ and ‘RG’ × ‘VS’ according to the Kruskal–Wallis test (Figure 5). These two markers were located at 12,269,488 bp and 13,516,138 bp on chromosome 2. Raw sequencing data related to these markers were analyzed, and the nucleotides were A/A in ‘VT,’ G/A in ‘ZSX,’ A/A in ‘VS,’ and G/A in ‘RG.’ Progeny carrying A/A in the population of ‘ZSX’ × ‘VT’ generally showed susceptible phenotypes, and the average lesion area of A/A individuals in 2019 and 2020 was 554.7 mm2 and 530.2 mm2, respectively; whereas G/A individuals generally showed resistance, and the average lesion area of G/A individuals in 2019 and 2020 was 517.6 mm2 and 467.7 mm2, respectively. Progeny carrying G/G in the population of ‘RG’ × ‘VS’ generally showed susceptible phenotypes, and the average lesion area of G/G individuals in 2019 and 2020 was 624.1 mm2 and 525.3 mm2, respectively; whereas A/A individuals generally showed resistance, and the average lesion area of A/A individuals in 2019 and 2020 was 470.9 mm2 and 484.9 mm2, respectively.




Figure 4 | Differentially expressed structural gene and transcription factor analyses based on QTL mapping and GO enrichment. Analysis for grape cultivars ‘RG’ and ‘BT’ at different infection periods. (A) Cluster heat map of structural gene and transcription factor expression. (B) Number of differentially expressed genes in “Molecular function” catalog at different infection periods. (C) Common differentially expressed transcription factor identification in RG0 vs. BT0d, RG72 vs. BT72, and RG120 vs. BT120.






Figure 5 | Distributions of grape hybrid gray mold lesion area according to the markers chr2_12269488 and chr2_13516138 in the population of ‘ZSX’ × ‘VT’ and ‘RG’ × ‘VS.’ (A) Base information of markers chr2_12269488 and chr2_13516138 in different cultivars and the flanking sequence. (B) Gray mold lesion area distribution of F1 progeny from the population of ‘ZSX’ × ‘VT’ and ‘RG’ × ‘VS’ in different years.





3.4 Transcription factor discovery related to VlEDR2 regulation

In our study, we selected a candidate grape gray mold-sensitive gene VlEDR2 based on QTL mapping (Figure 3). To further identify transcription factors involved in VlEDR2 regulation, we conducted GO enrichment analysis for these DEGs in the group of RG0 vs. BT0, RG72 vs. BT72, and RG120 vs. BT120. A total of 122, 217, and 169 genes in “Transcription regulator activity” cataloged under “Molecular function” were discovered, respectively (Figure 4B). Finally, 35 DEGs were selected for their significantly different expression in RG0 vs. BT0, RG72 vs. BT72, and RG120 vs. BT120 (Figures 4A–C; Table S6), among which 21 annotated genes were from ERF, MYB, MAD-box, NAC, and WRKY families, and we majorly focused on these 21 transcription factors.

To further select relevant transcription factors related to VlEDR2 expression, the FPKM values of these 21 transcription factors and VlEDR2 at 0 and 72 h were used to conduct the correlation analysis (Figure 6A). Finally, three candidate transcription factors, VlERF039 (Vitvi00g00859), VlNAC047 (Vitvi08g01843), and VlWRKY51 (Vitvi07g01847), from ERF, NAC, and WRKY families that showed a significant correlation (P < 0.05) with the expression of VvEDR2 were selected. The qRT-PCR verification showed that VlERF039 was repressed in ‘RG’ and ‘BT’ after gray mold infection, and the expression level in ‘BT’ was significantly higher than that in ‘RG.’ VlNAC047 and VlWRKY51 that showed a positive correlation with VlEDR2 were also identified. The expression of VlNAC047 and VlWRKY51 was induced in ‘BT’ and ‘RG,’ and the expression level of these two candidate genes in ‘RG’ was significantly higher than that in ‘BT’ (Figure 6B).




Figure 6 | Candidate transcription factor filter related to VlEDR2 expression and grapevine gray mold resistance. (A) Correlation analysis of transcription factors from different families with candidate gray mold resistance gene VlEDR2 at different infection periods. (B) qRT-PCR analysis of candidate gray mold resistance transcription factors at different infection periods. Light-gray bars represent cultivar ‘RG,’ and dark-gray bars represent cultivar ‘BT.’ Error bars represent the standard deviation of three biological replicates. Lowercase letters on the bar chart represent significant differences between the two cultivars and different developmental stages according to Duncan’s multiple range test at P < 0.05.






4 Discussion


4.1 The formation of heterobeltiosis and lower QTL effect

In this study, some individuals from our two constructed hybrid offspring showed higher gray mold resistance than their parent cultivar ‘ZSX’ and ‘VS.’ The additive effects of several desired dominant alleles or the combined effect of different alleles at the same gene locus, or a combination of both, may have formed heterobeltiosis, and the genetic differences between parents are the primary cause of it. According to heterobeltiosis, we can screen for superior parents and predict the heterosis of parental combinations. In our study, a total of 12 individuals that showed higher gray mold resistance than their resistant parents from the hybrid progenies of ‘RG’ × ‘VS’ and ‘ZSX’ × ‘VT’ were identified, and transgressive offspring in our study provided important grape gray mold resistance resources, and they can also be used as material for underlying genetic and molecular mechanisms of grape gray mold resistance.

QTL mapping and candidate gene discovery of grapevine gray mold resistance are important for grape breeding. In our study, we discovered two stable QTL related to gray mold resistance that were located on linkage groups LG2 and LG7. While the phenotypic variance of these QTL ranged from 6.86% to 13.70% on LG2 and 4.40% to 11.40% on LG7, the smaller QTL effect may be due to the quantitative nature of the host resistance, and according to the Beavis effect, when the sample size was small, the QTL effect would be greatly inflated, and the larger the sample size, the smaller the QTL effect and the closer to the true value (Beavis, 1994; Göring et al., 2001; Slate, 2013).



4.2 Discovery of structural genes related to gray mold resistance

Structural genes related to gray mold resistance were majorly involved in the pattern recognition receptor (PRR)-triggered immunity (PTI) that could mediate gray mold resistance through recognizing pathogen-associated molecular patterns (PAMPs) and host damage-associated molecular patterns (DAMPs), such as chitin elicitor receptor kinase 1 (CERK1), LysMdomain-containing glycosylphosphate ethylinositol-anchored protein 2 (LYM2), and wall-associated kinase 1 (WAK1), and polygalacturonidase-inhibiting proteins (PGIPs) Botrytis-induced kinase 1 (BIK1), MPK2/3/6, PAD3, and Arabidopsis histidine kinase 5 (AHK5) (Miya et al., 2007; Qiu et al., 2008; Ren et al., 2008; De Lorenzo et al., 2011; Eckardt, 2011; Galletti et al., 2011; Birkenbihl et al., 2012; Pham et al., 2012; Faulkner et al., 2013; Zhang et al., 2014; Guan et al., 2015; Liu et al., 2015). In grapevine, some structural genes related to gray mold resistance have also been reported (Agüero et al., 2005; Agudelo-Romero et al., 2015; Jiao et al., 2015; Rubio et al., 2015; Wang Y. et al., 2017; Wan et al., 2021), but most of these genes were selected through either previous research or transcriptome analysis based on two different gray mold resistance cultivars. In our study, we firstly conducted grape gray mold resistance QTL mapping supplemented by transcriptomic analysis, and finally, a new candidate resistance gene VvEDR2 was selected. Based on previous research, EDR played a negative role and the edr mutants display high resistance (HR)-like lesions in response to a pathogen attack stimulus such as powdery mildew in plant that is involved in the salicylic acid (SA) defense pathway (Frye and Innes, 1998; Tang et al., 2005a; Tang et al., 2005b; Tang et al., 2006). Moreover, some studies have also shown the SA-independent phenotype of EDR2 that is involved in hypersensitivity to ethylene-induced senescence, implicating EDR2 in the regulation of senescence and defense signaling (Frye et al., 2001; Tang et al., 2005b). In our study, we preliminarily identified the potential role of VlEDR2 in negatively regulated grapevine gray mold resistance, and this discovered resistance gene will provide new reference for the research on grapevine gray mold resistance.



4.3 Candidate transcription factors involved in the regulation mechanism of gray mold resistance

Many reports have shown the role of ERFs in plant gray mold resistance, such as RAP2.2, ORA59, ERF1, ERF5, and ERF6 in Arabidopsis thaliana; overexpression of these genes could enhance the resistance to gray mold through binding to GCC-box elements of defense marker gene PDF1.2 and promoting its expression in jasmonic acid (JA) and ethylene (ET) signaling pathways (Berrocal-Lobo et al., 2002; Pre et al., 2008; Zarei et al., 2011; Moffat et al., 2012; Zhao et al., 2012). In tomato, silencing of SlERF.A1, SlERF.A3, SlERF.B4, or SlERF.C3 resulted in increased susceptibility to B. cinerea (Ouyang et al., 2016). In grapevine, overexpression of VqERF072, VqERF112, VqERF114, and VaERF20 in A. thaliana could also enhance the resistance to B. cinerea in JA and ET signaling pathways (Wang et al., 2018a; Wang et al., 2020). WRKY TFs could also regulate gray mold resistance through activating the expression of structural genes involved in SA and JA signaling, such as LrWRKY4, LrWRKY12, and LrWRKY39 in Lilium (Cui et al., 2018; Fu et al., 2022), SlDRW1 and SlWRKY46 in tomato (Liu et al., 2014; Shu et al., 2021), RcWRKY41 in rose (Liu et al., 2019), and VqWRKY52 in grapevine (Wang X. et al., 2017). Moreover, TFs from the MYB family could also play positive and negative regulatory roles in gray mold resistance, such as RcMYB84, RcMYB123, and MYB108 in JA signaling pathway (Mengiste et al., 2003; Ren et al., 2020; Cui et al., 2022) and MYB72 in induced systemic resistance signaling pathway (Van der Ent et al., 2008). MYB46 negatively mediated gray mold resistance through repressing the synthesis of cellulose synthases (Ramirez et al., 2011), and BjMYB1 positively regulated gray mold resistance through activating the expression of BjCHI1 (Gao and Zhao, 2017). In grapevine, the interaction of VaERF16 and VaMYB306 could increase the expression level of VaPDF1.2 and then enhance gray mold resistance (Zhu et al., 2022). In our study, based on the expression pattern of VlEDR2, we screened out a new candidate ERF gene VlERF039 and WRKY gene VlWRKY51, while their potential possibility in regulating the expression of VlEDR2 and grape gray mold resistance still needs a deep exploration. Moreover, NAC gene VlNAC047 was also discovered, and until now, there was no report focused on its function in gray mold resistance; this discovery can provide a new insight on transcriptional regulation mechanisms of grape gray mold resistance.




5 Conclusion

Based on QTL mapping and transcriptome analysis, we discovered one structural gene, VlEDR2 (Vitvi02g00982), which may play a negative role in grapevine resistance to gray mold. Moreover, three potential transcription factors including VlERF039 (Vitvi00g00859), VlNAC047 (Vitvi08g01843), and VlWRKY51 (Vitvi07g01847) that may influence the expression of VlEDR2 and grapevine gray mold resistance in positive and negative ways were also discovered. The candidate genes identified in our study will provide an important reference for research into grapevine gray mold resistance mechanisms and breeding in grape species.
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Introduction

Grape rootstocks play critical role in the development of the grape industry over the globe for their higher adaptability to various environments, and the evaluation of their genetic diversity among grape genotypes is necessary to the conservation and utility of genotypes.



Methods

To analyze the genetic diversity of grape rootstocks for a better understanding multiple resistance traits, whole-genome re-sequencing of 77 common grape rootstock germplasms was conducted in the present study.



Results

About 645 billion genome sequencing data were generated from the 77 grape rootstocks at an average depth of ~15.5×, based on which the phylogenic clusters were generated and the domestication of grapevine rootstocks was explored. The results indicated that the 77 rootstocks originated from five ancestral components. Through phylogenetic, principal components, and identity-by-descent (IBD) analyses, these 77 grape rootstocks were assembled into ten groups. It is noticed that the wild resources of V. amurensis and V. davidii, originating from China and being generally considered to have stronger resistance against biotic and abiotic stresses, were sub-divided from the other populations. Further analysis indicated that a high level of linkage disequilibrium was found among the 77 rootstock genotypes, and a total of 2,805,889 single nucleotide polymorphisms (SNPs) were excavated, GWAS analysis among the grape rootstocks located 631, 13, 9, 2, 810, and 44 SNP loci that were responsible to resistances to phylloxera, root-knot nematodes, salt, drought, cold and waterlogging traits.



Discussion

This study generated a significant amount of genomic data from grape rootstocks, thus providing a theoretical basis for further research on the resistance mechanism of grape rootstocks and the breeding of resistant varieties. These findings also reveal that China originated V. amurensis and V. davidii could broaden the genetic background of grapevine rootstocks and be important germplasm used in breeding high stress-resistant grapevine rootstocks.
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1 Introduction

Grape rootstocks play critical role in the development of the grape industry over the globe for their higher adaptability to various environments. The first use of resistant rootstocks in the 1870s rescued the grape industry in Europe from the phylloxera disaster, which is a destructive insect pest of grapevines (Viala and Ravaz, 1901; Wang et al., 2019) . Europe and America then continued to research grape rootstocks to improve the resistance of grapes to a variety of biotic and abiotic stresses (Ferris et al., 2012). The use of rootstocks has proven to considerably enhance the resistance of planted types to drought, cold, flood, disease, and insects, as well as broaden the scope of grape cultivation, improve the quality of the grapes, and minimize the pollution produced by pesticides and chemical reagents (Lowe and Walker, 2006; Reisch et al., 2012). With grape phylloxera occurring in many places in the world, and the threat of salt, extreme temperatures, drought, and other ecological environment stresses caused by the deterioration of the natural environment, grape grafting for scion-rootstock seedling propagation has become popular (Riaz et al., 2019). The study of the genetic diversity of rootstocks routinely used in grape production can help us better understand their stress tolerance and expand the genetic resources available for breeding novel rootstocks. Totally, 1,343 rootstocks from 22 countries are registered in the Vitis International Variety Catalogue (VIVC, http://www.vivc.de /), 90% of which are bred through hybridization and show some significant resistance in specific areas, while less than 10% of the rootstocks are seedling offspring of wild varieties. At present, the main varieties globally used in the rootstock breeding programs belongs to V. rupestris Scheel, V. riparia Michaux, V. berlandieri Planchon (accuracy is Vitis cinerea (Engelm.) Millardet var. helleri (L. H. Bailey) M. O. Moore. According to the writing habit, we continue to use V. berlandieri in the manuscript), V. vinifera Linn., V. champini Planchon, V. solonis Llanchon, V. rotundifolia Michauzs, V. amurensis Rupr., and V. labrusca Linn. Among them, those elite genotypes from V. riparia×V. rupestris, V. berlandieri×V. riparia, and V. berlandieri×V. rupestris are the most widely grown (Riaz et al., 2019). Discovering the ancestry of grape rootstocks, describing their genomic and genetic foundation, and applying that information to expand the genetic base of new rootstocks will help to combat developing issues. Genetic diversity research has important theoretical and practical significance for analyzing rootstock resistance, and the availability of the vast grapevine genome would efficiently contribute to these analyses (Liang et al., 2019).


The whole-genome resequencing is one powerful technique that has been widely used to explore crop population genetic variation, locate important trait loci, compare genome sequences, and study the relationships and evolution (Myles et al., 2011; Zhou et al., 2015; Alaimo et al., 2017). Since the grape genome sequence was completed in 2007 (Jaillon et al., 2007; Velasco et al., 2007), a large number of genes related to growth and development, metabolic processes, and biotic and abiotic stress have been discovered, and whole-genome sequencing has been carried out and applied in the explanation of the genomic characteristics that caused phenotypic differences among grapevine varieties and the genetic diversity (Mercenaro et al., 2017; Tabidze et al., 2017; Zhou et al., 2017). Liang et al. (2019) studied the hexaploidization replication event that occurred at an early evolutionary stage, the origin of cultivated grapevine, as well as the genetic diversity based on whole-genome resequencing of 472 Vitis accessions including 12 rootstock genotypes were mostly derived from interspecific hybrids. The cultivated grape population is more closely related to the oriental wild species sylvestris and expanded westward after domestication (Mcgovern and Mondavi, 2003). After arriving in Western Europe, the diversity slightly decreased (Mcgovern and Mondavi, 2003; Myles et al., 2011). Before this study, researchers recently conducted resequencing with a small sample size, and they reported 36 grapevine accessions in total (Mercenaro et al., 2017; Tabidze et al., 2017; Zhou et al., 2017). Among them, Mercenaro et al. (2017) and Tabidze et al. (2017) re-sequenced representative cultivars of Sardinian and Georgian grapes, respectively, to explain the genomic characteristics that caused phenotypic differences between these varieties. Therefore, genome-level analysis has not been conducted for a group of individual characteristics in grapes, especially rootstocks, which play an important role in grape cultivation.

With an increasing number of grapevine rootstock genetic germplasms being gathered and used in the grape business, research into their genetic diversity, QTL mapping, and trait heredity change is becoming increasingly important. Here in this study, in order to explain more thoroughly on the genetic diversities and the genetic controlling networks of some important traits of grapevine rootstocks, the rootstock resources of 77 genotypes were re-sequenced to elucidate the genetic relationships between these rootstocks to provide references for research on the resistance mechanisms of rootstocks and breeding improvement.



2 Materials and methods


2.1 Sample collection

A total of 77 grape rootstocks were used as experimental martial, collected from the Zhengzhou Fruit Research Institute, CAAS, Zhejiang Academy of Agricultural Sciences, Shandong Agricultural University, Zhangjiagang Shenyuan Grape Technology Co. Ltd., and the Changli Fruit Institute, Hebei Academy of Agricultural and Forestry Sciences (
Tables S1-4
), including 3 samples of Muscadinia and 74 samples belonging to 12 species and their hybrids of Euvitis, from North American species (V. riparia Michx., V. rupestris Scheele., V. berlandieri Planchon., V. labrusca Linn., V. champini Planchon), and Asian species (V. vinifera Linn., V. amurensis Rupr., V. dacidii Foëx., V. heyneana Roem. and Schult., V. pseudoreticulata W.T. Wang., V. adstricta Hance., V. heyneana subsp. Ficifolia). These resources have also been used to a certain extent in the breeding of grape rootstocks.



2.2 DNA extraction and whole-genome sequencing

The genomic DNA was extracted with the traditional CTAB method from the grape leaves, and the DNA concentration and integrity were detected by agarose gel electrophoresis. The DNA (5 μg) was separated into ~500 bp fragments, and these fragments were used for library construction with the NEBNex DNA Library Prep Reagent Set for Illumina (BioLabs). The sequences were sequenced on an Illumina HiSeq PE150 platform at Beijing Novogene Bioinformation Technology Co. Ltd. The whole genome of each sample was re-sequenced at an average sequencing depth of ~10×.



2.3 Genome-wide polymorphism detection

Burrows-Wheeler Aligner (BWA) software (Version: 0.7.10-r789) was used for comparison with the reference genome, with the command ‘mem -t 4 -k -M’ (Li and Durbin, 2009). The single nucleotide polymorphism (SNP) calling was performed on a population scale with a Bayesian approach as implemented in the package SAMtools (Version: 1.3.1) and GATK (version 3.7) (Li et al., 2009). We retained high-quality SNPs, with the minor allele frequency ≥ 0.05, mapping quality ≥ 20, and missing rates < 0.20 for subsequent analysis after filtration. SNP and Indel annotations were performed using the package ANNOVAR (Version: 2015-12-14) (Wang et al., 2010), which includes filter-based annotation, gene-based annotation, region-based annotations, and other functionalities. According to the annotation, SNPs were categorized in exonic regions, intronic regions, upstream and downstream regions, splicing sites, and intergenic regions. SNPs in coding exons were further grouped into synonymous SNPs, non-synonymous SNPs, stop gain, and stop loss.



2.4 Phylogenic analysis

An individual-based neighbor-joining (NJ) tree was constructed to clarify the phylogenetic relationship based on the p-distance using TreeBeST (version 1.9.2) software (Vilella et al., 2009) and visualized with MEGA (version 6.0) (Tamura et al., 2013). Principal component analysis (PCA) was conducted using Genome-wide Complex Trait Analysis (GCTA, version: 1.25.3) software (Yang et al., 2011) to evaluate the genetic structure, with the significance level of the eigenvector determined using the Tracey-Widom test. The genetics structure was examined with an expectation-maximization algorithm as implemented using ADMIXTURE (Version: 1.3) (Alexander et al., 2009). We predefined the number of genetic clusters K from 2 to 8 with 10,000 iterations for each run to explore the convergence of individuals.



2.5 Linkage disequilibrium analysis and pedigree construction

The pattern of linkage disequilibrium (LD) was compared using SNPs. The degree of linkage disequilibrium coefficient (r2
) between pairwise SNPs was calculated to estimate LD decay with PopldDecay software (Version: v3.31) (Zhang et al., 2019). ‘-n -dprime -minMAF 0.05’ was set in the program. The average r2
 was calculated in a 500-kb window and averaged in the whole genome, and LD decay figures were drawn with an R script. The IBD was calculated for all of the pairwise comparisons among the 77 rootstocks with PLINK (Purcell et al., 2007). Pairs of accessions were considered to be genetically identical if IBD > 95%, and the cut-off value for first-degree relatives (IBD value ≥ 0.45) was determined according to the distribution pattern of all of the pairwise IBD values. The network images based on IBD were constructed using Cytoscape (Version 3.6.0). Pairwise FST
 values (Weir and Cockerham, 1984) were computed in the same windows to measure the population differentiation between groups.



2.6 GWAS

The phenotypic traits of 77 grape rootstock samples were investigated, and their germplasm resources of resistance to phylloxera, root knot nematode, salt tolerance, cold tolerance, drought tolerance, and waterlogging tolerance were measured. Combined with these phenotypic data and based on SNP markers, a mixed linear model (MLM) in GEMMA software was used to analyze the resistance traits, such as phylloxera, root knot nematodes, salt, cold, drought, and waterlogging, in the GWAS analysis. We screened the potential candidate SNPs based on the associated significance (P-value).




3 Results


3.1 SNPs and genomic structural variations

About 645 billion genome sequencing data were generated from the 77 grape rootstocks at an average depth of ~15.5×, from which a total of 4,269,582,820 clean reads and 3,943,015,251 mapped reads were acquired. The mapping rate of these raw reads to the V. vinifera reference genome (BioProject: PRJNA673645) was 92.19% (
Tables S1, 1
), and the estimated error rate was 0.03% (
Tables S1, 2
). The quality of the sequencing was high (Q20 ≥ 94.52, Q30 ≥ 88.27), and the GC distribution was normal. A total of 2,805,889 SNP sites were identified in this research (
Tables S1–4
).



3.2 Analysis of grape rootstock phylogeny

According to our findings, the 77 rootstock samples were spread over the phylogenetic tree’s (
Figure 1
) ten main branches and belonged to five distinct populations: the Chinese and American group, V. riparia group, V. berlandieri group, V. rupestris group, and highly hybrid group (
Figure S1
; 
Table S1-5
). Most of the individuals in Population 1 (P1) are variants of V. riparia and their hybrids with other populations, such as R19, R2, R3 (V. berlandieri× V. riparia), R16, R17 (V. rupestris× V. riparia), R22, R8 (V. amurensis× V. riparia), R10, and R11 (V. riparia). This group also contains one variety of V. champini (R4) and one variety of V. rupestris (R15). P1 contains three groups (group1, group2, and group3) that are closely related to each other, indicating that V. champini, V. rupestris, and V. riparia have a close genetic relationship; group4 and R36 from group8 are the offspring of V. berlandieri× V. riparia and are classified as Population 2 (P2); Population 3 (P3) includes group5 and group6, which represent V. rupestris and its hybrid offspring with V. berlandieri; group5 belongs to V. rupestris; and group6 belongs to V. berlandieri× V. rupestris, and P4 represents a relatively complex group with relatively distant genetic relationships between V. labrusca (R56) and its hybrid offspring with other populations of R57, R45, R46, R47, and R48, V. champini (R52 and R58), the offspring of V. riparia (R50, R51, R53, and R54), and individuals of unknown parental origin (R55); and P5 has obvious regional characteristics and is divided into V. rotundifolia of American origin and the wild resources of China.




Figure 1 | 
Phylogenetic analysis of 77 rootstocks samples. (A) Neighbor-joining (NJ) phylogenetic tree of grapevine accessions inferred from the whole-genome SNPs with 100 nonparametric bootstraps. (B) Five populations of 77 rootstock samples belonging to 10 groups.




The evaluation of their above genetic similarity and clustering relationships through PCA indicated that the proportions of the total variance of PC1, PC2, and PC3 were 14.45%, 8.72%, and 4.87%, respectively, furthermore a total of 28.04% of all the genetic differences were observed. The first principal component (PC1) separated groups 2, 3, 4, 5, 6, 9, and 10, which had differences at the parental and geographic levels (
Figure 2
). Group 5 was clustered in group 2 and clearly separated from other groups. Group 4 and group 6 clustered together due to the common ancestor i.e. V. berlandieri. The group1, group2, and group3 descendants of V. riparia were scattered and be separated by PC2. The dispersion between the individuals in group7 and group8 was more apparent, it shows that genetic differentiation existed in each group, with large genetic differences and rich genetic diversity. Group9 and group10 were situated far away from the other populations. The results of PCA were also consistent with the phylogenetic clusters.




Figure 2 | 
PCA plots of the first three components of 77 grape rootstocks using whole-genome SNP data.




Further pedigree analysis within grape rootstock groups based on identity-by-descent was also conducted. the majority of the first-degree relationships were among accessions in the same major Vitis categories (
Figure 3
). Group2, group4, group5, and group6 are closely related to each other, forming a compact independent cluster individually, which is the result of the hybridization of V. rupestris, V. riparia, and V. berlandieri. Group3 and group9 have the common parent V. amurensis, and are weakly related, however, P5, with obvious regional characteristics, formed scattered clusters.




Figure 3 | 
First-degree relationship network of 74 rootstock accessions. A dashed line represents an identity-by-descent (IBD) value between 0.45 and 0.50 (
Figure S2
). A solid line represents an IBD value equal to or greater than 0.50. The thickness of the line is proportional to the calculated IBD value.





3.3 Analysis of linkage disequilibrium

In plant-forward genetics studies, determining the linkage disequilibrium (LD, represented as r2) pattern is critical. The population size of the species, fertility (selfing or hybridization), selection pressure, and the rate of recombination all affect the level of LD, for which r2 between the paired SNP sites were calculated using the available genome-wide SNPs. It was found that the attenuation of LD was 4.6 kb in P1, 6.1 kb in P2, 23.2 kb in P3, and 4 kb in P4, reaching half of the maximum r2. These parameters are substantially greater than Liang et al. (2019) and Kui et al. (2020) identification of 2.9 kb of European wild grapes and 350 bp of cultivated grapes. The LD attenuation distance of V. amurensis from China and V. rotundifolia from the United States was 1.7 kb, which is smaller than that of wild European grapes. The r2 was calculated uniformly for all of the rootstock species resources, and the results showed that an increase of 2 kb physical distance could reach half of the maximum r2, and an increase of 5.1 kb attenuated to 0.1 (
Figure 4
). The rate of LD decay differed in the different populations. The attenuation speeds of P4 and P5 were the same, whereas the remainder were in the order of P2 > P1 > P3. The LD of P4 and P5 had the lowest attenuation distance, which might be due to the significant genetic variation among these two groups. The V. rupestris population P3 had the slowest attenuation rate, the most domestication, and the most intense selection. The average coefficient size of LD at a distance of 50 kb in the genome was.41, but was reduced to 0.37 when reaching 100 kb.




Figure 4 | 
Decay of linkage disequilibrium of the rootstocks of different grape varieties. The abscissa represents the distance of linkage disequilibrium (LD), and the ordinate is the correlation coefficient of linkage disequilibrium.




Combined analysis with ADMIXTURE (
Figure S3
, 
S4
) was carried out, and when K=2 was selected, group9 could be clearly distinguished from the other populations. Group4 and group6 are both hybrid descendants of V. berlandieri, and their composition was the same and could be distinguished when K=4. The composition of group2 and group5 was the same, which suggested that V. rupestris and V. riparia had a common ancestor, and their differentiation was observed until K=5. When K=3, group10 and group3 could be differentiated; when K=4, group8 was highly polymorphic and had a distant genetic distance from the other populations; when K=5, group7 was differentiated; and when K=6-8, more groups appeared in group7, 8, and 9.



3.4 Selection signals in the 77 grape rootstocks

The fixation index (FST
) can measure the degree of difference across populations by reflecting the allelic heterozygosity level of a population. The Fast of group4 and group6 was about 0.25, indicating that the genetic differentiation of these two groups was relatively large, whereas the other groups were greater than 0.25, indicating that there was strong genetic differentiation among these populations. As indicated in 
Figure 5
, the highest Fst value appeared between group2 and group5, indicating that there was relatively high genetic differentiation between V. rupestris and V. riparia, whereas the lowest level of genetic differentiation was observed in group4 and group6. Group4 was closer to group6 and relatively far from the group3, which was consistent with the results of the PCA and phylogenetic analysis. Overall, the Fst between the populations was greater than exceeded0.25, indicating that the high level of genetic diversity among the grape rootstocks. Counting of the overlap number indicated that the largest number of gene fragments was enriched in group3 vs. group4, distributed on 19 chromosomes. The Gene Ontology (GO) analysis terms were mainly enriched in biological process and molecular function, including nucleobase-containing compound, DNA replication, phosphatase activity, phosphoric ester hydrolase activity, spliceosome and galactose metabolism, and purine metabolism. The genes of V. riparia × V. berlandieri and V. rupestris × V. berlandieri were distributed on 19 chromosomes after selective elimination, especially chr18, and they were mainly involved in biological process and cellular components, and the pathways mainly included biosynthesis of amino acids and carbon metabolism. Group2 vs. group5 represents V. rupestris and its hybridization with V. riparia, and the hybridization resulted in differences in genes on 11 chromosomes, which mainly affected molecular function, as well as inositol phosphate metabolism, carbon metabolism, and biosynthesis of amino acids pathway. Group5 vs. group6 represents V. rupestris and its hybridization with V. berlandieri, which caused genetic differences on six chromosomes, mainly affecting the biological process, RNA transport, mRNA surveillance pathway, and nucleotide excision repair pathways.




Figure 5 | 
Selective sweep regions and gene enrichment analysis of major groups. (A) group3 vs. group4; (B) group4 vs. group6; (C) group2 vs. group5; and (D) group5 vs. group6. Each group includes the Fst distribution map (X-axis represents different chromosomes, Y-axis represents the Fst value in the corresponding chromosome window, and the dotted line represents the selection threshold top 5%); overlap number (X-axis represents different chromosomes, and Y-axis represents the number of corresponding overlaps); and GO term and KEGG pathway enrichment of the candidate selective sweep genes. The size of the bubble represents the number of genes in the corresponding GO category. The color of the bubble shows the corresponding P-value. Rich factor shows the percentage of enriched genes out of the total number in the GO category.




To analyze the degree of differentiation between Chinese and other populations, we performed selection and removal analysis of group 9 and other groups, and the degree of differentiation was in the following order: group 8, group 3, group 7, group 4, group 6, group 1, group 5, and group 2 (
Figure 6
, 
S5
). Most individuals in group9 belonged to V. amurensis, which had a relatively low degree of differentiation between group 3 and group 8 (which also contain components of V. amurensis), while a higher degree of differentiation was detected in the seedlings of V. riparia (group 2) and V. rupestris (group 5). The biological process category had the most significant difference in GO functions between group 9 and the other groups. Group 9 had more overlaps with group 1 and group 2, among which group 2 was relatively evenly distributed on 19 chromosomes (
Figure 6A
). It is worth mentioning that V. rotundifolia from the United States belonged to a different subgenus from the other populations and exhibited no genetic differentiation.




Figure 6 | 
Selection elimination and gene enrichment analysis of the Chinese population and other groups. (A) Overlap Number (the x-axis represents different chromosomes, and the y-axis represents the number of corresponding overlaps). (B, C) group9 vs group2, group9 vs group5, Fst distribution map of eight groups (the x-axis represents different chromosomes, the y-axis represents the Fst value in the corresponding chromosome window, and the dotted line represents the selection threshold top 5%); and GO term and KEGG pathway enrichment of the candidate selective sweep genes (the size of the bubble represents the number of genes in the corresponding GO category, the color of the bubble shows the corresponding P-value, and the rich factor shows the percentage of enriched genes out of the total number in the GO category).





3.5 GWAS analysis

GWAS analysis were carried out through filtering and screening the genomic data to assess the resistance of grape rootstocks to phylloxera, root-knot nematodes, salt, drought, cold and waterlogging traits, and the locations of 631, 13, 9, 2, 810, and 44 SNP loci, related to 3312, 134, 75, 13, 5133, and 337 genes were identified (
Figure 7
; 
Table S2
). Among them, the genes related to resistance to phylloxera, waterlogging and cold were scattered on each chr. Drought-related genes were distributed on chr5 and chr10, with 9 and 4 genes mapped, respectively. Furthermore, the genes related to salt stress were distributed on chr14, chr03, chr10, chr13, chr5, chr9, and chr12. And most genes related to root-knot nematodes were distributed on chr13 and chr14, with 32 and 26 genes mapped respectively (
Figure 8
; 
Table S2
). We discovered that the association analysis result for salt was the closest to the predicted P-value of the non-associated null hypothesis using a quantile-quantile (Q-Q) plot, showing that the features were not produced by group stratification. The P-value of phylloxera and cold differed the most from the expected P-value, indicating that population stratification and individual kinship had a great influence on the association analysis and could easily result in false-positive associations, so the most SNP sites are located.




Figure 7 | 
Comparison of the results of the association analysis of six resistance traits. Comparison of the number of associated SNPs and genes; QQ-plot based on the MLM model shows the distribution of actual P-values and the expected P-values of the non-relevant null hypothesis.







Figure 8 | 
Genome-wide association analysis of six resistance traits. (A) The distribution of the P-values of the whole genome on the chromosome. The genetic marker effect value is the P-value of the whole genome after the F-test is sorted according to the physical location on the chromosome. The X-axis represents the genome coordinates, and the Y-axis represents log10P. The smaller the P-value, the stronger the correlation, which is expressed as a larger ordinate. (B) The distribution of the located genes on the chromosomes, P: phylloxera, R: root-knot nematode, S: salt, D, drought, C: cold, W: waterlogging.




A total of 13 SNP loci were related to grape rootstock resistance to root-knot nematode in a GWAS analysis, with chr5 accounting for roughly 20% of the total. Furthermore, three were located on serine/threonine-protein kinases containing LRR structure, two PP2 proteins, one cysteine protease XCP1 gene, one leucine-rich protein kinase, one MYB48 transcription factor, one bHLH61 transcription factor, one BTB/POZ domain-containing protein, and one NRT1/PTR FAMILY 5 protein. These genes are associated to plant responses to biotic and abiotic stress, either directly or indirectly. Among the 75 genes associated with salt damage traits, multiple cysteine-rich receptor-like protein kinases are located on chromosome 8, and sodium/hydrogen exchanger 2 is located on chromosome 5. A total of 13 genes were associated with cold tolerance traits, of which nine genes are located on chr2, P4H1, PPR, PRN, SAD2, and Ku70, and four genes have unknown functions, meanwhile, four genes are located on chr10, CAT2, PLGG1, PLAT, and BTB/POZ-MATH. A total of 44 SNP loci were mapped to the waterlogging tolerance traits of rootstocks, among them chr3 and chr10 genes hosted the largest number of them. We mapped WRKY20, WRKY72, and WRKY32, two MADS-box genes including MADS-box 3 and MADS-box X1, three F-box genes involved in abiotic stress, one ERF gene and one EIN gene involved in the ethylene regulation, and six endo-1,3 (Reisch et al., 2012)-beta-glucanase genes also involved in plant resistance to disease.

The P-values of the GWAS analysis of the traits of grape resistance to phylloxera and cold differed from the ideal P-values. We located six WRKY transcription factors related to phylloxera and three genes related to root growth, including ROOT INITIATION DEFECTIVE 3, ROOT PRIMORDIUM DEFECTIVE 1, and SODIUM POTASSIUM ROOT DEFECTIVE 2, which may be related to phylloxera infestation during root development, thus endangering grape growth. C-repeat binding factor 1 was associated with cold-tolerance traits on chr11, which is the master switch of plant cold-resistant crop mechanisms. In addition, we identified 22 MYB transcription factors and found PIF4 and cold shock proteins (CSP2) on chr13. CSP can enhance the ability of cells to resist cold shock stress.

In addition, the association analysis revealed that several attributes shared a large number of the same genes. 19 genes were associated with three traits, of which six genes were also associated with the resistance to phylloxera, salt, and cold traits, including pyruvate kinase isozyme A, armadillo repeat-containing protein LFR, and Very-long-chain 3-ketoacyl-CoA synthase. Six genes were instantaneously and associated with the resistance to phylloxera, cold, and root-knot nematode traits, including three serine/threonine-protein kinases, Protein LURP-one-related 5, and ethanolamine-phosphate cytidylyltransferase. Seven genes relating to resistance to waterlogging, phylloxera, cold, and waterlogging traits were linked, including aluminum-activated malate transporter 12, protein ABCI7, and Ribulose bisphosphate carboxylase/oxygenase activase 1, and two protein phosphatase 2C genes.




4 Discussion

Rootstocks plays a pivotal role to protect grapevines from biotic and abiotic stresses including phylloxera, nematodes, viruses, limestone-based soils, salinity, and drought (Riaz et al., 2019). In this study, 77 grape rootstocks currently in cultivated for grape production were re-sequenced. Phylogenetic analysis inferred that the common rootstock varieties were mostly from V. riparia, V. rupestris, and V. berlandieri, which also confirms the results of Riaz, Pap, Uretsky, Laucou, Boursiquot, Kocsis et al. (Riaz et al., 2019) and Heinitz, Uretsky, Peterson, Huerta-Acosta,Walker (Heinitz et al., 2019) that the world’s existing rootstocks have a narrow genetic basis. Through population genetic structure analysis, we found that 77 rootstocks were mainly derived from five ancestral components. The rootstocks that were first discovered were V. riparia and V. rupestris, which can be grafted to grapes well. Later, the planting advantage of V. berlandieri in Europe was discovered (Viala and Ravaz, 1901; Foëx, 1902), following which extensive rootstock breeding took place (Laucou et al., 2008; Garris et al., 2009; Bavaresco et al., 2015; Pavloušek, 2015; Riaz et al., 2019). This is similar to the genetic structure of cultivated grapes and is the result of limited hybridization between superior varieties, forming a large and complex pedigree (Bacilieri et al., 2013). The various subgroups of rootstocks began to grow before 1.5 mya and proceeded to distinguish and hybridize, resulting in a rise in the size of the group, according to this study. Each group has experienced at least one group expansion and a population bottleneck event.

Researchers have been exploring the origin and evolution of various types of grapes (Aradhya et al., 2003; This et al., 2006; Myles et al., 2011; Bacilieri et al., 2013; Marrano et al., 2018; Liang et al., 2019). The cultivated grapevine has broad genetic variation (This et al., 2006; Marrano et al., 2017). The narrow genetic basis in viticulture may have a significant negative impact on its ability to withstand evolving pests and diseases and climate change (Ollat et al., 2015). In this study, it was found that Chinese wild grapes, especially V. amurensis, have a genetic background that is far from the traditional rootstock varieties, have an irreplaceable role in resistance to abiotic stress, and are a good parent choice.

Because of wide adaptability and strong resistance to biotic or abiotic stress (Zhang et al., 2012; Liu and Hua, 2013), wild grapes are an important gene pool for broadening the genetic basis and cultivation of rootstock grapes (Wan et al., 2008; Tian et al., 2008; Heinitz et al., 2019). As a precious germplasm resource, wild grapes play an important role in the Chinese grape industry (Wan et al., 2008; Jiang et al., 2015). In this study, we selected the main wild grape resources in China, including V. amurensis, V. quinquangularis, V. davidii, and V. pseudoreticulata. The genetic distance between Chinese wild populations and other populations was farther but closer to V. rotundifolia. The Chinese wild grapes were highly differentiated from the seedlings of V. riparia (group2) and V. rupestris (group5). At present, Chinese breeders have used wild resources such as V. amurensis and V. davidii for hybridization and have selected excellent rootstock resources (Zhang et al., 2009). Group3 in this study was obtained by hybridization between V. amurensis and V. riparia and inherited the cold-resistance characteristics of V. amurensis, which also confirmed the feasibility of Chinese wild resources as rootstock parents. Further research should be aimed at overcoming the obstacles of interspecies hybridization; hybrid offspring with high resistance, distant genetic relationships, and large genetic differences should be obtained; and the genetic basis of rootstocks should be expanded. This is an important measure for ensuring the sustainable development of the grape industry (Riaz et al., 2019).

Suitable rootstocks are selected according to the demands of the environmental conditions in different regions. Locating genes that control rootstock resistance-related traits is the basis of genetic breeding. This can further analyze the genetic mechanism of resistance and provide an important theoretical basis and genetic resources for further research on rootstock resistance improvement and molecular marker-assisted breeding (Migicovsky et al., 2017; Su et al., 2019). The LD of grape rootstocks revealed a fast deterioration trend in this study, showing that association analysis for highly heterozygous fruit tree crops like grapes required very rich SNP marker data that can cover the whole genome (Migicovsky et al., 2016). GWAS analysis revealed that 3312 and 5133 genes were related to phylloxera and cold stresses, while 19 genes were shared by at least three stress traits (
Table S2
). Members of the serine/threonine kinase family are regarded as the central unit linking hormone and environmental stimuli to changes in metabolism and gene expression (Hardie, 1999; Liang et al., 2019). In this study, we associated a large number of members of the serine/threonine kinase family with the phylloxera, cold, and root-knot nematode stress traits (
Table S2
). As one of the largest transcription factor families in plants, WRKY is one of the transcription factor families that is a key participant in resistance against waterlogging damage (Meng et al., 2016; Su et al., 2019), cold damage (Guo et al., 2014), drought (Meng et al., 2016), phylloxera (Wang et al., 2019), and other external stresses (Guo et al., 2014). We also associated a large number of members of the WRKY gene family with resistance to phylloxera and waterlogging tolerance. In addition, three root development-related genes were associated with resistance to phylloxera, and two MADS-box and three F-box genes were associated with waterlogging, which are closely related to plant abiotic stress. BTB/POZ-MATH has been linked when drought traits are analyzed to interact with ERF/AP2 in response to drought stress and salt stress (Weber and Hellmann, 2009). ABA-mediated Importin beta-like SAD2 has also been shown to be involved in the resistance to cold, salt, and other abiotic stresses (Verslues et al., 2006). Due to the influence of group stratification and kinship, the cold-tolerance association analysis obtained many false-positive results. However, we were interested in the transcription factor CBF (CRT/DRE-binding factor), which is the master switch for plants to improve cold tolerance, and the transcription factor MYB15, which is involved in the regulation of cold tolerance (Agarwal et al., 2006). This may be related to the cold stress-related regulatory module of CBFs-PIF3-phyB recently discovered by Jiang, Shi, Peng, Jia, Yan, Dong et al. (Jiang et al., 2020).

Global disease caused by root-knot nematodes seriously threatens grape production (McKenry and Anwar, 2006), and V. rotundifolia is highly resistant to root-knot nematodes (Esmenjaud and Bouquet, 2009). The presence of LRR domains in genes has been linked to biotic stress tolerance in studies. After infection, the number of LRR domains is inversely proportional to the amount of expression. Plant resistance to root-knot infection can be altered by WRKY and bHLH, which control genes encoding LRR (Song et al., 2018). In this study, we found four genes containing the LRR structure that was also related to the transcription factors MYB48 and bHLH61, which may be related to the role of the LRR domain. In addition, we found that the resistance of grapes to root-knot nematodes was related to HMGR and PP2. HMGR is activated during root-knot nematode infection and causes a large number of alkaloids and terpenoids to be synthesized, thus improving the defense ability of grapes (Cramer et al., 1993). Furthermore, PP2 is a dimeric chitin-binding lectin that can maintain plant morphology and protect wounds (Zhang et al., 2011; Guo et al., 2018), and its F-box domain can also participate in protein degradation (Guo et al., 2018). Overexpression of PP2 can inhibit the feeding habits of the green peach aphid (Zhang et al., 2011). The cysteine protease XCP1 on chr17 is related to the micro-autolysis of cells and may be closely related to the resistance of plants to root-knot nematodes (Avci et al., 2010).

The salt tolerance traits of grapes obtained the most significant correlations among the six rootstock resistance traits. The main hazards caused by salt stress are osmotic stress and ion toxicity (Munns and Tester, 2008). An important approach for plants to deal with salt stress is to regulate the ion balance in the cell and maintain a high K+/Na+ in the cytoplasm (Munns, 2002). Na+ is excreted to the outside of the cell through membrane Na+/H+ exchange or antiporters on the plasma membrane. Conversely, excessive Na+ is transported to the vacuole through vacuolar Na+/H+ exchange or antiporters for storage to reduce the toxicity of Na+ ions, and as an osmotic regulator, reduce the cell osmotic potential (Apse et al., 1999). Fortunately, the sodium/hydrogen exchanger 2 gene was also identified, and multiple cysteine-rich receptor-like protein kinases may be related to the regulation of salt tolerance in grapes. To determine the activities of the candidate genes identified in this study, to be confirmed using other genotypes with opposing traits and more waterlogging stress.



5 Conclusion

By resequencing 77 common grape rootstock varieties, we revealed the clusters and domestication characteristics of grape rootstocks at the genomic level and analyzed the population structure of the rootstocks, which is of great significance to the improvement of rootstock varieties. The results indicated that the 77 rootstocks originated from five ancestral components, assembled into ten groups. The wild resources of V. amurensis and V. davidii, originating from China and being generally considered to have stronger resistance against biotic and abiotic stresses, were sub-divided from the other populations except V. rotundifolia from the United States. A large number of SNP sites were excavated, providing a possible direction for the development of SNP molecular markers for rootstocks. A high level of linkage disequilibrium was found among the 77 rootstock genotypes, GWAS analysis among the grape rootstocks located 631, 13, 9, 2, 810, and 44 SNP loci that were responsible to resistances to phylloxera, root-knot nematodes, salt, drought, cold and waterlogging traits. The findings provide a large amount of genomic data on grape rootstocks, thus offering a theoretical basis for further research on the resistance mechanism of grape rootstocks and the breeding of resistant varieties. Most importantly, these results support the huge potential of China’s wild resources as a source of stress-resistance factors in future breeding initiatives to cope with climate changes and the increasing demand for sustainable viticulture.
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Supplementary Figure 1 | 
Seventy-seven samples of grape rootstocks. According to the source of the parent, the samples were divided into 10 groups, represented by different colors, and the samples were further divided into 5 blocks according to the region and the phylogenetic tree. Population 1 (P1) are variants of V. riparia and their hybrids with other populations; the offspring of V. berlandieri× V. riparia and are classified as Population 2 (P2); Population 3 (P3) represents V. rupestris and its hybrid offspring with V. berlandieri; P4 represents a relatively complex group with relatively distant genetic relationships; P5 is divided into V. rotundifolia of American origin and the wild resources of China.


Supplementary Figure 2 | 
Summary statistics of identity-by-descent (IBD) values calculated from all of the rootstock accessions.


Supplementary Figure 3 | 
Population structure of 77 grape rootstocks estimated by ADMIXTURE. Each color represents one ancestral population. Each group is represented by a bar, and the length of each colored segment in the bar represents the proportion contributed by that ancestral population. The K value represents the number of the assumed ancestral population.


Supplementary Figure 4 | 
Cross-validation (CV) error value for different model K.



Supplementary Figure 5 | 
Selection elimination and gene enrichment analysis of Chinese population and other groups. FST
 distribution map of eight groups (the x-axis represents different chromosomes, the y-axis represents the FST
 value in the corresponding chromosome window, and the dotted line represents the selection threshold top 5%); GO term and KEGG pathway enrichment of the candidate selective sweep genes (the size of the bubble represents the number of genes in the corresponding GO category, the color of the bubble shows the corresponding P-value, and the rich factor shows the percentage of enriched genes out of the total number in the GO category).
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  Obtaining new grapevine varieties with unique aromas has been a long-standing goal of breeders. Norisoprenoids are of particular interest to wine producers and researchers, as these compounds are responsible for the important varietal aromas in wine, characterized by a complex floral and fruity smell, and are likely present in all grape varieties. However, the single-nucleotide polymorphism (SNP) loci and candidate genes genetically controlling the norisoprenoid content in grape berry remain unknown. To this end, in this study, we investigated 13 norisoprenoid traits across two years in an F1 population consisting of 149 individuals from a hybrid of Vitis vinifera L. cv. Muscat Alexandria and V. vinifera L. cv. Christmas Rose. Based on 568,953 SNP markers, genome-wide association analysis revealed that 27 candidate SNP loci belonging to 18 genes were significantly associated with the concentrations of norisoprenoid components in grape berry. Among them, 13 SNPs were confirmed in a grapevine germplasm population comprising 97 varieties, including two non-synonymous mutations SNPs within the VvDXS1 and VvGGPPS genes, respectively in the isoprenoid metabolic pathway. Genotype analysis showed that the grapevine individuals with the heterozygous genotype C/T at chr5:2987350 of VvGGPPS accumulated higher average levels of 6-methyl-5-hepten-2-one and β-cyclocitral than those with the homozygous genotype C/C. Furthermore, VvGGPPS was highly expressed in individuals with high norisoprenoids concentrations. Transient overexpression of VvGGPPS in the leaves of Vitis quinquangularis and tobacco resulted in an increase in norisoprenoid concentrations. These findings indicate the importance of VvGGPPS in the genetic control of norisoprenoids in grape berries, serving as a potential molecular breeding target for aroma.



 Keywords: grape berry, norisoprenoids, single nucleotide polymorphism, genome-wide association study, genetic regulation 

  1 Introduction

Grapes (Vitis spp.) are the most economically important fruit species in the world. It is estimated that the global vineyard area is approximately 6950 kilo-hectares, with an yield of 78,034 kilo-tonnes in 2020, ranking first in fruit production (From FAO data). Approximately 71% of this production is used for wine, 27% for fresh fruit, and 2% for raisins. More than 50 species in the Vitis genus have been recognized to date. Vitis germplasm constitutes a valuable resource for obtaining desired traits, such as increased tolerance to pathogens and improved flavor quality, through breeding programs. New grapevine varieties with unique flavors are expected to be bred to meet diverse consumption needs. During the last several decades, grape breeding worldwide has aimed at developing new varieties with disease resistance, unique flavors and better quality (Powell, 2008; Reisch et al., 2012). Aroma breeding has also long attracted great attention, as aroma characteristics are important indicators for both fresh fruit consumption and processing. The most important aromatic compounds in grape berries are monoterpenoids and norisoprenoids, which are generated via isoprenoid metabolism.

Monoterpenoids are primarily important in the Muscat-type and non-Muscat aromatic-type grape varieties, whereas norisoprenoids, with very low odor perception thresholds, are the main contributors to the floral and fruity scents in the neutral grape varieties and the wines produced from these grapes. (Strauss et al., 1987; Mateo and Jimenez, 2000; Kwasniewski et al., 2010; Robinson et al., 2014; Gao et al., 2016; Yuan and Qian, 2016; Zhang et al., 2016). Norisoprenoids are produced by the cleavage of a group of carotenoids with 40 carbons (C40) in the plastids. Carotenoids are derived from the sequential condensation of 5-carbon (C5) building blocks, namely isopentenyl diphosphate (IPP), and its double-bond isomer dimethylallyl diphosphate (DMAPP). The biosynthesis of these two universal precursors in plant cells involves two independent pathways: the mevalonic acid (MVA) pathway in the cytosol and the methyl-erythritol-phosphate (MEP) pathway in the plastids. Most monoterpenes (C10), diterpenes (C20), and tetraterpenes (C40), such as carotenoids, are derive from the MEP pathway, with 1-deoxy-D -xylulose-5-phosphate synthase (DXS) as the entrance and rate-limiting enzyme (Winterhalter and Rouseff, 2002; Schwab et al., 2008; Dunlevy et al., 2009; May et al., 2013; Schwab and Wust, 2015). In plastids, geranylgeranyl diphosphate synthase (GGPPS) acts at the intersection, leading to the C10 monoterpene synthetic branch and the C20/C40 compounds synthetic branch. Thereafter, carotenoids are oxidatively cleaved by carotenoid cleavage dioxygenases (CCDs) or by non-enzymatic reactions into norisoprenoids derivatives with C9, C10, C11, and C13 (Mendes-Pinto, 2009). In grape berries, there are three CCDs that have been biochemically identified, being VvCCD1, VvCCD4a, and VvCCD4b. All three enzymes can cleave lycopene at the 5, 6 (5’, 6’) position to generate 6-methyl-5-hepten-2-one (MHO). VvCCD1 cleaves β-carotene at the 9, 10 (9’, 10’) position to form β-ionone, while VvCCD4b cleaves ξ-carotene at the 9, 10 (9’, 10’) position to form geranylacetone (Lashbrooke et al., 2013). In Crocus sativus, CsCCD4c cleaves β-carotene at different sites to produce β-ionone and β-cyclocitral (Rubio-Moraga et al., 2014).

Currently, the norisoprenoid derivatives that have been chemically identified in grape berries and wine include β-damascenone (C13), β-ionone (C13), 1,1,5-trimethyl-1,2-dihydronapthalene (TDN; C13), β-cyclocitral (C10), geranylacetone (C13), 2,2,6-trimethylcyclohexanone (TCH; C9), (E)-1-(2,3,6-trimethylphenyl) buta-1,3-diene (TPB; C13), theaspirane (C13), vitispirane (C13), riesling acetal (C13), and MHO (C8) (Mendes-Pinto, 2009). From the perspective of aroma description, β-damascenone mainly presents a “floral”, “honey”, “cooked apple”, or tropical fruit scent in wine, with a sensory threshold of only 50 ng/L in model wine (Kotseridi, 1999). β-Ionone exhibits “violet” and “raspberry” aromas, with a sensory threshold of 90 ng/L in model wine (Aznar et al., 2001). TDN, with a sensory threshold in wine of 20 μg/L, exhibits “kerosene” or “gasoline” notes and is considered a characteristic aroma compound of V. vinifera riesling wines (Simpson, 1978). TCH mainly exhibits a “rosy” aroma with a sensory threshold of 44.3 μg/L in water (Silva Ferreira and Guedes de Pinho, 2004). Vitispirane mainly presents “eucalyptus” or “camphor” aromas (Genovese et al., 2007). Other compounds such as riesling acetal, MHO, geranylacetone, and β-cyclocitral are characterized by “lemon”, “citrus”, and other tropical fruit scents (Zhang et al., 2017). Importantly, obtaining grape varieties with abundant aroma compounds, such as norisoprenoid derivatives, will be of significance in enriching the consumption of fresh fruit and wines.

Aroma compound accumulation in fruits is affected by a variety of factors, including genetic background, growth environment, and cultivation practices (Jackson and Lombard, 1993; Ghaste et al., 2015). At the genetic level, aroma is a complex quantitative trait controlled by multiple genes. With rapid developments in sequencing and detection technologies, genealogy-based linkage mapping and natural population-based association analysis are currently the main methods for conducting quantitative trait studies in grapevines and other fruit crops. Many quantitative traits have been genetically dissected in grapevines, such as berry weight and number of fruit seeds (Doligez et al., 2002; Doligez et al., 2013), berry hardness (Carreño et al., 2014; Jiang et al., 2020), berry sugar and acid (Chen et al., 2015; Bayo-Canha et al., 2019), phenological stage (Duchene et al., 2009), anthocyanin (Ban et al., 2014; Fournier-Level et al., 2014), flavonoids (Malacarne et al., 2015), downy mildew -resistance (Sargolzaei et al., 2020), and powdery mildew -resistance (Blanc et al., 2012). Regarding the aroma traits of grape berry, previous studies have primarily focused on terpenes and methoxypyrazines. First, the quantitative trait loci (QTLs) related to the levels of linalool, nerol and geraniol, the three main monoterpenes in grape berry, were identified on linkage groups (LGs) 1, 5, and 7, and the QTLs with major effects explaining 17–55% of the total phenotypic variance were found to be localized on LG5. Meanwhile, two QTLs controlling the linalool content were mapped on LG10 (Doligez et al., 2006). Next, the gene encoding VvDXS, the first enzyme in the plastidial isoprenoid biosynthesis pathway, was found to co-localize with a major QTL for the levels of linalool, nerol and geraniol on LG 5 in 2009 (Battilana et al., 2009). Two years later, a single-nucleotide polymorphism (SNP) locus (named SNP1822) within VvDXS was confirmed, causing the substitution of lysine with an asparagine at position 284 in VvDXS, and this non-synonymous mutation increased the catalytic efficiency by altering the enzyme kinetics (Battilana et al., 2011). VvDXS has been proven to genetically control the monoterpene content in grape berries. A recent genome-wide association study (GWAS) identified three QTLs located close to the functional genes DXS, FPPS, and HDR associated with the linalool and geraniol aroma compounds from 96 grapevine cultivars, however, no further verification experiment has been conducted (Yang et al., 2017).

Methoxypyrazines (MPs), a class of compounds that contribute to the smell of green peppers, peas and asparagus, are usually present in traditional V. vinifera. varieties, such as Sauvignon Blanc, Cabernet Franc, Cabernet Sauvignon, Merlot, Carmenere and Malbec. Through QTL analysis of F1 progeny comprising 130 genotypes for 3-isobutyl-2-methoxypyrazine (IBMP) content using solid-phase extraction (SPE) -gas chromatography-mass spectrometry (GC-MS), two genes encoding O-methyltransferases (OMTs), termed VvOMT3 (VIT_03s0038g03090) and VvOMT4 (VIT_03s0038g03080), on LG3 were identified to be associated with the IBMP level in grape berries (Guillaumie et al., 2013). Based on the differential expression between the high- and low-MP-producing grapevine varieties, it is proposed that VvOMT3 is a key gene for IBMP biosynthesis in the grapevine.

However, studies on the genetic regulatory mechanism of norisoprenoids are very limited. In this study, we used an F1 population from the hybrid of the Muscat-type variety V. vinifera L. cv. Muscat Alexandria and the non-Muscat-type variety V. vinifera L. cv. Christmas Rose to explore the SNP loci and candidate genes significantly associated with the contents of norisoprenoid derivatives in grape berries using GWAS. The results were verified using a grapevine germplasm population and the transitent over-expression of target genes. The broader aim of this study was to gain an understanding of the genetic regulation of norisoprenoid compounds and provide a basis for the molecular breeding of grape aromas.


 2 Materials and methods

 2.1 F.1 population and true hybrid identification

The F1 population was derived from a cross between Vitis vinifera L. cv. Muscat Alexandria and V. vinifera L. cv. Christmas Rose. The artificial hybridization was performed twice. The first hybridization was performed in 2010, and then 305 seedlings were cultivated the following year in an experimental vineyard at the Beijing Academy of Forestry and Pomology Sciences in Beijing, China (39°58′N and 116°13′E). The second hybridization was performed in 2011, and 351 seedlings were planted in an experimental vineyard in Pinggu district in Beijing, China (40°58′N and 117°52′E) in 2012. These vines were trained into a two-wire vertical trellis system with a planting space of 0.75 m × 2.5 m, and they began to bear fruits in 2015 to 2017. Similar field management was carried out for the two vineyards.

We originally selected 183 individual plants with similar growth potential from the F1 population and applied Kompetitive Allle-Specific Polymerase chain reaction (KASP) to distinguish true and false hybrids. Finally, 149 true fruit-bearing hybrid individuals were used for this study. The hybrid identification protocol included the following steps: First, the parents were genome re-sequenced to a depth of 30X. Second, seven different homozygous SNP loci between the two parents were selected. Finally, for each SNP locus, three pairs of primers were designed: two pairs of specific forward primers (F1 and F2) with the 3′ end carrying the mutation base of the SNP locus and the 5′ ends linked with FAM and a HEX sequencing adapter, and another pair of reverse primers (R) for general use. The length of each primer pair was about 150 bp ( Supplementary Table S1 ). The three pairs of primers were mixed at an F1:F2:R:ddH2O ratio of 6:6:15:23. The 10 μL PCR system was composed of 1 μL DNA of an F1 individual, 1.4 μL mixed primers, 5 μL KASP Mix (LGC Company, UK), 0.08 μL MgCI2, and 2.52 μL ddH2O. The PCR procedure was as follows: heat treatment at 94°C for 15 min; 10 cycles of denaturation at 94°C for 20 s, annealing at 61–55°C and extension for 60 s, and 0.6°C reduction per cycle, followed by 30 cycles of denaturation at 94°C for 20 s, annealing at 55°C, and extension for 60 s. Genotyping of F1 individuals was conducted via fluorescence scanning at the end of the amplification. The heterozygous SNP was identified as the true F1 progeny, and the results are shown in  Supplementary Table S2 .


 2.2 Sample collection

Young leaves of the F1 hybrids were sampled for re-sequencing. The grape berries were collected for norisoprenoid compound analysis when the total soluble solids (TSS) reached approximately 16°Brix in 2017, and 10°Brix and 16°Brix for the two sampling periods in 2018 ( Supplementary Figure S1 ). TSS was measured using a digital handheld pocket Brix refractometer (PAL-2; ATAGO, Tokyo, Japan). When the maturity reached the sampling requirement, approximately 100 healthy berries were harvested. In the triplicate samplings, there were 126, 113, and 116 hybrid vines, respectively, that had sufficient fruits for collection. The samples were quickly frozen in liquid nitrogen and stored at –80 °C until analysis.

The leaves and fruits of a germplasm population including 97 varieties ( Supplementary Table S3 ) were collected for the validation of some significant SNP loci using KASP and the determination of norisoprenoid compounds. These varieties were planted in the grape breeding nursery of Shanxi Academy of Agricultural Sciences Pomology Institute, Taigu County, Jinzhong City, Shanxi Province, China (37°42′N, 112°55′E), with a North-South row orientation and planting space of 0.5 m × 2.5 m. Three biological replicates were collected for each variety. Each replicate randomly collected 100 healthy ripe berries.

For transient over-expression analysis, the leaves of V. quinquangularis were collected from the Grape Research Demonstration Park of Guangxi Characteristic Crops Research Institute (Guilin, China), and wild-type tobacco (Nicotiana benthamiana) was cultivated in soil in a greenhouse under a cycle of 16 h light/8 h dark at 23 °C.


 2.3 Analysis of norisoprenoids using headspace solid-phase microextraction (HS-SPME) GC-MS

The norisoprenoids in grape berry was extracted according to the previously reported method with some modification (Yuan and Qian, 2016). Approximately 70 g frozen grape berries whose seeds were removed ahead were blended with 1 g polyvinylpolypyrrolidone and 0.5 g D-gluconic acid lactone and ground into powder in liquid nitrogen. To extract norisoprenoid, 1 g berry powder was put into a 20 mL autosampler vial with 5 mL citrate buffer (0.2 M, pH 2.5, saturated with 1 g NaCl) and 10 µL internal standard (1.068 g/L 4-methyl-2-pentanol) added. Then the vials were tightly capped and equilibrated at 99 °C in a thermostatic bath for 1 h. Two technical replicates of norisoprenoid compounds detection were performed per biological replicate.

The norisoprenoid compounds were detected via headspace solid-phase microextraction (HS-SPME) using a CTC Combi PAL autosampler (CTC Analytics, Zwingen, Switzerland) equipped with a 2 cm DVB/CAR/PDMS 50/30 μm SPME fiber (Supelco, Bellefonte, PA., USA), and at 40°C for 30 min with stirring at 500 rpm. An Agilent 6890 gas chromatography coupled with an Agilent 5975C mass spectrometer was used to analyze the norisoprenoid compounds in the samples. The compound separation was achieved with an HP-INNOWAX capillary column (60 m 0.25 mm, 0.25 μm, J &W Scientific, Folsom, CA, USA). Norisoprenoid compounds were identified and quantified according to the previously published methods (He et al., 2021). Volatile compounds were identified by comparing their retention indices and mass spectrums using the national institute of standards and technology 11 (NIST 11) database. The standards β-damascenone, β-ionone and 6-methyl-5-hepten-2-one were used to establish standard curves in this study, whereas the other compounds without available standards were quantified using standards that had the same functional groups or similar numbers of carbon atoms (see  Table 1 ). The norisoprenoids concentration was expressed in units of micrograms per kilogram.

 Table 1 | Qualitative and quantitative information of norisoprenoid compounds detected in this study. 




 2.4 Whole-genome re-sequencing and SNP calling

DNA was extracted from the young leaves of the two parents and true F1 hybrid offspring using a Plant Total DNA Extraction Kit (Bioteke Biotechnology Company, Beijing, China). The two parents were genome re-sequenced to a depth of 30 ×, and the true F1 hybrid individuals were genome re-sequenced to a depth of 10 × using Illumina HiSeq platform by Annoroad Genome Technology Company (Beijing, China). Clean reads were obtained from raw reads by removing sequences with contaminated adapters, low quality, and N ratio greater than 5%. The clean reads were aligned to the V. vinifera Pinot noir PN 40024 reference genome (http://genomes.cribi.unipd.it/grape/) using the (Burrows-Wheeler Aligner) BWA v0.7.17 (Li and Durbin, 2009). The aligned sequences were sorted using SAMTools v1.19 (Li et al., 2009). Furthermore, PCR duplicated sequences were removed using the Picard-tools v1.119 (picard.sourceforge.net), and the sequences aligned to multiple locations were also weeded out using Perl Scripts.

All the potential SNP loci on the genome were extracted using the mutation analysis software GATK v4.0 (Genome Analysis Toolkit) (McKenna et al., 2010). Then, variants were further filtered with GATK’s variation filtration using the following filtering parameters: FS (Fisher Strand Bias) >10.0, QD (Quality by Depth) <10, DP (Coverage) <4, QUAL (Quality Scores) <30. In this study, all missing SNPs and the SNPs with the minor allele frequency (MAF) less than 0.1 have been filtered prior to the GWAS analysis using vcftools (v0.1.13) software. Finally, the high-quality SNPs were annotated according to the V. vinifera genome annotation file (.gff) using the ANNOVAR software (Wang et al., 2010).


 2.5 Genome-wide association study

In this study, the norisoprenoid traits and SNP markers were used for genome-wide association study (GWAS). Manhattan plots were drawn to illustrate the significance and location distribution of SNPs for GWAS results. The significance threshold was set as -log10(5e-8) = 7.3 to screen out significant candidate SNPs.

In this study, we describe the measured phenotypic value yi of a trait for individual i using a regression model:

 

Where μ is the overall average value; Xi  refers to the subgroup to which individual i belongs; β represents the environmental factor; a and d, respectively, refer to the additive effects and dominant effects of SNPs; ξi  and ζi  refer to the indicator vectors corresponding to the additive effects and dominant effects of SNP for individual i; ϵi  is the residual error. The j-th elements of ξi  and ζi  are defined as:

 

 

The regression coefficients are estimated using maximum likelihood method. The hypothetical test of a marker influence on trait is formulated as follows:

 

 

where H0  corresponds to the simplified model and H1  correspond to the full model. The test statistic of the hypothetical test is calculated as the log-likelihood ratio (LR). Level of significance is calculated by permutation test. The p-value thresholds of all traits were calculated through 1000 iterations using the permutation test, ultimately to determine which are significant SNP loci.


 2.6 Screening of candidate genes

According to the location of significant SNPs on the grape reference genome (http://genomes.cribi.unipd.it/grape/), and genes within 100 kb upstream and downstream of the significant SNPs were regarded as the candidate genes. And, the focus was mainly concentrated on structural genes in the isoprenoid metabolic pathway and potential transcription factors.


 2.7 Total RNA extraction, quantitative real-time PCR, and reverse transcription PCR

Total RNA of grape berry was extracted using the Spectrum™ Plant Total RNA Kit (Sigma-Aldrich, St. Louis, MO, USA). The quality and concentration of the obtained RNA were detected by agarose gel electrophoresis and NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). First-strand cDNA was transcribed from total RNA using the HiScript ® II Q RT SuperMix for qPCR + gDNA wiper Kit (Vazyme, Nanjing, China).

To detect gene expression abundance in grape berries and V. quinquangularis leaves, we performed quantitative real-time PCR (qRT-PCR) using ChamQ Universal SYBR qPCR Master Mix (Vazyme Nanjing, China). The PCR system is a 20 µL reaction mixture containing 2µL cDNA template, 10µL 2×ChamQ Universal SYBR qPCR Master Mix PCR, 0.8 µL primers, and 7.2 µL ddH2O. The PCR procedure was as follows: 95 °C for 30 s, followed by denaturation at 95 °C for 10 s, and annealing at 60 °C for 30 s, with a total of 40 cycles. The data were analyzed using the CFX Maestro™ software (Bio-Rad, USA). Three replicates were performed for each sample during qRT-PCR. The Ubiquitin gene was used as the reference, and the primers used for qRT-PCR are listed in  Supplementary Table S4 .

To test if the gene was expressed in Nicotiana benthamiana leaves, we performed the reverse-transcription PCR (RT-PCR) following published methods with some modifications (Meng et al., 2020). The 2 × Taq PCR MasterMix (KT201) (Tiangen Biotech, Beijing, China) was used for PCR, wherein a 10 µL reaction mixture contained 1 µL of the cDNA template, 1 µL primers, and 3 µL ddH2O. The NbL23 gene was used as an internal control. The PCR procedure was as follows: 94 °C for 5 min, 94 °C for 30 s, 56 °C for 30 s, and 72 °C for 60 s, followed by a final extension step for 5 min at 72°C, with a total of 29 cycles. The products were visualized through agarose gel electrophoresis. Primers used for RT-PCR are listed in  Supplementary Table S4 .


 2.8 VvGGPPS function validation by transient overexpression in V. quinquangularis leaves

The transient transformation of VvGGPPS (VIT_205s0020g01240) was carried out in the leaves of V. quinquangularis using published methods with some modifications (Xu et al., 2010). First, the coding region of the gene was amplified from the cDNA of V. vinifera ‘Petit Manseng’ grapes with one pair of primers ( Supplementary Table S4 ), and then sequenced. Next, the full-length coding fragment was cloned into the pCAMBIA1301 vector, and this construct was under the control of the CaMV 35S promoter. The expression construct pCAMBIA 1301-VvGGPPS was transferred into the Agrobacterium tumefaciens strain EHA105, and the empty pCAMBIA 1301 vector was used as the control. Subsequently, the activated A. tumefaciens EHA105 strain carrying the plasmid pCAMBIA 1301-VvGGPPS was inoculated into 50 mL LB liquid medium (20 mg/L rifampicin and 50 mg/L kanamycin) to attain the initial optical density at 600 nm (OD600) of approximately 0.2, and then cultured on a shaker of 220 rpm at 28 °C until the OD600 reached 1.0–1.2. After the centrifugation at 4 °C and 4,000 × g for 5 min, the strains were resuspended with induction buffer consisting of 2.132 g/L MES (2-(N-morpholino) ethanesulfonic acid), 2.033 g/L MgCl2·6H2O, 5 g/L sucrose, and 0.039 g/L acetosyringone (pH 5.9–6.0) to obtain the final OD600 value of 0.4. The re-suspensended solution was maintained at 25 °C for 3 h to adapt the strains to the new buffer environment. Finally, the leaves backside up were submerged into the adjusted solution and subjected to vacuum infiltration (–0.8 MPa) for 20 min. Both the control group and the overexpression group were set three replicates with two leaves per replicate. After 3 days of incubation at 25 °C in the dark, the leaves were used for gene expression analysis and norisoprenoids detection. The relative gene expression levels were analyzed via qRT-PCR and the norisoprenoid compounds were measured via HS- SPME-GC-MS as mentioned above.


 2.9 VvGGPPS function validation by transient overexpression in N. benthamiana leaves

In contrast to the vacuum infiltration method described above, the transient overexpression in N. benthamiana leaves was performed using the injection method (Meng et al., 2020). The activated A. tumefaciens EHA105 strain carrying the plasmid pCAMBIA 1301-VvGGPPS was inoculated into 50 mL LB liquid medium (20 mg/L rifampicin and 50 mg/L kanamycin) to attain the initial OD600 of approximately 0.2, and then cultured on a shaker of 220 rpm at 28 °C until the OD600 reached 1.0–1.2. After the centrifugation at 4 °C and 4,000 × g for 5 min, the strains were resuspended with induction buffer consisting of 11.92 g/L MES, 20.33 g/L MgCl2·6H2O, and 19.62 g/L acetosyringone (pH 5.7) to obtain the final OD600 value of 0.6–0.8. The re-suspensended solution was maintained at 25 °C for 3 h. The A. tumefaciens solution containing the pCAMBIA 1301 empty vector was used as the the control. The strain solution was injected with a syringe without a needle into the leaves of N. benthamiana of about 5 weeks of age. Subsequently, these plants were cultured in the dark for 12 h and then transferred to the greenhouse for normal culture for 3 days. The leaves were collected for gene expression analysis and determination of aroma compounds. Both the control and transient overexpression groups were injected with at least two plants, totaling four leaves per replicate, and the experiments in each group had three replicates.


 2.10 Data analysis

The SPSS version 22.0 (SPSS Corp., Armonk, NY, USA). was used for all significance analysis at p < 0.05 (Duncan’s multiple range test or T-test). Figures were drawn using the GraphPad Prism 8.0.2 (GraphPad Software, USA). Pearson’s correlation coefficient calculations and heatmaps were generated using the “psych” and “corrplot” packages in R software (v 3.6.2).



 3 Results

 3.1 Variation of norisoprenoids concentration in berries of the F.1 hybrid population

There were 14 kinds of norisoprenoid compounds qualitatively identified in the detected grape berries of the hybrid generation ( Table 1 ), and they were individually quantified according to the standard curves. To facilitate association analysis, the concentrations of isomers trans- and cis- theaspirane, vitispirane A and B, as well as (Z)- and (E)-β-damascenone, respectively, were summed up as theaspirane, vitispirane and β-damascenone traits. In addition, the concentrations of norisoprenoid derivatives with 13 carbons and all the detected compounds, respectively, were also summed up as C13-norisoprenoid and total norisoprenoid traits. In the present study, C13-norisoprenoid derivatives included theaspirane, vitispirane, riesling acetal, TDN, TPB, β-damascenone and geranylacetone. As a result, a total of 13 norisoprenoid traits were considered in subsequent analysis ( Table 2 ).

 Table 2 | Statistical analysis of norisoprenoids concentrations in the F1 hybrid population. 



The concentrations of total norisoprenoids ranged from 18.18 to 114.01 μg/kg, 29.53 to 126.58 μg/kg and 37.64 to 182.06 μg/kg at the three sampling periods, with mean values of 57.35 μg/kg, 55.87 μg/kg, and 71.49 μg/kg, respectively ( Table 2 ). The compound β-damascenone had the highest concentration, accounting for approximately 63% of the total norisoprenoids in 2017. Besides, TDN and vitispirane also contributed a substantial proportion to the total norisoprenoids concentration detected in 2018. Overall, the concentration of norisoprenoids in the grape berries in 2018 was higher than that in 2017, suggesting that vintage had a large effect on the accumulation of norisoprenoid compounds. Therefore, it is necessary to use data from multiple sampling points to study complex quantitative traits that are greatly affected by environmental factors. Certainly, we also found that the concentrations of some compounds varied slightly between the two years, such as β-ionone and theaspirane, but both of them showed a relatively low levels in the hybrid generation. From the data of the two sampling periods in 2018, it was found that the concentrations of β-ionone, MHO, geranylacetone and theaspirane decreased with berry ripening, whereas those of other norisoprenoid compounds increased ( Table 2 ).

With the exception of the variation in theaspirane being less than 10% in 2017, the variations of the other norisoprenoid traits in the F1 population were between 10% and 100%, which are considered moderate variations ( Table 2 ). Among them, the compounds with large variations in 2017 were MHO, geranylacetone and TDN, reaching 91%, 83%, and 81%, respectively, whereas the largest two variations in 2018 occurred in theaspirane (87%) and β-cyclocitral (77%). Comparing the variation amplitude of individual norisoprenoid traits between the two experimental years, it can be concluded that various norisoprenoid traits all had a wide and continuous segregation in the hybrid generation of grapevines. Furthermore, the association between different norisoprenoid traits was assessed using Pearson correlation analysis. A positive correlation was found among the traits of 6-methyl-5-hepten-2-one, geranylacetone and β-cyclocitral with the coefficients of 0.38–0.93 ( Figure 1 ). Moreover, there was also a positive correlation among the concentrations of TDN, vitispirane and riesling acetal with the coefficients of 0.56–0.88 ( Figure 1 ). These results indicated that there may be a similar regulatory mode involved in manipulating the biosynthesis of these traits.

 

Figure 1 | Correlations among the concentrations of various norisoprenoid compounds in the F1 population at three sampling periods. The numbers in the graph are correlation coefficients, and the significant correlation (p < 0.01) are highlighted with colored circles (blue and red). The color intensity of the circle also indicates the strength of the relationship. 




 3.2 Screening of trait-associated SNP loci using GWAS

In the present study, 13 norisoprenoid content traits and 568,953 filtered SNPs were used for GWAS analysis.

The results of GWAS revealed that, except for β-ionone, theaspirane and TCH, the remaining 10 traits were all associated with significant SNP loci. Overall, the significant SNP loci associated with MHO, β-cyclocitral and geranylacetone were all located on chromosome 5 ( Figures 2A, B ), and the significant SNP loci related to β-damascenone were located on chromosome 10 ( Figures 2A, B ). In addition, most of significant SNP loci associated with TDN, vitispirane and riesling acetal were distributed on chromosome 11, and only a few were scattered on chromosome 18, 19, and 20 ( Supplementary Figure S2 ). There were only two SNPs on chromosome 8 showing significant association with TPB ( Figures 2A, B ). The significant SNP loci associated with C13-norisoprenoids and total norisoprenoids were concentrated on chromosome 11 ( Supplementary Figure S2 ). It was particularly notabled that many SNP loci associated with MHO, geranylacetone, and β-cyclocitral were identical. Similarly, many significant loci related to TDN, vitispirane, and riesling acetal were also the same. This phenomenon echoes the strong or moderate correlations found among the phenotypic traits described above (see  Figure 1 ).

 

Figure 2 | Genome-wide association analysis of five norisoprenoid traits in grape berry. (A) Manhattan plots of five norisoprenoid traits. The x-axis represents the position along a chromosome and the y-axis refers to the -log10 (P-value). Each point is the -log10 (P-value) of a SNP locus. The blue horizontal dashed line depicts the significance threshold, -log10 (5e-8) =7.3. (B) Chromosomal location of main candidate genes. Different lowercase letters represent different traits: a, b, c, d, and e represent 6-methyl-5-hepten-2-one, β-cyclocitral, geranylacetone, TPB, and β-damascenone, respectively. The gene ID in red indicates that the gene has been verified later, and the underlined gene ID indicates that the locus was located in the coding region of the gene. 



Specifically, there were 1383, 2244, and 2497 significant SNP loci individually associated with geranylacetone, MHO, and β-cyclocitral, respectively, 138, 238, and 284 of which were located in the coding sequence (CDS) region of genes. Furthermore, most of the loci and candidate genes related to these three traits were identical ( Supplementary Table S5 ). The identical candidate genes included VvDXS1 (VIT_205s0020g02130) and VvGGPPS (VIT_205s0020g01240) at the upstream of the norisoprenoid biosynthetic pathway, lipoxygenase, VvLOX (VIT_205s0020g03170), pyruvate dehydrogenase kinase (VIT_205s0020g00760), carbohydrate kinase (VIT_205s0020g02800), and the others ( Table 3 ). The SNP loci at the chr5:3854251, chr5:2987350, and chr5:4939048 were located in the CDS regions of VvDXS1, VvGGPPS, and VvLOX, respectively. In addition, it was found that there were significant SNP loci inside the genes encoding transcription factors, the loci at chr5:2565547 and chr5:2565775 were in the CDS regions of squamosa promoter-binding like protein 1 (VIT_205s0020g00700) and chr5:4112382 was in the CDS regions of BSD domain-containing protein (VIT_205s0020g02420).

 Table 3 | Information of candidate significant SNP loci within genes and their gene annotation. 



There were ten significant SNP loci associated with β-damascenone. Of them, three loci at chr10:315045, chr10:877279, and chr10:922729, were found in the CDS regions of tryptophan synthase (VIT_210s0116g00710), endonuclease/exonuclease/phosphatase family (VIT_210s0116g01630), and prephenate dehydratase (VIT_210s0116g01670), respectively ( Table 3 ). In particular, the locus at chr10:922729 was the lead SNP showing the significant association with β-damascenone with the p-value of 9.67 × 10-8. Of the two significant SNP loci associated with TPB, one at chr8:18451465 was in the 3′- untranslated region (UTR) of the carotene ϵ-monooxygenase (VIT_208s0007g04530) ( Table 3 ), and the other at chr8:18552647 was in the intron region of the SHOOT GRAVITROPISM 6 (SGR6) isoform X1(VIT_208s0007g04630) ( Supplementary Table S6 ). It is speculated that carotene ϵ-monooxygenase (VIT_208s0007g04530) may be involved in the synthesis of TPB ( Table 3 ).

The significant SNP loci within genes associated with other norisoprenoid traits are listed in  Supplementary Table S6 . Of the 634 significant SNP loci associated with vitispirane, there were 232 loci within the genes, of which 20 were in the CDS region. These SNP loci were mapped to 43 genes. The 98 significant SNP loci related to riesling acetal were mapped to 13 genes in total. Among them, four of the 33 SNP loci within the genes existed in the CDS region. As for TDN, there were 130 of 368 associated SNP loci within genes, of which nine were in the CDS region. A total of 40 and 27 SNP loci showed significant association with C13-norisoprenoid and total norisoprenoid traits, respectively, corresponding to five and three genes. Of them, there were eight and four SNP loci, respectively, inside the genes. With regard to the candidate genes listed in  Supplementary Table S6 , we did not pay more attention to them because so far there is no evidence that they are involved in the biosynthesis and regulation of norisoprenoid compounds.

Considering that the 19 significant SNP loci associated with MHO, β-cyclocitral and geranylacetone were all concentrated in the upstream region of chromosome 5 (see  Figure 2B ), we performed the haplotype analysis of these SNPs using haploview4.2 software to assess the linkage disequilibrium (LD) between them. The result showed that there were two large LD-blocks: one with 8 haplotypes (Hap1-8), and the other with 7 haplotypes (Hap 9-15) ( Supplementary Figure S6 ). Hap1 and Hap 9 were the two major haplotypes, accounting for 62.3% and 66.9%, respectively. Furthermore, the two major haplotypes were found to be strongly associated with low phenotype concentration. The Hap 1 was composed of the alleles of the 12 markers (C-T-T-T-G-C-G-G-C-C-A-C), and the markers 9-11 (C-C-A) corresponded to three SNPs within the VvGGPPS gene at chr5:2987350, chr5:2988230 and chr5:2989379. The Hap 9 was composed of the alleles of the 5 markers (C-C-A-C-A), and the markers 15-16 (A-C) corresponded to the two SNPs within the VvDXS gene at chr5:3851898 and chr5:3854251.


 3.3 Genotype analysis of candidate SNP loci in the F.1 population

We focused on the genotype analysis of 27 candidate SNP loci listed in  Table 3 . It was found that most of the SNP loci in the F1 population had only two genotypes, and there were significant differences in the compound concentration traits between the genotypes, as expected. Among the candidate loci, 10 SNPs were found in the CDS region of the genes. In particular, four loci of them were non-synonymous mutations. We further analyzed the genotypes of these 10 loci and their corresponding traits ( Figure 3 ;  Supplementary Figures S3 ,  S4 ). It was found that the mutation from C to T at chr5:2987350 would result in the substitution of glycine (G) with arginine (R) at position 261 of VvGGPPS (VIT_205s0020g01240), and this mutation could increase the levels of MHO and β-cyclocitral in grape berries. The substitution of lysine (K) with asparagine (N) at position 284 of VvDXS1 (VIT_205s0020g02130), due to the mutation of G to T at chr5:3854251, also elevated the levels of MHO, β-cyclocitral and geranylacetone.

 

Figure 3 | Concentration distribution violin plots of different genotypes at candidate SNP loci located in the coding sequence region of the genes in the F1 population when the TSS was 16°Brix in 2017. The capital letters below the SNP loci are the symbols of the genes which these loci are located in. The SNP loci highlighted in red represent non-synonymous mutations. SPL, squamosa promoter-binding like protein 1; GGPPS, geranyl-geranyl diphosphate synthase; DXS1, 1-deoxy-D-xylulose-5-phosphate synthase1; BSD, BSD domain-containing protein; LOX, linoleate 9S-lipoxygenase 5; TS, tryptophan synthase; EEP, endonuclease/exonuclease/phosphatase family; PDT, prephenate dehydratase. The asterisks *** and **** indicate significant levels at p<0.001 and p<0.0001, respectively. Concentration distribution violin plots of different genotypes at candidate SNP loci located in the coding sequence region of the genes in the F1 population when the TSS was 10°Brix and in 16°Brix in 2018 were shown in  Supplementary Figures S3 ,  S4 , respectively. The asterisks * indicates significant levels at p<0.05. 



In addition to the two genes of the isoprenoid metabolism, the other two SNP loci with non-synonymous mutations were found at chr5:4112382 and chr10:315045, corresponding to A/G and C/G mutations, respectively, which replaced serine (S) into asparagine (N) at position 33 of the BSD domain-containing protein (VIT_205s0020g02420) and glycine (G) into alanine (A) at position 28 of the tryptophan synthase (VIT_210s0116g00710). Overall, the grape berries with genotype A/G at chr5:4112382 had higher concentrations of MHO, β-cyclocitral and geranylacetone than those with genotype A/A, and the grape berries with genotype G/G at chr10:315045 displayed higher β-damascenone concentration than those with genotype C/G. Except these four SNP loci, the remaining six ones all showed synonymous mutations, but different genotypes still presented significant differences in the norisoprenoid traits ( Figure 3 ).


 3.4 Validation of candidate SNP loci in the germplasm population using KASP

To validate the above GWAS results, we further examined 27 candidate SNP loci ( Table 3 ) in a grapevine germplasm population comprising 97 varieties using KASP. The KASP primers used are listed in  Supplementary Table S7 . Combined the results of the genotypes and the corresponding norisoprenoid traits, 13 SNP loci were confirmed. Of them, 11 SNP loci were related to 6-methyl-5-hepten-2-one, two were related to β-cyclocitral, and two were related to geranylacetone, and one was related to TPB ( Figure 4 ). In the grapevine germplasm population, it was alike found that the germplasm individuals with the T/C or T/T genotype at chr5:2565231 had higher average levels of 6-methyl-5-hepten-2-one than those with the C/C genotype, while the individuals with G/A or G/G at chr5:2565775 had a higher average level of β-cyclocitral compared to these with the A/A. The remaining 11 SNP loci were also consistent with the association results obtained using GWAS, which will not be repeated here. It should be emphasized that three of the four non-synonymous mutations SNP loci mentioned above were validated as well, which were the loci at chr5:2987350, chr5:3854251, and chr5:4112382.

 

Figure 4 | Concentration distribution box plots of different genotypes at candidate SNP loci in the grapevine germplasm population. The concentration ranges in the vertical coordinates are the compound concentration data obtained from 97 individuals. The capital letters to the right of the SNP loci are the symbols of the genes which these loci are located in. The SNP loci highlighted in red represent non-synonymous mutations. SPL, squamosa promoter-binding like protein 1; HY5, bZIP protein HY5; GGPPS, geranyl-geranyl diphosphate synthase; NF-YB5, Nuclear transcription factor Y subunit B-5; ZFP, zinc finger proteins; DXS1, 1-deoxy-D-xylulose-5-phosphate synthase; BSD, BSD domain-containing protein; CK, carbohydrate kinase; LUT1, carotene ϵ-monooxygenase. The asterisks *, **, and ****, indicate significant levels at p<0.05, p<0.01 and p<0.0001, respectively. 



In the germplasm population, the proportions of the three genotypes at chr5:2987350 in the CDS region of VvGGPPS were 59% T/C, 34% C/C, and 7% T/T. The individuals with the T/C or T/T genotypes displayed a wide concentration distribution of MHO, but consistently showed a higher average level than those of individuals with the C/C genotype. The three genotypes of chr5:3854251 in the CDS region of VvDXS1 presented the genotype distribution of 63% G/G, 30% G/T, and 7% T/T, respectively, and the individuals with the G/T or T/T genotype had higher average levels of MHO and geranylacetone compared with those of individuals with G/G. As for the SNP locus at chr5:4112382 in the CDS region of BSD domain-containing like protein, the three genotypes individually accounted for 55% A/A, 31% G/A and 14% G/G, and the average concentration of MHO in the individuals with the G/A or G/G genotype was higher than that of individuals with the A/A genotypes ( Supplementary Table S8 ;  Figure 4 ).


 3.5 Expression of VvDXS1 and VvGGPPS in F1 hybrid individuals

Both VvDXS1 (VIT_205s0020g02130) and VvGGPPS (VIT_205s0020g01240) are involved in the isoprenoid metabolism and act at the upstream of norisoprenoid biosynthesis ( Figure 5A ). A total of five candidate significant SNP loci were located within these two genes (see  Table 3 ). The above results demonstrated that the candidate significant SNP loci in the CDS regions of the two genes were non-synonymous mutations and significantly associated with MHO, β-cyclocitral, and geranylacetone levels. To this end, we selected six F1 individuals related to the above three traits for gene expression analysis, three with low concentration of indicated compound and three with high concentrations, and showing two different genotypes at the SNP loci in their CDS regions, to understand whether the mutation of genotype would affect the expression of the gene. The information about the selected F1 individuals and the three norisoprenoid compound concentrations is shown in the  Supplementary Table S9 . The results showed that both VvDXS1 and VvGGPPS had higher expression levels in the individuals with high concentrations than in the individuals with low-concentrations. It was suggested that the mutations at chr5:3851898, chr5:3854251 and chr5:2987350 might affect the expression of VvDXS1 and VvGGPPS. As mentioned above, the two high frequency haplotypes (Hap1 and Hap 9) were associated with the low levels of MHO, β-cyclocitral, and geranylacetone ( Supplementary Figure 6 ). In this context, we also found that two other SNP loci at chr5:2988230 and chr5:2989379 in the 5′-UTR and intron of the VvGGPPS gene, respectively, and their genotypes did not have an exact association with either the compound concentration traits or the gene expression levels ( Figure 5B ).

 

Figure 5 | Gene expression levels of VvGGPPS and VvDXS1 in individuals with extreme pools. (A) Pathway of isoprenoid metabolism. GA3P, D-glyceraldehyde-3-phosphate; DXP, 1-deoxy-D-xylulose-5-phosphate; MEP, methyl-erythritol-phosphate; HMBPP, hydroxymethylbutenyl diphosphate; DMAPP, dimethylallyl diphosphate; IPP, iso- pentenyl diphosphate; GGPP geranylgeranyl diphosphate; ABA, Abscisic acid; DXS, 1-deoxy-D-xylulose-5-phosphate synthase 1; DXR, 1-deoxy-D-xylulose-5-phosphate reductoisomerase; HDS, 4-hydroxy-3-methylbut-2-enyl diphosphate synthase; GGPPS, geranyl-geranyl diphosphate synthase; PSY, phytoene synthase; PDS, phytoene desaturase; ZISO, ζ-carotene isomerase; ZDS, ζ-carotene desaturase; CRTISO, carotene isomerase; LCYB, lycopene β-cyclase; LCYE, lycopene ϵ-cyclase; BCH, β-carotene hydroxylase; ECH, ϵ-carotene hydroxylase; ZEP, zeaxanthin epoxidase; VDE, violaxanthin de-epoxidase; NXS, neoxanthin synthase; NCED, 9-cis-epoxycarotenoid dioxygenase; CCD, carotenoid cleavage dioxygenase. (B) Gene expression levels of VvGGPPS and VvDXS1 in high- and low- concentration individuals and the haplotypes of the high- and low- concentration individuals at these SNP loci. 




 3.6 Functional validation of .VvGGPPS in transient expression system

Based on the above results, we mainly investigated the function of VvGGPPS (VIT_205s0020g01240) in controlling the production of 6-methyl-5-hepten-2-one and β-cyclocitral using homologous and heterologous transient transformation systems.

Using the Agrobacterium-mediated transient expression system in the leaves of V. quinquangularis ( Figure 6A ), VvGGPPS was successfully over-expressed by approximately1.5-fold ( Figure 6B ). The qualitative and quantitative analyses of the norisoprenoids in the leaves indicated that five norisoprenoid derivatives were identified and four of them were significantly increased, including TCH, β-cyclocitral, geranylacetone and β-ionone. The sum of the five norisoprenoid compound concentrations also showed a significant increase in the VvGGPPS-over expressed leaves ( Figure 6C ). The transient over-expression of VvGGPPS was also conducted in the leaves of N. benthamiana ( Figure 7A ). RT-PCR analysis demonstrated that the VvGGPPS was indeed over-expressed in the heterologous transformation system ( Figure 7B ). There were six norisoprenoid compounds were identified in tobacco leaves, of which MHO, β-cyclocitral, TDN, and β-ionone were significantly increased. Moreover, the sum of the concentrations of the six compounds was significantly increased ( Figure 7C ). The above results indicated that VvGGPPS is involved in manipulating the production of norisoprenoids, very likely at the genetic level.

 

Figure 6 | Functional analysis of VvGGPPS in the leaves of Vitis quinquangularis. (A) Pictures displaying uninfected (left) and infected (right) leaves of V. quinquangularis. (B) qRT–PCR analysis of VvGGPPS expression in the leaves of V. quinquangularis.; Ubquintin was used as the internal control. (C) Concentrations of norisoprenoid compounds detected in leaves of V. quinquangularis. CK represents the control groups from uninfected leaves; OE-VvGGPPS represents the overexpressed VvGGPPS groups from infected leaves. The asterisks * indicates significant levels at p<0.05. 



 

Figure 7 | Functional analysis of VvGGPPS in the leaves of tobacco (Nicotiana benthamiana). (A) Pictures displaying normal wild-type (left) and injected (right) leaves of N. benthamiana. (B) RT–PCR analysis of VvGGPPS expression. The original figure is shown in  Supplementary Figure S5 . NbL23 was used as the internal reference gene. Lanes 1 to 3 on the electrophoretic gel represent control groups; Lanes 4 to 6 on the electrophoretic gel represent overexpressed VvGGPPS groups. (C) Concentrations of norisoprenoid compounds detected in the leaves of tobacco. CK represents the control groups from wild-type leaves; OE-VvGGPPS represents the overexpressed VvGGPPS groups from injected leaves. The asterisks * indicates significant levels at p<0.05. 



It is known that norisoprenoid biosynthesis in the developing grape berry is mainly completed in the plastids. In order to better illustrate the function of VvGGPPS, we carried out an on-line analysis of subcellular localization using the following two websites: http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/ and https://rostlab.org/services/loctree2/. Both results showed that the encoded protein is located on the chloroplast. An evolutionary tree was then constructed using the reported plants GGPPS sequences. It was found that VvGGPPS (VIT_205s0020g01240) was clustered in the same clade as the other five protein sequences for which the subcellular localization was experimentally demonstrated ( Supplementary Figure S7 ). The target VvGGPPS in this study presented the shortest distance from the rice XP 015647986 and tomato Solyc11g011240 sequences, both of which have been experimentally shown to be in chloroplasts (Zhou et al., 2017; You et al., 2020; Zhou and Pichersky, 2020; Barja et al., 2021). Chloroplasts are a type of plastid. Therefore, it was suggested that VvGGPPS (VIT_205s0020g01240) in this study performed the function in the grapevine plastid.



 4 Discussion

This study identified the SNP loci and candidate genes genetically controlling norisoprenoids in grape berries using a hybrid population and a germplasm population of grapevine. There have been several reports on the QTLs associated with norisoprenoids in fruits. The first report may be about the QTLs associated with β-damascenone in apple, which were found on the LG D-16 using the F1 hybrid population of apple cultivars ‘Discovery’ and ‘Prima’ (Dunemann et al., 2009). Subsequently, the QTLs related to β-ionone and β-damascenone were also identified in red raspberry (Paterson et al., 2013) and peach fruits (Eduardo et al., 2012). Recently, using a crossing population of Vitis labruscana × Vitis vinifera, a large common QTL on LG2 was found to be associated with five norisoprenoid compounds in the grape berries. This QTL was found to explain 39.6%-56.1% of the variation in β-damascenone, 16.1%-30.8% for β-ionone, 16.9%-32.6% for TPB, 21.3%-40.3% for actinidol 1 and 22.2%-40.1% for actinidol 2 (Koyama et al., 2022). This is the first report of the QTLs associated with norisoprenoid compounds in grape berries. However, the previous studies lack further gene exploration and function identification for these QTLs. Our study further investigated the genes corresponding to important SNP loci and elucidated the function of VvGGPPS.

 4.1 Function of VvGGPPS in regulating norisoprenoids production

This study identified three SNP loci within VvGGPPS (VIT_205s0020g01240) gene that are highly associated with MHO and β-cylocitral contents using a hybrid F1 population and one germplasm population. Among them, the SNP locus at chr5:2987350 was located in the CDS region of the gene, and the mutation from C to T at this locus, resulting in the substitution of glycine (G) at position 261 with arginine (R), led to an increase in the contents of MHO and β-cylocitral, eventually enhancing the total norisoprenoid content.

GGPPS acts at the branch point, moving toward monoterpenoid and norisoprenoid synthesis in the isoprenoid metabolism pathway. This enzyme in plants is responsible for the synthesis of GGPP. In plastids, GGPP is further catalyzed by phytoene synthase (PSY) to produce phytoene, which is then catalyzed by phytoene desaturase (PDS) and other enzymes into carotenoids, which are the precursors of norisoprenoids. Besides, GGPP also serves as a common precursor of tocopherol, abscisic acid, solanum lactone, gibberellin, plastoquinone, and chlorophyll (Kojima et al., 2000). In short, GGPPS is involved in plant growth and development, photosynthesis, signal transduction, environmental adaptation, and abiotic stress (Bouvier et al., 2005; Gershenzon and Dudareva, 2007), and is regarded as a node of several important secondary metabolic pathways in plants. Therefore, it is possible that altering the activity of GGPPS could indirectly manipulate the content of downstream metabolites, including norisoprenoid derivatives.

To date, GGPPS has been intensively studied in a variety of plants, mainly focusing on the function of GGPPS paralogs in particular tissues and cell compartments. It has been demonstrated that SlGGPPS1 in tomato is responsible for GGPP synthesis in roots, and SlGGPPS2 and SlGGPPS3 are in charge of supplying GGPP to produce carotenoids and other isoprenoids in leaves and fruits (Stauder et al., 2018). The lack of SlGGPPS3 results in the decline of carotenoids and chlorophylls, and thus decreasing the photosynthetic activity of the leaves, whereas both SIGGPPS2 and SIGGPPS23 mutants exhibit the defects of pigmentation and ripening in fruits owing to the reduction of GGPP supply (Barja et al., 2021). These results indicate that the GGPPS family are involved multiple biological processes. However, we noticed that previous research regarding the function of GGPPS has mostly focused on the accumulation of carotenoids (Maudinas et al., 1977; Fraser et al., 2000) and chlorophyll (Liang et al., 2002; Ji et al., 2009; Orlova et al., 2009), possibly because they are important pigments in fruits or leaves. Norisoprenoids are the breakdown products of carotenoids; however, the role of GGPPS in the production of norisprenoids has not been well concerned. At present, we firstly report both the genotypes of three SNP loci within VvGGPPS (VIT_205s0020g01240), and the gene expression level are highly associated with the content of norisoprenoids (in particular MHO and β-cylocitral) in grapes. CCD is a key enzyme that cleaves multiple carotenoids into norisopnoid derivatives. It has been known that lycopene is the precursor of MHO, ξ-carotene is the precursor of geranylacetone, and β-carotene is the common precursor of β-cyclocitral and β-ionone (Lashbrooke et al., 2013; Rubio-Moraga et al., 2014). Because both lycopene and β-carotene act at the downstream of GGPP in the isoprenoid metabolic pathway, GGPPS is likely involved in the genetic regulation of these norisoprenoid compounds.

There have been some previous examples pointing to that GGPPS is involved in the genetic regulation of certain traits. One study shown that an SNP associated with p-cymene in Eucalyptus grandis mapped to the gene encoding GGPPS, explaining 3.66% of the phenotypic variation (Mhoswa et al., 2022). However, no further validation was performed in this study. Another study on the the secondary metabolites of Eucalyptus globulus leaves also showed that SNP ggpps103 was a non-synonymous mutation SNP in exon 1 of ggpps, which has a significant effect on the ratio of monoterpenoids to sesquiterpenoids. At this locus, the homozygous CC allele corresponded to the highest ratio of mono- to sesquiterpenes, whereas the homozygous TT corresponded to the lowest ratio, and the heterozygous TC allele between these two extremes (Kulheim et al., 2011). The authors speculated that this SNP locus could result in the changes in enzyme kinetic of GGPPS, and further change the availability of the substrate pool for gpps, thus indirectly influencing the ratio of mono- to sesquiterpenes. This report thus highlighted the potential for the genetic regulation of GGPPS genes on terpenes.

In our study, the SNP locus of VvGGPPS at chr5:2987350 was a non-synonymous mutation, leading to the replacement of glycine with arginine. Glycine is a hydrophobic amino acid, whereas arginine is hydrophilic. The alteration of amino acid from hydrophobic to hydrophilic might affect enzyme activity or substrate affinity. Therefore, further biochemical analysis is required.

In addition, other two SNP loci of VvGGPPS at chr5:2988230 and chr5:2989379 were also identified to be associated with the contents of MHO and β-cyclocitral, respectively, in the hybrid F1 population. Overall, the first SNP was localized in the 5′-UTR of the gene, and the mutation from C to G at chr5:2988230 was related to the increase in the content of MHO. The second SNP was located in the intron region of the gene, and the mutation from T to G at chr5:2989379 was related to the accumulation of β-cyclocitral. It has been reported that the 5′-UTR of genes plays an important role in determining mRNA stability and translation efficiency. Many studies in different species have revealed that the SNPs in 5′-UTR can also influence phenotypic traits such as the isoflavone content in soybean (Chu et al., 2017), oleic acid content in Olea europaea L. (Salimonti et al., 2020), anthocyanin content in the leaves of rice (Khan et al., 2020), α-carotene content in maize kernel (Zhou et al., 2012), grain yield in rice under salt stress (Liu et al., 2019) and so on. A GWAS study identified that the SNP located in the 5′-UTR of the GmMYB29 gene was significantly correlated with the isoflavone content in soybean. Moreover, the analyses of GmMYB29 expression in the 30 soybean accessions representing varieties with high, medium, and low isoflavone contents, together with the overexpression and RNA interference -mediated silencing of GmMYB29, all demonstrated that the GmMYB29 expression level is highly correlated with the isoflavone content (Chu et al., 2017). Based on these results, it is suggested that the SNP loci in the 5′-UTR could influence the expression levels of genes. Similarly, another study involving three SNPs and one 6-bp deletion located in the 5′-UTR of OsPL6 gene also indicated that these loci could alter the expression of OsPL6. By the combinating of the mapping, sequencing and further marker confirmation, it was demonstrated that the mutations of these SNPs led to the addition of new cis-elements in the promoter, which may be the reason for the activation of OsPL6 gene and the promotion of anthocyanin in leaves (Khan et al., 2020). However, different from the above research results, our data indicate that the genotype differences at chr5:2988230 and chr5:2989379 are not completely associated with the expression of VvGGPPS ( Figure 5 ). The functions of these two SNP loci remain uncertain.

In summary, the present study suggests that the non-synonymous mutation SNP locus at chr5:2987350 in VvGGPPS could be developed as a molecular marker for future using as a potential target for the genetic improvement of norisoprenoids. Future research should be conducted on the transcriptional regulation of VvGGPPS since the gene expression level was found to be positively correlated with the accumulation of norisoprenoid derivatives.


 4.2 Function of VvDXS1 in regulating norisoprenoids production

In addition to VvGGPPS, the two SNP loci at chr5:3851898 and chr5:3854251 within the VvDXS1 (VIT_205s0020g02130) gene were also identified to be significantly associated with the contents of MHO, β-cyclocitral and geranylacetone in this study. DXS is an entrance enzyme and rate-limiting enzyme in the MEP pathway that catalyzes the condensation of the initial substrates, glyceraldehyde-3-phosphate and pyruvate, into 1-deoxy-D-xylulose-5-phosphate (DXP) (Battistini et al., 2016). Five DXS genes have been predicted in the grape genome (Wen et al., 2015). Previous studies have demonstrated that the VvDXS1 (VIT_205s0020g02130) gene on LG5 is highly associated with the contents of monoterpenes such as linalool, nerol and geraniol in grape berry by means of QTL analysis (Battilana et al., 2009). A gain-of-function mutation from G to T at SNP1822 on VvDXS1 (VIT_205s0020g02130) results in the substitution of lysine (K) at position 284 with asparagine (N), causing a significant increase in monoterpenoids, and it is proved that this mutation improves the catalytic efficiency and thus changes the enzyme kinetics (Battilana et al., 2011). Interestingly, our study found that the SNP at chr5:3854251 in the coding region of VvDXS1, which just corresponds to the SNP 1822 reported previously, is highly associated with the increased accumulation of MHO, β-cyclocitral, and geranylacetone. This indicates that the non-synonymous mutation at this locus not only influences the contents of monoterpenes but also those of norisoprenoids. This might be related to the specific function of DXS at the entrance of the MEP pathway. The three compounds, MHO, β-cyclocitral, and geranylacetone, are generated from the cleavage of lycopene and carotenoids, which are at the downstream of the MEP pathway. From this perspective, we can infer that the GWAS results of this study are reliable.

In addition, another SNP locus at chr5:3851898 was also identified to be associated with the contents of MHO, β-cyclocitral, and geranylacetone in both the hybrid F1 population and the gerplasm population. However, the SNP chr5:3851898 is located in the intron region of the gene, and the mutation from A to C at this locus results in the increase of MHO, β-cyclocitral and geranylacetone contents. Therefore, the mechanism by which this SNP locus generally regulates the production of norisoprenoid compounds remains unclear at the present, and further research is required in this regard.

Until now, no direct evidence has explained the positive correlation between the expression of DXS and the contents of norisoprenoid derivatives. The previous research has almost concentrated on the effect of the concentration of carotenoids, rather than norisoprenoids (Lois et al., 2000; Estevez et al., 2001; Munoz-Bertomeu et al., 2006; Paetzold et al., 2010; Nieuwenhuizen et al., 2015). The coordinated expression of DXS with genes of the downstream pathway has been reported in some transgenic plants. For example, in the transgenic Arabidopsis thaliana overexpressing potato DXS, both GGPPS and PSY were upregulated, consequently promoting the increase of lutein and β-carotene (Henriquez et al., 2016; Simpson et al., 2016). In this study, we investigated the gene expression in the F1 individuals with extremely high and low contents of the associated components, and found that VvDXS1 expression, like that of VvGGPPS, completely follow a similar trend as the components content.

DXS as an entrance enzyme of the MEP pathway, should not function alone. Some researchers have found that when kiwifruit DXS and TPS genes were simultaneously transferred into tobacco, the content of terpene was increased by 100-fold, which was much more efficient than transferring one of the genes alone (Nieuwenhuizen et al., 2015). In grapes, the combined overexpression of VvDXS1 and VvTPS56 significantly improved linalool and geraniol in the leaves of N. benthamiana (Wang et al., 2021). A recent study also demonstrated that simultaneous overexpression of VvDXS4 and VvTPS59 in the transient transgenic system using V. quinquangularis leaves had better promotion to monoterpenes, including linalool, linalool oxide, geraniol, citronellol, and trans-rose oxide, in comparison with the overexpression of VvTPS59 alone (Liu et al., 2022). These results indicate that the increased DXS expression can drive the carbon flow of the isoprenoid pathway to the downstream monoterpene biosynthesis. In this study, we failed to achieve simultaneous overexpression of VvDXS1 and VvGGPPS in the transient systems using V. quinquangularis and tobacco leaves. However, from the available data, we can conclude that the co-expression of these two genes manipulates the synthesis of norisoprenoid compounds.


 4.3 Potential role of other candidate genes

Based on GWAS of the hybrid population and KASP of the germplasm population, the SNP loci within carotene ϵ-monooxygenase (LUT1) and carbohydrate kinase genes were also shown to be associated with the contents of norisoprenoids. Clearly, the proteins encoded by these genes are not directly involved in the norisoprenoid biosynthetic pathway. Meanwhile, the SNP loci within some genes coding for transcription factors were also identified to be related to the content of norisoprenoid compounds, including squamosa promoter-binding-like protein 1 (SPL), BSD domain-containing protein, zinc finger protein (ZFP), bZIP protein HY5, and nuclear transcription factor Y subunit B-5. There were a total of ten significant SNP loci mapped to these above seven genes. The genetic control of these SNP loci on the levels of norisoprenoids remains unclear according to the present study.

Currently, some transcription factors have been reported to be involved in the genetic regulation of certain traits. For example, squamosa promoter-binding-like protein 1 is a kind of transcription factor widely existing in green plants. Studies have shown that SPL is involved in the genetic regulation of flowering time in C4 rhizomatous grasses Miscanthus and switchgrass (Jensen et al., 2021), and in the genetic controlling of resistance to angular leaf spot in common bean (Oblessuc et al., 2013). In our study, three SNP loci were located within the transcription factor SPL, among which the locus at chr5:2565231 was in the 3′-UTR of the gene, whereas the loci at chr5:2566542 and chr5:2565775 were in the CDS region of the gene. The mutations at these SNP loci increase the concentration of MHO and β-cyclocitral. At present, there are few studies on the BSD domain-containing protein in plants. QTL studies on the responses towards salinity stress of rice seedlings showed that the expression of some genes encoding ‘transcription factors’, including OsBSD in Saltol QTL (SalTFs), could play an important role in the salinity stress response, directly or indirectly (Nutan et al., 2017). In this study, one SNP at chr5:4112382 was located within the CDS region of the BSD domain-containing protein gene, and the mutation at this locus caused the variation in the amino acid sequence, leading to an increased content of MHO, suggesting that this protein may be involved in the regulation of MHO synthesis.

Zinc finger proteins are a common protein family in eukaryotes that performs a wide range of biological functions. Previous studies primarily indicate that these proteins are involved in the genetic regulation of ear height in maize; spike morphological traits, plant height, and heading date in wheat; and chloroplast development and immature pepper fruit color in Capsicum chinense (Li et al., 2016; Borovsky et al., 2019; Xu et al., 2022). In this study, two SNP loci at chr5:3820289 and chr5:3826510 were located within the 3′-UTR and intron region, respectively, of the gene. The mutations at the two SNP loci increased the concentrations of MHO and geranylacetone. Regarding bZIP transcription factor, it has been reported to participate in the genetic regulation of resistance to high-intensity ultraviolet-B stress in soybean leaves, which explained 20% of phenotypic variation (Yoon et al., 2019). In this study, one SNP at chr5:2861511 was located within the 3′-UTR of the bZIP protein HY5, and the mutation at this position increased the content of MHO. In general, previous studies on the genetic regulation of these transcription factors have mainly focused on the growth and development, and resistance-related traits in plants. However, there have been no relevant reports involving the genetic regulation of aromatic compounds such as norisoprenoids. The present study merely provided the possibility. Further researches should be needed to make clear whether these transcription factors are involved in the regulation of norisoprenoid biosynthesis in grapes.

In summary, based on the genome-wide association analysis of a hybrid F1 population and KASP verification of a grapevine germplasm population, we identified 13 SNP loci that were significantly associated with norisoprenoids contents in the grape berry, including two non-synonymous mutations SNPs within the VvDXS and VvGGPPS genes in the isoprenoid pathway. Genotype analysis revealed that the grapevine individuals with the heterozygous genotype C/T at chr5:2987350 of VvGGPPS could accumulate higher average levels of 6-methyl-5-hepten-2-one and β-cyclocitral than those with the homozygous genotype C/C. The transient overexpression of VvGGPPS in the leaves of Vitis quinquangularis and tobacco, respectively, indeed increased the content of norisoprenoids. These findings provide a potential marker for improving “floral/fruity” aromas characterized by norisoprenoids through molecular breeding. Meanwhile, this work also lays a foundation for dissecting the regulation of norisoprenoids accumulation, a group of important aroma compounds in wine grape berries. In the future, we will continue to explore the genetic regulation of other SNP loci and the candidate genes identified in this study.
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Fruit color is one of the most important traits of jujube (Ziziphus jujuba Mill.). However, the differences in the pigments of different varieties of Jujube are not well studied. In addition, the genes responsible for fruit color and their underlying molecular mechanisms remain unclear. In this study, two jujube varieties, namely “Fengmiguan” (FMG) and “Tailihong” (TLH), were considered. The metabolites from jujube fruits were investigated using ultra-high-performance liquid chromatography/tandem mass spectrometry. Transcriptome was used to screen anthocyanin regulatory genes. The gene function was confirmed by overexpression and transient expression experiments. The gene expression was analyzed by quantitative reverse transcription polymerase chain reaction analyses and subcellular localization. Yeast-two-hybrid and bimolecular fluorescence complementation were used to screen and identify the interacting protein. These cultivars differed in color owing to their respective anthocyanin accumulation patterns. Three and seven types of anthocyanins were found in FMG and TLH, respectively, which played a key role in the process of fruit coloration. ZjFAS2 positively regulates anthocyanin accumulation. The expression profile of ZjFAS2 exhibited its different expression trends in different tissues and varieties. Subcellular localization experiments showed that ZjFAS2 was localized to the nucleus and membrane. A total of 36 interacting proteins were identified, and the possibility of ZjFAS2 interacting with ZjSHV3 to regulate jujube fruit coloration was studied. Herein, we investigated the role of anthocyanins in the different coloring patterns of the jujube fruits and provided a foundation for elucidating the molecular mechanism underlying jujube fruit coloration.
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Introduction

The combination of various pigments leads to the appearance of color in fruits. This appearance is determined by three major types of plant pigments, namely chlorophyll, carotenoids, and flavonoids (Miller et al., 2011). Anthocyanin is a class of flavonoids that are widely distributed in plant seeds as natural water-soluble pigments. These pigments are important secondary metabolites in fruits and have been identified in various fruits such as strawberries, grapes, apples, citruses, peaches, and pomegranates (Huang et al., 2018; Luo et al., 2018; Wang et al., 2018; Gao et al., 2020; Li et al., 2020; Narjesi et al., 2023).

Anthocyanin biosynthesis has been well characterized in plants (Zhang et al., 2014; Tohge et al., 2017). The anthocyanin synthesis pathway is generally divided into five stages. The first stage is the phenylpropanoid pathway, where under the action of acid lyase (PAL), cinnamic acid 4-hydroxylase (C4H), and 4-coumaroyl CoA ligase (4CL), phenylalanine undergoes a series of reactions to form 4-coumaroyl CoA. Furthermore, dihydroflavonol is synthesized from 4-coumaroyl CoA by a series of enzymes such as chalcone synthase (CHS), chalcone isomerase (CHI), and flavanone 3-hydroxylase (F3H)/flavanone 3′-hydroxylase (F3′H)/flavanone 3′-5′-hydroxylase (F3′5′H). Subsequently, anthocyanidins are converted from dihydroflavonol by dihydroflavonol 4-reductase (DFR) and anthocyanidin synthase (ANS). These anthocyanidins are ultimately modified by UDP-glucose flavonoid 3-glucosyltransferase (UFGT), rhamnosyltransferase (RT), and 3′-O-methyltransferase (OMT). Lastly, these anthocyanins are transported from the cytosol into the vacuoles. The anthocyanin biosynthesis is mainly regulated by three types of transcription factors, namely R2R3-MYB, bHLH, and WD40 repeat protein (Xu et al., 2015). Members of these protein families interact to form a complex (MBW complex containing MYB, bHLH, and WDR) that regulates anthocyanin biosynthesis by binding to the promoter of anthocyanin synthase (Zhang et al., 2014; Gu et al., 2019).

Studies on anthocyanin biosynthesis regulators focus more on R2R3-MYB and bHLH than WD40 repeat protein. Two types of WD40 proteins involved in anthocyanin biosynthesis regulation have been reported. The first type constitutes TTG1 and its homologous genes, such as AN11, PAC1, PFWD, and WDR1/2 (de Vetten et al., 1997; Carey et al., 2004; Hichri et al., 2010; Matus et al., 2010; Yamazaki and Saito, 2011). In Arabidopsis, TTG1 protein interacts with R2R3-MYB (PAP1/2, GL1, MYB5, MYB75, or MYB113/114) and bHLH (GL3, EGL3, or TT8) to form MBW complex, which activates the anthocyanin biosynthesis (Borevitz et al., 2001; Gonzalez et al., 2008; Gonzalez et al., 2009; Qi et al., 2011; Zhou et al., 2012). The second type constitutes COP1 and its homologous genes. COP1 is a key regulator that regulates light-induced anthocyanin accumulation (Li et al., 2012; An et al., 2017; Henry-Kirk et al., 2018).

Chinese jujube (Ziziphus jujuba Mill.) belongs to the family Rhamnaceae and is an economically and ecologically important fruit tree in Asia (Qu and Wang, 1993). Archaeological evidence suggests that the Chinese jujube has been cultivated for more than 3,000 years and has originated in China (Qu and Wang, 1993; Liu and Wang, 2009; Li et al., 2013). Chen et al reported that jujube fruit has high nutritional value and can be used as medicine and food (Chen et al., 2017). A variety of biologically active ingredients have been identified in jujube fruits, such as polysaccharides, flavonoids, phenolic acids, terpenoids, alkaloids, and vitamin C (Pawlowska et al., 2009; Gao et al., 2013; Liu et al., 2014; Chen et al., 2017; Shi et al., 2018; Zhang et al., 2020; Wen et al., 2022; Xue et al., 2022).

Jujube is an ideal natural pigment resource. Studies have shown that these pigments are flavonoids and are mainly found in the peel (Zhang et al., 2010; Choi et al., 2011; Gao et al., 2013; Kou et al., 2015). So far, 40 flavanols, 37 flavonols, 15 anthocyanins, 12 proanthocyanidins, nine dihydroflavones, eight flavanols, seven flavonoid carbonosides, five dihydroflavonols, three isoflavones, and two chalcones have been identified in different jujube fruits (Cheng et al., 2000; Bai et al., 2010; Choi et al., 2011; Choi et al., 2012; Gao et al., 2012; Collado-González et al., 2013; Du et al., 2013; Zozio et al., 2014; Chen et al., 2015; Wojdyło et al., 2016; Shi et al., 2018; Feng et al., 2020; Shi et al., 2020; Zhang et al., 2020; Xue et al., 2022). The jujube fruits studied in several studies were collected from a single variety. Therefore, there is a lack of systematic research on the jujube pigments among different varieties.

ZjANS and ZjUFGT play a crucial role in the accumulation of anthocyanin during the fruit ripening process, which is activated by ZjMYB5, ZjTT8, and ZjTTG1 (Shi et al., 2020; Zhang et al., 2020). ZjDFR is involved in the regulation of postharvest fruit coloration (Kou et al., 2019). The functions of these genes have already been identified in other species. In this study, we identified a novel anthocyanin regulatory gene, ZjFAS2, by analyzing the physiological and biochemical characteristics and performing metabolome and transcriptome profiling, transient expression, and genetic transformation experiments. Moreover, we investigated the expression profile and subcellular localization of ZjFAS2 and identified the proteins that interact with ZjFAS2. The results of this study shed light on the mechanism underlying jujube fruit coloration and provided theoretical support for the genetic improvement of jujube fruit quality.





Materials and methods




Plant materials

A total of 28 cultivars were obtained from the jujube germplasm resource of the Luoyang Normal University in Luoyang, Henan, China (Supplementary Table 1). Fruit samples of “Fengmiguan” (FMG) and “Tailihong” (TLH) cultivars were harvested at seven developmental stages on days 20, 35, 50, 65, 80, 90, and 100 after flowering and were named FMG_S1, FMG_S2, FMG_S3, FMG_S4, FMG_S5, FMG_S6, FMG_S7, TLH_S1, TLH_S2, TLH_S3, TLH_S4, TLH_S5, TLH_S6, and TLH_S7, respectively. The new sheet, secondary lateral branch, flower bud, and the seed of FMG and TLH were collected. Fruit samples of the remaining 26 cultivars were harvested at stage S6. Furthermore, the white and red sides of fruit samples were collected and named S6-W and S6-R, respectively. All the fruit samples were brought back to the laboratory in liquid nitrogen containers and stored at −80 °C until further analysis.





Fruit color evaluation

The color of the peel of jujube fruits was measured using a colorimeter (SR-64, Shenzhen 3nh Technology Co., Ltd., Shenzhen, China), which provided information according to the Commission Internationale de system in terms of L* (brightness or lightness; 0 = black, 100 = white), a* (−a* = greenness, +a* = redness), b* (−b* = blueness, +b* = yellowness), and hue angle degree (h°) measurements. At least 10 fruits were sampled for FMG and TLH for all the stages.





Total chlorophyll, carotenoid, and anthocyanin content analysis

Total chlorophyll and carotenoid contents were measured as described by Lichtenthaler and Wellburn (1983). Briefly, 100 mg of the sample was ground using 12 mL of 96% ethanol (v/v). The mixture was incubated under dark conditions for 3 h and then centrifuged at 10,000 rpm for 5 min. The absorbance was determined at 663 nm, 646 nm, and 470 nm using an ultraviolet–visible (UV–Vis) spectrophotometer. The total anthocyanin content was measured following the method described by Ai et al. (2016). Briefly, approximately 200 mg of the sample was ground with liquid nitrogen. The anthocyanins were extracted with 8 mL methanol–HCl (99:1 v/v). The absorbance was determined at 530 nm and 657 nm using a UV–Vis spectrophotometer. Cyanidin was used as a reference standard, and the results were expressed as cyanidin equivalents in mg/kg extract. Each sample was analyzed in triplicate. At least five fruits of each cultivar from all the stages were used.





Metabolite identification and quantification

The samples named FMG_S1, FMG_S4, FMG_S5, FMG_S6, FMG_S7, TLH_S1, TLH_S4, TLH_S5, TLH_S6, and TLH_S7 were analyzed using ultrahigh-performance liquid chromatography-electrospray ionization-tandem mass spectrometry (UPLC-ESI-MS/MS). For each sample, three biological replicates were independently analyzed. The primary and secondary spectral data of the metabolites were detected by mass spectrometry. The identification and structural analyses of these metabolites were performed using the MWDB database (Metware Biotechnology Co., Ltd. Wuhan, China) and public databases, namely MassBank (http://www.massbank.jp/), KNAPSAcK (http://kanaya.naist.jp/KNApSAcK/), HMDB (http://www.hmdb.ca/), MoToDB (http://www.ab.wur.nl/moto/), and ChemBank (http://chembank.med.harvard.edu/compounds), PubChem (https://pubchemblog.ncbi.nlm.nih.gov/), NIST Chemistry Webbook (http://webbook.nist.gov/), and METLIN (http://metlin.scripps.edu/index.php). Metabolomics data was processed using Analyst (Version 1.6.3, Sciex, Framingham, MA, USA).





RNA sequencing

The total RNA extracted from the samples named FMG_S1, FMG_S7, TLH_S1, TLH_S5, and TLH_S7 was collected for transcriptome analysis. For each sample, three biological replicates were independently analyzed. The RNA sequencing (RNA-Seq) was performed by Biomarker Technologies Co., Ltd. (Beijing, China). The transcriptome data were deposited in the NCBI (National Center for Biotechnology Information) Sequence Read Archive database (Accession number: SRR23330575-SRR23330589).

Differential expression analyses of two groups were performed using the DESeq R package (1.10.1). For identifying differentially expressed genes (DEGs), fold change (FC) ≥2 and false discovery rate (FDR) <0.01 were used as the screening criteria. FC represented the ratio of gene expression values in two groups. The resulting P-values were adjusted using Benjamini and Hochberg’s approach for controlling the FDR.





Quantitative reverse transcription polymerase chain reaction analysis

Total RNA was extracted using a plant RNA extraction kit (Cat. No. 9769, TakaRa Biotechnology Inc., China). The quality of RNA was determined using an Agilent Bioanalyser 2100 (Agilent Technologies, Inc., USA), and the concentration was measured using an ND-2000 spectrophotometer (Nanodrop Technologies, Inc., USA). After the treatment of the RNA sample with a gDNA Eraser, the first-strand cDNA was synthesized using the PrimeScript™ RT reagent Kit (Cat. No. RR047A, TakaRa Biotechnology Inc., China). qRT-PCR was performed with gene-specific primers in a real-time PCR reaction system (25 µL) according to the manufacturer’s protocol (Cat. No. RR820A, TakaRa Biotechnology Inc., China). The amplification was monitored on a CFX96 real-time PCR detection system (BIO-RAD). The measurements were obtained using the relative quantification method (Livak and Schmittgen, 2001). Jujube ACTIN (LOC107413530) was used as an internal control. All analyses were based on performed using three biological samples and three replicates of each sample. The primers are listed in Supplementary Table 2.





Vector construction and transformation

To construct the overexpression construct of ZjFAS2, the ZjFAS2 cDNA from TLH was digested with XbaI and XhoI and then inserted into the pART-CAM vector. The appropriate constructs were confirmed by sequencing and introduced into the host cells Agrobacterium tumefaciens GV3101. The primers are listed in Supplementary Table 3.

For transgenic validation, the tobacco variety “SR1” was used as the receptor for transformation by Agrobacterium. Tobacco transformation was performed using a previously described method (Horsch et al., 1985; Zong et al., 2019). The transient expression assay in jujube fruits was performed on the basis of a previously described method with slight modifications (Hawkins et al., 2016). The Agrobacterium strain containing the 35S:ZjFAS2 construct was infiltrated on the jujube fruits between stages S4 and S5 for phenotype investigation. Agrobacterium cultures carrying the empty vector served as the negative control. Patches of red color appeared 3–5 days after injection.





Subcellular localization

The ZjFAS2 cDNA was inserted downstream of the cauliflower mosaic virus (CaMV) 35S promoter through XhoI and EcoRI restriction enzyme sites in the frame with a green fluorescent protein (GFP) in the part-CAM-EGFP vector. The ZjFAS2-GFP fusion construct and nucleus/membrane protein marker (AtH2B-RFP/AtPIP2A-RFP) were cotransformed into tobacco leaves via agrobacterium-mediated transformation. The primers are listed in Supplementary Table 3.





Yeast two-hybrid assays

The yeast two-hybrid cDNA library was constructed using the Make Your Own “Mate & Plate™” Library System (Cat. No. 630490, TakaRa Biotechnology Inc., USA). To construct the bait vector for ZjFAS2, the ZjFAS2 cDNA from TLH was digested with EcoRI and BamHI and then inserted into the pGBKT7 vector. The co-transformation of yeast strain Y2HGold was performed after self-activation and toxicity detection to screen for ZjFAS2 interacting proteins. The pGADT7-jujube cDNA and pGBKT7-FAS2 were co-transformed into yeast strain Y2HGold. The yeast cells were cultured in the SD-Trp-Leu-His-Ade medium at 30 °C under dark conditions for three days. The positive colonies were selected and sequenced. The primers are listed in Supplementary Table 3.





Bimolecular fluorescence complementation assays

The cDNA of ZjFAS2 and ZjSHV3 from TLH was digested with XbaI and KpnI and then inserted into the pCAMBIA1300S-YC and pCAMBIA1300S-YN vectors to produce the cYFP-protein and nYFP-protein constructs, respectively. The BiFC assays were performed using the method described by Guo et al. (2020). The primers are listed in Supplementary Table 3.






Results




Changes in jujube fruit color during ripening

To investigate the process of the color change of the jujube fruits, we divided the fruit developmental stages into seven stages (Figure 1A). Harvested between 20 and 100 days after flowering, the fruit weight, length, and width of FMG ranged between 0.58–10.56 g, 13.76–29.37 mm, and 9.16–26.85 mm, respectively, and the fruit weight, length, and width of TLH ranged between 0.56–12.59 g, 16.37–38.05 mm, and 8.00–24.68 mm, respectively (Supplementary Table 4). Maximum fruit size and weight were recorded at stage S7. The color parameters of FMG and TLH ranged between 38.87–69.18 and 29.85–55.64 for L*, –11.10–20.68 and 5.94–19.22 for a*, 15.87–39.85 and 1.76–27.06 for b*, and 36.37–113.05 and 13.54–77.47 for h°. The h° of FMG gradually decreased with fruit development, and the maximum and minimum values were recorded at stages S1 and S7, respectively. However, the h° of TLH showed different patterns, peaking at stage S5 and then decreasing gradually (Supplementary Table 5). These results indicated that the fruit color of FMG and TLH differed considerably during the early stages of fruit development.




Figure 1 | Phenotypic characterization of the jujube cultivars FMG and TLH. (A) Photographs of the seven stages of growth. Bars = 1 cm. (B) Total carotenoid content. (C) Total anthocyanin content. (D) Total chlorophyll content. Error bars indicate standard deviations (SDs) from three biological replications.



A rapid colorimetric assay was performed to evaluate the contents of anthocyanin, chlorophyll, and carotenoid. A small number of carotenoids was detected in the peels (Figure 1B), whereas a large number of anthocyanins and chlorophyll was detected in the peels (Figures 1C, D). The total anthocyanin content in FMG and TLH varied between 143.50–313.75 and 136.60–345.05 mg/kg, respectively. The content of anthocyanins in FMG gradually increased with fruit development, and the highest concentration was recorded at stage S6. However, anthocyanin content in TLH decreased to the lowest level at stage S5 and then increased gradually. The chlorophyll contents of FMG and TLH ranged between 36.25–174.22 and 50.53–192.67 mg/kg, respectively, which decreased rapidly during the ripening process. The correlation analysis showed that only the total anthocyanin content was significantly negatively correlated with h° in both FMG and TLH (Supplementary Table 6).

Taken together, our results indicated that the fruit color of FMG and TLH was mainly determined by anthocyanin content despite the differences in fruit coloration patterns.





Identification of anthocyanins from the peels of jujube

To further identify the type of anthocyanins, the metabolites were investigated by UPLC-ESI-MS/MS. A total of 784 putative metabolites were identified from the peels of FMG and TLH (Figures 2A, B; Supplementary Table 7).




Figure 2 | Qualitative and quantitative analysis of the metabolomics data of the peels of FMG and TLH. (A) Heatmap of the quantified identified metabolites. (B) PCA score plot of the metabolites in the FMG and TLH. (C) Heatmap of the quantification of the identified anthocyanins. (D) Venn diagram showing the number of metabolites in FMG_S1, FMG_S7, TLH_S1, TLH_S5, and TLH_S7.



Of note, 12 anthocyanins were identified from the peel extracts of FMG (Figure 2C; Supplementary Table 7). The contents of three of these anthocyanins, namely cyanidin 3-O-glucoside, cyanidin 3-O-malonylhexoside, and pelargonidin, increased with the ripening process and were positively correlated with the total anthocyanin content (Supplementary Table 8). Conversely, nine anthocyanins, namely apigeninidin chloride, cyanidin, cyanidin 3,5-O-diglucoside, cyanidin 3-O-galactoside, delphinidin, delphinidin 3-O-glucoside, pelargonidin, peonidin, peonidin, and petunidin 3-O-glucoside, decreased or remained stable with fruit development and were negatively correlated with the total anthocyanin content (Supplementary Table 8).

We identified 13 anthocyanins from the peel extracts of TLH (Figure 2C; Supplementary Table 7). Nine of these anthocyanins, namely apigeninidin chloride, cyanidin, cyanidin 3,5-O-diglucoside, cyanidin O-syringic acid, delphinidin, pelargonidin, pelargonin, peonidin, and petunidin 3-O-glucoside, were positively correlated with the total anthocyanin content (Supplementary Table 8). Conversely, four anthocyanins, namely cyanidin 3-O-galactoside, cyanidin 3-O-glucoside, cyanidin 3-O-malonylhexoside, and delphinidin 3-O-glucoside, were negatively correlated with the total anthocyanin content (Supplementary Table 8). Multiple comparative analyses showed that apigeninidin chloride, cyanidin, cyanidin 3,5-O-diglucoside, cyanidin O-syringic acid, delphinidin, pelargonidin, and peonidin had a relatively higher content in TLH_S1, whereas apigeninidin chloride, cyanidin O-syringic acid, and delphinidin had a relatively higher content in TLH_S7 (Figure 2D). Together, these results indicated that cyanidin, cyanidin 3,5-O-diglucoside, pelargonidin, and peonidin play a crucial role during the early stages of the fruit coloration process, whereas apigeninidin chloride, cyanidin O-syringic acid, and delphinidin are involved in the complete fruit coloration process.





Differential expression of anthocyanin biosynthesis-related genes

To evaluate anthocyanin biosynthesis at the transcriptional level, five cDNA libraries were prepared from the peels of FMG and TLH, which were subjected to RNA-Seq analysis (Supplementary Table 9). To verify the accuracy and reproducibility of the anthocyanin biosynthesis-related genes analysis results, 11 anthocyanin structural genes, one R2R3-MYB gene, five bHLH genes, and one WD40 gene were randomly selected and analyzed by qRT-PCR analysis (Supplementary Figure 1). Pearson’s correlation coefficients further indicated that the digital transcript abundance of most genes was significantly correlated with the qRT-PCR results (Supplementary Table 2). These results confirmed the reliability of the RNA-Seq data.

Differential expression of anthocyanin structural genes was performed. In FMG, 16 differentially expressed anthocyanin structural genes were detected in FMG_S1 and FMG_S7. Among these genes, the transcriptional levels of 14 genes decreased with fruit ripening, namely two C4H genes, three CHS genes, one CHI gene, one F3H gene, one F3’5’H gene, two DFR genes, three ANS genes, and one UFGT gene. The expression of one CHI gene and one UFGT gene was upregulated in FMG_S7 (Figure 3A; Supplementary Table 10). In TLH, 17 anthocyanin structural genes showed upregulated expression in TLH_S1, namely two C4H genes, three CHS genes, one CHI gene, one F3H gene, one F3’H gene, one F3’5’H gene, two DFR genes, five ANS genes, and one UFGT gene (Figure 3A; Supplementary Table 11). These 17 genes also showed upregulated expression in TLH_S1 compared with the expression in FMG_S1 (Figure 3A; Supplementary Table 12). During fruit development, one C4H gene, one CHI gene, one F3’H gene, and one UFGT gene were downregulated, and only one UFGT gene was upregulated in TLH_S7 (Figure 3A; Supplementary Table 13). Comparing the gene expression in FMG_S7 and TLH_S7 indicated that one C4H gene, one F3H gene, one DFR gene, and three ANS genes were upregulated, whereas only one F3’H gene was downregulated in TLH_S7 (Figure 3A; Supplementary Table 14).




Figure 3 | Transcriptome analyses of the peels of FMG and TLH. (A) Heatmap of differentially expressed anthocyanin structural genes. (B) Heatmap of differentially expressed R2R3-MYB, bHLH, and WD40 genes. (C) Venn diagram showing the number of differentially expressed R2R3-MYB, bHLH, and WD40 genes in FMG_S1, FMG_S7, TLH_S1, TLH_S5, and TLH_S7.



Differential expression of R2R3-MYB, bHLH, and WD40 genes was also detected. We detected 62 differentially expressed genes between FMG_S1 and FMG_S7. Furthermore, 47 genes were downregulated in FMG_S7, namely 11 R2R3-MYB genes, 33 bHLH genes, and three WD40 genes; 15 genes were upregulated in FMG_S7, namely nine bHLH genes and six WD40 genes (Figure 3B; Supplementary Table 10); 36 differentially expressed genes were detected between TLH_S1 and TLH_S5; and 27 genes, namely five R2R3-MYB genes, 20 bHLH genes, and two WD40 genes, were upregulated. However, only six bHLH genes and three WD40 genes were downregulated in TLH_S1 (Figure 3B; Supplementary Table 11). Conversely, only 17 differentially expressed genes were detected between TLH_S5 and TLH_S7. Four bHLH genes and five WD40 genes were upregulated, whereas two R2R3-MYB genes and six bHLH genes were downregulated in TLH_S7 (Figure 3B; Supplementary Table 12). In contrast to the expression of the anthocyanin structural genes, the DEGs related to anthocyanin regulation did not show a clear trend between FMG and TLH during the same fruit developmental stages. Of note, 27 genes, namely six R2R3-MYB genes, 19 bHLH genes, and two WD40 genes, were upregulated, and 23 genes, namely six R2R3-MYB genes, 14 bHLH genes, and three WD40 genes, were downregulated in TLH_S1 compared with FMG_S1 (Figure 3B; Supplementary Table 13). Only six genes were differentially expressed between FMG_S7 and TLH_S7. Among these genes, one R2R3-MYB gene and two bHLH genes were upregulated, and three bHLH genes were downregulated in TLH_S7 (Figure 3B, Supplementary Table 14).

Multiple comparative analyses showed that only one WD40 gene, LOC107425703, showed differential expression among FMG_S1, FMG_S7, TLH_S1, TLH_S5, and TLH_S7 (Figure 3C; Supplementary Tables 10-13). LOC107425703 encodes a WD40 repeat protein homologous to the Arabidopsis FASCIATA2 (FAS2) gene, which was hereafter designated as ZjFAS2. Pearson’s correlation coefficients further indicated that ZjFAS2 expression was significantly positively correlated with the total anthocyanin content (r = 0.906, P <0.05; Figure 3C; Supplementary Figure 1). Together, these results strongly indicated that ZjFAS2 are candidate genes affecting anthocyanin accumulation.





ZjFAS2 positively regulates anthocyanin accumulation

We cloned the full-length complementary DNA (cDNA) of ZjFAS2 from TLH_S1, which is 1,362 bp in length. The predicted ZjFAS2 encodes 453 amino acids and contains seven conserved WD40 repeat domains (Figure 4A). We collected 52 ZjFAS2 homologs from the NCBI (http://www.ncbi.nlm.nih.gov/ which encoded proteins varying from 347 to 593 amino acids in length. The FAS2 homologs can be divided into three major groups on the phylogenetic tree and the similarity of their protein sequences ranged from 63.5 to 75.9% (Figure 4B).




Figure 4 | Protein sequence and phylogenetic analysis of ZjFAS2. (A) ZjFAS2 protein sequence. (B) Phylogenetic tree of the plant FAS2 protein. The lengths of the branches refer to the amino acid variation rates.



To validate the genetic function of ZjFAS2, we cloned the cDNA of ZjFAS2 into the pART-CAM vector and introduced the construct into jujube and tobacco via agrobacterium-mediated transformation. ZjFAS2 overexpression significantly increased anthocyanin accumulation in jujube fruits (Figures 5A–C). Furthermore, ZjFAS2 expression was significantly positively correlated with the total anthocyanin content (r = 0.845, P <0.05). In the tobacco transgenic plants, we found that the petals of transgene-positive plants carrying ZjFAS2 had significantly higher total anthocyanin content than the petals of transgene-negative plants (Figures 5D–F). These results provided evidence that ZjFAS2 plays a major role in anthocyanin accumulation.




Figure 5 | Functional analysis of ZjFAS2. (A) Fruit phenotypes of the FMG-null (Control) and ZjFAS2-transient expression fruit (Q1). (B) Comparison of total anthocyanin content between FMG-null (Control) and ZjFAS2-transient expression fruits (Q1-Q5). (C) Expression of ZjFAS2 in the FMG-null (Control) and ZjFAS2-transient expression fruits (Q1-Q5) by qRT-PCR. (D) Flower phenotypes of the SR1-null (Control) and ZjFAS2-transgenic lines (R1). (E) The examination of ZjFAS2-overexpressed lines (R1-R5), SR1 as negative control (WT), H2O as blank control (CK), and 35S::ZjFAS2 pART-CAM vector (P) by PCR. (F) Expression of ZjFAS2 in the SR1-null (Control) and ZjFAS2-transgenic lines (R1-R5) by qRT-PCR. ** indicates significantly different at P < 0.01. Error bars indicate standard deviations (SDs) from three biological replications.







Expression pattern and subcellular localization of ZjFAS2

Our previous study indicated that ZjFAS2 expression and the total anthocyanin content in purple leaves are significantly higher than those in green leaves (Li et al., 2021). To further evaluate the expression profile of ZjFAS2, qRT-PCR and pigment analysis were performed in various organs of TLH and FMG (Figures 6A, B). The total anthocyanin content in the new sheet, secondary lateral branch, flower bud, and seed of TLH was higher than that in the respective tissues of FMG. Conversely, the total anthocyanin content in the sarcocarp of TLH was lower than that in the sarcocarp of FMG. Pearson’s correlation coefficients further indicated that ZjFAS2 expression was significantly positively correlated with the total anthocyanin content (r = 0.848, P <0.01). To examine the expression profile of ZjFAS2 in further detail, the fruits from the semi-red period of 26 cultivars were used in the analysis. Compared with the S6-W, the total anthocyanin content showed a higher concentration in the S6-R of 11 varieties, a lower concentration in the S6-R of 13 varieties, and a similar concentration in the S6-R of two varieties (Figure 6C). However, ZjFAS2 expression showed different patterns. Compared with the ZjFAS2 in S6-W, ZjFAS2 showed upregulated expression in the S6-R of 18 varieties, lower expression in the S6-R of three varieties, and similar expression in the S6-R of five varieties (Figure 6D).




Figure 6 | Expression patterns of ZjFAS2. (A) qRT-PCR analysis of ZjFAS2 in Secondary lateral branch, flower bud and seed of FMG and TLH. (B) Total anthocyanin content n Secondary lateral branch, flower bud and seed of FMG and TLH. (C) Heatmap of ZjFAS2 expression level in S6-W and S6-R from 26 varieties. (D) Heatmap of total anthocyanin content in S6-W and S6-R from 26 varieties. Error bars indicate standard deviations (SDs) from three biological replications.



To detect the subcellular localization of ZjFAS2, we constructed a GFP-ZjFAS2 fusion, whose expression was driven by the CaMV 35S promoter. The transient expression experiment in tobacco epidermal cells showed that the GFP-ZjFAS2 fusion protein was colocalized with the markers in both the nucleus and membrane (Figure 7).




Figure 7 | Subcellular localization of ZjFAS2. Colocalization of ZjFAS2-GFP (A) and AtH2B-RFP (B) in the tobacco leaves. The bright-field image (C) and merged image (D) are also shown. Colocalization of ZjFAS2-GFP (E) and AtPIP2A-RFP (F) in the tobacco leaves. The bright-field image (G) and merged image (H) are also shown. (I) The green fluorescent signal of null-GFP in the tobacco leaves. (J) The red fluorescent signal in the same tobacco leaves as (I). (K) The same tobacco leaves as (I) under bright field. (L) The merged image of (I), (J) and (K). Bars = 20 μm.







Identification of proteins interacting with ZjFAS2

No study has reported that FAS2 is involved in the regulation of anthocyanin accumulation. To elucidate the regulatory mechanism underlying the role of ZjFAS2 on jujube fruit coloration, 36 interacting proteins were identified by the yeast two-hybrid library screens (Supplementary Figure 2; Supplementary Table 15). Notably, one of the ZjFAS2 interactors, the lycerophosphodiester phosphodiesterase GDPDL3-like (LOC107434323) is highly homologous with Arabidopsis SHAVEN3 (AtSHV3). The shv3 mutant of Arabidopsis thaliana can increase anthocyanin accumulation (Hayashi et al., 2008). Moreover, we determined the interaction of ZjFAS2 and ZjSHV3 in vivo by the BiFC assay (Figure 8). Therefore, we believe that ZjFAS2 may interact with ZjSHV3 to regulate jujube fruit coloration.




Figure 8 | BiFC assay verifies the interaction between ZjFAS2 and ZjSHV3 in the tobacco leaves. Bars = 20 μm.








Discussion

The fruit color of FMG was mainly determined by chlorophyll during the early stages of fruit development and was mainly determined by anthocyanins during the late stages of fruit development on the basis of the color phenotype and pigment (Figures 1C, D). Compared with FMG, “Junzao” exhibited a similar fruit color change process and chlorophyll change patterns but different anthocyanin change patterns (Shi et al., 2018; Shi et al., 2019; Figures 1B–D). Lutein is considered to determine the fruit color of “Junzao” during the full maturity stage (Shi et al., 2018). Our results indicated that the anthocyanin content differs significantly among the varieties during the semi-red period, which is consistent with the results of a previous study (Zhang et al., 2020; Figure 6C). Moreover, in contrast to the fruit color of FMG and “Junzao,” the fruit color of TLH is determined by anthocyanin content during both the early and late stages of fruit development and was determined by both chlorophyll and anthocyanin contents during the middle of fruit development (Shi et al., 2018; Shi et al., 2019; Figures 1C, D). Our results showed that the fruit color of different varieties is determined by different pigments in jujube, which is consistent with the results of previous studies.

Multiple anthocyanin structural genes were upregulated in TLH_S1, which resulted in significantly higher total anthocyanin content in TLH than in FMG (Supplementary Table 12). Furthermore, FMG and TLH exhibit different fruit coloring patterns. However, most of the transcriptional levels of anthocyanin biosynthetic genes showed the same expression trends with ripening (Figure 3A). In both FMG and TLH, most of the anthocyanin structural genes, namely C4H, CHS, CHI, F3H, F3’H, F3’5’H, DFR, ANS, and UFGT, showed higher transcriptional levels during the immature stage but were downregulated during the ripening period, and only one CHI gene and one UFGT gene were upregulated during the ripe stage, which is consistent with a previous study (Shi et al., 2020). A previous study also showed similar results wherein the anthocyanin structural genes were highly active during the white period (stage S5) but were gradually silenced over the ripening period (stage S7), and only three UFGT genes were gradually activated during the ripening period in “Dongzao” (Zhang et al., 2020). Therefore, the expression pattern of anthocyanin structural genes was not limited to the late fruit development period but was rather involved in the complete fruit development period among the different varieties. This indicates that the increased expression of early biosynthetic genes could promote anthocyanidin accumulation in early fruit development. Furthermore, these anthocyanidins are gradually modified to anthocyanins by UFGT during the fruit ripening process.

In Arabidopsis, FAS2 maintains the morphologies of stem, leaf, and flower and the organization of shoot and root apical meristems (Reinholz, 1966; Ottoline Leyser and Furner, 1992; Kaya et al., 2001). Furthermore, FASCIATA 1 (FAS1), FAS2, and MULTICOPY SUPPRESOR OF IRA1 (MSI1) form the chromatin assembly factor-1 (CAF-1) complex, which is required for DNA replication and nucleotide excision repair (Endo et al., 2006; Exner et al., 2006; Schönrock et al., 2006; Mozgova et al., 2010; Picart-Picolo et al., 2020). Through yeast two-hybrid screening, the interaction of FAS1 and FAS2 was verified in jujube (Supplementary Table 15). Notably, to the best of our knowledge, the role of FAS2 in the regulation of anthocyanin accumulation was reported for the first time. Surprisingly, unlike the reported WD40 proteins, we did not find that FAS2 forms a complex with MYB and bHLH in the nucleus to regulate anthocyanin accumulation. However, the results of subcellular localization and BiFC assays supported that ZjFAS2 may interact with ZjSHV3 to regulate jujube fruit coloration on the cell membrane (Figures 7, 8). Therefore, our results revealed a novel gene function of FAS2 and a new model of anthocyanin regulation.

Fruit color is modulated by environmental and biological factors (An et al., 2018; Henry-Kirk et al., 2018; Behzadi et al., 2021; Mahmoudian et al., 2021). Carbohydrate is an important factor affecting anthocyanin accumulation and sucrose has the most significant regulatory effect (Gu et al., 2019). Among different jujube varieties, sucrose, glucose, and fructose contents show different trends, but the total carbohydrate content gradually increases during fruit maturation (Guo et al., 2015; Song et al., 2019; Feng et al., 2020). In this study, 23 carbohydrates were identified from the peel extracts of FMG and TLH (Supplementary Table 7). Among them, five carbohydrates, namely Ribulose-5-phosphate, D(+)-Melezitose O-rhamnoside, Maltotetraose, Trehalose 6-phosphate, and D(+)-Melezitose, were positively correlated with the total anthocyanin content in FMG. Only one carbohydrate, D(−)-Threose, was positively correlated with the total anthocyanin content in TLH. Furthermore, sucrose exhibited high concentrations during the color change period in both FMG and TLH. The carbohydrates may play a crucial role in the jujube fruit coloration process.

The SHV3 is involved in cellulose biosynthesis, hypocotyl elongation, and anthocyanin accumulation (Hayashi et al., 2008; Yeats and Somerville, 2016a; Yeats et al., 2016b). The deficiency of SHV3 and its paralogs (SVL1)increases sucrose accumulation via the plasma membrane sucrose-proton symporter SUC1 (Yeats et al., 2016b). Conversely, sucrose acts as a signaling molecule that promotes SUC1 phosphorylation and protein activity (Niittyla et al., 2007; Yeats and Somerville, 2016a; Yeats et al., 2016b). Furthermore, SUC1 and an R2R3-MYB transcription factor, MYB75/PAP1, are required for sucrose-induced anthocyanin accumulation (Holton and Cornish, 1995; Teng et al., 2005; Sivitz et al., 2008; Lasin, 2019). In plants with suc1 mutant, anthocyanin structural genes that are downstream of MYB75 were downregulated, which resulted in decreased anthocyanin accumulation (Sivitz et al., 2008). To summarize, we propose a working model of the molecular mechanism of anthocyanin accumulation regulated by FAS2 (Figure 9). When the carbohydrate content reaches a certain threshold, the FAS2 increases the sucrose accumulation via the plasma membrane sucrose-proton symporter SUC1 by inhibiting SHV3 protein activity, resulting in sucrose-induced anthocyanin accumulation.




Figure 9 | A schematic model for the possible molecular mechanism of anthocyanin accumulation regulated by FAS2. FAS2 enhances the sucrose accumulation via the plasma membrane sucrose-proton symporter SUC1 by inhibiting SHV3 protein activity. The higher sucrose concentration causes an increase in the expression of MYB75 genes. MYB75 interacts with bHLH and WD40 to form the MBW complex positively regulating the expression of anthocyanin structural genes.
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Introduction

Apple russeting is mainly due to the accumulation of suberin in the cell wall in response to defects and damages in the cuticle layer. Over the last decades, massive efforts have been done to better understand the complex interplay between pathways involved in the suberization process in model plants. However, the regulation mechanisms which orchestrate this complex process are still under investigation. Our previous studies highlighted a number of transcription factor candidates from the Myeloblastosis (MYB) transcription factor family which might regulate suberization in russeted or suberized apple fruit skin. Among these, we identified MdMYB68, which was co-expressed with number of well-known key suberin biosynthesis genes.





Method

To validate the MdMYB68 function, we conducted an heterologous transient expression in Nicotiana benthamiana combined with whole gene expression profiling analysis (RNA-Seq), quantification of lipids and cell wall monosaccharides, and microscopy.





Results

MdMYB68 overexpression is able to trigger the expression of the whole suberin biosynthesis pathway. The lipid content analysis confirmed that MdMYB68 regulates the deposition of suberin in cell walls. Furthermore, we also investigated the alteration of the non-lipid cell wall components and showed that MdMYB68 triggers a massive modification of hemicelluloses and pectins.  These results were finally supported by the microscopy.





Discussion

Once again, we demonstrated that the heterologous transient expression in N. benthamiana coupled with RNA-seq is a powerful and efficient tool to investigate the function of suberin related transcription factors. Here, we suggest MdMYB68 as a new regulator of the aliphatic and aromatic suberin deposition in apple fruit, and further describe, for the first time, rearrangements occurring in the carbohydrate cell wall matrix, preparing this suberin deposition.
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Introduction

Apple russeting is a rough and brown phenotype which results from defects or damages on the fruit surface leading to price downgrading and loss of profitability for producers (Faust and Shear, 1972; Skene, 1981). Russesting is caused by de novo suberin deposition, also called suberization, in epidermal cells of apple fruits (Faust and Shear, 1972; Legay et al., 2017). Suberin itself is a cell wall polymer which comprises two distinct aromatic and aliphatic domains forming an hydrophobic protective barrier against environmental stresses at the fruit surface (Skene, 1981; Woolfson et al., 2022).

Russeting can be triggered by multiple causes including cold, wet weather, pesticides and pathogen attacks (Faust and Shear, 1972), and mechanisms involved in suberin deposition have been deeply unraveled this last decade. Several transcriptomic studies revealed that apple russeting involved a complex interplay between multiple metabolic pathways such as hormone signaling and phenylpropanoid and lipid metabolisms (Lashbrooke et al., 2015; Legay et al., 2015; Falginella et al., 2021; André et al., 2022). A numerous suberin biosynthesis genes have already been described in model plants and are covering the whole suberin biosynthetic pathway including the specific synthesis of hydroxycinnamic acids such as ferulic acid, or of suberin specific very long chain fatty acids, fatty alcohols, ω-hydroxyacids and α,ω-dicarboxylic acids (for reviews, please see Bernards (2002); Graça (2015); Vishwanath et al. (2015); Serra and Geldner (2022); Woolfson et al. (2022)). In apple, our studies also highlighted an important alteration of the expression of genes involved in cell wall modification during the suberization of fruit periderms. In particular, the expression of genes associated with hemicellulose (xylan and xyloglucans) and pectin modifications was affected in a similar way to what has been previously associated with cell wall loosening (Legay et al., 2015). However, the alteration of cell wall components in suberizing tissues has been poorly studied and still needs to be validated.

In addition to biosynthesis genes,.transcriptomic datasets of the suberin deposition highlighted numerous genes coding for Myeloblastosis protein (MYB) and No Apical Meristem (NAC) domain transcriptional regulators, which constituted promising suberin biosynthesis regulator candidates. The first suberin biosynthesis transcription factor (TF, AtMYB41) was discovered in Arabidopsis thaliana and described as a trigger of suberin deposition in response to abscisic acid (ABA) and NaCl stress (Kosma et al., 2014). In apple, the orthologous gene of AtMYB41 was not expressed in russeted skin, suggesting that other TFs might be implicated in the regulation of suberin deposition during russeting (Legay et al., 2015; André et al., 2022). MdMYB93 was the first transcriptional regulator associated with the suberin deposition in apple fruit skin (Legay et al., 2016). In Nicotiana benthamiana leaves, the transient expression of apple MdMYB93 triggered a massive increased expression of genes belonging to the phenylpropanoid and lipid metabolisms with a concomitant deposition of suberin in cell walls. Recently, we described MdMYB52, which is specifically expressed in russeted tissues and regulates the biosynthesis of G-units lignin associated with the aromatic domain of suberin (Xu et al., 2022b). Other members of the MYB family were never studied in apple fruit although several other suberin transcriptional regulators were recently discovered in A. thaliana, including MYB9, MYB36 MYB107, MYB53, MYB92 and MYB39/SUBERMAN to name a few (Kamiya et al., 2015; Lashbrooke et al., 2016; Cohen et al., 2020; To et al., 2020; Shukla et al., 2021). According to whole gene expression studies performed on apple suberizing tissues, some of these transcription factors might also regulate the suberin deposition in apple fruit skin, but further functional studies are required to validate this hypothesis (Falginella et al., 2021; André et al., 2022).

Interestingly, a recent study proposed for the first time, a model aiming to explain an upstream/downstream regulation pathway for suberin biosynthesis, describing tier levels and TF-TF interactions (Xu et al., 2022a). This model highlighted that the Arabidopsis orthologous gene of MdMYB93 is in the downstream part of the regulatory cascade, whereas a AtMYB68 seemed to be involved in the upstream tier. Interestingly, our previous transcriptomic datasets demonstrate an increased expression of the apple orthologous gene MdMYB68. In the present study, we further investigated the possible involvement of MdMYB68 in the suberization process in apple fruit skin using transient expression in N. benthamiana associated with a whole gene expression profiling using RNA-Seq, lipid and cell wall content analysis, and finally microscopy.





Materials & methods




RNA extraction, reverse transcription, and qPCR

For the apple MdMYB68 (MD08G1076200) gene isolation, total RNA were obtained from excised fruit peel of the semi-russeted Malus x domestica cv. “Cox Orange Pippin” variety using an adapted CTAB buffer-based extraction protocol (Gasic et al., 2004) and further used to generate cDNA backbone and gene specific amplification. For the gene expression, N. benthamiana RNA were extracted from two groups, (p103:: MD08G1076200/pBIN61-p19 (overexpression) and p103 (empty vector)/pBIN61-p19 (control)), made of 4 biological replicates constituted themself by 3 plants and 4 infiltrated leaves each. Total RNA extracts were obtained using the RNeasy plant mini kit (QIAGEN, Leusden, The Netherlands) coupled with on-column DNase I treatment, following the manufacturer’s guidelines. Total RNA integrity (RIN>8) and purity were assessed using a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and a Nanodrop ND1000 spectrophotometer (Thermo scientific, Villebon-sur-Yvette, France), respectively. RNA concentration was quantified using a Qubit RNA assay kit (Life technologies, Carlsbad, CA, USA). For gene isolation and RT-qPCR, reverse transcription was carried out as described in our previous work and primers details are available in Supplementary Table 1 (Legay et al., 2015).





MdMYB68 gene isolation and cloning

To achieve MdMYB68 amplification, a total RNA from Malus x domestica cv. “Cox Orange Pippin” has been extracted and corresponding cDNA backbone was generated. The reverse transcription was carried out using the M-MuLV Reverse Transcriptase (RNase H-), the Murine RNase Inhibitor (New England Biolabs, Ipswich, MA, USA) and random hexamers (Invitrogen, Carlsbad, NM, USA) following the manufacturer’s guidelines. The MD08G1076200 cloning was obtained using a PCR amplification (Q5 High Fidelity 2X Master Mix (New England Biolabs, Ipswich, MA, USA) following the manufacturer’s instructions (Tm=65°C). The specific primers: Forward(F) 5’- CACCATGGAGGATTATGGGGATGA-3’ and Reverse(R) 5’- AGAAGAGATCCCCACACCAA -3’ were used to generate amplicon. The PCR product was purified using the QIAquick PCR purification Kit (QIAGEN), cloned into pENTR/D TOPO and further used to transform E. coli One Shot TOP10 competent cells, which were grown on LB/kanamycin (50 mg/L) plate according to the manufacturer’s guidelines (Thermo scientific). The colony with containing plasmid was then selected and plasmid was extracted using the QIAprep Spin Miniprep Kit (QIAGEN, Leusden, The Netherlands). The insert was sequenced applying gene specific primers (LGC genomic service Berlin, Germany). The LR clonase cloning protocol (Thermo scientific) was used to recombine the insert into pEarleyGate103(p103) vector (Earley et al., 2006) to obtain a MD08G1076200-GFP fusion driven by the CaMV35S promoter. After quality check using sequencing P103:: MD08G1076200 was finally transformed into Agrobacterium tumefaciens GV3101-pMP90.





Infiltration by Agrobacterium tumefaciens

A. tumefaciens GV3101-pMP90 strains (p103::MD08G1076200, p103-empty and pBIN61-p19) were grown in 50 mL of LB liquid medium supplemented with gentamycin (30 mg/L), rifampicin (10 mg/L), kanamycin (50 mg/L), and acetosyringone (30 mg/L). As A. tumefaciens is not sensitive to the CcdB protein, we used the p103-empty vector as control in the present work (Traore and Zhao, 2011). Cultures in 100 mL Erlenmeyer flasks were agitated at 130 rpm/30°C for 48 h. After centrifugation (1000 g/10 min), cultures were re-suspended in infiltration buffer (20 mM MES, 20 mM MgSO4, 150 mg/L acetosyringone). After 3 hours, p103::MD08G1076200, p103-empty and pBIN61-p19 A. tumefaciens cultures were mixed and adjusted to OD600 = 0.8, 0.8 and 1, respectively. For the RNA-Seq, qPCR validation, cell wall analysis and lipid analysis, independent transient expression experiments have been performed using p103:: MD08G1076200/pBIN61-p19 and p103-empty vector/pBIN61-P19 A. tumefaciens mixtures using four biological replicates (n=4). Each biological replicate is constituted by three plants and four leaves per plants. Leaf samples were collected (i) 4 days after infiltration for gene expression experiments (RT-qPCR and RNA-Seq), (ii) 7 days after infiltration for the cell wall analysis, lipid analysis and microscopy experiments.





cDNA library preparation and sequencing

cDNA libraries were prepared from 3 µg total RNA of each biological replicate, collected 4 days after infiltration, according to the KAPA HyperPrep Kit manufacturer’s guidelines (Roche, Basel, Switzerland). All libraries were analyzed and quantified as described in (Legay et al., 2016). The sequencing was carried out at the LCSB sequencing platform (RRID: SCR_021931) at the University of Luxembourg. The pooled libraries were sequenced on an Illumina NextSeq500 (NextSeq 500/550 Mid Output Kit v2.5 (150 Cycles)) to generate 75 base-pairs paired-end reads. FASTQ files were imported in pairs in CLC genomics workbench v11.0.1 discarding poor-quality reads (<Q30). For each library, reads were trimmed and filtered using the following criteria: sequence quality score <0.01, no ambiguous nucleotides, minimum read length >35 nucleotides, trimming against the Illumina adaptor sequence, and finally a hard trim of 14 nucleotides at the 5’ end and 3 nucleotides at the 3’ end. The filtered reads were mapped to the N. benthamiana transcriptome v5-primary and alternate transcript (Nakasugi et al., 2014) obtained from the N. benthamiana genome and transcriptome website (http://benthgenome.qut.edu.au/) with the following criteria: a mismatch, gap and insertion cost set at 2,3 and 3 respectively (3=stringent mapping), reads should have 80% identity and 80% coverage with the reference transcriptome.





Gene expression and gene ontology calculations

Expression values were calculated using the RPKM (Reads per kilobase transcript per million reads) method (Mortazavi et al., 2008). To determine the differentially expressed genes between the tobacco leaves infiltrated with p103:: MD08G1076200/pBIN61-p19 and p103-empty vector/pBIN61-P19, a Baggerley’s ‘on proportions’ weighted test (Baggerly et al., 2003) combined with a false discovery rate correction (Benjamini-Hotchberg) set at 0.001 was used. Expression cut-off values were set at 4-fold increase/decrease and 5 RPKM difference, respectively. The corresponding gene identifiers were uploaded into the bioinformatics g:Profile web server https://biit.cs.ut.ee/gprofiler/ and mapped as source for gene ontology enrichment analysis (Raudvere at. al. 2019). To highlight the most significantly regulated ontology groups the two GOs outlier with the strongest p-value were selected and uploaded into the Cytoscape (v3.6.0) web server. Based on this, an interaction network applying the ClueGO v2.5 and CluePedia v1.5 plugins (Bindea et al., 2009) was built and the most regulated biological processes were highlighted. Raw sequences have been deposited at the NCBI Gene Expression Omnibus website (GEO, http://www.ncbi.nlm.nih.gov/geo, accession number: GSE220694).





Monosaccharide quantification from total and fractionated cell wall materials

The extraction of cell wall materials was performed from samples collected 7 days after infiltration as described previously (Xu et al., 2019; Guerriero et al., 2021). Leaves infiltrated with the empty vector and the TF (four biological replicates per treatment) were lyophilized and subsequently ground to a fine powder. Fifty mg of the ground material were extracted on ice three times with 80% (v/v) ethanol for 30 min, followed by two washes, the first with acetone then with methanol at RT. One hundred U of α-amylase (porcine pancreas, Sigma-Aldrich, Merck, Darmstadt, Germany) were added to the residues at 40°C during an incubation time of 1 h, then 50 U α-amylase were further added for 30 min to completely remove starch. The cell wall materials were precipitated by four volumes of cold ethanol (100% v/v) o/n, followed by three washes with cold ethanol. After air-drying, five mg of cell wall materials were hydrolyzed using one-step two-step hydrolysis, i.e., Saeman’s hydrolysis for the swelling of cellulose, followed by matrix polysaccharide hydrolysis with diluted acid (72% w/w sulfuric acid, vortexed intermittently at RT for 1h, then diluted to 10% w/w and incubated for 3 h at 100°C) (Yeats et al., 2016). The samples were thereafter cooled at RT and centrifuged. The supernatant was used for the determination of the cell wall monosaccharide composition

For the cell wall fractionation protocol, 15 mg of air-dried cell wall materials were subjected to sequential extraction using water, 0.1% (w/v) EDTA (pH 7.5), 1 M and 4 M KOH. The extractions with water and EDTA were performed for a total of three times at 99°C for 2 h each. Alkaline extractions with KOH were carried out with 0.01 mM NaBH4 at RT for 2 h, then, glacial acetic acid was used to neutralize the extracts. Dialysis of all the extracts was carried out against deionized water and concentrated by rotary evaporation. The residues after sequential extraction were rinsed three times with deionized water. All fractions and residues were freeze‐dried. The cell wall monosaccharide composition was determined with high-performance ion chromatography (in technical duplicates for each sample) using a Dionex™ ICS-5000+ Capillary HPIC™ System (Dionex, Thermo Fisher Scientific, Bremen, Germany), as previously reported (Xu et al., 2019).





Soluble and polymerized lipid fraction analysis

N. benthamiana leaves infiltrated on the abaxial side of the leaves with A. tumefaciens strains (p103::MD08G1076200/pBIN61-p19 and p103-empty vector/pBIN61-P19, n=4), were harvested after 7 days, lyophilized and stored at 4°C until further processing. Delipidation steps, and suberin composition and content analysis were performed using the solvent-extraction method as described in Delude et al. (2017).





Microsocopy

Seven days after infiltration, Nicotiana benthamiana leaf samples were collected and washed with phosphate buffer twice for 10 min, then dehydrated in a graded series of ethanol and resin embedded as described previously (Xu et al., 2022a). For immuno‐localization, sections (10µm) of tobacco leaves were processed as described in (Behr et al., 2016). Sections were incubated for 1.5 h at room temperature with the primary antibodies LM1, LM2, LM5, LM10 and INRA-RU1 diluted 1:10 in the same buffer. Sections were washed for 20 min in the dilution buffer + 0.1% (v/v) Tween20 and incubated for 45 min at room temperature with secondary antibody diluted 1:100 in 0.02 M Tris‐HCl pH 8.2 (Behr et al., 2016; Xu et al., 2019). All antibodies were purchased from Plant-Probes (http://www.plant.probes.net) excepted for INRA-RU1, which was kindly provided by Dr. Marie-Christine Ralet (INRA Angers-Nantes). For Fluorol yellow 088 staining, sections were stained with a freshly prepared solution of Fluorol Yellow 088 (0.1% w/v/v/v, in PEG 400/glycerol/water) at 70°C for 30 min. Sections were rinsed with water (three rinses of 5 min each). A counter-staining was done with Aniline Blue (0.5% w/v, in water) at room temperature for 30 min in darkness. Samples were washed with water (three rinses of 5 min each). Samples were observed with an Olympus microscopy BX43 Fluo. DAPI filter was selected. The UV intensity was regulated through a LED illumination unit (pE-300 white).






Results




MdMYB68 is co-expressed with typical suberin biosynthesis genes

To assess the putative involvement of MD08G1076200 (MdMYB68) as a transcriptional regulator of the suberization process in russeted apple skin, a gene interaction matrix was first built from significantly upregulated genes observed in previous transcriptomic datasets comparing gene expression profiles in russeted vs waxy apple skin tissues (Legay et al., 2015; André et al., 2022). The interaction mapping clearly highlighted the lipid and phenylpropanoid main bioprocess clusters (Figure 1, Supplementary Figure 1, Supplementary Table 2).




Figure 1 | Subset of the gene interaction matrix obtained from genes significantly upregulated in russeted apple fruit skin compared to waxy apples (-3<log2 ratio (russeted/waxy)<3) (Legay et al., 2015; André et al., 2022). Grey lines represent the gene interaction confidence (ranged from 0 to 1): thickest lines display confidence scores higher than 0.9, thinnest lines display confidence scores between 0.4 and 0.7. Node color display the different shell of interactors (from hot colors for the first shells of interactors to cold colors for the last shells). The complete gene interaction map, gene description and associated gene ontology analysis are available in Supplementary Figure 1 and Supplementary Table 2.



As expected, the lipid metabolism cluster included genes involved in the biosynthesis of the suberin aliphatic domain of suberin i.e. the cytochrome P450 family 86 subfamily A1 (CYP86A1), cytochrome P450 family 86 subfamily B1 (CYP86B1), glycerol-3-phosphate acyltransferase 5 (GPAT5), fatty acid reductase 5 (FAR5), ω-hydroxyacid-O-hydroxycinnamoyl transferase (RWP1), MYB93 and multiple GDSL-lipase/esterase to name a few (Vishwanath et al., 2015; Legay et al., 2016; Woolfson et al., 2022). MD08G1076200/MdMYB68 displayed weak interaction (0.150 < confidence < 0.400) with several proteins of this cluster including: (i) the Bzip transcription factor familly protein TGA10 involved in the anther development; (ii) MYB36 involved in the regulation of the casparian strips formation in Arabidopsis endodermal cells (Kamiya et al., 2015); (iii) Embryo sac development 4 (EDA4) a lipid transfer protein; (iv) a gene similar to Ucalacyanin 1 (UCC1) involved in the deposition of the poly(phenolic) deposition in Casparian strips (Woolfson et al., 2022); (v) a GDSL-lipase/esterase similar to GELP38/AT1G74460 which is required for the final formation of the suberin poly(alipihatic) domain (Ursache et al., 2021) and finally (vi) an α/β-hydrolase (AT2G18360) for which no clear function has been proposed yet (Figure 1). Altogether, this co-expression matrix suggests that MdMYB68 is another important component of the regulation of the suberin biosynthesis in russeted apple fruit skin. Interestingly, this interaction mapping also highlighted cell wall metabolism as a major bioprocess regulated by MD08G1076200/MdMYB68.





MdMYB68 transient expression strongly altered the expression of genes involved in the different steps of suberin deposition

To justify the function of MdMYB68 in suberin biogenesis and deposition in apple russeted skin, we performed a transient heterologous expression of MdMYB68 in N. benthamiana leaves. CDNA libraries were prepared from mRNA extracted from infiltrated leaves to perform a whole-gene expression profiling analysis as previously described in Kosma et al. (2014) and Legay et al. (2016). Our data collected about 29 to 34 million of mapped reads per libraries corresponding to about 84 to 88% mapping rate against the N. benthamiana transcriptome (Supplementary Table 3). To calculate gene expression rate between mock and MdMYB68 overexpression, we used RPKM methodology (Reads per kilobase transcript per million reads). 3305 expressed genes were selected, based on their significances (Benjamini-Hochberg FDR corrected p-value <0.001). Around 86% (a set of 2840 genes) were classified as highly upregulated genes (Supplementary Table 4). Expression of a subset of genes was also analyzed using RT-qPCR and displayed a strong correlation with RNA-Seq data (Supplementary Table 1).

To better explain their identity within functional processes, we used corresponding Arabidopsis orthologous gene IDs and performed the functional interpretation applying gProfiler enrichment analysis. We visualized identified gene term cluster on the interactive Manhattan plot (Figure 2A, Supplementary Table 5) based on their p-value. In general, 117 GOs were found, 43 terms were clustered into the molecular function (MF), 64 terms belonged to the biological process (BP), another 6 terms associated with the cellular compartment (CC), and the last 4 terms groups matched as cluster (KEGG) meaning functional annotations from Kyoto Encyclopedia of Genes and Genomes. Among these, critical GO terms were found (Figure 2C): very-long-chain 3-ketoacyl-CoA synthase activity (GO:0102756), lipase activity (GO:0016298), glucuronosyltransferase activity (GO:0015020), oxidoreductase activity (GO:0016705), phenylpropanoid metabolic process (GO:0009698), lignin metabolic process (GO:0009808), fatty acid metabolic process (GO:0006631), suberin biosynthetic process (GO:0010345), xylan biosynthetic process (GO:0045492), cell periphery (GO:0071944), apoplast (GO:0048046), and cell wall (GO:0005618). This observation strongly suggested the involvement of MdMYB68 in the regulation of all the successive steps of the suberization process as it altered the expression of gene involved in the cell wall modification, the phenylpropanoid/lignin metabolism and the lipid metabolism. Moreover, this signature is highly similar to that observed in our previous work on the suberin master regulator MdMYB93 as well as our previous transcriptomic work performed in russeted apples (Legay et al., 2015; Legay et al., 2016; Falginella et al., 2021; André et al., 2022).To understand the precise functional gene interaction following MdMYB68 overexpression, we further selected two most significant gene terms GO:0009698 and GO:0009699 as an outlier-nods from the biological process and extracted the corresponding genes to perform pathway network analysis. All of these core genes encoded important enzymes which mostly contribute to the synthesis of suberin building blocks including long- and very long chain ω-hydroxyacids and α,ω-dicarboxylic acids (DCAs), or phenypropanoids such hydroxycinamic acids. Our Cytoscape analysis (ClueGO v2.5 and CluePedia) was constructed base on these 35 genes including CYP86A1, CYP86B1, KCS2, KCS4, LACs, PAL, PAL2, 4CL, HCT, GPAT5. In this context, the main nod for the interaction network was mapped for phenylpropanoid biosynthesis which was closely associated with either lignin metabolic process or suberin biosynthesis (Figure 2B; Supplementary Table 5).




Figure 2 | Gene ontology enrichment analysis of the differentially expressed genes obtained 4 days after agroinfiltration with empty vector and MdMYB68 constructs in N. benthamiana. (A) An interactive Manhattan plot visualizes enriched GO term cluster within plant response to MYB68 overexpression. The x-axis shows the functional terms from 2840 upregulated genes. The circle on the plot represents a single functional term. Each circle is color-coded and grouped into the functional terms according to the annotated genes in each term. Four main gene ontology groups are identified: (a) molecular biology, (b) biological process, (c) cellular compartment, (d) KEGG Kyoto Encyclopedia of Genes and Genomes annotation. The corresponding enrichment p-values in negative log10 scale are illustrated on the y-axis. The hypergeometric p-value is calculated with the g:Profiler software and represent the significance of functional term in the input gene list. (B) Expanded view and network mapping of the genes corresponding to GO:0009698 and GO:0009699 terms, indicating the highest p-value. The nodes are the functional groups and edges are interaction. The gene network was plotted by applying the cytoscape ClueGO v2.5, CluePedia v1.5 plugins and highlights interaction of most regulated biological processes revealed significant stimulating in the phenylpropanoid fatty acid pathway. (C) Table of most significant gene ontology terms enriched after MYB68 overexpression. Based on the p-value, top 15 gene terms from the cluster a (MF) molecular function and cluster b (BP) biological process, along with all terms from the cluster c (CC) cell compartments and cluster d (KEGG) were highlighted and presented as most relevant processes to be consider.







MdMYB68 associates the expression of key cell wall modification and suberin biosynthesis genes

From the narrow view to the GO annotations (Figure 2C), we identified that the transient expression of MdMYB68 also altered the expression of gene clusters which are associated with cell wall modification. Furthermore, it is noteworthy that most of these genes were associated with the modification of hemicellulose and pectins, and might play a role in the suberization process (Legay et al., 2015; André et al., 2022). Several induced beta-1,4-xylosyltransferase (GUT1, IRX14L, IRX9) genes are involved in the synthesis and elongation of the glucuronoxylan xylosyl backbone (Table 1, Wu et al., 2010), PGSIP1-GUX1 and PGSIP3-GUX2 were shown to catalyze the addition of glucuronic acid to xylan in Arabidopsis (Rennie et al., 2012). Two mannan endo-1,4-beta-mannosidase were also upregulated and are throught to be involved, together with the xyloglucan endotransglucosylase/hydrolases (XTHs), in hemicellulose remodeling during multiple growth processes such as senescence or seed germination (Schröder et al., 2009). Our data additionally suggests that MdMYB68 triggers a remodeling of pectins as several genes including pectate lyase, polygalacturonase or rhamnogalacturonate lyase displayed a significant increase in expression. Apart from genes associated with hemicellulose and pectin, callose synthase (GSL07) and cellulose synthase-like D3 (CSLD3) were upregulated. Finally, we observed a large number of genes coding for extensins (Mishler-Elmore et al., 2021).


Table 1 | Selection of the differentially expressed genes obtained from the statistical comparison of N. benthamiana leaves infiltrated with the MYB68 construct versus leaves infiltration with empty vector construct 4 days after infiltration.



Further, our gene ontology analysis highlighted a cluster of genes involved in the phenylpropanoid biosynthesis pathway. This included the phenylalanine ammonia-lysase (PAL), cinnamate-4-hydroxylase (C4H), 4-coumarate-ligase (4CL), hydroxycinnamoyl-Coenzyme A shikimate/quinate hydroxycinnamoyltransferase (HCT), caffeoyl-o-methyltransferase (CCoAOMT), the cinnamoyl-CoA reductase (CCR) and the caffeic acid 5-hydroxyferulic acid O-methyltransferase (OMT) (Table 1). According to the current knowledge, this gene expression pattern suggests that MdMYB68 is able to drive the synthesis of ferulic acid and guaiacyl lignin monomers (Fraser and Chapple, 2011; Woolfson et al., 2022). Furthermore, several laccase and peroxidase genes, which might affect the synthesis of the so-called polyphenolic/lignin-like suberin domain (Bernards, 2002; Graça, 2015; Serra and Geldner, 2022; Woolfson et al., 2022) were also induced by MdMYB68 (Table 1). As an example, the suberization-associated anionic peroxidase gene (SAAP), which displayed more than 63-fold increased expression, was previously described as crucial component of the suberization process (Bernards et al., 1999). Peroxidase 72, a cationic peroxidase involved in the lignin biosynthesis during the secondary cell wall biogenesis, has been also associated with apple russeting (Fernández-Pérez et al., 2015; Legay et al., 2015; André et al., 2022). Finally, we observed an increased expression of a tyramine N-feruloyltransferase, participating in the synthesis of feruloyl-tyramine, a suberin component which is proposed to contribute to pathogen tolerance in tomato (Kashyap et al., 2022), but the exact role of feruloyl-tyramines in the suberization process is still under investigation.

In addition to this observation, leaves expressing MdMYB68 displayed a massive increase of genes involved in the core lipid metabolic pathway. These included, on the one hand, several genes taking part in the synthesis of the long chain fatty acid (C16 and C18) and on the other hand, several acetyl-CoA carboxylase genes, which involve in the early step of the fatty acid synthesis. Number of genes coding acyl carrier protein thioesterase (FATB) were also induced. FATB genes, which are determinant for the synthesis of saturated fatty and their transport from the chloroplast to the cytosol, dispensed an increased expression in russeted apple skin, suggesting that they play a crucial role in the mobilization of fatty precursors for the synthesis of suberin building blocks (Bonaventure et al., 2003; Legay et al., 2015). MdMYB68 also triggered the expression of multiple 3-ketoacyl-CoA synthetase (KCS1, KCS2, KCS4, KCS11) and 3-ketoacyl-CoA reductase (KCR1) which belong to the fatty acid elongation complex and produce the very long chain fatty acid (VLCFA), a characteristic signature of the suberin monomers (Blacklock and Jaworski, 2006; Nomberg et al., 2022). KCS2/DAISY has been previously described as a major actor in the VLCFA biosynthesis in root suberin biosynthesis in Arabidopsis (Franke et al., 2009; Lee et al., 2009), whereas KCS4 displayed an enhanced expression in the suberized skin of the semi russeted ‘Cox Orange Pippin’ variety (Legay et al., 2017). Finally, a long chain Acyl-CoA synthetase 4 gene (LACS4), which is involved in the activation of the newly synthetized or elongated fatty acids was also induced in leaves expressing MdMYB68. To our knowledge, there is no identified suberin specific LACS in plants. In Arabidopsis, LACS4 has been associated with the synthesis of glycerolipids, wax or triacylglycerol and is highly expressed in the apple fruit pericarps, which altogether suggest that it might constitute a candidate being involved in the activation of dicarboxylic acids and/or ω-hydroxyacids (Zhao et al., 2021).

Omega-hydroxyacids constitute major components of suberin with α,ω-dicarboxylic acids and fatty alcohols. Their synthesis is mainly driven by CYP86A1 and CYP86B1 key genes, which can be considered as suberin synthesis markers (Höfer et al., 2008; Compagnon et al., 2009). In the present work, CYP86A1 and CYP86B1 genes displayed 194- and 44-fold increase in N. benthamiana leaves expressing MdMYB68, respectively. Interestingly, we also observed increase in expression of several LACERATA/LCR/CYP86A8 genes. LCR involves in the ω-hydroxylation of C12 to C18:1 fatty acids and has been previously associated with the cutin synthesis in the epidermis (Wellesen et al., 2001). Beyond genes involved in the DCAs and ω-hydroxyacids biosynthesis, we also observed increased expression of several genes similar to the fatty acid reductase (FAR3), which are an important factors of the suberin specific fatty alcohols biosynthesis in plants (Domergue et al., 2010; Woolfson et al., 2018). Several isoforms of glycerol-3-phosphate acyltransferase (GPAT) displayed increased expression in leaves after MdMYB68 stimulation. This included the suberin specific GPAT5 (482-fold increase) (Beisson et al., 2007) but also genes similar to GPAT1 (9.58-fold increase) and GPAT6 (18.6-fold increase). Interestingly, in tomato, GPAT6 has been previously associated with the synthesis of cutin oligomers precursors, but its clear role in the suberin biosynthesis has not been proposed, yet (Petit et al., 2016). Several BAHD-acyltansferase genes were upregulated after MdMYB68 overexpression. Among these, we found a gene similar to the Arabidopsis aliphatic suberin feruloyl transferase (ASFT/AT5G41040), which is responsible for the condensation of ferulic acid with fatty acids during the suberin monomer biosynthesis (Molina et al., 2009; Molina and Kosma, 2015; Nomberg et al., 2022). A large number of genes coding GDSL-motif esterase/lipase protein were also induced by MdMYB68. Among these we identified ortologous genes of the thale cress GELP38, GELP51, GELP72 and GELP96, which were highly induced in leaves expressing MdMYB68, with 700-, 73-, 4.8- and 95-fold increase, respectively. These were recently described as a crucial component of the final suberin assembly after the exportation of the suberin building blocks in the cell wall (Ursache et al., 2021). Finally, the putative transport of these suberin building blocks was also supported by the increased expression of several member of ATP-binding Cassette family G (ABCG) transporters, as well as genes coding for lipid transfer proteins (LTP). Among these ABCG2, ABCG6, ABCG20 were previously described as suberin specific transporters in Arabidopsis (Yadav et al., 2014).

Finally, MdMYB68 transient expression additionally triggered higher expression of a large number of NAC- and MYB-family transcription factors. Genes similar to NAC038 and NAC058, which were previously co-expressed with suberin biosynthesis genes (Lashbrooke et al., 2015), displayed 73.34 and 119.54 fold increase in leaves expressing MdMYB68. Genes similar to the suberin regulators MYB92 and MYB93 were also massively induced with 1565.21- and 310.87-fold increases, whereas the ABA/drought-inducible MYB41 displayed only a 7.23-fold increase (Kosma et al., 2014; Legay et al., 2016; Shukla et al., 2021). A MYB36-like gene, which has been described as a major regulator of the casparian strip formation, displayed a massive increase in expression with a fold change equal to 7382.82 (Kamiya et al., 2015). Several copies of the well-known MYB4 phenylpropanoid biosynthesis regulator displayed an enhanced expression under MdMYB68 overexpression reaching 130.29-fold increase in expression (Jin et al., 2000; Andersen et al., 2021). Finally, a MYB84-like transcription factor, which have been recently associated with the root suberization, is also highly induced (Xu et al., 2022a).





Changes in cell wall monosaccharide composition upon overexpression of MdMYB68

As a first step towards the characterization of the tobacco cell walls, monosaccharide quantification was performed on total cell wall materials after one-step two-step hydrolysis. As expected by the adopted hydrolysis protocol, glucose (here deriving from both cellulose and matrix polysaccharides) was the most abundant monosaccharide (>50%). The pectinaceous nature of the tobacco leaves was confirmed by the higher abundance of galactose (representing >25% of the total sugars), with lower amounts of arabinose, xylose and galacturonic acid (between 3.2 and 7.3% of the total sugars; Figure 3). When comparing the leaves transformed with the empty vector (control) and those with the TF (MdMYB68 OE): galactose decreased (from 31.51% ± 4.03% to 25.16% ± 2.21%), while xylose significantly increased upon overexpressing MdMYB68 (from 3.46% ± 0.52% to 7.3% ± 0.76%) (Figure 3). Glucose increased slightly, but significantly, after overexpression of the TF (from 53.78% ± 1.25% to 56.39% ± 1.25%). These results suggest that the overexpression of the TF caused major modifications in the content of cell wall polysaccharides: these changes can be linked to hemicelluloses and, given its abundance in dicots’ primary walls, xyloglucan, (Scheller and Ulvskov, 2010) and to the pectic fraction.




Figure 3 | Monosaccharide composition of the total cell wall materials of control (white bars) and MdMYB68-overexpressing N. benthamiana leaves (black bars) collected 7 days after infiltration. Values are expressed as the mean ± standard deviation (SD) from four independent biological replicates. One and three asterisks indicate significant differences at p < 0.05 and p < 0.001, respectively.



To confirm the classes of cell wall polysaccharides responsible for the changes observed in the content of monosaccharides, a sequential extraction of the cell wall components was then carried out (Figure 4). The hot water fraction of the control leaves, which typically extracts arabinogalactan proteins and loosely bound pectic polysaccharides, contained in majority glucose (>39%) and galactose (>40%), followed by arabinose (>4%), rhamnose (>1.4%) and arabinose (>4%) (Figure 4A).




Figure 4 | Monosaccharide composition of the cell wall fractions obtained by sequential extractions with hot water (A), EDTA (B), 1 M KOH (C), 4 M KOH (D) and of the remaining residue (E) in N. benthamiana leaves agroinfiltrated with the empty vector and MdMYB68 constructs. Samples were collected 7 days after infiltration. Values are expressed as the mean ± SD from four biological replicates. One, two and three asterisks indicate significant differences at p < 0.05, p < 0.01, p < 0.001, respectively.



The extraction of galactose, rhamnose and arabinose was indicative of rhamnogalacturonans (galacturonic acid, xylose for homogalacturonan and xylogalacturonan, respectively). In the MdMYB68-OE leaves, xylose abundance increased from 0.44% ± 0.18% in control samples to 1.37% ± 0.38% (Figure 4A). While no statistically significant differences were detected in the hot water fraction for rhamnose and arabinose (although both showed a tendency towards lower abundance in the transformed leaves), a significant decrease in galactose was evident after MdMYB68-overexpression. This result was in agreement with the analysis on the total cell wall materials (Figure 3) and confirmed alterations in the pectic fraction. To understand which regions of the pectic fraction were responsible for the changes observed, monosaccharide ratios were compared. The ratio galacturonic acid/rhamnose (indicating the proportion of “smooth” and “hairy” pectic regions) did not show significant changes (1.72 and 1.71 in control and TF-OE leaves), while the ratio galactose/rhamnose (providing an indication of rhamnogalacturonan I ramifications) denoted an increase after MdMYB68 ectopic expression (from 19.3 in control samples to 30.4 in TF-OE leaves). The ratio arabinose/rhamnose, instead, did not reveal significant changes (2.7 and 3.0 in control and TF-OE leaves).

The EDTA fraction (Figure 4B) of the control leaves revealed the presence of the pectic monosaccharides galactose (>37.9%), galacturonic acid (>25.8%), arabinose (>17.4%), rhamnose (>7.8%), together with a lower abundance of fucose (>1.8%), xylose (>0.8%). Xylose and arabinose showed the same accumulation patterns as those observed in the hot water fraction: xylose significantly increased (from 0.81% ± 0.14% in control leaves to 2.02% ± 0.22% in MdMYB68-OE ones), while arabinose decreased (from 18.86% ± 0.90% to 17.42% ± 0.71%).

The 1M KOH fraction extracted typical hemicellulosic monosaccharides, with xylose being the highest in abundance (>57.4%), followed by arabinose (>11.9%), glucose (>9.4%), galactose (>5.8%), mannose (>2.5%) in the control leaves (Figure 4C). A statistically significant increase in xylose was detected, similarly to what already observed with the analysis on the total cell wall materials (Figure 3): the content increased from 57.4 ± 2.81% in control leaves to 68.4% ± 2.08% after MdMYB68 overexpression (Figure 4C). Among other changes observed in the 1M KOH fraction, there was a significant decrease in mannose with 3.87% ± 0.63% in the control to 2.46% ± 0.26% after MdMYB68 overexpression.

In the 4M KOH fraction obtained from leaves expressing MdMYB68, arabinose was the most abundant (37.36%) followed by glucose (30,06%), galactose (21.02%) and xylose (8.56%) (Figure 4D). Significant differences were observed only for arabinose (25.9% ± 3.27% in the control to 37.36% to ± 3.75%), galactose (18.16% ± 1.25% in the control to 21.02% to ± 1.21%) and galacturonic acid (10.78% ± 0.58% in the control to nothing).

Finally, the alkali-insoluble cell wall residue of the control leaves contained in majority glucose (>19.7%), xylose (>12%) and galacturonic acid (>9.4%), followed by minor amounts of fucose (>3.9%) and arabinose (>2.8%) (Figure 4E). A massive increase in xylose was observed after MdMYB68 overexpression (12.14% ± 3.72% in the control leaves to 39.12% ± 3.34%). Other significant differences were observed for glucose (31.11% ± 3.36% in the control leaves to 19.75% ± 2.32%), galactose (29.14% ± 2.84% in the control leaves to 21.68% ± 1.22%), galacturonic acid (20.69% ± 2.51% in the control leaves to 9.41% ± 0.57%), arabinose (2.78% ± 0.72% in the control leaves to 4.6% ± 0.32%) and finally rhamnose (not detectable in the control leaves to 1.49% ± 0.15%).





MdMYB68 triggered the suberin precursor accumulation and suberin deposition

A fluorol yellow 088 staining was first performed to visualize the formation of suberin lamellae in N. benthamiana leaves 7 days after infiltration with the MdMYB68 construct (Supplementary Figure 2). Adaxial side of the leaves displayed higher fluorescence localized in cell wall of palisade cells in leaves expression MdMYB68 whereas only a week signal was observed in the control leaves (Supplementary Figures 2C, D). This was further supported by observation made in parenchymal cells (Supplementary Figures 2E, F) where higher fluorescence was also observed upon MdMYB68 expression. To further validate observations made in our gene expression profiling study, a GC-MS analysis of lipids was performed on both soluble and polymer fractions collected after 7 days from leaves infiltrated with the MdMYB68 construct and the empty vector. First, increased contents in trans ferulic acid (p-value<0.001), were observed in N. benthamiana leaves expressing MdMYB68 whereas these were not detectable in control leaves (Figures 5, 6). This observation is in accordance with the gene expression data and support the fact that MdMYB68 can regulate the phenylpropanoid pathway.




Figure 5 | GC-MS analysis performed from the soluble lipid fraction obtained from Nicotiana benthamiana leaves collected 7 days after agroinfiltration with the MdMYB68 construct (MdMYB68 OE) or the Control/empty vector construct (Empty vector). 4 biological replicates were used (n=4). (A) content gathered by lipid subclasses, (B) fatty acids, fatty alcohols, ω- and α-hydroxy fatty acids, ferulic acid, sterols, and waxes. C16 to C18 fatty acid contents are displayed in the Supplementary Figure 3. Values are expressed as the mean ± SD from four biological replicates. One, two and three asterisks indicate significant differences at p < 0.05, p < 0.01, p < 0.001, respectively.






Figure 6 | GC-MS analysis performed from the trans-esterified lipid fraction obtained from Nicotiana benthamiana leaves samples collected 7 days after agroinfiltration with the MdMYB68 construct (MdMYB68 OE) or the Control/empty vector construct (Empty vector). 4 biological replicates were used (n=4). (A) content gathered by lipid subclasses, (B) fatty acids, fatty alcohols, ω- and α-hydroxy fatty acids, ferulic acid, sterols, and waxes. Values are expressed as the mean ± SD from four biological replicates. One, two and three asterisks indicate significant differences at p < 0.05, p < 0.01, p < 0.001, respectively.



The analysis of the lipid compound family accumulated in the solvent soluble fraction showed that fatty alcohols, very long chain fatty acids, and ω-hydroxyacids contents increased in leaves expressing MdMYB68 whereas sterols, α-hydroxy fatty acids (typically found in sphingolipids), and waxes remained unchanged (Figure 5A). It is particularly noteworthy that these increased contents were mainly caused by an accumulation of compounds with very long chain aliphatic backbones. The C20, C22, C24 and C26 fatty acid contents were respectively increased 1.25-, 3.52-, 2.16- and 1.97-fold in leaves expressing MdMYB68 compared to the control leaves (Figure 5B). Inversely, C16, C16:3 and C18:x fatty acid contents decreased in response to MdMYB68 overexpression, suggesting a possible remobilization of the core fatty acid pool (Supplementary Figure 3). In leaves expressing MdMYB68, long and very long chain fatty alcohols, which are synthesize by Fatty Acyl Reductases (FARs), displayed increased contents with a specific accumulation of C18, C20, C22, and more marginally C24 aliphatic backbones. Altogether, these data suggested, as hypothesized from the RNA-seq data, that MdMYB68 was able to trigger the synthesis of the very long chain aliphatic precursors and downstream suberin specific compounds and their associated waxes.

The analysis of the polymerized lipid fraction revealed a significant increase in total fatty alcohols, fatty acids, dicarboxylic acids and ω-hydroxyacids in N. benthamiana leaves expressing MdMYB68 whereas the α-hydroxy fatty acid (typically found in sphingolipids) content did not changed (Figure 6A). Interestingly, fatty alcohols, with aliphatic chain size ranging from C18 to C24 were only observed in leaves expressing MdMYB68 (Figure 6B). C20, C22, C24 and C26 fatty acids displayed the highest fold changes, with FC=3.94, 7.16, 3.12 and 3.51, respectively. A similar increase was observed for ω-hydroxy fatty acid contents for which an accumulation of C16, C18:1, C22 and C24 was observed. Interestingly C22 and C24 ω-hydroxyacids were only detectable in response to MdMYB68 expression. Finally, C16, C18 and C18:1 dicarboxylic acid accumulated upon MdMYB68 expression with 4.13, 5.20 and 3.28 fold increases, respectively. All the fatty acid derivatives which content increased significantly are well-known as crucial components of the suberin polymer backbone (Serra and Geldner, 2022; Woolfson et al., 2022). In contrast, dihydroxypalmitate (16:0diOH), a typical cutin monomer, remained unaffected in response to MdMYB68 expression (Figure 6B).





Histological study revealed modifications in the cell wall of leaves infiltrated with MdMYB68

To further support our hypothesis built from the RNA-seq data and cell wall composition analysis, we performed a histological analysis using confocal microscopy associated with monoclonal antibodies targeting different cell wall components on samples collected 7 days after agroinfiltration with the empty vector and MdMYB68 constructs. In control leaves infiltrated with the empty vector construct, the LM10, which is specific to unsubstituted β-1,4-xylan (McCartney et al., 2005), only showed fluorescence in vessels, whereas in the leaves infiltrated with the MdMYB68 construct a higher intensity was observed in the entirety of cell walls of parenchymal cells. This supports the fact that a strong modification/synthesis of xylans was triggered by MdMYB68 (Figures 7A, B; Supplementary Figure 4). Staining with the LM2 antibody, recognizing epitopes of carbohydrates containing β-linked glucuronic acid, also revealed a higher, but patchier fluorescence, in parenchymal cells expressing MdMYB68 (Figures 7C, D). This suggest that an accumulation of arabinogalactan protein, important players in the cell wall-membrane continuum and interactions with pectins, occurred. Similarly, the LM5 antibody staining, targeting pectic polysaccharides (β-1,4-galactan), suggests that a strong modification/accumulation of pectins occurred in response to the ectopic expression of MdMYB68 (Figures 7E, F; Supplementary Figure 4). Using the INRA-RU1 antibody, we observed a massive increase in fluorescence in leaf samples expressing MdMYB68 (Figures 7G, H; Supplementary Figure 4). RU1 is specifically recognizing unbranched regions of rhamnogalacturonan-I and requires at least 6 disaccharide backbones (optimally 7) repeats for binding. This suggests that MdMYB68 triggered the increase in rhamnogalacturonan-I long branching which might strongly affect the cellulose/pectin network interaction. Finally, with respect to the large number of upregulated extensins genes observed in the gene expression data, leaf samples were stained using the LM1 antibody, which recognizes extensins/hydroxyproline rich glycoprotein (HRGP; Mishler-Elmore et al., 2021). Again a stronger fluorescence was observed in leaves expressing MdMYB68 suggesting that a massive cell wall remodeling and/or expansion occurred (Figures 7I, J; Supplementary Figure 4).




Figure 7 | Immunodetection performed from N. benthamiana leaf samples collected 7 days after agroinfiltration with the Empty vector (left side) and MdMYB68 (right side) construct using the following antibodies: LM10 specific for unsubstituted β-1,4-Xylan (A, B), LM2 specific for carbohydrates containing β-linked glucuronic (C, D), LM5 specific for β-1,4-D-galactan (E, F), RU1 specific for unbranched regions of rhamnogalacturonan-I (G, H), LM1 specific for extensins/HRGP (I, J).








Discussion

The transient expression of MdMYB68 in N. benthamiana leaves triggered a massive alteration of multiple pathways including the cell wall matrix polymers, phenylpropanoid and lipid metabolisms. First, major changes in expression were observed for genes involved in both the phenylpropanoid and lipid metabolisms, and those effects were concordant with strong alterations in the lipid contents of leaves infiltrated with the MdMYB68 construct. A significant number of phenylpropanoid biosynthesis and peroxidase genes were induced during the MdMYB68 overexpression (Table 1; Supplementary Table 4), suggesting that this transcription factor can regulate the synthesis of the aromatic components of suberin. This observation was confirmed by the GC-MS analysis, which highlighted significant and massive increase of trans ferulic acid in the soluble and polymerized fractions, respectively. This suggests that MdMYB68 regulates the synthesis ferulic acid and derivatives, which are either integrated in the suberin backbone or present as suberin associated waxes. RNA-Seq data confirmed this observation as gene similar to the feruloyl-CoA acyltransferase and tyramine n-feruloyltransferase were induced by MdMYB68. In Arabidopsis, the feruloyl-CoA acyltransferase is involved in the synthesis of suberin oligomers through condensation of DCAs and ω-hydroxyacids with ferulic acid (Molina et al., 2009). The tyramine n-feruloyltransferases are responsible for the synthesis of feruloyl-tyramines, which have been identified as an aliphatic suberin component in plants and associated with abiotic stress tolerance (Graça, 2015; Kashyap et al., 2022).

Transcriptomic data revealed an extremely clear suberin biosynthesis signature with an increased expression of key genes such as the KCS, involved in the elongation of long chain fatty acid to very long chain fatty acid (VLCFA, >C18). Our GC-MS results confirmed this observation as multiple compounds family displayed specific increase of their C20, C22, C24 and sometimes C26 members (Figures 5, 6). This was observed for fatty acids and fatty alcohols in soluble fraction as well as for fatty alcohols, fatty acids and ω-hydroxyacids in the depolymerized fraction. VLCFA are commonly found in plants and have a large diversity of function in (i) membrane lipids (sphingolipids, phospholipids), (ii) storage lipids as triacylglycerols or (iii) surface lipids including waxes and suberin monomers such ω-hydroxyacids and α,ω-dicarboxylic acids (Batsale et al., 2021).

Our data also showed increased expression of CYP86A1 and CYP86B1, which are responsible for the fatty acid ω-hydroxylation leading to suberin specific ω-hydroxyacids (Höfer et al., 2008; Compagnon et al., 2009). This was confirmed by our GC-MS analysis results, which showed accumulation of members of these compound family in the suberin polymer. It is noteworthy that several copies of gene similar to LCR/CYP86A8 were also upregulated. Previous studies showed that LCR is mainly involved in the cutin biosynthesis (Wellesen et al., 2001), but our data suggest that it might also be involved in the fatty acid ω-hydroxylation during the suberization process. The increased expression of the well-known suberin specific GPAT5, which is involved in the formation of acyl-glycerol oligomers, also strongly suggests that MdMYB68 regulates suberin biosynthesis (Beisson et al., 2007). However, GPAT6, which was previously associated with cutin biosynthesis, was also induced by the MdMYB68 overexpression (Petit et al., 2016). Increased GPAT6 expression was also observed in N. benthamiana leaves expressing the suberin biosynthesis regulator MdMYB93 (Legay et al., 2016). Further investigations could be conducted to understand whether in addition to the GPAT5, the GPAT6 also plays a role in the suberin monomer oligomerization.

Beside ω-hydroxyacids and DCAs, primary alcohols constitute among the most important components of the suberin polymer and associated waxes i.e. alkyl-hydroxycinnamate. (Delude et al., 2016; Domergue and Kosma, 2017). Looking at the gene expression data, several genes coding for fatty acyl-CoA reductase (FAR) were induced by MdMYB68 with a concomitant massive accumulation of fatty alcohols in the soluble fraction as well as a de novo accumulation of fatty alcohol was observed in the polymer fraction. These fatty alcohols displayed aliphatic chains ranging from C18 to C24 being defined multiple times as a common suberin signature suggesting that MdMYB68 tightly regulates their synthesis (Domergue et al., 2010; Delude et al., 2016).

Apart from genes responsible for the synthesis of suberin aromatic and aliphatic monomers, transcriptomic data highlighted number of genes involved in transport, particularly ATP-binding cassette family G (ABCG) transporters which have previously been associated with suberin deposition in plants. In Arabidopsis, ABCG6 and ABCG20 were described as crucial actors of the suberin deposition in seedcoat and root endodermis whereas ABCG23 is co-expressed with suberin biosynthesis genes (Yadav et al., 2014). In potato ABCG1 has been described as a crucial component of the suberin deposition in the potato tuber periderm. Indeed, ABCG1-RNAi lines displayed strong decrease of ω-hydroxyacid-C18:1, DCA-C18:1 as well as fatty acid and fatty alcohols with aliphatic chain from C24 to C28 (Landgraf et al., 2014). ABCG11 has been shown to be involved in both cutin and suberin deposition in Arabidopsis (Panikashvili et al., 2010). As previously mentioned, MdMYB68 seemed to share a similar role with MdMYB93 as ABCG1, ABCG11, ABCG23 genes were induced by these two transcription factors in N. benthamiana leaves (Legay et al., 2016, this study).

Finally, a recent study described for the first time the involvement of the GDSL-type esterase/lipase proteins (GELP) in the suberin assembly and degradation (Ursache et al., 2021). As observed for MdMYB93 or in russeted apple skin (Legay et al., 2015; Legay et al., 2016), MdMYB68 expression triggered the downstream expression of a large number of GELPs in N. benthamiana. Among these, we were able to identify orthologous GELP genes in Arabidopsis, namely the GELP38, GELP51, GELP72 and GELP96. According to Ursache et al. (2021), these upregulated GELPs are associated with the suberin polymerization in root endodermis, which suggests that MdMYB68 is also able to regulate the suberin final assembly.

To further strengthened the crucial role of MdMYB68 in the regulation of the suberin biosynthesis, we investigated its downstream regulatory cascade. The NAC038 and NAC058 transcription factors, despite not fully described, were shown to be co-expressed with suberin biosynthesis genes in apple fruit skin and with a number of suberin biosynthesis regulator (Legay et al., 2015; Lashbrooke et al., 2016; Legay et al., 2016). This suggests one the one hand that these two transcription factors might be part of suberin regulatory network, and on the other hand that MdMYB68 acts in a similar way compared to previously described suberin regulators. This observation is further confirmed by the induction of MYB-domain transcription namely MYB93, MYB92, or MYB41, which were previously described as suberin master regulator in Arabidopsis and apple (Kosma et al., 2014; Legay et al., 2016; To et al., 2020; Shukla et al., 2021). This suggests that MdMYB68 might be an upstream regulator compared to these latter transcription factors, which is in accordance with a recent study, which proposed a modeling of the suberin deposition regulatory network in Arabidopsis (Xu et al., 2022a). Indeed, in this work, authors suggest that AtMYB68 is a top tier regulator of the suberin deposition process and thus able to induce the expression of MYB9, MYB93, MYB92, MYB41 and also MYB52, which has been recently described as a crucial regulatory component of the suberin aromatic domain biosynthesis. However, our transcriptomics work also showed that MdMYB68 triggered the expression of MYB36 and MYB84, which is not in accordance with statements made in the same article and suggests that other components of the suberin regulatory network might interact in this complex scheme in apple (Kamiya et al., 2015; Xu et al., 2022a).

Apart from the suberin specific alteration of lipid and phenylpropanoid metabolism triggered by MdMYB68, we investigated for the first-time the impact of gene expression changes on cell wall components upon suberization. Indeed, the present results showed that the cell wall composition was strongly affected by MdMYB68 overexpression. Major alterations of galactose, glucose and xylose and galacturonic acid were observed in the global cell wall analysis (Figure 4). The high abundance of glucose could be indicative of starch; however, the extraction protocol degraded selectively starch by the action of amylases, therefore any contribution by this polymer is negligible. A possible source of glucose is the hemicellulose glucomannan: some mannose was indeed present in this fraction and this class of polymers was previously extracted with hot water in coffee leaves (Lima et al., 2013). Glucose could also derive from callose: in support of this hypothesis is the increased expression of a callose synthase 7 gene (contig Nbv5tr6207473) after overexpressing MdMYB68 in tobacco leaves (Table 1, Supplementary Table 4). Notably, this gene is responsible for the deposition of callose in the plasmodesmata of sieve plates and ultimately determines the correct development of the phloem tissue (Xie et al., 2011). The dynamics of callose deposition at plasmodesmata may be important in tobacco leaves overexpressing MdMYB68: severing of plasmodesmata is known to occur as suberin lamellae are deposited (Ma and Peterson, 2000) and callose may play a role in symplastic isolation during ectopic suberin deposition. In addition, callose was shown to play the function of semipermeable apoplastic barrier in muskmelon endosperm envelope in a manner analogous to suberin or lignin (Yim and Bradford, 1998). In the context of the present investigation, callose deposition may be a consequence of the ectopic expression of a suberin biosynthesis master-regulator in a tissue primarily composed of parenchyma cells possessing a primary cell wall. The deposition of this glucose polymer could thus contribute to cell wall-related changes accompanying suberin deposition. We might also hypothesize that MdMYB68 plays a role in the sealing of cells damaged by microcracks occurring in russeted apples, reducing plasmodesmata trafficking concomitantly with the suberin deposition (Knoche et al., 2011; Khanal et al., 2012). Finally, the cell wall modification process was also supported by the increased expression of a large number of extensins (Table 1, Supplementary Table 4), further confirmed by the immunostaining (Figure 7, Supplementary Figure 4). Little is known about their role in the suberin deposition, but extensins might be involved in the complex process of cell wall remodeling particularly through enhanced crosslinking with other cell wall components including pectins, lignin or arabinogalactan proteins, which were also affected by MdMYB68 (Figure 7, Mishler-Elmore et al., 2021).

The decrease in galacturonic acid and increase in xylose observed in the hot water fraction (Figure 4A) possibly reflect modification of the homogalacturonan and xylogalacturonan contents, respectively. Indeed, three contigs (Nbv5tr6360507, Nbv5tr6404041 and Nbv5tr6240865) annotated as orthologs of thale cress At3g45400 showed an increased expression after agroinfiltration with the MdMYB68 construct (Table 1, Supplementary Table 4). At3g45400 codes for an exostosin family protein and BLASTp analysis revealed some sequence homology (E-value 7E-17) to the functionally validated xylogalacturonan xylosyltransferase XGD1-At5g33290 (Jensen et al., 2008). The role of xylogalacturonan still needs to be fully unveiled: the presence of xylose substitution on homogalacturonan chains prevents the formation of the Ca2+-dependent “egg-box” structure thereby favoring loosening, but one must also consider that xylogalacturonan is resistant to the action of endo-polygalacturonases (Jensen et al., 2008).

Genes involved in pectin modifications (pectin lyases and esterases), which were showed to be up-regulated in tobacco leaves overexpressing the suberin regulator MdMYB93 (Legay et al., 2016), were also induced by MdMYB68. As a result, the contigs Nbv5tr6369798, Nbv5tr6292424, Nbv5tr6369799 and Nbv5tr6315850 coding for polygalacturonases showed an increased expression >900-fold upon overexpression of MdMYB68 (Table 1, Supplementary Table 4). A remodeling of the pectic network relying on one hand on loosening (by upregulation of pectin hydrolases and promotion of homogalacturonan substitution with xylose) and, on the other hand, on increased resistance to hydrolysis by xylose-rich homogalacturonan subregions thus seems to accompany the suberization process. This was supported by the increased galactose/rhamnose ratio which suggests that rhamnogalacturonan I had more ramifications upon the ectopic expression of MdMYB68. This can result in stronger interactions of pectin with cellulose and xyloglucan (Zykwinska et al., 2005) and in the ultimate strengthening of the primary cell wall (Le Mauff et al., 2017).

The increase in xylose, observed in the 1M KOH fraction could be linked to xyloglucan, the major hemicellulose in primary walls. By looking at the RNA-Seq dataset, several genes involved in xylan biosynthesis (orthologs of IRX9, IRX14L and GUT1; Brown et al., 2009; Wu et al., 2010) were upregulated in the MdMYB68-OE leaves (Table 1, Supplementary Table 4). The significant increase in glucuronic acid in the transformed leaves is a clear confirmation of the hypothesis that xylan deposition is promoted by the expression of MdMYB68. Additionally, contigs annotated as orthologs of thale cress PGSIP1-GUX1 and PGSIP3-GUX2, which were previously shown to catalyze glucuronic acid addition to xylan in thale cress (Rennie et al., 2012), increased after overexpression of MdMYB68 (Table 1, Supplementary Table 4). Taken together, these results suggest an enhanced xylan biosynthesis, as evidenced by the parallel increase in the xylose backbone and glucuronic acid residues of the side chains. A decrease in mannose was also observed in the 1M KOH fraction. This monosaccharide likely derives from glucomannan whose mannose residues were shown to mediate the formation of lignin-carbohydrate complexes via an α-ether bond (Nishimura et al., 2018). The specific decrease of mannose upon overexpression of the MdMYB68 may be mediated by mannanases: in the RNA-Seq dataset, two ortologs of thale cress mannanase were also upregulated after agroinfiltration of MdMYB68, i.e., At2g20680 and At5g66460 (Table 1, Supplementary Table 4). The decrease in mannose residues may trigger modifications in the lignin-hemicellulose network during ectopic suberin deposition.

Interestingly, the 4M KOH fraction extracted more arabinose compared to 1M KOH (Figures 4C,D). This may be due to the association of arabinose to the amorphous regions of cellulose (Li et al., 2013). The abundance of arabinose branching was correlated with a lower cellulose crystallinity and a higher digestibility of Miscanthus lignocellulose (Li et al., 2013). A significant higher abundance of arabinose was observed in the transformed leaves (Figure 4D), together with a higher arabinose/xylose ratio. The arabinose/xylose ratio is indicative of xylan branching: higher values correspond to a polymer with a higher degree of branching. The overexpression of MdMYB68 may therefore cause modifications in the abundance of xylan, as well as in its branching. It remains to be verified whether these changes in xylan structure have any implications on the degree of cellulose crystallinity.

The remaining alkali-insoluble cell wall residue displayed a large majority of glucose, xylose and galacturonic acid (Figure 5E). These monosaccharides are indicative of cellulose and remaining hemicelluloses (xyloglucan, xylan). The significant increase in xylose observed in the other fractions was confirmed here too, together with the decrease in galactose. We nevertheless suspect that part of the hemicellulose components, particularly xyloglucans and xylans, might be less extractable by the 1M and 4M KOH sequential extractions steps due to the ectopic deposition of suberin in the cell wall. Further work should be performed to validate this hypothesis. A significant decrease in glucose was also observed in the alkali-insoluble residue. Interestingly, members of the cellulose synthase gene-like family CSLD3 showed, however, strong induction after MdMYB68 overexpression (Table 1, Supplementary Table 4). CSLD3 was shown to be involved in the synthesis of (1→4)-β-glucan polysaccharides, its activity could be replaced by CesA6 (Park et al., 2011) and a CEAS6 chimera containing the catalytic domain of CSLD3 could rescue a cesa6 mutant (Yang et al., 2020).

Although, it would have been ideal to overexpress MdMYB68 in apple leaves or fruits to determine its in vivo function in apple, heterologous transient expression in N. benthamiana constituted again a powerful and efficient tool for the validation of suberin biosynthesis related transcription factors in apple. Altogether, this study suggests that MdMYB68 plays a major role in the regulation of the suberin deposition in russeted apple skin. In addition to activate the lipid and phenylpropanoid pathways associated with the biosynthesis of the suberin aromatic and aliphatic components, our present transcriptomic data revealed that MdMYB68 affected the expression of many cell wall related genes. This suggests that MdMYB68 might be able to regulate a cell wall remodeling process, which might represent a crucial step preceding suberin deposition in apple, and most probably in plants (Legay et al., 2015; Legay et al., 2016; André et al., 2022; Serra and Geldner, 2022). This role is further sustained by the changes of the different cell wall components we observed during the suberization process. Our cell wall analytical pipieline specifically suggests that MdMYB68 might be able to alter pectins and hemicellulose, and in particular the xylans composition. Here, we presented one more crucial suberin regulator. MdMYB68, which triggered the activation of pathways already observed in our previous gene expression studies, namely the phenylpropanoids and lipid pathways, as well as cell wall modifying pathways. Further studies should aim at deciphering the top/bottom or upstream/downstream regulatory cascade regulating timely these different pathways that collectively lead to the formation of suberin lamellae at the inner side of the well wall.
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Introduction

Dof genes encode plant-specific transcription factors, which regulate various biological processes such as growth, development, and secondary metabolite accumulation.





Methods

We conducted whole-genome analysis of Chinese dwarf cherry (Cerasus humilis) to identify ChDof genes and characterize the structure, motif composition, cis-acting elements, chromosomal distribution, and collinearity of these genes as well as the physical and chemical properties, amino acid sequences, and phylogenetic evolution of the encoded proteins.





Results

The results revealed the presence of 25 ChDof genes in C. humilis genome. All 25 ChDof genes could be divided into eight groups, and the members of the same group had similar motif arrangement and intron-exon structure. Promoter analysis showed that cis-acting elements responsive to abscisic acid, low temperature stress, and light were dominant. Transcriptome data revealed that most ChDof genes exhibited tissue-specific expression. Then, we performed by qRT-PCR to analyze the expression patterns of all 25 ChDof genes in fruit during storage. The results indicated that these genes exhibited different expression patterns, suggesting that they played an important role in fruit storage.





Discussion

The results of this study provide a basis for further investigation of the biological function of Dof genes in C. humilis fruit.





Keywords: Cerasus humilis, DOF, transcription factor, fruit storage, gene expression analysis




1 Introduction

Dof (DNA binding with one finger) genes encode plant-specific zinc finger proteins with 200-400 amino acid residues, a conserved domain consisting of 52 aa residues at the N-terminal end, and a variable domain for transcriptional regulation at the C-terminal end. Most importantly, Dof proteins contain C2-C2 type zinc finger motifs that recognize specific regulatory elements (AAAG or CTTT) in the promoters of target genes (Plesch et al., 2001; Yanagisawa, 2004; Gupta et al., 2015). The main domains are the highly conserved N-terminal DNA-binding domain and the C-terminal transcriptional regulatory domain. The amino-terminal sequence of the C-terminal transcriptional regulatory domain is variable and less conserved than its carboxy-terminal sequence, and is likely responsible for the diverse regulatory roles of Dof proteins in plant growth and development. The N- and C-terminal ends of Dof proteins interact with various regulatory proteins or intercept signals to mediate the activation or inhibition of target genes(Noguero et al., 2013). The Dof gene family is found in a wide variety of plant species.

Members of the Dof gene family are involved in plant growth and development (Fornara et al., 2009), abiotic stress (Cai et al., 2016; Yang et al., 2017), plant hormone (Kang and Singh Karam, 2000, Jin et al., 2014; Qin et al., 2019), and light response, and light signal transduction (Park et al., 2003, Kondhare et al., 2019). Some functions of Dof proteins have been confirmed to date. For example, in Arabidopsis thaliana, Dof transcription factors promote healing post grafting, hypocotyl extrusion, and callus formation and facilitate wound recovery after mechanical injury (Zhang et al., 2022). In tomato (Solanum lycopersicum), RNA interference experiment showed the expression of SIDof1 is inhibited during fruit ripening, thus delaying the synthesis of lycopene and the process of fruit ripening (Wang et al., 2021). In cherries, in the presence abscisic acid (ABA), PavDof6 directly binds to the promoter encoding the cell wall modification enzyme gene, while PavDof2/15 plays the opposite role, confirming that some members of the PavDof gene family are involved in early maturation and delayed softening of the fruit (Zhai et al., 2022). Transcriptome analysis of kiwifruit showed that Dof genes play a key role in flower and fruit development (Brian et al., 2021). AdDof3, AdDof4, and AdNAC5 are involved in the ripening and softening of kiwi fruit; AdDof3 promotes kiwifruit maturation by binding to and activating the promoter of AdBAM3L, a key gene required for starch degradation (Zhang et al., 2018). While exploring the response of ethylene to volatile compounds in kiwifruit, we previously demonstrated that AdDof4 trans-inhibits the promoter of a fatty acid desaturase gene, AdFAD1 (Zhang et al., 2020).

Chinese dwarf cherry (Cerasus humilis), which is endemic to China, is a perennial shrub of the Cerasus genus with high ecological and economic value. C. humilis shows strong resistance to abiotic stresses, especially drought and low temperature, and is therefore used for windproof sand fixation. Additionally, C. humilis has long been used as a traditional Chinese medicine, specifically Yu Li Ren, which is prepared from its dried seed (Wu et al., 2019). Rosaceae species such as apple and pear, which contain high amounts of calcium in their fruit, and C. humilis is no exception. The fruit of C. humilis contains the highest amount of calcium among all Rosaceae species, and is therefore known as “calcium fruit”, which is very popular among people. Given its high economic value, C. humilis has been widely cultivated in northern China in recent years (Wang et al., 2017; Wang et al., 2020).

Lignin, a polymer of phenylpropanol derivatives, is deposited in secondary cell walls to increase the mechanical strength of xylem in vascular plants and to defend against invading pathogens (Zhao and Dixon, 2011). Generally, the hardness of fruit is related to the lignin and cellulose content of plant cells. In sugarcane, Dof transcription factors containing C2C2 zinc finger domains regulate cellulose and lignin metabolism and act as major players in carbon metabolism (Kasirajan et al., 2018). In Arabidopsis, VDof1 and VDof2 regulate vascular cell differentiation throughout the life cycle of a plant by targeting different genes at different developmental stages; VDof proteins negatively regulate vein formation at the seedling stage and target lignin biosynthesis at the reproductive stage (Ramachandran et al., 2020). Previous studies have shown that members of the Dof gene family play a very important role in regulating fruit ripening time and delaying fruit softening in small berries such as cherry(Zhai et al., 2022), and kiwifruit (Brian et al., 2021). The fruit of C. humilis is also characterized by hard flesh, and therefore is resistant to storage and transportation, which reduces the impact on fruit quality. Fruit ripens and rots quickly at ambient temperature after harvest. Low-temperature storage is a common method of storing and transporting C. humilis fruit. Therefore, in this study, we aimed to identify and characterize the Dof gene family members of C. humilis to determine their on the quality of fruit during post-harvest storage at low temperature. The results of this study will help to improve the quality of C. humilis fruit and establish the best method for their storage and transportation.




2 Materials and methods



2.1 Data acquisition, plant material and treatments

The genome sequence and tissue-specific transcriptome data of C. humilis were downloaded from the National Genome Database (https://ngdc.cncb.ac.cn/databases) (Zhao et al., 2022). The amino acid sequences of Arabidopsis Dof were downloaded from the Arabidopsis Information Resource (TAIR; https://www.arabidopsis.org/). Genome sequences of tomato, Arabidopsis, apple, grape, and rice were downloaded from the National Center of Biotechnology Information (https://www.ncbi.nlm.nih.gov). In this study, the fruit of healthy 5-year-old C. humilis plants growing in an orchard in Heilongjiang Province, China, was selected as the experimental material. Twenty fruits were washed with distilled water and dried, and randomly divided into four groups (five fruits per group). The collected fruits were subjected to cold storage for 0, 2, 4, 6, and 8 d. The cold-treated samples were divided into two parts, immediately placed in liquid nitrogen, and stored at -80°C until needed for RNA extraction.




2.2 Identification and characterization of ChDof genes

To identify candidate ChDof family members, a BLAST search of the C. humilis genome data was performed with 36 AtDof amino acid sequences (probe) using TBtools (Chen et al., 2020). To identify ChDof gene family members using Pfam (http://pfam.xfam.org/search#tabview=tab0) and NCBI – CDD (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/BWRPSB.Cgi), a hidden Markov model (HMM) profile of the Dof domain (PF02701) was obtained. Duplicate transcripts were removed and the longest transcripts were selected. The physical and chemical properties of ChDof proteins, including isoelectric point, were analyzed using the online analysis software ExPASy ProtParam (http://web.expasy.org/protparam/last accessed on October 15, 2022). To determine their subcellular localization, the amino acid sequences of ChDof proteins were analyzed using the WoLF POSRT online tool (https://wolfpsort.hgc.jp/).




2.3 Phylogenetic analysis

Dof protein sequences were used for phylogenetic analysis. Full-length amino acid sequences of 25 ChDofs and 36 AtDofs were aligned using Clustal X. A Neighbor-Joining evolutionary tree was constructed using MEGA7 based on the following parameters: 1000 bootstrap replications, Poisson model, and partwise delection. The phylogenetic tree was further processed with the online software Evolview (http://evolgenius.info/#/)(Subramanian et al., 2019).




2.4 Chromosomal location, synteny, and replication analysis

Information on the chromosomal location of ChDof genes was obtained from the C. humilis genome annotation files, and the distribution of ChDof genes on C. humilis chromosomes, according to the Poisson model, was determined using TBtools. The Simple Ka/Ks Calculator (NG) tool of TBtools was used to calculate the Ka, Ks, and Ka/Ks values between collinear gene pairs for selection pressure analysis. The MCScanX (Wang et al., 2012) software was used to determine Dof gene duplication events both among and within species, including tomato, Arabidopsis, apple(Malus pumila), grape(Vitis vinifera) and rice (Oryza sativa), and the results were visualized using TBtools.




2.5 Motif sequence and cis-acting element analyses

Motif analysis was performed on the identified ChDof gene family members using MEME v5.5.0 (https://meme-suite.org/meme/) (Bailey et al., 2009), based on the following parameters: site distribution, zero or one per sequence; number of motifs:10; and default values for other parameters. Multi-sequence alignment of ChDof was performed using DNAMAN, and the conserved domain of Dof was demonstrated. Using the online Batch CD search (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi) to identify ChDof members Domain analysis. The 2000-bp sequence upstream of the ChDof initiation site ATG was extracted from the C. humilis genome. Using PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) (Lescot. et al., 2002) online analytical software conveniently the original sequence of extraction effect analysis, Parameter is the default parameter.




2.6 Analysis of ChDof gene expression in different tissues

The transcript abundance of ChDof genes in roots, stems, leaves, flowers, and fruits was analyzed based on the previously published transcriptome data of C. humilis. The tripartite duplicate data of different tissues were averaged and expressed as log2 (FPKM+1) values. A heat map was drawn using TBtools.




2.7 RNA extraction and quantitative real-time PCR assays

Total RNA was extracted from the pulp of C. humilis fruits using the Plant Total RNA Extraction Kit (Simgen Biotechnology Co., Ltd. Hangzhou, China), according to the manufacturer’s instructions. The quality of total RNA was assessed by electrophoresis on 1% agarose gels and measurement with Nanodrop 1000 spectrophotometer. Then, the total RNA was reverse-transcribed using the SureScriptTM First-Strand cDNA Synthesis Kit (GeneCopoeia, Rockville, MD, USA), and the concentration of the obtained cDNA was determined using a Nanodrop spectrophotometer. Then, to detect ChDof gene expression, qRT-PCR was performed using Q-PCR kit BlazeTaqTM SYBR® Green Qpcr Mix 2.0 and gene-specific primers designed using Primer 3 (Supplementary Table 2). The PCR program was as follows: 94 °C for 30 s; 45 cycles of 94 °C for 12 s, 58 °C for 30 s, and 72 °C for 45 s; followed by 79 °C for 1 s for plate reading. After the final PCR cycle, temperature was increased from 55 °C to 99°C at a rate of 0.5 °C per second to generate the melting curve for samples. Actin was used as the internal reference gene. Relative gene expression was calculated using the 2−ΔΔCt method (Livak and Schmittgen, 2001). Each reaction was repeated three times, and the results were expressed as an average of three independent biological replicates.





3 Results



3.1 Identification of ChDof genes

A total of 25 ChDof genes were identified based on the whole-genome data of C. humilis. Analysis using Pfam and NCBI-CDD databases revealed that all 25 ChDof genes contained the Dof domain. ChDofs were named as ChDof1–ChDof25, according to their chromosomal distribution. The full-length coding sequences (CDSs) of these ChDof genes ranged from 489 to 1548 bp, and were predicted to encode 163–516 aa proteins, with a molecular weight ranging from 18.129 to 55.419 kDa and isoelectric point ranging from 4.78 to 9.43. The grand average of hydropathicity varied between -0.482 and -0.937, indicating that the predicted ChDof proteins are hydrophilic. Subcellular localization analysis showed that only ChDof19 localized to the chloroplast, while the other ChDofs localize to the nucleus. Basic details of all members of the ChDof family are summarized in Supplementary Table 1.




3.2 Phylogenetic analysis and classification of ChDof proteins

To comprehensively analyze the phylogenetic relationships among ChDof proteins, 36 AtDof proteins and 25 identified ChDof proteins were used to construct a phylogenetic tree (Figure 1). According to the previously reported classification of Dof proteins, AtDofs were divided into four evolutionary subgroups (A-D). Among these, subgroup B was further classified into two branches (B1 and B2), subgroup C into three branches (C1, C2.1, and C2.2), and subgroup D subgroup into two branches (D1 and D2). Group A included two ChDof proteins; Group B included eight ChDofs (three in subgroup B1 and five in subgroup B2); Group C contained six members (one in C1, three in C2.1, and two in C2.2); Group D contained nine members (seven in D1 and two in D2). Subfamily C3 contained no ChDof members.




Figure 1 | Phylogenetic analysis of Dofs in Arabidopsis and C. humilis by NJ tree. The tree include 37 Dofs from Arabidopsis thaliana, 25 Dofs from C. humilis, and construction was based on the full-length protein sequences.






3.3 Analysis of conserved motifs and gene structure

Ten motifs were predicted in ChDof proteins by MEME. Motif1 was the most important motif, because it was found in all 25 ChDof proteins. Motif1 corresponded to a single zinc finger structure (CX2CX21CX2C) in the Dof domain, and showed a highly homologous core region in this family (Figures 2A, B). Only motif1 was found in subfamilies A, B2, C1, C2.2 and D2. Some members of the B1 and C2.1 subfamilies also contained Motif10. In ChDof3 and ChDof10 (B1 subfamily), motif10 occurred before motif1, whereas in ChDof9 and ChDof25 (C2.1 subfamily), motif10 was present after motif1. Interestingly, the D1 subfamily is the most motif-containing subfamily. ChDof7 and ChDof8 contained all 10 motifs, while ChDof19 contained only 3 motifs. Among the 20 motifs, motif1, motif2, motif4, motif5, motif6, motif9, and motif10 were common in the six subfamily members, except ChDof19 (Figure 3A). Domain analysis of the 25 ChDof proteins revealed that all domains contained only zf-Dof domains (Figure 3B). We analyzed the distribution of introns and exons in ChDof genes using TBtools (Figure 3C). The results showed that 15 ChDof genes contained one intron, 5 ChDofs contained two introns, and 5 ChDofs possessed no introns. Most genes in the same group exhibited similar exon-intron structure. For example, most members of Group A and Group C2.1 contained two introns, while most members of subgroup D1 contained only one intron. Moreover, members of subgroup D1 showed a highly similar exon-intron structure and protein localization pattern.




Figure 2 | Dof domain sequence alignment of ChDof proteins. (A) Extraction of conserved domains of Dof proteins; (B) the conserved sequence logo of the Dof domain.






Figure 3 | Phylogenetic, gene structure, and conserved motif analysis of ChDofs. (A) The phylogenetic tree divided Dofs into four subgroups. (B) Structures of ChDof genes. Black rectangles indicate up/down stream sequences; gray rectangles indicate exons; gray lines indicate introns. (C) Conserved motif analysis of ChDofs. Different motifs are identified and displayed in different colors.






3.4 Chromosome location, duplication, and synteny analysis of ChDof genes

We determined the distribution of ChDof genes in the genome. The 25 ChDof genes were unevenly located on eight chromosomes (Figure 4). Chromosome 3 (Chr3) harbored the highest number of ChDof genes (five), followed by Chr2, Chr4, and Chr5, each of which carried four ChDof genes, and ChDof14 is closely related to ChDof15, ChDof17, and ChDof18. Chr1, Chr6, Chr7, and Chr8 contained 2, 2, 1, and 3 ChDof genes, respectively. Duplication analysis revealed two pairs of duplicates: ChDof4–ChDof5 and ChDof7–ChDof8. Intraspecific collinearity analysis lead to the identification of eight pairs of genes with fragment repetition: ChDof21/ChDof2, ChDof1/ChDof14, ChDof24/ChDof2, ChDof6/ChDof4, ChDof6/ChDof10, ChDof7/ChDof8, ChDof9/ChDof25, and ChDof9/ChDof11 (Figure 5A). These results indicate that fragment replication was the main driving force of ChDof gene family evolution. The non-synonymous (Ka) and synonymous (Ks) rates as well as the Ka/Ks ratio are important indicators of species evolution and natural selection. The Ka/Ks values of eight homologous genes were less than 0.5(range: 0.17 -0.45; average: 0.25), indicating that the Dof gene family of C. humilis was under strong purification selection and was highly conserved during evolution (Supplementary Table 3). To further understand the origin and evolution of Dof family genes in different species, a synteny analysis was performed among C. humilis, dicots such as Arabidopsis, grape, apple, and tomato, and monocots such as rice (Figure 5B). A total of 39, 39, 70, 56, and 15 collinear Dof gene pairs were identified between C. humilis vs. Arabidopsis, grape, apple, tomato, and rice, respectively. The number of collinear gene pairs identified between C. humilis and apple (Rosaceae) was the highest, and the number of collinear gene pairs between C. humilis and rice (monocot) was the lowest. In addition, the number of collinear gene pairs between two dicotyledonous plants was greater than that between two monocotyledonous plants. These results could serve as a valuable gene function reference for Rosaceae cash crops.




Figure 4 | Chromosome location of ChDof genes. All 25 ChDof genes are shown on the chromosomes and indicated by their names. The left scale represents the length of the C. humilis chromosomes. Chromosome numbers are presented at the bottom of each bar. Tandemly duplicated gene pairs are indicated with red.






Figure 5 | Chromosomal locations and Synthetic analysis. (A) Chromosomal locations and segmental duplication events of 25 ChDof genes. Red lines represent segmental duplication events. (B) Synthetic analysis of Dof genes in C. humilis, Arabidopsis thaliana, Solanum lycopersium, Malus pumila, Vitis vinifera and Oryza sativa genomes. The red lines represent homologous gene pairs between two adjacent species.






3.5 Analysis of cis-acting elements in ChDof gene promoters

To further understand the function of ChDof gene family members, cis-acting element analysis was performed on the promoter regions of all 25 genes (Figure 6). A total of 680 cis-acting elements were identified, which could be classified into three categories (Hormone, Stress, and Growth). Among the cis-acting elements related to hormone, 16 were involved in gibberellin, ABA, methyl jasmonate (MeJA), salicylic acid (SA), and auxin response, defense and stress response, drought inducibility, low temperature, light, and wound response, anaerobic induction, meristem expression, endosperm expression, circadian control, palisade mesophyll cell differentiation, and cell cycle regulation. Among the cis-acting elements related to growth, 335 (93.05%) were related to photoreaction and were dispersed throughout the promoter regions. Although the total number of cis-acting elements associated with meristem was small, these elements were found in the promoters of 13 ChDof genes; the other five growth-related cis-acting elements appeared only in individual ChDof gene promoters. Among the cis-acting elements associated with hormones, ABA-responsive elements accounted for the largest number (105, 36.97%). Other hormone-related cis-acting elements were also abundant and were found in the promoters of most members. In abiotic stress, the number of cis-acting elements was close to that of defense stress response, drought and low temperature, and relatively small compared with the total number of cis-acting elements, indicating that the promoters of ChDof genes do not play a major role in the abiotic stress response of plants.




Figure 6 | The prediction of a cis-acting element in the 2000 bp promoter upstream of the 25 ChDof genes.






3.6 Differential analysis of ChDof expression in transcriptome of different tissue

The expression levels of ChDof genes in different tissues were analyzed by downloading the transcriptome data of C. humilis from National Genome Database. Based on their expression levels, the 25 ChDof genes could be classified into three groups (Figure 7). Most of the genes in Group1 were highly expressed in the root, while most of the genes in Group2 were highly expressed in the leaf, and their expression levels in other plant parts were low. Genes in Group3 were mainly expressed in flowers, fruits, and stems, and ChDof13 and ChDof16 were not expressed in all tissues. The expression of 16 ChDof genes was significantly higher in roots than in other tissues. ChDof23 showed the highest expression level in flowers, ChDof7 and ChDof8 in fruits, ChDof5, ChDof22 and ChDof24 in leaves, and ChDof15 in stems. This suggests that most members of the ChDof gene family act in different tissues, while ChDof13 and ChDof16 may be expressed in other tissues or growth and developmental cycles.




Figure 7 | Expression pattern of ChDofs in different tissues of C. humilis. The expression pattern was generated based on FPKM plus 1 after log2 transformation and analyzed by heatmap hierarchical clustering.






3.7 ChDof gene expression in fruit at different storage times

The comparison of C. humilis fruit stored at 4°C for 0, 2, 4, 6, and 8 d showed that the surface of C. humilis fruits was wrinkled, and the severity of these wrinkles increased with storage time (Figure 8). RNA was extracted from C. humilis at five time points. Gel electrophoresis showed that RNA degraded with the extension of storage time, and no RNA could be extracted from C. humilis fruits sampled at 6 and 8 d (Figure S2). Therefore, gene expression could be analyzed only in C. humilis fruit sampled at 0, 2, and 4 d (Figure 9). The results of qRT-PCR showed that the expression profiles of ChDof1, ChDof3, ChDof7, ChDof9, ChDof11, ChDof12, and ChDof17 were similar and tended to increase with storage time; the expression of ChDof2, ChDof6, ChDof10, and ChDof25 first increased and then decreased; the expression of ChDof4, ChDof8, ChDof19, ChDof22, and ChDof24 first decreased and then recovered; the expression profiles of ChDof5 and ChDof25 showed a decreasing trend; and the expression of ChDof15, ChDof18, ChDof20, ChDof21, and ChDof23 showed little change. Additionally, the expression levels of ChDof13 and ChDof16 were equal to 0 in different storage time nodes. These results indicate that the expression levels of ChDof genes are almost independent of fruit development, consistent with the results of transcriptome analysis.




Figure 8 | Fruit surface changes with low temperature storage time of C. humilis.






Figure 9 | The qRT-PCR analysis of ChDofs in response to low-temperature storage. Asterisks indicate statistically significant differences compared with the 0d (Student’s t-test: *p < 0.05; **p < 0.01; ***p < 0.001).







4 Discussion

The fruit of C. humilis can not only be consumed fresh but can also be made into wine, juice, jam, candy, and other products. C. humilis fruits are popular for their high calcium content compared with other fruits of the same type. Moreover, because of their high flavonoid content, C. humilis fruits can be used as an effective natural antioxidant for preventing free radical-induced damage to the human body to varying degrees, and thus have high application potential in the healthcare industry. Post-harvest storage has a considerable impact on fruit quality. Therefore, it is important to mine and analyze the transcription factors related to fruit quality during storage. Dof genes are prevalent in all plant species and play a vital role in various physiological processes. No studies have been conducted on Dof genes in C. humilis to date. In this study, we conducted a comprehensive analysis of ChDofs, focusing on changes in their expression in fruit during storage. The results of this study help us further understand how ChDof genes work and how to improve the storage environment of C. humilis fruit.

In this study, whole-genome analysis revealed 25 ChDof genes in C. humilis, which were divided into eight subfamilies (A, B1, B2, C1, C2.1, C2.2, D1, and D2) based on their phylogenetic analysis with AtDofs (Figure 1). These genes were named as ChDof1–ChDof25, according to their chromosomal location. Different number of Dof genes have been reported in plant species; for example, 28 in Eugenia uniflora (Waschburger et al., 2022), 22 in spinach (Spinacia oleracea) (Yu et al., 2021), 16 in tea (Camellia sinensis) (Yu et al., 2020), 45 in pear (Pyrus bretschneideri) (Liu et al., 2020), 24 in rose (Rosa chinensis), 40 in Medicago sativa(Cao et al., 2020), 25 in grape, 36 in watermelon (Citrullus lanatus) (Zhou et al., 2020), 36 in Areca catechu (Li et al., 2022a), and 20 in Chrysanthemum morifolium (Song et al., 2016). However, some plant species possess an exceptionally high number of Dof genes (e.g., 103 in Camelina sativa) (Luo et al., 2022), which may be related to the large genome size or high sequencing depth of the species. Dof genes were divided into nine subfamilies in Tartary buckwheat and watermelon(Zhou et al., 2020; Li et al., 2022b), but only into eight subfamilies (no C3 subfamily) in C. humilis, which may be because of gene loss in the evolutionary process. Only seven subfamilies of Dof genes have been identified in lotus. In rice and sorghum, at least 11% of Dof genes disappeared between 70 and 50 million years ago (MYA), because of changes in amino acid substitution rates in the critical Dof domain (Yu et al., 2021). This confirms that the deletion of Dof gene family members is common among plant species.

Gene structure and motif distribution provide supporting evidence for the evolutionary relationships among species or genes. Analysis of amino acid sequences revealed that ChDof proteins contained highly conserved Dof domains (Figure 2), indicating that the evolution of Dof transcription factors in plants is conserved. In addition to the Dof domain, nine different motifs, with differential distribution among ChDofs, were found. Intron-exon differentiation is closely related to plant evolution, and often members of the same subfamily have similar exon-intron structure and number distribution. Therefore, the genetic diversity of ChDof introns and exons is the basis of the evolution of polygenic families. The number of introns in ChDof genes varied from 0-2, which is similar to the number of introns in the Dof genes of pepper (0–2) (Kang et al., 2016; Wu et al., 2016), sorghum (0–2) (Kushwaha et al., 2011), and banana (0–4) (Dong et al., 2016). This indicates that the ChDof gene structure is relatively stable.

Cis-acting elements play a crucial role in gene expression, and the study of gene promoters is essential for understanding the general control of plant gene expression. In this study, many elements were found in the ChDof gene promoters. Among these elements, those involved in the response to plant hormones including ABA, biotic stress, abiotic stresses including low temperature and light, and plant growth and development response were the most abundant (Figure 6). These results are very similar to the results of cis-acting element analysis in lotus, indicating that the composition of Dof gene promoters is also relatively conserved (Cao et al., 2022). Storage or transport at low temperature is commonly used to extend the shelf-life of fruits and vegetables after harvest. However, low temperature can cause chilling injury, resulting in the deterioration of fruit quality and a severe decline in commodity value. A previous study showed that ABA could improve the chilling tolerance of peach fruit by inhibiting the production of ethylene and promoting the scavenging ability of hydrogen peroxide (H2O2) (Tang et al., 2022). In our study, we discovered that ChDof gene promoters harbored several ABA-responsive cis-acting elements. Therefore, application of ABA in low temperature environment regulated the expression of ChDof genes to reduce the damage to fruit caused by cold injury.

The analysis of differentially expressed genes indicated that these genes may be involved in plant growth and development (Figure 7). ChDof23, ChDof8, ChDof5, and ChDof15 were highly expressed in flowers, fruits, leaves, and stems, respectively. Most Dof genes are specifically overexpressed in the root. ChDof13 and ChDof16 were not expressed in any of the five tissues, suggesting that these two genes may be pseudogenes or expressed only under special conditions(Dong et al., 2016). Most Dof genes play a critical role in plant signaling and regulatory networks associated with abiotic/biotic stress responses and many developmental/physiological processes. A previous study in grape showed that Dof genes are involved in different stages of the fruit growth and ripening process (da Silva et al., 2016). In addition, fruit quality is closely related to seed size, and seed, as the main source of tannins produced by fruit, directly affects the production and quality of fruit wine. Some Dof genes showed significant transcript accumulation at all stages of seed growth and development (da Silva et al., 2016). Dof transcription factors also regulate flowering time. Overexpression of the PbDof 9.2 gene in Arabidopsis thaliana inhibited the expression of FLOWERING LOCUS T (FT), which regulates flowering time, by promoting the activity of PbTFL1a and PbTFL1b promoters, leading to delayed flowering (Liu et al., 2020). Dof genes are also involved in the regulation of plant secondary metabolites. Transient overexpression of FcDof4 and FcDof16 enhanced the transcription of structural genes in the flavonoid biosynthesis pathway and increased the content of C-glycosyl flavonoids. Additionally, it was demonstrated that FcDof4 and FcDof16 transcription factors promote the synthesis of flavonoids in kumquat fruits by activating the expression of FcCGT (Yang et al., 2022). It has important guiding significance for further study on the regulation of ChDof genes on the biosynthesis of flavones in C. humilis. To explore the potential functions of ChDof genes in response to cold storge, we analyzed the expression of 25 ChDof genes by RT-qPCR (Figure 9). The expression profiles of most ChDof genes changed over time, suggesting that these genes affect the quality of C. humilis fruit during storage. Some ChDof genes, which were not expressed, might exhibit other functions or may be expressed only under special conditions.




5 Conclusion

This study is the first to comprehensively analyze the Dof gene family members in C. humilis. A total of 25 ChDof genes were identified in the C. humilis genome, which were distributed on eight chromosomes and were divided into eight subgroups. Conserved zinc finger domains (C2-C2) were found in all ChDof proteins, and fragment replication was found to be the main driving force of ChDof evolution. In addition, ChDof genes showed tissue-specific expression patterns. Additionally, the expression of most ChDof genes in fruit changed during storage at 4 °C, which suggests that these genes are involved in the regulation of fruit quality after picking. Overall, this study provides a strong foundation for further research on the functional characteristics of ChDof genes, especially their role in fruit quality regulation during postharvest storage.
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Among the most important transcription factors in plants, the v-myb avian myeloblastosis viral oncogene homolog (MYB) regulates the expression network of response genes under stresses such as fungal infection. In China, the canker disease Valsa mali threatens the survival of Malus sieversii, an ancestor of cultivated apples. Using the M. sieversii genome, we identified 457 MsMYB and 128 R2R3-MsMYB genes that were randomly distributed across 17 chromosomes. Based on protein sequence and structure, the R2R3-MsMYB genes were phylogenetically divided into 29 categories, and 26 conserved motifs were identified. We further predicted cis-elements in the 2000-kb promoter region of R2R3-MsMYBs based on the genome. Transcriptome analysis of M. sieversii under V. mali infection showed that 27 R2R3-MsMYBs were significantly differentially expressed, indicating their key role in the response to V. mali infection. Using transient transformation, MsMYB14, MsMYB24, MsMYB39, MsMYB78, and MsMYB108, which were strongly induced by V. mali infection, were functionally identified. Among the five MsMYBs, MsMYB14 and MsMYB78 were both important in enhancing resistance to diseases, whereas MsMYB24 inhibited resistance. Based on the results of this study, we gained a better understanding of the MsMYB transcription factor family and laid the foundation for a future research program on disease prevention strategies in M. sieversii.
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1 Introduction

Plants rely on a wide range of transcription factors (TFs), including the v-myb avian myeloblastosis viral oncogene homolog (MYB) TFs, to respond to biotic stress and other environmental factors (Romero et al., 1998; Riechmann et al., 2000). In 1987, the first MYB gene, COLORED1 (C1), was identified in plants (Paz-Ares et al., 1987). The MYB repeats (R) that form the MYB DNA-binding domain (DBD) comprise four typical subfamilies and atypical MYB-like subfamilies (Mmadi et al., 2017).

MYB TFs have a modular structure, with an N-terminal domain called the MYB domain and a C-terminal that could either be activator, repressor, or both (Stracke et al., 2001). Several encoded proteins have highly conserved domains composed of 1-4 imperfect amino acid sequence repeats (R) of 50–53 amino acids arranged in a helix-turn-helix structure (HTH) (Ogata et al., 1996; Rosinski and Atchley, 1998; Dubos et al., 2010; Hurtado-Gaitán et al., 2021). In the three-helical structure, there is a hydrophobic core formed by three tryptophans positioned periodically (Ogata et al., 1992; Dubos et al., 2010; Zhang et al., 2012). In accordance with the number of repeats, four main subfamilies were classified: R1 or R2-MYB (1R), R2R3-MYB (2R), R1R2R3-MYB (3R), and R4-MYB (4R), with one, two, three, and four conservative MYB repeats, respectively (Kanei-Ishii et al., 1990). The R2R3-MYB subfamily is considered the largest of the MYB family (Sun et al., 2019; Chen X. et al., 2021). Furthermore, R1R2R3-MYB has been reported to exist predominantly in land plants (Kranz et al., 2000). The most remarkable is the 4R-MYB group, which includes four R1/R2-like repeats (Dubos et al., 2010). Because of these DBD characteristics, the R2R3-MYB family was also divided into 25 subgroups (SGs) in Arabidopsis (Stracke et al., 2001). In recent years, genome-wide sequencing has been performed in various species of plants, and MYB genes were discovered in many species (Pucker et al., 2020; Chen G. et al., 2021; Chen L. et al., 2021; Song et al., 2021). Moreover, MYB genes have been found to function in several regulatory mechanisms and simultaneously perform multiple functions. MYB genes were also found to be expressed in different organs and tissues by expression profiling, and several genes were classified as being induced by external stress conditions (Li X. et al., 2019; Xing et al., 2021; Yuan et al., 2021). Moreover, MYB genes are also responsible for disease resistance in many plants, including sugarcane (Saccharum officinarum) (Yuan et al., 2021). In addition to improving product quality and yield, screening MYB genes can increase bioenergy resources in biotechnology (Cardenas-Hernandez et al., 2021).

Apples are very significant fruit crops (Dubos et al., 2010) and prominent economic trees. Infection of apple tree trunks, scaffolds, branches, and leaves by diseases such as Valsa canker and Botryosphaeria canker causes huge destruction to production (Li et al., 2021; Liang et al., 2022). In particular, the ascomycete V. mali has been reported to greatly reduce apple production (Lee et al., 2006; Wang et al., 2014). Recent research suggests that MYB plays a significant role in controlling apple canker. MYB TFs are known to play a crucial role in stress perception and signal transduction, especially in the stress response in plants (Yanhui et al., 2006; Lu et al., 2009; Li J. et al., 2019). The balance between homeostasis and the environment is maintained by several genes involved in hormone regulation (Chen X. et al., 2021). In recent years, many differentially expressed genes that participate in biotic and abiotic stress responses have been identified in plants by transcriptomic analysis. In recent years, R2R3-MYB proteins perform a variety of functions under biotic and abiotic stress, including secondary metabolic regulation and the cell cycle, growth, and development (Paz-Ares et al., 1987; IH and EP, 1999; Stracke et al., 2001; Dubos et al., 2010; Blanco et al., 2018; Chen et al., 2019; Cao et al., 2020; Pucker et al., 2020). Several studies have shown that R2R3-MYB proteins regulate anthocyanin and lignin biosynthesis in plants (Tuan et al., 2015; Arce-Rodriguez et al., 2021; Song et al., 2021; Zhou et al., 2021). As a result of R2R3-MYB regulation, anthocyanin biosynthesis is upregulated through hypomethylation of DNA in their promoter regions (Zhou et al., 2021). A certain level of canker resistance can be indirectly enhanced by the growth of anthocyanins and lignin (Faize et al., 2020; Zhang Q. et al., 2021). Overexpression of R2R3-MYB genes as a method for preventing phytopathogenic fungi such as V. mali and B. kuwatsukai is effective for protecting plants from phytopathogenic fungi (Chen L. et al., 2021).

Herbaceous and woody plants have been studied for the majority of the functions and structural characteristics of the MYB gene family. Several studies have shown that MYB TFs are involved in regulating plant growth and development in wild apples (Malus sieversii) and in modulating cold tolerance (An et al., 2018; Xie et al., 2018). Many R2R3-MYB proteins in M. sieversii cannot be accurately identified as redundant in their respective functions, but they probably have overlapped functions (Jin and Martin, 1999). In this study, the resistance functions of five R2R3-MYB TF in Valsa canker were identified. As a first step, this research collected genome-wide information about M. sieversii and snapped all MYB gene sequences from A. thaliana. These analyses were conducted to predict protein physicochemical properties, build a phylogenetic tree, analyze conserved motifs and chromosomal positions, and forecast promoter cis-elements. Five MsMYB transcripts (MsMYB14, MsMYB24, MsMYB39, MsMYB78, and MsMYB108) were cloned to determine their resistance to Valsa canker by analyzing the transcriptome data of the MYB gene. This study helps to understand the mechanisms of MYB genes and to identify V. mali-resistant genes.



2 Materials and methods


2.1 Identification and classification of the MYB gene family in Malus sieversii

In this study, the Hidden Markov model (HMM) was used to identify MsMYB based on the M. sieversii genome, which was retrieved from the Pfam database (PF00249) (http://pfam.xfam.org/). Additionally, AtMYB protein sequences were retrieved from TAIR (http://www.arabidopsis.org/) (Stracke et al., 2001) and used for searching more MYB transcription factor candidates using BlastP and E-value < 1e-5.

To predict the molecular weight (Da) and isoelectric point (PI) of potential proteins, the ProtParam tool was used (https://web.expasy.org/protparam/). TBtools were used to measure length of the MsMYB gene and MsMYB protein sequences (Chen et al., 2020) (Supplementary Table S1).



2.2 Phylogenetic and conserved motif analysis of the MYB gene family

To identify and classify 1R, 2R, 3R, and 4R subfamilies of MYB and thoroughly classify the R2R3-MYB subfamily, AtMYB and MsMYB were used to analyze multiple sequence alignments and construct a phylogenetic tree with MEGA 10 using the neighbor-joining (NJ) model and 1000 replicate bootstraps. Finally, a phylogenetic tree was constructed using itol (https://itol.embl.de/).

To evaluate the classification results of MsMYB, MEME, an online analysis tool (https://meme-suite.org/meme/doc/meme.html), was used to analyze and show the MYB domain structure. The parameters included motif occurrence distribution, zero or one motif per sequence, the maximum number of motifs (26), and the optimal width of motifs between 6 and 10 residues.



2.3 Analysis of gene collinearity and cis-elements of promoter

The Malus domestica Borkh genome was downloaded from the GDR database (https://www.rosaceae.org/species/malus/all) and used for comparative analysis (Daccord et al., 2017). To explore the collinearity relationship of the MsMYB gene family, the McScan module in TBtools was used to analyze collinearity of intragenome and intergenome, and Advance Circos and Multiple Synteny Plot were used to perform the collinearity analysis and duplication type, including the whole genome duplication or segmental (WGD or segmental), tandem, Dispersed and Proximal. Based on the genome, the chromosomal distribution of R2R3-MsMYB was also shown using TBtools. To determine the type and number of cis-elements of the R2R3-MsMYB gene, the promoter region, upstream 2000 bp of the gene was extracted from the genome for analysis. We submitted the promoter sequences to the PlantCARE database (https://bioinformatics.psb.ugent.be/webtools/plantcare/html/) for excavating cis-elements.



2.4 Expression profiling of MsMYB genes in response to Valsa mali

A set of transcriptions of M. sieversii under V. mali infection data was downloaded from NCBI for analysis of R2R3-MsMYB gene expression patterns (https://www.ncbi.nlm.nih.gov/) (Liu et al., 2021). A heat map of R2R3-MsMYB gene expression was created using the TBtools software. Additionally, a gene with a differential expression scale of Log2|foldchange| ≥ 1 and p-value < 0.05, i.e., a differentially expressed gene (DEG) under infection, was compared to the control (Supplementary Table S3).



2.5 Experimental materials and gene cloning

Malus sieversii seedlings were grown under controlled conditions in a greenhouse with soil (nutrient soil: vermiculite: perlite = 3:1:1). They were kept growing until they were 2–3 months old, at 24–26°C, 70%–75% relative humidity, and sufficient watering.

The intact coding sequence (CDS) of the examined TF was fused in-frame with the C-terminus of a 3 × Flag tag under the control of the CaMV 35S promoter in the p1307-Flag plant expression vector. All primers used for construction are listed in Supplementary Table S4. DNA sequencing was performed on all constructs before transferring them to Agrobacterium EHA105.



2.6 Identification of the resistance of MsMYB transcription factors in response to Valsa mali

Transient transformation was performed as described by Wen et al. (2020). The colonies of Agrobacterium tumefaciens EHA105 harboring the studied constructs were cultured in LB medium to OD 08-1.0, and harvested by centrifugation at 3500 rpm. Agrobacterium tumefaciens EHA105 colonies harboring the studied constructs were adjusted to an OD600 of 50 mL of transformation solution [ 5% (w/v) sucrose + 150 μM acetosyringone + 5 mM CaCl2 + 0.015% DTT (w/v) + 20 μM 5-AZA + Tween 20 (0.01%, v/v), pH 5.8]. Malus sieversii leaves were soaked in the transformation solution at room temperature while shaking at 100 rpm. Three hours after the leaves were removed from the transformation solution, excess water was quickly wiped off with sterile filter paper. The leaves were rinsed twice with sterile water. Control plants (Con) were transformed with empty P1307-Flag.

Aseptically, mycelial plugs (diameter of 0.5 mm) were removed from the edge of the three-day-cultured isolate V. mali on PDA medium. Following transient expression, the leaves were wounded by tips and inoculated with mycelial plugs for 24 h. For three days, the inoculated leaves were placed on dishes tapped with parafilm to maintain moisture. Incidence ratios (%) were calculated using photographs. We measured the lesion areas using ImageJ software. Three biological replicates were used for each experiment. Using the LSD method, the mean and standard error (SD) of the data were analyzed using one-way ANOVA (p < 0.05). For the measurement of fungal biomass, we used the following equation:6.02 × 10 ^ 23 × (ng/μl × 10 ^ −9) × (DNA length × 660) × volume of extraction liquid ÷ fresh weight of sample; for measuring H2O2 and MDA content, we used the H2O2 content detection kit (Jiancheng, Nanjing) and the MDA content detection kit (Jiancheng, Nanjing), respectively.



2.7 Real-time PCR analysis

Malus sieversii RNA was isolated using the CTAB method, and DNA contamination was removed with DNase I. Using the PrimeScript TMRT reagent kit (Transgen, Beijing, China) with oligo (dT) primers, 1 µg of total RNA from each sample was reverse-transcribed into cDNA. The resulting cDNA product was diluted 10-fold before use in the PCR. To normalize the number of templates generated, EF1αgene (Elongation factor 1-α) was used as the internal reference.

A CFX96 Real-Time PCR Detection System (Bio-Rad, CFX96, USA) was used to perform real-time PCR under the following conditions: 94°C for 60 s; 45 cycles at 94°C for 10 s, 59°C for 20 s, 72°C for 30 s, and 80°C for 1 s for plate reading. In a 20-L volume, the reaction mixture included 10 L of SYBR Green Real-time PCR Master Mix (Transgenic, Beijing), 0.5 L of forward and reverse primers, and 2 L of cDNA template. A melting curve was generated to ensure the purity of the amplified products. Three biological replicates were used in all experiments, and relative expression levels were assessed using the 2−ΔΔCt method (Livak and Schmittgen, 2001). Detailed primer information is provided in Supplementary Table S4.




3 Results


3.1 Genome-wide identification of the MYB gene family in Malus sieversii

The Hemmer search that based PF00249 model and BlastP that use ATMYB protein sequences as query were used to identify MsMYB TFs in M. sieversii. When 458 proteins were analyzed for R1-4 motifs, one protein without any conserved motifs was found. Finally, the 457 proteins were identified. Based on conserved motifs and phylogenetic analysis, we identified 323, 128, 5, and 1 member in the 1R, 2R(R2R3), 3R, and 4R subfamilies, respectively. The 1R-MsMYB subfamily was divided into 52 groups. The isoelectric point (PI) of R1-MsMYB proteins ranged from 4.38 for MS12G07430.1 to 10.24 for MS04G02770.1. The 2R-MsMYB subfamily was divided into 29 groups. The PI of R2R3-MsMYB proteins ranged from 4.83 for MS03G17360.1 to 10.43 for MS13G03930.1, and 56% of the proteins had isoelectric points between 5 and 7. The average PI of the 2R-MsMYB subfamily was 7.05 (STD = 0.13). The maximum and minimum molecular weights were 259.85 kDa (MS03G19210.1) and 6.76 kDa (MS10G15090.1), respectively. The average gene length of each subfamily was arranged in the following order: 2R (992 bp), 1R (1303 bp), 3R (2030 bp), and 4R (2928 bp) (Supplementary Table S1).



3.2 Phylogenetic and motif analysis of R2R3-MsMYB transcription factors

The 2R subfamily was further classified and studied for diverse and important biological functions. The 94 R2R3-AtMYB and 128 R2R3-MsMYB that obtained the R2R3 domain were used to construct a phylogenetic tree and analyze conserved motifs. Finally, R2R3-MsMYBs were classified into 29 groups and named I-XXIX, and MsMYBs belonging to the same cluster had the same motif pattern (Figure 1).




Figure 1 | Phylogenetic analysis of R2R3-MYB transcription factors from Malus sieversii and Arabidopsis thaliana. Neighbor-joining tree of 128 M. sieversii (MsMYBs) and 94 A. thaliana (AtMYBs) R2R3-MYB TFs. The bootstrap test used 1000 replicates. The R2R3-MYB transcription factors of M. sieversii and A. thaliana are marked in blue and brown, respectively. The tree shows 29 clades (I–XXIX) with a high bootstrap value (with a different color for each clade). The uncolored region represents A. thaliana (AtMYBs).



To further verify the 128 R2R3-MsMYB classification results by phylogenetic analysis, the MEME website was used to study the MYB domain structure. A total of 26 conserved motifs were identified in 128 R2R3-MsMYB proteins. Nine motifs, i.e., 1, 2, 3, 4, 5, 6, 7, 8, and 9, were highly conserved in the subfamily and constructed a basal MYB domain of 50–53 amino acids (Figure 2). Among them, motifs 4, 8, 6, 1, 3, and the first half of motif 7 formed a complete R2 domain, whereas the second half of motif 7 and motifs 5, 2, and 9 formed a complete R3 domain. In addition, MsR2R3-MYB members within the same clade shared similar motifs and highly conserved MYB domains. Among these, motif 17 formed a common element in the V group. Groups I and II had a common motif 15; the X group had unique motifs, including motifs 23 and 24 in R2R3-MYB TF; motifs 12 and 16 were unique to the XI group; motif 19 was unique to the XIV group; and motif 18 was unique to XXVI. Specifically, motif 21 was repeated twice in MS10G01640.1 and MS12G21810.1, but repeated once in MS02G16350.1, MS03G15710.1, MS04G17020.1, and MS06G17550.1. MS16G1880.1 (MsMYB24), MS06G12090.1 (MsMYB78), and MS06G12090.1 (MsMYB108) were clustered in group XXVI (Figure 2). A phylogenetic tree is generally built based on protein structures and conservation domains that are characteristic of members of the subfamily. Phylogenetic trees can be verified for their accuracy and authenticity based on these characteristics.




Figure 2 | Motif composition of R2R3-MYBs in Malus sieversii. Roman numbers and different colors indicate different groups. Each solid line length indicate the different protein sequences length. The 9 Colored boxes indicate different motifs, which composes the MYB conserved domain region.





3.3 Chromosomal distribution and gene collinearity of MsMYB genes

To clearly show the distribution and better understand the origin of the MsMYB gene family, McScan was used to analyze collinearity relationships in self-MsMYB genes and between M. sieversii and M. domestica. The 457 MsMYB genes distributed across 17 chromosomes did not cluster as a subfamily. Based on the R2R3-MsMYB, a total of 13 MYB genes were found on chromosome 12, which contained the most genes, followed by 12 genes on chromosome 10 and 12 genes on chromosome 6. In contrast, only two genes were identified on chromosome 15: MS15G02380 and MS14G15980. The 1R-MsMYB subfamily with the largest genes and R2R3-MsMYB uneven are present on each chromosome. Five genes were identified in the 3R subfamily. In addition, two 3R-MsMYB genes were distributed on the same chromosome, whereas the other three were distributed on different chromosomes. Meanwhile, 452 link gene pairs were produced, including 323 1R-MYB genes, 128 R2R3-MYB genes, and one 3R-MYB gene. Among 1R-MYB genes, they mainly matched 1R-MYB (88.75%), whereas 11.25% 1R-MYBs were matched with the R2R3-MYB genes. In R2R3-MYB subfamily, there were 84.72% self-matches and 15.28% others-matches, including 13.89% 1R-MYB subfamily and 1.39% 3R-MYB subfamily (Figure 3). The collinearity result showed that for 457 MsMYB genes, 457 duplication events occurred, including 392 WGD or segmental, 45 dispersed, 10 tandem, seven proximal, and three singleton events. The results indicated that WGD or segmental was the main amplification driving force in MsMYB gene family formation process (Supplementary Table S2).




Figure 3 | Self-Collinearity analysis and distribution of MsMYB genes in the Malus sieversii genome. Circle plot shows collinearity and distribution of the MYB gene family, and the colored lines highlightly link two syntenic MYB genes. Colored lines indicate collinearity relationship of 1R-MsMYB (blue), R2R3-MsMYB (green), and 3R-MsMYB (pink). Location of MYB genes on apple chromosomes (Chr_01~17). Colored IDs indicate 1R-MsMYB (blue), R2R3-MsMYB (green), 3R-MsMYB (pink), and 4R-MsMYB (yellow), respectively.



To better reveal the evolution and function of the MYB gene, we performed a collinearity analysis between M. sieversii and M. domestica. In total, 413 MYB collinearity gene pairs were obtained between the genomes of M. sieversii and M. domestica. The MsMYB gene family contained 286 1R-MYB, 122 R2R3-MYB, 4 3R-MYB, and 1 4R-MYB collinear gene pairs. In addition, 44 MsMYB genes did not correspond to M. domestica genes, including 37 1R-MsMYBs and seven R2R3-MsMYBs, which indicates that those MsMYB genes were lost during evolution (Figure 4).




Figure 4 | Collinearity analysis of MYB genes between Malus domestica and Malus sieversii. Syntenic regions between Malus domestica and Malus sieversii chromosomes are connected by different color lines. Gray lines and colored lines represent the collinear blocks and syntenic MYB gene pairs, respectively, including 1R-MYB (blue), R2R3-MYB (green), and 3R-MYB (pink).





3.4 Identifying cis-elements in R2R3-MsMYB promoters

The cis-elements in the promoter region of 128 R2R3-MsMYB genes were analyzed to better understand the functions of MsR2R3-MYBs in wild apple plants. A total of 59 cis-acting elements were identified, including 13 abiotic stress elements, five biotic stress elements, six growth development-related elements, 20 light-response elements, and 15 hormone response elements (Figure 5). Among them, the maximum number of light-response elements, especially Box 4 (114/128, 89%) and G-box elements (111/128, 86%), was followed by 87 GT1-motifs (68%), 85 TCT-motifs (66%), among others. Among the growth- and development-related elements, only one was greater than 50%, namely the O2-site (65/128, 50%), followed by 54 CAT-boxes (42%), 26 CCGTCC-boxes (20%), 25 GCN4_motif (19%), 24 RY-elements (18%), and 8 HD-Zip1 (6.2%). Among the hormone response elements, ABRE (113/128, 88%), GARE-motif (96/128, 75%), TGACG-motif (96/128, 75%), and MYB1 (81/128, 63%) were related to abscisic acid (ABA) and methylated jasmonic acid (MeJA), respectively. Among the biotic response elements, only one was greater than 80%, namely STRE (89/128, 83%), while the others were less than 50%. Among the abiotic stress elements, several higher numbers of cis-elements were found: ARE (110/128, 86%), AAGAA-motif (94/128, 73%), GT1-motif (87/128, 68%), and MYB (78/128, 61%). Promoter analysis showed that 55 of the 128 selected MsMYB promoters harbored the same number of CGTCA-motif (75%) and TGACG-motif (75%). It also showed that 55 of the 128 selected MsMYB genes harbored the same number of ABRE3a (43%) and ABRE4 (43%) cis-elements. Compared to MsMYB14 and MsMYB39, MsMYB24, MsMYB78, and MsMYB108 had the same number of cis-elements, ABRE3a and ABRE4, and they were in group XXVI. According to the distribution of biological stress response cis-elements, each gene had a common biotic stress response cis-elements STRE in group IV, and MS06G12960.1 had the highest number of STRE, which was seven. Ultimately, MsMYB24, MsMYB14, MsMYB39, MsMYB78, and MsMYB108 had one, seven, four, three and five biotic stress elements, respectively.




Figure 5 | Analysis of the cis-acting elements in the promoter region of the R2R3-MsMYB genes. Top: different color bars indicate the classification of different cis-elements. I–XXIX show the subfamily of R2R3-MsMYB genes.





3.5 Expression patterns of R2R3-MsMYB genes upon the Valsa mali infection

We analyzed the transcript levels of MsR2R3-MYB genes in wild apple leaves at different time points (0, 1, 2, and 5 dpi). According to the expression pattern after infection with V. mali and GO annotation analysis, the expression pattern was divided into several modules (Figure 6A). Figure 6A (a) and Figure 6A (b) show high and low expression of these genes, respectively. A total of 27 MsMYB genes showed the highest changes in transcription levels, with significant differences. Compared with these MsMYB genes on day 0, five MsMYB genes showed up-regulated transcriptional levels and seven MsMYB genes showed down-regulated transcriptional levels on day 1. In addition, 11 MsMYB genes were down-regulated and five MsMYB genes were up-regulated on day 2. Furthermore, 11 MsMYB genes were down-regulated and 13 MsMYB genes were up-regulated on day 5. On days 1, 2, and 5, there were four sustained up-regulated genes, namely MS06G02480.1, MS01G34070.1, MS12G03750.1, and MS01G16290.1. At all time points, there were five sustained down-regulated genes: MS16G01340.1, MS03G10170.1, MS12G21810.1, MS01G03930.1, and MS01G13640.1. Of the remaining genes, MS04G11620.1 (MsMYB108) was upregulated on day 2. MS06G17550.1 (MsMYB14) and MS06G12090.1 (MsMYB78) only showed up-regulated expression on day 5. MS06G17550.1 (MsMYB14) only showed up-regulated expression on day 1.




Figure 6 | Expression profiles of the 128 R2R3-MsMYB genes during response to infection by Valsa mali. (A) Heatmaps with clusters represent the expression profiles of R2R3-MsMYB genes at 0, 1, 2, and 5 dpi. Color scale represents the normalized FPKM values. Red, pink, and white indicate high expression, low expression, and no expression, respectively. The cut-off of the differentially expressed R2R3-MsMYB transcripts islog2 (fold change)≥ 1 (Q-value < 0.05). (B) Comparison of RNA-seq data (red line) with qRT-PCR data (black column). The FPKM values from the RNA-seq are shown on the right y-axis. The relative expression levels are shown on the left y-axis. One asterisk indicates a significant difference between treatment and control plants (p ≤ 0.05). Two asterisks indicate an extremely significant difference between treatment and control plants (p ≤ 0.01). Three asterisks indicate an extremely significant difference between treatment and control plants (p ≤ 0.001).



Figure 6B shows that the expression profiles were accurate. The RNA-Seq (FPKM) results were consistent with the qRT-PCR results. According to the results of qRT-PCR, MsMYB14 continued to be highly expressed at 0, 1, 2, and 5 days. Compared with day 0, MsMYB14 expression levels were 3.9 times higher on day 1, 7.3 times higher on day 2, and 18.1 times higher on day 5. On day 1, MsMYB24 expression levels were 12-fold higher compared with day 0. As shown in Figure 6B, it was up-regulated and subsequently down-regulated. MsMYB39 was upregulated in the late stage. MsMYB78 gene expression was up-regulated 10-fold and 31-fold on days 1 and 2, respectively, compared to day 0, and was then up-regulated 536-fold. MsMYB108 expression levels were 10.1 times higher on day 1, 28.3 times higher on day 2, and 222.1 times higher on day 5.



3.6 Identification of R2R3-MsMYB members in Malus sieversii in response to Valsa mali infection

Five MsMYBs were cloned, and their expression levels in transiently transformed leaves were quantified by qRT-PCR. Figure 7A shows the lowest and highest relative expression level (7.45, MsMYB108; and 19.9, MsMYB78, respectively). This indicated that we successfully overexpressed MsMYB14, MsMYB24, MsMYB39, MsMYB78, and MsMYB108 genes in wild apple leaves. The incidence of leaves overexpressing MsMYB78 was 7.8% and 25.9% lower than that of the control at 48 h and 72 h, respectively. The leaves overexpressing MsMYB78 reduced leaf incidence by 18.1% at 72 h compared to 48 h. This indicated that MsMYB78 has a certain resistance phenotype. In contrast to the control plants, the remaining overexpressed leaves showed no significant difference in leaf incidence (Figure 7B). The leaves overexpressing the MsMYB14 gene decreased the area of lesion leaves by 29%, which was statistically significant after 48 h. Additionally, it was decreased by 19% at 72 h, which was extremely significant. The lesion area in the leaves overexpressing the MsMYB24 gene was increased by 26% and 13%, which were extremely significant and significant at 48 h and 72 h, respectively. When compared with the control plants, the lesion area of leaves overexpressing MsMYB108 had been reduced by approximately 17% at 48 h. This indicates that MsMYB14 was resistant, MsMYB24 was susceptible, and MsMYB108 had a slightly resistant phenotype (Figure 7C). Figure 7D shows a significant increase in fungal biomass in the MsMYB24 overexpressed leaves when compared to the control leaves by approximately 600%, which was statistically significant. Compared to the control, the fungal biomass of MsMYB14 and MsMYB78 overexpressed leaves was reduced by 46% and 24%, respectively. The relative fungal biomass of the control was similar to that of MsMYB39 and MsMYB108 overexpressed leaves. Figure 7D supports these results and shows that MsMYB78 has a disease resistant phenotype. Compared to the control, the leaves overexpressing MsMYB24 had a 2.2-fold increase in H2O2 content, and the H2O2 content of the leaves overexpressing MsMYB14 and MsMYB78 decreased by 21% and 25%, respectively (Figure 7E). Moreover, compared with the control, the MDA content of the leaves overexpressing MsMYB24 increased by 2.4 times and decreased by 27% and 39% in the leaves overexpressing MsMYB14 and MsMYB78, respectively (Figure 7F). As shown in Figures 7E and 7F, MsMYB14 and MsMYB78 were resistant and MsMYB24 was sensitive to V. mali. Figure 7G shows increased lesion area under V. mali infection at 48 h and 72 h on the leaves of wild apples. In summary, combined with the phenotypic traits shown in Figure 7G, we found that MsMYB24 was sensitive to V. mali, MsMYB14 and MsMYB78 were resistance genes, and MsMYB39 and MsMYB108 had no function in response to V. mali.




Figure 7 | Functional identification of MsMYB family members in Malus sieversii in response to infection by Valsa mali. (A) Relative expression levels of MsMYBs in transiently transformed leaves determined by qRT-PCR at 72 h after infection by V. mali. The Valsa canker disease resistance of five MsMYBs is compared to that of the control. The lesion ratio (B) and area (C) were measured from detached leaves at 48 h and 72 h Each sample contained three or more independent biological replicates. One-way ANOVA was used for significances comparison with the control leaves (Con). (D) Relative fungal biomass of transiently transformed leaves of wild apple after 72 h of infection by V. mali. (E) H2O2 content in transiently transformed leaves of wild apple after 72 h of infection by V. mali. (F) MDA content in transiently transformed leaves of wild apple after 72 h of infection by V. mali. (G) The phenotype of transiently transformed leaves in wild apple changes following V. mali infection. One asterisk indicates a significant difference between treatment and control plants (p ≤ 0.05). Two asterisks indicate an extremely significant difference between treatment and control plants (p ≤ 0.01). Three asterisks indicate an extremely significant difference between treatment and control plants (p ≤ 0.001).






4 Discussion

Recent research has revealed that wild apples (Malus sieversii) are the most primitive and chief ancestors of domesticated apples in the Tianshan Mountains of Central Asia and Western Europe (Cornille et al., 2014). The abundance of germplasm and genetic resources is conducive to molecular breeding of domesticated apples (Duan et al., 2016). There has been a drastic decrease in M. sieversii populations in Xinjiang as a result of apple canker disease caused by V. mali, a necrotrophic pathogen that has become widespread across Asia (Li X. et al., 2019). Therefore, it is imperative to explore the resistance gene resources in M. sieversii upon infection with V. mali to provide a basis for molecular breeding of apple trees and develop more effective strategies for preventing disease infection.

Our study focused on the MYB transcription factor family by conducting a genome-wide screening of the M. sieversii genome. Initially, 457 MsMYB transcription factor genes were identified in the genome of M. sieversii, including 128 genes of the R2R3 type. Following V. mali infection, 27 R2R3-type MsMYB genes were found to be associated with the response to V. mali infection based on M. sieversii transcriptome data. To identify the genes involved in the response to infection with V. mali, we combined the transcriptome with the transient transformation method. In the present study, we found that wild apples can resist V. mali infection with MsMYB14 and MsMYB78. In contrast, MsMYB24 may play a negative role in the immunoregulation of wild apples.

According to the results of the present study, infection with V. mali significantly induced MsMYB14 expression (Figures 6A, B). Compared with the control plants, leaves transiently overexpressing MsMYB14 showed reduced lesion areas (Figure 7C), whereas the ratio of diseased leaves did not seem to differ. This suggests that MsMYB14 enhances wild apple resistance by reducing V. mali propagation in leaves instead of invading the plant. According to Hurtado-Gaitán et al. (2021), MYB14 enhanced the synthesis of resveratrol by down-regulating phosphoenolpyruvate carboxylase kinase in grapevines. Additionally, it may be directly associated with stilbene synthases (Holl et al., 2013; Fang et al., 2014; Wang et al., 2015) and stilbenoid pathways (Orduna et al., 2022), which are responsible for the production of resveratrol in grapevines. Plants produce stilbenes and resveratrol under biotic and abiotic stress as a defense mechanism. Duan et al. (2016) found that after a series of upstream signals (e.g., RboH-dependent oxidative burst, calcium influx, MAPK cascade, and jasmonate), FLG22 induces the MYB14 promoter, thus influencing resveratrol accumulation and resistance to pathogenic bacteria in plants. A recent study found that VqMAPKKK38, a member of the MAPK cascade, activates transcription factor MYB14 to positively regulate stilbene synthase transcription. It has been shown that the promoter of VqMYB14 (pVqMYB14) is triggered by the elicitors flg22 and harpin, respectively, and participates in both PAMP-triggered immunity and effector-triggered immunity (Luo et al., 2020). Using structure-activity relationships, Wang et al. (2020) showed that VqWRKY53 directly interacts with VqMYB14 and VqMYB15, enhancing stilbene synthesis. In addition, MYB14 plays a role in the accumulation of flavonoids in Marchantia polymorpha (Hamashima et al., 2019) and conifers (Bedon et al., 2010), which were found to be defense phytoalexins in response to stress and infection. In contrast, no studies have been conducted to determine whether MYB14 is involved in the response to pathogenic fungi, specifically V. mali. Based on these findings, it is likely that V. mali infection induces MsMYB14 expression, which in turn may result in increased biotic stress resistance through stilbenoid, resveratrol, or flavonoid accumulation.

However, leaves transiently overexpressing MsMYB78 showed a reduced ratio of diseased leaves (Figure 7B), whereas no obvious differences were observed in the lesion area compared to the control plants (Figure 7C). This suggests that MsMYB78 may improve wild apple resistance by reducing the incidence of V. mali invasion rather than by slowing the propagation of pathogens in leaves. CaMYB78 has been demonstrated to negatively regulate the anthocyanin biosynthetic pathway in chickpeas, culminating in increased resistance to Fusarium oxysporum (Shriti et al., 2022). It is likely that MYB78 is a broad-spectrum resistance gene that is responsive to pathogenic fungi such as V. mali and F. oxysporum.

Interestingly, MsMYB24 played a negative role in the response to V. mali infection. The leaf lesion area (Figure 7C) and fungal biomass (Figure 7D) were significantly increased. Interaction between MYB24 and DELLA regulates filament elongation. Activation of MYB24 encodes flavonol biosynthesis during Pollen Coat Patterning by regulating FLS1 gene expression (Zhang X. et al., 2021) and phenylpropanoid biosynthesis during anther/pollen development by interacting with JAZ1/2 (Li et al., 2013). MYB24 is an influential regulator of jasmonate-mediated stamen development by interacting with bHLH TF (Song et al., 2011; Qi et al., 2015; Chen et al., 2016; Huang et al., 2017). Moreover, MYB24 plays a role in the growth of gynoecium, development of nectaries, and production of volatile sesquiterpenes, which may attract insects and/or repel pathogens (Reeves et al., 2012). As a result, MYB24 promotes plant reproduction by disrupting the balance between development and the stress response.

A synergistic effect of MYB24 and MYB108 on jasmonate-mediated stamen maturation has been reported in Arabidopsis (Mandaokar and Browse, 2009). The MYB108 gene has been implicated in defense against Verticillium dahliae infection (Cheng et al., 2016) and has been shown to significantly increase anthocyanin biosynthesis (Khan et al., 2022) and regulate ABA-dependent wound-induced spreading cell death (Cui et al., 2013). Using MsMYB108 overexpressing leaves, we found significant reductions in lesion areas after 48 h, but no difference in fungal biomass was observed. MYB108 appears to participate in the disease response only at an early stage.

We identified 128 MsMYB genes of the R2R3 type within the genome of M. sieversii. Based on the RNA-Seq results, we selected five TFs that may play an important role in the response to V. mali. In response to infection with V. mali, we characterized the functions of these five TFs in response to V. mali infection. We successfully identified two resistance genes and one sensitivity gene using RNA-Seq coupled with a molecular and physiological assay based on a transient genetic transformation platform. The methods used to identify resistance genes in response to biotic stress in the present study can be applied to a wide range of situations.
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As a highly economic small fruit crop, blueberry is enjoyed by most people in terms of color, taste, and rich nutrition. To better understand its coloring mechanism on the process of ripening, an integrative analysis of the metabolome and transcriptome profiles was performed in three blueberry varieties at three developmental stages. In this study, 41 flavonoid metabolites closely related to the coloring in blueberry samples were analyzed. It turned out that the most differential metabolites in the ripening processes were delphinidin-3-O-arabinoside (dpara), peonidin-3-O-glucoside (pnglu), and delphinidin-3-O-galactoside (dpgal), while the most differential metabolites among different varieties were flavonols. Furthermore, to obtain more accurate and comprehensive transcripts of blueberry during the developmental stages, PacBio and Illumina sequencing technology were combined to obtain the transcriptome of the blueberry variety Misty, for the very first time. Finally, by applying the gene coexpression network analysis, the darkviolet and bisque4 modules related to flavonoid synthesis were determined, and the key genes related to two flavonoid 3′, 5′-hydroxylase (F3′5′H) genes in the darkviolet module and one bHLH transcription factor in the bisque4 module were predicted. It is believed that our findings could provide valuable information for the future study on the molecular mechanism of flavonoid metabolites and flavonoid synthesis pathways in blueberries.
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Introduction

Blueberry, an economically important small fruit, belongs to the section Cyanococcus of the genus Vaccinium, family Ericaceae (Cho et al., 2017; Hou et al., 2017; Li X et al., 2020; Guo et al., 2021). The year of 1906 saw its beginning of commercial cultivation; since then, blueberry has been widely planted around the world (Brevis et al., 2008; Bian et al., 2014).  It features a unique flavor and rich nutrition (Yuan et al., 2020; Zang et al., 2021). It contains sugar, organic acid, various amino acids, vitamins, unsaturated fatty acids, and minerals. More importantly, it is an excellent source of active substances such as anthocyanin, ascorbic acid, ellagic acid, and pterostilbene, which can be useful when it comes to improving eyesight, softening blood vessels, fighting bacteria and inflammation, inhibiting the growth of cancer cells, and resisting oxidation (Hou et al., 2017; Morita et al., 2017; Munagala et al., 2017; Wang et al., 2017; Lin et al., 2018). The antioxidant capacity of blueberry is mainly attributed to flavonoids, including flavonols, anthocyanins, and proanthocyanidins (Lin et al., 2018). Anthocyanin, one of the key quality factors in blueberries, can increase its commercial value. The common anthocyanins in blueberries are delphinidin, cyanidin, peonidin, petunidin, and malvidin (Chai et al., 2021). Anthocyanin mainly exists in the form of glycoside, and the glycosides include arabinose, glucose, galactose, and xylose (Hosseinian and Beta, 2007; Timmers et al., 2017; Zhou et al., 2018).

Flavonoids are synthesized starting from the phenylalanine pathway in the plant cytoplasm (Zifkin et al., 2012; Hassani et al., 2020). The molecular synthesis mechanism of flavonoids has been revealed in depth, including the structural genes directly encoding key enzymes in each step of the flavonoid synthesis pathway (Cho et al., 2016; Zhao et al., 2019; Liu et al., 2020). As a substrate, phenylalanine is catalyzed by phenylalanine ammonia lyase (PAL), cinnamate 4-hydroxylase (C4H), 4-coumarate-CoA ligase (4CL), chalcone synthase (CHS), chalcone isomerase (CHI) enzymes to synthesize flavanones. Under the catalysis of flavanone 3-hydroxylase (F3H) and flavonoid 3 ‘- hydroxylase (F3’H), flavanone forms dihydroflavonol, which is the most important intermediate metabolite in the flavonoid synthesis pathway. Dihydroflavonol 4-reductase (DFR), leucoanthocyanidin dioxygenase (LDOX), anthocyanin synthase (ANS), and UDP-glucose flavonoid 3-O-glucosyltransferase (UFGT) are responsible for dihydroflavonols to anthocyanins. Flavonol synthase (FLS) directs the oxidation of dihydroflavonol to produce flavonol. In addition, leucoanthocyanidins and anthocyanidins produce proanthocyanidins under the catalysis of leucoanthocyanidin reductase (LAR) and anthocyanin reductase (ANR), respectively (Tohge et al., 2017; Karppinen et al., 2021). Flavonoid glycosides are thought to be synthesized in the cytoplasm and transported to the vacuole through transport mechanism (including an ABC transporter) (Liu et al., 2020).

The biosynthesis and inhibition of flavonoids are affected by many factors, such as light, temperature, pH, and phytohormones (Liu et al., 2018; Li G et al., 2019). Flavonoid biosynthesis genes are largely regulated at the transcriptional level. The MYB-bHLH-WD40 (MBW) regulatory complex, composed of the R2R3-MYB transcription factor, bHLH transcription factor, and WD40 protein, has been shown that it could synergistically activate multiple genes for anthocyanin production in all angiosperms to date (Zhao et al., 2019; Li Y et al., 2020; Sun et al., 2020). In this MBW complex, the MYB transcription factor is core to determining the intensity and the pattern of anthocyanin production in plants (Castillejo et al., 2020). Moreover, another type of R2R3-MYB transcription factor can act alone with the structural genes of flavonoids (Naik et al., 2022). The negative regulation of flavonoids involves the participation of a variety of inhibitors, namely, R2R3-MYB, R3-MYB, NAC, miRNA, HD-ZIP, and so forth. They inhibit the syntheses of flavonoids by inhibiting the expression of the MBW complex or destroying the stability of the MBW complex (LaFountain and Yuan, 2021; Naik et al., 2022).

The genome of blueberry is relatively large. Commercial blueberry varieties cover several species and interspecific hybrids, including tetraploid highbush blueberry, diploid and tetraploid lowbush blueberry (V. myrtilloides and V. angustifolium), hexaploid rabbiteye blueberry (V. virgatum), and hybrids thereof (Rowland et al., 2012; Ge et al., 2019). To further study the molecular synthesis and regulation of flavonoids, transcriptome sequencing is considered to be an effective method. So far, transcriptome sequencing has been used to study the genes of the flavonoid synthesis pathway in potatoes (Cho et al., 2016), grapes (He et al., 2010), mulberry (Zhao et al., 2019), and so forth. PacBio single-molecule long-reads sequencing technology (SMRT) breaks through the reading length restriction of next-generation high-throughput sequencing (NGS) and has been applied to effectively capture full-length sequences of genomes and transcripts (Hoang et al., 2017; Chao et al., 2018). Transcriptome and metabolomics are combined to study the regulatory network between genes and metabolites. In this study, the samples from three developmental stages of the tetraploid southern highbush blueberry Misty were sequenced by SMRT to obtain a more comprehensive and accurate full-length transcriptome sequence of blueberry fruit. Moreover, we used the Illumina sequencing technique to obtain the transcriptomes of Duke and Emerald at three developmental stages and analyzed all the transcriptome sequencing results of the three blueberry varieties to identify the important regulatory genes and possible pathways related to their ripening. Finally, we combined the metabolic data of flavonoids in these three blueberry cultivars to further screen the key genes and verify the potentially related genes, providing a molecular basis for the study of blueberry fruit color.





Materials and methods




Plant samples

Three blueberry varieties Misty, Duke, and Emerald were collected in sheds from Niuyingzi village, Wanghai Township, Xingcheng City, Liaoning Province, China, in May 2018 (Figure 1). Three developmental stages of whole blueberry fruits, namely, green, pink, and blue, were sampled and immediately frozen in liquid N2 and stored at −80°C for flavonoid analysis and RNA extraction.




Figure 1 | Green, pink, and blue stages of Misty, Duke, and Emerald. (A) Misty, (B) Duke, and (C) Emerald.



The RNAs of nine samples (three biological replicates per developmental stage) of Misty were mixed three replicates of each developmental stage with equal volume and sequenced on the PacBio RS II platform, while the RNAs of 18 samples of Duke and Emerald were subjected to 150 bp paired-end sequencing using the Illumina HiSeq X Ten platform.





Chemical reagents

HPLC-grade acetonitrile and methanol were purchased from Thermo Fisher Scientific (Fair Lawn, NJ, USA). Formic acid of LC-MS grade was purchased from Anaqua Chemicals Supply (Shanghai, China). Flavonoids, including 13 flavonols and 28 anthocyanins, were purchased from Sigma–Aldrich Company Ltd. (Shanghai, China), ChromaDex Corp (Santa Anna, CA, USA), and PhytoLab company (Vestenbergsgreuth, Germany) (Supplementary Tables S1, S2).





Measurement of flavonoid

The extraction of flavonoids was carried out in a way that described in a previous study with minor modifications (Appelhagen et al., 2011; Vrhovsek et al., 2012). The obtained filtrate was dissolved to 5 ml and filtered through a 0.22-μm organic phase filter membrane before UPLC–MS/MS analysis.

Metabolite profiling was conducted using an Acquity UPLC system. The system was interfaced to a Xevo triple-quadrupole mass spectrometer and was equipped with an electrospray ionization source operating in positive ionization modes (Waters Corp., Milford, MA, USA). Chromatographic separation was performed on a Waters ACQUITY UPLC® HSS T3 column (2.1 mm × 150 mm, 1.8 μm) with a column temperature of 40°C. The mobile phase was composed of solvent A (methanol: acetonitrile, 7:3) and solvent B (5% formic acid solution) at a flow rate of 0.3 ml/min. The following gradient elution program was run: 0–1 min, 10% A; 1–16 min, 25% A; 16–18 min, 40% A; 18–19 min, 80% A; 19–20 min, 10% A. The injection volume was 2 μl. The MS/MS parameters were used: ion source temperature of 150°C, desolvation temperature of 500°C, desolvent gas flow of 800 liter/h, cone gas flow of 50 liter/h, collision gas (high-purity argon) flow, and 0.13 ml/min (Supplementary Tables S1, S2).

The acquisition was performed in multiple reaction monitoring (MRM) mode. The metabolite data were analyzed by principal component analysis (PCA) and the orthogonal partial least-squares-discriminant analysis (OPLS-DA) modules with SIMCA14.1 software. The predictive variable importance for the projection larger than 1 (VIPpred > 1) was considered to be the differential metabolite.





RNA extraction, cDNA library construction, and sequencing

Total RNA was isolated with PureLink® Plant RNA reagent (Life Technologies, Carlsbad, CA, USA) following the standard protocol. The extracted RNA was checked on 1% agarose gels for degradation and contamination and then measured using a Qubit® RNA Assay Kit in a Qubit®2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA) for its concentration. The RNA was qualified with a NanoPhotometer® spectrophotometer (IMPLEN, CA, USA) and an Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA) before library construction.

A total amount of 5 μg of total RNA was used to synthesize cDNA using the SMARTer® PCR cDNA Synthesis Kit (Takara Biotechnology, Dalian, China). Input DNA damage and end repatriation were treated with a SMRTbell Template Prep Kit (Pacific Biosciences, Menlo Park, CA, USA). Amplicons’ size selection was performed using the BluePippin™ Size Selection System (Sage Science, Beverly, MA, USA). SMRTbell template libraries were generated using the Pacific Biosciences DNA Template Prep Kit 2.0 before sequencing. The libraries were generated using the PacBio DNA/Polymerase Kit for sequencing primer annealing and polymerase binding. Subsequently, SMRT sequencing was carried out on a PacBio RSII instrument at the Biomarker Biotechnology Corporation (Beijing, China).

A total amount of 3-μg RNA per sample was used as an input material, and sequencing libraries were generated using the NEBNext®Ultra™ RNA Library Prep Kit for Illumina® (NEB, Ipswich, MA, USA) following the manufacturer’s recommendation. Their ligated cDNA library was sequenced using the Illumina HiSeq™ 2000 system by Biomarker Biotechnology Corporation (Beijing, China).





PacBio data analysis

PacBio raw reads were filtered out of low-quality reads and adaptor sequences using SMRT analysis v2.3.0 software. The reads of insert (ROI) sequences were extracted from original sequences, requiring a minimum read quality of 0.75 and a minimum of one full pass. Full-length (FL) reads and non-full-length reads (NFL reads) were identified using the RS module in SMRT Analysis software by detecting the existence of 3′ and 5′ primers, as well as the polyA tail in ROLs. FL reads contained all three elements, and full-length non-chimeric (FLNC) reads were regarded as no additional copies of adapter sequence within FL reads. Consensus isoforms were obtained by using the ICE (Iterative Clustering for Error Correction) algorithm to cluster FL reads into a cluster. Then, combined with NFL reads, the consistent sequences in each cluster were polished by the quiver program and, finally, high-quality isoforms with more than 99% postcorrection accuracy were obtained. Additionally, read corrections were carried out by using Illumina RNA-Seq reads of the same experiment with Proovread v2.12 (Rodriguez-Mateos et al., 2012), resulting in the corrected isoforms.

The transcripts were annotated by MISA software for SSR analysis and TransDecoder software for predicting the potential coding sequences and corresponding amino acid sequences of transcripts. The lncRNA identification from isoform sequencing was calculated by the four common used approaches, including CPC analysis (Li et al., 2014; Cho et al., 2017), CNCI analysis (Altschul et al., 1997), Pfam protein domain analysis, and CPAT analysis (Deng et al., 2006). Transcription factors in blueberries were analyzed with iTAK software (Zheng et al., 2016). Using Blast v2.2.26 software (Altschul et al., 1997), the obtained nonredundant transcripts were compared with the NR (Deng et al., 2006), SwissProt (Apweiler, 2004), GO (Ashburner et al., 2000), COG (Tatusov et al., 2000), KOG (Koonin et al., 2004), eggNOG (Huerta-Cepas et al., 2016), and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases (Huerta-Cepas et al., 2016) to obtain annotation information for the transcripts.





Illumina data analysis

RNA-seq and de novo transcriptome assembly in blueberries were carried out as described by Huerta-Cepas (Wu et al., 2016). The expression analysis was performed with RESM software based on the FPKM (fragments per kilobases per million fragments) values (Li and Dewey, 2011). The differentially expression analyses between samples from different developmental stages were performed by the DESeq R package (Leng et al., 2013) based on a mold of the negative binomial distribution. Genes with FDR < 0.01 and fold change ≥ 2 were identified as differentially expressed genes (DEGs). GO enrichment analysis of DEGs was implemented by the topGO R packages based on the Kolmogorov–Smirnov test. KEGG pathways of DEGs were constructed using KOBAS software (Mao et al., 2005).





WGCNA, KEGG, and candidate hub genes analysis

For coexpression network analysis, we conducted weighted gene coexpression network analysis (WGCNA) with the default settings in BMKCloud (http://www.biocloud.net). To obtain the genes related to flavonoid synthesis, all DEGs and metabolomics data detected in the three developmental stages of blueberries were subjected to WGCNA to construct trait-related modules. Additionally, the meaningful modules were annotated with KEGG pathway enrichment analysis by ggplot on the BMKCloud platform. The coexpression network was visualized using Cytoscape software (version 3.7.1). The cytoHubba app was used to find the top 20 hub genes based on the maximal clique centrality (MCC) algorithm.






Results




Metabolic profiling of blueberry

To understand the color formation of blueberry during ripening, UPLC–MS/MS was used to detect 13 flavonols and 28 anthocyanins in the three blueberry cultivars (Figure 1). All metabolites were analyzed by PCA and OPLS-DA modules.

First, the metabolite differences at different developmental stages were studied. The pairwise comparison of the three varieties at different stages showed that the difference of metabolites between the green and blue fruit stages was the most significant (Figures 2A–C; Supplementary Tables S1, S2). In the green and pink fruit stages, 19 differential metabolites (VIPpred > 1) in the three varieties were found (Figure 2A). In the green and blue fruit stages, 18 differential metabolites among the three varieties were discovered (Figure 2B). In the pink and blue fruit stages, there were 19 differential metabolites among the three varieties (Figure 2C). Among the three blueberry varieties, 12 identical metabolites were found in the three developmental stages of fruit ripening, and the highest VIPpred values were delphinidin-3-O-arabinoside (dpara), peonidin-3-O-glucoside (pnglu), and delphinidin-3-O-galactoside (dpgal).




Figure 2 | Different metabolites of three varieties at different developmental stages. (A) Differential metabolites of three blueberry varieties at the green and pink stages (VIP > 1). (B) Differential metabolites of three blueberry varieties at the green and blue stages (VIP > 1). (C) Differential metabolites of three blueberry varieties at the pink and blue stages (VIP > 1). (D) Differential metabolites of Misty and Duke in three developmental stages (VIP > 1). (E) Differential metabolites of Misty and Emerald in three developmental stages (VIP > 1). (F) Differential metabolites of Duke and Emerald in three developmental stages (VIP > 1). VIPpred > 1, predictive variable importance for the projection larger than 1.



Then, we compared the metabolite differences among blueberry varieties during fruit ripening and found that the main differential metabolite of blueberry fruits was flavonols (Figures 2D–F; Supplementary Tables S1, S2). The results of pairwise comparisons among the three blueberry varieties during the fruit ripening process showed that there were 14 differential metabolites between Misty and Duke, nine differential metabolites between Misty and Emerald, and nine differential metabolites between Duke and Emerald (Figures 2D–F). Additionally, five identical metabolites among the three blueberry cultivars were isorhamnetin-3-O-galactoside (isogal), syringetin-3-O-pentoside (sypen), quercetin-3-O-malonylgluctoside (qumal), isorhamnetin-3-O-gluctoside (isoglu), and quercetin-3-O-rhanosyl-galacoside (qurhan).





PacBio sequencing and functional annotation

To obtain a comprehensive catalog of the southern highbush blueberry transcriptome, PacBio technology was employed to sequence the transcriptomes of the three developmental stages of Misty fruits. A pooled sample representing high-quality RNAs from different developmental stages of Misty fruits was sequenced, and three size-fractionated libraries (1–2, 2–3, and 3–6 kb) were constructed to avoid loading bias. Size-fractionated libraries (1–2, 2–3, and 3-6 kb) were constructed and sequenced using the PacBio RS II platform with nine cells for each mixed sample (Supplementary Figure S1A), yielding 15.24 Gb data. A total of 675,483 ROIs were generated, including 232,368 in 1–2 kb libraries, 264,200 in 2–3 kb libraries, and 178,915 in 3–6 kb libraries. As expected, the mean length of the ROIs was consistent with each size-selected library, with an average length of 3435.33 bp. Of these ROIs, 285,909 FL reads were identified based on the presence of 5′ primers, 3′ primers, and poly (A) tails. Additionally, 284,329 FLNC reads were identified with 0.55% artificial connectors (Supplementary Figure S1B). In total, 158,832 consensus isoforms (27,102 polished high-quality isoforms and 131,718 polished low-quality isoforms) were obtained from isoform-level clustering and quiver polishing, which were further corrected with Illumina RNA-seq data (Supplementary Figure S1C).

After removing the redundant sequences for all SMRT subreads using Cogent software, 57,220 nonredundant reads were produced. Using transcoder software to predict the coding region, the results showed that a total of 55,143 ORFs were obtained, of which 34,313 were complete ORFs. After the sequence-structure analysis of nonredundant reads, 43,868 SSRs and 34,313 complete CDS regions were predicted (Supplementary Figures S2A, S2B). After filtering through the four approaches (CPC, CNCI, PLEK, and Pfam), we finally obtained 1,295 long noncoding RNAs (lncRNAs) (Supplementary Figure S2C). Then, the LncTar target gene prediction tool was used to predict the target genes of lncRNAs, and a total of 1,293 novel lncRNAs were targeted. Moreover, a total of 5,492 transcription factors were identified from the Iso-Seq reads, including 2,223 transcription factors, 883 transcript regulators, and 2,454 protein kinases, which belong to 20 families of transcription factors (Supplementary Figure S2D). To analyze the functions of the transcripts, we annotated 54,585 nonredundant transcripts using the data from seven nucleotide and protein databases (Supplementary Figures S3).





Illumina sequencing and identification of the differentially expressed genes

In this study, to understand the molecular basis of the metabolic differences detected in the three different developmental stages, transcriptome sequencing of 27 samples was carried out using IIumina sequencing technique. After removing the adaptor and low-quality sequence, a total of 178.03 G of clean data was generated, and the Q30 values of each sample were not less than 92.53%. In this project, nonredundant transcripts obtained by SMRT sequencing were used as references for sequence alignment and subsequent analysis. Clean reads were sequence-aligned with transcripts by using STAR to obtain location information on the transcripts. Using RSEM software (Li and Dewey, 2011), FPKM was used as the index to measure the expression level of transcripts or genes through the location information of mapped reads on the third-generation transcripts. Taking Pearson correlation coefficient (R) as the evaluation index of biological repeat correlation, the correlation coefficients of the biological replicates at the same developmental stage of the same blueberry cultivar were higher than 0.95, indicating that the reproducibility of the biological replicates was satisfied. These results showed that the quantity and quality of the sequencing data were high enough to guarantee further analysis.

Pairwise comparisons of each sample detected 205,930 DEGs by DESeq software (Supplementary Figure S4). First, the DEGs of the same blueberry variety at different developmental stages were analyzed. In the comparison of MGvsMP, MGvsML, and MPvsML, 2,539, 4,125, and 633 significant DEGs were identified. In the comparison of DGvsDP, DGvsDL, and DPvsDL, 5,546, 7,619, and 677 DEGs were found out. In the comparison of EGvsEP, EGvsEL, EPvsEL, 4,389, 6,342, and 887 DEGs were discovered. We also identified DEGs among different varieties at the same developmental stage. In the comparison of DGvsEG, DGvsMG, and EGvsMG, 20,011, 18,605, and 18,774 DEGs were obtained. In the comparison of DPvsEP, DPvsMP, and EPvsMP, 20,450, 19,086, and 18,146 DEGs were obtained. In the comparison of DBvsEB, DBvsMB, and EBvsMB, 20,795, 19,205, and 18,101 DEGs were obtained.





Analyses of coexpression networks revealed flavonoid-related DEGs

To identify flavonoid biosynthesis-related transcripts, we performed WGCNA on all DEGs and identified 12 modules (Figure 3; Supplementary Figure S5). In the module-trait relationships, the modules showing the highest correlations with the synthesis of most flavonoid metabolites were selected, namely, darkviolet and bisque4 modules. Darkviolet was positively correlated with 36 metabolites, and bisque4 was negatively correlated with 34 metabolites. To identify gene expression patterns in the two modules, their expression patterns were shown in the heatmap (Figure 4). The heatmap and expression of key genes indicated that the two modules were divided into two groups. The expression patterns of Misty and Emerald’s three developmental stages were similar in these two modules, and different from the expression patterns of Duke’s three periods in these two modules, which implies a difference in the bioactive product contents between the southern and northern highbush blueberry varieties.




Figure 3 | Weighted gene coexpression network analysis (WGCNA) of blueberry flavonoids. Module-flavonoid association. Each row corresponds to a module. Each column represents a specific flavonoid.






Figure 4 | Heatmap of genes and eigengene expression in the darkviolet and bisque4 modules. (A) Heatmap of genes and eigengene expression in the darkviolet module. (B) Heatmap of genes and eigengene expression in the bisque4 module. DG, Duke green stage; DP, Duke pink stage; DB, Duke blue stage; EG, Emerald green stage; EP, Emerald pink stage; EB, Emerald blue stage; MB, Misty green stage; MP, Misty pink stage; MB, Misty blue stage.



KEGG analysis was carried out to further determine the gene function of these two modules (Figure 5). The results showed that genes in the darkviolet and bisque4 modules were mainly related to the synthesis and metabolism of primary and secondary metabolites. From Figure 5A, genes in the darkviolet module were mainly enriched in phenylpropanoid, flavone, flavonol, and anthocyanin biosynthesis pathways. The abundant flavonoid synthesis structural genes in the darkviolet module further proved that the coexpression genes in this module were involved in the accumulation of flavonoids in blueberry fruits. From Figure 5B, genes in the bisque4 module were significantly enriched for photosynthesis-antenna proteins and carbon fixation in photosynthetic organization pathways.




Figure 5 | Kyoto Encyclopedia of Genes and Genomes (KEGG) annotation of darkviolet and bisque4 modules. (A) KEGG enrichment of darkviolet module. (B) KEGG enrichment of bisque4 module.







Structural genes involved in flavonoid synthesis

As shown in Figures 4, 6, the structural and regulatory genes play an important role in flavonoid synthesis process. Structural genes are directly involved in the flavonoid pathway through the synthesis of specific enzymes (Figure 6). The structural genes in the two modules were analyzed respectively (Figure S6; Supplementary Tables S3, S4). In the darkviolet module, eight structural genes in the flavonoid pathway were revealed, namely, PAL, C4H, CHS, F3H, F3′H, F3′5 ′H, LDOX, and UFGT, while in the bidsque4 module, only one flavonoid synthesis structural gene was disclosed, namely, LAR.




Figure 6 | Reconstruction of the phenylpropanoid-flavonoid-anthocyanin biosynthesis pathway in Misty blueberry. The typical colors of anthocyanidins are also shown. PAL, phenylalanine ammonia lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate-CoA ligase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase; F3′H, flavonoid 3′-hydroxylase; F3′5′H, flavonoid 3′, 5′-hydroxylase; FLS, flavonol synthase; GTI, Anthocyanidin 5, 3-O-glucosyltransferase; FG2, flavonol-3-O-glucoside L-rhamnosyltransferase; DFR, dihydroflavonol 4-reductase; OMT, o-methyltransferase; LDOX, Leucoanthocyanidin Dioxygenase; UFGT, UDP-glucose flavonoid 3-O-glucosyltransferase; LAR, leucoanthocyanidin reductase; ANS, Anthocyanidin synthase; ACT, anthocyanin acyltransferase. G, green stage; P, pink stage; B, blue stage.







Transcription factors involved in the synthesis of flavonoids

Transcription factors are involved in regulating various pathways of plant growth and development, and can also regulate the expression of specific genes in the flavonoid synthesis pathway (Li Y et al., 2020; Karppinen et al., 2021). At present, the reported transcription factors include MYB, bHLH, bZIP, AP2/ERF, NAC, and zinc finger (LaFountain and Yuan, 2021). In this study, the transcription factors related to flavonoid synthesis in darkviolet module include 1 MYB, 2 MYB-related, 1 bZIP, 4 AP2/ERF-ERF, 3 NAC, and 3 zinc fingers (Supplementary Figure S6A; Tables S3, S4). Through phylogenetic analysis, it is found that the MYB transcription factor named VcMYBM1 belongs to the R2R3-MYB SG6 subfamily, which mainly regulates the synthesis of anthocyanins (Supplementary Figure S7; Table S5). More than 10 repressors to flavonoid synthesis were found, mainly the inhibitors of corresponding environmental signals or hormones, which directly or indirectly regulate MBW complex and structural genes in the flavonoid synthesis pathway through protein-protein interaction or post-transcriptional gene silencing (Xiao et al., 2022). In bisque4 module, there are 4 bHLH, 1 bZIP, 2 DBB, 1 B3, 1 AUX/IAA, 7 HB-HD-ZIP, 1 AP2/ERF-ERF, 7 zinc fingers, 2 GARP-ARR-B, and 1 GARS (Supplementary Figure S6B). Blasted against the TAIR database, PB.15903.1, PB.22598.1, and PB.30746.1, belonging to bHLH transcription factor, may involve in light regulated flavonoid biosynthesis. PB.4531.3 belonging to the DBB transcription factor, is related to the negative regulation of light signal transduction. PB.24525.1, PB.4604.1 and PB.13554.1 related to the hormone regulation of blueberry, belong to AUX/IAA, zinc fingers and GRAS transcription factor, respectively. PB.8456.1 belonging to GARP-ARR-B translation factor is presumably related to nitrogen synthesis of blueberry. These transcription factors may inhibit the expression of structural genes involved in flavonoid synthesis by participating in blueberry response to light, hormones, nitrogen, and other signals.





Candidate hub genes related to flavonoid synthesis

To study the hub genes in darkviolet and bisque4 modules, we obtained the first 20 genes of the two modules using MCC method in the cytoHubba plugin and annotated them (Figure 7; Supplementary Table S6). Two F3’5’H genes (PB.12741.1 and PB.12745.3) in the darkviolet module and one bHLH transcription factor (PB.15903.1) in the bisque4 module were key synthetic and regulated genes in the flavonoid synthesis pathway (Table S7). Blasting against TAIR database, PB.15903.1 is the homologous sequence of CIB2 interacting with CRY2, which may be related to the light regulation of flavonoid synthesis. Other genes may also be related to the synthesis and regulation of flavonoids, which needs further verification.




Figure 7 | The first 20 gene networks in darkviolet and biseque4 modules. (A) The first 20 gene network in the darkviolet module. The diamond represents the F3′5′H gene. (B) The first 20 gene network in the bisque4 module. Ellipse represents the bHLH transcription factor. The more forward ranking is represented by a redder color.








Discussion

Blueberry is the most popular small blue fruit and its unique color is closely related to the type and content of flavonoids (Dong et al., 2019). Flavonoids in blueberries show excellent physiological activities, including antioxidant, anticancer, and antidiabetic activities, and reduce cardiovascular disease (Cappai et al., 2018). The high content of flavonoids, especially anthocyanins, is believed to be responsible for the health benefits of these blueberries (Rodriguez-Mateos et al., 2012). Therefore, the determination of flavonoids at different developmental stages of blueberry is not only helpful to analyze the coloring mechanism of blueberry but is also of great significance for the development of health products containing blueberry flavonoids. In this study, the UPLC–MS/MS method was used to assess the flavonoid profiles of three blueberry varieties at three typical developmental stages. The results showed that there were significant differences in the types and contents of flavonoids in different varieties and developmental stages. Among them, the highest metabolite content and the largest differential metabolites of blueberry varieties at different developmental stages were delphinidin glycosides, which is consistent with previous reports (Timmers et al., 2017; Chai et al., 2021). It is noteworthy that myricetin-3-O-galactoside (mvgal) has the highest flavonoid content in Duke, while delphinidin-3-O-galactoside has the highest flavonoid content in Misty and Emerald. According to Günther’s study, malvidin-3-O-glycosides were predominant in northern highbush blueberry Nui and rabbiteye Velluto Blue (Günther et al., 2020). Meanwhile, the least differential metabolites were found between Misty and Emerald among the three blueberry varieties. The flavonoid content of blueberries is affected by variety, light, temperature, environment, and other factors (Li X et al., 2019). It owes to the fact that Misty and Emerald both belong to southern highbush blueberry, and the number of differential metabolites between them was lowest compared with the remaining pairwise comparisons.

Among the new blueberry varieties announced in the past decade, the southern highbush blueberry has developed the largest number of new varieties compared with other species, which leads the main breeding direction of blueberry breeding at present. Although, the tetraploid northern highbush blueberry V. corymbosum has been published (Colle et al., 2019), and the transcriptome sequencing results of some blueberry varieties have been completed successively (Zifkin et al., 2012; Tang et al., 2021), which has greatly promoted the identification of candidate genes and pathways for excellent fruit quality and accelerated the molecular breeding of northern Vaccinium species. However, compared with the northern highbush blueberry, the southern highbush blueberry has a complex genetic background, its tetraploid genome and transcriptome resources are insufficient, and there are few researches on key quality factor genes such as anthocyanin and their regulatory factors, which seriously restricts the cultivation of the southern highbush blueberry in China (Rowland et al., 2012; Ge et al., 2019). To better understand the molecular mechanism of flavonoid synthesis, PacBio sequencing was used for the very first time in tetraploid southern highbush blueberry Misty at three fruit development stages, which provides a new interpretation of FL transcripts, variable shear, lncRNAs, and transcription factors of tetraploid southern highbush blueberry. We combined the Illumina data of the two other blueberry varieties from three different periods to analyze the DEGs of the three different varieties and three different periods. The results showed that the maximum number of DEGs was identified when compared with the green fruit stage in different varieties or different developmental stages, which is consistent with previous results (Lin et al., 2018). During the development of blueberry fruit from the green to blue fruit stage, significant changes have taken place in sugar and organic acids (Li X et al., 2020), fruit firmness (Cappai et al., 2018), fruit size, single fruit weight (Yang et al., 2021), and flavonoids (Spinardi et al., 2019). The early development of blueberry is not only involved in the development process of blueberry but also involved in the quality change of blueberry. Therefore, the differentially expressed genes are the most abundant when compared with the green fruit stage in different varieties or different developmental stages.

The synthesis of flavonoids includes phenylalanine, flavonoid, anthocyanin, flavone, and flavonol biosynthesis pathways, involving a variety of structural and regulated genes (Yi et al., 2021). Through WGCNA of differential gene and flavonoid data, two modules darkviolet and bisque4 were obtained. Nine structural genes for flavonoid synthesis were disclosed in the two modules, of which the F3’5’H gene in darkviolet module was identified as the key gene for flavonoid synthesis. In the present study, the expression levels of nine structural genes in Misty were significantly higher than those in Duke. Dihydroquercetin is an important precursor and node in different types of anthocyanin biosynthesis. The F3’5’H gene hydroxylates the B-rings of anthocyanidins (Zhang et al., 2014; Yi et al., 2021). Therefore, the high expression of F3’5’H genes promotes the accumulation of delphinidin and its derivatives, which are the precursors of blue and reddish-purple pigments (Zhang et al., 2014; Yi et al., 2021). Additionally, the differential gene expression of LDOX and UFGT in southern and northern highbush blueberry varieties contributed to the enrichment of delphinidin-3-O-galactoside in southern highbush varieties and malvidin-3-O-galactoside in northern highbush blueberry varieties. The glycosylation and side-chain modification of anthocyanins not only affect the stability of anthocyanins in a natural state but are also related to the color presentation of anthocyanins (Zhang et al., 2014). In this experiment, the structural gene in the negative regulation module is LAR, which promotes the synthesis of proanthocyanidins. It should be noted that there is a competitive relationship between proanthocyanidin and anthocyanin synthesis since they share common precursors (Karppinen et al., 2021).

The MBW complex directly regulates the transcription of flavonoid structural genes. The MYB transcription factor is the core transcription factor in MBW complex. The MYB transcription factor can regulate specific structural genes, such as the R2R3-MYB transcription factor, which is responsible for these specificities through conserved N-terminal R2 and R3 DNA-binding domains. In our study, PB. 9559.1 was a homologous gene of MYB1. In litchi and apple, the targeted regulatory gene of MYB1 is UFGT (Lai et al., 2014). In garlic shoot tissue, the co-bombardment with MYB1 and bHLH (Zm-Lc) constructs allowed earlier development of anthocyanin pigmentation (Schwinn et al., 2016). Moreover, some transcription factors are participated in signaling pathways from the environment and hormone perception to flavonoid activation or inhibition. As the most important environmental signal, light plays an important role in the synthesis of flavonoids. In this study, we found several transcription factors might involve in this pathway. The hub gene PB.15903.1 was found to involve in the photoreceptor CRY2 signaling pathway. CRYs detecting blue light are related to the expression levels of F3H, F3′5 ′H, CHS, and CHI (Zheng et al., 2019). Blasted against the TAIR database, PB.22598.1 and PB.30746.1 act as negative regulators interacting with photoreceptors phyA and phyB. It is reported that PHY absorbs red light and far-red light, and CHS is not expressed in the PHY mutant of Arabidopsis (Li et al., 2018). PB.5700.2 encodings a homolog of HY5 (HYH) may participate in phyB signaling pathway. HY5 has been reported to antagonize the light-regulated central inhibitor COP1 or directly regulate the expression of CHS, CHI, F3H, F3’H, DFR, and LDOX genes (Jaegle et al., 2016). PB.4531, belonging to the DBB family, has directly or indirectly undergone COP1-mediated ubiquitination and degradation (Xiong et al., 2019). The regulation of jasmonate, auxin, trigonolactone, and gibberellin in the synthesis of flavonoids is relatively clear (LaFountain and Yuan, 2021).These plant hormones all involve a Skp1/Cullin/F-box (SCF) E3 ubiquitin ligase complex, and trigger the degradation of specific hormone receptors, negatively regulating anthocyanin accumulation by interacting with the MBW complex. In this study, PB.4604.1, PB.24525.1, and PB.19524.2 were related to jasmonate, auxin, and brassinosteroid signaling pathways, respectively. It is reported that gibberellin enhances and inhibits the biosynthesis of anthocyanins in different species and tissues through different types of DELLA protein (LaFountain and Yuan, 2021). As a gibberellin signaling repressor in Arabidopsis, DELLA proteins bind to MYBL2 and JAZ proteins, resulting in higher MBW complex activities (Xie et al., 2016). PB.13554.1 and PB.3980.1 might participate in the gibberellin signaling pathway. In addition, some transcription factors, such as AP2/ERF (Zhao et al., 2021), HD-ZIP (Wang et al., 2020), MYB-related (Nguyen and Lee, 2016), and NAC (LaFountain and Yuan, 2021), were also found to play a role in transcriptional activation or inhibition in flavonoid synthesis. These transcription factors were also identified in our study. In this sense, this study will help to elaborate the molecular mechanism of color transformation over the course of blueberry development.
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Salt stress is an important factor which may negatively affect plant growth and development. High concentrations of Na+ ions can destroy the ion balance in plant somatic cells, as well as destroying cell membranes and forming a large number of reactive oxygen species (ROS) and other damage mechanisms. However, plants have evolved numerous defense mechanisms in response to the damages caused by salt stress conditions. Grape (Vitis vinifera L.), a type of economic crop, is widely planted throughout the world. It has been found that salt stress is an important factor affecting the quality and growth of grape crops. In this study, a high-throughput sequencing method was used to identify the differentially expressed miRNAs and mRNAs in grapes as responses to salt stress. A total of 7,856 differentially expressed genes under the salt stress conditions were successfully identified, of which 3,504 genes were observed to have up-regulated expressions and 4,352 genes had down-regulated expressions. In addition, this study also identified 3,027 miRNAs from the sequencing data using bowtie and mireap software. Among those, 174 were found to be highly conserved, and the remaining miRNAs were less conserved. In order to analyze the expression levels of those miRNAs under salt stress conditions, a TPM algorithm and DESeq software were utilized to screen the differentially expressed miRNAs among different treatments. Subsequently, a total of thirty-nine differentially expressed miRNAs were identified, of which fourteen were observed to be up-regulated miRNAs and twenty-five were down-regulated under the salt stress conditions. A regulatory network was built in order to examine the responses of grape plants to salt stress, with the goal of laying a solid foundation for revealing the molecular mechanism of grape in responses to salt stress.
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Introduction

At the present time, salinization is an important factor threatening human survival and development. According to the survey results of Food and Agriculture Organization of the United Nations (FAO), the annual losses caused by land salinization were approximately 110 billion US dollars worldwide (Ismail et al., 2012). In addition, soil salinization also affects the water absorption abilities of crops and the trace elements necessary for growth and development. The long term exposure of plants to salt stress will lead to a series of damages, such as the destruction of cell membrane; metabolic poisoning; formation of a large number of reactive oxygen species; reduced photosynthesis; and reduced nutrient absorption (Hasegawa et al., 2000; Zhu, 2002). In response to the aforementioned adverse stress conditions, plants have built a series of defense mechanisms. These include maintaining water absorbing capacity levels; enhancing the efflux and transportation of salt ions in order to reduce the accumulation of toxins; and transferring sodion into vacuoles to avoid the accumulation of high concentrations of sodion in cytoplasm (Parida and Das, 2005).

In recent years, the molecular mechanisms of plant responses to salt stress have been revealed. A large number of salt stress-related transcription factors, miRNAs, and salt sensitive genes have been consecutively identified. Among those discoveries, salt sensitive genes are a type of gene which plants have utilized to respond to external salt stress. Those identified genes have been observed to show different characteristics in different plant tissue (Kumar et al., 2018; Wani et al., 2020; Wang et al., 2019; Zhao et al., 2021). For example, the salt hypersensitive gene 3 (SOS3) and the sucrose non-fermenting1 (SNF1)-related protein kinase 3 (SnRK3) in Arabidopsis roots were found to be able to respond to the initial osmotic stress signals induced by salt stress (Zhu, 2002). In addition, enhanced responses to ABA 1 (ERA1), protein phosphatase 2C (PP2C), and ABA activated protein kinase (AAPK) and PKS3 can effectively reduce accumulations of toxic ions in plant by delaying stomatal closures during osmotic stress in plants (Zhang et al., 2014). Munns and Tester also found that Na+/H+ antiporter NHX and VACUOLAR H+/- PYROPHOSPHATASE AVP could potentially enhance the absorption capacity of Na+ to the vacuoles of root tissue, thereby improving the regulation abilities of plants to cope with osmotic stress (Munns and Tester, 2008). In addition to salt sensitive genes which can directly respond to salt stress, transcription factors which regulate the expressions of those genes also play important roles in plant responses to salt stress conditions (Munns and Tester, 2008). The results revealed that the overexpression of the aforementioned could significantly enhance the tolerance of plants to salt stress (Wani et al., 2020). In addition, the overexpression of the MYB transcription factor (MYB48-1) in rice was observed to enhance the drought and salt stress responses induced by mannitol and propylene glycol (Xiong et al., 2014).

miRNAs are a class of endogenous non-coding small RNAs with a length of approximately 21 bp, which widely exist in both animals and plants (Li et al., 2018). miRNAs can regulate the expressions of downstream genes at the post transcriptional level (Mabuchi et al., 2018; Wang et al., 2020). Increasing amounts of evidences have shown that miRNAs are played important roles in plant responses to salt stress (Yang et al., 2020; Islam et al., 2022). For example, the overexpression of Os-miR528 in creeping bent grass resulted in shortened internodes and increased tillers in transgenic plants. However, the transgenic plants improved salt tolerance by maintaining sodium/potassium balance and improving water holding capacity levels (Yuan et al., 2015). Yang et al. found that Os-miR172c regulates the tolerance of rice to salt stress by participating in stomatal development regulation, stress related gene expressions, and ABA dependent signal transduction processes (Yang et al., 2017). Therefore, the above-mentioned results indicated that miRNAs have major potential for improving crop resistance to salt and alkalization.

Grapes (Vitis vinifera L.) are a type of perennial woody vined plant which is widely cultivated throughout the world. The fruit of grape plants are mainly used for wine production, fresh consumption, and raisin processing. Grapes are considered to be an important economic crop. However, grapes are vulnerable to various external environmental factors during cultivation processes. Drought and soil salinization are the main factors affecting grape growth, which may lead to the decreases in fruit quality and limited life spans of the grape plants (Walker et al., 2000; Serra et al., 2014). Since the publication of the grape genome data in 2007, transcriptome analysis has been widely used for the identification of the grape genes involved in salt stress responses (Jaillon et al., 2007; Amirbakhtiar et al., 2021). For example, Sucheta et al. identified 2,793 differentially expressed proteins through the proteomic analysis of the leaves of sensitive grape types (Thomson seedless grapes) and salt resistant grape types (110R-grafted Thomson seedless grapes) at different time points (for example, 6 hours, 48 hours, and 7 days) under salt stress treatments. Among those, 246 differentially expressed proteins were observed to have highly expressive abundance at all time points. Therefore, the results indicated that those proteins may play indispensable roles in the responses of grapes to salt stress (Patil et al., 2019). Das et al. analyzed the mechanism of Thomson seedless grape plant responses to salt stress using a transcriptome analysis approach. The results showed that a large number of genes from the metabolic pathways were regulated by salt stress, including those involved in sugar metabolism, signal transduction, energy metabolism, amino acid metabolism, secondary metabolite synthesis, and lipid metabolism (Das and Majumder, 2019). Therefore, the findings suggested that multiple metabolic processes jointly regulate the responses of grapes to salt stress.

In recent years, the molecular mechanisms of plant responses to salt stress in model plants (such as rice and Arabidopsis) have been revealed. However, since grapes are also considered to be an important economic crop, and soil salinization has become an important factor affecting the yields and quality of grape crops. At the present time, studies regarding the molecular mechanism of the salt tolerance of grapes are relatively scarce. Specifically, research reports investigating the roles of miRNAs in grape responses to salt stress are lacking. In order to address that issue, this study adopted a high-throughput sequencing method to analyze the mRNAs and miRNAs in sample grape leaves at different time points (for example, 0 hours and 7 days) under salt stress treatment conditions. This study explored the related mRNA and miRNAs of grapes in response to salt stress through those analysis methods, and constructed a miRNA-mRNA regulatory network. The goal was to lay a solid foundation for further revealing the molecular mechanism of grape (Vitis vinifera L.) responses to salt stress.





Materials and methods




Plant sample material and NaCL treatments

In this study, the variety “Kangzhen 3”, which was formed by the hybridization of “Hean 580” and “SO4”, was used as the experimental plant material. During the dormancy stage, cuttings from ‘Kangzhen 3’ were rooted in humid sand crates, and then placed in a controlled culture room (25°C; 90% humidity; 16-hour photoperiod). Young plantlets were further grown in pots containing a soil-peat-sand mixture at 3:1:1 and placed in a controlled greenhouse (20/24°C; 16/8-hour photoperiod) in the greenhouse area of the Zhejiang Academy of Agricultural Sciences. Two months later, the cultured seedlings were treated with 150 mM of NaCl. At the same time, leaf samples were collected at 0 days, 1 day, 3 days, 5 days, and 7 days during the salt stress treatments, respectively. The samples were frozen with liquid nitrogen and stored in a -80 °C refrigerator for this study’s subsequent experimental examinations. The experimental process utilized 7-day salt stressed grape leaves for the miRNAs and transcriptome sequencing analyses, and the 0 hour treatment samples were used as the control.





RNA isolation

In this study, the Trizol Method (Invitrogen, Carlsbad, CA, USA) was used to isolate total RNA from the grape leaves of the control group and salt stressed groups. A TURBO DNA-free kit (Sigma-Aldrich, St. Louis, MO, USA) was used to extract genomic DNA from the total RNA. The quality and concentration levels of extracted total RNA were measured using an ultraviolet spectrophotometer (Implen, Germany), and used for RNA-Seq and real-time quantitative PCR. In addition, all of the treatments implemented in this study contained three biological replicates.





Creation and sequencing of a cDNA library

In this experiments, a cDNA library was created using an Ultra™ RNA Library Prep Kit, and the experimental procedures were carried out according to the instructions contained in the kit. The created cDNA library was used for RNA-Seq sequencing. The entire sequencing process was completed by Genepioneer Biotechnologies through Illumina HiSeqTM 2500, and 6 Gb of original data were obtained for each sample. In addition, HISAT and Tophat 2.0.13 software were used to remove the splices and low-quality sequences in the original data, and then map the obtained clean data to the grape genome (Trapnell et al., 2009; Haider et al., 2017). This study utilized Cuffdiff 2.2.1 software (http://cufflinks.cbcb.umd.edu/) to calculate the RPKM/FPKM ratio and predict the expression levels of the different transcripts. Then, the DEGseq2 tool was adopted to analyze the differentially expressed genes. The screening criteria of the differentially expressed genes were FDR < 0.05 and │Log2FC│>1 and it was considered that the gene expression levels had reached the differential level. At the same time, Blast2go software was used to establish the GO terms (GO, http://www.geneontology.org) and the KEGG (https://www.genome.jp/kegg/pathway.html) enrichment analysis.





Determination of the ion concentration levels

The concentration levels of sodium and potassium ions in the sample grape leaves were measured at different time points of the salt stress treatments. During the experiments, 0.5 g of the samples to be tested were weighed and placed in an oven at 70 °C for drying for 48 hours. Then, the completely dried samples were ground into powder and 5 mL of HNO3:HClO4 (2:1, volume ratio) mixture were added for the digestive treatments. ICP-MS was used to determine the concentrations of Na+, K+, and Cl- in the samples (Ma et al., 2015). The concentrations of sodium and potassium ions in the sample grape leaves were measured at different time points during the salt stress treatments. The 0.5 g samples to be tested were weighed and placed in an oven at 70 °C for drying duration of 48 hours.





Real time quantitative RT-qPCR

In this study, real-time quantitative RT-qPCR was used to analyze the expression levels of some miRNAs under salt stress conditions in order to verify the differentially expressed miRNAs identified by transcriptome. The mature sequences of differentially expressed miRNAs were first searched through the miRBase database and quantitative detection primers were designed. Total RNA was extracted from the sample grape leaves after undergoing 7 days of salt stress conditions using a TRIzol method. The 1 μg purified total RNA was reverse transcribed into single stranded cDNA using a First Stand cDNA Synthesis Kit (Toyobo, Osaka, Japan). Subsequently, the relative expression levels of differential miRNAs were analyzed using an AceQ RT-qPCR SYBR Green Master Mix Kit (Vazyme, Nanjing, China). This study conducted differential miRNAs analyses using a 7900 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) produced by ABI. The reaction procedure was pre-denaturation at 95°C for ten minutes, and pre-denaturation at 95°C for fifteen seconds, with annealing at 60°C for twenty seconds, and extension at 72°C for thirty seconds. The entire reaction consisted of forty cycles. The internal reference gene used in this study’s experiments was UBC (ubiquitin-conjugating enzyme), and each treatment contained three biological and three technical repeats. The relative expression level was calculated using a 2−△△Ct method.






Results




Change trends of the sodium ions, potassium ions, and potassium/sodium ratios at different time points of the salt stress treatments

In this study, the content levels of sodium, potassium, and chloride ions in the sample grape leaves were analyzed at different time points during the salt stress treatments, as shown in Figure 1. It was found that the content of sodium and chloride ions in the grape leaves gradually increased with the increase of salt stress treatment time (Figures 1B, C), and the concentration levels of potassium ions first increased and then gradually decreased with salt stress treatments (Figure 1A). The potassium/sodium ratios reflect the ability of an organism to maintain its ion balance under salt stress. Generally speaking, the higher the potassium/sodium ratio, the stronger the tolerance of an organism to salt stress. In this experiment, the potassium/sodium ratios in the sample grape leaves were observed to gradually decrease over time during the stress treatments (Figure 1D). Those findings indicated that the longer the duration of salt stress conditions for the grapes, the more sodium ions accumulate in the plants.




Figure 1 | Determination of ion concentrations in grape leaves at different time points of the salt stress treatments. (A) K+ (B) Na+ (C) Cl- (D) K+/ Na+.







Expression pattern analysis of the mRNAs

In order to identify the differentially expressed mRNAs in response to the salt stress conditions a high-throughput sequencing method was adopted to sequence and analyze the mRNAs in the sample grape leaves at 0 days and 7 days after salt stress (Figure 2A). The numbers of the clean reads obtained by sequencing were as follows: 25,624,885 (K0h-1); 20,904,911 (K0h-2); 23,515,693 (K0h-3); 21,838,361 (K7d-1); 20,904,911 (K7d-2); and 23,515,693 (K7d-3), respectively (Table 1). The Q30 values of all the clean reads were more than 90%. Then, through a comparison process, it was ascertained that more than 83% of the sequencing data could be matched to the reference genome. Those matched clean reads were mainly distributed in the exon region, with a coverage of at least 67%. Subsequently, in accordance with the reference genome, splicing of clean reads from the beginning was performed and reconstruction of the transcripts was completed. Finally, 26,346 transcripts were obtained, including approximately 26,252 genes. In order to detect the expression levels of those mRNAs, DESeq software was utilized to calculate the expression levels of the different transcripts, with |log2(Fold Change) |≥1 and FDR < 0.05 as selection criteria. A total of 7,856 differentially expressed genes under the salt stress conditions were successfully identified, of which 3,504 genes were observed to have up-regulated expressions and 4,352 genes had down-regulated expressions (Figure 2B).




Figure 2 | Identification of salt-responsive mRNAs in grapes. (A) The volcano plot represents the DE-mRNAs in grapes, and the red and green circles represent the up-regulated and down-regulated mRNAs, respectively. (B) The heatmap represents the expression patterns of all mRNAs.




Table 1 | Summary of RNA-seq data.







Functional analysis of the DEGs

In order to further analyze the function of the aforementioned differentially expressed genes, this study annotated the differentially expressed genes through the non-redundant (NR), GO, Swiss-Prot, KEGG, Pfam, COG, and KOG databases (Table 2). As a result, 7,190 annotated genes were identified (Figure 3A). According to the GO enrichment analysis, it was found that the majority of the differentially expressed genes were mainly concentrated in the following: Microtubule motor activity (GO:0003777); microtubule binding (GO:0008017); calcium-dependent phospholipid binding (GO:0005544); transferase activity including transferring Hexos (GO:0016758); xyloglucan: xyloglucosyl transferase activity (GO:0016762); S-linalool synthase activity (GO:0034007); quinone binding (GO:0048038), endonuclease activity (GO:0004519); structural constituent of cell wall (GO:0005199); trihydroxystilbene synthase activity (GO:0050350); and other GO terms. The numbers of differentially expressed genes enriched in those GO terms were 86, 119, 27, 562, 40, 13, 38, 257, 58, and 20, respectively. Then, in order to further analyze the possible pathways of the identified differentially expressed genes in metabolism, all the differentially expressed genes were mapped into the KEGG database for KEGG metabolic pathway enrichment. The enrichment results revealed that these differentially expressed genes could be annotated to the metabolic pathways; biosynthesis of secondary metabolites; photosynthesis; phenylalanine metabolism; plant hormone signal transduction; cutin, suberine, and wax biosynthesis; glycosphingolipid biosynthesis-globo and -isoglobo series; photosynthesis-antenna proteins; and flavone and flavonol biosynthesis (Figure 3B).


Table 2 | mRNAs obtained in salt-treated and untreated sRNA libraries.






Figure 3 | GO and KEGG pathway enrichment analysis results of salt-responsive mRNA target genes. (A) GO enrichment results for target genes of DE-mRNAs in grapes. (B) KEGG enrichment results for target genes of DE-mRNAs in grapes.







Analysis of the expression patterns of the miRNAs

The miRNAs are endogenous non-coding small RNAs which are known to widely exist in both animals and plants. A large number of studies have found that miRNAs play important roles in the growth and development of animals and plants, as well as in the response processes to biological stress. In the present investigation, for the purpose of identifying the miRNAs responding to salt stress in grape plants, a high-throughput sequencing method was adopted to sequence the miRNAs responses to salt stress conditions (Figure 4A). The numbers of clean reads obtained by sequencing were as follows: 16,501,599; 17,743,792; 14,646,861; 15,227,202; 14,996,175; and 20,222,375, respectively (Table 3), and the Q30 value of the clean reads were greater than 94%. Then, by running a comparison with the reference genome, it was confirmed that at least 77.79% of the clean reads could be matched with the grape genome. At the same time, this study identified 3,027 miRNAs from the sequencing data using bowtie and mireap software. Among those, 174 were found to be highly conserved, and the remainders were less conserved (Table 4). In addition, in order to analyze the expression levels of those miRNAs under salt stress conditions, a TPM algorithm and DESeq software were utilized to screen the differentially expressed miRNAs among different treatments. The screening criteria were |log2(FC)|≥1 and Pvalue<0.05. Subsequently, a total of thirty-nine differentially expressed MiRNAs were identified, of which fourteen were observed to be up-regulated miRNAs and twenty-five were down-regulated under the salt stress conditions (Figure 4B).




Figure 4 | Identification of salt-responsive miRNAs in grapes. (A) The volcano plot represents the DE-miRNAs in grapes, and the red and green circles represent the up-regulated and down-regulated mRNAs, respectively. (B) The heatmap represents the expression patterns of all mRNAs.




Table 3 | Statistical analysis of small RNA sequencing data for six samples.




Table 4 | Small RNAs obtained in salt-treated and untreated sRNA libraries.



It is well known that miRNAs are involved in many biological processes in which they mainly regulate the expression levels of their downstream target genes. Therefore, psRNATarget was used in this research study to predict the potential target genes of the above-mentioned differential miRNAs. A total of 7,727 potential target genes were successfully predicted. The data of NR, Swiss-Prot, GO, COG, KEGG, KOG, and Pfam were used to annotate the functions of those potential target genes (Figure 5A). As a result, 3,155 potential target genes could be annotated. GO and KEGG enrichment analyses of the annotated potential target genes were subsequently performed. It was found that the identified genes were mainly enriched in the following: ATP binding (GO: 0005524); protein serine/threonine kinase activity (GO: 0004674); S-linalool synthase activity (GO: 0034007); calcium-dependent phospholipid binding (GO: 0005544); ADP binding (GO: 0043531); and hydroquinone: oxygen oxidoreductase activity (GO: 0052716), trihydroxystilbene synthase activity (GO: 0050350); microtubule motor activity (GO: 0003777); alliin lyase activity (GO: 0047654); calcium ion binding (GO: 0005509), and other GO terms. The main metabolic pathways of KEGG involved in those potential target genes were as follows: Cyanoamino acid metabolism; inositol phosphate metabolism; glycosaminoglycan degradation; AGE-RAGE signaling pathway in diabetic complications; nitrogen metabolism; MAPK signaling pathway-plant; biosynthesis of amino acids; one carbon pool by folate and mRNA surveillance pathways (Figure 5B).




Figure 5 | GO and KEGG pathway enrichment analysis results of salt-responsive miRNA target genes. (A) GO enrichment results for target genes of DE-miRNAs in grapes. (B) KEGG enrichment results for target genes of DE-miRNAs in grapes.







Validation of the miRNAs in response to salt stress

In order to further verify the differentially expressed miRNAs obtained from the sequencing process, real-time fluorescent qRT-PCR was used to verify the differentially expressed miRNAs. Then, in accordance with the RNA-seq sequencing results, five up-regulated miRNAs (Vvi-miR211-5p, Vvi-miR3624-3p, Vvi-miR3627-3p, Vvi-miR399i, and Vvi-miR2950-3p) and five down-regulated miRNAs (Vvi-miR394b, Vvi-miR394c, Vvi-miR390, Vvi-miR394a, and Vvi-miR3635-3p) were selected under salt stress conditions for the purpose of validation (Figures 6A, B). It was found that the expression levels of Vvi-miR211-5p, Vvi-miR3624-3p, Vvi-miR3627-3p, Vvi-miR399i, and Vvi-miR2950-3p had been significantly induced by the salt stress. In addition, it was observed that the expression levels of Vvi-miR211-5p and Vvi-miR2950-3p were much higher than those of the other miRNAs. Furthermore, the expression levels of Vvi-miR394b, Vvi-miR394c, Vvi-miR390, Vvi-miR394a, and Vvi-miR3635-3p were determined to be inhibited by the salt stress conditions, which indicated that salt stress could potentially inhibit the expressions of those miRNAs. Those results were found to be consistent with the expression levels of miRNAs obtained using RNA-seq sequencing. Therefore, it was indicated that the aforementioned miRNAs were played important roles in those processes under salt stress.




Figure 6 | qRT–PCR analysis of upregulated miRNA (A) and down-regulated miRNA (B) based on RNA-seq.








Discussion

With the intensification of human activities and changes to the environment, global soil salinization is gradually increasing. Global soil salinization is an important factor affecting the quality and yields of grapes. It has been found that salt stress can cause many physiological disorders in plants. However, plants can reduce ion toxicity by reducing the concentration levels of Na+/H+, K+, and Cl- (Adams et al., 1993; Brini and Masmoudi, 2012; Kumar et al., 2021). Plant roots absorb Na+ and other ions from the soil and transport them to leaves and other organs through transpiration. Under salt stress condition, K+ ion channels on the plasma membranes of plant roots reduce the transport of K+ ions, but enhance the transport of Na+ ions, resulting in imbalances in the ion dynamics of plant cells, thereby leading to cell poisoning. In this study, it was found that at different time points in the salt stress treatments, the K+ ion content levels in the sample grape leaf cells displayed a trend of first increasing and then decreasing. Meanwhile, the Na+ ion concentrations gradually were observed to increase with the passage of the treatment time (Rajendran et al., 2009). This may have been due to the plants regulating the transport of Na+ ions by regulating the expression levels of ions in the channel transport related proteins on cell membrane. The AtNa+/H+ exchanger-salt sensitive gene SOS1 on the tonoplast of arabidopsis has the ability to promote the excretion of intracellular Na+ ions from root cells. However, when the expression levels of that gene are reduced, significant increases in the accumulation of Na+ ions in grape plant roots can occur (Qiu et al., 2002; Shi et al., 2002; Nakayama et al., 2022). In addition, researchers have also discovered that by changing the expression levels of the arabidopsis Na+ translocator-AtNHX1, the concentration levels of Na+ ions in aboveground tissue can be enhanced (Sottosanto et al., 2007). The key factor of salt tolerance in plants is the regulation of the transport of Cl- from the roots to the leaves, or alternatively, maintaining a low level of Cl- ions in the aboveground parts of the plants. However, in order to cope with the high concentrations of Cl- ions in their cells, plants use Cl-/H+ transporters to maintain low levels of Cl-, especially in their aboveground parts. It has been determined that grape plants respond to salt stress by changing the expression levels of those ion channel proteins, salt sensitive proteins, and ion transporters (Wei et al., 2014).

Many stress response genes in plants become activated at both transcriptional and post transcriptional levels in response to salt stress conditions. It is well known that miRNAs are ubiquitous regulators and play important roles in plant responses to biotic and abiotic stress conditions. In recent years, an increasing number of studies have shown that miRNAs play important roles in plant responses to salt stress in Arabidopsis, poplar, soybean, and eggplant (Song et al., 2013; Sun et al., 2015; He et al., 2018; Li et al., 2020; Wen et al., 2020).

In this study, a large proportion of the unigenes showed differential expression levels between salinity stress and control conditions, suggesting that these genes are involved in the grape salinity response. The potential function of these genes that were differentially expressed in response to salinity stress, were similar to those reported for other plants. Several GO terms, catalytic activities, metabolic processes, cellular processes, binding, and cell and cell parts, were observed in this present study (Figures 2, 3, 4), and these GO terms are generally enriched in response to salt stress in other plants, for example, in salt-stressed roots in soybean (Belamkar et al., 2014), in the leaf tissues of Petunia hybrida (Villarino et al., 2014) and in a recretohalophyte, Reaumuria trigyna (Dang et al., 2013). Enrichment in these GO terms may indicate plant plasticity in response to salt stress through switches of biochemical and morphological activities in cells. In addition, 39 differentially expressed miRNAs were identified in grape leaves in responses to salt stress, among which the expression levels of miR390 and miR394 were observed to be significantly decreased. In previous related research findings, miR390 and miR394 were also reported to respond to salt stress in other species besides grapes. For example, in Arabidopsis, AtmiR394 responded to salt stress by regulating the expression levels of a downstream target gene which had the ability to encode F-box protein. Furthermore, studies have shown that the LCR gene can participate in the ABA signal transduction pathways of plants. Therefore, it can be assumed that miR394 affects the ABA signal transduction processes in plants by regulating the expression levels of LCR, thereby causing plants to respond to salt stress conditions (Song et al., 2013). The expression levels of miR390 in Jerusalem artichoke plants treated with different concentrations of NaCl showed major differences. The experimental results revealed that under low salt concentration (100 mM) stress treatments, the expression levels of miR390 were significantly increased, thereby reducing the expressions of its target gene-auxin response factor ARF3/4. As a result, the tolerance of the plants to salt was found to be enhanced (Wen et al., 2020). In white poplar, researchers also found that miR390 could participate in the salt tolerance responses of plants and the early root development of plants by regulating the expressions of its target gene auxin response factor ARF3/4 (He et al., 2018). In conclusion, research findings have suggested that miR390 and miR394 may regulate plant responses to salt stress through their downstream genes involved in auxin and ABA signal transduction pathways.





Conclusion

Soil salinization has become the main factor affecting global crop growth. In the majority of species, there have been reports regarding plant responses to salt stress conditions. Grape is an important economic crop, and salt stress is a key factor affecting the yields and quality of grape crops. However, at the present time, there are few reports available regarding the salt stress responses of grape plants, especially the mechanism of the plant salt tolerance. In this study, a high-throughput sequencing method was adopted in order to identify the differentially expressed mRNAs and miRNAs in response to salt stress. A total of 7,856 differentially expressed genes and thirty-nine differentially expressed miRNAs were identified. These differentially expressed miRNAs and mRNAs were determined to constitute the regulatory network of grape plant responses to salt stress conditions, and participate in the processes of the plant tolerance to salt stress through changes in their expression levels.
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Kernel-using apricot (Prunus armeniaca L.) is an economically important fruit tree species in arid areas owing to its hardiness and cold and drought tolerance. However, little is known about its genetic background and trait inheritances. In the present study, we first evaluated the population structure of 339 apricot accessions and the genetic diversity of kernel-using apricots using whole genome re-sequencing. Second, the phenotypic data of 222 accessions were investigated for two consecutive seasons (2019 and 2020) for 19 traits, including kernel and stone shell traits and the pistil abortion rate of flowers. Heritability and correlation coefficient of traits were also estimated. The stone shell length (94.46%) showed the highest heritability, followed by the length/width ratio (92.01%) and length/thickness ratio (92.00%) of the stone shell, whereas breaking force of the nut (17.08%) exhibited a very low heritability. A genome-wide association study (GWAS) using general linear model and generalized linear mixed model revealed 122 quantitative trait loci (QTLs). The QTLs of the kernel and stone shell traits were unevenly assigned on the eight chromosomes. Out of the 1,614 candidate genes identified in the 13 consistently reliable QTLs found using the two GWAS methods and/or in the two seasons, 1,021 were annotated. The sweet kernel trait was assigned to chromosome 5 of the genome, similar to the almond, and a new locus was also mapped at 17.34–17.51 Mb on chromosome 3, including 20 candidate genes. The loci and genes identified here will be of significant use in molecular breeding efforts, and the candidate genes could play essential roles in exploring the mechanisms of genetic regulation.
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1 Introduction

Apricots are widely cultivated in the Northern Hemisphere and can be classified as fresh-using, kernel-using, and ornamental apricots according to their utilization purpose. Because of their hardiness and cold and drought tolerance (Zhang et al., 2022a), kernel-using apricots are an economically important fruit tree species in arid areas. In China, the area and annual output of kernel-using apricots are approximately 957,000 hm² and 300,000 t, respectively.

Cultivated apricots belong to common apricots (Prunus armeniaca L.). Despite an undocumented history, the kernel-using apricot is known to have been grown for a long time in north Hebei Province (Zhuolu County) and has an overlapping area with wild populations of Prunus sibirica L. Its botanical features appear to be similar to those of Prunus armeniaca L. and P. sibirica; however, it has some particular traits that can be distinguished from P. armeniaca and P. sibirica (Liu et al., 2012) (Figure 1). Consequently, apricots with large stones and the special traits mentioned above were considered a new species of Rosaceae by Fu et al. (2010) and named Armeniaca cathayana D. L. Fu et al. Long before it was named, the view that this type of apricot possibly originated from interspecific hybridization between P. armeniaca and P. sibirica was also supported based on the peroxidase isozyme (Lü et al., 1994) and was later verified as nuclear genome markers (Zhang et al., 2014; Fu et al., 2016). Based on maternal inheritance markers (chloroplast simple-sequence repeats), P. armeniaca was considered the female progenitor of A. cathayana (Zhang et al., 2018). Traditional popular kernel-using apricot cultivars include “Longwangmao”,“Yiwangfeng”, and “Baiyubian”, “Guoren”, “Fengren”, and “Youyi” are improved cultivars that have been bred using the clonal selection method. Although a high level of genetic heterozygosity was attributed to two-genome recombination, the population of A. cathayana has low diversity (Zhang et al., 2014; Zhang et al., 2021). Therefore, it is crucial to increase the number of new genes and expand the genetic background to breed kernel-using apricots. Few fresh apricot cultivars have been used in the breeding of kernel-using apricots, which may be related to the lack of evaluation of their stone shell and kernel traits.




Figure 1 | The morphological characteristics of stone in Armeniaca cathayana cv. Yiwofeng, Prunus sibirica cv. Liaomei, and Prunus armeniaca cv. Chuanzhihong.



Breeders of kernel-using apricots have always selected for kernel quality with respect to size, taste, shape, and kernel yield, as well as attempted to improve the crushing performance of stone, shell, and pistil abortions. The efficiency of cross-breeding programs mainly depends on the choice of progenitors and knowledge of the inheritance of traits that are to be improved. However, there are few reports on the genetics of these traits, most of which focus on fruit quality traits (Ruiz et al., 2010; García-Gómez et al., 2019; Zhang et al., 2022b), self-compatibility (Vilanova et al., 2003), and the resistance to Sarka virus (Hurtado et al., 2002) in fresh-using apricots. The bitter taste of apricot kernels is caused by the toxic cyanogenic diglucoside amygdalin (Negri et al., 2008). The loss of cyanohydrins from the seed kernels was initially described as monogenic and dominant in apricots (Gomez et al., 1998) and almonds (Dicenta and García, 1993). The locus of sweet kernel (SK) in almond was assigned to chromosome 5 of the genome by map-based cloning, and this locus was shown to be a basic helix-loop-helix transcription factor that is considered responsible for P450 monooxygenase–encoding genes (PdCYP79D16 and PdCYP71AN24) transcription (Sánchez-Pérez et al., 2019). However, the “sweet kernel” was characterized as a recessive trait, controlled by a monogenic single gene in peach, linked to the fuzzless skin trait (Werner and Creller, 1997). Furthermore, Negri et al. (2008) proposed that based on the cyanoglucoside content in apricot, a multi-gene model controlled this trait using five non-linked loci. Therefore, the molecular and genetic regulation of SK requires further investigation.

The inheritance of some stone shell and kernel traits has been reviewed in almonds (Socias i Company et al., 2009; Martínez-García et al., 2019), which is a species related to the kernel-using apricots. In almond, the kernel size and weight measurements exhibited high heritability values (0.62 to 0.81), whereas retention of outer shell (0.34) and width of opening (0.21) showed lower heritability (Kester et al., 1977). Arteaga and Socias i Company (2001) observed a correlation of heritability between traits for fruit and kernel and observed that the shape (width/length and thickness/length ratios) of the fruit and kernel had intermediate heritability of 0.46 and 0.53, respectively. The heritability of kernel traits was lower than that of shell traits (Martínez-García et al., 2019). The kernel/shell ratio is closely linked to shell hardness and thickness, and the inheritance of shell hardness is determined by individual genes, with the hard shell (low kernel/shell ratio) being dominant (Dicenta and García, 1993). The heritability of shell hardness (0.55) and thickness (0.51) had an intermediate value, and two quantitative trait loci (QTLs) were involved in shell hardness, with a major QTL located on Chr2 (Arús et al., 1999). In almonds, there were two kernel-weight loci (Kw-Q1 and Kw-Q2) in linkage groups 1 and 4 and two in-shell-weight loci (Shw-Q1 and Shw-Q2) in linkage groups1 and 2 (Sánchez-Pérez et al., 2007a). Fourteen putative QTLs controlling these physical traits were detected in the linkage map, corresponding to the six genomic regions of the eight almond linkage groups (Fernández i Martí et al., 2013). As mentioned above, the number of major and minor genes controlling the complex traits of stone shell and kernel remains unknown and little known about its genetics. Therefore, knowledge of these heritability values is of great significance for breeding kernel-using apricots. Although several important traits have been reported in similar crops, their underlying molecular mechanisms remain unclear.

Understanding the genetic mechanisms that control a specific trait would enable breeders to efficiently apply marker-assisted breeding through the development of DNA diagnostic tools and to consequently select seedlings with desired quality traits early in the selection process before the traits can be evaluated in the field. The link between genetic markers and a particular trait can be determined using genome-wide association studies (GWAS) based on next-generation high-throughput sequencing techniques. G WAS are widely used to dissect complex genetic traits (Cao et al., 2016; Fu et al., 2021). In the present study, we re-sequenced 339 apricot accessions and analyzed the diversity among the materials and the population structure of kernel-using apricots. We also analyzed the phenotypic variation and correlation between 19 traits of 222 accessions and calculated the broad-sense heritability of shell and kernel traits using variance of analysis (ANOVA). Finally, we used GWAS to further dissect the genetic foundations for their traits, and mine the candidate genes in the regions of the QTLs. The results of this study will provide more complete genetic information for these traits, and help improve the quality or yield in kernel-using apricot breeding.




2 Materials and methods



2.1 Plant material

A total of 339 apricot accessions were selected and analyzed to represent the entire range of phenotypic diversity and geographic distribution of apricots (Supplementary Table S1). In detail, the 312 cultivated apricot accessions were derived from North China (NC group, 114), Northwest China (NW group, 55), Central Asia (Xinjing [XJ] group, 17), Northeast China (NE group, 25), Europe (EU group, 23), South China (SC group, 24), kernel-using apricots (KU, 23), and one hybrid of Prunus mume (“Yanmei”). In addition, accessions of 27 individuals of wild apricots including 16 P. armeniaca L., seven P. sibirica L., and four P. mandshurica (Maxim.) Koehne (PsPma) were used. Of these, 180 accessions had been used in a previous study (Zhang et al., 2021). The trees of these accessions were planted at a density of 5 × 5 m in the Chinese National Germplasm Repository for Plums and Apricots at the Liaoning Institute of Pomology (Xiongyue, China). The orchards were subjected to conventional field management and pest control practices.




2.2 DNA extraction, library construction, and sequencing

The leaves of all accessions were sampled from the Chinese National Germplasm Repository for Plums and Apricots located at the Liaoning Institute of Pomology (Liaoning, China). Genomic DNA from 159 accessions was extracted from fresh young leaves using the modified cetyl trimethylammonium bromide method. Approximately 1 μg of genomic DNA for each accession was fragmented by sonication to a size of 300–500 bp with a Covaris S2 Focused Ultrasonicator (Thermo Fisher Scientific, Massachusetts, USA), and then end-polished, A-tailed, ligated with the full-length adapters, and polymerase chain reaction (PCR) amplified. A whole-genome shotgun paired-end library was prepared and sequenced on an Illumina HiSeq X Ten platform at BMK (Beijing, China) using the PE150 (paired-end, 125 bp) strategy according to the manufacturer’s recommendations. Raw reads were filtered prior to genome mapping. The adaptor sequences in the raw reads were removed, and ambiguous and low-quality bases from the start or end of the raw reads were trimmed using SOAPnuke (Chen et al., 2018). Of the 339 accessions used in this study, the raw reads of 180 accessions were obtained from the Sequence Read Archive of the National Center for Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/sra/) with inquiry number PRJNA705053 (Zhang et al., 2021). The raw data for the other 159 accessions were deposited at NCBI under the BioProjet number PRJNA917328.




2.3 Genotyping and population structure analysis

The remaining high-quality paired-end reads were mapped to the apricot reference genome (Yinxiangbai v1.0) using BWA (version 0.7.15-r1140) with the command “mem –t 4 –k 32 -M” (Li and Durbin, 2009). To reduce mismatches generated by PCR amplification before sequencing, Picard Tools (version 2.23.6) were used to remove duplicate reads. Single-nucleotipde polymorphisms (SNPs) and insertions/deletions (InDels) were identified using SAMtools v1.4 (Li et al., 2009), and low-quality SNPs were filtered out with parameters for minimum minor allele frequency (MAF)< 0.01, missing data per site > 0.1, and individual depth > 4, and finally converted into a variant call format file (VCF). After alignment, SNPs/InDels were refiltered on a population scale using the Genome Analysis ToolKit version 4.1.2 (GATK4.1.2) (McKenna et al., 2010).

The nucleotide diversity (π), Watterson’s estimator (θW), gene diversity/heterozygosity (He), FST, and Tajima’s D for apricot populations were estimated using VCFtools (v0.1.14) (Danecek et al., 2011). For the window calculation, the window size was set to 20 kb with a step size of 10 kb across the apricot genome. Only the windows that comprised ≥ 8 kb effective covered region were considered. A distance matrix for all samples was calculated using genotype VCF files in VCF2Dis (https://github.com/BGI-shenzhen/VCF2Dis), and a phylogenetic neighbor-joining tree was constructed based on the distance matrix using the software PHYLIP v3.68 (http://evolution.genetics.washington.edu/phylip.html), and presented using MEGA7 (Lee et al., 2014). Principal component analysis (PCA) was performed to evaluate the genetic structure of the populations using the MingPCA software (V6.0.1) (Patterson et al., 2006). Population genetic structure was determined using ADMIXTURE (v1.3) (Alexander et al., 2009), which implements a block relaxation algorithm. To evaluate the best genetic clusters K, the cross-validation (CV) error was tested for K values between 2 and 10; K = 6 was chosen because the lowest CV error was observed at K = 6. For each sample, if the component for a sample within the major group was ≥ 0.60, the sample was classified as this major group, and the remaining samples were deemed admixed. Linkage disequilibrium (LD) was calculated using PopLDdecay v3.31 (Zhang et al., 2019) with parameter “-MAF 0.05 -Miss 0.1 -MaxDist 1000” in the entire investigated apricot samples and groups. The LD decay was calculated based on the squared correlation coefficient (r2) values between the two SNPs and the physical distance between the two SNPs.




2.4 Phenotypic data

Phenotypic measurements were conducted during fruit ripening in 2019 and 2020. One hundred representative fruits were randomly collected from the outer canopy of the tree, and whole mature nuts were removed from the fully mature fruits, washed and dried for investigation. The shapes of the nuts and seed kernels were measured using Vernier calipers, including stone shell or kernel length (SL or KL), width (SW or KW), thickness (ST or KT), length/width ratio (SL/SW or KL/KW), and length/thickness ratio (SL/ST or KL/KT). Samples were randomly selected to obtain 30 records. The average values of dry shell weight with kernel (SDW) and dry kernel weight (KDW) of the samples were recorded using an electronic balance, and the kernel/shell ratio (KR) was calculated as (KDW × 100)/SDW. All samples were analyzed out with an average of 100 seeds.

The shell breaking force (SBF) and hardness (SH) of the nuts were measured using the TPA module of the TMS-PRO physical property analyzer (Food Technology Corporation, Virginia, USA), and 2500 N sensors (diameter 35 mm) was selected. The parameters were set as follows: downstream speed 2.0 mm s-1, tested speed 1.0 mm s-1, upstream speed 2.0 mm s-1, compression deformation of the sample as 30%, and the trigger force as 1.0 N. Twenty nuts were randomly selected for each accession. The nut shell thickness (STH) was measured using a Vernier caliper at the thinnest point in the middle of the cracked shell. The average STH per sample was recorded for the 20 nuts.

All the dry nuts of each sample were broken open and the seed kernel were removed and, then, the shell was crushed into a fine powder with a grinder. After filtering although a 60-mesh screen, the powder was stored in a plastic Ziplock bag to determine the acid insoluble lignin content. The acid insoluble lignin content (SLC) was determined using the Klason method (Alba et al., 2000), and each sample was evaluated thrice.

Kernel bitterness (SK) was evaluated in 2020. The nuts of mature fruit were cracked, and each sample was tested by two people, who classified its flavor as bitter (0) or non-bitter (sweet or to slightly bitter, 1). The value of pistil abortion (AR) is usually determined as the ration between the number of abnormal flowers (including the absence of pistils, withered ovaries, or abnormal styles) and the total number of flowers from the entire tree. More than 300 flowers from short shoots were randomly sampled around the canopy at the full-blooming stage.

The broad-sense heritability (H2) of these traits was calculated based on the components of variance between and within cultivars using one-way ANOVA as follows:

	

where V1 is the inter-cultivars variance, including environmental variance and genotype variance; V2 is the environmental variance within the cultivar; and r is the number of replicates in the sample (Shen, 1997). Correlations between each pair of traits were calculated using the default statistical method in Origin2020 software (https://ea-origin.en.softonic.com). Correlation analysis of different traits was performed using the corrplot R package.




2.5 Genome-wide association study

A total of 3,472,166 SNPs were used in the GWAS. General linear models (GLMs) and generalized linear mixed model (GLMM) were generated using the Genomic Association and Prediction Integrated Tool (GAPIT 6.0 Version) (Lipka et al., 2012) and fastGWA-GLMM (version 1.94.0beta) (Jiang et al., 2021). The SNP data were converted to character, as described in the user manual, the population structure was the kinship matrix calculated using TASSEL 5.0, and the Q matrix (PCA = 3) was obtained from GAPIT 6.0. All GWAS parameters were set to default values. The significantly associated SNPs in the GLM method were determined by the critical threshold of –log10(P) ≥ 8.0 at P = 0.05 level [–log10(0.1/3.47 × 10-6) = 7.8], and the significance threshold in the GLMM method was set to 6.5. To reduce false positives and increase the statistical accuracy, the Bonferroni-corrected (FDR) P-value threshold was set at P< 0.01. We considered a QTL reliable when a QTL was consistently detected in two seasons or methods. These QTLs were named as “qtn” + trait name abbreviation + scaffold + detected QTL order on chromosome, such as qtnSTH_4.1.




2.6 Identification of candidate genes

Candidate gene analysis of the kernel taste trait was performed within haploblock regions. Considering that LD decay was approximately 20–50 kb for the different groups, the physical locations of QTLs on the reference genome were identified by mapping the 50-kb interval upstream and downstream sequences of the significant SNP to the genome. Genes within the QTL regions, together with their functional annotation information of the Prunus armeniaca “Yinxiangbai” genome (Zhang et al., 2021), were employed to identify putative candidate genes for each trait QTL.





3 Results



3.1 Re-sequencing and genetic variability

A total of 339 apricot accessions were selected in this study, of which 159 were re-sequenced using the Illumina platform and 180 were previously reported (Zhang et al., 2021). These re-sequenced accessions were representative of a Chinese core collection that covers the widest genome diversity. The geographic distributions of these accessions include NC, NW, XJ, NE, EU, SC (Supplementary Table S1). Notably, we selected 28 accessions from Hebei Province, where kernel-using apricot was first cultivated.

A total of 1.86 Tb clean data were generated with an average sequencing depth of 20.70X per individual after filtering out low-quality reads. The quality of the sequencing data was high with a Q30 > 92.6%, and the GC content ranged from 38.69 to 41.06%. The reads were mapped against the “ Yinxiangbai” genome to identify genomic variants, yielding ~82.87% coverage of the genome by at least five reads for each accession. The mapping rate ranged from 88.58 to 98.49%, with an average of 97.96% (Supplementary Table S2). The genomic variants were then detected using BWA software, obtaining a final set of 7,004,094 SNPs and 1,643,354 small InDels, with a density of 27.94 SNPs/Kb and 6.55 InDels/Kb on average (Supplementary Figure S1; Supplementary Table S3). Approximately 33.54% (2,355,512) of the SNPs were located in genic regions, and 10.51% (737,984) were in coding regions.




3.2 Population structure, linkage disequilibrium, and genetic diversity

To investigate the population structures of these apricot accessions, we first constructed a rooted neighbor-joining (NJ) tree with Prunus dasycarpa (Ehrh.). Borkh was used as an outgroup based on these high-quality SNPs indentified (Figure 2A). The phylogenetic tree showed that 14 accessions from SC and Japan formed the first clade, and the ancestry of these accessions was mixed with that of the Japanese apricot (P. mume). The other accessions formed at the second clade, which included five main groups. The group I included most wild common apricots and all of accessions from XJ; group II contained majority accessions from NW and three kernel-using accessions (KU), and group III contained the majority KU cultivars, NE accessions and the close species (P. sibirica and P. mandshurica) of wild apricot; and group IV included cultivated apricots in the EU group; and group V consisted of all cultivars from NC, some NW cultivars, and mixed with several native wild common apricots. The result showed that most kernel-using accessions clustered with the NE accessions, P. sibirica, and P. mandshurica.




Figure 2 | The population structure inferred based on genetic variations for apricot populations. (A) phylogenetic tree, (B) principal component analysis (PCA), (C) cross-validation error trend, and (D) population structure of 339 apricot accessions. Cultivated accessions include accessions from NW (Northwest of China), NC (North China), EU (Europe), NE (Northeast China), SC (South China), XJ (Xinjiang of China and Central Asia), KU (kernel-using apricot), and Ps (P. sibirica and P. mandshurica) accessions.



Next, we performed PCA of these samples (Figure 2B). The first two principal components (PCs) explained 8.56% of the total genetic variation, at 4.32 and 4.24% for PC1 and PC2, respectively. PC1 clearly discriminated accessions with distant kinship to the XJ cultivars, including accessions from wild common apricot, the EU/SC groups, and the NW/NC group. PC2 separated groups among NE, KU, and P. sibirica. However, groups could not clearly distinguish landraces between NW and NC based on their geographical distribution, which may be owing to frequent genetic exchanges generated by selection or introduction, reflecting the complex domestication and breeding history of cultivated apricots.

The population structure and genetic ancestry of the 339 accessions were inferred using ADMIXTURE, with K values ranging from 2 to 10 (Figures 2C, D). The most suitable number of ancestral populations was determined to be K = 6, at which the lowest cross-validation error of 0.262 was obtained (Figure 2C). The results of the population structure analysis recapitulated the clear-cut genetic differentiation in the phylogenetic tree and PCA. This resulted in six distinct population clusters: NC, XJ, SC, NW, EU, KU, and NE (Figure 2D). Notably, in each population, there were always several individuals of ancestry from other populations (Supplementary Table S4). For instance, in the KU population, R20, R22, R24, and R27 had backgrounds similar to those of the NC population.

To better understand the adaptive selection of kernel-using apricot populations, we explored the genetic diversity and divergence of different populations using nucleotide diversity (π), Watterson’s estimator (θW), gene diversity/heterozygosity (He), and Tajima’s D. Across the genome, π, θW, and HE for the KU population were estimated to be 6.19 × 10−3, 6.03 × 10−3, and 6.04 × 10−3, respectively, indicating that the level of diversity and heterozygosity of kernel-using apricot are high; however, there were a large number of medium frequency alleles in the population, which may be caused by the bottleneck effect of the population. The Siberian apricot (Ps) had the highest level of genetic diversity (π = 7.05 × 10−3 and θW = 7.46 × 10−3), whereas the cultivated group NC had the lowest level with π = 5.68 × 10−3 and θW = 5.80 × 10−3 (Table 1). Linkage disequilibrium analysis supported similar results, in which LD decayed with an increase in the physical distance between SNPs in all groups (Supplementary Figure S2). When the LD coefficient decreases to the baseline level, the corresponding fragment length is defined as the LD decay value of the corresponding crop. The results indicated that there were a few regions with long LD blocks in these populations. Different patterns of LD decay were observed in different groups. The KU group had the highest baseline LD coefficient (0.16) and physical distances at which the LD decayed (50 kb), whereas the EU and NC groups showed the longest distance (> 100 kb) and shortest distance (< 20 kb), respectively.


Table 1 | Genetic diversity and Tajima’s D in apricot.






3.3 Phenotypic data

Two hundred and twenty-two accessions were evaluated for 19 different traits, including 10 kernel traits, seven seed traits, KR, and AR. The normal distribution and maximum, minimum, and mean values of these traits for different accessions are presented in Figure 3 and Supplementary Table S5. A high degree of variation was found in important quantitative characteristics related to kernel traits. The highest SDW was recorded for 80D05 4.62 g, whereas the lowest SDW of 1.10 g, was found in Baihuanna with a coefficient of variation (CV) of 24.51%. The mean SDW was recorded as 2.52 ± 0.62 g. A total of 10 genotypes had SDW > 3.50 g. Regarding SL, values varied from 18.58 mm in Lve to 39.52 mm in Tianhuangkouwai, with a CV of 13.75%, whereas SW ranged from 15.18 mm in Zaojinmi to 28.81 mm in Zhanggongyuan with a CV of 11.48. The average SL and SW were 27.70 and 22.56 mm, respectively. Broad sense heritability (H2) was estimated for 13 traits (Supplementary Table S5). High average values of H2 (> 85%) were observed for SL (94.46%), SW (88.96%), ST (86.84%), SL/SW (92.00%), and SL/ST (92.01%).




Figure 3 | Violin plots diagrams of 18 traits of 222 apricot accessions in 2019 and 2020.



Because the hardness of the stone of the kernel-using apricot increases the cost of opening the shell and using the kernel, STH, SBF, SH, and SLC were also used for germplasm evaluation in this study. The variability in SH was very high in different years, and the CV was 24.89% in 2019 and 22.60% in 2020. Values for SH varied from 305.31 N in Lve to 1573.37 N in Taohexing, whereas STH ranged from 2.95 mm in Momoxing to 0.80 mm in Luren with a CV of 20.47%. Mean SH and STH values were 889.25 N and 1.90 mm, respectively. In this study, a total of 18 genotypes had STH< 600 N or STH< 1.40 g. The lowest SLC was recorded for Weixuan NO1 16.54%, whereas the highest SLC of 38.02%, was found in Wantianxing with a CV of 13.08%. The mean SLC was recorded as 28.23 ± 4.68%. Compared with STH (80.43%), the H2 values of other shell-opening traits were lower in SH (61.10%) and SBF (17.08%).

The seed kernel is the main edible portion of kernel-using apricots and a higher KR ratio is an important agronomic attribute. The KR value ranged from 13.78% in Gaxing to 51.8%, in Luren with an average of 27.20% and CV of 21.83. A total of 11 accessions had KR > 35%. The KDW ranged from 0.17 g, in Tangwangchuan Dajiexing to 1.19 g in 80D05, with mean of 0.67 g and CV of 26.54. Thirteen genotypes had a KDW > 0.90 g. The distribution of KL ranged from 12.68 mm (in Caopixing) to 24.16 mm (in Tianhuangkouwai) with an average of 18.17 mm, whereas the distribution of KW ranged from 7.57 mm (Zaojinmi) to 18.58 mm (80D05) with an average of 13.28 mm. The CV of KL and KW were 12.32 and 11.82%, respectively. The KT ranged from 3.81 mm, in Liaoxing5 to 10.36 mm in Luren with an average of 6.34 mm and a CV of 13.52. The heritability of kernel traits was usually lower than that of stone shell traits. The H2 of KL, KW, KT, KL/KW, and KL/KT were 89.92, 88.08, 69.31, 86.37, and 76.32%, respectively. The SK trait is an important quality index in kernel-using apricots. The kernel taste of 123 accessions was sweet and that of the remaining 99 was bitter.

The Pearson’s correlation coefficient is an important statistical method for quantifying the association or coherence between two variables. The data for all traits were at an extremely significant between 2019 and 2020, with correlation coefficients ranging from 0.475 (AR) to 0.906 (SL/ST). The Pearson correlation coefficient matrix for the 18 quantitative traits is shown in Figure 4 and Supplementary Table S6. There was a highly significant correlation (P< 0.01) between the size of the stone (SDW, SL, SW, and FT) and kernel (KDW, KL, and KW). However, the KT correlations showed non-significant values for SL, SW, and KL. Highly significant correlations were also found between stone shape and kernel traits such as KL/KW, KL/KT, SL/SW, and SL/ST. The negative correlation between SH and SL/ST was −0.280, whereas it was 0.365, 0.334, 0.556, and 0.559 between SH and SDW, SH and SW, SH and ST, and SH and SBF, respectively. The correlation between STH and SH (0.493) was extremely significant (P< 0.01), whereas, STH also had a similar correlation with SH and other traits but no correlation between STH and SL/ST. Highly significant positive correlation values were observed between KR and KDW (0.395) and KT (0.400); however, negative correlations were observed between KR and STH (−0.579), and SH (−0.513), and stone sizes (SDW, SL, and KW). Of note, the correlation coefficient between KR and KL or KW was not significant, but that between KR and KT was significant. There was no reproducible correlation between SLC and other traits in different years, but a positive correlation was found between SLC and SH19 (0.231) in 2019.




Figure 4 | Correlation analysis of 18 traits in 2019 and 2020. The color and size of dots represent the correlation coefficient and p-value of corresponding traits respectively. Blue is positively correlated; red is negatively correlated.






3.4 Genome-wide association study and candidate genes prediction

The SNPs of 222 samples with phenotypic data were selected from 339 samples, and a phylogenetic matrix (Supplementary Figure S3) was constructed using the SNPs filter using MAF 0.05. The GWAS using the GLMM method revealed that 40 QTLs were associated with the10 traits investigated (Figure 5A), whereas no significant loci were detected for the remaining nine traits. All QTLs are list in Supplementary Table S7. The highest number of associated QTLs was observed on chromosome 1 (8) and the lowest in chromosome 8 (2). A total of 82 significant QTLs were found to be associated with the 14 traits in 2 years using the GLM method (Figure 5B), and no QTL was detected for the remaining five traits. The number of significant QTLs varied across various traits, ranging from 1 for KL/KW to 26 for KL (Supplementary Table S7). The chromosomal distribution of all identified QTLs revealed that Chr1 had the maximum number of significant QTLs, which were not evenly distributed in the genome, and four QTLs hotspots on chromosomes 2, 4, 6, and 7 were observed (Figure 5B). The percentage of phenotypic variation explained (PVE) and effect sizes for all the QTLs are shown in Supplementary Table S7. However, no significant associated loci were detected by either method for the two traits, such as AR and SLC.




Figure 5 | Chromosomes location of reliable QTNs detected using the GLMM (A) and GLM (B) method in this study. Genetic distance scale in physical position (Mbp) is placed at left margin. Green is for the QTNs of abortion rate (AR), red is for the QTNs of sweet kernel (SK), black is for the QTNs of kernel traits, cyan is for the QTNs of shell traits, and the box with a slash line is for the QTNs of stone traits.



Two repeatable QTLs, qtnKL_2.2 and qtnSL/ST_4.1, were located on chromosomes Chr2 16,051,059–16,051,521 bp (PVE 21%) and Chr4 25,762,245 bp (PVE 7%), respectively. According to the recently released genome sequence of apricot (Zhang et al., 2021) and gene annotation information, 35 candidate genes for the traits of interest were detected around the two repeatable QTLs (Supplementary Table S8), and 23 were annotated. There were 12 candidate genes at the qtnKL_2.2 locus, eight of which were annotated with the corresponding genes in the genome. These genes included, two interleukin-1 receptor-associated kinase [EC:2.7.11.1], 3-oxoacyl-[acyl-carrier protein] reductase [EC:1.1.1.100], DNA-directed RNA polymerase III subunit RPC8, two large subunit ribosomal protein L18Ae, leucine-rich PPR motif-containing protein, and alpha-amylase [EC:3.2.1.1]. Among qtnSL/ST_4.1, candidate genes were related to cell division and hormone synthesis, for example, cytochrome C oxidase assembly factor 1, pyruvate kinase [EC:2.7.1.40], cell division cycle 20-like protein, chitinase [EC:3.2.1.14], ATP-dependent RNA helicase UAP56/SUB2 [EC:3.6.4.13], somatic embryogenesis receptor kinase 1 [EC:2.7.10.1 2.7.11.1], DNA-directed RNA polymerase III subunit RPC2 [EC:2.7.7.6], and zinc finger SWIM domain-containing protein 3.

Nine reliable QTL that overlapped or clustered in Chr1 30,697,092–31,791,632 bp for KL, Chr1 32,42–33,70 Mb for SL/SW, Chr2 11.16–12.32 Mb for SW, Chr2 14.35 Mb for KDW, Chr2 26.88–27.25 Mb for KL, Chr4 14.54–15.17 Mb for SL, Chr5 1.16–3.30 Mb for SBF, Chr7 13.99–18.74 Mb for KL, and Chr8 12.88 Mb for SL/SW were identified in at least two years or methods, and these QTLs explained 6.50–19.76% of total phenotypic variation, respectively (Supplementary Tables S7, S8). Candidate genes and annotations of reliable QTLs (or clusters) are summarized in Supplementary Table S8. On Chr1, the QTL region of the SL/SW was detected in genes associated with cell division, DNA replication, and endocarp development, such as the replication licensing factor MCM2 [EC:3.6.4.12], DNA gyrase subunit B [EC:5.99.1.3], xyloglucan galactosyltransferase MUR3 [EC:2.4.1.-], shikimate O-hydroxycinnamoyltransferase [EC:2.3.1.133], beta-fructofuranosidase [EC:3.2.1.26], biotin synthase [EC:2.8.1.6], and cyclin-dependent kinase 12/13 [EC:2.7.11.22 2.7.11.23]. The QTL segment of SW in Chr2 was annotated to cell growth regulation genes, such as the transcription factor MYB, MADS-box transcription factor, gibberellin 20-oxidase [EC:1.14.11.12], gibberellin receptor GID1, proliferating cell nuclear antigen, fructokinase [EC:2.7.1.4], protein glucosyltransferase [EC:2.4.1.-], and (+)-neomenthol dehydrogenase [EC:1.1.1.208]. Furthermore, SNPs clustered in regions associated with more than one trait (SW, SL, KL, SDW, and KDW) and were identified on chromosomes 2, 4, 6, and 7.




3.5 Analysis of significant single-nucleotipde polymorphisms associated with sweet kernel trait

It is generally believed that almond sweetness is a quality trait; however, the number of associated regulatory genes remains uncertain (Negri et al., 2008). Interestingly, the GWAS using GLMM (Figures 6A, B) and GLM (Supplementary Figure S4) models for the SK detected five significant peaks on all chromosomes. Only two reliable loci assigned to the Chr3 (17.34–17.51 Mb) and Chr5 (11.88–13.80 Mb) were significantly associated with SK (P< 10−8). The location of SK on Chr5 is similar to that reported in almond, indicating that they were a homologous gene controlling SK trait (Sánchez-Pérez et al., 2019). Most of the variants with the highest peak association were assigned to approximately 12,131,145 bp on Chr5; therefore, a haplotype block spanning 12.0–12.2 Mb on Chr5 is also shown in Figure 6C. On Chr5, 322 candidate genes were predicted within the haploblock regions of significantly associated loci (Supplementary Table S9). In the six of these genes, the transcription factor MYC2 corresponded to the previously reported genes, whereas 18 candidate genes were new, and their functions were derived from the annotated information in near 12.12 Mb, such as methionine-gamma-lyase [EC:4.4.1.11], glyoxal/methylglyoxal oxidase [EC:1.2.3.15], cytochrome P450 family 78 subfamily A, cardiolipin-specific phospholipase [EC:3.1.1.-], acetylajmaline esterase [EC:3.1.1.80], and endoglucanase [EC:3.2.1.4].




Figure 6 | GWAS for sweet kernel trait base on the GLMM method. Manhattan plot (A), Q-Q plot (B), and LD heatmap in the 12.0–12.2 Mb segment on the Chr5 (C). The x-axis represents the position along a chromosome, the y-axis represents –log10 (p-value), and the red line indicates significance threshold at [–log10(0.1/3.47*10−6) = 7.8]. A representation of pairwise r2 values (a measure of LD) among all polymorphic loci in the LD heatmap.



There were 13 annotated genes on the 17.34–17.51 Mb segment of Chr3 (Supplementary Table S9). Among them, three genes were related to plant transcription factor and encoded the MADS-box transcription factor, transcriptional elongation factor elongin-A, and general transcription factor 3C. Pa03g10859.1, Pa03g10860.1, Pa03g10863.1, and Pa03g10871.1 were related to secondary metabolism and glycoside transport, such as citrate synthase [EC:2.3.3.1], V-type H+-transporting ATPase subunit D, actin related protein 2/3 complex, and galacturonosyltransferase 12/13/14/15 [EC:2.4.1.-]. The remaining six genes were considered responsible for encoding serine/threonine-protein phosphatase 5 [EC:3.1.3.16], ATP-dependent DNA helicase PIF1 [EC:3.6.4.12], aspartyl-tRNA(Asn)/glutamyl-tRNA(Gln) amidotransferase subunit A [EC:6.3.5.6 6.3.5.7], and 3 interleukin-1 receptor-associated kinase 4 [EC:2.7.11.1].





4 Discussion



4.1 Re-sequencing confirmed that most kernel-using apricots originated from the cross between the common and Siberian apricots

Owing to an unreliable cultivation history, the origin and taxonomic status of kernel-using apricot have been unclear. In recent years, these uncertainties have been addressed using molecular markers. The results of simple-sequence repeat markers suggested that P. cathayana is a natural interspecific hybrid between common apricot (P. armeniaca) and Siberian apricot (P. sibirica) (Zhang et al., 2014; Fu et al., 2016). In the present study, cluster analysis showed that most kernel-using apricots, which were actually P. cathayana, were derived from natural hybrids, whereas a few cultivars that did not have typical Siberian apricot characteristics were directly derived from common apricots. Based on maternal genetic characteristics, using chloroplast simple-sequence repeat markers, Zhang et al. (2018) further concluded that P. cathayana was formed by natural crosses between P. armeniaca and P. sibirica. Based on the resequencing data, functional enrichment of the different genes was conducted between the KU vs. NC, or KU vs. Ps groups, and these genes were significantly enriched in the carbohydrate metabolism pathway and the terpenoid and polyketide metabolism pathway (Zhang et al., 2021). Our results reconfirmed that the majority of the KU population (P. cathayana) was derived from natural hybrid; however, the genetic variation in KU was lower than that of the other groups because of their reproduction from a few genotypes by asexual grafting. Therefore, it is necessary to cross the common or Siberian apricots to expand the genetic background of kernel-using apricot.




4.2 Phenotypic evaluation facilitated trait improvement and selection in kernel-using apricot breeding

Studying trait variation in different cultivars is an important pre-requisite for breeding. The present study revealed a high level of variability in stone shell and kernel traits among apricot cultivars compared with previous study (Wani et al., 2017). All traits were highly polymorphic in all apricot accessions. SDW and KDW are the two most important indices of yield in kernel-using apricots, and KDW is a distinct property of kernel quality that distinguishes modern cultivars from their small-fruit wild ancestors. In this study, KDW showed a large variation from 0.17 g (accession Tangwangchuan Dajiexing) and 1.19 g (“80D05”), and SDW ranged from 0.72 to 4.62 g. In general, the KDW of the kernel-using apricot was the highest, followed by that of the fresh-using apricot, whereas that of the Siberian apricot was the lowest. Our results show that some varieties of fresh apricot cultivars with KDW greater than 1 g, such as Momoxing and Huangkouwai, could be used as potential parents for genetic improvement in kernel-using apricot breeding.

The physical traits of apricot shells do not affect the organoleptic characteristics of the kernel; nevertheless, they are very important properties in all harvesting and industrial processes and must also be considered during cultivar evaluation (Sánchez-Pérez et al., 2019). Shell traits included STH, SBF, SH, and SLC. In the present study, coefficients of variation of these traits ranged from 9.59 to 36.10%, indicating that these accessions had abundant genetic diversity. For example, Keziaqia, Saimaiti, Hacihaliloglu, Luren, Dashanxing, C202-1, and B110-2 are important parents for improving the kernel yield and shell processing breaking force properties.

The close relationship between traits could facilitate or hinder the breeding process, as the selection for a given trait could favor the presence of another desirable or undesirable characteristic of the fruit tree. In the present study, highly significant correlations were found between shell and kernel traits, which indicated that the endocarp and kernel have similar shapes, because the stone shell determines the final shape of the kernel that will be developed inside. Positive correlations were observed among the variables related to stone shell or kernel traits, except for KT. The correlation between SL and SW or ST was 0.525 and 0.202, respectively. The correlation between KL and KW was significant at 0.412, whereas that between KL and KT was insignificant. Regarding kernel yield, the positive correlation obtained between KR and kernel weight was highly significant, whereas a negative correlation was found between KR and stone weight or size. Moreover, KR inversely correlated with STH, SH, and SBF. Correlation coefficients in apricots showed that KR mainly depends not on KL and KW, but on KT (r2 = 0.36). In almond, the in-shell/kernel ratio was positively correlated with shell weight (−0.82) and shell hardness (−0.84) (Sánchez-Pérez et al., 2007b). Our result is similar to that of almonds (Dicenta and García, 1993; Sánchez-Pérez et al., 2007b), and an important conclusion was that although the thickness and hardness of the shells do not affect the weight of the kernel, the final yield of the orchard is affected. Therefore, harvesting depends on the thickness of the produced kernels and their weight, which is independent of the shape of the shell or kernel. However, the correlation coefficient between KR and KT was extremely significant, suggesting that improvement in the KT trait would be beneficial for increasing kernel yield in breeding.

Apricot stone and kernel traits should be considered in kernel-using apricot breeding programs. The continuous variation exhibited by the quantitative traits that plant breeders deal with includes heritable and non-heritable components. The parameters of stone and kernel traits, including size, shape, and thickness, are heritable and must be considered in the design of crosses for breeding programs. Therefore, in the present study, the heritability of stone and kernel traits was determined based on a one-way ANOVA of apricots. The result showed that the heritability of the shell size and shape was higher than that of the kernel, and the heritability of SL was the highest (94.46%). High heritability estimates indicate that the selection of these traits is effective and less influenced by environmental factors (Shen, 1997). High heritability estimates were obtained for stone and kernel size traits, indicating that selection for these traits would be more effective. The heritability of KT was moderate (69.31%); however, it was highly correlated with kernel yield.

Although physical traits do not affect the organoleptic characteristics of apricot kernels, they are important in the processing industry. Stone shell traits include shell thinness and hardness and affect nut cracking. The heritability of STH, SH, and SBF was 80.43, 61.10, and 17.08%, respectively, which indicated that SH and SBF were highly affected by the environment during the process of shell opening. These results agree with the findings of the almond study (Socias i Company et al., 2009).




4.3 Genome-wide association study analysis identified quantitative trait loci and screened candidate genes for certain traits of the stone shell or kernel

Owing to differences in recombination rates, selective pressures, and effective population sizes, LD decay may vary across populations; for example, narrow-based germplasm groups have longer LD blocks than broad-based germplasm groups. In the present study, the LD decay in KU (~40 kb) was longer than that in the other studies, perhaps owing to a consistent cultivation environment that resulted in a narrow genetic background and vegetative propagation (Cao et al., 2014). The LD level was higher for domesticated (including XJ and EU) apricot than for the semi-wild group (NE), an observation that has also been reported in peach, soybean, and rice. Reported values include those for wild peach (~10 kb) (Tan et al., 2021) and improved variety (540–1640 kb) (da Silva Linge et al., 2021), wild soybean (~75 kb) and cultivated soybean (~ 150 kb) (Lam et al., 2010), wild rice (~ 10 kb) and cultivated rice (65–200 kb) (Xu et al., 2012). In the present study, we detected the QTLs of 19 traits using GWAS in apricots, and only some significantly associated loci or traits were detected in a certain year, which may be related to the rapid LD decay in apricot populations. We found that the LD values to the baseline for the entire population were ~20 kb, which is comparable with those estimated for the native Chinese plum (Huang et al., 2021) and peach (Cao et al., 2016).

The inheritance of kernel taste in almonds is characterized as a monogenic trait (Dicenta and García, 1993) and mapped to the central region of Chr5 (Dirlewanger et al., 2004). Subsequently, the gene underlying the SK locus was shown to be a transcription factor (bHLH2), which is considered to be responsible for regulating the transcription and expression of the P450 monooxygenase–encoding genes, involved in the amygdalin biosynthetic pathway (Sánchez-Pérez et al., 2019). Bitterness is determined by the presence of prunasin/amygdalin, which is synthesized in the bark and leaves of trees and then transported to developing kernels. In a previous study, data from spectrophotometric assays indicated that seed cyanoglucoside content cannot be regarded as a quantitative trait. The results of several F1 segregation populations suggested that all segregation ratios of SK can be explained by an inheritance mechanism based on five non-linked genes involved in two distinct biochemical pathways (Negri et al., 2008). Therefore, these genes control cyanoglucosid biosynthesis and transport in apricots. In the present study, we also found a 46.77 kb gene cluster encoding six MYC2 transcription factors, which are responsible for regulating amygdalin biosynthesis. Similar to the multi-gene hypothesis, we also detected a new reliable genetic locus of SK on the region of Chr3 in 17.34–17.51 Mb, which are related to glycoside transport, such as V-type H+–transporting ATPase and galacturonosyltransferase.

Kernel size is an important phenotypic trait that distinguishes kernel-using cultivars from fleshy cultivars. Discovering the major loci underlying the genes that determine stone and kernel size has been a high priority because of the importance of kernel size for growers’ profitability and requirement of breeders. Fruit size is a classic quantitative trait controlled by many loci. In almonds, a total of 14 putative QTLs controlling these traits were detected, including three for KW, three for KT, and four for KL, but the low phenotypic variance explained less than 30% of the variation found for all these traits (Fernández i Martí et al., 2013). In the current study, four repeatable QTLs for KL were identified on Chr1, 2, and 7, and one QTL each for SW, KDW, and SL was located on Chr2, 2, and 4, respectively. Notably, in the present study, many loci regulating stone or kernel size were trait-rich clusters on Chr1, 2, 3, 4, 6, and 7, although most loci could not be repeatedly detected in different years or using different methods. The results were similar for fruit or kernel size in other species, such as peaches (Cao et al., 2016), cherries (De Franceschi et al., 2013), apricots (Zhang et al., 2022b), and almonds (Fernández i Martí et al., 2013). Two QTLs for fruit size were mapped to Chr2 and Chr6 in the sweet cherry genome; one gene, PavCNR12, contributed to an increase in fruit size by increasing cell number, and the other gene was a member of the Cytochrome P450 (CYP) subfamily (PaCYP78A979), which is also a candidate gene for a fruit weight QTL identified in peaches (De Franceschi et al., 2013). In peaches, two genes encoding E3 ubiquitin protein ligase were mapped on Chr4 at approximately 2 Mb and on Chr5 at 8 Mb, and they could alter the number of cells and contribute to fruit size and weight (Cao et al., 2016). These candidate genes were also annotated on the QTLs in the present study, suggesting that these QTLs are co-located across species.

In addition, the QTLs for nut shape were located in Chr1, 5, and 7 bases on the linkage map with 56 simple-sequence repeat markers in almond (Fernández i Martí et al., 2013). However, in the present study, three reliable QTLs for stone-shape traits (qtnSL/SW_1.2, qtnSL/ST_4.1, and qtnSL/SW_8.1) were located on Chr1, 4 and 8, respectively. These SL/SW QTL regions were annotated as candidate genes associated with cell division, DNA replication, and endocarp development.

The structure of the apricot shells is important for industrial processing. In almonds, shell hardness is usually measured using the kernel percentage, which is the proportion of the dry kernel weight to the total stone weight (kernel and shell) and has been considered as a qualitative characteristic determined by a single gene (D/d) located in the middle of Chr2 (Arús et al., 1999). Dicenta and García (1993) considered shell hardness as quantitative, with medium heritability (56%). When the progeny were examined for quantitative traits, two QTLs were detected for shell hardness, a major QTL located in the same position as Chr2, and a minor QTL located in the distal part of Chr8 (Arús et al., 1999). In the present study, STH, SH, and SBF were used to evaluate the physical properties of the stone shell, and their heritability was 80.43, 61.10, and 17.08%, respectively. In addition, eight loci for STH and one locus for SH were unevenly located on Chr1, 2, 3, 4, and 5; however, these loci were not reproducible. QTLs for SBF were also found in Chr2, 5, and 8. We found locus qtnSTH_2.2 on Chr2 in the region of 7.59–9.45 Mb, which is related to multiple tandem genes associated with lignin synthesis and regulation, such as phenylalanine ammonia-lyase (Pa02g07108.1 and Pa02g07109.1), tyramine N-feruloyltransferase (Pa02g07115.1 and Pa02g07116.1), three caffeic acid 3-O-methyltransferase genes (Pa02g07215.1, Pa02g07216.1, and Pa02g07217.1), and seven 3-hydroxyisobutyryl-CoA hydrolase genes. This result is consistent with the differences in expression at the transcriptional and metabolic levels (Zhang et al., 2022a). We still need to dissect trait-rich QTL regions and narrow QTL regions to reduce the number of candidate genes, and the development of marker-assisted selection tools with high accuracy and efficiency is necessary for kernel-using apricot breeding.

In apricots, in a perfect flower, the pistil is stronger and longer than the stamens and can successfully bear fruit after pollination. However, flower development in apricots is a complex process that is strongly affected by genetic factors and environmental conditions, which may result in pistil abortion. Pistil-aborted flowers can fail to bear fruit. Based on the linkage map of specific-locus amplified fragment markers, several QTLs of pistil abortion were detected and mapped to the middle regions of LG5 (equivalent to the current Chr2) and LG6 (equivalent to the current Chr1), with nine markers closely linked to it (Zhang et al., 2019). In the present study, we analyzed the genetic loci of AR by GWAS, and detected seven QTLs by the GLMM method, and only two loci (qtnAR_2.1 in AR19 and qtnAR_2.2 in AR20) were located on the Chr2 at 14.43–17.34 Mb, which was annotated to calcium-binding protein CML (Pa02g08051.1), transcription factor MYC2 (Pa02g08065.1), cell division protease (Pa02g08066.1), and glucuronyl/N-acetylglucosaminyl transferase (Pa02g08067.1) genes. This difference may have been caused by the different evaluation methods or detection accuracies.

There are two frequently QTL mapping methods for complex traits at present: one is genetic linkage analysis based on segregating populations derived from two parental lines, and the other is GWAS using natural variation population. For a specific locus, genetic linkage analysis can only detect polymorphic loci in the segregation population and two alleles segregated from each locus in a diploid species (Ruiz et al., 2010; García-Gómez et al., 2019), while GWAS can detect the genetic effects of multiple alleles (da Silva Linge et al., 2021; Fu et al., 2021). When multiple QTL control a trait, their alleles of positive or negative effect (increasing or decreasing trait value) tend to be dispersed among genetic stocks, with positive alleles at one or some loci but negative alleles at others (Xu, 2010). Therefore, allele dispersion or association phenomena appears in QTL mapping through WGAS approach (Xu, 2010), which may be the reason for the generally low PVEs of the alleles in this study. However, these important QTLs and candidate genes will be analyzed by quantitative real-time PCR or other methods during the critical development stage.

In the present study, we demonstrated the origin and genetic diversity of kernel-using apricots based on re-sequencing data. Seventeen physical traits of stone shells and kernels were studied for the first time in apricots by observing their quantitative nature, correlations, and heritability. Our results also identified QTLs and candidate genes associated with these physical parameters, kernel taste, and pistil abortion traits to provide a genetic framework for use in breeding program to improve the quality of kernel-using apricots.
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Supplementary Figure 1 | The distribution of markers generated from the whole-genome resequencing of the 339 accessions. The mutation sites were scanned using overlap-free sliding windows, where the default windows length is 100 kb. (A) single-nucleotide polymorphisms (SNPs); (B) insertion/deletion (INDELs).

Supplementary Figure 2 | The chart of linkage disequilibrium (LD) decay in different populations.

Supplementary Figure 3 | Hierarchical cluster analysis and the kinship matrix in 222 apricot accessions. Red indicates high level, whereas low values are shown in green.

Supplementary Figure 4 | GWAS for sweet kernel trait base on the GLM method. Manhattan plot (A), Q-Q plot (B).
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MADS-box is a large transcription factor family in plants and plays a crucial role in various plant developmental processes; however, it has not been systematically analyzed in kiwifruit. In the present study, 74 AcMADS genes were identified in the Red5 kiwifruit genome, including 17 type-I and 57 type-II members according to the conserved domains. The AcMADS genes were randomly distributed across 25 chromosomes and were predicted to be mostly located in the nucleus. A total of 33 fragmental duplications were detected in the AcMADS genes, which might be the main force driving the family expansion. Many hormone-associated cis-acting elements were detected in the promoter region. Expression profile analysis showed that AcMADS members had tissue specificity and different responses to dark, low temperature, drought, and salt stress. Two genes in the AG group, AcMADS32 and AcMADS48, had high expression levels during fruit development, and the role of AcMADS32 was further verified by stable overexpression in kiwifruit seedlings. The content of α-carotene and the ratio of zeaxanthin/β-carotene was increased in transgenic kiwifruit seedlings, and the expression level of AcBCH1/2 was significantly increased, suggesting that AcMADS32 plays an important role in regulating carotenoid accumulation. These results have enriched our understanding of the MADS-box gene family and laid a foundation for further research of the functions of its members during kiwifruit development.
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1 Introduction

MADS-box genes encode one of the largest transcription factor (TF) families in plants and play a vital role in various aspects of plant development, especially in flower organogenesis (Messenguy and Dubois, 2003; Hassankhah et al, 2020). MADS-box TFs contain a highly conserved MADS-box DNA-binding domain, which is composed of 56–58 amino acids in the N-terminal region that bind to CArG boxes (CC(A/T)6GG), regulating the transcription of downstream genes (Becker and Theissen, 2003). Plant MADS-box genes have been subdivided into two main types: type I and type II (Alvarez-Buylla et al., 2000). Type I contains 1 or 2 exons, encoding an SRF-like MADS domain, and has been further subdivided into three groups: Mα, Mβ, and Mγ. Type II TFs generally contain six introns and seven exons, encoding four domains: MADS, I, K, and a C-terminal domain (Henschel et al., 2002). The first exon encodes an MEF2-like or MIKC type MADS domain; therefore, type II genes have been divided into Mδ/MIKC* and MIKCc groups (Kaufmann et al., 2005). The MIKCc genes have been further divided into 14 subgroups based on their phylogeny.

Current studies on MADS mainly focused on exploring the regulatory role of MIKCc-type genes in plant growth and development, involving almost all related aspects, such as floral organ formation, fruit development and maturation, root and leaf development (Henschel et al., 2002; Kaufmann et al., 2005; Li et al., 2019), etc. In the ‘ABCDE’ model of floral organ development, most floral organ characteristic genes belong to the MIKCc-type, which participate in the regulation of the homologous transformation of floral organs (Saedler et al., 2001; Becker and Theissen, 2003). In respiratory climacteric fruit tomato, SlMBP8 inhibits tomato fruit maturation by negatively regulating ethylene biosynthesis (Yin et al., 2017), while RIN and FUL1/FUL2 act as global regulators of ripening, affecting the climacteric rise of ethylene, pigmentation changes, and fruit softening, and regulating carotenoid synthesis (Shima et al., 2014; Stanley and Yuan, 2019). In sweet orange (Citrus sinensis), CsMADS5 and CsMADS6, homologues of FRUITFULL and SlTAGL1, have been shown to upregulate carotenoid biosynthesis by activating the transcription of PSY, PDS, and LCYb1 (Lu et al., 2018; Lu et al., 2021). Recently, MdMADS6 has been identified in apple to be involved in the regulation of carotenoid biosynthesis in fruits (Li et al., 2022). In Arabidopsis thaliana, at least seven members of MADS are preferentially expressed in roots, and the MIKCc subfamily gene ANR1 is almost exclusively expressed in the roots (Burgeff et al., 2002) and the MIKCc subfamily gene AGL14 regulates auxin transport during root growth and development in Arabidopsis (Garay-Arroyo et al., 2013).

In recent years, MADS-domain proteins have been identified in Arabidopsis (Parenicová et al., 2003), tomato (Wang et al., 2019), rice (Arora et al., 2007), soybean (Shu et al., 2013), apple (Tian et al., 2015), and pear (Wang et al., 2017). However, the MADS-box family has not been systematically analyzed in kiwifruit. Kiwifruit is one of the most successful domesticated fruit trees in modern times and its fruit is rich in vitamin C (Huang et al., 2013). In kiwifruit, only four MADS-box genes in the SVP subgroup have been identified, including SVP1, SVP2, SVP3, and SVP4. SVP1–4 have high expression levels in bud tissue and play an important regulatory role in flower bud differentiation and flowering time (Wu et al., 2012; Wu et al., 2014; Wu et al., 2017). In this study, the MADS-box gene family was comprehensively identified in the kiwifruit genome and the expression profiles of its members were analyzed under different abiotic stresses and during fruit development. In addition, the regulatory function of AcMADS32 in carotenoid biosynthesis was verified through stable overexpression in kiwifruit. The results provide a comprehensive understanding of the MADS-box gene family in kiwifruit and have laid a foundation for further research on the functions of its members during the development of kiwifruit.




2 Materials and methods



2.1 Plant material and treatment

Mature leaves, roots, stems, and flowers were collected from three 10-year-old kiwifruit trees (Actinidia chinensis var. chinensis ‘Donghong’) in Pujiang County (103°51’ E, 30°42’ N), Chengdu, China. Fruit samples during development were collected at 60, 90, and 150 days after anthesis (Liang et al., 2020). At least 18 fruits were collected each time, and six were mixed as a replication. All samples were prepared for three biological replicates. Samples were transported to the laboratory as soon as possible and stored at −80°C for RNA extraction.

The sterile tissue culture seedlings of ‘Jinyan’ (A. chinensis × A. eriantha, a yellow-fleshed kiwifruit cultivar bred in China) were used for stress treatments, referring to our previous study (Xia et al., 2022). Sixty 4-month-old seedlings with ten leaves were equally divided into five groups for treatments, including the control (CK), dark treatment (DK), low-temperature treatment (LT), PEG-simulated drought treatment (DR), and salt treatment (ST). Except for the LT group growing at 4 ± 2°C, the other four treatment groups were all cultured at 25 ± 2°C, light/dark 16 h/8 h. The DK group was shaded with black cloth, the DR group was treated with 40% (w/v) PEG-6000 to simulate drought stress, and the ST group was treated with 100 mmol/L NaCl. After 48 h treatment, the leaves of every four seedlings were sampled and mixed as one replicate, repeated three times. Samples were stored at −80°C immediately after being flash-frozen in liquid nitrogen.




2.2 Identification of MADS gene family members in kiwifruit

DNA sequence, CDS sequence, protein sequence, and gff3 files of the ‘Red5’ kiwifruit genome were downloaded from the Kiwifruit Genome Database (www.kiwifruitgenome.org). The protein sequences of 107 Arabidopsis MADS were downloaded from the TAIR website (www.arabidopsis.org/). The domain sequence (HMM model file) of MADS transcription factor (code: PF00319) was downloaded from the Pfam website (http://pfam.xfam.org/) as the seed file to search MADS proteins in the kiwifruit genome file (set e-value at 0.01) by running a hidden Markov model (HMM) search. The searched proteins were compared with Arabidopsis MADS using multiple BLAST; incomplete and repeated sequences were deleted, and the remainder were identified as AcMADS genes.




2.3 Physical and chemical property analysis and subcellular localization

Online software ExPASy (https://web.expasy.org/protparam/) was used to predict the number of amino acids, molecular weight, and isoelectric point. Wolf PSort (https://wolfpsort.hgc.jp/) was used to predict the subcellular localization of the MADS protein sequences.




2.4 Chromosome localization

The location information of MADS genes on the kiwifruit chromosome was extracted from the gff3 file and submitted to the MG2C (http://mg2c.iask.in/mg2c_v2.0/) website to draw chromosome location maps.




2.5 Gene structure and conserved motif analysis

The distribution information of introns and exons of AcMADS genes was obtained from the gff3 file of the kiwifruit genome and submitted to the Gene Structure Display Server (http://gsds.gao-lab.org/) to draw the gene structure map. The online software MEME (http://meme-suite.org/tools/meme) was used to search for conserved motifs.




2.6 Phylogenetic analysis

After multiple sequence alignment of the MADS proteins of kiwifruit and Arabidopsis by ClustalW, a phylogenetic tree was constructed using the neighbor-joining (NJ) method with the following parameters: p-distance model, paired deletion, bootstrap 1,000, and other parameters to default.




2.7 Intragroup collinearity analysis

Collinearity relationships within the kiwifruit genome were analyzed using MCScanX (Wang et al., 2012) with default parameters. Pairs of collateral homologous genes were screened according to the following criteria: the sequence similarity of two genes was greater than 75% with more than 75% alignment length of the longer one. Circos (Krzywinski et al., 2009) was used to visualize the relationship between the chromosomal location of the MADS genes, and KaKs_Calculator 2.0 (Wang et al., 2010) was used to calculate the Ka/Ks value of MADS paralogues.




2.8 Putative cis-regulatory elements analysis

The upstream 1,500 bp promoter sequences of the AcMADS start codons were extracted from the kiwifruit genome data file and submitted to PlantCARE (http://www.dna.affrc.go.jp/PLACE/signalscan.html) for prediction analysis of cis-acting elements.




2.9 Gene expression analysis by qRT-PCR

Total RNA was extracted and quantified using a NanoPhotometer® spectrophotometer (Implen, Westlake Village, CA, USA). A 1 μg aliquot of extracted RNA was reverse transcribed into cDNA using a PrimeScript™ RT reagent kit with gDNA Eraser (Perfect Real Time) (Takara, Dalian, China). The primers were designed using Primer Premier5.0 and are listed in Table S1. qRT-PCR was performed with a CFX96 instrument (Bio-Rad, CA, USA) using a SYBR Premix Ex Taq Kit (Takara, Dalian, China) with the following parameters: 95°C for 10 s, followed by 40 cycles of 95°C for 10 s and 60°C for 30 s. Three technical and biological replicates were established for each reaction. The relative expression level was calculated using the 2-△△ Ct method (Livak and Schmittgen, 2001).




2.10 Generation of transgenic kiwifruit

Sterile kiwifruit seedlings (A. eriantha cv. White) maintained in our laboratory were used for stable transformation and were subcultured on Murashige and Skoog (MS) medium supplemented with 1.0 mg L-1 6-benzylaminopurine (6-BA) and 0.1 mg L-1 naphthaleneacetic acid (NAA).

The leaves were precultured on MS medium containing 3.0 mg·L−1 zeatin (ZT) and 0.1 mg·L−1 NAA for 3 days and transferred to Agrobacterium suspension containing recombinant plasmid PBI121-35S-AcMADS32 for infection for 10 min. They were co-cultivated in the dark on MS medium consisting of 100 μmol·L−1 acetosyringone, 3.0 mg·L−1 ZT, and 0.1 mg·L−1 NAA for 2 days. Afterward, the explants were inoculated into MS medium supplemented with 20 mg·L−1 kanamycin and 200 mg·L−1 timentin to induce callus information. After 4 weeks, the calluses with bud spots were transferred into MS medium supplemented with 2.0 mg·L−1 6-BA, 0.1 mg·L−1 NAA, 20 mg·L−1 kanamycin, and 200 mg·L−1 timentin and cultured under a light intensity of 90 μmol·m−2·s−1, a photoperiod of 16 h light/8 h dark, a temperature of 25 ± 2°C, and a relative humidity of 75%.




2.11 Determination of carotenoid content in the transgenic lines by HPLC

Carotenoid content was determined using the HPLC method described previously (Xia et al., 2022). Briefly, an Agilent 1260 HPLC system (Agilent, Santa Clara, USA) equipped with a VWD detector and a YMC C30 column (250 mm × 4.6 mm, 5 μm) were used. Solvent A (30% methyl tertbutyl ether) and solvent B (70% methanol) were used as the mobile phase, with a flow rate of 0.5 ml/min, a column temperature of 25°C, and a detection wavelength of 450 nm.





3 Results



3.1 Identification and chromosome localization of MADS-box genes in kiwifruit

A total of 80 genes were initially predicted as MADS genes. After removing redundant protein sequences and confirming the integrity of conserved domains, 74 MADS genes were identified (Table S2). These genes were randomly distributed on 25 chromosomes (Figure 1), among which Chr7 and Chr21 were the most with seven, Chr23 with six, and Chr10, Chr22, Chr27, and Chr29 with only one, and the number of MADS genes on the other 19 chromosomes ranged from two to four. According to their position on chromosomes, they were named AcMADS1–74.




Figure 1 | Chromosome locations of the identified AcMADS genes.






3.2 Physicochemical properties and subcellular localization of AcMADS gene family members

The basic information of AcMADS, including amino acids, molecular weight, isoelectric point, instability, and the fat solubility index were analyzed by using ExPASY (listed in Table S2). The lengths of the amino acid sequences of 74 MADS-box proteins varied greatly, ranging from 137 to 499 aa, with the corresponding molecular weights ranging from 15.32 to 56.40 kDa, with protein isoelectric points of 4.59–10.2. Based on GRAVY analysis, 52 AcMADS proteins were alkaline, accounting for 70.3%, and all AcMADS proteins were hydrophilic. Subcellular localization prediction found that 57 AcMADS genes were most likely localized in the nucleus, accounting for 77%, and seven were most likely located in the cytoplasm. AcMADS1, AcMADS20, AcMADS43, AcMADS56, and AcMADS63 had the highest probability of localizing in mitochondria. AcMADS8, AcMADS10, AcMADS17, AcMADS54, and AcMADS73 are most likely located in the chloroplast (Table S2).




3.3 Gene structures and conserved motif analysis in AcMADS-box genes

A phylogenetic tree was constructed using the AcMADS protein sequences (Figure 2A) and gene structure was analyzed (Figure 2B). A total of 74 AcMADS-box genes were mainly divided into two categories: 57 type-II MADSs (in purple) and 17 type-I MADS (in green). The number of exons ranged from one to 11. Almost all type-I AcMADS genes contained only one exon, except AcMADS17, which contained two exons. Most type-II AcMADS genes contained seven to eight exons, except AcMADS24, AcMADS44, and AcMADS72, which had 11 exons.




Figure 2 | (A–C) Evolutionary analysis of kiwifruit MADS proteins (A), gene structure (B), and conserved motifs (C).



The conserved motifs of AcMADS were predicted using the online software MEME; 10 motifs were detected (Figure 2C; Table S3). Motif1 and motif3 were MADS domains and motif4 and motif5 were K-box domains. Almost all AcMADS proteins contained the MADS domain. In addition to AcMADS24 and AcMADS72, type-II AcMADS proteins contained the K-box domain, whereas type-I AcMADS proteins contained only the MADS domain.




3.4 Phylogenetic analysis of AcMADS genes

A phylogenetic tree of MADS proteins in kiwifruit and A. thaliana was constructed using the NJ method. A total of 17 type-I genes could be further subdivided into three subclasses: Mα, Mβ, and Mγ, containing 10, one, and six members, respectively (Figure 3A). A total of 57 type-II genes could be divided into two subfamilies, Mδ/MIKC* (five members) and MIKCc, which could be further subdivided into 12 groups: SEP, AGL6, FUL, SOC1, AGL15, AP3/PI, AG, SVP, ANR1, AGL12, BS, and FLC (Figure 3B).




Figure 3 | Phylogenetic analysis of the MADS-box gene family in kiwifruit. (A) Phylogenetic tree of MADS-box proteins in Actinidia chinensis (white dot) and Arabidopsis thaliana (black dot), with red as AcMADS and black as AtMADS. (B) Phylogenetic analysis of the MIKC gene family in Actinidia chinensis and Arabidopsis thaliana.






3.5 Collinearity analysis of AcMADS genes

To identify duplication events in AcMADS genes, a collinearity analysis was performed using MCScanX software (Figure 4; Table S4). A total of 33 segmental duplications were detected, which might be the main force driving the expansion of the MADS gene family.




Figure 4 | Collinearity analysis and gene duplication of AcMADS-box in kiwifruit.



Ka/Ks was widely used to detect whether genes had been subjected to selection pressure during evolution. The results showed that Ka/Ks of most collinearity pairs was less than 1, indicating that these genes might have undergone strong purifying selection during evolution. The Ka/Ks value of AcMADS19/AcMADS37 was greater than 1, suggesting that the genes might have experienced positive selection (Table S4).




3.6 Analysis of the cis-acting elements of AcMADS-box genes

To further explore the function of MADS genes in kiwifruit, the cis-elements of gene promoters were predicted using the PlantCARE website. Light signal-related elements were detected in 65 of 74 MADS gene promoters, among which AcMADS15 had the most with 10. All AcMADSs except AcMADS28 had hormone-associated cis-acting elements, such as those responding to auxin, abscisic acid, gibberellin, salicylic acid, and methyl jasmonate. In addition, abiotic stress-related response elements, such as drought and low temperature, were also detected (Figure 5; Table S5).




Figure 5 | Collinearity analysis and gene duplication of AcMADS-box in kiwifruit.






3.7 Expression profiles of AcMADS genes in different tissues

Nine AcMADS genes from different groups were randomly selected for expression analysis in the leaves, stems, roots, and fruits of the kiwifruit by qRT-PCR (Figure 6). The tissue-specific expression characteristics of these genes were different. AcMADS14 was highly specifically expressed in roots. AcMADS19 and AcMADS23 were highly expressed in leaves. Only AcMADS31 was highly expressed in fruit, while AcMADS2, AcMADS30, and AcMADS74 were highly expressed in flowers. However, there was no highly specific expression of AcMADS in stems. These results suggest that different AcMADS members may be functionally differentiated during evolution, thus influencing different aspects of plant development.




Figure 6 | The tissue-specific expression of AcMADS genes. Data are mean ± standard error (n=3), with different letters indicating significant differences among treatments (P<0.05).






3.8 Expression profiles of AcMADS genes under various abiotic stresses

The expression profiles of AcMADS genes were detected under darkness, low temperature, drought, and salt stress (Figure 7). AcMADS19 and AcMADS74 were induced to be highly expressed in response to drought stress. With low-temperature treatment, AcMADS14, AcMADS19, and AcMADS44 were upregulated, and the expression of AcMADS14 was increased by fourfold, while AcMADS23, AcMADS31, and AcMADS74 were downregulated. Under dark treatment, AcMADS19 expression dramatically increased over 120 times compared with the control. Under salt stress, AcMADS14, AcMADS19, AcMADS23, AcMADS44, and AcMADS73 were upregulated, while AcMADS30 and AcMADS31 were downregulated.




Figure 7 | Relative expression levels of AcMADS genes under different stresses. CK, control; DK, dark; LT, low temperature; DR, drought; ST, salt. Data are mean ± standard error (n=3), with different letters indicating significant differences among treatments (P<0.05).






3.9 Expression of AcMADS genes at different fruit growth stages

It has been reported that MADS-box genes play an important role in the regulation of fruit development and ripening (Karlova et al., 2014); therefore, the expression profiles of AcMADS genes during fruit development were analyzed based on our previous RNA-seq data on ‘Donghong’ kiwifruit (Liang et al., 2020). A total of 33 AcMADSs were expressed during fruit development, including four type-I genes, AcMADS8, AcMADS23, AcMADS43 and AcMADS73, the expression levels of which were lower than those of the type-II genes (Figure 8).




Figure 8 | Expression heatmap of AcMADSs at different fruit growth stages in kiwifruit.



Some type-II genes had relatively high expression levels and changed significantly at different stages, including AcMADS32, AcMADS48 (AG group), AcMADS2, AcMADS53 (AP3/PI group), AcMADS51 (SVP group), AcMADS4, AcMADS7, AcMADS22, AcMADS36, AcMADS65, AcMADS74 (SEP group), and AcMADS45 (FUL group). The expression level of AcMADS32 was higher at the young fruit stage (60 days) and fruit maturity stage (150 days), and the expression level of AcMADS48 (AG) increased gradually with fruit growth. The expression levels of AcMADS22 and AcMADS74 (SEP) remained high throughout the development period. The expression pattern of AcMADS51 in the SVP group was similar to that of AcMADS32.




3.10 Overexpression AcMADS32 in kiwifruit regulated the expression of carotenoid synthesis genes

Previous studies have shown that MADS in the AG group may be involved in the regulation of carotenoid accumulation (Stanley and Yuan, 2019). AcMADS32 is a member of the AG group, and its expression pattern during fruit development was consistent with the change in carotenoid content in our previous study (Xia et al., 2021 and Xia et al., 2022); therefore, we selected AcMADS32 and verified its role in carotenoid accumulation by overexpressing it in kiwifruit. Six positive strains were obtained through PCR amplification of DNA from 26 resistant buds (Figure 9A). The leaves of the transgenic kiwifruit plants were significantly more yellow than those of the wild type (Figure 9B). The expression level of AcMADS32 was significantly higher than that of the wild type, and the expression of OE-8 was more than 100 times that of the wild type (Figure 9C). Carotenoid biosynthetic gene expression in wild type and the transgenic line was further examined by qRT-PCR (the carotenoid biosynthesis pathway is shown in Supplementary Figure 1). The results showed that the expression patterns of carotenoid pathway genes in transgenic strains were inconsistent (Figure 9D). PSY, LCYE, ZEP, and CCD1 (in the carotenoid biosynthetic pathway as shown in Supplemental Figure 1) were significantly downregulated in almost all AcMADS32-overexpressing lines, while CRTISO, BCH1, BCH2, and FUL1 were upregulated. VDE was downregulated in most transgenic lines, except for OE-8, in which it was upregulated. ZDS was upregulated in OE-1, OE-6, and OE-8, but down-regulated in OE-7 and OE-9. The expression pattern of CYP97 and LCYB1 in transgenic strains was similar to that of ZDS.




Figure 9 | (A–D) AcMADS32 overexpression in kiwifruit verified by PCR (A), phenotype (B), and the relative expression level of AcMADS32 (C) and carotenoid biosynthetic genes (D). Asterisks indicate significant differences from the wild type by Student’s t-test at P<0.05 (*) or P<0.01 (**).






3.11 AcMADS32 overexpression modulated carotenoid content in transgenic kiwifruit leaves

α-Carotene, lutein, β-carotene, and zeaxanthin were identified as the main carotenoid components in transgenic plant leaves by HPLC (Figure 10). Compared with the wild type, the lutein, zeaxanthin, and total carotenoid content in almost all transgenic lines decreased significantly, except for OE-8, which showed an increase. β-carotene content was significantly reduced in all transgenic lines. The content of α-carotene was increased in OE-1, OE-2, and OE-8 but decreased in OE-7 and OE-9. The ratio of zeaxanthin/β-carotene was increased in OE-2, OE-7, and OE-9.




Figure 10 | Carotenoid content in AcMADS32 transgenic kiwifruit lines. Data are mean ± standard deviation (n=3). Asterisks indicate significant differences from the wild type by Student’s t-test at P<0.01 (**).







4 Discussion

MADS-box genes encode a large TF family in plants, which plays a vital role in various aspects of plant development (Messenguy and Dubois, 2003). Therefore, a comprehensive understanding of the MADS family and the function of key members is meaningful for the modification of crop yield and quality. In recent years, the MADS family has been identified in many horticultural plants, such as pineapple (Zhang et al., 2020), apple (Tian et al., 2015), pear (Wang et al., 2017), tomato (Wang et al., 2019), iris (Bar-Lev et al., 2021), banana (Lakhwani et al., 2022), chrysanthemum (Won et al., 2021), pomegranate (Zhao et al., 2020), rhododendron (Huo et al., 2021), and litchi (Guan et al., 2021). A total of 74 MADS family members were identified in the kiwifruit genome in this study, which is smaller than that in Arabidopsis (106), poplar (105) and apple (147), and comparable with that of rice (75). In addition, the number of type-I members in kiwifruit decreased by two-thirds compared with Arabidopsis, while the number of type-II members expanded, which might have occurred as a result of recent duplications. Indeed, a large number (33 pairs) of fragmental duplication events were detected (Table S4), suggesting that most type-I members may have been lost under purifying selection during evolution, while type-II members were retained and replicated. Type-I MADS proteins hardly contain the K-box domain, and most type-II MADS proteins contain the K-box domain, which was consistent with the hypothesis that the K-box domain evolved after the differentiation of type-I genes (Becker and Theissen, 2003). The analysis of promoter cis-acting elements shows that most cis-acting elements are related to light and hormones, which may be related to MADS genes that regulate plant growth and development.

Temporal and spatial expression of genes is crucial for plant growth and development and provides important insights into gene function. According to the RNA-seq data (Liang et al., 2020), the expression profiles indicated that the expression patterns of the MADS-box genes were different during fruit development. A total of 33 MADS-box genes were detected at different fruit stages, and 3 AG-, 2 AP3-, 1 SVP-, and 6 SEP-group genes presented high transcript abundances in the fruit, which suggests that they may play critical roles in fruit development. Similarly, a MIKC-type MADS-box transcription factor, PavAGL15, is expressed at high levels in the flower buds, blossoms, and young fruit of sweet cherry and can bind the promoter of PavCYP78A9 to control sweet cherry fruit size (Dong et al., 2022). In oil palm, real-time quantitative PCR results confirmed that the expression of EgAGL9 increased rapidly during the last stages of oil palm mesocarp development (Zhang et al., 2022).

Four MADS-box genes, AcMADS2, AcMADS30, AcMADS73, and AcMADS74, exhibited higher expression levels in the flower of kiwifruit, indicating that they play an important role in the regulation of flower development. RNA-seq expression patterns of MADS-box genes in four different tissues revealed that more genes were highly expressed in the flowers of pineapple (Zhang et al., 2020), and the same situation was found in longan (Wang et al., 2022). Although most MADS-box genes have been reported to be involved in flower and fruit development, we observed high expression of AcMADS13 and AcMADS36 in the root and AcMADS19 and AcMADS49 in the leaves, suggesting that these MADS-box genes may play a critical role in regulating root or leaf development. A previous study observed 17 highly expressed MADS-box genes in the root of orchard grass, which indicated their critical roles in regulating root development (Yang et al., 2022). Studies have shown that CiMADS43 can interact with CiAGL9 and is involved in leaf development in citrus (Ye et al., 2021). In situ hybridization has shown that all type-II classic MADS-box genes in Selaginella moellendorffii have broad but distinct patterns of expression in vegetative and reproductive tissues (Ambrose et al., 2021). These results indicate the wide expression spectrums and versatile functions of MADS-box genes in different organs.

In recent years, some MADS genes have been proven to be important for the regulation of fruit ripening and carotenoid biosynthesis. The transient transformation of MdMADS6 promoted carotenoid accumulation in apple fruit by acting on the downstream target genes MdCCD1, MdPDS, and MdHYD (Li et al., 2022). In citrus, CsMADS6 directly regulates the expression of LCYb1 and other carotenoid genes to affect carotenoid accumulation (Lu et al., 2018). Most notably, four members of the MADS family, SlTAGL1, SlRIN, SlFUL1, and SlFUL2, not only participate in the regulation of fruit ripening but also bind to multiple structural genes in the carotenoid biosynthesis pathway to stimulate their transcriptional activities (Fujisawa et al., 2013; Fujisawa et al., 2014; Stanley and Yuan, 2019). AcMADS32 is a homologous gene to SlTAGL and may have similar functions; in this study, its function in carotenoid accumulation was verified by overexpressing it in kiwifruit.

In this study, AcMADS32 overexpression significantly influenced carotenoid content and the expression profiles of carotenoid-related genes in transgenic plant leaves (Figure 8). PSY has been identified as an important flow-limiting enzyme in the carotenoid synthesis pathway (Bramley, 2002; Tao et al., 2007). In this study, the significant downregulation of PSY expression led to an overall decrease in the content of total carotenoids, α-carotene, lutein, β-carotene, and zeaxanthin in transgenic plants (Figure 10). This result was somewhat surprising because it was different from the result of SlTAG in tomatoes. SlTAGL1 was a positive regulator of carotenoid accumulation in tomatoes. In RNAi plants of SlTAGL1, the expression of PSY1 is downregulated and the expression of LYC-B and CYC-B is upregulated, resulting in a decrease in total carotenoid content, while β-carotene and lutein content is increased (Vrebalov et al., 2009). Although PSY is downregulated, most other structural genes are upregulated, particularly BCH1 and BCH2. As a result, the ratio of zeaxanthin/β-carotene is increased in overexpressing plants, which is similar to the carotenoid accumulation in transgenic citrus calli (Lu et al., 2018). The upregulated expression level of LCYe and CYP97 was the reason for the accumulation of lutein in the transgenic lines (Figure 8). PSY has generally been recognized as a key determinant of the total amount of carotenoids in several fruits, such as tomato (Bramley, 2002) and citrus (Tao et al., 2007); however, carotenoid levels in the leaves of Arabidopsis AtPSY-overexpressing lines remain unchanged (Lätari et al., 2015). These opposite results may be related to the fact that MADS-box in different tissues has different functions. On the other hand, while PSY was downregulated in the overexpression lines in this study, other downstream genes were upregulated, which may be another reason for the accumulation of zeaxanthin and lutein in the transgenic line. Additionally, the downregulated transcript level of CCD1, which catalyzes the enzymatic degradation of carotenoids to yield volatile compounds or other apocarotenoids, facilitates carotenoid accumulation in transgenic lines.




5 Conclusion

In this study, a total of 74 MADS-box genes were identified in the kiwifruit genome. The chromosomal distribution, conserved motifs, gene structures, and phylogenetic relationships of these AcMADS genes were characterized. Furthermore, the expression patterns of nine AcMADS genes were analyzed in different tissues during fruit development and under abiotic stress. In addition, AcMADS32 was selected for functional study in the carotenoid biosynthesis process by transforming it into kiwifruit. AcMADS32 overexpression regulated the expression of carotenoid-related genes and influenced the accumulation of carotenoid components. These results provide comprehensive basic data for further study on the function of the MADS-box genes in kiwifruit.
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Guava (Psidium guajava L.) is an important fruit crop of the Indian sub-continent, with potential for improvements in quality and yield. The goal of the present study was to construct a genetic linkage map in an intraspecific cross between the elite cultivar ‘Allahabad Safeda’ and the Purple Guava landrace to identify the genomic regions responsible for important fruit quality traits, viz., total soluble solids, titratable acidity, vitamin C, and sugars. This population was phenotyped in field trials (as a winter crop) for three consecutive years, and showed moderate-to-high values of heterogeneity coefficients along with higher heritability (60.0%–97.0%) and genetic-advance-over-mean values (13.23%–31.17%), suggesting minimal environmental influence on the expression of fruit-quality traits and indicating that these traits can be improved by phenotypic selection methods. Significant correlations and strong associations were also detected among fruit physico-chemical traits in segregating progeny. The constructed linkage map consisted of 195 markers distributed across 11 chromosomes, spanning a length of 1,604.47 cM (average inter-loci distance of 8.80 markers) and with 88.00% coverage of the guava genome. Fifty-eight quantitative trait loci (QTLs) were detected in three environments with best linear unbiased prediction (BLUP) values using the composite interval mapping algorithm of the BIP (biparental populations) module. The QTLs were distributed on seven different chromosomes, explaining 10.95%–17.77% of phenotypic variance, with the highest LOD score being 5.96 for qTSS.AS.pau-6.2. Thirteen QTLs detected across multiple environments with BLUPs indicate stability and utility in a future breeding program for guava. Furthermore, seven QTL clusters with stable or common individual QTLs affecting two or more different traits were located on six linkage groups (LGs), explaining the correlation among fruit-quality traits. Thus, the multiple environmental evaluations conducted here have increased our understanding of the molecular basis of phenotypic variation, providing the basis for future high-resolution fine-mapping and paving the way for marker-assisted breeding of fruit-quality traits.
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Introduction

Guava (Psidium guajava L.) is a commercially cultivated member of the Myrtaceae family (Grattapaglia et al., 2012). Guava is indigenous to tropical America and is now flourishing in the Indian sub-continent (Nimisha et al., 2013). India enjoys a prime location for guava production. Guava fruit is popularly known as the “apple of the tropics” and is sometimes referred to as a “poor man’s apple” due to its availability, high nutritive value, and affordable prices (Sanda et al., 2011). It is the one of the most popular fruits among consumers due to its high palatability and sweet–acidic taste (Pedapati et al., 2014). The ascorbic acid content of guava fruit is five times higher than that of citrus fruits (Hassimotto et al., 2005). Owing to its high nutraceutical value, guava fruit is the best option for providing nutritional security for people in developing countries (Kumar et al., 2020). In addition, guava is very profitable, produces large yields, and can also be grown satisfactorily even in adverse soil and climatic conditions (Pommer and Murkami, 2009).

Fruit quality is a key factor for guava consumption and consumer acceptance. Fruit quality is itself not a trait; it is a phenomenon comprising the complex interactions of many physio-chemical fruit traits such as total soluble solids, titratable acidity, vitamin C, and sugars. The priority for future guava breeding programs is therefore to develop cultivars with good fruit quality, including high levels of TSS, good sugar–acid blend, high vitamin-C content, higher lycopene content, good pectin content, and good flavor (Negi and Rajan, 2007). By contrast, there is a little merit in improving yield (Dinesh and Vasugi, 2010). For the continual genetic improvement of guava, diversity at the genomic level is required (Ritter, 2012; Singh et al., 2018). Hybridization breeding enables the exploitation and transference of alleles from different genetic backgrounds for the development of better recombinants (Sohi et al., 2022). The traditional breeding of fruit crops is expensive, time consuming, and constrained by a long juvenile phase (Longhi et al., 2013). Marker-assisted breeding (MAB), or genomics-assisted breeding (GAB), offers an alternative approach to the traditional breeding of fruit crops with a long juvenile phase, allowing breeders to select fruit-quality-related traits at the seedling phase (Varshney et al., 2005; Kole et al., 2015; Baumgartner et al., 2016).

A comprehensive understanding of the genetic determinism of fruit quality is necessary to facilitate the breeding of new varieties of fruit crops (Gmitter et al., 2007; Mohsenipoor et al., 2010). Molecular marker technology combined with genetic-linkage mapping and quantitative trait locus (QTL) mining has led to the understanding of the genetic architecture and inheritance of underlying genes affecting quantitative traits (Yin et al., 2003; Hasan et al., 2021). This strategy enhances the possibilities of locating desirable alleles affecting economically important traits in fruit crops (Soto-Cerda and Cloutier, 2012). Trait mapping helps with the efficient and rapid selection of elite breeding lines and speeds up the development of novel cultivars compared with conventional breeding by uncovering masked interesting alleles from related and unrelated species to facilitate targeted introgression (Singh et al., 2014; Hasan et al., 2021). There are only a few reports of QTLs (quantitative trait loci) controlling bio-chemical traits in guava (Valdés-Infante et al., 2003; Rodríguez et al., 2007; Ritter et al., 2010; Padmakar et al., 2016). In recent years, simple sequence repeats (SSR) markers in combination with random amplified polymorphic DNA (RAPD), amplified fragment length polymorphism (AFLP), and sequence-related amplified polymorphism (SRAP) markers have been utilized for the genetic mapping of guava (Lepitre et al., 2010; Ritter et al., 2010; Padmakar et al., 2015). Due to the abundance of microsatellites throughout all the genomic components of eukaryotic organisms (Kalia et al., 2011), and features such as their multiallelic nature, automation, ease of detection, reproducibility, co-dominance, and capability for high-throughput genotyping (Liu S et al., 2013; Kumar et al., 2020), SSRs are still the chosen markers in most of the marker-assisted breeding programs in horticultural crops (Ritter, 2012; Nimisha et al., 2013).

Guava is still considered an orphan crop with reference to its genomic and /or genetic information (Mittal et al., 2020; Sohi et al., 2022). Recent advancements in next-generation sequencing (NGS) have considerably accelerated the discovery of SSRs, short insertions and deletions (InDels), and single-nucleotide polymorphism (SNP) as PCR-ready genome-wide markers through comparative transcriptomics in guava (Thakur et al., 2021). Thakur et al. (2021) identified abundant structural variations such as SSRs, SNPs, and InDels spread across the whole genome, which will be highly useful in developing functional markers for guava breeding. InDels were found to be more polymorphic than microsatellite markers (Liu B et al., 2013; Wu K et al., 2014) and received more attention because of their co-dominant inheritance, reproducibility, and easy-to-use nature (Jain et al., 2019). Kompetitive allele-specific PCR (KASP) is a fluorescence-based SNP genotyping platform efficient enough that the need for sequencing-based mapping is avoided. It utilizes the abundance of polymorphic sites to generate high-density linkage maps. (Semagn et al., 2014; Kaur et al., 2020). Thus, it has potential to increase the precision of gene tagging for the traits controlling fruit quality.

The availability of transcriptomics-based genome-wide markers lays the groundwork for the improvement of quality and agronomic traits in fruit by gene mapping in biparental populations, thus making genomic selection possible for guava. Accordingly, in this study, genome-wide InDels, KASP, and SSR markers were utilized to construct a linkage map in ‘Allahabad Safeda’ × Purple Guava and identify QTLs associated with fruit-quality traits.





Materials and methods




Plant material

A total of 125 F1 (first filial generation) plants derived from ‘Allahabad Safeda’ × Purple Guava (Singh, 2017), maintained at the college orchard of the Department of Fruit Science, Punjab Agricultural University, Ludhiana, were phenotyped for the computation of fruit–trait segregation and genotyped for the establishment of marker–trait association.





Development of mapping population

Guava cultivars showing contrasting fruit-quality traits were selected as parents for hybridization (Figure 1). Six female trees aged 8–10 years were pollinated with the pollen of three male trees (aged 10 years) grown in the same orchard to develop the hybrid population (Sohi et al., 2022). The female flowers were emasculated at the balloon flower stage after removing the petals in the evening and bagging them to avoid visits by pollinators. The next morning, the emasculated female flowers were pollinated by hand between 08:00 and 10:00 using pollen from the male parent. Extracted seeds from fruits harvested at the fully-ripe stage were sown in polythene bags. Three-month-old seedlings were transplanted at a spacing of 6 m (row-to-row) × 3 m (plant-to-plant) during 2015. Trees were irrigated using the furrow irrigation method and weeding was performed at regular intervals. Fertigation dosages and other agricultural practices were followed as recommended for this region.




Figure 1 | Phenotypic appearance of ‘Allahabad Safeda’ and Purple Guava.







Evaluation of fruit physio-chemical traits

Fruits free from visual blemishes were randomly harvested at the color-break stage from each F1 hybrid along with their parents for three consecutive years. Winter fruits, picked from November to January, are free from fruit fly maggots. To improve the precision of the phenotypic evaluation, fruit were sampled only from winter crops and taken immediately to the lab for biochemical analysis. Between 5 and 15 fruits were sampled (using muslin cloth) from each tagged plant for analysis of the following biochemical characteristics) in order to identify the relevant QTLs: total soluble solids (TSS), titratable acidity (TA), vitamin C (VC), total sugar content (TS), reducing sugars (RS), and non-reducing sugars (NRS). The juice of fully mature fruits was strained through muslin cloth and thoroughly stirred for the measurement of TSS is in degrees Brix (°B) with the help of a digital hand refractometer (at 20°C with correction chart). TA (%) was measured by titration of 2 mL fruit juice against a standardized N/10 Sodium Hydroxide (NaOH) solution, using phenolphthalein dye (two drops) as an indicator to obtain an end point (persistence of light pink color for at least 2 seconds), and expressed as a percentage of citric acid. Ascorbic acid content (vitamin C) was estimated from guava pulp using 2,6-dichlorophenol indophenols dye (DCPIP) visual titration assay involving a reduction reaction. Briefly, 5 g of the fruit sample was ground with about 25 mL of 4% oxalic acid. The filtrate solution was passed through Whatman No. 4 filter paper, and was collected in a 50 mL volumetric flask. The resulting solution was titrated against a standard dye until a rose pink color persisted for 5 seconds. The amount of ascorbic acid was expressed as µg/kg of fresh mass (AOAC, 2000).





Sugars (%)

For the measurement of sugars, 5 mL of juice extract was placed in a 100 mL beaker, and 2 mL of lead acetate (45%) was added. The resulting solution was kept at room temperature for 10 minutes. After the incubation, 5 mL of potassium oxalate (22%) along with distilled water was added to make a volume of 100 mL. It was then filtered through Whatman’s filter paper No. 1. The percentage of total sugar and reducing sugars was estimated using Lane-Eynon’s titration methodology (Patel et al., 2013).





Reducing sugar (%)

For the measurement of reducing sugar, 25 mL filtrate out of a 100 mL solution was kept overnight after adding 5 mL hydrochloric acid solution (60%), for complete hydrolysis. Samples were kept at 68°C in a water bath for 10 minutes. Thereafter, NaOH (10% and 0.1%) solution was used for neutralization, using phenol phthalein drops as an indicator of the neutralization point. Total solution used for titration was considered for calculating the percentage of reducing sugars, employing the formula

	





Total sugars (%)

The remaining filtrate was added to a burette for titration using 5 mL of heated Fehling solutions (A and B) then placed in a flask and heated on a hot plate, using methylene blue dye as an indicator with a brick red color as an end point. The values noted for titration were used for calculating the percentage of total sugars with the formula

	

where V1 is the volume of filtrate used, V2 is the dilution made, V3 is the volume of juice taken, and V4 is the final volume made.





Statistical analysis

The field experiment followed a completely randomized design and the analysis of variance (ANOVA) was performed using the ‘stats’ package of R (version 3.1.3, https://www.r-project.org/) in R v4.0.3 with p ≤0.05 and means separated using the least significant difference (LSD) test. Adjusted values on the basis of ANOVA were calculated by fitting linear mixed effects models in lme4 package v 1.1–26 (Bates et al., 2015) in R v4.0.3 (R Core Team, 2019) using

	

where Yik is the trait of interest, µ is the mean effect, Yeari is the effect of the ith year, Linek is the effect of the kth line, and Ɛik is the error associated with the ith year and the kth line, which is assumed to be normally and independently distributed, with a mean of zero and homoscedastic variance (s2). For the best linear unbiased predictions (BLUPs) model, all the effects were considered as random effects. The genotypic, phenotypic, and environmental coefficient of variation was categorized according to (Deshmukh et al., 1986) and was considered as low at<10%, moderate at 10–20%, and high at ≥20%. Heritability percentage was categorized as suggested by Singh (2001) and was considered as low at< 40%, medium at 40–59%, moderately high at 60–79%, and very high at ≥ 80% (Allard, 1960). Genetic advance over mean (GAM) was categorized as high when at<20%, moderate at 10–20%, and low at< 10% (Johnson et al., 1955). The correlation of different traits was studied with simple pairwise Pearson’s correlations among traits.





Principal component analysis and structural equation modeling

The association among different traits was identified by principal component analysis (PCA) using FactoMineR v2.4 (Lê et al., 2008) and factoextra v1.0.7 (Kassambara and Mundt, 2020) in R v4.0.3. The principal components were plotted as biplots to study the relationship among physico-chemical traits of the three environments and BLUPs for the identification of reduction in environmental effects in fitted values. Structural equation modeling (SEM) in the package lavaan v 0.6–7 (Rosseel, 2012) was calculated and visualized using the package semPlot v1.1.2 (Epskamp, 2019) to identify the direct and indirect contributors to TSS. Cluster analysis was performed using the K-means cluster analysis method with R software (Idlette-Wilson, 2018).





Genotyping




Genomic DNA extraction

High-quality genomic DNA of 125 F1 individuals and their parents was extracted through the procedure described by Doyle and Doyle (1990) with the addition of 2% polyvinyl pyrrolidone (PVP) in cetyltrimethylammonium bromide (CTAB) buffer to account for polyphenolic compounds from the DNA samples.






SSR/EST-InDels assay

A total of 106 SSR primer pairs, six fruit-color specific markers from the published literature (Sohi et al., 2022), and 108 primer pairs (15 genomic SSR primer pairs and 93 comparative RNA-sequencing InDel-based primers) designed from transcriptome data (Thakur et al., 2021) were used for the present study. PCR reaction mixture for EST-InDel assay comprised of 11 µL reaction with 2 µL DNA template (5ng/µL), 5 μM forward primer, 5 µM reverse primer, 0.5 µl BSA (100 mg/ml), 0.5 µl PVP (100 mg/ml), and 2 µL H2O (nuclease free). The reaction was performed in 384- well thermal cycler. DNA amplification was performed as follows: denaturation at 95°C for 3 min; 5 cycles of 95°C for 30 s, 55°C for 1 min, and 72°C for 1 min; 30 cycles of 95°C for 20 s, 55°C for 30 s, and 72°C for 30 s; and a final extension cycle of 72°C for 5 min and 16°C indefinitely. The amplified DNA fragments were resolved on ethidium bromide (10 mg/mL), stained with 6% non-denaturing polyacrylamide gel electrophoresis (PAGE; CBS, Scientific) for a high resolution, and visualized under a UV-transilluminator based gel documentation system after initial running at 300 V for 2 h. The molecular weight of amplicons from SSR/EST-InDels was determined based on their migration relative to a 50 bp DNA ladder. Polymorphic markers were scored as A (heterozygous in the female parent), B (heterozygous in the male parent), H (heterozygous in both parents), and X (for missing/non-amplified alleles).





EST-SNP/KASP assay

KASP assay was performed in a reaction mixture of 4.2 µL [2.2 µL DNA (5ng/µL), 1.944 µL of 2X KASP mix, and 0.054 µL primer mix] in a 384-well format thermal cycler (Applied Biosystems) following PCR conditions: hot-start activation at 95°C for 15 min, followed by 10 touchdown cycles (95°C for 20 s then touchdown at 64°C initially and decreasing by 0.8°C per cycle from cycle 2), and then 30 additional cycles of annealing (95°C for 20 s then 57°C for 60 s). If necessary, 5 to 10 additional annealing cycles were followed for better amplification and cluster formation. Fluorescence from amplicons was visualized using a 384-well plated TECAN infinite F200 PRO plate reader at room temperature. The graphical output(s) was generated and scored using Klustercaller software (version 2.22.0.5). Based on the fluorescence signal [FAM (Fluorescein amidites) and HEX (Hexachloro-fluorescein)], homozygous alleles on the X-axis (FAM) were scored as A, homozygous alleles on the Y-axis (HEX) scored as B, whereas heterozygotes alleles (FAM/HEX) on the X–Y plot were scored as H. ROX (6-carboxyl-X-Rhodamine) was used as passive dye for signal normalization.





Statistical analysis




Linkage map construction

A genetic linkage map was constructed for 125 F1 progenies of ‘Allahabad Safeda’ and Purple Guava with the help of QTLIci mapping software version 4.1 (Meng et al., 2015). The genotypic scores from different marker systems were used for calculating the genetic distances in cM. The allocation of markers to different linkage groups was performed via pairwise analysis with a specified minimum logarithm of odds (LOD) score of 3.0 and maximum recombination frequency of 0.3 (regression mapping algorithm and Kosambi’s mapping function). Markers were first partitioned into linkage groups based on the information in the published literature (Thakur et al., 2021; Sohi et al., 2022). Pearson’s chi-squared test was performed to evaluate the goodness of fit to the expected 1:1 segregation ratio for each locus (p-value threshold of 0.05). Markers showing distortion inconsistencies, or conflicted recombination frequencies within linkage group and/or with adjacent linkage groups, were discarded. The linkage map was graphically displayed using the MapChart program, v. 2.32 (Voorrips, 2002), according to the user’s manual. The genome coverage (GC) of linkage groups was estimated using the method of Fishman et al. (2001) and method 4 of Chakravarti et al. (1991).






QTL analysis (establishment of marker–trait association)

QTL mapping was conducted with multiple regression analysis for composite interval mapping (CIM) using the (chromosome segment substitution lines) with chromosome segment substitution lines (CSL) functionality of QTL IciMapping version 4.1 software (Meng et al., 2015). Furthermore, the allelic effects were investigated to identify significantly associated markers with phenotypic data via a non-parametric Kruskal–Wallis test (with a stringent significance level of 0.005) for studying the importance of individual alleles. Stepwise regression was used to determine the percentages of phenotypic variance explained (PVE) (R2) by individual QTL and their respective additive effects at the likelihood of odds ratio peaks. A threshold LOD score (3) was calculated using permutation tests (1,000 permutations in each case) with a 5% significance level. Negative additive effects indicated that Purple Guava alleles increased the phenotypic trait values, whereas positive additive effects meant that ‘Allahabad Safeda’ alleles increased the phenotypic trait values. QTLs detected in more than one environment were considered as stable and significant. If a chromosomal and/or overlapping interval contained more QTLs for multiple traits, then these QTLs were considered to form a QTL cluster. The overlapping confidence intervals of these QTLs were regarded as the confidence intervals of the QTL clusters. In addition, QTLs detected at phenotypic variation explained (PVE) > 10% and LOD > 3.0 were considered as major QTLs and others as minor QTLs. QTLs were assigned names beginning with an initial letter “q” followed by the trait name (in capital letters), parentage of the alleles, location of experiment, and linkage group. A number was added if two or more QTLs were identified in the same linkage group. For example, if two QTLs for TSS were detected on LG6, they were named qTSS.PG.pau-6.1 and qTSS.AS.pau-6.2.





Differential expression analysis of genes associated with QTLs for TSS, TS, TA, VC, RS, and NRS

RNA-sequencing reads for ‘Allahabad Safeda’ and Purple Guava mixed fruit tissue and 3 days’ ripe fruit tissue were mapped to the draft genome assembly of guava using bowtie2 (Thakur et al., 2021). Several of the 58 QTLs identified for TSS, TS, RS, NRS, TA, and VC were found in the vicinity of annotated genes. The number of reads mapping to expressed genes in ‘Allahabad Safeda’ and Purple Guava were converted into log scale and are presented in the form of heat map.






Results

Evaluation of the fruit physio-chemical traits of parents ‘Allahabad Safeda’ (AS) and Purple Guava (PG) differed markedly for fruit bio-chemical traits, and showed stability for these traits across the different environments (Table 1). To enhance the accuracy and mapping of stable QTLs across the different environments, linear mixed effects models were used to obtain BLUPs (genotypes as random effects) of fruit quality traits, accounting for genotype by environment interaction (G × E) effect. Among 125 F1 seedlings, 114 seedlings produced sufficient fruits for evaluation. The F1 population shows significant variation for fruit-quality traits across the different environments [BLUPs, 2016–17 (E1), 2017–18 (E2), and 2018–19 (E3)]. Although the mean values of TSS, TA, VC, TS, RS, and NRS content in F1 seedlings varied to some extent from year to year, normal distributions were observed in the studied period. Across the different environments, overall mean values of TSS, TA, and VC were highest in E3. Each phenotypic trait showed a little deviation from their normal data distribution across the studied environments (Figure 2), showing minute G × E effects suggestive of their polygenic nature and quantitative inheritance.


Table 1 | Descriptive statistics of the physio-chemical traits of parents and the F1 population.






Figure 2 | Evaluation of F1 hybrids of guava across three environments along with best linear unbiased predictions (BLUPs) for fruit physio-chemical traits.ENV, environment; E1 , 2016–17; E2 , 2017–18; E3 , 2018–19; BLUP, best linear unbiased prediction; TSS, total reducing sugars; TA, titratable acidity; VC, vitamin C content; TS, total sugars; RS, reducing sugars; NRS, non-reducing sugars.






Estimates of coefficients of variation, heritability, and genetic advance

The genetic variability parameters genotypic coefficient of variance (GCV) and phenotypic coefficient of variance (PCV) are characterized as high at >20%, moderate at 10%–20%, and low at 0%–10%. Moderate GCV (16.13%) and PCV (19.59%) values were recorded for TA and NRS, respectively (Table 2), whereas lower GCV and PCV values were recorded for VC and TS. Environmental coefficient of variance (ECV) for all the traits was less than 10%, except for a higher value observed for NRS (21.63%). High heritability was observed for TSS (97.00%), TA (88.00%), VC (98.00%), and RS (86.00%), whereas moderate-to-high heritability was observed for TS (75.00%) and NRS (60.00%). Interestingly, TA (31.17%), TSS (22.22%), RS (21.25%), and NRS (24.21%) exhibited high GAM values, whereas VC (13.23%) and TS (13.28%) exhibited moderate GAM values.


Table 2 | Descriptive statistics and estimates of genetic variability parameters of fruit physio-chemical traits among F1 hybrids of guava across different environments.







Pairwise correlation and regression analysis

Pearson’s pairwise correlation was studied to identify the degree of correlation among fruit quality traits (Figure 2). There was a highly significant negative correlation between TSS and TA for BLUPs (–0.290), E1 (–0.216), E2 (–0.278), and E3 (–0.264), whereas a significant positive correlation was obtained between TSS and VC across the studied environments, viz., E1 (0.406), E2 (0.382), E3 (0.393), and BLUPs (0.393). The sugar components, i.e., TS and RS, showed a significant positive correlation with TSS. There was a highly significant negative correlation between RS and NRS but a positive correlation between TS and RS. TA showed significant correlation with TS for BLUPs (0.189) and E3 (0.194). Box-plots of the adjusted means of the fruit bio-chemical traits across the different environments are presented in Figure 2. Most of the traits appear to be normally distributed; however, some trait–environment combinations show skewed distributions, as demonstrated by the lopsided boxplots. Prominent data skewness was observed for TS and NRS in the first studied environment (E1). The estimated distribution with BLUPs was in agreement with observed distributions in different environments for most of the traits. Sugar components, i.e., RS and NRS, showed completely normal distribution, whereas the rest of the traits showed bimodal data distribution across the different environments. TSS in different environments, including BLUPs, shows a slight highest peak between 10% to 12% and lowest peak between 8% to 10%. Furthermore, the regression analysis shows that the TSS has negative association with TA and positive association with VC, TS, and RS. TSS has a somewhat linear relationship with NRS, as is also evident from the correlation analysis (Figure 2). There was a strong association among sugars (i.e., TS, RS, and NRS). Although RS has a strong negative relationship with NRS, a similar type of correlation between TSS and TA and between TSS and VC was observed.





Principal component analysis, structural equation modeling for multivariate analysis, and clustering

The PCA offers details about traits by elucidating the population’s maximum variability across environments. The eigen vectors in the first two principal components (from PC1 to PC2) explained 57.9% of the total variability across the environments, showing a significant genotype by environment interaction (G × E). Overall, the first two dimensions of PCAs showed that TS was highly dependent on TA and NRS and least dependent on VC and RS (Figure 3A). Similarly, VC was highly dependent on RS. However, TSS was dependent on all the studied traits, with the most dependent variables being VC and RS. The principal component analysis reveals that the TSS was dependent on all the studied traits to different extents. SEM was performed to elucidate the direct or indirect variables that determined the TSS. TA, RS, and NRS had a small contribution toward TSS, while VC and TS were the major direct contributors to TSS, with a positive effect on TSS. Conversely, TA, RS, and NRS had negative effects on TSS (Figure 3B).




Figure 3 | (A) Principal component analysis, and (B) multivariate analysis by structural equation modeling For (A), red, green, blue, and purple represent eigen vectors for BLUPs, 2016–17 (E1), 2017–18 (E2), and 2018–19 (E3), respectively. For (B), red and blue color represent negative and positive contribution, respectively.



A total of 114 hybrids were grouped into four clusters based on fruit physico-chemical traits. A highly significant difference (p<0.001) was observed among inter-clusters of F1 individuals. We observed noticeable variability in the progeny for fruit quality traits. In total, 26.31% of descendants were found in Cluster-1 (female parent with superior fruit quality) and 38.60% in Cluster-2 (male parent) (Table 3). Interestingly, Cluster-4 was characterized by 18 descendants that had transgressive values compared to better parent for TSS and TS. Also, Cluster-1 exhibited higher VC and Cluster-2 had higher TA.


Table 3 | Phenotypic clustering of 114 F1 individuals along with their respective parents for fruit physio-chemical traits.







Construction of linkage map

We screened 328 SSR, SSR/InDels, and EST-SNP/KASP markers for a parental polymorphism survey of ‘AS’ and ‘PG’, revealing a polymorphism rate of 64.02% (i.e., in 210 out of 328 primer pairs). A linkage map consisting of 11 linkage groups (LGs) was constructed using 195 polymorphic markers (76 EST-KASP, 77 SSRs, and 42 EST-InDeLs), spanning a total length of 1,604.47 centimorgan (cM) and with an average distance of 8.80 cM between two adjacent markers (Table 4). LG4 was found to be the shortest linkage group at 95.74 cM (Figure 4), whereas LG6 was found to be the longest at 202.44 cM (Figure 4). The highest number of markers mapped (40) was on LG6 and the lowest number (11) was on LG5. The average length of LGs was 145.86 cM and the average interval distance ranged from 5.19 cM (LG6) to 14.37 cM (LG10). Fifteen SSR markers (4.57% of the total markers) showed a distorted segregation at p = 0.01. The genetic map covered 88.00% of the guava genome, with LG6 having the highest coverage at 95.00% and LG5 having the lowest coverage at 83.00% (Table 4). Genotyping followed by Graphical GenoTypes (GGT) analysis of 114 F1 individuals showed the highest proportion of PG introgressions (69.23%) on Chr6 and the lowest (7.50%) on Chr1. However, no introgression of the PG genome was observed on chromosomes 2, 7, and 9. The proportion of introgressed Purple Guava segments ranged from 15.2% to 49.7% in the F1 individuals. Our results showed that the average rate of genome background recovery was 26.5% for ‘Allahabad Safeda’ and 32.83% for Purple Guava. The F1 progeny exhibited 39.19% heterozygosity (Figure 5).


Table 4 | Overview of genetic linkage map of ‘Allahabad Safeda’ (AS) and Purple Guava (PG).






Figure 4 | Genetic linkage groups (LGs) LG1 to LG5 of ‘Allahabad Safeda’ (AS) and Purple Guava (PG), and significant quantitative trait loci (QTLs) identified through the BIP (biparental populations) module of the composite interval mapping (CIM) algorithm. Blue color indicates QTLs, while blue boxes (bar graph) indicate the QTL clusters.






Figure 5 | Genotypic data of 195 polymorphic markers used to generate (A) a graphical genotype pattern for the 18 transgressive guava hybrids lines, (B) the genetic background recovery rate of the female parent ‘Allahabad Safeda’ (AS), (C) the genetic background recovery rate of male parent Purple Guava (PG), and (D) residual heterozygosity (%) Red indicates presence of the female-specific allele (A: recipient parent), blue indicates the presence of the male-specific allele (B: Donor parent), gray indicates heterogeneous introgressions, and green indicates missing data.







QTL mapping analysis of phenotypic data in individual environments and BLUP-values

Using the  BIP (biparental populations) module of the ICIM-ADD algorithm, the phenotypic values of the three different environments and the BLUP values were used for QTL mapping. A total of 58 QTLs (16 in BLUP, 14 in E1, 12 in E2, and 16 in E3) associated with fruit-quality traits were identified, including 15 for TSS, 7 for TA, 12 for VC, 7 for TS, 8 for RS, and 9 for NRS (Table 5). These QTLs were mainly distributed on eight chromosomes with the most QTLs (i.e., 44) having beneficial alleles derived from the female parent ‘Allahabad Safeda’ (additive effect > 0), while the other 14 QTLs possessed alleles derived from the male parent Purple Guava. A maximum of 22 QTLs were detected on chromosome 6 and a minimum of two QTLs mapped on chromosome 5. These QTLs explained approximately 10.58%–17.85% of the phenotypic variation, with the LOD score ranging from 3.01 to 5.96. The highest absolute additive effect value was 1.34 and was observed for the TSS trait (qTSS.AS.pau-6.2).


Table 5 | Summary of the significant quantitative trait loci (QTLs) detected through a composite interval mapping (CIM) algorithm in the mapping population derived from the cross of guava cv. 'Allahabad Safeda' and 'Purple Guava'.







Stability of QTLs over multiple environments

The BLUP values effectively reduced the impact of environmental differences. Considering QTLs detected using BLUP datasets, 13 out of 16 were repeatedly detected in multiple environments or across different environments, while the others could be regarded as environment specific. Five QTLs for TSS were identified using BLUP data located on LG2, LG5, LG6, and LG11 (Table 5). qTSS.PG.pau-6.1 flanked by Pg_PC06_KASP66 and Pg_PC06_KASP65 was detected in two individual environments, E1 and E2, with 12.58%–15.23% of the total PVE. In addition, qTSS.AS.pau-6.2 flanked by mPgCIR404 and mPgCIR392 was detected in E1 and E2 with LOD scores of 4.12 and 3.25, respectively. Similarly, QTL qTSS.AS.pau-2, located on chromosome 2 and flanked by Pg_PC02_KASP31 and Pg_PC02_KASP32, was detected in environment E3 with a LOD score of 3.69 and 13.33% PVE. Moreover, two QTLs associated with TSS, qTSS.PG.pau-5 and qTSS.AS.pau-11, could be detected in E3, and its position was localized within 14.01–21.41 cM and 15.99–20.10 cM marker intervals, respectively. The QTL analysis revealed that TA was controlled by seven QTLs. Among them, two loci were repeatedly detected in multiple environments. qTA.AS.pau-2, located on chromosome 2, was co-detected in the E2 and BLUP datasets, explaining 12.56% and 13.91% of the phenotypic variation, respectively. QTL qTA.AS.pau-6 was identified using the BLUP dataset and was co-detected in E3 with a relatively high PVE (14.05%). From the 12 QTLs identified for vitamin-C content, we found two QTLs, qVC.AS.pau-6.1 and qVC.PG.pau-6.2, on LG6 using BLUP datasets, which were simultaneously co-detected in E2 and E3, explaining 12.05–13.54% and 13.54–14.21% of phenotypic variation, respectively. q.TS.AS.pau-6 and qTS.AS.pau-9 were repeatedly identified in at least two datasets within the marker intervals of AS/PL_InDel-30-AS/PL_InDel-3 and Pg_PC09_KASP92-Pg_PC09_KASP97. Notably, q.TS.AS.pau-6 had the greatest contribution for total sugars and explained 13.18% of variation based on BLUP values. A single QTL, qRS.AS.pau-2, accounted for 11.33%, 12.18%, and 12.20% of phenotypic variation in the E1, E2, and BLUP datasets, respectively. q.NRS.PG.pau-1, detected in all the studied environments including BLUP, was identified within the marker interval of Pg_PC01_KASP19–Pg_PC01_KASP26, explaining 16.85%–17.77% of the phenotypic variation. Thus, the QTL q.NRS.PG.pau-1, with >15% PVE in all environments, could be a focus for further in-depth study of the non-reducing sugars trait in guava.





QTL clusters for guava fruit quality

Considering QTLs with overlapping confidence intervals as QTL clusters, we identified five QTL clusters related to different fruit-quality traits (Table 6). The mPgCIR361–mPgCIR188 interval on LG1 was involved in the control of TSS (qTSS.PG.pau-1) and TA (qTA.AS.pau-1) (Figure 4). Nine QTLs controlling VC, TS, RS, and NRS were detected in the partially overlapping interval of Pg_PC01_KASP19–Pg_PC01_KASP26 on LG1. QTL qNRS.PG.pau-1 was detected in multiple environments with a relatively high PVE of 17.77%. This indicates that variation in NRS has a large effect in special environment. Furthermore, this QTL exhibited negative additive effects, indicating that the NRS-increasing effect of this locus came from the male parent PG. The interval AS/SG_InDel-12–AS/PL_InDel-34 on LG2 was involved in total sugars (qTS.AS.pau-2) and reducing sugars (qRS.AS.pau-2). The interval AS/PL_InDel-30–AS/PL_InDel-3 on LG6 harbored three QTLs influencing total sugars and reducing sugars. The interval Pg_PC09_KASP92–Pg_PC09_KASP97 on LG9 harbored four QTLs (qTSS.AS.pau-9, qVC.AS.pau-9, qTS.AS.pau-9, and qTS.AS.pau-9) that influenced vitamin C and total sugars. The results suggest that some genes involved in non-reducing sugars (qNRS.AS.pau-11) on LG11 also affect TSS, as qTSS.AS.pau-11 was identified by BLUP. However, these genes have a relatively larger impact on NRS (PVE = 15.21%) and TSS (PVE = 15.99%). The phenomenon of QTL clusters could explain the very high correlation of traits and the linkage drag, which often hinder breeding programs for improving fruit quality. Thus, molecular assisted selection (MAS), could be used effectively to improve the linked fruit-quality traits mapped over the overlapping intervals.


Table 6 | Quantitative trait locus (QTL) clusters for fruit quality traits in the guava population (‘Allahabad Safeda’ × Purple Guava).



The QTLs controlling TSS, TS, RS, NRS, TA, and VC were found to be associated with 26 annotated genes in the draft genome assembly of guava (Supplementary Figure 1). Several of the genes were found to be overexpressed in PG fruit tissue, including BEACH (beige and Chediak Higashi) domain-containing protein C2-like controlling vesicle trafficking and protein sorting. Higher expression of serpin-ZX with protease inhibitor activities endorses the non-reducing sugars enrichment in Purple Guava.






Discussion




Phenotypic variations and genetic variability estimates

Fruit-quality attributes are the one of the vital characteristic traits for horticultural crops. The fruit biochemical traits, viz., TSS, TA, VC, and sugars, are critical determinants of the fruit quality of guava (Patel et al., 2014). The F1 population exhibited significant variations among fruit-quality traits and the female parent ‘Allahabad Safeda’ exhibited consistently higher values of TSS, TA, VC, and RS in all three environments. Conversely, the male parent Purple Guava was characterized by higher non-reducing sugars. The replicated phenotypic evaluations of these traits across the different environments enhances the precision and reliability of QTL mapping, especially for the traits with low heritability (Alimi et al., 2013). The presence of transgressive segregants is probably owing to the genotypic difference of parents influencing the segregation patterns in the offspring (Goulet et al., 2017; Koide et al., 2019). The descriptive statistics of TSS, TA, and VC observed were within the ranges of previous studies (Rodríguez et al., 2007; Patel et al., 2011). Similar findings have been reported for sugar content among different hybrids of guava (Singh, 2017; Singh, 2020). Comparative variability of fruit-quality traits is evaluated by determining the genotypic parameters (viz., GCV, PCV, h2, and GAM) and it becomes absolutely necessary to identify genotypes with higher genetic potential for their utilization in developing an efficient breeding strategy. Moderate PCV and GCV values were recorded for TSS, TA, RS, and NRS, suggesting a good amount of variability among hybrids for these traits. Conversely, TS has low GCV and PCV values, indicating a high influence of environmental conditions on these traits. However, a slight difference between PCV and GCV values for all the evaluated traits suggests that there was minimal influence of environments in the expression of these traits. Although GCV is helpful for the measurement of the presence of a high degree of genetic variation, the amount of heritable portion can only be determined with the help of heritability estimates and genetic gains (Rao and Rao, 2015). The heritability of a trait, as a proportion of the phenotypic variation that is attributed to genetic causes, has been a prime indicator of Heritability and helpful in taking decisions for the genetic improvement of economic traits (Narain, 2010). Heritability of a trait is a key component in determining GAM (Nyquist, 1991). Heritability along with genetic advance is more effective and reliable in predicting the best individuals (Panse, 1942; Johnson et al., 1955; Lerner, 1958). The studied fruit quality has high heritability and higher GAM, which indicate that the expression of these traits is governed by additive gene action and these characters can be easily improved by phenotypic selection methods.





Correlation analysis

In fruit breeding, the degree of association of different traits has always been useful for selection of fruit-quality traits, especially when these follow quantitative inheritance and/or are influence by the environment. Breeders generally focus on the improvement of multiple traits, so the correlation analysis is mostly used for studying the existence of associations between different traits. Therefore, correlation studies play an important role in determining the most efficient breeding procedure. There were different degrees and magnitudes of correlation between the studied fruit bio-chemical traits. Phenotypic correlations between TSS, VC, TS, and RS were significantly positive, indicating the existence of shared genetic control between these traits. Conversely, there was a negative correlation of TSS with TA. Significantly positive correlations appeared between TSS and NRS in two or more environments. Rodríguez et al. (2007) reported a highly significant correlation of TSS with TA in three mapping populations of guava. Linear relationships with significant correlations are common among fruit-quality traits (Thimmappaiah et al., 1985; Rajan et al., 2005; Rajan et al., 2008; Singh, 2015) and our results reflect this. The lower variance for BLUPs than the different studied environments meant that BLUPs were able to reduce the environmental variance across the years to a great extent (Figure 2). The fruit bio-chemical traits’ distribution curves further agreed with this, showing better normal distribution. The highest peaks of TS, RS, and NRS were achieved with the predictor (BLUPs), indicating the potential of this breeding program. Similarly, the first two dimensions of principal components showed that BLUPs was able to explain the variance of studied traits across different environments. The PCA studies explain that TSS is strongly influenced by VC and RS, while NRS was more strongly associated with TA and TS (Figure 3A). Through a combined correlation and path analysis, we provided a first insight into the nature and magnitude of the complex interactions between fruit-quality traits of guava.





Selection of excellent introgressed lines

Genotypic selection is very difficult with a large number of individuals (Noerwijati et al., 2021). Clustering (multivariate analysis) is an efficient tool for the genotypic selection process (Kozak et al., 2008) that classifies the phenotypic variations with the function of homogeneity within intra-clusters and heterogeneity among the inter-clusters (Oliveira et al., 2016). Significant intra-cluster variability (p< 0.01) was observed with respect to fruit-quality traits in guava. Cluster analysis is a complementary tool to PCA (El-Hashash, 2017). Hybridizations often produce transgressive segregating progenies in guava (Patel et al., 2007; Singh, 2020). Eighteen transgressive hybrids from cluster-4 with the best comprehensive TSS and TS phenotypes stable over all environments have set a milestone in strategic breeding for guava improvement.





Linkage mapping and quantitative trait loci analysis

Guava has the potential for higher productivity and nutritional quality (Sanda et al., 2011). Several hybrids have been released recently that fulfill one of the breeding objectives for guava (Pandey et al., 2007; Singh, 2015; Singh, 2020), but there is still a dearth of perfected cultivars with traits of commercial importance (Dinesh and Vasugi, 2010). Major hybridization limitations such as guava’s perennial nature, long juvenile phase, heterozygous nature, and epigynous floral structure limits the speed of genetic improvement (Pommer and Murakami, 2008). With the advancement of molecular markers and the concept of linkage mapping (Babu et al., 2004), speeded-up genetic improvement has been achieved in different fruit crops of a perennial nature (Mathiazhagan et al., 2021). Mostly, the microsatellite (SSR-based) markers have been applied for genetic map construction and the exploration of genomic regions of horticultural crops (Ahmad et al., 2020), but the molecular exploration of guava is still in its infancy owing to insufficient genomic resources (Nimisha et al., 2013; Padmakar et al., 2016). The first molecular linkage map in guava was established using AFLP markers (167 primers mapped onto 11 linkage groups) by Valdés-Infante et al. (2003). Only a few genetic maps, which predominantly use SSRs in combination with AFLP, RAPD, and SRAP markers, have been published (Rodríguez et al., 2007; Lepitre et al., 2010; Ritter et al., 2010; Padmakar et al., 2016; Sohi et al., 2022).

The present genetic map was made for 11 linkage groups, comprising 76 EST-KASP, 77 SSR, and 42 EST-InDeL markers, with a genome spanning 1,604.47 cM and an average distance of 8.80 cM between markers (Table 4). Relative to previously published genetic maps in guava, this is the first common genetic map based on SNPs and InDels markers with a wider marker density and greater genome-wide span. NGS-based technologies have resulted in the availability of large genomic resources and enriched the marker repository (Pérez-de-Castro et al., 2012). SNPs and InDels relatively pose more abundance, can be scored with high accuracy, are highly repeatable, and are spread over the entire genome (Liu B et al., 2013; Yamaki et al., 2013; Wu J et al., 2014s; Liu et al., 2015; Verma et al., 2015). Our study is the first of its kind to report the development of a linkage map using SNPs and InDels markers as well as the exploration of guava genomic regions. This linkage map has the smallest average marker intervals (9.42 cM) when compared with previous linkage maps in guava, making it ideal for genetic mapping of desirable traits. After the construction of the genetic linkage map, QTL analysis was performed to understand the genetic architecture of fruit physico-chemical-related traits. By ascertaining the number, relative positions, and effect of the markers underlying phenotypic variation, the QTL results open up new prospects for the implementation of molecular-assisted selection (MAS), which can ultimately accelerate and maximize genetic gains (Collard and Mackill, 2008). Despite the great advances in the genomics of horticultural crops, guava has received meagre attention with respect to the establishment of genotype–phenotype associations (Mittal et al., 2020). We previously developed a biparental mapping population of guava (‘Allahabad Safeda’ × Purple Guava) aimed at mapping leaf anthocyanin coloration (Sohi et al., 2022), and this trait shows segregation and normal distribution in the mapping population. Thus, the population should be useful for identifying QTLs for other important traits (Sohi et al., 2022).

The genetic factors for fruit-quality traits have long been a concern of fruit breeders. Molecular markers enhance the ability to determine the inheritance and parentage of specific genomic regions and to monitor the introgression of specific chromosomal segments that are linked to desirable traits in breeding lines (Vishwakarma et al., 2022). Graphical genotyping software programs, such as GGT (van Berloo, 2008), are very useful tools for selecting preferable progenies on the basis of their genotypic content. The number of markers tested on each chromosome of phenotypically selected transgressive segregants is shown in Figure 5A, along with the number and introgressed proportion/average recovery of ‘Allahabad Safeda’ (Figure 5B), Purple Guava (Figure 5C), and heterozygosity (Figure 5D). On the basis of GGT analysis, eight F1 transgressive progenies (H52, H90, H48, H40, H38, H81, H36, and H97) showing stable values of TSS (> 12.01 °B) and TS (> 9.88%) in four different environments cover more than 50% of the ‘Allahabad Safeda’ genome. Therefore, the F1 individuals from Cluster-4 could be useful in developing cultivars with high TSS and total sugar content.

Tremendous efforts have been made to identify QTLs for fruit-quality traits in different fruit crops (Wu J et al., 2014; Liu et al., 2016; Nantawan et al., 2019; Shi et al., 2020). However, limited efforts have been made in genetic dissection and QTL discovery for fruit quality in guava. The present genetic map of a cross between ‘Allahabad Safeda’ and Purple Guava has the highest marker density of any maps published so far. Most of the fruit-quality characteristics are of a quantitative nature, and it is very important to locate QTLs for fruit quality in guava and estimate their effects. The 195 markers cover the whole genome of guava, ensuring that all the introgressed segments are identified (Figure 5A). The effectiveness of markers associated with detected QTLs should be determined as the percentage of the explained genetic variance (Nishio et al., 2011). The introgressed segments were evaluated for favorable QTL alleles. Fruit quality is particularly influenced by the environmental conditions. Understanding the genetics of fruit physio-chemical characteristics related to fruit quality is crucial for guava breeding programs worldwide. To date, no such comprehensive research has been executed to identify genomic regions in the guava associated with these traits. We identified 58 QTLs located on eight chromosomes related to six fruit-quality traits with approximately 10.58%–17.85% PVE. Guava fruits are expected to have a sweet taste, and consumer acceptance is associated with the ripe soluble solids concentration reaching 10%–11%, a sugar–acid ratio of approximately 7:13, and total sugar content of approximately 7%–9%. TSS and sugar–acid blend are the central determinants of fruit quality. A total of 15 QTLs associated with TSS were detected on LG1, LG2, LG3, LG5, LG6, LG9, and LG11, whereas QTLs associated with fruit acidity (TA) have been mapped onto four LGs: LG1, LG2, LG3, and LG6. Rodríguez et al. (2007) reported two QTLs for TSS (PVE of approximately 7.9%–8.3%), two for vitamin C (PVE of approximately 5.4%–6.0%), and three for titratable acidity (PVE of approximately 8.3%–12.0%) located on LG5, LG6, LG7, and LG10. However, the PVEs in our study are higher than previous reports. Vitamin-C content in fruit may have health benefits as a source of antioxidants and higher sugar levels are a means of promoting the guava commercially. Nine QTLs associated with vitamin C mapped on LG1, LG3, LG6, and LG9 showed dominant inheritance and had PVEs between 12.05% and 14.21%. Our findings are consistent with the literature, as Ritter et al. (2010) reported two QTLs for acidity (approximately 7.2%–9.8% PVE), four QTLs for TSS (approximately 6.6%–10.9% PVE), and seven QTLs for vitamin C (approximately 4.9%–11.5% PVE) on LG1, LG2, LG4, LG6, LG7, LG8, and LG10. QTLs across different studies are not always the same due to differences in the genetic background of materials, environments, and cultivation methodologies. Therefore, QTL validation through replications over multiple environments and agroclimatic zones is crucial (Zhaoming et al., 2017).

The BLUP analysis combines the selection index and least square methods, which were proposed for animal breeding (Henderson, 1974). This method considers fixed environmental and random genetic effects at the same time, thus increasing the accuracy of the prediction in different years, environments, and generations (Piepho et al., 2008: Wang et al., 2016). This method is now widely used in genome-wide association studies (GWAS), genomic selection (GS), and QTL mapping. Out of the 16 QTLs identified using BLUP datasets, 13 QTLs were detected in multiple environments. These stable QTLs would be valuable for guava breeding and are suggestive of genetic interactions owing to the presence of similar genes and their expression pattern, exhibited in terms of phenotype. Furthermore, the use of BLUPs improved the QTL detection power by blurring the environmental variance. Indeed, several studies have demonstrated the effectiveness of using BLUPs for QTL localization in different fruit species such as apple (Segura et al., 2009), citrus (Khefifi et al., 2022), and grapevine (Doligez et al., 2013), where the experimental material had been phenotyped under different environments. The observed instability in common QTL detection might be due to a complex quantitative genetic model and different physiological mechanisms in the determination of different fruit-quality components in response to environmental variations between years (Fanizza et al., 2005). Thus, the identification of different QTLs for the same trait should be expected in different years because QTL detection will depend on the prevailing yearly environmental variations. This will result in an increased number of QTLs and affect the detection of different QTLs across years for each fruit trait. Out of the seven QTL clusters, five harbored at least one stable QTL.

Robust QTLs or QTL clusters in multiple environments provide valuable information for further underlying gene identification. The QTL clusters are QTL-rich regions containing two or more QTLs of different traits within some common confidence-overlapping region. We found seven QTL clusters with stable or common QTLs affecting two or more different traits distributed on six chromosomes (LG1, LG2, LG3, LG6, LG9, and LG11). Four TSS- and NRS-QTL regions (TNs) containing TSS- and NRS-QTLs were found to affect two or more different traits in the segregants. Cluster-1 (C1), located near mPgCIR8, affected TSS (62.17 cM) and TA (61.52 cM), whereas C2 affected VC, TS, RS, and NRS, located near Pg_PC01_KASP19 and Pg_PC01_KASP26 on LG1. C5 affects TS and RS, located near AS/PL_InDel-30 (47.40 cM) in more than one environment (Table 5). These QTL clusters are very important and noteworthy, especially the QTL cluster C2 affecting more than two fruit-quality traits (Figures 4, 5). This genetic map of 'AS' x 'PG' successfully lays the foundation for further fine mapping of these QTLs. QTL analyses of fruit quality in a guava F1 population developed from an intraspecific cross demonstrates the extent to which transgressive segregation for fruit biochemical traits can occur in intraspecific progenies derived from plant types with standard phenotypic values. Pyramiding of favorable alleles in the QTLs from the introgression segment of 'AS' and 'PG' has the potential to greatly improve fruit quality traits (i.e., TSS, TA, VC, TS, and RS) and NRS in guava varieties through marker-assisted breeding. The 18 superior segregant individuals obtained in our study lays the foundation for the further fine mapping of traits in subsequent filial generations.






Conclusion

To the best of our knowledge, this is the first report of a constructed linkage map in guava based on genome-wide SNP, SSR, and InDel markers. This linkage map is a worthy reference for the fine mapping of important fruit traits in guava. Continuous phenotypic variation displayed in the segregating progeny reflects the genetic differences between the phenotypically contrasting parents: ‘Allahabad Safeda’ was superior in TS, TSS, RS, and VC, and Purple Guava was predominant for NRS and polygenic inheritance of these traits. QTLs with major effects on fruit quality, specifically the seven QTL-rich regions affecting two or more different traits and 13 QTLs detected in multiple environments, indicate that genetic background has a stronger effect on fruit-quality traits than environmental factors. In addition, it also demonstrates that genetic and environmental interactions surely effect the fruit quality in guava, as in other species. Hence, the identification of molecular markers associated with fruit-quality traits might prove useful in facilitating future marker-assisted breeding in guava. Therefore, our study provides valuable information and new stable QTL regions for undertaking MAS in guava. Overall, our study has extended knowledge on the inheritance and genetic controls for key guava fruit-quality traits and provided eight superior transgressive segregants that can be evaluated for agronomic characters over different agroclimatic zones.
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CsMYB15 positively regulates Cs4CL2-mediated lignin biosynthesis during juice sac granulation in navel orange
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‘Lane Late’, a late-maturing navel orange cultivar, is mainly distributed in the Three Gorges Reservoir area, which matures in the late March of the next year and needs overwintering cultivation. Citrus fruit granulation is a physiological disorder, which is characterized by lignification and dehydration of juice sac cells, seriously affecting the commercial value of citrus fruits. The pre-harvest granulation of late-maturing navel orange is main caused by low temperature in the winter, but its mechanism and regulation pattern remain unclear. In this study, a SG2-type R2R3-MYB transcription factor, CsMYB15, was identified from Citrus sinensis, which was significantly induced by both juice sac granulation and low temperature treatment. Subcellular localization analysis and transcriptional activation assay revealed that CsMYB15 protein was localized to the nucleus, and it exhibited transcriptional activation activity in yeast. Over-expression of CsMYB15 by stable transformation in navel orange calli and transient transformation in kumquat fruits and navel orange juice sacs significantly increased lignin content in the transgenic lines. Further, Yeast one hybrid, EMSA, and LUC assays demonstrated that CsMYB15 directly bound to the Cs4CL2 promoter and activated its expression, thereby causing a high accumulation of lignin in citrus. Taken together, these results elucidated the biological function of CsMYB15 in regulating Cs4CL2-mediated lignin biosynthesis, and provided novel insight into the transcriptional regulation mechanism underlying the juice sac granulation of late-maturing navel orange.
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1 Introduction

Citrus is the largest fruit crop in the world, and it is valued due to its abundant functional components beneficial to human health. However, granulation (also known as crystallization) has been a serious problem in the fruit juice sacs of many citrus varieties, including sweet orange (Citrus sinensis) (Jia et al., 2018; Jia et al., 2019), mandarin (Citrus reticulata) (Yao et al., 2018), grapefruit (Citrus paradisi) (Burns and Albrigo, 1998), and pummelo (Citrus grandis) (Wu et al., 2014; Shi et al., 2020; Chen et al., 2021). Granulation is a physiological disorder, which causes a reduction in juice, sugar, acid, and flavor substances of citrus fruits, leaving behind the dry, tough, and colorless granulated juice sacs (Theanjumpol et al., 2019; Chen et al., 2021). Granulation usually occurs in either post-harvest storage stage of most citrus varieties or on-tree stage of late-ripening citrus varieties (Burns and Albrigo, 1998; Wu et al., 2014; Chen et al., 2021). Due to the serious damage of granulation to citrus industry, numerous studies have been undertaken to investigate the physiological and molecular mechanisms of citrus granulation, as well as its prevention and control measures (Burns and Albrigo, 1998; Wang et al., 2014; Wu et al., 2014; Yao et al., 2018; Theanjumpol et al., 2019; Shi et al., 2020; Chen et al., 2021). However, most studies are focused on the granulation during post-harvest storage stage, the studies about the juice sac granulation during pre-harvest on-tree ripening stage are very limited (Wu et al., 2020).

Previous studies have revealed that citrus fruit granulation is correlated with lignin deposition, and lignin contents are observed to increase in the granulated juice sacs in many citrus varieties such as mandarin (Sharma et al., 2015; Yao et al., 2018), sweet orange (Jia et al., 2018; Wu et al., 2020; Zhang et al., 2021), and pummelo (Wu et al., 2014; Shi et al., 2020). Lignin, an important component of secondary cell wall, has been reported to play a critical role in citrus granulation process (Jia et al., 2018; Shi et al., 2020). In plants, the lignin biosynthetic pathway involves a series of sequential enzymes, including phenylalanine ammonia lyase (PAL), cinnamate 4-hydroxylase (C4H), 4-coumarate CoA ligase (4CL), shikimate/quinate hydroxy cinnamoyl transferase (HCT), p-coumarate 3-hydroxylase (C3H), caffeic acid O-methyltransferase (COMT), cinnamoyl CoA reductase (CCR), cinnamyl alcohol dehydrogenase (CAD), peroxidase (POD), laccase (LAC), and ferulate 5-hydroxylase (F5H) (Shi et al., 2020; Xie et al., 2020).

The NAC (NAM-ATAF-CUC)-MYB (myeloblastosis)-mediated gene regulatory network responsible for lignin biosynthesis has been well studied in plants (Liu et al., 2015; Ohtani and Demura, 2019). In this regulatory hierarchy, AtNST1 (NAC secondary wall thickening promoting factor 1), AtSND1 (NAC domain protein 1), and AtVND6/7 (vascular-related NAC domain 6/7) have been identified as upstream key regulators for lignin biosynthesis and secondary cell wall formation (Kubo et al., 2005; Mitsuda et al., 2007; Geng et al., 2019). The R2R3-MYB domain MYB transcription factors (TFs) AtMYB46 (Zhong et al., 2007) and AtMYB83 (McCarthy et al., 2009) are direct target genes of AtSND1, and the induction of these two TFs in turn stimulates the expression of downstream lignin biosynthesis genes, including PAL1, C4H, 4CL1, CCoAOMT, HCT, CCR1, and F5H1 (Ko et al., 2009; McCarthy et al., 2009; Zhong and Ye, 2011; Kim et al., 2012; Kim et al., 2014). In addition, several MYB genes are also involved in the regulation of lignin biosynthesis, including AtMYB20, AtMYB42, AtMYB43, AtMYB58, AtMYB63, and AtMYB85 (Zhou et al., 2009; Geng et al., 2019).

In Citrus sinensis, the CsMYB330 and CsMYB308 act as transcriptional activator and repressor of fruit juice sac lignification by directly interacting with Cs4CL1 (Jia et al., 2018). Transcription factor CsMYB85 has been reported to interact with CsMYB308 and bind to the promoter of CsMYB330, thus regulating the expression of Cs4CL1 and fruit juice sacs lignification (Jia et al., 2019). In Citrus grandis, CgMYB58 (homolog of CsMYB85) has been reported to regulate the expression of CgPAL1, CgPAL2, Cg4CL1, and CgC3H during fruit juice sac granulation through the direct interaction with the AC elements in their promoters (Shi et al., 2020). However, all these transcription factors have been identified in the post-harvest induced granulation, the transcription factors involved in the cold-induced granulation remain very limited.

In this study, a typical SG2-type R2R3 MYB transcription factor, CsMYB15, was identified and characterized in Citrus sinensis. The expression of CsMYB15 was up-regulated under different granulation degrees and induced by low temperature treatment in navel orange fruits. Subcellular localization analysis showed that CsMYB15 protein was localized in the nucleus and had transcriptional activation activity in yeast. Over-expression of CsMYB15 increased lignin content in juice sacs, kumquat fruits, and navel orange calli. CsMYB15 bound to the Cs4CL2 promoter to regulate its expression, thus mediating lignin biosynthesis, which indicated that CsMYB15 was involved in the low temperature-induced juice sac granulation progress. This study not only provides a comprehensive analysis of the biological function and regulating mechanism of CsMYB15, but also sheds novel insight into the transcriptional regulation network of lignin biosynthesis in low temperature-induced fruit juice sac granulation process in ‘Lane late’ navel orange.




2 Materials and methods



2.1 Plant materials

A total of 9 mature ‘Lane late’ navel orange (Citrus sinensis Osbeck) trees (10-year-old) with red tangerine (Citrus tangerina Hort) as rootstock from an orchard located in the Three Gorges Reservoir area (E 110°41’, N 30°54’) in Zigui County were selected for sampling in this study, and fruits were collected at 350 days after flowering according to our previous study (Wu et al., 2020). The experiments were conducted with three biological replicates, and 15 fruits collected from 3 trees in different directions were mixed together as one biological replicate. The juice sacs were isolated from the fruits, immediately frozen with liquid nitrogen, and stored at -80 °C for RNA extraction. For low temperature treatment, the juice sacs isolated from normal ‘Lane late’ navel orange fruits were placed on a plate and covered with sterilized gauze to keep moist. Then, the plates with juice sacs were transported into an incubator at 4 °C for low temperature treatment. The samples were collected at 0 h, 3 h, 9 h, 12 h, and 24 h, and 30 individual juice sacs were collected as one biological replicate. Each sample had three biological replicates, and all the juice sacs were immediately frozen with liquid nitrogen and stored in -80 °C for RNA extraction.




2.2 Phylogenetic analysis

To explore the phylogenetic relationship of CsMYB15 and other MYB family transcription factors, a multiple sequence alignment of the amino acid sequences of CsMYB15 and other 32 MYB proteins was performed using MUSCLE (www.ebi.ac.uk/Tools/msa/muscle/ ) with default parameters (Edgar, 2004). The phylogenetic tree was constructed using the maximum likelihood method of MEGA X software with 1000 bootstraps (Kumar et al., 2018). The final phylogenetic tree was visualized and polished with the Interactive Tree of Life software (iTOL, version 5, https://itol.embl.de/) (Letunic and Bork, 2016).




2.3 RNA extraction, cDNA synthesis and qRT-PCR

Total RNA was extracted from the juice sacs using TRIzol™ reagent according to the manufacturer’s instructions (Thermo Scientific). RNA quality was assessed by agarose gel electrophoresis, and 5X All-In-One RT MasterMix with AccuRT (Applied Biological Materials) kit was used for ss/dsDNA digestion and cDNA synthesis. Quantitative RT-PCR was performed on a QuantStudio 7 Flex system (Thermo Scientific, USA) according to the manufacturer’s instruction with EvaGreen 2X qPCR MasterMix kit (Applied Biological Materials, Canada). Elongation factor 1 (Ef1, Cs8g16990) gene was utilized as an internal reference gene (Li et al., 2022), and the relative expression was calculated with 2-ΔΔCt method. Student’s t-test was performed to determine statistical significance, and ** indicated significant differences at the level of P < 0.01. The primers used for qRT-PCR were listed in Supplementary Table S1.




2.4 Cloning of CsMYB15 gene and promoter

The cDNA synthesized from the total RNA extracted from juice sacs of ‘Lane late’ navel orange (Citrus sinensis Osbeck) was used to amplify the full-length coding sequence (CDS) of CsMYB15 using the following primers: Forward 5’ -ATGATGGGGAGGGCTCC- 3’ and Reverse 5’ -GGAAATGGTAATGTTAATGAGTCTGCC-3’. PCR amplification was performed using the Phanta Max Super-Fidelity DNA Polymerase (Vazyme, Nanjing, China) following the manufacturer’s instructions. The PCR product was purified and cloned into pTOPO vector for sequencing. The coding sequence of CsMYB15 was deposited in Genebank with the accession number of OQ985393. The 2000 bp region upstream the start codon ATG of CsMYB15 was cloned as the promoter sequence from the total DNA extracted from the leaf of ‘Lane late’ navel orange. The promoter of CsMYB15 was further analyzed using the online software of plantPan 3.0 (http://plantpan.itps.ncku.edu.tw/) and plantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/). The promoter sequence of CsMYB15 was provided in Supplementary Table S2.




2.5 Subcellular localization analysis of CsMYB15

The CDS of CsMYB15 without stop codon was ligated with GFP (green fluorescent protein), and then cloned into pICH86988 vector containing cauliflower mosaic virus 35S promoter to construct 35S:CsMYB15:GFP vector by Golden Gate method (Engler et al., 2014). Subsequently, the recombinant 35S:CsMYB15:GFP vector was transformed into Agrobacterium tumefaciens (strain GV3101 with pSoup-p19), and co-expressed with a nucleolus marker 35S:FIB2:mCherry in tobacco leaves (Chang et al., 2016) according to a previous study (Sparkes et al., 2006). The subcellular localization of CsMYB15 was observed via a confocal laser-scanning microscope (TCS SP6, Leica, Germany).




2.6 Validation of CsMYB15 transcriptional activity

A yeast system was utilized to examine the transcriptional activity of CsMYB15 according to a previously described method (Ma et al., 2009). The coding sequences of CsMYB15 were cloned into the bait vector pGBKT7 by homologous recombination method using HiFi DNA Assembly Master Mix (NEB, Ipswich, USA) according to the manufacturer’s protocol. The CsMYB15-pGBKT7 + pGADT7-AD, pGBKT7-lam + pGADT7-T (negative control), and pGBKT7-53 + pGADT7-T (positive control) were transformed into Y2H strain yeast independently. After being cultured on SD/-Trp medium at 30 °C for 3 days, single colonies were selected and further amplified. Subsequently, the positive transformants were grown on SD/-Leu/-Trp and SD/-Leu/-Trp/-His/-Ade media, and the growth of all the transformants were observed after 3 days. Additionally, the galactosidase assay was performed by adding X-α-Gal to the medium according to a previously described method (Ma et al., 2009).




2.7 Transformation of CsMYB15 in juice sacs, kumquat fruits, and citrus calli

The CDS of CsMYB15 was cloned into pAML4 vector (containing cauliflower mosaic virus 35S promoter-driven GFP reporter module) together with CaMV35S promoter and nos terminator through Golden Gate method (Engler et al., 2014). The recombinant plasmid was transformed into Agrobacterium tumefaciens (strain GV3101) for further transformation. For juice sac transient expression, juice sacs were separated from ‘Lane late’ navel orange (Citrus sinensis Osbeck) fruits, and CsMYB15 was transiently over-expressed in juice sacs, as described in previous study (Shi et al., 2019). The transformed juice sacs were carefully collected at 6 days post infection. For kumquat (F. crassifolia Swingle) fruit transient expression, kumquat fruits at the green ripening stage (120-180 days after flowering) were selected for transformation. These fruits were infiltrated with A. tumefaciens carrying the CsMYB15 expression vector by using a sterile 1 ml hypodermic syringe according to the method described previously (Gong et al., 2021a). The infiltrated fruit sections were screened with GFP fluorescence and sampled at 5 days post infection by using a fluorescence microscope (Olympus, Japan). For citrus calli stable transformation, the healthy and plump calli of navel orange (Citrus sinensis Osbeck) were selected, and the transformation was performed according to a previously described method (Shi et al., 2020). The positive calli were selected by GFP fluorescence using a fluorescence microscope (Olympus, Japan), and then validated by PCR amplification.

Half of the juice sac, kumquat fruit, and citrus callus samples were immediately frozen with liquid nitrogen and stored at −80°C for RNA extraction and qRT-PCR analysis. The remaining samples were stoved in a bake oven for lignin content determination.




2.8 Determination of lignin contents

The lignin contents of the juice sacs, kumquat fruits, and citrus calli were measured by using a lignin assay kit (Solarbio, China) according to the manufacturer’s instruction (Yang et al., 2022), and each sample has three biological replicates.




2.9 Yeast one-hybrid assay (Y1H)

Yeast one-hybrid assay was conducted as described previously (Gong et al., 2021b). The full-length CDS of CsMYB15 and promoter sequences of Cs4CL1, Cs4CL2, CsC3H, CsCCR2, CsPOD2, and CsPOD3 were cloned into pGADT7 and pAbAi vectors to produce prey construct of pGADT7:CsMYB15 and bait constructs of pAbAi:promoters, respectively. Then, the bait constructs were transformed into the yeast strain Y1H Gold to produce reporter strains, and their autoactivation was determined on SD/-Ura+ aureobasidin A (AbA) plates. The prey construct was introduced into the reporter strains, and pGADT7 empty vector was utilized as a negative control. The transformed yeast cells were cultured on SD/-Ura/-Leu/AbA medium for Y1H assay to examine the interaction between CsMYB15 and the promoters of Cs4CL1, Cs4CL2, CsC3H, CsCCR2, CsPOD2 and CsPOD3. The primers used for constructing Y1H vectors were listed in Supplementary Table S1. The promoter sequences of Cs4CL1, Cs4CL2, CsC3H, CsCCR2, CsPOD2 and CsPOD3 were deposited in Genebank with the accession number of OQ985394 to OQ985399.




2.10 Electrophoretic mobility shift assay (EMSA)

The electrophoretic mobility shift assay (EMSA) was conducted as described previously with minor modifications (Shi et al., 2020). Briefly, the MBP-CsMYB15 protein was expressed and purified, as described previously (Lu et al., 2018). The 5’ FAM-labeled oligonucleotide probes were directly synthesized and labeled by the Tianyi Huiyuan Company (Wuhan, China). The same oligonucleotides without labels were utilized as competitors. Probe information was provided in Supplementary Table S1.




2.11 Dual luciferase transcriptional activity assay (LUC)

Dual luciferase transcriptional activity assay was performed using Nicotiana benthamiana leaves according to a previous report (Lu et al., 2018). Specifically, the the promoter sequence of Cs4CL2 was inserted into the upstream of LUC coding sequence in pGreen0800-LUC vector to produce reporter construct. The full-length CDS of CsMYB15 was cloned into pAML4 over-expression vector to produce 35S::CsMYB15 effector construct. The effector construct and reporter construct were respectively transformed into A. tumefaciens (strain GV3101 with pSoup-p19), and co-expressed in tobacco leaves according to a previously reported method (Hellens et al., 2005). The LUC activity was measured according to the method reported by Lu et al. (2018). All the primers were listed in Supplementary Table S1.





3 Results



3.1 Cloning and characterization of CsMYB15 in Citrus sinensis

The coding sequence of CsMYB15 was identified and cloned from ‘Lane late’ navel orange (Citrus sinensis Osbeck) to investigate its biological function. The coding sequence of CsMYB15 was 804 bp in length, and this coding sequence encoded a 268-amino acid protein. As shown in Figure 1A, the open reading frame of CsMYB15 was constructed with three exons. Then, the coding sequence of CsMYB15 was aligned with that of 8 other MYB genes with high homology. CsMYB15 protein was found to contain four conserved domains, including one R2-domain, one R3-domain, and two SG2 domains, indicating that CsMYB15 was an typical SG2-Type R2R3-MYB protein (Figure 1B).




Figure 1 | Schematic diagram and amino acid sequence alignment of CsMYB15. (A). Schematic diagram of the CsMYB15 gene (top) and protein (bottom). (B). Multiple sequence alignment of CsMYB15 amino acid sequence with homologous MYBs in other species. R2, R3, and SG2 domains were marked with dark lines.






3.2 Phylogenetic analysis of CsMYB15

To explore the phylogenetic relationship of CsMYB15, a phylogenetic tree was established with the amino acid sequences of 32 MYB proteins using the maximum likelihood method of MEGA. As shown in Figure 2, the MYB genes were divided into 5 clades, including Clade I, Clade II, Clade III, Clade IV and Clade V, and the CsMYB15 was highly homologous to MYB15-like genes from Arabidopsis thaliana, Vitis vinifera, Solanum lycopersicum, Fragaria vesca, Prunus persica, and Malus domestica in Clade I. It was worth noting that CsMYB15 and AtMYB15 were clustered into a subclade with the closest genetic relationship and the highest homology. Further blast result revealed that CsMYB15 was the orthologous gene of cold tolerance-related AtMYB15.




Figure 2 | Phylogenetic analysis of MYB15-related proteins and lignin biosynthesis-related MYBs in different plant species. At, Arabidopsis thaliana; Vv, Vitis vinifera; Sl, Solanum lycopersicum; Fv, Fragaria vesca; Pp, Prunus persica; and Md, Malus domestica. CsMYB15 (CS00088G00320 or orange1.1g024484m), FvMYB4 (FV4G00360.1), MdMYB15 (MD00G513530), PpMYB15 (PPE_001G03850), SlMYB15 (SL09G090130), VvMYB15 (VV05G08250), AtMYB14 (AT2G31180), AtMYB13 (AT1G06180), AtMYB107 (AT3G02940), CsMYB102 (CS00010G02180), AtMYB102 (AT4G21440), PpMYB102 (PPE_004G03340), FvMYB39 (FV3G07360), MdMYB102 (MD00G267480), VvMYB102 (VV00G07100), CsMYB9 (CS00312G00030), AtMYB9 (AT5G16770), AtMYB63 (AT1G79180), AtMYB58 (AT1G16490), AtMYB34 (AT5G60890), AtMYB4 (AT4G38620), CsMYB4 (CS00023G00610), PpMYB4 (PPE_008G18180), FvMYB308 (FV2G07290), VvMYB4 (VV03G04830), SlMYB308 (SL01G111500), AtMYB85 (AT4G22680), CsMYB308 (CS00271G00230), CsMYB330 (CS00002G01660), CsMYB58 (CS00052G00740).






3.3 Expression profiles of CsMYB15

To further investigate the role of CsMYB15 in low temperature-induced juice sac granulation, the expression of CsMYB15 under different degrees of low temperature-induced juice sac granulation was assessed by qRT-PCR. As shown in Figure 3A, the expression of CsMYB15 was significantly induced by juice sac granulation, and the induction of CsMYB15 was gradually increased with the increasing granulation degrees, indicating that CsMYB15 might be involved in the regulation network during juice sac granulation process. Interestingly, we also found that the expression of CsMYB15 was significantly induced under low temperature treatment (Figure 3B). Although the expression of CsMYB15 was increased first and then decreased under low temperature treatment, it was relatively higher at all treatment time points than at 0 h, suggesting a significant induction of CsMYB15 under low temperature stress. Further, we amplified the promoter sequence of CsMYB15 from ‘lane late’ navel orange, and analyzed the cis-elements involved in the promoter sequence. As shown in Figure 3C, the potential regulatory cis-elements were predicted, including low temperature responsive element, MYC recognition site, which have been predicted to be involved in low temperature responsiveness in many cases. We also predicted the light responsiveness elements, Box 4, GT-1, and G Box, and hormone responsiveness elements from the promoter of CsMYB15, indicating that the expression level of CsMYB15 might also been regulated by light and plant hormones. Additionally, qRT-PCR revealed that the expression level of 6 lignin biosynthesis genes were up-regulated under low temperature treatment (Figure 3D). Expect for the expression level of CsPAL2 was only induced at 3h, the expression levels of Cs4CL1, Cs4CL2, CsCCR1, CsCCR2, and CsPOD2 were increased first and then decreased, and the expression levels were relatively higher at all treatment time points than at 0 h, which was in line with the expression level of CsMYB15. In a word, these results indicating that CsMYB15 was induced by both juice sac granulation and low temperature treatment.




Figure 3 | Expression profiles of CsMYB15 under different juice sac granulation stages and low temperature treatment. (A). qRT-PCR analysis of transcript abundance of CsMYB15 in ‘Lane late’ navel orange fruits under different juice sac granulation stages. CK, non-granulated fruit; GR1, slight granulated fruit; GR2, moderate granulated fruit; GR3, serious granulated fruit; nd, not detected. (B). qRT-PCR analysis of the relative expression of CsMYB15 in the fruits treated with low temperature. (C). Schematic diagram of the CsMYB15 promoter in ‘Lane late’ navel orange. (D). qRT-PCR analysis of the relative expression of lignin biosynthesis genes in the fruit juice sacs treated with low temperature.CsEF1 was used as an internal control. All data were expressed as mean ± SE. **, P < 0.01, *, P < 0.05 (student’s t-test).






3.4 Subcellular localization and transcriptional activity of CsMYB15

To explore the subcellular localization of CsMYB15 protein, CsMYB15-GFP fusion construct in pICH86988 vector was transiently co-expressed with a nucleolus marker (FIB2:mCherry) in tobacco leaves. As shown in Figure 4A, the green fluorescence of CsMYB15:GFP was localized to the nucleus, including both nucleolus and nucleoplasm. The GFP fluorescence of nucleolus was overlapped with the red fluorescence of FIB2:mCherry (a nucleolus marker), and the nucleolus was surrounded by the GFP fluorescence of nucleoplasm. A yeast system was adopted for assessing the transcriptional activity of CsMYB15. As shown in Figure 4B, the positive control and pGBKT7-CsMYB15 strains grew well on both SD/-Leu-Trp and SD/-Leu-Trp-His-Ade media, and these two strains turned blue on the medium containing X-α-gal, whereas the negative control strain failed to grow on SD/-Leu-Trp-His-Ade medium, indicating that CsMYB15 had transcriptional activation activity in yeast. Taken together, the above results suggested that CsMYB15 was a nuclear-localized protein with transcriptional activation activity.




Figure 4 | Subcellular localization and transcriptional activity of CsMYB15. (A). Subcellular localization of CsMYB15 in N. benthamiana leaves. Scale bars = 10 μm. (B). Transcription activity analysis of CsMYB15 protein in yeast. pGBKT7-lam + pGADT7-T were co-transformed into yeast as the negative control, and pGBKT7-53 + pGADT7-T were co-transformed into yeast as the positive control.






3.5 Over-expression of CsMYB15 increases lignin content in transgenic plants

The coding sequence of CsMYB15 was cloned from ‘Lane late’ navel orange, and individual transgenic experiments were conducted to explore the biological function of CsMYB15. Firstly, CsMYB15 was transiently expressed in the juice sacs isolated from ‘Lane late’ navel orange fruits. As shown in Figure 5B, qRT-PCR revealed that the expression level of CsMYB15 was up-regulated in the juice sac over-expressing CsMYB15. Comparing with that of wild type, the morphology of juice sacs transiently expressing CsMYB15 was slim, deformed, and granulated (Figure 5A). The lignin content in juice sacs over-expressing CsMYB15 was significantly higher than that in wide type (Figure 5C). These results were further verified by the transient expression of CsMYB15 in ‘Huapi’ kumquat (Fortunella crassifolia Swingle) fruits (Figure S1).




Figure 5 | Transient expression of CsMYB15 in navel orange juice sacs and stable expression of CsMYB15 in navel orange calli. (A). The morphology of transgenic juice sacs over-expressing CsMYB15 was slim, deformed, and granulated. (B). Relative expression levels of CsMYB15 in WT and two transgenic juice sac lines over-expressing CsMYB15. (C). Lignin content in WT and two transgenic juice sac lines over-expressing CsMYB15. (D). Positive citrus calli over-expressing CsMYB15 under bright field and GFP fluorescence. (E). Relative expression level of CsMYB15 in WT and two transgenic citrus callus lines over-expressing CsMYB15. (F). Lignin content in WT and two transgenic citrus callus lines over-expressing CsMYB15. All data were expressed as mean ± SE. The asterisks indicate significant differences according to student’s t-test (** P < 0.01).



Then, CsMYB15 was over-expressed in citrus calli through Agrobacterium-mediated stable transformation system. Two independent transgenic lines were selected through GFP fluorescence (Figure 5D). The expression of CsMYB15 in representative lines was validated by qRT-PCR (Figure 5E). As expected, the lignin content was significantly higher in the transgenic citrus calli over-expressing CsMYB15 than in wide type calli (Figure 5F). Taken together, these results indicated that CsMYB15 positively regulated lignin biosynthesis in citrus.




3.6 CsMYB15 activates the expression of Cs4CL2 by directly binding to its promoter

We speculated that CsMYB15 could directly bind to the promoters of lignin biosynthesis genes, thus affecting their expression, eventually regulating the lignin biosynthesis. Thus, 2000 bp sequences upstream the initiation codon were cloned as the promoters of Cs4CL1, Cs4CL2, CsC3H, CsCCR2, CsPOD2 and CsPOD3, and the Yeast one-hybrid assay (Y1H) was conducted to verify the interaction between CsMYB15 and the promoters of these genes. As shown in Figure 6A, clone CsMYB15 + proCs4CL2 was grown well on the SD-leu + 75 ng/μL AbAi (aureobasidin A) medium, indicating that CsMYB15 could bind to the promoter of Cs4CL2. However, CsMYB15 did not interact with the promoters of Cs4CL1 (Figure S2), it did not interact with those of CsC3H, CsCCR2, CsPOD2 and CsPOD3, either (data not shown).




Figure 6 | CsMYB15 directly binds to and transactivates the promoter of Cs4CL2.  (A) CsMYB15 could interact with the promoter of Cs4CL2 in yeast one-hybrid assay. (B) CsMYB15 directly bound to the MRS elements in the promoter of Cs4CL2 according to EMSA assay. (C) Schematic diagram of effector and reporter structures used for dual luciferase assay. LUC, firefly luciferase; REN, Renilla luciferase. (D) CsMYB15 increased the activity of the Cs4CL2 promoter according to the LUC assay. (E) Relative expression levels of Cs4CL2 in WT and two transgenic juice sac lines over-expressing CsMYB15. (F) Relative expression levels of Cs4CL2 in WT and two transgenic citrus callus lines over-expressing CsMYB15. The asterisks indicate significant differences according to student’s t-test (** P < 0.01).



We predicted that CsMYB15 might bind to the MYB recognition sites (MRS, TGGTTG/A) on the Cs4CL2 promoter. To verify our prediction, the electrophoretic mobility shift assay (EMSA) was performed using purified MBP-CsMYB15 protein with a FAM-labeled Cs4CL2 promoter fragment (−51 to −89 bp region) used as a probe. As shown in Figure 6B, a shifted band was observed after the probe was incubated with MBP-MYB15, but this band became weaker under the actions of the corresponding competitors in a dosage-dependent manner. These results further demonstrated that CsMYB15 directly bound to the MRS cis-element of Cs4CL2 promoter in vitro.

In addition, a dual luciferase transcriptional activity assay (LUC) was performed in N. benthamiana leaf to reveal how CsMYB15 regulated the expression of Cs4CL2. The LUC: renillia (REN) ratio of leaf co-expressing CsMYB15 and Cs4CL2 promoter was significantly higher than that of the negative control, indicating that CsMYB15 acted as transcriptional activators of Cs4CL2 by directly interacting with the MRS elements (Figures 6C, D). Further, we detected the expression patterns of Cs4CL2 in the transgenic juice sac and citrus callus lines using qRT-PCR. As shown in Figures 6E, F, the expression level of Cs4CL2 was significantly higher in the transgenic plant lines over-expressing CsMYB15 than the wide type, which was further proof of the activation of CsMYB15 transcription factor on the Cs4CL2.





4 Discussion

Juice sac granulation is a severe physiological disorder in citrus fruit, causing dramatic decline in fruit quality and commercial value (Shi et al., 2020; Wu et al., 2020). In recent years, extensive studies have been conducted to elucidate the physiological and molecular mechanisms underlying the juice sac granulation (Wu et al., 2014; Yao et al., 2018; Jia et al., 2019; Shi et al., 2020; Zhang et al., 2021). However, most of existing studies focus on post-harvest juice sac granulation, the molecular regulating network of low temperature-induced pre-harvest juice sac granulation remains largely unknown. In this study, we identified SG2-type R2R3-MYB transcription factor CsMYB15 as a positive regulator of lignin biosynthesis, and CsMYB15 could directly bind to the Cs4CL2 promoter to activate its transcription during low temperature-induced juice sac granulation in late-maturing navel orange.

Low temperature is one of the major abiotic stress limiting the plant growth, development, quality, and yield (Ma et al., 2015; Ding et al., 2020). In horticultural plants, low temperature usually causes granulation of the chilling sensitive fruits such as loquat (Cai et al., 2006; Zhang et al., 2020a), kiwifruit (Suo et al., 2018), pear (Lu et al., 2014), and zucchini (Carvajal et al., 2015). Our previous study has shown that low temperature in winter induced pre-harvest juice sac granulation in ‘Lane late’ navel orange by affecting the cell wall metabolism and increasing the accumulation of lignin (Wu et al., 2020). MYB transcription factors play critical roles in plant stress responses, especially abiotic stress responses including cold (Agarwal et al., 2006; An et al., 2018), drought (Nakabayashi et al., 2013; Zhao et al., 2018), and salt stress responses (Sun et al., 2020; Zhang et al., 2020c). Here, CsMYB15 was identified as a typical SG2-type R2R3 MYB transcription factor in Citrus sinensis. Our phylogenetic analysis revealed that CsMYB15 was the orthologous gene of AtMYB15. In agreement with previous report that plants exhibited increased accumulation of MYB15 transcript in response to cold stress in both Arabidopsis (Agarwal et al., 2006) and tomato (Zhang et al., 2020b), we also found that CsMYB15 expression was up-regulated under low temperature treatment in navel orange fruits, and CsMYB15 was highly expressed in the granulated navel orange fruits, and its expression level was increased with the increasing severity of juice sac granulation. Additionally, CsMYB15 protein was localized to the nucleus and had transcriptional activation activity in yeast. Thus, CsMYB15 might act as a low temperature-induced transcriptional activator involved in juice sac granulation.

MYB TFs play important roles in regulating lignin biosynthesis in plants (Taylor-Teeples et al., 2014; Liu et al., 2015; Chen et al., 2019; Xiao et al., 2021). In Pinus taeda, PtMYB4 can induce lignication during wood formation (Patzlaff et al., 2003). In Populus trichocarpa, over-expression of PtrMYB3 and PtrMYB20, and PtoMYB216 activates the expression of the upstream genes in the lignin biosynthetic pathway, thus resulting in the lignin deposition. In Arabidopsis thaliana, AtMYB58, AtMYB63, and AtMYB85 regulate the lignification in vascular tissues by binding to the AC-rich elements in the promoters of lignin biosynthesis genes (Zhong et al., 2008; Zhou et al., 2009). AtMYB15, a homologous gene of CsMYB15, increases the biosynthesis of G-lignin to promote defence-induced lignification and basal immunity under pathogen infection (Chezem et al., 2017; Kim et al., 2020). The present study showed that over-expression of CsMYB15 led to an increase in the lignin content in all the transgenic juice sacs, kumquat fruits, and citrus calli, indicating that CsMYB15 positively regulated lignin biosynthesis in citrus. Our Y1H, EMSA, and LUC assays further demonstrated that CsMYB15 could bind directly to the MRS element in the promoter of Cs4CL2 to activate its expression. However, CsMYB15 failed to bind to the MRS element in the promoter of Cs4CL1, indicating that CsMYB15 might not bind to all the promoters containing MRS element. Similar results have also been reported in Arabidopsis and Citrus. AtMYB58 and AtMYB63 bound to and activated the promoter of AtLAC4, but did not bind to the promoter of AtLAC17 (Zhou et al., 2009). CsMYB330 and CsMYB308 bound to AC elements in the Cs4CL1 promoter, but not to the promoters of CsCCoAOMT1, CsPAL1, and CsPAL2 although these promoters also contained AC elements (Jia et al., 2018).

Previous studies have shown that the lignin biosynthesis pathway is centrally involved in the juice sac granulation, and four R2R3-MYB transcription factors have been identified to be involved in the post-harvest juice sac granulation process in sweet orange and pummelo by regulating lignin biosynthesis, including CgMYB58, CsMYB85 (homolog of CgMYB58), CsMYB330, and CsMYB308. In this study, a novel SG2-type R2R3-MYB transcription factor, CsMYB15, was identified as a transcriptional activator of lignin biosynthetic gene Cs4CL2, and it could directly bind to its promoter, thereby resulting in the accumulation of lignin during low temperature-induced pre-harvest juice sac granulation. Our phylogenetic analysis demonstrated that CsMYB15 was clearly separated from the reported four MYB transcription factors involved in the citrus juice sac granulation, and CsMYB15 was specifically induced by low temperature, indicating that CsMYB15-mediated lignin biosynthesis regulation network as a novel one was specific to the low temperature-induced pre-harvest juice sac granulation process.

In conclusion, we proposed a working model in which CsMYB15 regulated lignin biosynthesis during low temperature-induced juice sac granulation process. CsMYB15 was activated by cold stress in the winter, and CsMYB15 transcriptionally activated the lignin biosynthetic gene Cs4CL2 by directly binding to its promoter, thus promoting the accumulation of lignin in juice sacs, ultimately leading to the lignification of juice sacs in navel orange (Figure 7). Our findings advance our understanding of MYB transcriptional factor-mediated lignin biosynthesis regulation network during low temperature-induced pre-harvest juice sac granulation in late-maturing navel orange.




Figure 7 | A proposed working model in which CsMYB15 regulates lignin biosynthesis during juice sac granulation in late-maturing navel orange. In this model, CsMYB15 is activated by cold stress in the winter, and then CsMYB15 directly binds to the promoter region of lignin biosynthesis gene Cs4CL2 and induces its expression, leading to lignin biosynthesis, ultimately causing juice sac granulation in navel orange.
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Supplementary Figure 1 | Transient expression of CsMYB15 in kumquat fruits. (A). Injection part of kumquat fruits. (B). Relative expression levels of CsMYB15 in WT and two transgenic kumquat fruit lines over-expressing CsMYB15. (C). Lignin contents were measured in WT and two transgenic kumquat fruit lines over-expressing CsMYB15. All data were expressed as mean ± SE. The asterisks indicate significant differences according to student’s t-test (** P < 0.01).

Supplementary Figure 2 | CsMYB15 does not interact with the promoter of Cs4CL1 in yeast one-hybrid assay.
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Contig Name = RPKM Log,RPKM FDR corrected Annotation - A. thaliana Gene symbol -

Difference  Fold change = p-value A. thaliana

Phenylpropanoid metabolism

Nbv5tr6236806 67.0 2.7 <1.00E99 Phenylalanine ammonia-lyase-like PAL2
Nbv5tr6372855 43.8 28 <1.00E99 Cinnamate-4-hydroxylase C4H
Nbv5tr6215803 259.8 9.7 <1.00E99 4-coumarate-ligase-like 4CL
Nbv5tr6230272 50.5 3 <1.00E99 Cinnamoyl-CoA-reductase 1-like CCR
Nbv5tr6354270 17.9 4.5 3.79E-04 Caffeic acid 5-hydroxyferulic acid o-methyltransferase OMT
Nbv5tr6226062 888.8 34 <1.00E99 Caffeoyl-o-methyltransferase CCoAOMT
Nbv5tr6216786 111.6 36 <1.00E99 Tyramine n-feruloyltransferase-like AT2G39030
Nbv5tr6232617 1612.7 13.1 <1.00E99 Shikimate o-hydroxycinnamoyltransferase-like AT1G32910
Nbv5tr6228735 662.3 10.5 <1.00E99 Laccase-12-like LACI12
Nbv5tr6242242 970.1 104 <1.00E99 Laccase-3-like LAC3
Nbv5tr6231653 274 8.7 <1.00E99 Laccase-4-like IRX12
Nbv5tr6224494 774.6 co <1.00E99 Peroxidase 27-like AT3G01190
Nbv5tr6223363 56.4 co <1.00E99 Peroxidase 3-like PRX3
Nbv5tr6369451 23.1 co <1.00E99 Peroxidase 72 AT5G66390
Nbv5tr6213304 263.4 112 <1.00E99 Peroxidase 64-like AT5G42180
Nbv5tr6224466 269.8 12.8 <1.00E99 Casparian strip membrane protein 2-like AT5G15290

Lipid Metabolism and transport

Nbv5tr6200701 17.6 32 5.40E-13 Fatty acid amide hydrolase-like FAAH
Nbv5tr6246533 40.4 4.6 <1.00E99 Acetyl- carboxylase 1-like ACC2
Nbv5tr6237355 57 31 1.81E-04 Palmitoyl-acyl carrier protein chloroplastic-like FATB
Nbv5tr6213323 176.4 26 <1.00E99 Very-long-chain-3-hydroxyacyl-dehydratase pasticcino 2 PAS2
Nbv5tr6201800 98.3 32 <1.00E99 3-ketoacyl- synthase 1 KCS1
Nbv5tr6211563 105.1 4.6 <1.00E99 3-ketoacyl- synthase 2-like KCs2
Nbv5tr6222668 44.3 6 <1.00E99 3-ketoacyl- synthase 4-like KCS4
Nbv5tr6220790 26.2 2 8.31E-15 3-ketoacyl- synthase 11-like KCS11
Nbv5tr6384423 22,6 4.3 <1.00E99 Beta-ketoacyl reductase 1 KCR1
Nbv5tr6246568 39.8 55 <1.00E99 Long chain acyl- synthetase 4-like LACS4
Nbv5tr6315453 58.0 7.6 <1.00E99 cytochrome family 86 subfamily A polypeptide 1 CYP86AL
Nbv5r6237440 38.7 55 <1.00E99 cytochrome family 86 subfamily B polypeptide 1 CYP86B1
Nbv5tr6267165 28.6 95 <1.00E99 cytochrome family 86 subfamily A polypeptide 8 CYP86A8
Nbv5tr6240135 37.3 33 <1.00E99 Glycerol-3-phosphate acyltransferase 1-like GPAT1
Nbv5tr6232718 343 89 <1.00E99 Glycerol-3-phosphate acyltransferase 5-like GPAT5
Nbv5tr6218783 12.5 42 1.65E-05 Glycerol-3-phosphate 2-o-acyltransferase 6 GPAT6
Nbv5tr6201676 17.2 82 8.31E-15 Omega-hydroxypalmitate o-feruloyl transferase AT1G03390
Nbv5tr6366084 16.2 6.2 2.97E-13 Omega-hydroxypalmitate o-feruloyl transferase AT5G41040
Nbv5tr6234363 283.8 6.7 <1.00E99 Fatty acyl-CoA reductase 3-like FAR3
Nbv5tr6222428 200.3 6.2 <1.00E99 GDSL esterase/lipase GELP51 AT2G23540
Nbv5tr6408655 27.6 6.6 <1.00E99 GDSL esterase lipase GELP96 AT5G37690
Nbv5tr6222744 28.8 4.1 <1.00E99 GDSL esterase lipase-like AT1G71250
Nbv5tr6222730 391.0 9.5 <1.00E99 GDSL esterase lipase GELP38 AT1G74460
Nbv5tr6241864 72.6 23 <1.00E99 GDSL esterase lipase GELP72 AT3G48460
Nbv5tr6220564 28.7 7.7 <1.00E99 ABC transporter g family member 20 AT2G37360
Nbv5tr6368466 19.0 9.9 <1.00E99 ABC transporter g family member 1 AT2G39350
Nbv5tr6206538 29.5 4.7 <1.00E99 ABC transporter g family member 6 AT3G55090
Nbv5tr6391581 43.1 74 <1.00E99 ABC transporter g family member 23 AT5G19410
Nbv5tr6257293 165.6 11.8 <1.00E99 ABC transporter g family member 40 ABCG40
Nbv5tr6217020 219 79 <1.00E99 ABC transporter g family member 11 WBCI11
Nbv5tr6222894 209.4 9.6 <1.00E99 Lipid transfer-like protein vas AT5G13900
Nbv5tr6235917 81.1 7.1 <1.00E99 Non-specific lipid-transfer protein AT1G05450

Cell wall metabolism

Nbv5tr6207473 59.7 59 0.00E+00 Callose synthase 7-like GSLO7
Nbv5tr6258607 127.0 6.8 <1.00E99 Cellulose synthase-like protein d3 CSLD3
Nbv5tr6225388 94.2 29 6.28E-14 Expansin-like bl EXLB1
Nbv5tr6236443 144.5 34 <1.00E99 Extensin-2 AT3G09925
Nbv5tr6235965 270.4 11 <1.00E99 Leucine-Rich Repeat extensin-like protein 6 AT3G22800
Nbv5tr6399534 116.8 7.5 <1.00E99 Glucuronoxylan 4-o-methyltransferase AT1G33800
Nbv5tr6407350 253 7.3 <1.00E99 IRREGULAR XYLEM 15 AT5G67210
Nbv5tr6212953 90.4 6.4 <1.00E99 Mannan endo-beta-mannosidase 2-like AT2G20680
Nbv5tr6256067 752.0 8.8 <1.00E99 Pectate lyase 8 AT3G07010
Nbv5tr6369798 2883.4 113 <1.00E99 Polygalacturonase AT3G59850
Nbv5tr6390002 109.1 85 <1.00E99 polygalacturonase-like protein AT3G61490
Nbv5tr6240865 26.6 4.6 <1.00E99 Probable arabinosyltransferase aradl AT3G45400
Nbv5tr6205847 124.8 6.8 <L.00E99 Probable beta- -xylosyltransferase GUT1
Nbv5tr6252885 79.6 6.2 <1.00E99 Probable beta- -xylosyltransferase IRX14-L
Nbv5tr6249756 468.8 8.7 <1.00E99 Probable beta- -xylosyltransferase IRX9
Nbv5tr6346223 1645.3 85 <1.00E99 Probable pectate lyase 15 AT4G13710
Nbv5tr6231824 59.7 7.9 <1.00E99 Probable pectinesterase 29 AT3G24130
Nbv5tr6217710 160.0 8.4 <1.00E99 Rhamnogalacturonate lyase b-like AT1G09910
Nbv5tr6213987 86.3 6.4 <1.00E99 'UDP-glucuronate:xylan alpha-glucuronosyltransferase- PGSIP1
like
Nbv5tr6223206 239.6 7.8 <1.00E99 UDP-glucuronaterxylan alpha-glucuronosyltransferase- PGSIP3
like

Transcription factors

Nbv5tr6226272 12.3 6.2 4.31E-07 NAC domain containing protein 38 NACO38
Nbv5tr6292508 20.0 69 1.95E-11 NAC domain containing protein 58 NACO58
Nbv5tr6225931 8.5 33 1.45E-06 NAC domain containing protein 75 NAC075
Nbv5tr6335916 6.5 4.1 7.72E-05 NAC domain containing protein 80 NAC080
Nbv5tr6203800 129 43 1.55E-10 NAC domain containing protein 100 NAC100
Nbv5tr6229093 72 3 2.01E-05 transcription factor myb41-like MYB41
Nbv5tr6214654 8.8 8.3 5.66E-08 transcription factor myb93-like MYB93
Nbv5tr6223622 33.1 10.6 <1.00E99 transcription factor myb92-like MYB92
Nbv5tr6342855 1525 118 <1.00E99 transcription factor myb84-like MYNA
Nbv5tr6218321 96.9 12.8 <1.00E99 transcription factor myb36-like MYB36
Nbv5tr6237471 194.8 7 <1.00E99 transcription factor myb4-like MYB4

Expression values were calculated using the Reads Per Kilobase Million (RPKM, Mortazavi et al. (2008)). RPKM difference reflects the absolute difference in expression (MYB68OE-EMPTY
vector). Fold changes (FC) display the log, RPKM ratio (MYB68 OE/Empty vector), with e symbol displaying gene FC for which no expression was observed in leaves infiltrated with the empty
vector. p-Values were adjusted using the Benjamini-Hochberg false discovery rate correction. Annotations were obtained as described in Legay et al. (2016). The full data RNA-Seq dataset is
available in Supplementary Table 4.
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TCH (2,2,6-trimethylcyclohexanone) CoHy 60 1315 b B-damascenone
6-methyl-5-hepten-2-one CgHy,0 1332 a 6-methyl-5-hepten-2-one

trans-theaspirane C13H0 1501 b B-damascenone

vitispirane B Ci3Ha0 1529 b B-damascenone

vitispirane A Cy3Hy0 1532 b B-damascenone

cis-theaspirane Ci3H,0 1540 b B-damascenone

B-cyclocitral CioH160 1628 b B-damascenone

riesling acetal Cy3H,00 1638 b B-damascenone

TDN (1,1,6-trimethyl-1,2-dihydronaphtha-lene) Cy3Hie 1758 b B-damascenone

TPB ((E)~1~(2,3,6~T;ii:]e:;1ylphenyl) buta-1,3- CisHie 1766 b B-damascenone

(2)-pB-damascenone Ci3H 50 1772 b B-damascenone

(E)-p-damascenone C3H,;50 1834 a B-damascenone

geranylacetone C13H0 1863 b B-damascenone

B-ionone C13H0 1953 a B-ionone

: The identification of volatile compounds from full scan mode data was achieved by comparing the retention indices (RIs) and mass spectra with those of reference standards.
b: Compounds lack of standard were identified by comparing the retention indices (Rls) calculated with a C6-C24 n-alkane series under the same chromatographic conditions and mass
spectrums with compounds in the NIST 11 database.
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The colored and highlighted values are p-values. P-values indicates the significance level of correlation between SNP loci and norisoprenoid traits.
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Samples JSHY-ID Read number Base number

KOh-1 S01 16501599 825079950
KOh-2 S01 17743792 887189600
KOh-3 S01 14646871 | 732343550
K7d-1 S01 15227202 761360100
K7d-2 So1 14996175 749808750
K7d-3 So1 20222375 1011118750

'K0h-1/2/3 and K7d-1/2/3 represent the three replicates of the control groups and the salt-treated groups for grapes, respectively.
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Samples JSH Read number Base number

Koh-1 TO1 25624885 7687465500 4721 93.44
Koh-2 To1 20904911 6271473300 47.15 93.48
Koh-3 TO1 23515693 7054707900 47.13 93.72
K7d-1 o1 21838361 6551508300 1695 93.99
K7d-2 TO1 24929391 7478817300 46.69 93.63
K7d-3 To1 26083145 7824943500 47.15 94.15

'KOh-1/2/3 and K7d-1/2/3 represent the three replicates of the control groups and the salt-treated groups for grapes, respectively.
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Family Gene ID  Number of amino  Molecular ~ Theoretical Grand average of Subcellularlocalization

members acids (aa) weight (Da) pI hydropathicity (GRAVY)
CcRR1 Ciclev10007639m 695 77100.92 6.78 -0.514 Nuclear
CcRR2 Ciclev10007648m 681 74487.07 5.49 -0.527 Nuclear
CcRR3 Ciclev10017880m 145 16181.99 7.83 -0.106 Cytoplasmic
CcRR4 Ciclev10014525m 663 71705.54 5.62 -0.325 Nuclear
CcRR5 Ciclev10022334m 199 21885.21 52 -0.106 Chloroplast; Nuclear
CcRR6 Ciclev10021937m 242 27525.66 5.32 -0.918 Nuclear
CcRR7 Ciclev10024122m 141 15852.3 6.71 -0.362 Cytoplasmic; Nuclear;
Mitochondrial
CcRR8 Ciclev10032983m 152 16509 5.42 -0.214 Nuclear
CcRR9 Ciclev10033605m 517 56319.71 491 -0.368 Nuclear
CcRR10 Ciclev10031052m 584 65413.85 5.76 -0.454 Nuclear
CcRRI11 Ciclev10032281m 292 32223.62 5.04 -0.1 Plasma Membrane; Nuclear
CcRR12 Ciclev10003634m 140 15290.59 6.06 -0.024 Cytoplasmic; Nuclear
CcRR13 Ciclev10002312m 241 27334.8 4.93 -0.763 Nuclear
CcRR14 Ciclev10004470m 680 73957.89 5.75 -0.477 Nuclear
CcRR15 Ciclev10005747m 241 27744.13 6.32 -0.334 Cytoplasmic; Nuclear
CcRR16 Ciclev10004999m 436 48778.97 6.95 -0.314 Nuclear
CcRR17 Ciclev10006814m 145 16010.7 5.81 -0.101 Cytoplasmic
CcRR18 Ciclev10006872m 145 16079.85 5.75 -0.045 Cytoplasmic
CcRR19 Ciclev10005987m 187 21058.11 4.88 -0.341 Nuclear
CcRR20 Ciclev10006586m 593 65047.43 6.75 -0.419 Nuclear
CcRR21 Ciclev10006834m 593 64233.92 8.92 -0.46 Nuclear
CcPRRI Ciclev10019534m 558 62582.02 5.55 -0.708 Nuclear
CcPRR2 Ciclev10019177m 670 74513.11 6.51 -0.682 Nuclear
CcPRR3 Ciclev10023753m 689 75527.12 6.5 -0.613 Nuclear
CcPRR4 Ciclev10019943m 479 53581.39 6.29 -0.331 Nuclear
CcPRR5 Ciclev10030911m 660 71465.42 8.53 -0.744 Nuclear
CcPRR6 Ciclev10031120m 559 62348.41 5.91 -0.627 Nuclear
CcPRR7 Ciclev10027794m 873 95436.77 6.24 -0.803 Nuclear

CcPRR8 Ciclev10011108m 786 85493.04 7.54 -0.726 Nuclear
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Population size 38 21 11 10 339
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Diversity (1 x 107) is described by nucleotide diversity (1), Watterson’s estimator (8y), and gene diversity/heterozygosity (He), and reported per bp. “NC here represents only 38 samples from

Hebei and Beijing.
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Cluster QTL Po! Nearest m

c1 qTSS.PG.pau-1 1 69.39 mPgCIR361-mPgCIR188
qTA.AS pau-1 1 68.67

@) qQVC.AS.pau-1 1 18.62, 19.17 Pg_PCO1_KASP19-Pg_PCOI_KASP26
qTS.PG.pau-1 1 19.78
qRS.AS.pau-1 1 19.08, 19.89
QNRS.AS.pau-1 1 20.85, 2146
qNRS.PG.pau-1 1 21.53, 21.80

c3 qTS.AS.pau-2 2 118.25 AS/SG_InDel-12-AS/PL_InDel-34
qRS.PG.pau-2 2 115.85
qRS.AS.pau-2 2 118.09, 119.04

C4 qTA.AS pau-3 3 143.66 AS/PL_InDel-10-AS/PL_InDel-18
qVC.AS.pau-3 3 141.11

C5 qTS.AS.pau-6 6 48.58, 48.80, 49.62 AS/PL_InDel-30-AS/PL_InDel-3
qRS.AS.pau-6.1 6 48.65

[e3 qTSS.AS.pau-9 9 67.14 Pg_PC09_KASP92-Pg PC09_KASP97
qVC.AS.pau-9 9 67.14
qTS.AS.pau-9 9 67.19, 68.58

c7 qTSS.AS.pau-11 15k 17.71, 18.05 Pg_PC11_KASP111-Pg PC11_KASP112
qNRS.AS.pau-11 11 17.92 1

Chr, Chromosome; EE, environments of QTL expression; QTL , quantitative trait locus.
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Pg_PC02_KASP31-

B 2 qTSSASpau2’ 17.28 16.08-18.48 1 1125 | 120 | e
qTSS.AS.pau Pg_PC02_KASP32 6.08-18. 3.13 5
Pg_PCO5_KASP56-
B 5 qISSPGpau-s” 1827 = 1628-2025 | 307 | 1364 | -007 |
1 pau Pg_PC05_KASPS7
Pg_PCO6_KASP66-
B 6 qTSSPGpau-6l® 1156 - 1099-2212 | 301 | 1364 -017 |
1 Lo Pg_PC06_KASP65
B 6 qUSSASpau-62’ 14918 mPgCIR404-mPgCIR392 14815-15021 | 596 | 1391 | 134 | *
Pg PCI1_KASP111-
B 11 qTSS.ASpaull” 18 = 15.99-20.1 Y 1201 o
. qTSS.AS.pau 805 L KAspiL2 5992010 | 356 o1 | 006
Pg_PC03_KASP38-
El 3 qTSSASpau-3 39.79 37.00-4256 | 313 1377 | LIl | e
1 paw Pg_PC03_KASP35
. Pg_PC06_KASP66-
El 6 qUSSPGpau-6.1 e | e Kasres 1096-1201 | 302 1258  -0.12
El 6 qUSSASpau-62’ 14914 | mPgCIR404 -mPgCIR392 14819-15009 | 412 1415 | 133 | **
Pg_PC06_KASP66-
E2 6 qUSSASpau6l’ 1156 - 1086-1226 | 325 | 1523 | 126 | **
q P Pg_PC06_KASP65
E2 6 qUSSASpau-62’ 14913 mPgCIR404 -mPgCIR392 14825-15001 | 311 | 1058 = 116 | ***
Pg_PC09_KASP92-
E2 9 qTSS.ASpau9 67.14 6503-6925 | 328 | 1298 | 101 | %
1 pau Pg_PC09_KASP97
. Pg_PC02_KASP31- .
E3 2 qTSSASpau-2 1 | 5y s 1600-1830 | 369 1333 | 099
E3 1 qTSSPGpau-l 6939 mPgCIR361-mPgCIRISS 6832-7045 | 401 | 1415 | 029 |
Pg PC05_KASP56-
TSS.AS pau-5 * 1821 - 15.26-21.1 y 1374 125 | v
E3 5 qTSSASpau- 8 T 5262116 | 303 | 137 5
Pg PCI1_KASP111-
E3 1l qTSSASpau-1l* 17.71 1602-1940 | 433 | 1362 108 |
1 pan Pg PCI1_KASP112
B 2 qTAASpau2”’ 7755 | mPgCIRIS7 - mPgCIR237 7553-7956 | 591 | 1391 | L10 |
B 6  qTAASpau6’ 10897 AS/SG_InDel-16-AS/G5_InDel-3 10798-10996 | 320 | 1327 | 132 |
El 1 qTAASpaul 6110 mPgCIRS-mPgCIR361 50.16-6303 | 339 | 1325 | L15 |
TA  El 3 qTAASpau-3 14366 AS/PL_InDel-10-AS/PL_InDel-18 | 142.56-14475 = 305 1319 | 087 | *
E2 2 qTAASpau2” 7807 mPgCIRIS7 -mPgCIR237 7598-80.05 | 301 1256 | 052 |
E3 1 qTAASpaul 6367  mPECIR361- mPgCIRISS 6631-7103 | 318 | 1278 | 019 | %
E3 6  qTAASpau6’ 10939 AS/SG_InDel-16-AS/G5_InDel-3 10854-11024 | 369 | 1405 | -022 | **
B 6  qUCASpau-61* 7779 AS/PL_InDel-32-AS/PL_InDel-35 7542-80.16 | 401 | 1269 | 100 | ***
B 6  qVCPGpau-62° 17634 mPgCIR285-mPgCIRAIS 17115-18152 | 381 | 1288 | 027 | *t
B 11 qVCASpau-11 9355 mPgCIRI0-mPgCIRI9 9200-9501 | 402 1335 Ll | e
El 1 qVCPGpaul 12300 | mPgCIR246-mPgCIR243 12102-12498 | 332 | 1347 | 011 |
El 3 QVCASpau-3 14111 AS/PL_InDel-10-AS/PL_InDel-18 | 139.63-14258 = 325 1224 Ll6 ==
Pg_PC09_KASP92-
El 9 | qVCASpau-9 6714 | B p o0 Kaspor 6625-6803 | 341 1298 087
ve
Pg_PCOI_KASP19-
E2 1 qVCASpaul’ 18.62 - 1608-21.15 78 | 13 Y
qQVC.ASpau 6 B bouisth s 608 3 333 096
E2 6  qVCASpau-6.1° 7935 | AS/PL_InDel-32-AS/PL_InDel-35 7654-8215 | 413 1205 | 110 |
E2 6 qVCASpau-62° 17325 mPgCIR285 -mPgCIR41S 16524-18126 | 308 | 1354 | 058 | **
Pg_PCOI_KASP19-
E3 1 qVCASpau-l® 19.17 1632-2202 | 369 | 1442 100 | =
1 paw Pg_PCO1_KASP26
E3 6  qVCASpau-61°* 7777 AS/PL_InDel-32-AS/PL_InDel-35 7412-8142 | 412 | 1354 | -031 |
E3 6 qVCASpau-62° 16957 | mPgCIR285 -mPgCIR4IS 16289-17624 | 389 | 1421 | 011 | <
B 6 qTSASpau6’ 4880 AS/PL_InDel-30-AS/PL_InDel-3 4685-5074 | 411 1318 | 078 |
Pg_PC09_KASP92-
B 9 qTSASpau9’ 67.19 6425-70.02 | 415 1309 | 065 |
oSt Pg_PC09_KASP97
Pg_PCOI_KASP19-
El 1 qTSPGpau-l 1978 | B Kaseas 1645-2310 | 447 | 1241 | -021
R 2 qTSASpau-2 11825 AS/SG_InDel-12-AS/PL_InDel-34 | 11537-12112 | 431 1102 039 | **
E2 6 qTSASpau6’ 4858 AS/PL_InDel-30-AS/PL_InDel-3 4612-5103 | 365 | 1148 | 087 |
E3 6 qTSASpau6’ 1962 AS/PL_InDel-30-AS/PL_InDel-3 4812512 341 1229 121 | ‘
Pg_PC09_KASP92-
E3 9 qTSASpau-9’ 68558 6601-7115 | 327 1288 | 049
ey Pg_PC09_KASP97
RS B 2 qRSPGpau-2’ 11585 AS/SG_InDel-12-AS/PL_InDel-34  11325-11845 = 302 1220  -013 ‘
Pg_PC03_KASP37- |
B 3 qRSASpau-3 3325 - 3018-3632 | 429 1456 | 0.6
FEASpau Pg_PC03_KASP38
Pg_PCOI_KASP19-
El 1 ASpau-1* 19 - 17.01-21.1 ¢ 1225 L
qRS.AS pau 908 o Kaspae 01-2115 | 333 5 105
El 2 gRSASpau-2” 11809 AS/SG_InDel-12-AS/PL_InDel-34 | 11653-119.65 = 341 1218 074  *=
Pg_PCOI_KASP19-
E2 1 qRSASpau-l® 19.89 1742-2236 | 447 | 1156 | 069 |
FEASpan Pg_PCO1_KASP26
E2 2 qRSASpau2’ 11904 AS/SG_InDel-12-AS/PL_InDel-34 | 117.02-12105 | 403 1133 | 101  *
E3 6 qRS.ASpau-6l 4865  AS/PL_InDel-30-AS/PL_InDel-3 4701-5028 | 413 | 1148 | 112 | %
E3 6 qRS.ASpau-62 8540 AS/PL_InDel-35-AS/PL_InDel-23 8365-87.14 | 369 | 1352 | 129 | *
) Pg_PCOI_KASP19-
B 1 qQNRSPGpau-l 25| o Kasas 1847-2458 | 437 | 1777 | -018
B 6 QNRS.ASpau6* 117.18 ?:gsc,lésqz,ssns-AS/ PLnDel 1y o6 11830 | 457 | 1533 | 024 | *ew
. Pg_PCOI_KASP19-
El 1 qNRS.ASpau-l 246 | P o Kaswas 1926-2365 = 385 1685 | 084
ASgsc_16842_SSR8-AS/PL_InDel-
E1 6 qQNRSPG.pau-6" 117.90 4285“- - SRE-ASEL IuDd 11625-11955 | 347 | 1696 | -015 |
NRS . Pg_PCOI_KASP19-
E2 1 qNRS.ASpau-l 208 19.01-22. 61 17, ;
GNRS.AS.pau 085 | b o1 Kaspas 901-2269 | 36 05 | 087
E2 9 QNRS.ASpau-9 12793 Pg_PC09_KASPS9-mPgCIR265 12564-13021 | 415 | 1785 | L12 | %
: Pg_PCOI_KASP19-
E3 1 qQNRSPGpau-l 280 o Kaspas 2003-2356 | 418 1698  -019
Pg_PCO6_KASP63-
E3 6 qNRSPGpau-6 995 - 16-10.74 365 | 1521 | -021 |
GNRSBG pew: Pg_PC06_KASP66 o
Pg PCI1_KASP111-
E3 11 qNRSASpau-11 1792 g PCLLICASE 1569-2014 | 312 1424 | 041 |

Pg_PC11_KASP112

S8, total reducing sugars; TA, titratable acidity; VC, vitamin C content; TS, total sugars; RS, reducing sugars; NRS, non-reducing sugars; ENV, Environments; E1 , 2016-17; E2 , 2017-18;
E3 , 2018-19; BLUPs, best linear unbiased predictions; Chr, chromosome; cM, centimorgan; ADD, additive effect.

*QTLs are named using “q” as a prefix followed by abbreviated names of the measured traits, the location, alleles-contributing parent, and a chromosome number

PLOD= logarithm of odds (generally > 3).

“The percentage of total phenotypic variance explained by the QTL.

Isignificance levels **0.001; ***0.0005; ****0.0001.

“Stable QTLs = detected across the multiple environments within the specified overlapping marker intervals.

‘Allahabad Safeda’ and purple guava.
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Total LG M/ Intervals Minimum Maximum Average Average Genome

markers (n) length  marker (@] intervals intervals intervals  Genome per coverage/
(cM)® (cM) (GY) (cM) LGP LG ©
1 13 125.86 9.68 12 407 20.67 1048 146.82 0.86
2 17 125.44 7.38 16 175 2327 7.84 141.12 0.89
3 19 147.02 7.74 18 095 18.12 817 16336 0.90
4 14 95.74 6.83 13 171 14.57 7.36 11046 0.87
5 11 102.66 9.33 10 6.37 13.93 10.27 1232 0.83
6 40 202.44 5.06 37 0.00 21.62 5.19 212.82 0.95
7 16 127.97 7.99 15 218 23.69 851 14499 0.88
8 13 15345 11.80 12 579 2349 12.79 179.03 0.86
9 ‘ 20 15135 7.57 19 218 14.39 7.96 167.27 0.90
10 15 201.19 13.41 14 178 2139 1437 229.93 0.88
11 17 171.35 10.08 16 255 18.71 10.70 192.75 0.89
Total 195 1,604.47 - 29.33 - - - - 0.88
Minimum 11 95.74 5.06 10 0 13.93 5.19 - -
Average 17.72 145.86 8.80 1654 2.66 19.44 9.42 - =
Maximum | 40 202.44 13.41 37 637 23.69 1437 = =

“Length of LG constructed through QTLIci mapping.

bLeng!h of LG estimated by the method of Fishman et al. (2001) and method 4 of Chakravarti et al. (1991).
“Calculated by dividing the observed LG length by the estimated genome length of the corresponding LG.
LG, linkage group.
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9/9) TS (%) RS (%) NRS (%)

Cluster N TSS (°B) TA (%) vC

1 30 1062 + 126 059 023 208.61 +2.56" 9.69 + 1.09° 584 + 1219 3.83 + 028"
2% 44 9.36 + 1.46° 0.65 +021° 20531 + 3.25¢ 9.44 +2.01¢ 621 +1.33° 3.26 + 0.58°
3 24 1002 + 1.35° 0.63 +0.05 205.68 + 1.69° 9.62 + 1.33° 651 +0.89 317 + 123¢
rid 18 1108 + 121° 0.60 + 0.14° 206.62 + 4.21° 9.78 + 1.01° 5.99 +0.99° 3.79 + 0.98"
P 0.001 0.001 0.001 0.001 0.001 0.001

*Allahabad Safeda, **Purple Guava, *** Transgressive segregants.
TSS, total reducing sugars; TA, titratable acidity; VC, vitamin C; TS, total sugars; RS, reducing sugars; NRS, non-reducing sugars. Superscripted alphabets (a-d) denotes the statistical significance

between clusters (at p <0.001).





OPS/images/fpls.2023.1123274/table2.jpg
Variation in the F; population

Mean LSD (%) CV (%) GCV (%) PCV (%) ECV (%) h? (%) GAM (%)

TSS (°B) 11.40 9.18 10.61 0.54 3.11 10.95 1112 313 97.00 2222
TA (%) 0.66 0.61 0.62 0.08 8.77 16.13 17.19 0.00 88.00 3117
VC (mg/g) 225.26 190.75 ' 206.21 ' 5.72 1.70 6.49 6.56 1.70 98.00 13.23
TS (%) 10.48 9.24 9.69 1.02 7.49 7.44 8.59 7.51 75.00 | 13.28
RS (%) 651 243 6.03 0.70 7.65 1112 12.00 7.60 86.00 | 2125
NRS (%) 3.98 6.58 3.67 1.00 21.70 15.17 19.59 21.63 60.00 2421

TSS, total reducing sugars; TA, Titratable acidity; VC, vitamin C; TS, total sugars; RS, Reducing sugars; NRS, Non-reducing sugars; GCV, genotypic coefficient of variance; PCV , phenotypic
coefficient of variance; ECV , residual/environmental coefficient of variance; h? , heritability broad sense; GAM , genetic advance as percent of mean; CV , coefficient of variation significant at
0< 0.05 (CV); LSD, least significant difference significant at o< 0.05.
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F; population

Population Skewness Kurtosis
TSS (°B) BLUPs 11.39 09.21 7.97-12.63 1061 114 0.11 -022 -0.93
El 1139 09.13 7.73-13.62 1053 1.31 0.12 -0.08 -0.80
E2 11.40 09.18 [ 7.87-13.06 1065 | 118 0.11 -0.17 7—0,88
E3 1143 09.21 8.08-12.60 1067 114 0.11 -029 -0.90
TA (%) BLUPs 00.66 00.61 0.49-0.79 062 0.08 0.13 -0.10 -0.97
El 00.63 00.61 0.45-0.95 063 0.1 0.17 069 069
E2 00.66 00.60 0.45-0.81 061 0.09 0.15 0.11 -0.76
E3 00.70 00.60 0.45-0.88 063 0.10 0.16 017 -0.63
VC (mg/100 g) BLUPs 22494 191.01 183.69-239.99 [ 206.21 13.22 I 0.06 0.66 -0.46
El 22045 190.07 181.46-241.57 206.17 13.64 0.07 051 -0.53
E2 22381 188.76 181.32-242.20 20631 1421 0.07 064 -0.28
E3 23186 193.17 182.86-239.31 20661 13.99 0.07 077 -0.21
TS (%) BLUPs 10.32 09.33 834-10.76 9.69 0.62 0.06 -0.11 -1.01
El 10.26 09.19 6.85-11.67 9.62 1.00 0.10 -0.18 -0.61
E2 1043 09.21 7.02-12.41 9.80 0.93 0.10 -0.07 -0.13
E3 1091 09.22 7.09-12.20 967 112 0.12 -0.26 -0.73
RS (%) BLUPs 06.46 02.82 2.82-7.28 6.03 0.62 0.10 -141 501
El 06.37 0243 243-7.81 6.06 0.74 0.12 -1.00 391
E2 . 06.54 0228 228-8.20 6.03 0.87 0.14 -0.81 252
E3 06.66 0221 221-7.90 597 | 0.82 0.14 -0.95 285
NRS (%) BLUPs 03.87 05.59 2.98-5.59 3.67 0.43 0.12 079 206
El 03.89 06.77 1.36-6.94 3.56 0.96 027 076 126
E2 03.89 06.94 231-6.94 ‘ 3.76 0.87 0.23 073 0.83
E3 04.25 07.01 1.10-7.25 372 1.08 0.29 057 0.90

TSS, total reducing sugars; TA, Titratable acidity; VC, vitamin C; TS, total sugars; RS, Reducing sugars; NRS, Non-reducing sugars; ENV, Environments; E1,2016-17; E2, 2017-18; E3, 2018-19;
BLUP, best linear unbiased prediction; SD, standard deviation; CV, coefficient of variation significant at o< 0.05.
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TRL 19 4 592 GBS_19_5920951 5.6 3.65:10.51
FwW 13 4.1 143 rh_13_1426203 7.5 0.16:2.34

Individual Root Traits

NT 9 31 0.89 rh_9_893002 4.7 0.23:4.35
NT 13 4.3 0.51 rh_13_507206 6.7 0.16:2.34
NT 19 3.7 592 GBS_19_5920951 5.6 1.22:19.08
NF 1 5 3.01 rh_1_3008587 6.2 1.79:6.88
NF 9 5.8 0.89 rh_9_893002 74 0.3:1.31

NF 11 44 18.59 GBS_11_18591914 5.5 6.82:20.12
NF 13 4.8 0.51 rh_13_507206 6 0.16:1.69
NF 19 37 8.79 rh_19_8787547 4.6 5.81:10.51
NL 1 4.3 3.01 rh_1_3008587 6.1 0.06:7.38
NL 9 54 0.89 rh_9_893002 7.7 0.38:1.31
NL 13 42 0.51 rh_13_507206 59 0.16:1.69
NL 19 37 5.92 GBS_19_5920951 5.1 1.74:19.08
LR 7 4.5 1.48 rh_7_1482314 7.7 1.24:5.27

Average Root Traits

AD 1 42 1.79 GBS_1_1785738 55 0.06:7.64
AD 9 45 3.74 GBS_9_3741936 6 0.89:5.38
AD 12 31 9.59 GBS_12_9587096 4.1 7.53:24.26
| AD 17 4.7 5.89 rh_17_5893163 6.2 3.25:18.02
AD 18 35 245 GBS_18_2451088 4.6 0.23:14.49
ALL 18 4 591 GBS_18_5914731 6.7 2.44:7.62
ALL 19 42 746 GBS_19_7455111 7 1.74:17.62
ALSA 18 4 6.94 rh_18_6936362 7.1 1.49:10.91

chr, chromosome; LOD, likelihood ratio comparing the hypothesis of a QTL at a position versus that of no QT'L % variation, the percent variation explained by each QTL; th, rhAmpSeq marker; GBS,
genotyping by sequencing marker.
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Tra Abbrevi

Total root system traits

Surface area SA cm®
Root volume RV cm®
Total root length RL cm
Fresh weight FW g
Dry weight DW g

Individual root traits

Number of tips NT Count
Number of forks NF Count
Number of links NL Count
Longest root IR cm

Average root traits

Average diameter AD mm
Average link length ALL cm
Average link surface ALSA -
area
Average link diameter ALD mm
A link branchi

verage link branching asgiae

angle

Cane propagation section traits

Whole root system surface area
Whole root system volume

‘Whole root system length

‘Whole root system weight after harvesting

Whole root system weight after keeping 48 hours at 60 °C

Root tip number of or lateral root number. These lateral roots include primary, secondary, and tertiary laterals
Fork number or divides in whole root system

Root system connectivity or piece of root between two branching points (interior link) or between a branch and a
meristem (exterior link).

The longest root length

Average diameter of all primary, secondary, and tertiary root links

Average length of a connection or distance between branches
Average link surface area
Average link diameter

Average angle between two links or lateral root angle from its parent root

Cane section diameter CD mm

Cane section length cL cm

Single node cane cutting diameter at collar region

Single node cane cutting length
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Trait VR37 Seyval t test Min
Total root system traits
SA 154+ 15 210 £ 11 * 44425 287 + 04 17 99.4
RV 04+0 04+0 NS 0.8+ 0.1 0.6+0 0 23
TRL 507 + 7.6 103.0 + 56 ‘ % 199.6 + 11.9 114.1 £ 1.6 38 403.8
FW 05+ 0.1 05+0 NS 1.0 £ 0.1 0.7+0 0 38
DW 0+0 0.1%0 * 0.1£0 0.1+0 0 03
Individual root traits

| NT 1717 + 254 387.2 +24.0 * 564.2 + 32.8 3408 £ 4.7 130 15280
NF 87.7 121 234.1+92 * 554.9 + 47.3 2844 £4.6 20 12740
NL 2182 + 288 547.9 +21.4 * 11280 + 84.4 615.1 £9.2 140 2381.0
LR 95+ 14 117 £ 06 NS 137 £07 115+ 0.1 1.0 337
Average root traits
AD L1£01 07+0 * 07+0 0.8+0 05 17
ALL 03+0 02+0 * 02+0 02+0 0.1 12
ALSA 0.1£0 0£0 * 0£0 0.1+0 0 12
ALD 0.8+ 0.1 0.6+0 * 07+0 07+0 0.1 16
ALBA 414+ 04 41.0 04 NS 420 £ 0.1 416+ 0 310 197
Propagation cane section traits
CD 45+02 67+02 * 6.5+02 58+0 30 13.0
CL 6.8+02 57 £0.1 * 60+0 6.1+0 27 107

Values are mean + standard error (se); VR37, V. riparia ‘Manitoba 37, n=18; ‘Seyval blanc’, n=18; F,, the parent, n=28; VRS-F,, n=239; Min, observed minimum value in the study; Max, observed
maximum value in the study; *, statistically significant at p-value < 0.05. NS, not significant at p-value < 0.05.
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tal Root System Traits Individual Root Traits Average Root Traits Cane Trait

SA RV TR PW DW NT NN ‘LR ‘AD AL ALSA AL ‘ALBA @ a

SA 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0
RV 0.9 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TRL 0.9 0.8 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
W 0.9 0.8 0.8 10 0.0 0.0 0.0 0.0 0.0 0.3 0.2 0.7 0.0 0.0 0.0 0.0
DW 0.9 0.8 0.8 0.8 1.0 0.0 0.0 0.0 0.0 0.3 0.0 0.2 0.0 0.0 0.0 0.0
NT 0.8 0.6 0.8 0.7 0.6 10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
NF 0.8 0.7 0.9 0.7 0.7 0.7 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0
NL 0.9 0.7 0.9 0.7 0.7 0.8 1.0 L0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0
LR 0.7 0.6 0.7 0.6 0.6 0.7 0.4 0.5 10 0.0 0.0 0.0 0.0 0.0 0.0 0.0
AD -0.1 0.2 -0.4 0.0 0.0 -0.4 -0.4 -0.4 -0.2 10 0.0 0.0 0.0 0.1 0.0 0.0
ALL 0.0 0.1 -0.1 0.0 0.1 -0.3 -0.3 -0.3 0.1 0.4 10 0.0 0.0 0.0 0.0 0.0
ALSA -0.1 0.1 -0.2 0.0 0.0 -0.1 -0.2 -0.2 -0.1 0.4 0.4 L0 0.0 1.0 0.0 0.1
ALD 0.0 0.3 -0.2 0.1 0.1 -0.4 -0.1 -0.1 -0.3 0.7 0.2 0.3 1.0 0.9 0.0 0.7
ALBA -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 0.0 0.0 -0.2 0.0 -0.2 0.0 0.0 1.0 0.0 0.1
CD 0.2 0.3 0.1 0.2 0.3 -0.1 0.0 0.0 0.1 0.3 0.2 0.1 0.3 -0.1 1.0 0.0
CL 0.2 0.2 0.1 0.2 0.1 0.2 0.1 0.1 0.1 0.1 -0.1 0.0 0.0 0.0 -0.1 1.0

Pearson correlation coefficients in left column; significant correlation coefficients are in bold (p-value<0.05). Pearson correlation test p-values are across the top.
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