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Abstract

:

Single fruit weight is an important goal of crop production and horticultural species domestication, but its genetic mechanism is still unclear. In this study, the fruits of different peach fruit types in their first rapid development period were used as materials. First, the differentially expressed genes were analyzed by RNA-seq data. Secondly, weighted gene co-expression network analysis (WGCNA) was used to calculate the correlation between genes and modules, the genes with different expression patterns were divided into 17 modules, the modules were correlated with the phenotype of single fruit, and a highly correlated blue module was obtained. Then, the possible differentially expressed genes and signal pathways among different fruit types were compared by gene set enrichment analysis (GSEA) and 43 significant pathways were obtained. Finally, 54 genes found to be repeatedly expressed in 3 of the methods were screened, and 11 genes involved in plant hormone signal transduction were selected for subsequent analysis according to their functional annotations. Combined with the changing trend of phenotype, three genes (Prupe.7G234800, Prupe.8G079200 and Prupe.8G082100) were obtained as candidate genes for single fruit weight traits. All three genes are involved in auxin signal transduction, with auxin playing an important role in plant growth and development. This discovery provides a new perspective for revealing the genetic law of single fruit weight in peach.
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1. Introduction


Peach (Prunus persica L.) belongs to Prunus of Rosaceae. Peach fruit has good color, fragrance, taste and quality, and it is deeply loved by consumers. In 2021, China’s peach production was about 16,016,533 tons (Faostat, http://www.fao.org/Faostat, accessed on 9 October 2023). The single fruit weight of peach is influenced by both genetic and environmental factors. The typical way to regulate the single fruit weight of peach is by analyzing and utilizing the regulatory factors of its genetic aspects [1,2]. Therefore, studying the genetics of the single fruit weight of peaches and identifying the key functional genes that control it, as well as elucidating the molecular mechanism behind it, will be extremely beneficial. Additionally, developing new, large fruit peach varieties through molecular marker-assisted selection will expand the fruit market and enhance the peach industry in China.



Peach fruit experiences a complicated process from pollination and fertilization to development and maturity, and its growth curve shows a typical double “S-shape”. The weight of a single fruit is mainly determined by the cell number, cell volume and the gap between cells in the mesocarp. In the early stage of fruit growth and development, the cell number is mainly increased, and in the late stage of fruit growth and development, the cell volume is mainly expanded [3]. The development of plant organs is influenced by cell division and cell expansion [4,5]. By a comparison of the relationship between the single fruit weight and the number and volume of mesocarp cells among different peach varieties [6], different plants of the same variety, and different fruits of the same plant [7], it was found that the number of mesocarp cells determined by the difference of cell division ability was crucial to the single fruit weight. This has also been demonstrated in tomato [8], melon [9], strawberry [10], apple [11] and avocado [12]. The candidate genes determining single fruit weight have also been reported by predecessors. For example, the expressions of ppa017982m and ppa010443m are positively correlated with fruit diameter, indicating that they may control single fruit weight traits by regulating cell growth [13]; Prune.6G046800 belongs to the cytochrome P450(CYP)79B subfamily, and participates in the biosynthesis of IAA. At the same time, tomato plants in which Prune.6G046800 is overexpressed have been found to be shorter than controls, and it can be further considered an effective candidate gene for controlling the single fruit weight of peach [14].



At present, some achievements have been made in plant functional gene mining, character analysis and assisted breeding based on RNA-seq technology. For example, based on transcription sequencing, it has been found that the reason for the obvious difference in branch color between the parents and backcross offspring of Salix goldenrod is the different expression levels of chlorophyll synthase-related genes [15]; The petal-shaped stamens of Paeonia lactiflora’ Liantai’ (stamen primordium, stamen primordium partially valved, stamen primordium completely valved) have been used as research materials, and the transcriptome analyses of flower buds in three development stages were carried out to reveal the changes of metabolic pathway of petal-shaped stamens [16]. The candidate resistance genes of cowpea (Vigna longifolia) have been revealed based on the transcriptome data of aphid resistance and aphid sensitivity [17]. However, most studies mainly mine key genes based on GO and KEGG function enrichment analysis of differential genes. Weighted gene co-expression network analysis (WGCNA) is an important method by which to study gene function through network, and has been applied in strawberries, tomatoes and apples [18,19,20]. Gene set enrichment analysis (GSEA) is used to find a set of genes with synergistic differences from the expression matrix of all genes, so it can take into account the genes with small differences [21]. Based on the analysis of differential genes by using transcriptome data, combined with the methods of WGCNA and GSEA, this study used the fruits of different fruit types in their first rapid expansion period as materials with which to mine the key candidate genes for controlling the single fruit weight traits of peaches (Supplementary Figure S1). This work is very helpful to the development of molecular markers related to single fruit weight in peach breeding.




2. Materials and Methods


2.1. Plant Materials


In the study, the tested materials came from 6 hybrid plants of the “Mengyin Qinglang × 07-8 East-9” hybrid population, including 3 large fruit types and 3 small fruit types. Fruit samples were collected at the end of flowering, 7, 14, 21, 28, 35 and 42 days after flowering for RNA sequencing. Each fruit type contains 3 biological repeats, and each repeat contains at least 3 fruits. The fruit was peeled and the mesocarp frozen quickly with liquid nitrogen and stored at −80 °C for later use. All of the materials were collected from the National Fruit Tree Germplasm Peach Resource Garden (Xinxiang, China) of the Zhengzhou Fruit Research Institute of China Academy of Agricultural Sciences, with good growth and consistent management measures, the samples were collected from the peripheral central area of each tree.




2.2. Phenotype Identification of Single Fruit Weight


The fruit weight of large and small fruit types were weighed with an electronic balance and the average value was taken.




2.3. RNA Extracting, Database Building and Data Filtering


Total RNA was extracted using the Trizol (Invitrogen, Carlsbad, CA, USA), RNA purity and integrity were monitored by NanoDrop 2000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) and a Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA). RNA contamination was assessed by 1.5% agarose gel. Oligo (dT)-attached magnetic beads were used to purify mRNA. Purified mRNA was fragmented into small pieces with fragment buffer at appropriate temperature. Then, first-strand cDNA was generated using random hexamer-primed reverse transcription, followed by a second-strand cDNA synthesis and purified using AMPure XP Beads. Afterwards, A-Tailing Mix and RNA index adapters were added by incubating to end cDNA repair. The cDNA fragments obtained from previous steps were amplified by PCR, products were purified by Ampure XP Bead to obtain the final library which was then sent to Frasergene platform for sequencing. In order to ultimately obtain clean reads, we used SOAP Nuke (V2.1.0) [22] to filter the sequencing data and remove reads containing sequencing linkers and N ratios greater than 0.5% as well as reads with Qphred ≤ 20 and a number of bases accounting for more than 50% of their total length.




2.4. Comparative Analysis of Reference Sequences and Differential Expression


HISAT2 [23] (V2.1.0) was used to compare clean reads with the reference genome, and Bowtie2 [24] (V2.3.5) was used to align the quality-controlled sequence to the reference transcription sequence. Using RSEM [25], the bowtie2 comparison results were used for statistics, and the number of reads compared with each transcript of each sample was obtained. FPKM [26] (Fragments Per Kilobase Per Million bases) conversion was then performed. DESeq2 [27] (V1.22.2) was used for differential expression significance analysis, and the screening threshold was |log2 (FoldChange)| > 1 and p < 0.05.




2.5. Analysis of WGCNA


Using gene expression information, WGCNA was constructed by R language package [28], and 17 modules were obtained. According to the gene expression and module eigenvalue, the correlation between gene and module was calculated, and the correlation result between gene and module was obtained. In order to further explain the possible functions and influences of module genes, we performed GO [29] and KEGG [30,31] on the gene of the target module.




2.6. GSEA Analysis


GSEA (http://software.broadinstitute.org/gsea/index.jsp (accessed on 9 October 2023)) was used to analyze and compare the possible differentially expressed genes and signal pathways among different fruit types based on a JAVA environment provided by the official website [21]. The parameters are as follows: set_max-500, plot_top_x-50, nperm-1000, set_min-15, with other parameters left as default.




2.7. Fluorescence Quantitative PCR Analysis


Eleven candidate genes related to the single fruit weight of peach were screened for qRT-PCR analysis to verify the reliability of transcriptome data. Using NCBI Primer-BLAST (Primer 3) software (National Center for Biotechnology Information, Bethesda, MA, USA), specific primers (Supplementary Table S5, including internal control gene primer) were designed, which were synthesized by Shenggong Bioengineering (Shanghai, China) Co., Ltd. The qRT-PCR of the target gene was carried out using the Roche SYBR Green kit (Shanghai, China) and real-time fluorescent quantitative PCR instrument with Light Cycler 480 Software. Each sample was repeated three times, and the relative expression of the gene was calculated by 2 −ΔΔCT method [32]. The 20 μL reaction system was set up as follows: SYBR Green Mix 10 μL, forward primer 0.5 μL, reverse primer 0.5 μL, cDNA 2 μL, and ddH2O 7 μL. The reaction procedure is as follows: 45 cycles of pre-denaturation at 95 °C for 5 min, denaturation at 95 °C for 30 s, annealing at 60 °C for 30 s, and extension at 72 °C for 30 s.





3. Results


3.1. Changes of Single Fruit Weight Traits during Peach Fruit Development


Peach fruit undergoes a complicated process from pollination and fertilization to development and maturity. The growth and development of large fruit type and small fruit type all conform to the law of ‘fast-slow-fast-slow’, that is, a double-S curve. Previous studies have shown that the first rapid growth period of peach fruit plays a decisive role in single fruit weight traits. Therefore, the changes of single fruit weight in seven stages of fruit development (late flowering stage, 7, 14, 21, 28, 35 and 42 days after flowering) were measured, and the results are shown in Figure 1. In the process of fruit development, the dynamic changes of the large fruit type and small fruit type are basically the same, and each show an upward trend. During S1–S5, there is not much difference in single fruit weight between the large fruit type and small fruit type. In S6 and S7, there are clear differences between them.




3.2. The Quality Evaluation of RNA-Seq Sequencing Data


A total of 42 samples were taken from the mesocarp of hybrid plants of both large and small fruit type, at the end of the flowering period and at 7, 14, 21, 28, 35 and 42 days after flowering, with 3 replicates in 7 periods, and the transcriptome was sequenced. Finally, 436.10 Gb of raw data were obtained, and 424.74 Gb clean data remained after treatment. The clean data of each sample reached 7.41 Gb, and the GC content was greater than 44.99%. The range of clean reads compared with the peach reference genome (LoveII) was 93.96–98.16% (Supplementary Table S1). Principal component analysis revealed that the differences between groups and the samples within groups are good (Supplementary Figure S2a), and the correlation coefficient of the three repetitions of the same group of samples is greater than 0.71 (Supplementary Figure S2b). In addition, the gene expression level of each sample is basically similar (Supplementary Figure S3). To sum up, the sequencing data quality of the transcriptomics ensures the validity and reliability of the subsequent biological data analysis.




3.3. Statistics of Differentially Expressed Genes


In order to find the key genes for controlling single fruit weight, differential genes were screened with |log2 (FoldChange)| > 1 and p < 0.05 as the standard. Compared with the last flowering period, the results show that 12791 differential genes were identified in the large fruit type. A total of 13,222 differential genes were identified in the small fruit type. Among these, 2825 genes were differentially expressed in the whole development period of the large fruit type, and 4053 genes were differentially expressed in the whole development period of the small fruit type (Figure 2a,b). Comparing the differences between groups during peach fruit development, it was found that there were 1182 differentially expressed genes (804 upregulated and 378 downregulated) in S1 stage. In S2 stage, the number of differentially expressed genes was the least, with 96 (63 upregulated and 33 downregulated). The number of differentially expressed genes in S3 was up to 2787 (2612 upregulated and 175 downregulated). The number of differentially expressed genes in S4 and S5 was the same, with 213 (21 days, 150 were upregulated and 63 were downregulated; 28 days, 72 up and 141 down). There were 715 differentially expressed genes (287 upregulated and 428 downregulated) and 184 differentially expressed genes (115 upregulated and 69 downregulated) in S6 and S7, respectively (Figure 2c). Among these, three genes were differentially expressed among all of the groups during the development of peach fruit (Supplementary Figure S4). To sum up, the number of different genes between large fruit type and small fruit type is large in their whole fruit development period, and the number of downregulated genes is more than that of upregulated genes. There is little difference between different fruit types in the same development period, and the number of differential genes is highest in the S3 period. It is speculated that the metabolic activity of peach fruit in this period is strong, which may be the key period for the formation of different fruit types. At the same time, combined with the phenotypic data, there were differences between the two fruit types in S6 and S7. Compared with S2 (the first fruit picking), 3905 genes were expressed in each period for subsequent analysis (Figure 2d).




3.4. Screening Key Candidate Genes Based on WGCNA


In our study, the related genes affecting single fruit weight traits of different peach fruit types were further identified by WGCNA analysis. According to the correlation coefficient between 12,076 differentially expressed genes, the co-expression modules of all samples were constructed, and 17 modules were finally obtained (Figure 3a). Among these, there are, at most, 4036 genes in the turquoise module and, at least, 115 genes in the grey module (Supplementary Table S2). The correlation analysis between the gene expression module and the single fruit weight revealed that the blue module was significantly correlated (r2 = 0.91), and that there were 958 genes in this module (Figure 3b). The expression patterns of all genes contained in the blue module are displayed by thermogram, and the changes of the module characteristic values among different samples are presented by histogram (Supplementary Figure S5). Almost all of the samples have negative module eigenvalues in the first five periods and positive module eigenvalues in the last two periods. In order to further explore whether the differentially expressed genes in the blue module are the reasons for the different traits of single fruit weight, we conducted GO analysis and KEGG function enrichment analysis. GO analysis enriched 36 terms, including 20 biological processes (BP), 2 cellular components (CC) and 14 biological functions (MF), with the largest number of cellular anatomical entity genes. KEGG metabolic pathway analysis showed that 17 signaling pathways were significantly enriched, among which the number of genes in the carbohydrate metabolism pathway was the largest (Supplementary Figure S6).




3.5. Gene Set Enrichment Analysis GSEA


GSEA is aimed at gene sets rather than at single genes, and can contain genes with small differences for enrichment. On this basis, and when combined with phenotype, the result is more perfect [21]. A total of 24157 genes of two fruit types were enriched and analyzed by GSEA. Among the 107 enriched pathways (Supplementary Table S3), the genes in 39 pathways were upregulated in the large fruit type, including 21 pathways with an FDR q-val of less than 0.25, 13 pathways with nominal p-values of less than 0.05, and 10 pathways with nominal p-values less than 0.01. There are 13 paths with an FDR q-val less than 0.25 and nominal p-values less than 0.05, including MAPK signaling pathway plant, ABC transporters and plant hormone signal transduction (Supplementary Figure S7). MAPK plays a key role in two important processes of plant growth and development, cell division and cell differentiation [33]. ABA is considered a growth inhibitory hormone, usually involved in coping with many environmental stresses, such as cold, salt and drought [34], but some studies have also revealed some functions of ABA in regulating fruit development. ABA is considered to inhibit the fruit growth in the early stage of strawberry, which is accompanied by low ABA levels in the early development and a sharp increase during maturity [35]. Genes were upregulated in 68 pathways in the small fruit type, including 38 pathways with an FDR q-val less than 0.25, 30 pathways with a nominal p-value less than 0.05, 26 pathways with a nominal p-value less than 0.01, and 30 pathways with an FDR q-val less than 0.25 and a nominal p-value less than 0.05. When including carbon fixation in photo synthetic organizations, DNA replication and RNA degradation it is often found that the average level of replication in different plant organs is related to the size of organs (fruits, leaves, flowers and roots). It has been reported that tetraploid fruits caused by chromosome doubling are much larger than diploid fruits in horticultural plants [36,37,38].




3.6. Screening of Key Genes for Single Fruit Weight by Three Methods


Genes based on DEGs (3905), WGCNA (958) and GSEA (2716) were used to screen the key genes of single fruit weight. Figure 4a shows that there are 54 genes that are duplicated in three parts. Combined with the existing gene function annotations (Supplementary Table S4), it is found that 11 genes are involved in plant hormone signal transduction. Previous studies have shown that plant hormones participate in the whole growth and development process of plants and respond to environmental and endogenous signals, and many studies have emphasized the role of plant hormones and their interactions in regulating fruit weight traits [39,40,41,42,43]. By analyzing the relative expression levels of 11 genes (Figure 4b and Supplementary Figure S8), it was found that the expression patterns of these genes were consistent with the results of RNA-seq, indicating the accuracy of RNA-seq data. The expression of three genes (Prupe.7G234800, Prupe.8G079200 and Prupe.8G082100) is located in the auxin synthesis pathway (Supplementary Figure S9) and is consistent with the development trend of fruits. Both Prupe.8G079200 and Prupe.8G082100 edit the SAUR-like auxin-responsive protein, while Prupe.7G234800 edits the auxin-responsive protein IAA17. At the same time, a deletion of 1304bp was found in the promoter region of Prupe.8G079200 (Figure 4c), and the genotype of the deletion site was highly correlated with the single fruit weight traits (Figure 4d), suggesting that it plays a key role in the development of single fruit weight traits in peach.





4. Discussion


Single fruit weight is an important goal of crop production and horticultural species domestication research [44], and is extremely important for both commercial production and consumers, but there is no relevant report on the key candidate genes of single fruit weight in peach. Therefore, it is of great significance to understand the development mechanism of single fruit weight traits of peach and to mine its key genes. RNA-seq technology is relatively mature, with low sequencing cost and simplified library preparation, and is the main direction of fruit tree sequencing research. At the same time, it has been successfully applied to jujube, grape, apple, kiwifruit and other fruit trees [45,46,47,48]. Based on RNA-seq technology, this study analyzed the differentially expressed genes in the early development stage of a large fruit type and a small fruit type and found that these genes were mostly enriched in hormone signal transduction, ubiquitin-proteasome pathway and MAPK signaling, which is consistent with previous studies on single fruit weight traits [40,48,49,50,51].



Auxin, as one of the earliest discovered plant hormones, plays an important role in the elongation and division of plant cells. The early auxin response mechanisms can be divided into three categories, namely, AUX/IAA (Auxin/Indole-3-acetic acid), GH3 (gretchen hagen3) and Saur (Small Auxin-Up RNA) [52,53], the related genes express very quickly when auxin is used [54]. SAUR encodes auxin-related protein, which is unique to plants [55] and was first discovered in the elongated hypocotyl region of soybean [56]. Since then, the SAURs gene has also been identified in mung bean, pea, Arabidopsis thaliana, tobacco, corn, rice, sorghum, tomato, potato, citrus, ramie, cotton, cucumber, watermelon, alfalfa and agastaches [57,58,59,60,61,62,63,64,65,66,67,68]. Over-expression of AtSAUR36 and 41 in Arabidopsis thaliana makes cells swell, which leads to significant elongation of hypocotyl epidermal cells [69]; AtSAUR19 and AtSAUR53 can regulate the elongation and root tip development of plant organs [70]. ZmSAUR2 gene in maize promotes the expansion and elongation of cells in coleoptile and stele sheath by regulating auxin transport in plants [71]. Previous studies have found that there are 80 SAUR genes in peach, 75 of which have no introns, suggesting that members of the gene family are highly conservative in gene structure. Real-time fluorescence quantitative PCR was used to verify the expression of Pp SAURs gene in different tissues. Taking the expression level in seeds as a reference, it was found that PpSAUR was highly expressed in leaves and roots, and that the expression level of Prupe.8G079200 and Prupe.8G082100 genes were significantly increased after IAA and GA treatment, respectively [72]. It is speculated that three candidate genes regulate the single fruit weight of peach by participating in the auxin signaling pathway, but its detailed mechanism needs further study.




5. Conclusions


In this study, peach fruits with different fruit types and in their first rapid development period were used as test materials. Based on the analysis of differential genes by transcriptome data, the genes controlling single fruit weight traits were screened by combining WGCNA and GSEA methods. Prupe.7G234800, Prupe.8G079200 and Prupe.8G082100, which participate in auxin signal transduction, were finally screened. Auxin plays an important role in the elongation and division of plant cells. Therefore, it is speculated that it is involved in the formation of single fruit weight traits of peach, but its mechanism needs further study.
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Figure 1. Development pattern of single fruit weight of peach with different fruit types. (a) Pictures of peach fruit at different development stages. (b) Single fruit Weight of peach fruits with different fruit types in seven different development stages. ‘S’ indicates the small fruit type, ‘B’ indicates the large fruit type. S1–S7: the end of flowering, 7, 14, 21, 28, 35 and 42 days after flowering, respectively. 
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Figure 2. Analysis of differentially expressed genes. (a) Venn diagram of differentially expressed genes in different stages of big fruit type (B1 as control). (b) Venn diagram of differentially expressed genes in different stages of small fruit type (S1 as control). (c) Number of differentially expressed genes in different fruit types at the same time. (d) Venn diagram of differentially expressed genes in different fruit types at the S6 and S7 stages (S2 stage as control). ‘B1’ indicates the end of flowering of the large fruit type. ‘B2’ indicates the 7 days after flowering of the large fruit type. ‘B3’ indicates the 14 days after flowering of the large fruit type. ‘B4’ indicates the 21 days after flowering of the large fruit type. ‘B5’ indicates the 28 days after flowering of the large fruit type. ‘B6’ indicates the 35 days after flowering of the large fruit type. ‘B7’ indicates the 42 days after flowering of the large fruit type. ‘S1’ indicates the end of flowering of the small fruit type. ‘S2’ indicates the 7 days after flowering of the small fruit type. ‘S3’ indicates the 14 days after flowering of the small fruit type. ‘S4’ indicates the 21 days after flowering of the small fruit type. ‘S5’ indicates the 28 days after flowering of the small fruit type. ‘S6’ indicates the 35 days after flowering of the small fruit type. ‘S7’ indicates the 42 days after flowering of the small fruit type. 
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Figure 3. WGCNA analysis of DEGs between different developmental stages and single fruit weight. (a) Cluster diagram of co-expression modules. Different colors correspond to different co-expression modules. (b) Relationships between modules and traits. Behavior clustering module, listed as a single fruit phenotype. The values in the cells in which the rows and columns cross represent the correlation coefficient between modules and phenotypes, and the numbers in brackets are p values. 
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Figure 4. On the candidate genes of single fruit weight. (a) Venn diagram of differentially expressed genes of DEGs, WGCNA and GSEA. (b) Prupe.8G079200 expression in different fruit types at different developmental stages. The column chart and left longitudinal coordinate indicate the FPKM value of RNA-seq, whereas the broken line diagram and right longitudinal coordinate show the relative expression of qRT-PCR. S1–S7: the end of flowering, 7, 14, 21, 28, 35 and 42 days after flowering, respectively. ‘S’ indicates the small fruit type, ‘B’ indicates the large fruit type. (c) Two different alleles of Prupe.8G079200. WT allele stands for the reference allele, while the ALT allele is the alternate allele that has a 1304-bp deletion (DEL) in its promoter. (d) Genotyping of 1304-bp deletion in the promoter region of Prupe.8G079200 and its relationship with single fruit weight. Mut indicates the genotype deletion, 0/1 indicates the genotype with deletion of heterozygosity, 1/1 indicates the genotype with deletion of homozygosity, and 0/0 indicates the genotype without deletion. 
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