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Editorial on the Research Topic
 Rosaceae Fruit Development and Quality



Rosaceae is a large angiosperm family consisting of ~3,000 species, which contains many economically important fruit crops, such as apple, pear, peach, strawberry, apricot, and cherry. These crops are grown worldwide and provide humans with diverse foods and essential nutrition. There exist a series of fundamental biological questions to address in fruit crops, for instance, the regulation of ripening, aroma and flavor, etc. With the advances of high throughput sequencing and other genomics technologies, it becomes possible to investigate the basic regulatory mechanisms underlying fruit specific biological processes. This Research Topic showcases exciting findings in Rosaceae fruits ranging from male sterility, fleshy fruit development, fruit ripening, metabolite biosynthesis, to post-harvest quality regulation.

Male sterility is a valuable agronomic trait utilized for hybrid crops. In peach, male sterility also frequently occurs. To better understand the underlying reasons, the cytological and physiological changes during microspore development were carefully investigated in the male sterile variety “Jinxiang,” a popular yellow flesh peach cultivar in China (Cai et al.). The study found that an increase in reactive oxygen species (ROS) levels along with a decrease in antioxidant levels may cause abnormal development of microspores and tapetum, resulting in male sterility in peach.

In flower development, the four whorls of floral organs were specified by the coordination of ABCE class genes. Many studies showed that these floral identity genes also play important roles in fruit development. Yao et al. summarized recent advances on this aspect, with an emphasis on findings in apple, pear and strawberry.

Fruit ripening can be grouped into two types, climacteric and non-climacteric. The former type is mainly controlled by the hormone ethylene and has been extensively studied. However, the mechanism of non-climacteric ripening is not well-known. Fruit ripening in strawberry undergoes a typical non-climacteric ripening process. Bai et al. summarized the central roles of the ABA-controlled ripening mainly using strawberry as a model. The interactions of ABA with ethylene, IAA, polyamines, and sugars were discussed. In addition, this review also discussed the involvement of ABA in the ripening of climacteric fruit. Besides hormones, autophagy also takes part in fruit ripening. Autophagy is a catabolic and recycling pathway that maintains cellular homeostasis under normal growth and stress conditions. Sánchez-Sevilla et al. discovered autophagy-related structures and expression of autophagy-related genes (ATG) in the fruit flesh cells of strawberry. Furthermore, fruit ripening was delayed by blocking autophagy either biochemically or genetically.

Fruit size, flavor, and aroma are important characteristics of fruit quality. In apple, a bud sport mutant with larger fruit was previously identified. Bu et al. found that the content of free auxin was increased and expression levels of several auxin pathway genes were altered in the fruit of the bud sport mutant, suggesting that auxin plays an important role in increasing fruit size. Strawberry fruit is rich in volatile compounds. One of these compounds, γ-decalactone (γ-D), has the greatest contribution to the characteristic fruity aroma in strawberry. Previous study revealed that γ-D biosynthesis is controlled by a single gene FaFAD1, but the exact mutations occurring in different strawberry varieties remained unknown. Oh et al. uncovered the genomic variations of FaFAD1, determined a positive effect of FaFAD1 allele dosage on the γ-D content by employing the bacterial artificial chromosome (BAC) library in cultivated octoploid strawberry, and developed genetic markers for breeding strawberry cultivars with high volatile contents.

To identify important loci regulating different physiological and fruit quality traits in peach, a multi-locus genome wide association study (GWAS) was performed using 620 individuals (da Silva Linge et al.). Dozens of quantitative trait nucleotides (QTNs) were identified and validated, which would support the development of DNA tools for peach breeding. García-Gómez et al. characterized the fruit quality traits and measured the contents of main metabolites, and then generated and analyzed transcriptomes of fruit flesh at three developmental stages during ripening of two apricot varieties, which differ in fruit color, soluble solid content, and firmness. With the combination of these data, Carotenoid Cleavage Dioxygenase 4 (CCD4) and Sucrose Synthase (SS) were identified as the candidate genes of the light yellow/white fruit color and high soluble solid content during the ripening process.

Optimal postharvest treatments are critical for maintaining fruit quality. Loquat (Eriobotrya japonica) fruit flesh accumulates lignins when the fruit suffers chilling injury during postharvest storage. Ge et al. revealed a new regulatory step during this process. They found that the MADS-box protein EjAGL65 could bind to and inhibit the activity of the promoter of EjMYB8, encoding a positive regulator of lignin biosynthesis. Under excessive postharvest chilling, expression of EjAGL65 is reduced and EjMYB8 becomes active, which leads to accumulation of unwanted lignins.

Availabilities of high-quality reference genomes and transcriptome data are valuable resources for both basic and applied researches. Li et al. summarized the progresses on the latest genome assemblies and annotations of major Rosaceae crop species and provides a list of websites hosting these data. This review is a useful guide to researchers working in the fields of Rosaceae fruits.
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Apricot (Prunus armeniaca L.) is a valuable worldwide agronomical crop, with a delicious fruit highlighted as a functional food with both nutritional and bioactive properties, remarkably beneficial to human health. Apricot fruit ripening is a coordinated developmental process which requires change in the expression of hundreds to thousands of genes to modify many biochemical and physiological processes arising from quality characteristics in ripe fruit. In addition, enhancing fruit and nutraceutical quality is one of the central objectives to be improved in the new varieties developed by breeding programs. In this study we analyzed the contents of main metabolites linked to the nutraceutical value of apricot fruits, together with the most important pomological characteristics and biochemical contents of fruit during the ripening process in two contrasted apricot genotypes. Additionally, the gene expression changes were analyzed using RNA-Seq and real time qPCR. Results showed that genes with differential expression in the biosynthetic pathways, such as phenylpropanoids, flavonoids, starch and sucrose and carotenoid metabolism, could be possible candidates as molecular markers of fruit quality characteristics for fruit color and soluble solid content. The gene involves in carotenoid metabolism carotenoid cleavage dioxygenase 4, and the gene sucrose synthase in starch and sucrose metabolism were identified as candidate genes in the ripening process for white skin ground color and flesh color and high soluble sugar content. The application of these candidate genes on marker-assisted selection in apricot breeding programs may contribute to the early selection of high-quality fruit genotypes with suitable nutraceutical values.




Keywords: apricot, RNA-Seq, qPCR, fruit quality, ripening, reference genomes, functional analysis, candidate genes



Introduction

Apricot (Prunus armeniaca L.) is an ancient domesticated crop that has co-evolved with human civilization. This stone fruit species have been used for its edible fruits, also being highlighted as a functional food with both nutritional and bioactive properties, including anti-oxidant and anti-inflammatory activity (Sochor et al., 2010; Erdogan-Orhan and Kartal, 2011; Minaiyan et al., 2014). Today, apricots are commercially produced in 65 countries around the world. During the 2016/2017 season, the worldwide production of apricots increased reaching 4.25 million tons (http://www.fao.org/faostat/en/#home), Spain being the first top fresh apricot exporter worldwide, exporting 56 thousand tons (http://www.fepex.es/inicio.aspx). Apricot is a member of the Prunus genus inside the highly diverse Rosaceae family and seems phylogenetically closer to P. armeniaca than P. persica (Mowrey and Werner, 1990; Zhang et al., 2012; García-Gómez et al., 2018).

Apricot fruit ripening is a coordinated developmental process which requires change in the expression of hundreds to thousands of genes to modify many biochemical and physiological processes. Apricot fruit displays a high variability, giving rise to a great diversity in fruit size, shape, color, taste, aroma, firmness, and ripening date; most of these pomological characteristics are of interest for improving quality traits in apricot breeding programs. Fruit ripening leads to the breakdown of complex carbohydrates into sugars, reduces fruit firmness, color changes, decrease titratable acidity as well as an increase in flavor and aroma (Infante et al., 2008; Klee and Giovannoni, 2011). Understanding these mechanisms will enable implementing agronomical strategies that are more adaptable to climatic conditions and optimizing the selection of new apricot varieties with high quality and nutraceutical values. From the point of view of the consumers, these characteristics contribute to increase the attractiveness and acceptance of new apricot cultivars enriched in phenylpropanoids, carotenoids, and other nutraceutical compounds highly beneficial for human health (Machlin, 1995; Van den Berg et al., 2000; Bazzano et al., 2002).

The development and application of High-Throughput Sequencing (HTS) technologies and the existence of new methods of data analysis, which enable finding associations between genomic, transcriptomic and phenomics, have become the new tools applied by breeders to develop new improved varieties. The remarkable advances in computational theory and bioinformatics algorithms have greatly accelerated the implementation of this technology, significantly expanding the scope of studied species. As a result, during the last few years, up to 450 plant genomes were sequenced (October 2019, http://www.ncbi.nlm.nih.gov). From these genomes, 93 are assembled and annotated in the Kyoto Encyclopedia of Genes and Genomes (KEGG), KEGG Orthology (KO), ENZYME, Pathway and InterPro database (Phytozome version 12.1.6, http://phytozome.jgi.doe.gov), including the most important crops with high commercial value as maize, potato, rice, or wheat (Jiao and Schneeberger, 2017).

Another point of attention about the application of HTS technologies to plant breeding programs remains to address the dynamic and adaptive aspect of gene expression over time, and location undergoes in different scenarios because of the environment effect, developmental stage, tissue/organ location, and genotype. Quantitative and qualitative changes in gene expression are studied by transcriptomic disciplines, mRNA sequencing (RNA-Seq) being the best method for measuring and comparing gene expression levels. Although RNA-Seq has become a widely applied analytical technique, there is no consensus on which pipeline is the most appropriate for the analysis of RNA-Seq experiments. The final determination as to which is the best depends on the strategy adopted during the experimental design according to the initial hypothesis or the objectives (Conesa et al., 2016). If the studied organism genome or transcriptome is available, it will be used to identify the transcripts by mapping. On the other hand, the analysis of transcriptomes of non-model organisms whose genomic or transcriptomic sequences are not publicly available can be addressed using the genomes or transcriptomes of phylogenetically related organisms or by performing a de novo assembly and gene annotation (Surget-Groba and Montoya-Burgos, 2010). The application of quality controls during each of the phases of the analysis guarantees both the reproducibility and the reliability of the results obtained (MacManes, 2014).

To date, the dynamic changes in gene expression during fruit ripening process have been studied by whole transcriptome sequencing using HTS technologies in many related apricot species from Prunus genus including P. persica (Zhang et al., 2010; Wang et al., 2013; Pan et al., 2015; Sanhueza et al., 2015; Zhou et al., 2015; Pan et al., 2016; Wu et al., 2017; Ye et al., 2019), P. salicina (Kim et al., 2015b; Fang et al., 2016), P. armeniaca (Jo et al., 2015; Zhang et al., 2017b; Zhang et al., 2019), P. mume (Du et al., 2013; Xu et al., 2014), and P. avium (Alkio et al., 2014; Wei et al., 2015)

The objective of this study was the analysis of gene expression changes of fruits in two contrasted apricot genotypes during development and ripening process by using RNA-Seq and qPCR to identify candidate genes responsible for the fruit differences found between the two assayed genotypes in relation to the pomological characteristics and biochemical and metabolite contents.



Materials and Methods


Plant Material and Experimental Design

Plant material consisted on two apricot genotypes ‘GC 2-11’ and ‘GC 3-7’, both selections obtained from the cross between the North American cultivar ‘Goldrich’ (G) and the Spanish cultivar ‘Currot’ (C) (García-Gómez et al., 2018). These apricot releases showed contrasted fruit quality characteristics. ‘GC 2-11’ is self-compatible, early blooming, and has an intermediate-sized oblong fruit with yellow skin, red blush, and yellow flesh color. It has high soluble solid content and a low ethylene production rate. ‘GC 3-7’ is also self-compatible, early blooming, and has an intermediate-sized oblong fruit with orange skin, intense red blush, and light orange flesh color. It has a low-medium total soluble solid content and a medium ethylene production rate. The sampling was carried out the epicarp (including the pericarp and the mesocarp) due to the importance of considering all the edible fruit for assessing the supplementation of health promoter compounds in the diet. Besides, in the case of apricots, it is imperative to emphasize that peel and pulp are consumed together as an edible portion in contrast with other fruits such as peaches. These apricot selections were cultivated in the same experimental orchard of CEBAS-CSIC at Cieza (Murcia, South-East Spain, 241 m above sea level, lat. 38°16′N, long. 1°16′W) according to standard apricot orchard management. Ten fruits of each genotype were collected at three different ripening stages before stone hardening from both genotypes for RNA-Seq (during the first year of study) and qPCR analysis (during the second year) based on their skin ground color and firmness: green fruit (Stage A), during color change (Stage B), and at physiological ripening (Stage C) (Figure 1).




Figure 1 | Fruit pictures from P. armeniaca fruit genotypes ‘GC 2-11’ and ‘GC 3-7’ analyzed in three different ripening stages including green fruit (Stage A), during color change (Stage B), and at physiological ripening (Stage C). Pictures were taken in a cold chamber illuminated with white leds. The photographic camera was an Olympus Pen Mini E-PM2 with 14–42 mm focus lens.





Evaluation of Pomological Characteristics and Biochemical Contents

Pomology characteristics were analyzed including physical characterization (fruit weight, stone weight, skin ground color, flesh color, blush color, and firmness), biochemical compounds (total soluble solids, titratable acidity, and metabolite content), total chlorophyll and carotenoid content, CO2 and ethylene release. First, ten fruits were collected at three different ripening stages (green fruit, during color change, and at physiological ripening) of both genotypes (‘GC 2-11’ and ‘GC 3-7’) in 2016 for the evaluation of fruit quality characteristics. Fruit and stone weight was measured using a Blauscal digital balance (model AH-600), with an accuracy of 0.01 g. Skin ground color, blush color, and flesh color were determined with a Minolta Chroma Meter (CR-300; Minolta, Ramsey, NJ, USA) tri-stimulus color analyzer calibrated to a white porcelain reference plate using a CIELAB scale with color space coordinates L*, a*, and b*. The measure used to assess color was the Hue angle [H° = arctangent (b*/a*)], determined around the equatorial fruit (Brown and Walker, 1990). We take into account that values above 90 are closer to white, between 80 and 90 to yellow, 75 and 80 to light orange, 70 and 75 to orange, and below 70 the color tends to be more reddish. Firmness was quantified using a Lloyd press (model LR10K; Fareham, Hants, UK) by a compression test in Newton (N). Total soluble solid content (TSS) was measured as percentage using a hand-held refractometer (ATAGO Co. LTD., Tokyo, Japan). Finally, the titratable acidity (TA) was expressed as the predominant organic acid, malic acid (g/100 ml). TA was evaluated by titrating 2 g of sample diluted in 30 ml of distilled water with 0.1 mol l-1 NaOH to pH 8.1 by an automatic titration system. On the other hand, total chlorophyll (a and b) and carotenoid contents were determined by the method of Nagata and Yashita (1992) from a pool of ten fruit pericarps at three ripening stages (green fruit, during color change, and at physiological ripening) of both genotypes (‘GC 2-11’ and ‘GC 3-7’) in 2017. Three biological replicates for each ripening stage and genotype were analyzed. The dry residue from the lyophilized powder was dissolved in acetone:hexane (2:3) in a 1:10 w/v relation, centrifuged at 3,000 g for 10 min in a refrigerated centrifuge at 4°C and spectrophotometrically determined at 663, 645, 505, and 453 nm. Respiration rate and ethylene release were measured for each sample by placing two or three whole fruits in a sealed glass jar at 20°C per triplicate. Ethylene concentrations in the glass jar were sampled and monitored with a Perkin Elmer Autosystem gas chromatograph equipped with a thermal conductivity detector (TCD) and a flame ionization detector (FID). Respiration rate was determined by measure CO2 sampled and monitored by using a gas analyzer (Horiba Via 510, Irving, USA). Samples of 1 ml of headspace gas were taken from each glass jar with a calibrated syringe.



Evaluation of Metabolite Contents

Metabolite content was determined by nuclear magnetic resonance spectroscopy (1H-NMR) from a pool of ten fruits (pericarp portion) at three ripening stages (green fruit, during color change, and at physiological ripening) of both genotypes (‘GC 2-11’ and ‘GC 3-7’) in 2016. Portions from this pool (10 g) were frozen in liquid nitrogen, lyophilized, and powdered. The dry residue was dissolved in 0.75 ml of CD3OD and 0.75 ml of D2O phosphate buffer containing sodium 3-trimethylsilyl-[2,2,3,3-D4]-propionate (TSP) (0.1% w/w) as internal standard (150 mM), vortex 1 min, centrifuged at 17,000 g 5 min and preserve the supernatant at room temperature. The 1H-NMR spectra of aqueous apricot extracts were recorded at 27°C on an AVANCE III HD 500 MHz, CryoProbe Prodigy BBO (Capitani et al., 2012). Carbohydrates (sucrose, glucose, xylose, fructose, and myo-inositol), organic acids (fumarate, malate, succinate, citrate, and formate) and precursors of phenylpropanoids (chlorogenate, epicatechin, and methyl nicotinate) were measured. Three biological replicates for each ripening stage and genotype were analyzed.



Phenotype Data Analysis

Statistical analysis was performed in R version 3.5.1. Levene Test was applied for homoscedasticity, Shapiro–Wilk for normal distribution and Kruskal–Wallis Sum Rank Test as an alternative non-parametric ANOVA test. The statistical significance threshold was set at p-value < 0.05. Principal Component Analysis (PCA) was also performed over the phenological and metabolite content data to reduce the dimensionality retaining, thus identifying related groups, trend, or outliers. PCA graph was computed and visualized in R with the package ggbiplot (Wickham, 2016). A correlation matrix by the Spearman method was executed to resolve the correlation relationships between the quality traits analyzed.



RNA Isolation and High-Throughput Sequencing

A pool of ten fruits (pericarp) at three ripening stages (green fruit, during color change, and at physiological ripening) and genotype (‘GC 2-11’ and ‘GC 3-7’) were collected during the first year of study, frozen in liquid nitrogen and stored at −80°C. Total RNA was extracted using a modified PowerPlant RNA Isolation Kit® (Qiagen, Hilden, Germany) treated with DNAse On-Spin Column DNase I Kit (Qiagen, Hilden, Germany). Finally, RNA was concentrated and purified with UltraClean Plant RNA Isolation Kit (Qiagen, Hilden, Germany). The purity and quantity of total RNA samples were assessed using a NanoDrop® One Spectrophotometer (Thermo Scientific, Wilmington, USA) and normalized at the same concentration (0.5 µg, 50 ng/µl). Integrity was established by capillary electrophoresis in 2100 Bioanalyzer System (Agilent, Santa Clara, U.S.A.) (Schroeder et al., 2006). Three biological replicates were assayed for each comparison of genotype and stage. RNA samples were sent to Sistemas Genómicos (Valencia, Spain) for library preparation and RNA sequencing. RNA-Seq libraries are prepared from total RNA using poly(A) enrichment of the mRNA. mRNA enriched libraries were sequenced using the HiSeq™2000 Sequencing System platform (Illumina, San Diego, CA, USA), with two technical replicates each sample. The datasets generated for this study can be found in the NCBI SRA repository as a Bioproject entitled ‘Prunus armeniaca fruit ripening process’, with the accession number PRJNA562811 (https://www.ncbi.nlm.nih.gov/bioproject/562811). The quality control of raw sequencing libraries obtained was analyzed with FastQC version 0.11.7 (Andrews, 2010) (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Trimmomatic version 0.38 (Bolger et al., 2014) (http://www.usadellab.org/cms/?page=trimmomatic) was used for trimming adapter and filter low-quality sequences (Phred score < 30) of FASTQ files.



Transcriptome Analysis and Mapping

Reference mei (P. mume_V1) (Zhang et al., 2012), peach (P. persica_ V2) (Verde et al., 2017), and apricot (P. armeniaca_V1) (Jiang et al., 2019) genomes and transcriptomes were simultaneously used as reference sequences for read analysis and mapping our candidates genes. However, for functional candidate gene analysis, studies were focused on mei and apricot reference genomes. Indeed, a synteny between reference genomes was plotted by dot-plot graph executed in D-Genies webpage (Cabanettes and Klopp, 2018) (http://dgenies.toulouse.inra.fr/) to certify the validity of this step. For the backward step, the annotation of P. armeniaca was download from GDR (rosaceae.org), having blast information of the whole list of genes (mrna) of the species. The file was parsed, and the already identified IDs of P. mume and P. persica in the first step were used as identifier to get the list of genes from P. armeniaca associated with them. In the case of genes not identified, their sequences were mapped using gmap (Wu and Watanabe, 2005) to the reference genome of apricot and physical position (coordinates), and candidates genes were extracted by a custom python script. If no IDs were identified, at least physical position of these candidates genes are known. Doing this second step avoid to re-do the whole analysis, taking advances of the new resources and allowing also to validate the obtained results, as can been observed. High-quality sequencing libraries were mapped to the references genomes and transcriptomes of P. persica and P. mume with Tophat version 2.1.1 (Kim et al., 2013) (https://ccb.jhu.edu/software/tophat/index.shtml) and HISAT version 2.1.0 (Kim et al., 2015a) (https://ccb.jhu.edu/software/hisat2/index.shtml). Each genome was indexed with Bowtie version 2.3.4.1 (Langmead and Salzberg, 2012) (https://sourceforge.net/projects/bowtie-bio/). Finally, gene quantification and count matrix construction were performed with featureCounts (Liao et al., 2014) (http://bioinf.wehi.edu.au/featureCounts/). The results obtained were normalized to Transcript Per Million (TPM) (Li et al., 2010). In addition, representation of nucleotide abundance and other statistical data on mapped and unmapped reads in Sequence Alignment Map and Binary Alignment Map (SAM and BAM files) were analyzed by using SAMStat version 1.5.1 (Lassmann et al., 2010) (http://samstat.sourceforge.net). The index used to determine the quality of alignment and assembly was the Mapping Quality Score (MAPQ) (Li et al., 2008), which quantify the probability of a misplaced read. The optimum MAPQ value is considered to be greater than or equal to 30. SAMtools version 1.8 (Li et al., 2009) (http://samtools.sourceforge.net/) is the tool used to transform, index and sort the files generated by the mappers according to the needs of the protocol.



Differentially Expressed Genes Analysis

Several statistical packages developed in R version 3.5.1 were employed for Differentially Expressed Genes Analysis (DEGs). For DEG analysis were applied five different statistical packages setting on default parameters: edgeR version 3.24.0 (Robinson et al., 2010), baySeq version 2.16.0 (Hardcastle and Kelly, 2010), EBSeq version 1.22.0 (Leng et al., 2015), NOISeq version 2.26.0 (Tarazona et al., 2015) and DESeq2 version 1.22.1 (Love et al., 2014). In most of the analysis Trimmed Mean of M-values (TMM) (Robinson and Oshlack, 2010) were applied, except for EBSeq, where median normalization was applied. As biological replicates, we grouped the samples from each genotype (three replicates each ‘GC 2-11’ and ‘GC 3-7’) and ripening stage (two replicates each stage A, stage B and stage C). The DEG analysis was filtered by 0.1 false discovery rate (FDR) (Benjamini and Hochberg, 1995) and the DEGs obtained in each method were merged in a consensus result (Costa-Silva et al., 2017). The consensus result was represented as Venn diagrams done with the web application Venn Diagram (http://bioinformatics.psb.ugent.be/webtools/Venn/).



Gene Annotation, Enrichment Analysis, and Pathway Visualization

Gene Annotation was performed with BiomaRt version 2.38.0 in R (Durinck et al., 2009), which provides easy access to public databases repositories as Ensembl, KEGG, KO, Uniprot, Pfam, Panther, Interpro and Gene Ontology (GO). We also added the best hits found in biomaRt for Arabidopsis (Arabidopsis thaliana L.) and peach, by Basic Local Alignment Search Tool (BLAST) (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Enrichment Analysis was plotted with Web Gene Ontology Annotation Plot (WEGO) (http://wego.genomics.org.cn/) web-based tool (Ye et al., 2018) was used for visualizing, comparing, and plotting GO annotation results in a bar chart. Singular Enrichment Analysis (SEA) in AgriGO version 2.0 (Tian et al., 2017) was used to plot GO hierarchical graph containing all statistically significant terms. Broader representation of GO terms was performed on GO Consortium web-based platform (Ashburner et al., 2000; Consortium, 2004). DEGs were plotted on their KEGG biosynthetic pathways with GAGE version 2.32.0 (Luo et al., 2009), and visualized with Pathview version 1.22.0 (Luo and Brouwer, 2013), both R packages.



Weighted Gene Co-expression Network Analysis

For clustering DEGs, we perform Weighted Gene Co-expression Network Analysis (WGCNA) with the R package WGCNA version 1.66 (Zhang and Horvath, 2005; Langfelder and Horvath, 2008). WGCNA is useful for describing the correlation patterns among gene expression across RNA-Seq experiments. The eigengene modules (ME) are obtained using automatic network construction function blockwise. The clustered gene trees were created following the average method (Wilks, 2011). Cluster analysis by gene expression is typically the first step in data analysis, reducing the complexity and dimensionality of the data, predict functions or identify shared regulatory mechanism based on specific features. So, the genes within a ME have similar expression pattern than the genes in different modules, revealing the natural data structures and gaining some initial insights regarding data distribution (Jiang et al., 2004).



Complementary Gene Expression Analysis by quantitative real-time PCR

RNA-Seq experiment was validated by using RT-qPCR in a complementary experiment. New plant material collected during the second year from a pool of ten fruit pericarps, with three replicates for each ripening stage and genotype. Total RNA was extracted following the same protocol detailed above (RNA isolation and High-Throughput Sequencing). Specific primers were designed with Primer3 software based on apricot sequencing libraries (Supplementary Data Sheet 1) or from bibliography references as carotenoid cleavage dioxygenase 4 (CCD4), sorbitol dehydrogenase (SDH), alcohol acyltransferase (AAT), sucrose synthase (SS) and β-galactosidase (BGAL) (Adami et al., 2013; Pirona et al., 2013). The cDNA was synthesized with SuperScript III Reverse Transcriptase (Thermo Fisher Scientific). RT-qPCR experiments were conducted in One Step Plus real-time PCR system (Applied Biosystems). For all RT-qPCR reactions, a 10 μl mix was made including 5 μl Power SYBR® Green PCR Master Mix (Applied Biosystems), 0.5 μl of each primer (5 μM) and 2 µl of cDNA (2.5 ng/µl). The genes from peach 18S rRNA (S18) (Rasori et al., 2002); and plum cyclophilin 1 (CYP1) ribosomal protein L12 (RPL12) and ubiquitin (UBI) (Niu et al., 2014) were analyzed as candidate reference genes by RefFinder web-based tool (Xie et al., 2012) (no longer available). Analysis was run with default settings. Amplification conditions were 10 min at 95°C, followed by 40 cycles of 15 seconds (s) at 95°C, 1 min at 60°C, and for melt curve 15 s at 95°C, 1 min at 60°C and increasing 0.3°C till 0.15 s at 95°C. Normalized Relative Quantification (NRQ) for the genes of interest was calculated using the modified 2–ΔΔCt method (Pfaffl, 2001; Vandesompele et al., 2002). Correlations between TPM and NRQ, and TPM and metabolite content were calculated using the Pearson correlation coefficient (Udvardi et al., 2008). Three biological replicates and two technical replicates were assayed.




Results


Evolution of Pomological Characteristics and Biochemical and Metabolite Contents of Apricot Fruit During the Ripening Process

The results obtained from the evaluation of pomological characteristics and biochemical and metabolite contents in fruits for both apricot genotypes at the three ripening stages were analyzed to identify significant statistical differences between genotypes and stages (Tables 1 and 2).


Table 1 | Evaluation of fruit pomological characteristics and biochemical contents in the two apricot genotypes assayed ‘GC 2-11’ and ‘GC 3-7’ at three ripening stages including green fruit (Stage A), during color change (Stage B), and at physiological ripening (Stage C).




Table 2 | Evaluation of metabolite contents recorded in 1H-NMR spectra in the two apricot genotypes assayed ‘GC 2_11’ and ‘GC 3_7’ 7’at three ripening stages including green fruit (Stage A), during color change (Stage B), and at physiological ripening (Stage C).



Evaluation of pomological traits evidenced the fruit color of ‘GC 2-11’ (yellow skin, red blush, and yellow flesh color) and ‘GC 3-7’ (orange skin, intense red blush and light orange flesh color) with a bigger fruit and stone. Values of firmness, however, were similar at the end of the ripening process (Table 1). In addition, biochemical evaluation showed a higher soluble solid content and a low ethylene production rate in ‘GC 2-11’ with a higher content of carotenoids in ‘GC 3-7’. Values of acidity and chlorophyll contents, however, were similar at the end of the ripening process (Table 1).

On the other hand, evolution of metabolite contents showed the clear increase of sucrose, glucose, xylose, fructose and myo-inositol associated with the decrease of fumarate, malate, succinate, and citrate in both genotypes during the ripening process mainly between the stages B and C. When genotypes are compared, a higher content of chlorogenate is shown in all the assayed stages in ‘GC 3-7’ in comparison with ‘GC 2-11’ (Table 2).

Levene Test showed no homoscedasticity and Shapiro–Wilk Test showed no normal distribution of the pomological, biochemical and metabolite data, hence we applied the non-parametric Kruskal–Wallis Rank Sum Test with a threshold of p-value < 0.05 for significant statistical differences. Skin ground color, blush color and flesh color, stone weight, fruit weight, titratable acidity, and ethylene release showed statistical differences between genotypes and ripening stages (Supplementary Table 1). Glucose, fructose, malate, citrate, formate, chlorogenate, and methyl nicotinate show statistical differences only between genotypes. Sucrose, xylose, fumarate, chlorophyll a, soluble solids, carotenoid content, and firmness showed statistical differences only between ripening stages. CO2 releases, myo-inositol, succinate, epicatechin, chlorophyll b show no statistical differences between genotypes or ripening stages (Supplementary Table 2). In addition, Spearman correlation matrix (Supplementary Figure 1 and Supplementary Data Sheet 2) showed a positive correlation between skin ground color, flesh color, blush color, chlorophyll content and firmness, and between sucrose and soluble solid content, while a negative correlation between sucrose and soluble solids with skin ground color, flesh color, blush color, firmness and chlorophyll content. Glucose also showed a positive correlation with phenylpropanoids (chlorogenate, epicatechin, and methyl nicotinate). Fumarate displayed a negative correlation with firmness, skin ground color, blush color, flesh color, while a positive correlation with soluble solids was also observed.

On the other hand, PCA representation of phenological traits and metabolite content (Figure 2) showed the relationship between variables after logarithmic transformation of the data. The main principal components obtained explained the variance of 42.6% for Principal Component 1 (PC1) and 33.9% for PC2. Samples by genotype cluster together. Genotype ‘GC 2-11’ showed a positive correlation, while ‘GC 3-7’ displays a negative correlation with PC2. Stage A in both genotypes has a negative correlation while stage C has a positive correlation with PC1. Variables as skin ground color, blush color, flesh color, soluble solids and ethylene release were highly explained by PC1, while fructose, citrate, and malate were mainly explained by PC2. Therefore, PC1 mostly explained variance associated with fruit color and ripening stage represented by ethylene release and soluble solid content, while PC2 explained variance associated with acid taste represented by the content of citrate, malate, and fructose.




Figure 2 | PCA biplot of phenological traits (fruit weight, stone weight, skin ground color, blush color, flesh color and firmness), biochemical (Total soluble solids, Titratable acidity, CO2, Ethylene, Chlorophyll a, Chlorophyll b, and Carotenoids) and metabolite (Sucrose Glucose, Xylose, Fructose, Myo-Inositol, Fumarate, Malate, Succinate, Citrate, Formate, Chlorogenate, Epicatechinand Methyl nicotinate) contents during ripening process [green fruit (Sample A), during color change (Samble B), and physiological ripening (Sample C)] in the two genotypes of P. armeniaca ‘GC 2-11’ and ‘GC 3-7’. Ellipses round samples which belongs to the same group with a 0.68 of probability (default settings for continuous variables). Three biological replicates were assayed to evaluate each phenological, biochemical and metabolite parameter.





Sequenced Libraries Quality Control

Sequenced raw read libraries analyzed with FastQC (Supplementary File 1) showed poor quality sequencing in 3′ and 5′ ends, with several repeated k-mers in forward reads as well as a deficient Phred quality score along the entire length of the reverse reads, with a high degree of repeatability and presence of k-mers. An acceptable number of duplication sequences, k-mer occurrence or GC percentage are organism-specific, and these values must be homogeneous in all samples which belong to the same experiment (Conesa et al., 2016). The high repeatability of the genomes in plants makes tough filter the sequences without losing valuable information, so it was decided to trim the reads with low-quality or presence of very repetitive sequences, suspected of being residual Illumina adapters. After removing these fragments, the quality of the sequenced libraries was analyzed again with FastQC (Supplementary File 2).



Mapping of Whole Transcriptomes

Optimized sequencing libraries were then aligned and assembled with HISAT and TopHat to the reference genomes and transcriptomes of P. persica and P. mume (Supplementary Figure 3, Supplementary Tables 3 and 4). The percentage of total pairs of reads mapped to the genomic sequences is higher than to the transcriptomes. When we attend to the differences between species, the assembly and alignment of total pairs of reads to P. mume are higher compared to P. persica, arising 88.36% mapped pairs of reads to P. mume genome performed with HISAT as the best result. Initially, alignment and assembly of total pairs of reads with HISAT lead to a higher percentage of mapped pairs of reads, but also a higher percentage of mapped pairs of reads aligned discordant or in multiple locations. TopHat was more conservative in this sense, avoiding pairs of reads that align discordantly or in multiple sites, so the pairs of reads mapped once with TopHat were higher than those obtained with HISAT.

A comparison between the different MAPQ values on mapping strategies addressed showed 84.62% of mapped reads with a MAPQ ≥ 30, employing P. mume genome as reference sequence performed with HISAT as the best result. In opposition, we only get 67.70% of mapped reads using P. persica transcriptome as reference sequence with TopHat as the worst result (Supplementary Figure 4, Supplementary Tables 5 and 6). The best results were the alignment and assembly to the P. mume genome using TopHat (82.15%), HISAT to the P. mume transcriptome (79.48%), and TopHat to the P. mume transcriptome (77.99%). HISAT was selected as the most efficient mapper in terms of percentage of reads aligned with high MAPQ values. Considering the sequence used as the reference sequence, the mapped reads to P. mume were higher than P. persica. Thus P. mume genome is chosen as the reference sequence, which best fits our data.

The assemblies obtained were evaluated for accuracy with SAMStat to determine the quality of the alignments. An average of 51.7 million pairs of reads was generated from the six samples sequenced. The assembly to P. mume genome performed with HISAT was filtered by mapping quality score (MAPQ ≥ 30), removing unmapped or multi-mapped reads with SAMtools.



Differentially Expressed Genes Analysis

Count matrix of mapped reads to P. mume genome was performed with featureCounts, getting the number of assigned or unassigned reads to features (annotated genes). Unassigned features were likely to align to non-coding genomic regions or unannotated genes (Supplementary Table 7). This was the proposed strategy to group the samples that presented greater similarity. So, Euclidian distance matrix of gene expression was calculated after the normalization of each library (Supplementary Table 8), and the results were plotted in a heatmap, complemented with a multidimensional scaling plot (MDS) and a correlation matrix chart (Supplementary Figure 5). The higher correlation was obtained among the samples that belong to the same genotype, being ‘GC 2-11’ the genotype, which shows less distance between its samples. Inside each sample, the higher distance was found between stage A and stage C.

DEG analysis was performed grouping the samples as biological replicates by genotype or ripening stage (Supplementary Table 9A). In the analysis without replicates (Supplementary Table 9B), these were simulated on the assumption that read counts follow a multinomial distribution as NOISeq does. Since version 1.20, DESeq2 did not perform statistical analysis without replicates, DEGs were obtained by logarithmic transformation of the count matrix and selection of genes with fold change values over a range of ±1.5.

After DEG analysis with five different statistical packages, the results obtained were merged in a consensus result with common genes. Consensus results were plotted in a Venn diagram, where only the comparison between genotypes was of interest because of the number of genes differentially expressed for downstream analysis, arising from 443 DEGs (Figure 3 and Supplementary Data Sheet 3). As consequence of the backward step from this set of 443 DEGs, 310 of the total were identified with an P. amerniaca IDs (Figure 3 and Supplementary Data Sheet 3, column C). In addition, for the rest of 133 IDs with an unknown IDs from P. armeniaca, the backward mapping allowed the identification of 85 of them (Figure 3 and Supplementary Data Sheet 3, column C). Only a total of 48 genes remained without a specific ID from the reference apricot genome but with a physical position on the genome (Supplementary Data Sheet 4).




Figure 3 | Venn diagram which represents the consensus result obtained from Differentially Expressed Genes Analysis (DEGs) performed on P. mume, grouping the samples by genotype and using different statistical packages including NOISeq, edgeR, baySeq, DESeq2, and EBSeq. Three biological replicates and two technical replicates were assayed for each comparison of genotype and stage.





Gene Annotation, Enrichment Analysis, and Pathway Visualization

To elucidate the fundamental processes altered in ripe apricot fruit, we searched for functional enrichment categories in the set of DEGs obtained identifying homologous genes between mei, peach, and Arabidopsis (Supplementary Data Sheets 5 and 6). Enrichment analysis (Figures 4 and 5) was performed over up- and down-regulated DEGs obtained in contrast to grouping samples by genotype. The keynote GO terms were annotated in Molecular Function and Biological Process (Supplementary Table 10). Plotting up-regulated and down-regulated DEGs in a bar chart for Molecular Function GO annotation, DEGs up-regulated are mainly involved in ligase activity, isomerase activity, lyase activity, sulfur compound binding, carbohydrate binding, lipid binding, amide binding, pattern binding, receptor regulatory activity, and peroxidase activity; while DEGs down-regulated are implied in metal cluster binding and enzyme regulator activity. GO terms annotated in Biological Process are up-regulated for glycosylation, catabolic process, secretion by cell, maintenance of location in cell, cellular homeostasis, macromolecule organization, cellular localization, maintenance of location, regulation of biological quality, response to biotic stimulus, response to stress, response to external stimulus, and response to other organisms. On the other side, down-regulated DEGs were annotated in pigment metabolic process and cellular component organization. DEG genes annotated are implicated in catalytic activity (72.2%), followed by binding (25.0%), transcription regulator activity (6.8%), and transporter activity (2.3%). Most of these genes belong to the metabolic process (74.7%). When we analyzed the organic metabolic process affected, significant annotations were macromolecule metabolic process (36.8%), carbohydrate metabolic process (26.3%), organic acid metabolic process (15.8%), and organic cyclic compound metabolic process. Singular enrichment analysis (SEA) for Biological Process indicates protein phosphorylation and drug transmembrane transport as main GO terms, for Molecular Function highlights catalytic and transport activity (Supplementary Figure 6).




Figure 4 | Gene Ontology term enrichment of DEGs found in contrast grouping by genotype. (A) Up- and down-regulated DEGs annotated with GO terms. (B) Up- and down-regulated DEGs annotated in Molecular Function. Three biological replicates and two technical replicates were assayed for each comparison of genotype and stage.






Figure 5 | Gene Ontology term enrichment of DEGs found in contrast grouping by genotype for different ontology levels. (A) DEGs genes annotated with GO Slim into Molecular Function term. (B) DEGs annotated with GO Slim into Biological Process term. (C) DEGs annotated with GO Slim into Metabolic Process term. (D) DEGs annotated with GO Slim into Organic substance metabolic process. GO enrichment analysis plot with WEGO and GO Consortium webserver. Three biological replicates and two technical replicates were assayed for each comparison of genotype and stage.



DEGs annotated in KEGG biosynthetic pathways were mainly located in glycolysis/gluconeogenesis (pmum00010), pentose and glucuronate interconversions (pmum00040) starch and sucrose metabolism (pmum00500), terpenoid biosynthesis (pmum00130), carotenoid biosynthesis (pmum00906), phenylalanine metabolism (pmum00360), phenylpropanoid biosynthesis (pmum00940), flavonoid biosynthesis (pmum00941), and cyanoamino acid metabolism (pmum00460) (Supplementary File 3). The most affected pathways are phenylpropanoid and flavonoid biosynthesis (Figure 6), followed by starch and sucrose, and phenylalanine metabolism (Supplementary Figure 7).




Figure 6 | KEGG of phenylpropanoids (A) and flavonoid (B) biosynthesis pathway with the representation of DEG obtained during genotype contrast in P. mume where several genes involved are up-regulated (red) or down-regulated (green) in ‘GC 3-7’ with respect to ‘GC 2-11’ genotype. Gene involved in each pathway is represented in small boxes by its Enzyme Commission numbers (E.C.) code. Three biological replicates and two technical replicates were assayed for each comparison of genotype and stage.





Weighted Gene Co-Expression Network Analysis

We got seven ME after WGCNA including blue, brown, turquoise, red, black, green and yellow (Figure 7). A total of 443 genes were clustered in these seven ME. When we analyze each ME, 80 genes belong to ME blue, 49 genes to ME brown, 226 genes to ME turquoise, 17 genes to ME red, 17 genes to ME black, 25 genes to ME green, and 29 genes to ME yellow (Supplementary Data Sheet 7). Additionally, we analyzed the principal KEGG pathways involved in fruit ripening for each ME (Supplementary Data Sheet 8) and other genes of interest not annotated on KEGG pathways but described in other databases. For significant correlation in ME with quality characteristics, we set a threshold over 0.5 for correlation coefficient and under 0.5 for p-value statistical significance.




Figure 7 | Weighted correlation network analysis during apricot fruit ripening obtained with WGCNA R package. (A) Gene dendrogram and module colors obtained by average linkage hierarchical clustering where every leaf represents a DEG. The color row underneath the dendrogram shows the seven eigengene modules (ME) assignments determined by the Dynamic Tree Cut (threshold set for cut the dendrogram and obtain ME clustering). (B) Heatmap representation of the eigengene module-quality trait relationship for P. mume genotype contrast obtained when analyzing DEG expression and quantitative quality traits. Inside each module the Pearson correlation value is indicated and between parenthesis the p-value significance of its correlation. Three biological replicates and two technical replicates were assayed for each comparison of genotype and stage.



ME blue was positively correlated with xylose and negatively correlated with fruit weight, stone weight, CO2 release, glucose, fructose, citrate, formate, chlorogenate, epicatechin, and methyl nicotinate. Cluster in this ME we find the genes of starch and sucrose metabolism LOC103322685 (PARG04316m02; EC:2.4.1.14), LOC103333663 (PARG19611m01; EC:3.1.3.12), LOC103338042 (unknown PARG ID; EC:3.1.3.12) and LOC103343477 (PARG01655m01; EC:3.2.1.21), phenylpropanoid biosynthesis pathway LOC103332355 (unknown PARG ID; EC:4.3.1.24), LOC103335298 (PARG29723m01; EC:1.1.1.324), LOC103338042 (unknown PARG ID; EC:3.2.1.21), LOC103339178 (unknown PARG ID; EC:1.14.14.91) and LOC103343477 (PARG01655m01; EC:3.2.1.21), phenylalanine metabolism LOC103332355 (unknown PARG ID; EC:4.3.1.24) and LOC103339178 (unknown PARG ID; EC:1.14.14.91), LOC103338042 (EC:3.2.1.21; unknown PARG ID) and LOC103343477 (EC:3.2.1.21; PARG01655m01) and flavonoid biosynthesis LOC103339178 (EC:1.14.14.91; unknown PARG ID). Other genes of interest are LOC103329206 (PARG00063m07) predicted as a pheophytinase, and LOC103328016 (PARG00063m07) as ABC transporter pleiotropic drug resistance (PDR).

ME brown showed a positive correlation with blush color while a negative correlation with fruit weight, stone weight, glucose, fructose, myo-inositol, malate, citrate, formate, chlorogenate, epicatechin, and methyl nicotinate. Cluster in this ME we find genes of starch and sucrose metabolism LOC103326244 (PARG10672m01; EC:3.2.1.21) and LOC103327693 (PARG15761m01; EC:3.2.1.26), phenylalanine metabolism LOC103328252 (EC:6.2.1.12; PARG15135m02) and LOC103340770 (EC:2.1.1.104; PARG27724m01), phenylpropanoid biosynthesis LOC103326244 (PARG10672m01; EC:3.2.1.21), LOC103328252 (PARG15135m02; EC:6.2.1.12) and LOC103340770 (EC:2.1.1.104; PARG27724m01), and flavonoid biosynthesis LOC103340770 (EC:2.1.1.104; PARG27724m01). Another gene of interest is LOC103326648 (PARG22281m01), predicted as a transcription factor (TF) with MYB/SANT domain, and LOC103331940 (PARG18142m01) predicted as MADS-box protein SOC1.

ME turquoise showed a positive correlation with stone weight, firmness, fructose, glucose, malate, citrate, chlorophylls content, and methyl nicotinate, while a negative correlation with sucrose, soluble solid content, and fumarate. We found several genes related phenylalanine metabolism LOC103342143 (PARG02182m01; EC:4.3.1.24), carotenoid biosynthesis LOC103328471 (PARG01425m02; EC:5.3.99.8), phenylpropanoid biosynthesis LOC103327307 (PARG00008m01; EC:1.11.1.7), LOC103342143 (PARG02182m01; EC:4.3.1.24) and LOC103343871 (PARG24274m01; EC:2.1.1.68), flavonoid biosynthesis LOC103324315 (PARG03336m04; EC:2.3.1.74) and LOC103341429 (PARG06615m01; EC:1.17.1.3), glycolysis and gluconeogenesis LOC103332280 (PARG18437m02; EC:5.1.3.15), and circadian rhythm LOC103324315 (PARG03336m04; EC:2.3.1.74). Other genes of interest were LOC103323450 (unknown PARG ID) predicted as anthocyanidin 3-O-glucosyltransferase 7-like, LOC103341429 (PARG06615m01) as a leucoanthocyanidin reductase-like, LOC103322538 (PARG05244m01) as probable pectinesterase/pectinesterase inhibitor 35, and LOC103342143 (PARG02182m01) as a phenylalanine ammonia-lyase 1. In addition, other identified genes included the TFs LOC103327289 (PARG28632m01) predicted as MYB108, LOC103330396 (PARG12740m01), LOC103337200 (PARG23210m01) as a probable WRKY TF 45, LOC107880999 (PARG12882m01), LOC103332564 (PARG18828m01), LOC103323278 (PARG04365m02), LOC103323316 (PARG04392m03), and LOC103323318 (PARG04392m01) predicted as ABC transporter-like.

ME red displayed a significant positive correlation with fruit weight, ethylene and CO2 release, soluble solid content, fumarate, formate, epicatechin, and carotenoid content, while a negative correlation with skin ground color, flesh color and blush color. We found the gene from starch and sucrose metabolism and phenylpropanoid biosynthesis LOC103330627 (PARG01659m01; EC:3.2.1.21), and phenylalanine biosynthesis LOC103329641 (PARG13381m01; EC:4.2.1.20). A TF is identified, LOC103342585 (PARG26597m01) as L10-interacting MYB domain-containing protein-like. ME black displayed a positive correlation with stone weight, fruit weight, ethylene and CO2 release, glucose, fructose, formate, epicatechin, methyl nicotinate, and carotenoids content. The only gene of interest found in this cluster is LOC103333822 (PARG04832m02) as sugar transporter ERD6-like 7.

ME green, however, had a positive correlation with stone weight, fruit weight, ethylene release, glucose, fructose, myo-inositol, citrate, formate, chlorogenate, epicatechin, and methyl nicotinate. We find the gene of flavonoid biosynthesis LOC103320869 (PARG07267m01; EC:1.1.1.219 and 1.1.1.234). Other genes of interest are LOC103334507 (PARG20234m01) predicted as 1-aminocyclopropane-1-carboxylate oxidase homolog 11-like, and LOC103323820 (PARG03840m02) predicted as glutathione transferase GST 23-like.

Finally, ME yellow displayed a positive correlation with stone weight, fruit weight, glucose, fructose, myo-inositol, malate, citrate, formate, chlorogenate, epicatechin, methyl nicotinate, and chlorophyll a content. In yellow ME, we found a gene involved in phenylpropanoid biosynthesis LOC103335288 (PARG29722m01; EC:1.1.1.324). Other genes of interest are LOC103324123 (PARG03642m01) described as 1-aminocyclopropane-1-carboxylate oxidase homolog 1-like, LOC103330065 (PARG13187m01) as 2-hydroxyflavanone C-glucosyltransferase, LOC103333172 (PARG19510m01) as multidrug resistance protein from MATE family, and LOC103324364 (PARG00058m01) predicted as pheophorbide A oxygenase.



Gene Expression Analysis by Quantitative Real-Time PCR

RNA-Seq was validated by analyzing fifteen genes highly expressed through RT-qPCR. According to the analysis run in RefFinder, we obtain a comprehensive gene stability values of 1.141 for S18, 1.565 for CYP1, 2.28 for RPL12, 4.229 for ACT, and 4.729 for UBI. The lower value of comprehensive gene stability, most stable is the expression of a gene between samples. Then, we use as reference genes S18, RPL12 and CYP1, the most stable genes analyzed. These genes were described with P. persica and P. mume annotation, and most of them are implied in the ripening process (Supplementary Data Sheet 1). The samples taken in the course of advanced color change (Stage B) were discarded because of the difficulty to establish effective criteria at sampling and the high variability found in the results obtained. All the genes analyzed have a Pearson correlation coefficient over 0.7 in TPM-NRQ comparison (Figure 8), are genome-wide distributed, and most of them are related to quality traits at fruit ripening process. Performing RT-qPCR on a new set of samples gives us the greatest confidence in the results obtained by validating the HTS technology and the underlying biological response.




Figure 8 | Plots for the NRQ (Normalized Relative Quantification) of 15 genes analyzed by RT-qPCR and each TPM (Transcript Per Million) value obtained in RNA-Seq experiment. In brackets, Pearson correlation coefficient obtained from contrast between TPM and NRQ. From upper left to down right: Methanol O-anthraniloyl transferase-like (AAT), β-galactosidase (BGAL), lycopene β-cyclase (CrtL), common plant regulatory factor 1-like (bZIP), cinnamyl-alcohol dehydrogenase (CAD), carotenoids cleavage dioxygenase 4 (CCD4), 1-deoxy-D-xylulose-5-phosphate synthase (DXS), ethylene transduction gene (EDR1), flavonoid 3′-hydroxylase 1-like (F3′H), glutathione transferase GST 23-like (GST), psbP domain-containing protein 6 (psbP), sorbitol dehydrogenase (SDH), sucrose-phosphate synthase 1 (SPS1), sucrose synthase (SS) and probable serine/threonine-protein kinase PBL16 (WRKY). Three biological replicates and two technical replicates were assayed. Standard deviations are indicated with vertical bars.





Candidate Genes Related to Pomological Characteristics and Biochemical and Metabolite Contents in Apricot Fruits

Taking into account the analysis previously accomplished and integrating the results obtained, we proposed a variety of candidate genes for monitoring fruit ripening process linked to quality traits in ripe fruit such as fruit color and soluble solid accumulation.

The most important correlation with significant statistical p-value obtained in WGCNA for starch and sucrose metabolism found in ME blue, brown, turquoise and yellow (Figures 6 and 7, Supplementary Data Sheets 5 and 7). In addition, we found a positive correlation with sucrose, while fructose and sucrose have a negative correlation and vice-versa for all the ME cited above. In ME blue, with high negative correlation with glucose, we find a sucrose-phosphate synthase (LOC103322685; PARG04316m02) which leads to the transformation of D-fructose-6P and UDP-glucose into sucrose-6’P, and two β-glucosidases (LOC103338042 (unknown PARG ID) and LOC103343477 (PARG01655m01). In ME brown, with high negative correlation with glucose, cluster a β-glucosidase [LOC103326244 (PARG10672m01)] implied in starch and sucrose metabolism leading to D-glucose, and a β-fructofuranosidase [LOC103327693 (PARG15761m01)] which catalyze the dephosphorylation from sucrose into D-glucose and D-fructose. ME turquoise displayed the highest positive correlation with fructose content and lower significant p-value due to the presence in this cluster of the gene glucose-6-phosphate 1-epimerase, which transforms D-glucose-6P between its two stereoisomers α and β and may lead to β-D-fructose-6P through the glucose-6-phosphate isomerase. Sucrose is transported and accumulated into the vacuole by membrane transporter as early-response to dehydration gene (ERD6) (Zhang et al., 2019), cluster in ME black. Besides, SPS1 is up-regulated at the beginning of ripening in ‘GC 2-11’, while SS is up-regulated in ‘GC 3-7’ at the end of the ripening process (Figure 8). When we compared the sucrose content during fruit quality evaluation (Supplementary Table 2) and the gene expression of two suspicious genes responsible for sucrose biosynthesis sucrose synthase [SS, LOC103340632 (PARG27579m02)] and sucrose-phosphate synthase 1 [SPS1, LOC103341128 (unknown PARG ID)], Pearson correlation coefficient shows higher positive correlation between sucrose content and SS gene expression (Pearson coef.: 0.7) than SPS1 (Pearson coef.: −0.2) (Figure 9), SS being a candidate gene for the biosynthesis of sucrose during fruit ripening in apricot.




Figure 9 | Cross-linked graph of relation between metabolite contents and gene expression obtained in RNA-Seq. (A) Relation of carotenoid content with the expression of capsanthin/capsorubin synthase or lycopene β-cyclase [CrtL, LOC103328471 (PARG02182m01)] and carotenoid cleavage dioxygenase 4 (CCD4). (B) Relation of sucrose content with the expression of sucrose synthase [SS, LOC103340632 (PARG27579m02)] and sucrose-phosphate synthase 1 [(SPS1, LOC103341128 (unknown PARG ID)]. Standard deviations are indicated with vertical bars.



Several genes related to phenylalanine, phenylpropanoids, and flavonoid biosynthesis, the precursors of anthocyanin compounds, were identified in ME blue, brown, green, yellow, and turquoise (Figures 6 and 7 and Supplementary Data Sheets 5 and 7). In the phenylpropanoid biosynthesis pathway we find two phenylalanine ammonia lyases (PAL, LOC103332355 (unknown PARG ID) and LOC103342143 (PARG02182m01) which catalyzes the transformation from phenylalanine to cinnamic acid, a trans-cinnamate 4-monooxygenase [C4H, LOC103339178 (unknown PARG ID)] transforming cinnamic acid to p-coumaric acid, a 4-coumarate-CoA ligase 1-like [4CL, LOC103328252 (PARG15135m02)] catalyzing cinnamic acid or p-coumaric acid to cinnamoyl-CoA or p-coumaryl-CoA, and in the end of the pathway identified a probable caffeoyl-CoA O-methyltransferase [LOC103340770, PARG27724m01)] transforming caffeoyl-CoA to feruloyl-CoA. Following with flavonoid biosynthesis pathway, we find the gene for chalcone/stilbene synthase [CHS, LOC103324315 (PARG03336m04)] catalyzing the reaction from p-coumaroyl-CoA to naringenin chalcone. The last gene implicated on anthocyanin synthesis identified is a bifunctional dihydroflavonol 4-reductase/flavanone 4-reductase [DFR, LOC103320869 (PARG07267m01)], which synthesizes leucocyanidin. Other genes of interest not annotated on KEGG pathways are a leucoanthocyanidin reductase-like [ANS, LOC103341429 (PARG06615m01)], leading leucoanthocyanidin, then anthocyanidin 3-O-glucosyltransferase [UFGT, LOC103323450 (unknown PARG ID)] convert cyanidin into cyanidin 3-glucoside. Flavonoid 3’-hydroxylase 1-like [F3′H, LOC103337305 (PARG23256m01)], a cytochrome P450 responsible for anthocyanin biosynthesis, is up-regulated in ‘GC 3-7’ (Figure 8). Besides, a glutathione transferase GST 23-like [GST, LOC103323820 (PARG03840m02)], related to the antioxidant system ascorbate-glutathione and degradation of hydrogen peroxide during ripening (Fuentealba et al., 2017) and responsible for organic acid and secondary metabolism compounds translocation into the vacuole (Shiratake and Martinoia, 2007) was differentially expressed in contrast by genotypes in P. mume and up-regulated in ‘GC 2-11’.

After the analysis of the blush color, this trait showed highest negative (reddish color for lower Hue° values) correlation with ME red (Figure 7, Supplementary Data Sheets 5 and 7), where we found the gene LOC103342585 (PARG26597m01) as L10-interacting MYB domain-containing protein-like.

ABC and MATE transporters find in ME turquoise, blue, and yellow (Figure 7 and Supplementary Data Sheet 5), were responsible for the transit of many substances like organic acids or secondary metabolism. ATP binding cassette ABC transporters were described as responsible for citrate and malate accumulation. ABC transporters of Multidrug Resistance-associated Protein (MRP) together with glutathione transferases, found one gene in ME green, are described as anthocyanin transporters by the deposition of large amounts of phenolic compounds in vacuoles, being implicated in fruit pigmentation. On the other hand, ABC transporters of Pleiotropic Drug Resistance (PDR) subfamily are responsible for terpenoid transport. Most of these ABC transporters were found up-regulated in ‘GC 3-7’ (Supplementary Data Sheet 3), which display higher levels of citrate, orange flesh and skin ground color, and reddish blush (Supplementary Tables 1 and 2). Multidrug and toxin efflux transporters (MATE) family are suggested as responsible for flavonoid and other phenolic compounds transport (Shiratake and Martinoia, 2007), up-regulated in ‘GC 3-7’ (Supplementary Data Sheet 3).

For carotenoids biosynthesis pathway we only identified a capsanthin/capsorubin synthase or lycopene β-cyclase [CrtL, LOC103328471 (PARG02182m01)] in ME turquoise (Figure 7, Supplementary File 3, Supplementary Data Sheets 5 and 7), related to the secondary metabolism of carotenoids by lycopene cyclization, yielding β-carotene, which does not correlate with carotenoid content. This gene is up-regulated at the beginning of the ripening process in ‘GC 2-11’, the light yellow flesh and skin ground color genotype, which is the opposite of what we expect when we take into account that this gene leads the synthesis of β-carotene, responsible for the orange color in fruits and the precursor of vitamin A. Going further, we analyze the expression of carotenoid cleavage dioxygenase 4 (CCD4), which has been reported as a carotenoid degradative enzyme responsible for white flesh phenotype in peach. White flesh in peach was described as a monogenic trait controlling Y locus ligated to CCD4 gene expression (Adami et al., 2013); it is up-regulated in ‘GC 2-11’ (Figure 8). It was described in yellow/white peach that carotenoid accumulation in skin ground color and flesh color depends on the expression profile of lycopene β-cyclase (PpLCYB) and carotenoid cleavage dioxygenase 4 (PpCCD4) (Cao et al., 2017). When we calculated the Pearson correlation coefficient between carotenoid content obtained at fruit quality evaluation (Supplementary Table 1) and the gene expression of CCD4 and CrtL, we obtain a negative correlation for CCD4 (Pearson coef.: −0.71) while a lower correlation with CrtL (Pearson coef.: −0.19) taking in account the low expression level for the CrtL gene which shows differential expression levels between white fleshed apricot fruits of about 0.5 TPM and yellow flesh of 0 TPM (Figure 9A). The coordinate expression of both genes during ripening process caused an increase in the synthesis of carotenoids in both genotypes during color change, followed by a decrease in carotenoid content only in the light yellow genotype ‘GC 2-11’, where CCD4 is up-regulated, the expression of CCD4 being the major determinant for carotenoid content by degrading β-carotene into apocarotenoid compounds.

As a carotenoid precursor biosynthesis enzyme, we identified 1-deoxy-D-xylulose-5-phosphate synthase (DXS), which catalyzes the fusion of pyruvate and glyceraldehyde-3-phosphate in the 2-C-methyl-D-erythritol 4-phosphate pathway (MEP pathway), yielding 1-deoxy-D-xylulose 5-phosphate (DXP), precursor compound in carotenoid biosynthesis (Brandi et al., 2011). It is found up-regulated in ‘GC 2-11’.

Skin ground color and flesh color were negatively correlated with ME green and yellow (Figure 7, Supplementary Data Sheets 5 and 7), which are also positively correlated with ethylene burst, which is described as the regulator of some genes involved in carotenoid biosynthesis pathways (Marty et al., 2005) (Supplementary File 3). Some apricot varieties, as climacteric fruits, release ethylene in the final ripening stages. It has been described that the loss of firmness as a result of the degradation of galactosyl-containing polymers by β-galactosidase, up-regulated in ‘GC 3-7’ (Figure 8), stimulates ethylene release (Kovacs and Nemeth-Szerdahelyi, 2002). We find the genes responsible for ethylene biosynthesis LOC103334507 (PARG20234m01) and LOC103324123 (PARG03642m01), both predicted as 1-aminocyclopropane-1-carboxylate oxidase homolog like (ACO). However, no correlation was found between ethylene release and ACO expression even though it was described in apricot that ACO was strongly up-regulated during ripening before ethylene production (Mbéguié-A-Mbéguié et al., 1999). The other candidate gene involved in ethylene perception assayed was Ethylene transduction gene (EDR1), responsible for ethylene response transduction gene at fruit ripening in peach (Wang et al., 2017), and it is up-regulated in ‘GC 2-11’, which did not produce ethylene. No candidate genes were proposed for ethylene signaling.

Related with loss firmness at ripening process, we found a pectin methylesterase inhibitor gene [PMEI, LOC103322538 (PARG05244m01)], cluster in ME turquoise (Figure 7, Supplementary Data Sheets 5 and 7) and up-regulated in ‘GC 2-11’ (Supplementary Data Sheet 3), with a slow loss of firmness if we compared to ‘GC 3-7’ (Supplementary Table 1). The modification of pectins during ripening resulted in tissue softening and an overall loss of firmness. The inhibition of this enzymatic activity may avoid or retard softening in ripe fruit (Femenia et al., 1998). Another gene assayed was β-galactosidase [BGAL, LOC103340681 (PARG27772m02)] which induced loss of firmness during ripening by the degradation of galactosyl-containing polymers (Kovacs and Nemeth-Szerdahelyi, 2002) and found up-regulated in ‘GC 3-7’ at the end of the ripening process. Besides, we analyze the expression of cinnamyl-alcohol dehydrogenase [CAD, LOC103335323 (PARG29726m01)], involved in lignin biosynthesis, which may be related to firmness during fruit development (Gabotti et al., 2015; Zhang et al., 2017b). It is up-regulated in ‘GC 3-7’ at the beginning of the ripening process.

For chlorophyll degradation and color green loss from green to ripe fruit (Supplementary Table 2), we found differential expression in genes related with chlorophyll dephytylation in ME blue LOC103329206 (PARG00063m07) as a pheophytinase, and ME yellow LOC103324364 (PARG00058m01) as a pheophorbide A oxygenase (Guyer et al., 2014) (Figure 7 and Supplementary Data Sheet 5). Another gene related with photosynthesis was psbP domain-containing protein 6 [psbP, LOC103326460 (PARG10392m01)]; as part of the photosystem II, PsbP increases the affinity of the water oxidation site for chloride ions and provides the conditions required for high-affinity binding of calcium ions (Kochhar et al., 1996). It is differentially expressed in contrast by genotypes in P. mume.

Finally, we get some TF as a MADS-box TF found in ME brown (Figure 7 and Supplementary Data Sheet 5), with a major expression in fruit tissues related to fruit development (Xu et al., 2014; Wells et al., 2015). A common plant regulatory factor 1-like [bZIP, LOC103332281 (PARG18436m04)], which was a homologous gene of CPRF1_PETCR in Petroselinum crispum and bind to chalcone/stilbene synthase (CHS) gene promoter, a key enzyme during anthocyanin biosynthesis, was up-regulated in ‘GC 2-11’ at the end of the ripening process. Furthermore, a probable serine/threonine-protein kinase PBL16 (WRKY), a plant specific TF that controls environment response to a biotic stimulus, was up-regulated at the beginning of ripening in ‘GC 2-11’.




Discussion


Pomological Characteristics and Biochemical and Metabolite Contents in Apricot Fruits

The biosynthesis of carotenoids was responsible for the orange color in the skin ground color and flesh color in both genotypes. In adition, anthocyanins were responsible for the reddish blush color, arise the acquisition of definitive color of the ripe fruit. The content of phenylpropanoids (chlorogenate, epicatechin, and methyl nicotinate), precursors of anthocyanin biosynthesis, showed a slight decrease during the ripening process in ‘GC 3-7’ while no significant changes in ‘GC 2-11’. The principal differences found between genotypes and stages were related to skin ground color, flesh color, and blush color. In genotype ‘GC 2-11’ the carotenoid content increased during the ripening process reaching the maximum amount during color change, followed by an abrupt decrease at physiological ripening. On the other hand, carotenoid content in genotype ‘GC 3-7’ undergoes a gradual but constant increase throughout the ripening process, reaching higher levels than ‘GC 2-11’ at the end of the ripening process. If we pay attention to the skin ground color and flesh color changes, it is correlated with the carotenoid content, while the biosynthesis of phenylpropanoid may be correlated with blush color intensity. Chlorophyll content decreased in both genotypes until it is completely degraded, finishing the ripening process with the total loss of green hue and the acquisition of final light yellow/orange fruit color.

Metabolite evolution of apricot fruits during the ripening process agrees with recent results in peach (Lillo-Carmona et al., 2020). Total soluble solids measured as a percentage is an approximation to the strength of the solution as the percentage of sucrose in fruit juice, but it was affected by the presence of other solutes, while results of carbohydrate content obtained at 1H-NMR is an accurate and more reliable result. Sucrose and glucose were the major soluble sugars in apricot ripe fruit, reaching the peak of maximum concentration at ripe fruit, higher in genotype ‘GC 3-7’ than in ‘GC 2-11’. At the beginning of the ripening process, glucose content was higher than sucrose, but sucrose content enhanced significantly at the end of ripening, surpassing the amount of glucose in both genotypes. These results represented the pattern of sugar accumulation during the development and ripening of the fruit undergoes from being glucose-predominant to sucrose-predominant at the end of the fruit ripening process.

During the development of apricot fruit, there was a continuous accumulation of organic acids, and their final concentration was determined by the balance between the biosynthesis of organic acids, its degradation, and the vacuolar storage. Malate and citrate were the most abundant organic acids in apricot fruit, and titratable acidity decreases as a result of its degradation during ripening. At green fruit, malate is the predominant compound, whereas the ratio was changing with the rapid increase of citrate at ripening stage when the malate declined at physiological ripening. However, citrate also decreased at the ripening stage; the ratio between citrate and other organic acids increases, becoming the major organic acid at ripe fruit. The significant decrease in citric acid and the small reduction of malic acid contributed to acidity loss. When we compared the amount in organic acids in both genotypes, ‘GC 3-7’ had higher levels of organic acids than ‘GC 2-11’, which resumed in higher titratable acidity.

Finally, there was a pronounced release of ethylene and firmness decline. In climacteric fruit, ethylene is the principal ripening trigger, partially responsible for fruit softening rate and carotenoid biosynthesis (Hayama et al., 2006; Kita et al., 2007). In this sense, apricot fruit was described as differentially sensitive to ethylene (Mbeguie-A-Mbeguie et al., 2002). ‘GC 3-7’ release much more ethylene than ‘GC 2-11’, which may be related with the faster softening occurred during ripening and the orange fruit color in ‘GC 3-7’ in contrast with slowly softening and light yellow fruit color in ‘GC 2-11’.



Mapping of Whole Transcriptomes

The alignment and assembly of RNA-Seq reads in the non-model organism P. armeniaca to the genomes and transcriptomes of P. persica and P. mume show very different results depending on the protocol applied. A significantly higher percentage of aligned reads with MAPQ ≥ 30 were obtained when we map HISAT to the genome sequence of P. mume in comparison with P. persica. Although up to now P. persica has been used as a model species in the study of the genus Prunus sp., this taxon belongs to the subgenus Amygdalus, different from the subgenus Prunus to which apricot belongs (Potter, 2012). In our case the use of the genome of P. mume as a reference sequence owing its closer phylogenetic proximity, because these species belong to the same subgenus Prunus and Armeniaca section (Potter, 2012), seems an ideal strategy as has been confirmed by the posterior analysis using the reference genome of this species for our backward step. These mapping results were also contrasted with the reference genome of P. armeniaca, allowing us the identification of the physical position (coordinates) of candidates genes.



Differentially Expressed Genes and Enrichment in Relation to Pomological Characteristics and Biochemical and Metabolite Contents

There was no agreement on which protocol for DEG identification is the most appropriate, so the consensus among five DEG identification methods guarantees a list of DEGs with more accuracy, sensitivity, and robustness in gene expression estimation reliable results (Costa-Silva et al., 2017). DEGs without replicates will not be considered because they are only useful for exploring the data but will not provide the kind of proper statistical inference on differences between samples or estimate the biological variability of each gene (Love et al., 2014; Conesa et al., 2016; Love et al., 2016).

The DEG identification method was the crucial decision for the differential expression analysis in RNA-Seq data and will be the key to understand the phenotype–genotype variation through the biological interpretation of the data. The confidence in the quantitative analysis depends on this point more than on depth read or read length.

It is essential to include at least three replicates to capture the biological variability between samples. Accordingly, after the exploration of concordance between the samples, we decided to group the samples by genotypes. It means that as DEG analysis result, we obtained those genes differentially expressed in apricot fruit during ripening process among the two genotypes ‘GC 2-11’ and ‘GC 3-7’.

The annotation of DEGs using GO terms as ontologies to represent biological knowledge offered a detailed source for functional transcriptomic studies based on a dynamic, structured, and controlled vocabulary. GO terms provide a classification that covers several domains by developing a comprehensive and computational model of biological systems, ranging from molecular to organism level (Consortium, 2004). Gene Set Enrichment Analysis of DEGs and pathway identification defines even more precisely the exact physiological process affected, describing a comprehensive knowledge representation.

During the development and ripening the main biological processes affected were catalytic activity, binding, and transporter activity, which means degradation, modification, or translocation of molecules; most of these processes are related to secondary metabolism. Transcription regulator activity also appears represented as the importance of gene expression regulation during the ripening process. Main GO terms up-regulated annotated in Biological Process are glycosylation and catabolic process, while down-regulated is pigment metabolic process. This is strongly correlated with carbohydrate metabolism and pigment content biosynthesis in each of the genotypes under study.

KEGG enrichment analysis of DEGs identifies affected pathways, phenylpropanoid biosynthesis being the most altered pathway. Phenylpropanoid pathway synthesizes the precursor compounds of anthocyanins, which are linked to reddish blush color (Ye et al., 2019) in the genotype ‘GC 3-7’. Other precursors of anthocyanin compounds are flavonoids, phenylpropanoid biosynthesis, and phenylalanine metabolism, also up-regulated in ‘GC 3-7’. Finally, we can describe the pathways related with soluble solid content, starch and sucrose metabolism and glycolysis/glucogenesis, responsible for the biosynthesis of sucrose from glucose and fructose, increasing soluble solid content as responsible to the sweet taste in the ripe fruit apricot. Some genes of starch and sucrose metabolism pathway were up-regulated in ‘GC 3-7’, which could be correlated with the higher sucrose and soluble solid content in this genotype.



Candidate Genes Related to Pomological Characteristics and Biochemical and Metabolite Contents in Apricot Fruits

A large-scale transcriptomic studies of apricot and related species ripening process showed a significant up- and down-regulated transcript levels of genes related to stress conditions, cell wall metabolism, transcription factors (MADS-box, AUX/IAA, bZIP, bHLH, and MYB), heat shock proteins (HSPs), ethylene biosynthesis, starch and sucrose metabolism, organic acids metabolism, phenylpropanoid and carotenoid biosynthesis (Trainotti et al., 2003; Grimplet et al., 2005; Trainotti et al., 2006; Trainotti et al., 2007; Manganaris et al., 2009; Manganaris et al., 2010; Manganaris et al., 2011).

The principal enzymes involved in starch and sucrose metabolism are sucrose synthase (SS), sucrose phosphate synthase (SPS), and sorbitol dehydrogenase (SDH). These are under tight regulatory control, increasing its expression at the end of the ripening process, which is consistent with the correlation analysis between enzyme activity and sugar accumulation (Xi et al., 2016; Zhang et al., 2019). The drastic increase of SS and sucrose during the ripening process is responsible for the rapid increase of soluble solid content in fruits (Meixia et al., 2006). In addition, a high positive correlation between sucrose content and SS expression during fruit ripening has been shown for the genotype ‘GC3-7’. However, this correlation was not observed for the for the genotype ‘GC2-1’ when sucrose content was increased from stage A to stage C (Figure 9B). Another significant increase in glucose and fructose was found due to the increase in the activity of sorbitol oxygenase (SO) and sorbitol dehydrogenase (SDH), where sorbitol was converted to glucose and fructose via these two enzymes, which suggest that the accumulation of these sugars mainly comes from sorbitol catalysis. Though there were no significant differences between epicarp and mesocarp, as the sweetest sugar, fructose ratio is significantly higher in the flesh than in the skin, which is consistent with the fact that sweet taste is stronger in the flesh than in the skin (Xi et al., 2016; Zhang et al., 2019). Thus, SDH [LOC103333266 (PARG19420m03)], described as a possible key factor during climacteric ripening in Japanese plum (Fernandez i Marti et al., 2018), and SS [LOC103340632 (PARG27579m02)] described as the main enzyme responsible for sugar accumulation in apricot fruit (Xi et al., 2016), were both proposed as candidate genes responsible for the increase of sugar content during fruit ripening in apricot.

The red blush present in the skin of apricot was due to the presence of anthocyanins. The major anthocyanin compounds found in apricot fruit are cyanidin-3-O-rutinoside, cyanidin-3-O-glucoside, and peonidin-3-O-rutinoside (Bureau et al., 2009). The early anthocyanin biosynthesis genes (EBGs) are chalcone synthase (CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), flavonoid 3′-hydroxylase (F3′H), flavonoid 3′5 ′-hydroxylase (F3′5 ′H), and dihydroflavonol 4-reductase (DFR), which lead to the production of flavonols. The late anthocyanin biosynthesis genes (LBGs) are anthocyanidin reductase (ANR), leucoanthocyanidin reductase (LAR), anthocyanidin synthase/leucoanthocyanidin dioxygenase (ANS/LDOX), and UDP flavonoid 3-O-glucosyltransferase (UFGT). The TF MYB10 has been implicated in the regulation of the last three enzymes of the metabolic pathway DFR, ANS and UFGT, which were the key to explain contrasting patterns of anthocyanin accumulation in peach and Japanese plum (Ravaglia et al., 2013; Gonzalez et al., 2016). While EBGs are regulated by R2R3-MYB TFs without co-regulators, LBGs need MBW complex (Tanaka et al., 2008; Petroni and Tonelli, 2011; Xu et al., 2015). The expression of flavonoid biosynthesis genes correlated with anthocyanin accumulation and red coloration, but there was some variability in the specific step involved. In most species, only LBGs correlated well with anthocyanin synthesis, such as tomato (Povero et al., 2011) and pepper (Borovsky et al., 2004).

However, in other species the transcript levels not only of LGBs, but also of some EBGs were higher in red compared to non-red fruits, such Chinese bayberry (Niu et al., 2010), apple (Takos et al., 2006a; Takos et al., 2006b), pear (Feng et al., 2010), grape (Boss et al., 1996), cherry (Wei et al., 2015), peach (Ravaglia et al., 2013), Japanese plum (Gonzalez et al., 2016), mei (Zhang et al., 2017a), and apricot (Lin-Wang et al., 2010; Kayesh et al., 2013). In apple, peach, Japanese plum, and sweet cherry, the transcript level of MYB10 was up-regulated during fruit red coloration development (Takos et al., 2006a; Lin-Wang et al., 2011; Cheng et al., 2015; Wei et al., 2015; Gonzalez et al., 2016). Besides, it was described in apricot that anthocyanin biosynthesis is regulated by a MYB10 TF inducing the expression of DFR. Almost the whole precursor pathways for anthocyanin biosynthesis are identified from phenylalanine to cyanidin 3-O-glucoside, the last steps to synthesize cyanidin-3-O-rutinoside, and peonidin-3-O-rutinoside are not yet elucidated, although it is known that the enzymes involved must be of the type UDP-rhamnose as anthocyanidin-3-glucoside rhamnosyl transferase. Similar to this function, we identified some genes with UDP-glucuronosyl/UDP-glucosyltransferase activity like 7-deoxyloganetin glucosyltransferase-like isoform X1 [LOC103319666 (PARG08586m01)] and 7-deoxyloganetin glucosyltransferase-like [LOC103323807 (unknown PARG ID)] as possible candidates. Taking all together, the genes found as MYB [LOC103342585 (PARG26597m01)], CHS [LOC103324315 (PARG03336m04)], ANS (LOC103341429), UFGT (LOC103323450, unknown PARG ID), DFR [LOC103320869 (PARG07267m01)], 7-deoxyloganetin glucosyltransferase-like isoform X1 [LOC103319666 (PARG08586m01)] and 7-deoxyloganetin glucosyltransferase-like [LOC103323807 (unknown PARG ID)] may be the most probable candidate genes responsible for anthocyanin biosynthesis in apricot. Another interesting gene was the TF bZIP [LOC103332281 (PARG18436m04)], bind to chalcone/stilbene synthase (CHS) gene promoter, key enzyme during anthocyanin biosynthesis, and it was up-regulated in ‘GC 2-11’ at the end of ripening process.

In apricot, the amount of carotenoids in the tissues is not attributed solely to the ability to synthesize carotenoids; the regulatory mechanisms based on degradation and accumulation of carotenoids were postulated as responsible for carotenoid content (Marty et al., 2005). We analyze the carotenoid cleavage dioxygenase 4 (CCD4), responsible for the enzymatic cleavage of β-carotene resulting in the production of volatile norisoprenoids (apocarotenoids) and related to fruit aroma during ripening (Zhang et al., 2019). This gene cosegregated with the Y locus, which seems to control white/yellow flesh in peach, and it was suggested as a molecular marker for white peach cultivar selection (Brandi et al., 2011; Adami et al., 2013; Ma et al., 2014). Further investigation on carotenoid profile compounds and the potential role of CCD4 allelic segregation in different apricot varieties will be needed to validate this result. We also propose the gene DXS [LOC103335117 (PARG01985m01)] as carotenoid biosynthesis precursor.

Concerning texture in peach, the expression of genes involved in softening started before the appearance of the ethylene climacteric rise at S3 stage, regarding the occurrence of the ethylene climacteric. Moreover, some cell wall modifying enzymes expressed in S3 could be involved in cell enlargement associated with the vigorous fruit growth that occurred after stone hardening (Trainotti et al., 2003; Trainotti et al., 2006). Pectins, the main compound responsible for firmness in apricot fruit, comprised a highly complex polysaccharide network with a structurally diverse range of glycan chains, glycosidic linkages, and other substituents, such as acetyl and methyl groups. Most studies of pectin depolymerization have focused on a small group of enzymes: pectin methylesterase (PME), β-galactosidase (β-GAL), polygalacturonase (PG), and pectin lyases (PL). PL showed maximum expression just before climacteric stage causing massive degradation of pectins and decreasing its expression before ethylene release (Brummell et al., 2004; Vicente et al., 2007). By contrast, the other pectin-degrading enzymes (PG, PME, and β-GAL) show a typical ripening-pattern expression increasing its expression at the ripening stage during ethylene release. PME mainly catalyzes the de-esterification of high methyl esterified pectin to generate low methyl esterified pectin, which can be further hydrolyzed by PG (Chen et al., 2000; Vicente et al., 2007). So, PL would appear to have the task to carry out an early degradation of pectins, making them more susceptible to the subsequent attack of other degrading enzymes as PME and β-GAL. Other enzymes probably involved were acetyl esterase (AE), rhamnogalacturonan hydrolases, and lyases (RG) and pectin methylesterase inhibitor (PMEI) (Chen et al., 2000; Vicente et al., 2007). PMEIs were found up-regulated in half-ripe and ripe stage during fruit ripening. PMEIs also play a role in plant defense mechanism against pathogens. Their expression do not correlate well with fruit firmness in apricot and may correlate with fruit susceptibility to pathogen attacks (Chen et al., 2000). Expansins (EXPs) also affect pectin depolymerization by non-hydrolytic activity, and one expansin transcript was found increased during apricot ripening, possibly by increasing substrate accessibility to other enzymes (Brummell et al., 2004). Finally, cinnamyl-alcohol dehydrogenase (CAD), as a precursor for phenylpropanoid compounds in lignin biosynthesis, was described as responsible for cleavage stone by affecting the deposition of lignin in the endocarp of apricot fruit (Zhang et al., 2019). Considering all the above, we proposed as candidate genes for firmness control during ripening process CAD [LOC103335323 (PARG29726m01)], PMEI [LOC103322538 (PARG05244m01)] and βGAL [LOC103340681 (PARG27772m02)].




Conclusions

Within the framework of this work, we expanded our knowledge about apricot fruit ripening, providing original information about the dynamic expression of genes involved in the fruit ripening process in two genotypes which differ in fruit color, soluble solid content, and firmness. DEGs in the two assayed apricot genotypes at three fruit ripening stages showed important variation in the biosynthetic pathways of phenylpropanoids, flavonoids, carotenoids biosynthesis and, starch and sucrose metabolism. These genes could be possible candidates as molecular markers for fruit color and soluble solid content. We identified the gene for carotenoid biosynthesis lycopene β-cyclase differentially expressed between genotypes but not correlated with orange skin ground color and flesh color or carotenoid content. The gene carotenoid cleavage dioxygenase 4, which acts downstream lycopene β-cyclase in the carotenoid pathways, degrading β-carotene into apocarotenoids compounds, is highly correlated with carotenoid content and correlated with light-yellow/white flesh. On the other hand, sucrose content is mainly due to the expression of the gene sucrose synthase in starch and sucrose metabolism. Carotenoid cleavage dioxygenase 4 and sucrose synthase are identified as candidate genes for light yellow/white fruit color and high soluble solid content at the ripening process. This information may be useful to improve agronomical production through the identification of candidate genes involved in fruit ripening and biochemical and metabolite contents that may be applied in monitoring the ripening process in apricot fruit. The expression of these candidate genes was highly correlated with the fruit quality traits of interest and could be implemented in MAS to increase the efficiency of apricot breeding programs by the early selection of new genotypes with high-quality fruits and high nutraceutical values. In addition, results showed the suitability of using different reference genomes and transcriptomes related to Prunus species (mainly mei and apricot but also peach) as reference sequences in transcriptomic analysis due to its phylogenetic proximity.
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Fruit size is an important economic trait that is controlled by multiple genes. However, the regulatory mechanism for fruit size remains poorly understood. A bud sport variety of “Longfeng” (LF) apple (Malus domestica) was identified and named “Grand Longfeng” (GLF). The fruit size of GLF is larger than that of LF, and both varieties are diploid. We found that the cell size in GLF fruit was larger than that of LF. Then, we compared the fruit transcriptomes of the two varieties using RNA-Seq technology. A total of 1166 differentially expressed genes (DEGs) were detected between GLF and LF fruits. The KEGG analysis revealed that the phytohormone pathway was the most enriched, in which most of the DEGs were related to auxin signaling. Moreover, the endogenous auxin levels of GLF fruit were higher than those of LF. The expressions of auxin synthetic genes, including MdTAR1 and MdYUCCA6, were higher in GLF fruit than LF. Collectively, our findings suggest that auxin plays an important role in fruit size development.

Keywords: apple, fruit size, cell size, auxin, MdTAR1, MdYUCCA6


INTRODUCTION

The apple (Malus domestica) is widely cultivated in temperate regions worldwide (Duan et al., 2017; McClure et al., 2018). Fruit size is an important trait that influences the economic value of apple (Zhang et al., 2005; Malladi and Hirst, 2010). Developing an apple variety with a larger fruit size is one of the most important goals for breeders; however, the mechanisms underlying fruit size regulation are poorly understood.

Fruit size is determined by two factors, cell number and/or cell size (Scorzal et al., 1991; Olmstead et al., 2007; Malladi and Hirst, 2010). Previous research has reported that cell number is the major factor influencing fruit size. For example, ectopic expression of AINTEGUMENTA (ANT), a APETALA2 (AP2)-like domain transcription factor, increased the organ size of Arabidopsis by increasing the cell number (Krizek, 1999). Overexpression of BIG BROTHER, an E3 ubiquitin ligase gene, reduced the organ size by restricting cell numbers in Arabidopsis (Disch et al., 2006). Besides cell number, cell size is also an important factor that controls fruit size. In tomato, the larger fruit varieties have a larger cell size than small fruit varieties because the cell size is positively correlated with fruit size (Cheniclet et al., 2005). In apple, a bud sport variety of “Gala” was identified, named “Grand Gala,” and the fruit of “Grand Gala” is larger than “Gala” due to its larger cell size (Malladi and Hirst, 2010), but the underlying mechanism causing the larger cell size of “Grand Gala” is unclear.

Fruit size is regulated by multiple factors, including phytohormones, and genetic factors. For example, the application of N1-(2-chloro-4-pyridyl)-N3-phenylurea (CPPU), an artificial-synthesized cytokinin, increased fruit size in kiwifruit (Actinidia chinensis) by inducing the cell number (Cruz-Castillo et al., 2002). Gibberellin treatment increased the fruit size of pear (Pyrus pyrifolia; Ito et al., 2015) and apple (Martin et al., 1970). Auxin has been reported to affect the fruit size in many tree fruits, for example, exogenous auxin treatment increased fruit size by increasing cell size in apple (Devoghalaere et al., 2012).

Auxin is achieved through the coordination of complex processes, including auxin synthesis, metabolism, transport, and signal transduction (Devoghalaere et al., 2012). Indole acetic acid (IAA) is the predominant form of auxin, and the indole-3-pyruvate (IPA) pathway is the predominant path of IAA biosynthesis in plants, which contains two main enzymes, tryptophan aminotransferase of Arabidopsis/tryptophan aminotransferase-related (TAA1/TAR), and flavin monooxygenase (YUCCA; Zhao et al., 2001). Additionally, gretchen hagen 3 (GH3) family protein can conjugate amino acids and IAA to form inactive IAA (Staswick et al., 2002). Aside from its synthesis and conjugation, auxin is transported between cells (Zažímalová et al., 2010). Auxin-resistant 1/like auxin-resistant 1 (AUX1/LAX1) mainly transports auxin from extracellular to intracellular regions (Yang et al., 2006; Vanneste and Friml, 2009), and PIN-formed 1 (PIN1) is responsible for auxin transport in the reverse direction (Wabnik et al., 2010). Auxin synthesis, conjugation, and transport are tightly regulated and lead to auxin homeostasis (Perrot-Rechenmann and Napier, 2005).

Changing the concentration of endogenous auxin can modify its signaling response, causing several gene transcription level changes, such as auxin/indole acetic acid (Aux/IAA) and small auxin up RNA (SAUR; Paponov et al., 2008). When the auxin concentration is low, its signal transduction is blocked by Aux/IAA transcription repressors that interact with auxin response factors (ARFs), thereby repressing their transcription activity (Lavy and Estelle, 2016). When the auxin concentration is elevated, Aux/IAA interacts with the auxin receptor, transport inhibitor response 1/auxin signaling F-BOX protein (TIR1/AFB), which is a component of E3 ubiquitin ligase that undergoes ubiquitin-mediated protein degradation. ARFs are subsequently released, and auxin signaling is activated (Devoghalaere et al., 2012; Leyser, 2018).

Previous studies have elucidated the roles of genes that regulate fruit size. For example, fruit weight 2.2 (FW2.2) is a negative regulator of fruit size and regulates cell number during the early stage of fruit development in tomato (Solanum lycopersicum; Frary et al., 2000). In apple, the overexpression of microRNA172 inhibits the transcription of AP2, leading to decreased cell size and significantly reduced fruit size (Yao et al., 2015). Furthermore, the silencing of MdMADS8 or MdMADS9 resulted in smaller cell size and greatly reduced fruit size in apple (Ireland et al., 2013).

The “Longfeng” (LF) apple variety is widely cultivated in Northeast China (Li, 1994). Recently, a bud sport variety of LF was identified and named “Grand Longfeng” (GLF). GLF has a larger fruit size than LF; however, it is unclear why GLF apple fruit becomes larger. In this study, we found that the cell size of GLF fruit was larger than LF. The transcriptomes of GLF and LF fruits were also compared and the probable explanation for the larger fruit size of GLF is discussed.



MATERIALS AND METHODS


Plant Materials and Treatment

Longfeng and GLF apple fruits were collected from an orchard (E129°32′12″, N44°18′00″) located in Dongsheng Village, Ningan Town, Mudanjiang City, Heilongjiang Province, China. LF and GLF trees were grown on M. baccata rootstocks with normal management. The maturation date of both varieties is around 120 days after full bloom (DAFB). For fruit size measurements, the fruits of both varieties were collected every 21 days (d) from 9 to 120 DAFB and 10 fruits were collected at each sampling point. Fruit core diameter, longitudinal diameter, and transversal diameter were measured with a digital Vernier caliper (PD-151; Pro’skit, Taiwan, China). For the 1-naphthylacetic acid (NAA; BBI Life Sciences, Shanghai, China) treatment, 1 μM NAA was sprayed on LF fruit at 30 DAFB. Fruits treated with distilled water were used as controls. Fruits were harvested at the commercial harvest day (120 DAFB). For the 2,3,5-triiodobenzoic acid (TIBA; Shanghai Maokang Biotechnology Co., Ltd., Shanghai, China) treatment, 100 μM TIBA, which is an inhibitor of auxin polarity transport, was injected into the calyx tube of GLF fruit at 30 DAFB. Fruits injected with distilled water were used as controls. Fruits were harvested at the commercial harvest day (120 DAFB). Transverse and longitudinal diameters were also measured. Fruit weights were measured by electronic scales (JY10002; Sunny Hengping Scientific Instrument Co., Ltd., Shanghai, China). Student’s t-test was used for statistical analysis using SPSS v18.0 (IBM, Chicago, Illinois, United States). At each sampling point, the cortex of 10 fruits was sliced, frozen in liquid nitrogen, and stored at the −70°C for future analysis.



SSR Analysis of GLF and LF Apple Fruit

Genomic DNA was extracted according to previously reported methods (Wang et al., 2013), and 16 pairs of SSR (simple sequence repeat) primers were selected for PCR. Denaturing polyacrylamide gel examining was used for PCR products analysis accord to the method of Li et al. (2020). The primers were listed in Supplementary Table 1.



Chromosome Ploidy Identification

Fresh leaves were used for ploidy identification using a flow cytometer (FACSCalibar; Beckton Dickinson Co., Franklin lakes, NJ, United States) following the manufacturer’s instructions. About 0.5 cm2 of leaf disk was dipped in 400 μL extracting buffer [1% beta-mercaptoethanol, 0.05% Triton X-100, 20 μg mL–1 RNase A, 15 mM Tris–HCl (pH 8.0), 2 mM Na2EDTA, 20 mM NaCl, and 80 mM KCl], ground into small particles (Zhang et al., 2011), and filtrated through a 500-μm mesh sieve. The filtrate was stained with 20 μg mL–1 propidium iodide (Sigma, Louis, Missouri, United States) and incubated in the dark for 15 min at room temperature. After staining, the nuclei were collected by filtering through a 25-μm nylon mesh. Flow cytometry was performed using the flow cytometer. Diploid “Hanfu” apple (M. domestica, 2n = 2x = 34) was used as a control and internal reference (Ma et al., 2016). All chemicals were purchased from the TransGen Biotech Co., Ltd. (Beijing, China) unless otherwise indicated.



Cytological Analysis

Fruit flesh was fixed in FAA (50% ethanol:formaldehyde:glacial acetic acid = 90:5:5) for 24 h, then used for making paraffin sections as previously described (Yao et al., 2015). Sections were cut by a rotary slicer (Leica RM2255; Leica, Wetzlar, Germany) and stained with 1% toluidine blue for 3–5 min. Six consecutive cells were measured between the pericarp and core using a scale tool under a microscope. The average of 6 consecutive cell lengths from the core to the skin was used as the single-cell length. The thickness of the fruit cortex was measured using the digital Vernier caliper. Cell numbers were calculated as the cortex size divided by the single-cell size. Section images were captured using an Olympus BX50f-3 microscope (Olympus Optical Co., Ltd., Tokyo, Japan). Fruits from three trees (one fruit per tree) of each variety were used as 1 biological replicate; a total of three biological replicates were used at each stage. Student’s t-test was used for statistical analysis using SPSS v18.0.



RNA-Sequencing

Longfeng and GLF fruits were collected at 72 DAFB and used for RNA-Seq. Fruits were collected from 3 trees (3 fruits per tree), and the fruit flesh from each tree was equally mixed and used as 1 biological replicate. A total of 3 biological replicates were used. Total RNA was extracted according to previously reported methods (Gambino et al., 2008). cDNA library construction, RNA-Seq, and the bioinformatics analysis were performed by Biomarker Technologies Co., Ltd. (Beijing, China). RNA-Seq was performed using an Illumina HiSeqTM 2500 system (Illumina, San Diego, California, United States).



Gene Functional Annotation and Enrichment Analysis

Gene functional annotation was performed based on the NCBI non-redundant (Nr) protein sequences, NCBI nucleotide (Nt) sequences, protein family (Pfam), clusters of orthologous groups of proteins (KOG/COG), Swiss-Prot (a manually annotated and reviewed protein sequence database), KEGG ortholog (KO), and gene ontology (GO) databases. The GO enrichment analysis of the differentially expressed genes (DEGs) was implemented using the GOseq R package based on Wallenius non-central hypergeometric distributions (Young et al., 2010). KOBAS software was used to test the statistical enrichment of DEGs in the KEGG pathways (Mao et al., 2005). KEGG annotation of the genes was performed following previously reported methods (Kanehisa et al., 2004).



Determination of Endogenous IAA Contents

The cortex of the fruit from three trees (three fruits per tree) of each variety was mixed and used as one biological replicate with a total of three biological replicates. Fruit cortex was frozen in liquid nitrogen, ground into a fine powder, and dried under a vacuum (0.08 mbar) at −45°C. Endogenous auxin was measured by gas chromatography–mass spectrometry according to previously described methods with slight modifications (Müller et al., 2002). Ten mg fruit cortex was extracted with MeOH:H2O (4:1) as a solvent and using [13C6] IAA (CLM-1896-0; Cambridge Isotope Laboratories, Inc., Andover, MA, United States) as an internal standard. The extract was evaporated until dry. After briefly cleaning the resuspended dried extract with 80% MeOH (v/v), the fraction containing the phytohormone was collected and dried by a centrifugal concentrator. The IAA in the extracts was trimethylsilylated with N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA) at 80°C for 30 min. Samples were freeze dried using vacuum freeze-drying equipment (XYL-LGJ-10D; Beijing Heng Odd Instrument Co., Ltd., Beijing, China) for 24 h and dissolved in hexane before placement in a GC-QqQ MS (7890a-5975b; Agilent, Santa Clara, CA, United States) with a fused silica glass capillary column DB-5 (30 m × 0.25 mm × 0.10 μm; Agilent, Santa Clara, CA, United States). Injection and interface temperatures were 260°C and 280°C, respectively. The column temperature gradient was maintained at 80°C for 2 min, then increased by 6°C min–1 to 250°C, followed by 20°C min–1 to 300°C. IAA was confirmed by monitoring the diagnostic ions of both endogenous and deuterated hormones according to previously described methods Müller et al. (2002); [13C6] IAA was used as an internal standard. Student’s t-test was used for statistical analysis.



DEG Analysis

Gene expression levels were determined by fragments per kilobase of transcript per million fragments (FPKM). Differential expression analysis of the sample groups was performed by DESeq (Anders and Huber, 2010). Significant p-values were obtained from the original hypothesis test. The false discovery rate (FDR) was obtained using the Benjamini–Hochberg correction method (Anders and Huber, 2010), which was used as a key indicator for DEG screening. The ratio of expression between two sample groups with the screening criteria, fold change >2, and FDR < 0.01 was used to screen the ratio of expression between the two sample groups.



Quantitative Reverse Transcription-PCR

Longfeng and GLF fruits were collected from three trees (three fruits per tree), and the fruit flesh from each tree was equally mixed and used as one biological replicate. A total of three biological replicates were used. Fruit flesh RNA extraction was performed according to previously described methods (Li et al., 2017). First-strand cDNA was synthesized from 1 μg total RNA using an M-MLV RTase cDNA Synthesis kit (D6130; TaKaRa, Shiga, Japan). Quantitative Reverse Transcription-PCR (qRT-PCR) was performed on a qTOWER3G RT-PCR system (Analytik Jena, Jena, Germany) with a 10-μL total volume containing 5 μL SYBR green master mix (Cat. 04707516001; Roche Diagnostic Ltd, Basel, Switzerland), 0.5 μL cDNA, 0.5 μL reverse and forward primers, and 3.5 μL H2O. The reaction programs were performed as follows: 10 min at 95°C, 40 cycles of amplification for 30 s at 95°C, 30 s at 60°C, and 30 s at 72°C, and a final dissociation stage for 6 s at 72°C. Student’s t-test was used for statistical analysis. Primer3 software1 was used for designing primers. All primer sequences are listed in Supplementary Table 1.




RESULTS


GLF Fruits Were Significantly Larger Than LF Fruits

Grand Longfeng apple is a bud sport variety of LF, which was found in 2003 on a LF tree. GLF showed a fruit size larger than LF (Figure 1A). We then used these two varieties to study the molecular basis for the larger fruit size of GLF. We first compared the genetic background of LF and GLF using 16 pairs of SSR primers (Supplementary Figure 1 and Supplementary Table 1) and observed no difference in SSR band patterns between these two varieties (Supplementary Figure 1), indicating that GLF and LF have high similarity in genetic background. Next, LF and GLF fruit sizes were measured from 9 to 120 DAFB (days after full bloom; Figure 1A). The fruit weight, transverse diameter, and longitudinal diameter of GLF were 1.9, 1.3, and 1.2 × times greater than LF, respectively, at 120 DAFB (Figures 1B–D). No significant differences were detected in the core diameter between the two varieties (Supplementary Figure 2). Thus, it was concluded that the difference in fruit size between GLF and LF was caused by the thickness of the fruit cortex. Then, we examined the ploidy of the two varieties. Results revealed that both were diploid (Supplementary Figure 3).
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FIGURE 1. Comparison of LF and GLF fruit growth. LF and GLF fruits were harvested every 21 d from 9 to 120 DAFB (days after full bloom; A). Fruit transverse diameter (B), longitudinal diameter (C), and weight (D) were measured and compared. **Significant differences (p < 0.01, Student’s t-test). Error bars indicate the standard deviation (SD) of 10 fruits. Bar, 10 mm.


Next, we compared the cell size and number of the GLF and LF fruit cortexes. The cell size of GLF was significantly larger than that of LF from 30 to 120 DAFB (Figures 2A,C). Interestingly, this timespan coincided with the periods when fruit size differences were detected between the two varieties (Figures 1B–D). Although the cell number of GLF was greater than LF at the early stage (9 DAFB), no significant differences were detected after 30 DAFB (Figure 2B). These results indicated that cell size is a major factor that results in the larger size of GLF fruit.
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FIGURE 2. Cell numbers and sizes of LF and GLF fruits. (A) Cells of LF and GLF fruits from 9 to 120 DAFB (days after full bloom). Bar, 100 μm. (B) Cell numbers of LF and GLF fruits were determined as the ratio between the fruit cortex and single cell size. (C) Cell sizes of LF and GLF fruit cortexes were determined as the average diameter of six cells during fruit development. **Significant differences (p < 0.01, Student’s t-test). Error bars indicate the standard deviation (SD) of three biological replicates.




Comparison of LF and GLF Fruit Transcriptomes

To identify the cause of the fruit size difference between LF and GLF, we compared the transcriptomes of the two varieties using fruit collected at 72 DAFB (cell enlargement period). Three biological replicates were used and a total of six samples were sequenced. A total of 36.42 GB clean data (6.07 GB clean data for each sample) were obtained. The Q30 percentages of each sample were ≥91.73% (Table 1). The clean reads of each sample were mapped to the apple reference genome2 (Daccord et al., 2017). A total of 1166 DEGs were obtained (Supplementary Table 2).


TABLE 1. Mapping of RNA-Seq reads obtained from GLF and LF fruits.
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Functional Annotation of DEGs

All DEGs were aligned by conducting BLASTx searches (E values ≤ 105) against the GO, Swiss-Prot, Nr NCBI, KEGG, and COG/KOG protein databases. A total of 1128 DEGs were annotated (Supplementary Table 3). We used the KEGG pathway database to search for functional networks of the biological interactions. A total of 85 KEGG pathways were obtained (Supplementary Table 4). Interestingly, plant hormone signal transduction (ko04075) contained the largest number of genes (38 genes; Supplementary Figure 4), accounting for 16.52% of the ko04075 pathway (230 genes). Additionally, the Q-value (where smaller Q-values are the most important in terms of DEGs pathway enrichment significance) of the plant hormone signal transduction pathway (Q value = 7.82E–09) was smaller than all other pathways, indicating that plant hormone signal transduction was the most important pathway (Supplementary Figure 5 and Supplementary Table 4). Among these genes, 30 were associated with the auxin pathway, including six gene families (AUX1, PIN, Aux/IAA, ARF, GH3, and SAUR; Supplementary Table 3), suggesting that the auxin pathway considerably contributed to the larger fruit size of GLF.



qRT-PCR Verification of the DEGs Between GLF and LF Fruits

To confirm the accuracy of the transcriptome data, 30 of auxin signaling genes were selected for qRT-PCR comparison between GLF and LF fruits. Results revealed a positive correlation with the RNA-Seq data in 72 DAFB samples (Figure 3 and Supplementary Table 3), which confirmed the accuracy of the transcriptome results.


[image: image]

FIGURE 3. Expression of DEGs in LF and GLF fruits. qRT-PCR was used to measure the expression of DEGs related to auxin signaling in LF and GLF fruits at 51, 72, and 93 DAFB (days after full bloom). **Significant differences (p < 0.01, Student’s t-test). Error bars indicate the standard deviation (SD) of three biological replicates.


Auxin synthesis, conjugation, and transport are tightly regulated, leading to auxin homeostasis (Perrot-Rechenmann and Napier, 2005). Changing endogenous auxin concentrations can modify the signaling response, causing several gene transcription level changes (Paponov et al., 2008). Combined with the transcriptome results, two genes (MdTAR1 and MdYUCCA6) were found to be responsible for auxin synthesis and upregulated in GLF at 72 DAFB (Supplementary Table 3). Thus, we proposed that the upregulation of auxin synthetic genes may lead to increased auxin concentrations. Then, we investigated the transcription levels of MdTAR1 and MdYUCCA6 by qRT-PCR. MdTAR1 and MdYUCCA6 were expressed at higher levels in GLF than LF at six fruit development stages (30, 51, 72, 93, 114, and 120 DAFB; Figure 4), suggesting that the upregulation of these auxin synthetic genes may lead to differential auxin levels, thereby leading to larger fruit sizes in GLF.
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FIGURE 4. Relative expression of MdTAR1 and MdYUCCA6 in LF and GLF fruits. GLF and LF fruit cortexes were collected from 9 to 120 DAFB (days after full bloom). qRT-PCR was used to measure the relative expression of MdTAR1 (A) and MdYUCCA6 (B). **Significant differences (p < 0.01, Student’s t-test). Error bars indicate the standard deviation (SD) of three biological replicates.




Endogenous Auxin Levels Were Higher in GLF Than LF Fruit

Since the expressions of two auxin synthetic genes (MdTAR1 and MdYUCCA6) were higher in GLF fruit than in LF fruit, we speculated that upregulation of auxin synthetic genes may lead to increased auxin in GLF. The endogenous IAA levels of both varieties were measured. Results revealed that the endogenous IAA content in GLF was significantly higher than that in LF at 30, 51, 72, 93, and 114 DAFB (Figure 5). To determine whether auxin levels affected fruit size, NAA was used to treat the on-tree fruit of LF at 30 DAFB. Interestingly, the NAA treatment significantly increased the fruit weight, transverse diameter, and longitudinal diameter of LF when harvested at 120 DAFB (Figures 6A,B). In addition, LF cell sizes were significantly enlarged after NAA treatment (Figure 6C). Next, we used TIBA, an inhibitor of auxin transport polarity, to investigate the effects of the auxin reduction on fruit size. The TIBA treatment significantly decreased the fruit weight, transverse diameter, and longitudinal diameter of GLF when harvested at 120 DAFB (Figures 6A,B). GLF cell sizes were significantly reduced by the TIBA treatment (Figure 6C). These results suggested that the higher levels of endogenous IAA may result in the larger fruit size of GLF.
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FIGURE 5. Auxin contents of LF and GLF fruits. The IAA content was measured using fruit cortex of LF and GLF. **Significant differences (p < 0.01, Student’s t-test). Error bars indicate the standard deviation (SD) of three biological replicates.
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FIGURE 6. The influence of auxin and TIBA on fruit and cell sizes. On-tree LF and GLF fruits were treated with NAA and TIBA at 30 DAFB (days after full bloom), respectively, and harvested at 120 DAFB (A). Fruit transverse diameter, longitudinal diameter, and weight were measured on harvest fruit. Bar, 10 mm (B). Cell sizes were calculated as the average of six typical cell lengths, which were measured by a scale tool under a microscope at 120 DAFB. Bar, 100 μm (C). **Significant differences (p < 0.01, Student’s t-test). Error bars indicate the standard deviation (SD) of three biological replicates.





DISCUSSION

Fruit size is an important trait that influences the economic value of fruit (Malladi and Hirst, 2010). Multiple factors influence fruit size, including ploidy, hormone levels, and genetic controls. For example, the tetraploid “Hanfu” apple has a larger fruit size than the diploid “Hanfu” apple (Xue et al., 2017). In this study, we found that both GLF and LF were diploid (Supplementary Figure 3); thus, ploidy could not explain the larger fruit size of GLF. Previous studies have revealed that cell size and number play important roles in affecting the size of different fruit, including tomato (Cheniclet et al., 2005), sweet cherry (Olmstead et al., 2007), and peach (Guo et al., 2018). Here, we found that the large fruit size of GLF correlated with cell size (Figure 2C). This result supports the findings of Malladi and Hirst (2010), in which cell size was a major factor affecting the larger size of “Grand Gala” fruit, a bud sport variety of “Gala” apple. In the early stage of fruit development, it involves both cell division and increase in cell size or cell growth due to addition of additional cellular contents. At later stages, increase in cell size is greatly aided by post-mitotic cell expansion which would also involve greater vacuolation (Warrington et al., 1999; Janssen et al., 2008). In our data, the cell numbers increased greatly from 9 to 30 DAFB and remained the same at later stages (Figure 2B), but the cell size was much greater in GLF than in LF throughout fruit development (Figure 2). Thus, the cell growth that enhanced during early fruit development of GLF might continue at later stages, leading to larger fruit of GLF. Based upon this, we selected samples of 72 DAFB for RNA-seq.

Previous studies have elucidated the roles of various genes involved in fruit size. For example, ANT or BIG BROTHER regulated organ size by controlling cell numbers in Arabidopsis (Krizek, 1999; Disch et al., 2006). WEE1 regulated fruit size by controlling cell size in tomato fruit (Gonzalez et al., 2007), and FW2.2 negatively regulated cell proliferation, which thereby influenced the fruit size (Frary et al., 2000). Silencing of PaCYP78A9 reduced fruit size through its effect on reducing cell size and cell number in sweet cherry (Qi et al., 2017). In apple, microRNA172 overexpression inhibits the transcription of AP2, conferring significantly reduced fruit size (Yao et al., 2015). Suppression of MdMADS8 or MdMADS9 expression significantly reduced cell size, resulting in smaller apple fruits (Ireland et al., 2013). In this study, these genes did not exhibit differential expression between GLF and LF, based on the RNA-Seq data (Supplementary Table 3). In addition, fruit size is regulated by phytohormones. For example, the application of CPPU, an artificial-synthesized cytokinin, increased fruit size in kiwifruit (A. chinensis) by inducing cell number (Cruz-Castillo et al., 2002). Gibberellin treatment increased the fruit size of pear (P. pyrifolia; Ito et al., 2015) and apple (Martin et al., 1970). However, in this study, we did not find DEGs belong to cytokinin or gibberellin synthesis genes (Supplementary Table 3). These results suggested the different mechanisms for the formation of larger fruit size of GLF apple.

It was previously reported that auxin increased fruit size by increasing cell size in “Royal Gala” apple (Devoghalaere et al., 2012). In this study, the RNA-Seq analysis revealed 32 DEGs involved in the auxin pathway (Supplementary Table 3), among which 2 auxin synthesis genes (MdTAR1 and MdYUCCA6) were upregulated in GLF (Figure 4). Induction of TAR expression increased the IAA concentrations in grapevine (Vitis vinifera; Bottcher et al., 2013); Moreover, when YUCCA6 was overexpressed in the Arabidopsis yuc6-1D mutant, it increased the free IAA levels and displayed typical high-auxin phenotypes (Kim et al., 2011). In this study, the endogenous auxin levels were higher in GLF than LF (Figure 5), and the NAA treatment increased the fruit and cell size of LF, while the TIBA treatment decreased the fruit and cell size of LF (Figure 6). Thus, we proposed that the upregulation of these auxin synthetic genes may lead to increased endogenous auxin levels in GLF, resulting in larger cell and fruit sizes than LF. In the future, it will be interesting to investigate what underlying factors determine the differential expression of MdTAR1 or MdYUCCA6 between GLF and LF fruits, which may help explain the larger fruit size of GLF.
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Supplementary Figure 1 | Simple sequence repeat (SSR) analysis of LF and GLF. Genomic DNA was isolated from LF and GLF fruits, and 16 pairs of SSR primers were selected for PCR. Denaturing polyacrylamide gel examining was used for PCR products analysis, primer names were indicated using the numbers under the figure. L: LF; G: GLF; and M, DNA size marker.

Supplementary Figure 2 | Comparison of core diameter and seed number between LF and GLF fruits. LF and GLF fruits were harvested at 120 DAFB and used for the comparison between core diameter and seed number. Error bars indicate the standard deviation (SD) of 10 fruits.

Supplementary Figure 3 | Ploidy analysis of LF and GLF fruits. Young leaves were used to analyze the ploidy of LF (B) and GLF (C) fruit by flow cytometry. “Hanfu” apple (M. domestica, 2n = 2x = 34; A), which is diploid, was used as the control and internal reference in (D,E).

Supplementary Figure 4 | KEGG analysis of the DEGs between GLF and LF fruits.

Supplementary Figure 5 | KEGG enrichment analysis of the DEGs between GLF and LF fruits. The top 20 enriched pathways of the DEGs in GLF fruit were compared to LF. The x-axis represents the rich factor on a scale from 2 to 5. The color of the circles represents the Q-value. The size of the circles represents the gene number (shown on the right).

Supplementary Table 1 | List of primers used in this study.

Supplementary Table 2 | DEGs between GLF and LF fruits.

Supplementary Table 3 | Annotation of DEGs between GLF and LF fruits.

Supplementary Table 4 | KEGG classifications of assembly and enrichment analysis of all DEGs.
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The ripening of fleshy fruits is coupled with the degradation of both chlorophyll and cell walls, as well as changes in the metabolism of phenylpropanoids, flavonoids, starch/sucrose, and carotenoids. These processes are controlled by phytohormones and other factors, including abscisic acid (ABA), ethylene, auxin, polyamines, sugar, and reactive oxygen species. The ripening of climacteric fruits is controlled by ethylene and non-climacteric fruit ripening is regulated mainly by ABA. Also, ABA and ethylene may interact in both types of fruit ripening. ABA concentrations in fleshy fruits are regulated in response to developmental and environmental cues and are controlled by the relative rates of ABA biosynthesis and catabolism, the former mainly via 9-cis-epoxycarotenoid dioxygenases (NCEDs) and β-glucosidases and the latter via ABA 8'-hydroxylases (CYP707As) and β-glycosyltransferases. In strawberry fruit ripening, ABA is perceived via at least two receptors, Pyrabactin resistance (PYR)/PYR-like (PYL) and putative abscisic acid receptor (ABAR), which are linked separately to the conserved signaling pathway ABA-FaPYR1-FaABIl-FaSnRK2 and the novel signaling pathway ABA-FaABAR-FaRIPK1-FaABI4. Downstream signaling components include important transcription factors, such as AREB (ABA responsive element binding protein)/ABF (ABRE binding factors ABA responsive factor), ethylene response factor (ERF), and V-myb Myeloblastosis viral oncogene homolog (MYB), as well as ripening-related genes. Finally, a comprehensive model of ABA linked to ethylene, sugar, polyamines, auxin and reactive oxygen species in the regulation of strawberry fruit ripening is proposed. Next, new integrated mechanisms, including two ABA signaling pathways, ABA and ethylene signaling pathways, and ABA/ethylene to other phytohormones are interesting and important research topics in ripening, especially in non-climacteric fruits.
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INTRODUCTION

Angiosperm fruits can generally be divided into dry or fleshy types. Flowering plants have evolved both conserved and divergent mechanisms for development and maturation of both fleshy and dry fruits (Hershkovitz et al., 2011; Garceau et al., 2017). The molecular mechanisms of dry fruit development and maturation have been revealed through studies of the model plant Arabidopsis (Gazzarrini and Tsai, 2015), while studies of various non-ripening tomato fruit mutants have defined the mechanisms of fleshy fruit ripening (Liu et al., 2015).

Fleshy fruit ripening is mainly divided into two types, climacteric and non-climacteric, based on the presence or absence of a transient peak in respiration rate and ethylene emission. In climacteric fruits, such as tomato and banana, peaks in both respiration and ethylene level occur during ripening; in contrast, no such peaks occur in non-climacteric fruits, such as grape and strawberry, the ripening of which is controlled by abscisic acid (ABA) in an ethylene-independent manner (Kumar et al., 2014; Shen and Rose, 2014). Fruit color break, coinciding with the conversion of chloroplasts into chromoplasts, is a visible sign of ripening in both climacteric and non-climacteric fruits, and is followed by softening and changes in sugars, color, and flavor (Azoulay et al., 2008). During the past decade, studies using strawberry fruit as a model have led to major breakthroughs in understanding the regulation of non-climacteric fruit ripening by ABA and its interaction with other phytohormones. In this review, we focus on the physiological and molecular mechanisms of ABA in regulation of fleshy fruit ripening.



CENTRAL ROLES OF ABA IN REGULATION OF NON-CLIMACTERIC FRUIT RIPENING

Classical studies of ABA effects on fleshy fruit ripening were done on grape (Vitis vinifera) berries and uncovered vital roles for ABA in veraison and ripening processes, including coloration, sugar accumulation, acid decline, and flesh softening (Coombe, 1976; Davies et al., 1997). However, a deeper understanding of ABA action in non-climacteric fruit ripening was gained from a breakthrough study in strawberry (Jia et al., 2011). The importance of ABA has recently been confirmed in many non-climacteric fruits, such as sweet cherry (Prunus avium; Tijero et al., 2016; Shen et al., 2017), watermelon (Citrullus lanatus; Wang et al., 2017b), blueberry (Semen trigonellae; Oh et al., 2018), bilberry (Vaccinium myrtillus; Karppinen et al., 2018), jujube (Ziziphus jujuba; Kou et al., 2019), litchi (Litchi chinensis; Hu et al., 2019), orange (Citrus sinensis; Romero et al., 2019), and wolfberry (Lycium ruthenicum; Li et al., 2019).


ABA Perception and Signaling in Strawberry Fruit Ripening Represent a Model of Non-climacteric Ripening

In developing strawberry fruit, ripening is markedly stimulated by exogenous ABA or DMSO (dimethyl sulfoxide, an accelerator of ABA biosynthesis), whereas fluridone (an inhibitor of ABA biosynthesis) significantly inhibits ripening; furthermore, downregulation of either FaNCED1 (9-cis-epoxycarotenoid dioxygenase, a key gene in ABA biosynthesis) or FaCHLH/ABAR (magnesium chelatase H subunit/putative ABA receptor) inhibits ripening; importantly, exogenous ABA can rescue coloration of FaNCED1-RNAi fruit but not of FaCHLH/ABAR-RNAi fruit, confirming that ABA is a key signal molecule in the promotion of strawberry ripening (Jia et al., 2011). Kadomura-Ishikawa et al. (2015) identified FaMYB10 as an important transcription factor mediating signal transduction downstream of ABA perception by the ABAR to stimulate anthocyanin biosynthesis during strawberry fruit ripening. ABA and FaMYB10 are therefore key regulators for strawberry ripening (Kim et al., 2019). In all, ABA homeostasis in cells involves the regulation of both ABA catabolism and ABA biosynthesis by feedback and feedforward loops, which are tightly linked to the repression of FveCYP707A4a expression, key to ABA degradation, and promotion of FveNCED expression, key to ABA biosynthesis, in response to the onset of strawberry fruit ripening (Liao et al., 2018). Tightly controlled, synergistic regulation of ABA from biosynthesis to signaling is required to meet the requirements of plant development and fruit ripening.

In addition, the importance of ABA in strawberry ripening was also confirmed by the silencing of genes encoding another ABA receptor, FaPYR1 (Pyrabactin Resistance1; Chai et al., 2011), and its interacting protein FaABI1 (type 2C protein phosphatase1; Jia et al., 2013a). A strawberry FERONIA/FER-like receptor kinase, FaMRLK47, negatively regulates ABA signaling and fruit ripening through its interaction with FaABI1 (Jia et al., 2017a). Importantly, the core ABA signaling pathways, Pyrabactin Resistance 1 (PYR1)/PYR1-like (PYL)/Regulatory Component of ABA Receptor (RCAR) – Type 2C Protein Phosphatase (PP2C)-SNF1-Related Protein Kinase2 (SnRK2) are conserved in plant responses to developmental and environmental cues during stress adaptation, flowering, seed germination, and fruit ripening (Li et al., 2011; Cheng et al., 2019; Gupta et al., 2020).

CHLH/ABAR has multiple functions (Liang et al., 2015). For example, in Arabidopsis, CHLH/ABAR regulates various plant developmental processes in different pathways, such as stomatal movement, seed germination, and seedling growth, through ABA-ABAR-WRKY40-ABI5/ABI4 (Shang et al., 2010). To further explore the mechanisms of FaABAR action in strawberry fruit ripening, Hou et al. (2018) used FaABAR as bait in a yeast two-hybrid assay and isolated a strawberry leucine-rich repeat (LRR) receptor-like kinase, red-initial protein kinase 1 (FaRIPK1) that interacts with FaABAR. FaRIPK1 serves as a co-receptor of FaABAR to synergistically regulate strawberry fruit ripening, namely, FaRIPK1 participates in the onset of ripening while FaABAR is responsible for completion of ripening. Importantly, FaABAR binds to ABA with a Kd (dissociation constant) of 50 μM (Zhang et al., 2017), suggesting that FaABAR is an ABA receptor in strawberry (Jia et al., 2011; Zhang et al., 2017; Hou et al., 2018). Notably, the ABA-ABAR-RIPK1-ABI4 signaling pathway that controls fruit ripening in strawberry (Hou et al., 2018) is distinct from the ABA-ABAR-WRKY40-ABI5/ABI4 pathway in Arabidopsis (Shang et al., 2010).

By contrast, FaPYR1 regulates fruit ripening through the conserved core signaling pathway PYR1-PP2C-SnRK2 (Cheng et al., 2019; Gupta et al., 2020). In addition, among members of FaPYR/PYL and FaPP2C families in strawberry, only FaPYL2/4/9/11 and FaABI1/FaPP2C16 interact with each other, and the interaction of FaPYL2 with FaABI1 might also play a role in strawberry fruit ripening (Hou et al., 2020). Notably, the SnRK2.6/OST1 protein acts as a linker between ABAR and PYR/PYL/RCAR in Arabidopsis guard cells (Liang et al., 2015). Thus, the relationships between ABAR and PYR/PYL/RCAR in strawberry fruit ripening should be established in the future.



ABA is a Major Player in the Ripening of Various Non-climacteric Fruits

The relationship between ABA and fruit ripening defined in strawberry facilitates studies of ripening in other non-climacteric fruits, such as grape (Villalobos-González et al., 2016), sweet cherry (Shen et al., 2017), watermelon (Wang et al., 2017b), blueberry (Oh et al., 2018), bilberry (Karppinen et al., 2018), jujube (Kou et al., 2019), litchi (Hu et al., 2019), orange (Romero et al., 2019), and wolfberry (Li et al., 2019).

It is previously reported that ABA is a major phytohormone involved in regulating the onset of grape berry ripening and berry skin secondary metabolism (Villalobos-González et al., 2016). ABA positively regulates sweet cherry development, ripening, and quality through the interaction of PacPP2C1 with six PacSnRK2s, including PacSnRK2.2/2.3/2.6 and PacPP2C1-3 (Tijero et al., 2016; Shen et al., 2017). It is also a major player in watermelon fruit ripening (Wang et al., 2017b). While application of ABA to blueberry fruits has no remarkable effect on fruit growth, it stimulates fruit coloration and softening; however, softening is undesirable during harvest and storage (Oh et al., 2018; Chung et al., 2019). Chinese jujube is a non-climacteric fruit, the ripening of which is regulated by ABA (Kou et al., 2019; Zhang et al., 2019). In addition, ABA plays a key role in ripening-related processes including fruit coloration and softening in both bilberry (Karppinen et al., 2018) and orange fruits (Romero et al., 2019). ABA-mediated anthocyanin biosynthesis during wolfberry fruit maturation and coloration involves the transcription factor complex MYB-bHLH-WD40 (Li et al., 2019). Interestingly, recent reports suggest that the grape U-box E3 ubiquitin ligase VlPUB38 negatively regulates berry ripening in an ABA-dependent manner by degradation of abscisic-aldehyde oxidase (VlAAO), the enzyme catalyzing the last step of ABA biosynthesis (Yu et al., 2020). A synergistic interaction between CrNAC036 and CrMYB68 appears to inhibit CrNCED5-mediated ABA biosynthesis at the transcription level in citrus fruit (Zhu et al., 2020).

De-greening (chlorophyll degradation) and coloration (such as anthocyanin biosynthesis) are major physiological changes during fruit ripening. Application of ABA rapidly initiates chlorophyll breakdown in litchi fruit, and peak ABA concentration is concommitant with the subsequent onset of anthocyanin biosynthesis, demonstrating an important role for ABA during ripening (Hu et al., 2019). ABA response element-binding factors (LcABF1/2/3) play a vital role in litchi fruit ripening: LcABF1 expression increases in parallel with chlorophyll degradation, while LcABF3 expression rises at the onset of coloration; moreover, LcABF1/2 mediate expression of ABA-responsive genes related to chlorophyll degradation, while LcABF2/3 mediate expression of genes related to anthocyanin biosynthesisin an ABA-dependent manner (Hu et al., 2019). Collectively, ABA is a major player in regulation of the ripening of various non-climacteric fruits.



Non-climacteric Fruit Ripening is Regulated by ABA Through Multiple Synergistic Mechanisms

In non-climacteric strawberry fruit, ABA and auxin (IAA) are important regulators, functioning together or independently in response to developmental and environmental cues; auxin is involved in receptacle development and ABA participates in fruit ripening. By contrast, ethylene and gibberellins do not play a prominent role in ripening (Medina-Puche et al., 2016). Contents of both IAA and GA4 (gibberellic acid) are highest in small, green strawberry fruit and gradually decrease throughout fruit development; ABA content increases rapidly, coincident with coloration; methyl jasmonate concentration shows no remarkable variation over time, while salicylic acid content gradually increases; and jasmonic acid and ethylene contents are too low to quantify (Kim et al., 2019). Auxin is produced mainly in achenes, while ABA, ethylene, cytokinins and gibberellins are predominantly biosynthesized in receptacles (Gu et al., 2019). Gibberellin delays ripening to some extent, while cytokinins and ethylene appear to be involved in the later stages of ripening, mostly highlighting possible mechanisms of ABA and auxin interaction in the ripening process (Gu et al., 2019). With the onset of fruit ripening in strawberry, the roles of ABA, ethylene, and polyamines are reinforced while those of GA and IAA are weakened (Wang et al., 2017a). Available data from strawberry suggest that regulation of non-climacteric fruit ripening is rather complex.


Interaction of ABA With Ethylene

Although ethylene is well known as a key regulator in climacteric fruit ripening (Liu et al., 2015), this gaseous molecule also participates in non-climacteric fruit ripening through its interaction with ABA (Li et al., 2020; Tosetti et al., 2020). In postharvest strawberry fruit, ethylene facilitates ABA accumulation in receptacle tissue but does not affect ABA catabolism (Tosetti et al., 2020). Overexpression of FveERF (FvH4_5g04470.1), an ethylene response regulator, activates both acyltransferase (AAT) gene transcription and ester accumulation during strawberry fruit ripening (Li et al., 2020). The promoter regions of ACS1 from both climacteric “Santa Rosa” plum and its non-climacteric mutant “Sweet Miriam” have only minor differences in sequence; however, ABI5 (ABA insensitive5) expression in “Sweet Miriam” fruit is lower than that in “Santa Rosa” fruit during ripening, suggesting a vital role of ABA in ethylene production (Sadka et al., 2019). A cucumber (Cucumis sativus) MADS-box (SHATTERPROOF) protein, CsSHP, participates in fruit maturation through ABA-mediated protein complex associated to CsSEPs (SEPALLATA; Cheng et al., 2020). ABA- and ethylene-related genes are differentially modulated during grape berry ripening by a set of transcription factors, including MADS-box, MYB, NAC, AP2/ERF, bHLH, and ZIP (Wong et al., 2016). Thereby, the interaction of ABA with ethylene plays a vital role in non-climacteric fruit ripening.



Interaction of ABA With IAA

Greater accumulation of IAA and ABA in developing achenes than in the receptacle is important for strawberry fruit maturation and ripening, suggesting a complex ripening mechanism regulated by the two hormones (Araújo et al., 2012; Symons et al., 2012). In fact, auxin plays a dominant role in receptacle growth while ABA plays a vital role in ripening, and other hormones function to different degrees with ABA or ethylene (Estrada-Johnson et al., 2017). Some ripening-related genes are co-regulated by IAA and ABA during strawberry fruit development (Castillejo et al., 2004), such as FaRGlyase1 (rhamnogalacturonate lyase gene; Molina-Hidalgo et al., 2013), FaSHP (a C-type MADS-box gene; Daminato et al., 2013), FaβGal4 (β-galactosidase gene; Paniagua et al., 2016), and FaNIP1;1 (plasma membrane aquaporin protein gene; Molina-Hidalgo et al., 2015), which are positively regulated by ABA and negatively regulated by auxins during strawberry fruit ripening. Also, annexins FaAnn5 and FaAnn8 might be involved in the regulation of both ABA and IAA during strawberry fruit growth and ripening through calcium signaling (Chen et al., 2016). The receptor-like kinase and ubiquitin ligase respond to both IAA and ABA and may play an important role in crosstalk between the two hormones (Chen et al., 2016). IAA and ABA are therefore key regulators of strawberry fruit maturation and ripening.

Confirmedly, strong “antagonism” between IAA and ethylene and substantial “synergism” between IAA and ABA occur during grape berry development (Ziliotto et al., 2012). At berry pre-ripening, high auxin levels promote seed tissue development, and transcripts of auxin-response-factor genes accumulate in pericarp tissue; at veraison, auxin action is weakened while ABA action is enforced, suggesting a role for a higher IAA/ABA ratio during growth and a lower ratio during ripening (Gouthu and Deluc, 2015). ABA, auxin and ethylene play important roles in the regulation of non-climacteric fruit maturation and ripening via a complex network (Corso et al., 2016).



Interaction of ABA With Polyamines

Blocking ethylene biosynthesis affects the levels of both ABA and putrescine in melon fruit (Concepción Martínez-Madrid et al., 2002). During strawberry fruit ripening, polyamines (PAs), especially spermine, interact with ABA, IAA, and ethylene in a coordinated manner (Guo et al., 2018). Increased transcription of NCED3, key to ABA production, at the onset of strawberry fruit ripening facilitates rapid accumulation of ABA, which inhibits transcription of FaPAO5 (polyamine oxidase5), key to PA degradation, leading to accumulation of spermine and spermidine (Mo et al., 2020). Interestingly, the increase in spermine and spermidine contents triggers expression of SAMDC (SAM decar boxylase), SPDS (spermidine synthase), and SPMS (spermine synthase) genes, key to PA biosynthesis, further accelerating spermine and spermidine accumulation and ripening, suggesting that FaPAO5 regulates spermine and spermidine levels in response to ABA signaling during strawberry fruit ripening (Mo et al., 2020). Thus, interactions between ABA and PA play an important role in the regulation of strawberry fruit ripening.



Interaction of ABA With Sugars

Sugars play a central role in fruit ripening and quality because sugar metabolism and accumulation greatly influence taste. Notably, sucrose also serves as a signal, which facilitates strawberry fruit ripening by stimulating ABA production and accumulation (Jia et al., 2011, 2013b). Both ABA and sucrose induce grape berry ripening, with sucrose acting in both ABA-dependent and ABA-independent manners (Jia et al., 2017b). ASR (ABA-, stress-, and ripening-induced protein) regulates strawberry fruit ripening through crosstalk between ABA and sucrose (Jia et al., 2016). Application of sucrose to unripe strawberry fruit promotes ripening by ABA and its derivatives (Siebeneichler et al., 2020). ABA and sucrose accelerate strawberry fruit ripening and induce accumulation of H2O2, leading to a transient decrease in glycolysis, demonstrating that the interaction of ABA with sucrose affects ripening by inhibiting glycolysis (Luo et al., 2020a). Moreover, FaGAPC2 (cytosolic glyceraldehyde-3-phosphate dehydrogenase)/FaGAPCp1 (plastid glyceraldehyde-3-phosphate dehydrogenase), key glycolytic enzymes, negatively regulate ABA- and sucrose-mediated ripening in strawberry fruit (Luo et al., 2020b). Therefore, the interaction between ABA and sugar plays a pivotal role in strawberry fruit ripening.





ABA IS ALSO INVOLVED IN THE REGULATION OF CLIMACTERIC FRUIT RIPENING

Although ethylene is an essential regulator of climacteric tomato fruit ripening (Liu et al., 2015), in which, as has been demonstrated over the past decade, ABA also plays a role. Application of ABA accelerates coloration and ethylene biosynthesis in tomato fruit as well as accumulation of phenolic compounds and emission of volatile aromatics (Wu et al., 2018). A tomato gene key to ABA biosynthesis, SINCED1, triggers the onset of tomato fruit ripening (Zhang et al., 2009), and suppression of SINCED1 expression leads to increases in lycopene and β-carotene contents and in shelf life from 15 to 29 days (Sun et al., 2012a,b). Most PYL ABA receptors interact with SlPP2Cs in an ABA-dependent manner; SlPP2C2/SlPP2C3 interact with SlSnRK2s; SlSnRK2.5 interacts with SlABF2/4; and many core components of ABA signaling respond to ABA (Chen et al., 2016). In addition, downregulating the expression of either SlUGT75C1 (ABA uridine diphosphate glucosyltransferase gene) or SlPP2C1 (type 2C protein phosphatase gene) alters tomato fruit ripening (Sun et al., 2017; Zhang et al., 2018). The tomato ABA receptor SlPYL9 positively regulates ABA signal transduction and fruit ripening in an ABA-dependent manner (Kai et al., 2019). Overexpression of LYCOPENE β-CYCLASE (LCYb) leads to an increase in β-carotene and ABA concentrations, as well as a decrease in ethylene emission, which delays softening and increases shelf life, suggesting that manipulation of β-carotene levels can improve nutritional value and shelf life (Diretto et al., 2020). Similarly, 24 PYL, 87 PP2C, and 11 SnRK2 genes have been identified in banana fruit ripening, providing new insights into understanding PYL-PP2C-SnRK2 core signaling (Hu et al., 2017).

The interaction between ABA and ethylene has been studied extensively, contributing to our understanding of the mechanism of ABA involvement in climacteric fruit ripening. ABA may promote ethylene emission and signal transduction by recruiting a set of important genes, including LeACO1 (1-amino-cyclopropane-1-carboxylic acid oxidase1), LeACS4 (1-amino-cyclopropane-1-carboxylic acid synthase4), GR (green-ripe), and LeETR6 (ethylene receptor6); while ethylene plays an essential role in inducing ABA accumulation at the initiation of ripening, and blocking or removing ethylene leads to low ABA levels (Meyer et al., 2017). Furthermore, a set of transcription factors specific to ethylene production and signaling, including MADS-RIN (MADS-ripening inhibitor), TAGL1 (tomato Agamous-like1), CNR (colorless non-ripening), and NOR (non-ripening), are also ABA responsive, suggesting a crucial function of these transcription factors in ABA-ethylene interactions (Mou et al., 2016). Transient overexpression of SlAREB1, a tomato transcription factor gene downstream of ABA signaling, promotes expression of a set of genes including NOR, SlACS2, SlACS4, and SlACO1, suggesting that SlAREB1-NOR crosstalk plays a vital role in ABA-mediated ethylene biosynthesis during tomato fruit ripening (Mou et al., 2018).

In addition to tomato, ABA is also involved in ripening of other climacteric fruits. Application of ABA to apple facilitates ethylene emission by AREB/ABF-mediated regulation of MdACS1/3 and MdACO1 expression, suggesting a role for ABA in ethylene biosynthesis (Wang et al., 2018). In banana, ABA promotes MaMADS2 expression and fruit ripening (Yakir et al., 2018). A peach ethylene response transcription factor, PpERF3, positively regulates PpNCED2/3-mediated ABA biosynthesis during fruit ripening (Wang et al., 2019a), while PpERF2 regulates fruit-ripening by inhibiting PpNCED2/3 expression. PpERF2 binds to the promoters of PpNCED2, PpNCED3, and PpPG1 (Wang et al., 2019b).

In all, the ABA-PYL-PP2C-SnRK2 core signaling pathway is also conserved in climacteric fruit. A set of crucial regulators related to the biosynthesis and signaling of both ABA and ethylene, such as NCED, AREB/ABF, ACS, ACO, and ERF, likely play important roles in the interaction of these two hormones, as elucidated by AREB/ABF-mediated ACS/ACO expression and ERF-mediated NCED expression. MADS-RIN, TAGL1, CNR, and NOR, transcription factors specific to ethylene biosynthesis and signaling, are probably also involved.



AN INTEGRATED, COMPREHENSIVE UNDERSTANDING OF ABA IN FLESHY FRUIT RIPENING

The developmental processes of fleshy fruits include cell division and expansion during fruit growth, followed by chlorophyll degradation, cell wall softening, and changes to phenylpropanoid, flavonoid, starch/sucrose, and carotenoid metabolism during ripening. These processes are controlled by phytohormones, most notably ethylene in climacteric fruit ripening and ABA in non-climacteric fruit ripening, as well as ABA-ethylene interactions in both types of fruit (Forlani et al., 2019; García-Gómez et al., 2020; Jiao et al., 2020).

De-greening through loss of chlorophyll is an obvious indicator of fruit ripening, and ethylene and ABA interact with light during chlorophyll degradation (Zhu et al., 2017). In addition, a decrease in water content occurs at the onset of ripening in both climacteric and non-climacteric fruit in an ethylene-independent manner, suggesting that oxidant-induced cell wall remodeling and consequent wall dehydration may trigger stress signaling that initiates fruit ripening (Frenkel and Hartman, 2012). Fruit ripening and senescence are associated with changes in fruit texture, color, aroma, and flavor, processes in which reactive oxygen species play an important role (Kumar et al., 2016). The interaction of auxin with ethylene is important in ripening of both climacteric and non-climacteric fruits (Paul et al., 2012). The APETALA2/ethylene response factor (AP2/ERF) transcription factor is a crucial response regulator in ethylene signaling, which not only modulates biosynthesis of ABA, ethylene, gibberellin, and cytokinin in a feedback manner but also responds to signaling associated with ABA, IAA, jasmonate, and cytokinin (Wang et al., 2015; Gu et al., 2017). The promotion of grape berry ripening by ABA, ethylene, and brassinosteroids, and ripening inhibition by IAA, jasmonic acid, GAs, cytokinins, and PAs reveal complex interactions among signals (Fortes et al., 2015). Notably, polyamines regulate strawberry fruit ripening by ABA, auxin and ethylene (Guo et al., 2018), while FaPAO5 regulates Spm/Spd levels as a signaling during strawberry fruit ripening by integrating multiple signals including Ca2+ and GAs (Mo et al., 2020).

Finally, we propose an integrative model of ABA regulation of fleshy fruit ripening (Figure 1). In response to developmental and environmental cues, ABA levels in fleshy fruits are controlled by ABA biosynthesis and catabolism; the former mainly through NCEDs and β-glucosidases and the latter through CYP707As and β-glycosyltransferases. ABA molecules in fleshy fruit are perceived via the ABA receptors PYR/PYL and ABAR, which are linked to the conserved signaling pathway ABA-FaPYR1-FaABIl-FaSnRK2 and the novel signaling pathway ABA-FaABAR-FaRIPK1-FaABI4 in strawberry, respectively. In the conserved ABA signaling pathway, ABA levels increase at the onset of fruit ripening; consequently, the accumulated ABA binds to its receptor FaPYR1 to form a FaPYR1-FaABIl complex, releasing the inhibition of protein kinase FaSnRK2 and in turn activating an ABA signaling cascade, which promotes fruit ripening. This pathway constitutes the conserved mechanism of ABA action in plants. In the novel ABA signaling pathway, ABA binding to the receptor FaABAR/FaRIPK1 complex activates the transcription factor FaABI4, which triggers ABA signal transduction, eventually promoting fruit ripening. This signaling pathway is different from the Arabidopsis ABA-ABAR-WRKY40 signaling pathway, thus constituting a novel ABA signaling pathway during strawberry fruit ripening.
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FIGURE 1. A comprehensive model for ABA in regulating strawberry fruit ripening. The regulation of ABA in strawberry fruit ripening is involved in conserved and novel signaling mechanisms. ABA in fleshy fruits is perceived by its receptors, PYR/PYL/RCAR and ABAR, which initiates signal transduction, including the conserved signaling pathway ABA-PYR/PYL/RCAR-PP2C-SnRK2-ABF/AREB in both Arabidopsis and strawberry (signaling pathway 1) and the novel signaling pathway ABA-FaABAR-FaRIPK1-FaABI4 in strawberry (signaling pathway 2). In strawberry ABA signaling, ABAR/FaRIPK1 serves as a receptor complex, which is distinct from the Arabidopsis ABA-ABAR-WRKY40-ABI4/ABI5 signaling pathway (signaling pathway 3). ABA interacts with several synergistically-regulated molecules such as ethylene, sugar, polyamines, auxin, and reactive oxygen species (ROS) during strawberry fruit ripening. The symbols (→, ⟞, and ↔) represent promotion, inhibition, and cooperation, respectively. ABA, abscisic acid; ABAR, putative abscisic acid receptor; PYR, Pyrabactin resistance; PYL, PYR-like; RCAR, regulatory components of ABA receptors; PP2C, Type 2C protein phosphatase; SnRK2, SNF1-related protein kinases2; ABF, ABRE binding factors ABA responsive factors; AREB, ABA responsive element binding protein; ROS, reactive oxygen species; RIPK1, red-initial protein kinase1; ABI, abscisic acid-insensitive; WRKY, tryptophan-arginine-lysine-tyrosine.




CONCLUSIONS

Fruit ripening is controlled by phytohormones, with ripening of climacteric fruits controlled by ethylene and that of non-climacteric fruits regulated mainly by ABA, as well as by ABA-ethylene interplay in the two types of fruit ripening. ABA participates in the ripening of both non-climacteric and climacteric fruit. The core signaling pathway ABA-PYL-PP2C-SnRK2 is conserved, and a series of crucial regulators including NCED, AREB/ABF, ACS, ACO, and ERF may play important roles in ABA-ethylene interaction, particularly AREB/ABF-mediated ACS/ACO expression and ERF-mediated NCED expression. ABA levels in fleshy fruit are controlled through a balance between ABA biosynthesis and catabolism involving key enzymes, including NCEDs, β-glucosidases, CYP707As, and β-glycosyltransferases. ABA in fleshy fruits is perceived by at least two ABA receptors, PYR/PYL and ABAR, which are linked separately to the conserved signaling pathway ABA-FaPYR1-FaABIl-FaSnRK2 and the novel signaling pathway ABA-FaABAR-FaRIPK1-FaABI4 in strawberry fruit ripening. This model provides novel insights into the role of ABA in ripening, at least in strawberry, a model plant for non-climacteric-type fruits. Next, new integrated mechanisms, including two ABA signaling pathways, ABA and ethylene signaling pathways, and ABA/ethylene to other phytohormones and regulators, are interesting and important research topics in ripening, especially in non-climacteric fruits.
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Peach is one of the most important fruit crops in the world, with the global annual production about 24.6 million tons. The United States is the fourth-largest producer after China, Spain, and Italy. Peach consumption has decreased over the last decade, most likely due to inconsistent quality of the fruit on the market. Thus, marker-assisted selection for fruit quality traits is highly desired in fresh market peach breeding programs and one of the major goals of the RosBREED project. The ability to use DNA information to select for desirable traits would enable peach breeders to efficiently plan crosses and select seedlings with desired quality traits early in the selection process before fruiting. Therefore, we assembled a multi-locus genome wide association study (GWAS) of 620 individuals from three public fresh market peach breeding programs (Arkansas, Texas, and South Carolina). The material was genotyped using 9K SNP array and the traits were phenotyped for three phenological (bloom date, ripening date, and days after bloom) and 11 fruit quality-related traits (blush, fruit diameter, fruit weight, adherence, fruit firmness, redness around pit, fruit texture, pit weight, soluble solid concentration, titratable acidity, and pH) over three seasons (2010, 2011, and 2012). Multi-locus association analyses, carried out using mrMLM 4.0 and FarmCPU R packages, revealed a total of 967 and 180 quantitative trait nucleotides (QTNs), respectively. Among the 88 consistently reliable QTNs detected using multiple multi-locus GWAS methods and/or at least two seasons, 44 were detected for the first time. Fruit quality hotspots were identified on chromosomes 1, 3, 4, 5, 6, and 8. Out of 566 candidate genes detected in the genomic regions harboring the QTN clusters, 435 were functionally annotated. Gene enrichment analyses revealed 68 different gene ontology (GO) terms associated with fruit quality traits. Data reported here advance our understanding of genetic mechanisms underlying important fruit quality traits and further support the development of DNA tools for breeding.
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INTRODUCTION

Peach [Prunus persica (L.) Batsch] is a diploid species, with a short juvenile period (2–4 years), relatively simple genome (∼230 Mbp), and one of the best genetically characterized deciduous trees (Verde et al., 2013). Peach is the third most cultivated temperate tree fruit in the world, after apple and pear, with a world production of approximately 24.6 million tons (Food and Agricultural Organization of the United Nations (FAOSTAT), 2018). Despite the high production, peach consumption has declined over the past decades. In the United States, peach per capita consumption decreased to 1.3 kg per year compared to ∼3 kg per year in the 1980s (Minas et al., 2018). Inconsistent and low fruit quality is recognized as the major limiting factor for consumer acceptance and, consequently, the low rates of peach consumption (Cirilli et al., 2016).

Peach breeders have always selected for fruit quality with respect to size, color and firmness, as well as tried to expand harvest season (Laurens et al., 2018). Recently, more emphasis is on other traits such as internal quality and postharvest traits (Elsadr et al., 2019).

Recent advances in next-generation high-throughput sequencing and genotyping techniques, such as development of the 9K peach SNP array by the International Peach SNP Consortium (IPSC) (Verde et al., 2012), allow use of DNA information to develop tools for facilitating breeding efforts (Lambert et al., 2016; da Silva Linge et al., 2018). Understanding the genetic mechanisms that control a specific trait would enable peach breeders to efficiently apply marker-assisted breeding (MAB) through the development of DNA diagnostic tools, and consequently select seedlings with desired quality traits early in the selection process before the characters can be evaluated in the field (Abdelghafar et al., 2020).

The link between the genetic markers and a particular trait could be determined using different approaches. Quantitative trait loci analysis (QTL mapping) and genome-wide association studies (GWAS) are widely used for dissection of complex genetic traits (Meneses and Orellana, 2013). In peach, several linkage maps have been used in QTL discovery of key fruit quality traits such as fruit size, diameter, firmness, acidity, soluble solid concentration, individual sugars, maturity date, pubescence, blush, fruit texture, and phytochemical compounds (Eduardo et al., 2011; Martínez-García et al., 2013; Pirona et al., 2013; Frett et al., 2014; Vendramin et al., 2014; da Silva Linge et al., 2015; Zeballos et al., 2016; Ciacciulli et al., 2018; Nuñez-Lillo et al., 2019; Abdelghafar et al., 2020). These maps were typically developed for mapping particular traits in a specific parental background with limited recombination events and genetic diversity.

Alternatively, GWAS has the advantage of increasing the recombination events and consequently mapping resolution with a significant reduction of the research time (Zhu et al., 2008). However, false positives due to population structure or kinship among genotypes, or false negatives due to removal of rare alleles that are involved in natural variation are some of the weaknesses of GWAS (Brachi et al., 2011). To deal with this problem, GWAS methods utilizing mixed linear models (MLM), which take into account multiple levels of relatedness, have become standard methodology (Yu et al., 2006). Significant marker-trait association based on the single-locus models, such as the general linear model (GLM) and MLM, were reported for several traits such as fruit pubescence, fruit shape, stone adhesion-flesh texture, fruit flesh color, non-melting/melting flesh, fruit weight, titratable acidity, soluble solid concentration, leaf gland type, flower type, bloom date, fruit development period, maturity date, ripening index, and total sugars (Micheletti et al., 2015; Cao et al., 2016, 2019; Elsadr et al., 2019; Font I Forcada et al., 2019). Single-locus models test one locus at a time and fail to match the true genetic model of complex traits that are controlled by numerous loci simultaneously (Xu et al., 2018). Thus, major improvements in GWAS statistical methodology have occurred, and multi-locus GWAS methods considering the information of all loci simultaneously have been developed (Wang et al., 2016).

Recently, six multi-locus GWAS approaches were integrated into an R package, named mrMLM (Zhang et al., 2020). The mrMLM 4.0 R package comprises the mrMLM (Wang et al., 2016), FASTmrMLM (Tamba and Zhang, 2018), FASTmrEMMA (Wen et al., 2017), ISIS EM-BLASSO (Tamba et al., 2017), pLARmEB (Zhang et al., 2017), and pKWmEB (Ren et al., 2018) two-step multi-locus GWAS methods. First, various algorithms are used to select all potentially associated markers. Second, these selected markers are put in one model, in which all the effects are obtained by empirical Bayes, and all the non-zero effects are further identified by likelihood ratio test for true Quantitative Trait Nucleotides (QTNs) (Zhang et al., 2020).

The multi-locus model Fixed and random model Circulating Probability Unification (FarmCPU) uses the associated markers as covariates in a fixed-effect model (FEM) and optimization on the associated covariate markers in a random effect model (REM). FarmCPU adopts REML optimization to replace the criterion that the variance explained by kinship is near zero, which can only be arbitrarily determined. FarmCPU also adopted a binning approach from super to select pseudo QTNs. The whole genome is equally divided into bins, and only one significant marker with the smallest P-value from each bin is selected as the candidate pseudo QTN. These candidate pseudo QTNs are determined by a REM. The candidate pseudo QTNs are first ranked by P-value. Then, the best combinations between the different bins and the number of candidate pseudo QTNs are determined by REM. Finally, the two types of models (FEM and REM) are performed iteratively until no change occurs in the selection of pseudo QTNs (Huang et al., 2018). Thus, FarmCPU decreases the computer time required, provides reliable results by efficiently removing the confounding between the population structure and Kinship, avoiding model over-fitting, and controlling for false positives (Liu et al., 2016).

The objective of this study was to identify significant marker-trait association for 14 agronomic traits, using the multi-locus GWAS methods in mrMLM 4.0 and FarmCPU in a U.S. peach diversity germplasm panel of 620 individuals, managed by three public fresh market peach breeding programs at University of Arkansas System Division of Agriculture, Texas A&M University and Clemson University.



MATERIALS AND METHODS


Plant Material, DNA Isolation, Quantification, and Genotyping

The material used in this study represents the U.S. peach breeding germplasm assembled under the RosBREED project (Iezzoni et al., 2010, 2020; Peace et al., 2014). A total of 72 cultivars/advanced selections and 548 individuals from three public fresh market peach breeding programs: University of Arkansas System Division of Agriculture (AR), Clemson University (SC), and Texas A&M University (TX), were chosen to effectively represent alleles currently found within North American fresh market peach breeding germplasm (Supplementary Table 1).

Peach DNA was extracted from young leaves using the E-Z 96 Tissue DNA Kit (Omega Bio-Tek, Inc., Norcross, GA, United States). DNA was quantitated with the QuantiT PicoGreen Assay (Invitrogen, Carlsbad, CA, United States), using the Victor multi-plate reader (Perkin Elmer Inc., San Jose, CA, United States). The final DNA concentrations were adjusted to a minimum of 50 ng/μL and submitted to the Research Technology Support Facility at Michigan State University (East Lansing, MI, United States).

Samples were genotyped with the IPSC peach 9K SNP array v1 (Verde et al., 2012). The SNP data curation was performed using the workflow for high-resolution genetic marker data described in Vanderzande et al. (2019). After the SNP data curation, a total of 4005 SNPs distributed over the eight peach chromosomes remained and were used in the multi-locus GWAS (Supplementary Table 2).



Phenotypic Data

Phenotypic data were recorded over three seasons (2010–2012) at each fresh market peach program. Bloom data (BD; Julian days) were visually assessed in the field and recorded for each tree when 60–80% of the blossoms were open. Ripening date (RD; Julian days) was determined when 20% of fruits were at commercial harvest by visually inspecting the presence of a few soft fruits in the field for maturity two times per week. Days after bloom (DAB; Julian days) was calculated as the number of days between the date of full bloom and ripening date.

Approximately 20 fruits were harvested for phenotyping. A five firm fruit sample was selected for the following traits evaluations: Blush (0–5 scale, 0 = none, and 3 = 40–60%, 5 > 90% red blush on fruit surface) subjective scales were used as described by Frett et al. (2014). Fruit diameter (FDIA; mm) was evaluated with a millimeter caliper, while fruit weight (FW; g) was measured as the average weight of the five selected peaches. Flesh adherence (ADH) was evaluated using 1 - 4 scale where 1 = Freestone; 2 = Semi-freestone; 3 = Semi-clingstone; and 4 = Clingstone. Fruit firmness (FF; N) was measured using an electronic fruit texture analyzer (FTA) fitted with an 8-mm diameter tip (GÜSS Fruit Texture Analyzer; GÜSS Manufacturing (Pty) Ltd., Strand, South Africa). All readings were recorded as kilogram-force (kgf) and then converted to Newton (N) by multiplying the reading by 9.807. Redness around Pit (RP) was measured following the scale 1 = red; 0 = no red. The fruit texture (FT) was evaluated using the scale 1 = melting; 2 = non-melting. Pit weight (PW; g) was measured as the average weight of the five selected pits.

For biochemical traits, a composite sample of one approximately 2 cm wide longitudinal slice from each of the five fruits was used to extract juice with a juicer for the measurement of soluble solid concentration (SSC) using a digital refractometer, pH with a pH meter and titratable acidity (TA) using an automatic titrator (DL 22 Food and Beverage analyzer, Mettler Toledo, Columbus, OH, United States). TA was obtained by the titration of solution of 6 g of the peach juice diluted with 50 mL of distilled water to pH 8.2 with 0.1N NaOH and expressed as milliequivalents of malic acid. The following equation was used to calculate titratable acidity (the milliequivalent factor used corresponded to malic acid, 0.067):
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Descriptive Analysis, Genetic Diversity, and Population Structure

The descriptive analysis and the correlations between the traits were performed using the software Past (Hammer et al., 2001). The genetic diversity analysis was performed using the GenAlEx software (Peakall and Smouse, 2012). The broad sense heritability was calculated using the R package Sommer (Covarrubias-Pazaran, 2016) using the h2.fun:
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where: object represents a model fitted with the mmer function; data represents the dataset used to fit the model provided in the object argument; gTerm is a character vector specifying the genetic terms fitted in the model; and eTerm is a character vector specifying the environment term fitted in the model. For the level from the eTerm (environment) the heritability is calculated as:
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“PEV” is the predicted error variance for the genotype, “md” is the mean value from the diagonal of the relationship (genomic) matrix “G” and where “Vg” refers to the genotype variance. The model included in the h2.fun was:

[image: image]

where “K” refers to the genomic relationship matrix. Population structure, multidimensional scaling (MDS) and Bayesian clustering were performed with fastSTRUCTURE (Raj et al., 2014). The MDS was performed using TASSEL (Bradbury et al., 2007). The MDS results were plotted with the R package “scatterplot3D” (Ligges and Mächler, 2002). The fastSTRUCTURE was run with a “simple prior” option and remaining default parameters. The number of populations (K), ranging from 1 to 20, and the most probable number of populations was chosen for running the built-in script for multiple choices of K. The admixture proportions of each genotype, estimated by fastSTRUCTURE, were visualized using DISTRUCT plots (Rosenberg, 2004). Accessions were assigned to a specific subpopulation when the estimated membership coefficients (Q) were above 0.80.

Linkage disequilibrium (LD) was measured by correlation coefficients (r2) for all pairs of SNPs. The LD decay were calculated using PopLDdecay (Zhang et al., 2018a) with the following parameters: -MaxDist 3000 kb -MAF 0.05.



Genome-Wide Association Study

To validate and increase the accuracy of the multi-locus GWAS results, we used mrMLM 4.0 (Zhang et al., 2020) and FarmCPU (Liu et al., 2016). The six multi-locus GWAS methods (mrMLM, FASTmrMLM, FASTmrEMMA, pLARmEB, pKWmEB, and ISIS EM-BLASSO) from mrMLM 4.0 R package were used. The SNP data were converted to character, as described in the user manual, the population structure was the Q matrix obtained from fastSTRUCTURE and the kinship matrix was calculated by mrMLM 4.0. All parameters in GWAS were set at default values. The significantly associated SNPs were determined by the critical threshold of LOD score ≥ 3 as described in previous studies (Tamba et al., 2017). Concerning FarmCPU, the SNP data were converted to numerical using the R package GAPIT (Lipka et al., 2012). Principle component analysis (PCA) was conducted using TASSEL 5.0, and the first three components were incorporated as covariates in the GWAS model. Bonferroni-corrected P-value threshold was set at p < 0.01.

We considered a QTN reliable when: QTNs repeatedly detected in at least four methods and/or two seasons using the mrMLM 4.0; QTN consistently detected in two seasons using FarmCPU; QTNs detected in at least three methods in mrMLM 4.0 and also identified in the FarmCPU approach. These QTNs were named as “qtn” + trait name abbreviation + scaffold + detected QTL order on chromosome.



Candidate Genes

The candidate gene analysis was performed using two strategies. First, the candidate gene analyses were performed within the haploblock regions in which a QTN was detected with at least three methods in mrMLM 4.0 and with FarmCPU. Haploblock regions encompassing the associated SNPs were determined in PLINK 1.9 (Chang et al., 2015) using the flag “blocks” restricted to 500 kb. From the Prunus persica Whole Genome v2.0 Assembly & Annotation v2.1 (Verde et al., 2017) in Genome Database for Rosaceae1 (Jung et al., 2018), a systematic search was conducted to compile the predicted candidate genes associated with the quality traits. The candidate genes were further analyzed for GO (gene ontology) enrichment using GOseq 1.42.0 R package (Young et al., 2010). The GO terms were considered significantly enriched or depleted at FDR < 0.05. The enriched GO terms were visualized using REVIGO semantic similarities (Supek et al., 2011). Second, we compared the position of the already reported candidate genes responsible for regulating BD, RP (Cs locus), Blush, RD, pH, and TA (D locus) with the QTL hotspot regions detected in this study.



RESULTS


Phenotypic Data

Six hundred twenty individuals from the three fresh market public peach breeding programs were evaluated for 14 different fruit quality traits over 3 years (2010–2012) (Table 1). The BD, DAB, FDIA, and TA traits were analyzed in two seasons (2011 and 2012), with the BD, DAB, and TA exhibiting the highest mean values in 2011 and FDIA in 2012. The RD, FW, FF, PW, SSC, and pH, as well as the categorical traits Blush, ADH, RP, and FT were evaluated in three seasons (2010–2012). The RD, FW, and pH varied from 111 to 237 Julian days, 30.2 – 351.4 g and 2.8 – 5.1 respectively, with the highest mean values observed in 2010 (197.6 Julian days, 119.4 g and 3.9, respectively). The FF fluctuated from 0.9 N to 106.4N with the highest mean value measured in 2011 (21.1 N). The traits PW and SSC ranged from 2.5 to 12.2 and 7.2 – 26.8, respectively, with the highest mean values in 2012 (6.8 g and 13.2).


TABLE 1. Descriptive analysis of 14 phenotypic traits observed in 620 individuals from three U.S. public fresh market peach breeding programs (Univ. of Arkansas, Texas A&M and Clemson Univ.) over three seasons (2010–2012).
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Highly significant (P < 0.01) correlations were observed between the traits (Supplementary Table 3). The highest correlation was observed between the FDIA_2011 and FW_2011 (0.92). As expected, a significant negative correlation was detected between the pH and TA (−0.65 and −0.64 in 2011 and 2012, respectively). The traits DAB and RD revealed a significant positive correlation in the years analyzed (0.82 and 0.87). Concerning the correlation between years, BD showed the highest correlation (0.99), followed by RD (0.92).

The broad sense heritability (H2) was estimated for all 14 traits (Supplementary Table 4). High average values of H2 (> 0.6) were observed for TA (0.87), RD (0.83), BD (0.77), ADH (0.77), FT (0.76), DAB (0.74), FDIA (0.73), SSC (0.72), Blush (0.71), FW (0.70), PW (0.70), RP (0.69), pH (0.69), and FF (0.68).



Genetic Variability, Population Structure, and Linkage Disequilibrium

The observed mean heterozygosity (Ho) per individual was 0.35, ranging from 0.06 in “St John” to 0.68 in “Elberta.” The mean Ho per SNP was 0.36 ranging from 0.07 in SNP_IGA_598267 (scaffold 5) to 0.97 in SNP_IGA_573558 (chromosome 5). The chromosome 6 was the least heterozygous (Ho = 0.281) while the chromosome 1 revealed the highest heterozygosis (Ho = 0.385). The mean expected heterozygosity (He) was 0.370, ranging from 0.08 (SNP_IGA_624226; scaffold 6) to 0.500. The mean average inbreeding coefficient (F = (Ho-He) /Ho) was 0.05, ranging from −0.949 to 0.595.

The population structure was analyzed with Multidimensional scaling (MDS) and fastSTRUCTURE. The MDS revealed two main groups, in which the second group could be divided in two clusters. The first group comprised the individuals from the TX breeding program, while the second group grouped the individuals from the AR and SC breeding programs (Supplementary Figure 1). Population structure analysis with fastSTRUCTURE suggested a number of K between 2 and 19. However, the population stratification for K = 3 showed clear differences between groups based mainly on the pedigree information of the individuals belonging to each group (Supplementary Figure 1). The first group accounted for the individuals related to ‘Tropic Beauty’, ‘TX2293_3’, ‘TX2B136’, ‘TXW1293_1’, and ‘TXW1490_1’. The second group comprised individuals linked to ‘A_663’, ‘A_760’, and ‘Bolinha’, while the third group contained individuals linked either to ‘Clayton’ and/or ‘O’Henry’.

The LD decayed with increase of physical distance between SNPs in all groups (Supplementary Figure 2). Considering the total number of individuals, the average of r2 was 0.16. The physical distance over which LD decayed to half of its maximum value was around 540 kb. Different patterns of LD decays were observed in the three different groups. Group 3 revealed the highest average of r2 (0.32) and the longest physical distances in which LD decayed to half of its maximum value (1620 kb), while group 2 showed shortest distance (480 kb). In the group 1, the LD decayed of its maximum value of r2 in approximately 540 kb.



Multi-Locus Genome-Wide Association Study

GWAS using the six multi-locus methods in the R package mrMLM 4.0 revealed a total of 967 QTNs associated with 14 traits (Supplementary Table 5). The highest number of associated SNPs was observed on chromosome 4 (99) and the lowest in chromosome 7 (23). Significant QTNs detected in at least four methods in the same season, were detected for almost all traits except TA. In addition, consistently associated QTNs identified in at least two seasons were detected for BD, RD, DAB, ADH, RP, SSC, Blush, FF, FT, TA, and pH. Furthermore, SNPs associated with more than one trait were identified on chromosome 1 (BD and TA; BD and FT; BD and FF; BD and Blush; DAB and Blush; and Blush, FT, and PW; FDIA and FW; FDIA and ADH; RD and SSC; and PW and TA), 2 (RD and PW; RD and pH; FF and FT; and FF and SSC), 3 (RD and DAB; DAB and SSC; Blush and RP; and FDIA and FW, ADH and SSC), 4 (BD and RD; RD and DAB; RD, DAB, FF, RP and FT; RD, DAB, FDIA, ADH, and RP; RD, DAB and Blush; RD, DAB and ADH; RD and FF; RD and ADH, RD, DAB and SSC; RD and SSC; RD, ADH and RP; RD, FF and SSC; RD, DAB, FDIA and RP; DAB and FF; DAB and FF; DAB, FF and RP; DAB, FT and PW, FDIA and FW; FDIA and RP; FDIA and ADH; FW, FF, ADH and RP; FF, ADH and FT; FDIA, FW, FF and RP; FF and FT; ADH and FT; FF, ADH and pH, ADH and PW, ADH and RP; and ADH and FT), 5 (BD and TA; RD and SSC; DAB and Blush, FDIA and FW; FW and SSC; FT, SSC, and TA; FT and PW; SSC and TA; FT and TA; SSC and pH; and TA and pH), 6 (RD and DAB; RD and FW; FDIA, FW, FT and SSC; FDIA and ADH; and FW and PW) and 8 (BD and pH; BD and SSC; BD and RD; BD and FF; RD, FDIA and FF; RD, DAB, PW and SSC; and FT and SSC).

The multi-locus model FarmCPU revealed a total of 180 QTNs (Supplementary Table 6). The highest number of QTNs were detected on chromosome 4 (33), while the smallest was observed on chromosome 7 (6). Consistently associated SNPs over at least two seasons were identified for BD, RD, ADH, RP, and SSC. In addition, SNPs associated with more than one trait were detected on chromosomes 1 (DAB and RD), 3 (Blush and RP; FW and RD), 4 (Blush and RD; RD and SSC; FF and SSC), 5 (TA and pH), and 8 (BD and RD; FT and SSC).

To ensure reliable results, further analyses included only QTNs that met the following conditions: QTNs detected in at least four methods in mrMLM and/or detected in at least two seasons using mrMLM (Table 2 and Figure 1); QTNs detected in two seasons using FarmCPU (Table 3 and Figure 1); and QTNs detected in at least three methods in mrMLM 4.0 and also identified in the FarmCPU (Table 4 and Figure 1).


TABLE 2. Significant associations between SNP markers and quality traits detected in at least three methods of mrMLM 4.0 and/or two seasons.
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FIGURE 1. Reliable QTNs detected using different multi-locus GWAS methods and/or at least two seasons. Genetic distance scale in physical position (Mbp) is placed at left margin.



TABLE 3. Significant associations between SNP markers and fruit quality traits consistently detected in two seasons using FarmCPU.
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TABLE 4. Significant associations between SNP markers and quality traits commonly detected using at least three mrMLM 4.0 GWAS methods and FarmCPU.
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QTNs Detected With Four Methods and/or Two Seasons Using mrMLM R Package

The mrMLM revealed nine reliable QTNs distributed on 3 chromosomes significantly associated with BD (Table 2 and Figure 1). The qtnBD_1.1, qtnBD_1.2, qtnBD_1.3, qtnBD_1.4, qtnBD_1.5, and qtnBD_1.6, on chromosome 1, explained 13.1–64.9, 3.6–37.4, 1.3–6.3, 0.4–2.4, 1.4–8.5, and 5.6–10.9% of total phenotypic variation, respectively. The qtnBD_4.1 located on chromosome 4, demonstrated LOD score of 4.3–10.4 and explained 1.5–19.8% of phenotypic variation. The reliable QTNs identified on chromosome 7 (qtnBD_7.1 and qtnBD_7.2) explained 0.5–11.1 and 1.1–28.7% of total phenotypic variation, respectively. In addition, the qtnBD_1.5, qtnBD_1.6 and qtnBD_7.2 were detected in two seasons.

Reliable QTNs associated with RD were detected on chromosomes 4 (qtnRD_4.1, qtnRD_4.2, qtnRD_4.3, qtnRD_4.4, qtnRD_4.5, qtnRD_4.6 and qtnRD_4.7) and 6 (qtnRD_6.1). The qtnRD_4.3 accounted for the highest phenotypic variation (11.7–54.0%) in comparison to the other QTNs identified on chromosome 4 (Table 2 and Figure 1). The qtnRD_6.1, on chromosome 6 demonstrated LD scores ranging from 5.1 to 10.1 and explained 1.6–6.6% of phenotypic variation. Almost all QTNs detected on chromosome 4 were detected in at least two seasons, except qtnRD_4.5.

Three QTNs on chromosome 4 (qtnDAB_4.1, qtnDAB_4.2 and qtnDAB_4.3) were associated with DAB. The greatest phenotypic variation was explained by qtnDAB_4.2 (16.9–56.1%). The qtnDAB_5.1 on chromosome 5 explained 13.0 to 20.3% of the phenotypic variance observed (LOD scores 5.7–10.0). The qtnDAB_4.1 and qtnDAB_4.2 on chromosome 4 were detected in two seasons.

The reliable QTNs associated with blush were distributed on chromosomes 1 (qtnBlush_1.1 and qtnBlush_1.2), 3 (qtnBlush_3.1 and qtnBlush_3.2), 4 (qtnBlush_4.1), and 5 (qtnBlush_5.1). The qtnBlush_3.2 was identified in three seasons, while the qtnBlush_1.2 was identified in two. The qtnBlush_4.1 explained the highest phenotypic variation (12.1–26.1%).

The qtnFDIA_7.1 associated with FDIA was located on chromosome 7, revealed LOD scores ranging from 3.0 to 5.1 and explained 4.8–7.9% of the phenotypic variance observed.

Concerning FW, QTNs were detected on chromosomes 1 (qtnFW_1.1 and qtnFW_1.2), 2 (qtnFW_2.1), 3 (qtnFW_3.1), 4 (qtnFW_4.1 and qtnFW_4.2), and 6 (qtnFW_6.1 and qtnFW_6.2). The qtnFW_1.1, qtnFW_4.2 and qtnFW_6.1 were detected with the six methods of the mrMLM R package. The greatest phenotypic variation was explained by qtnFW_1.2 (8.5–19.4%), followed by qtnFW_4.1 (9.8–15.7%).

Quantitative trait nucleotides associated with FF were located on chromosomes 1 (qtnFF_1.1) and 4 (qtnFF_4.1, qtnFF_4.2 and qtnFF_4.3). The qtnFF_4.2 was identified in two seasons and explained 1.7–4.0% of the phenotypic variation with the qtnFF_1.1 explaining the highest phenotypic variation for FF (8.6–16.4%).

For ADH, seven QTNs on chromosome 4 (qtnADH_4.1, qtnADH_4.2, qtnADH_4.3, qtnADH_4.4, qtnADH_4.5, qtnADH_4.6 and qtnADH_4.7), and one on chromosome 6 (qtnADH_6.1) were identified. The qtnADH_4.2 was detected in three seasons, while qtnADH_4.4, qtnADH_4.5, qtnADH_4.6 and qtnADH_4.7 were detected in two seasons. The qtnADH_4.1 was identified with the six methods of mrMLM and explained the highest phenotypic variance (12.9–69.2%).

Quantitative trait nucleotides on chromosome 3 (qtnRP_3.1 and qtnRP_3.2), 4 (qtnRP_4.1, qtnRP_4.2 and qtnRP_4.3), and 6 (qtnRP_6.1) were significantly associated with RP. The qtnRP_4.1 was detected in three seasons, while the qtnRP_3.1, qtnRP_3.2, qtnRP_4.2 and qtnRP_4.3 were detected in two seasons. The highest phenotypic variation (23.9–55.2%) was explained by the qtnRP_3.2 located on the chromosome 3.

The reliable QTNs associated with FT were distributed on chromosome 2 (qtnFT_2.1 and qtnFT_2.2), 4 (qtnFT_4.1), 5 (qtnFT_5.1, qtnFT_5.2 and qtnFT_5.3), 7 (qtnFT_7.1) and 8 (qtnFT_8.1 and qtnFT_8.2). The qtnFT_2.1, qtnFT_2.2, qtnFT_5.3, qtnFT_7.1 and qtnFT_8.2 were detected in two seasons. The qtnFT_5.1 and qtnFT_5.3 exhibited the highest phenotypic variation 15.3–33.8 and 10.1–22.7%, respectively.

Quantitative trait nucleotides associated with PW were identified on chromosomes 6 (qtnPW_6.1, qtnPW_6.2 and qtnPW_6.3) and 8 (qtnPW_8.1). The qtnPW_6.2 and qtnPW_6.3 with LOD scores of 5.2–7.6 and 3.7–9.1 explained 6.6–17.0 and 8.4–28.6% of the phenotypic variation, respectively.

For SSC, 8 reliable QTNs were detected on chromosomes 1 (qtnSSC_1.1), 4 (qtnSSC_4.1, qtnSSC_4.2 and qtnSSC_4.3), 5 (qtnSSC_5.1, qtnSSC_5.2 and qtnSSC_5.3), and 6 (qtnSSC_6.1), with the qtnSSC_4.3 and qtnSSC_5.3 detected in two seasons. The qtnSSC_4.1 and qtnSSC_5.1 accounted for the highest phenotypic variation (12.3–16.4 and 5.3–24.0%).

The qtnTA_5.1 on chromosome 5 was associated with TA and detected in two seasons. The LOD score varied from 3.1 to 20.4 and explained 1.0–38.0% of the phenotypic variation.

One reliable QTN associated with pH was identified on chromosome 2 (qtnpH_2.1) and chromosome 5 (qtnpH_5.1). The qtnpH_5.1 explained the highest phenotypic variation (30.5–62.7%) and was detected in two seasons.



QTNs Detected in Two Seasons Using FarmCPU

The qtnBD_4.2 was consistently associated with BD in the two seasons and revealed a p values of 1.37E-07 and 7.74E-07, respectively (Table 3 and Figure 1).

The qtnRD_4.7 located on chromosome 4 (10.9 Mbp) was significantly associated with RD in all three seasons. In addition, the qtnRD_4.8 and qtnRD_8.1 were associated with RD in 2011 and 2012 and were located at 12.5 Mbp (chromosome 4) and 2.5 Mbp (chromosome 8), respectively.

A reliable qtnADH_4.8 on chromosome 4 (10.4 Mb) was consistently associated with ADH in 2010 and 2011, while qtnADH_4.5 (10.69) and qtnADH_4.2 (19.02 Mbp) were associated with ADH in 2011 and 2012.

For RP, the qtnRP_3.1 located at 18.17 Mbp on chromosome 3 was detected in two seasons with p values of 6.64E-11 and 2.93E-16, respectively.

Consistent, significant associations with the SSC were detected in two seasons with QTNs on chromosomes 5 (qtnSSC_5.3) and 6 (qtnSSC_6.1).



QTNs Commonly Detected With Both mrMLM and FarmCPU

A total of 31 QTNs were consistently detected with at least three methods in mrMLM and also with the FarmCPU (Table 4). Six QTNs associated with BD, RD, FDIA, and SSC were identified on chromosome 1 (qtnBD_1.1, qtnBD_1.2, qtnBD_1.3, qtnRD_1.1, qtnFDIA_1.1, and qtnSSC_1.1). Only one QTN (qtnpH_2.1) associated with pH, located at 29.4 Mpb on chromosome 2 was detected using both approaches. A QTN associated with blush was detected on chromosome 3 (16.2 Mbp). Most of the QTNs were observed on chromosome 4. A total of twelve QTNs associated with BD (qtnBD_4.2), RD (qtnRD_4.1, qtnRD_4.2 and qtnRD_4.5), DAB (qtnDAB_4.2), FF (qtnFF_4.1 and qtnFF_4.3), ADH (qtnADH_4.1, qtnADH_4.2 and qtnADH_4.3), RP (qtnRP_4.2) and SSC (qtnSSC_4.1 and qtnSSC_4.2) and a QTN cluster of FF and SSC (qtnFF_4.3 and qtnSSC_4.3) were identified. QTNs for blush (qtnBlush_5.1), FT (qtnFT_5.1 and qtnFT_5.4), SSC (qtnSSC_5.1 and qtnSSC_5.3) and pH (qtnpH_5.1) were identified on chromosome 5 located at 16.55, 0.85, 0.32, 2.24, 13.01 and 0.55 Mbp, respectively. Two QTNs associated with FW (qtnFW_6.1) and RP (qtnRP_6.1) were present on chromosome 6. Lastly, the QTN qtnRP_8.1, associated with the RP, was present on chromosome 8 (2.7 Mbp).



Candidate Genes

Genomic regions encompassing the QTNs detected using the mrMLM 4.0 methods and FarmCPU revealed a total of twenty-eight haploblocks located at scaffolds 1, 2, 3, 4, 5, 6, and 8 (Table 5).


TABLE 5. Haploblock regions encompassing SNPs markers significantly associated with fruit quality traits in peach.

[image: Table 5]
A total of 566 candidate genes (CG) were detected within the haploblock regions for the significantly associated QTNs (Supplementary Table 7), from which 93 CG were detected in the regions for BD, 89 for RD, 29 for DAB, 22 for Blush, 39 for FDIA, 24 for FW, 26 for ADH, 31 for FF, 148 for RP, 12 for FT and 90 for SSC. The gene ontology (GO) annotations were retrieved for 435 CG. The GO enrichment analysis revealed 68 GO terms in all three GO aspects, biological process, molecular function, and cellular component. Twenty-six GO terms (78 genes) were described as biological processes, 32 GO terms (108 genes) with the molecular function, and 10 GO terms (36 genes) with the cellular component (Supplementary Table 8). The GO term cluster representatives were joined into “superclusters” of terms loosely related to cellulose microfibril organization, THO complex part of transcription export complex and sulfotransferase activity in the biological process, cellular component and molecular function, respectively (Figure 2).
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FIGURE 2. TreeMap of the GO term cluster representatives joined into “superclusters” of biological processes (A), cellular component (B), and molecular functions (C) visualized with different colors. Each rectangle is a single cluster representative.




Hotspots in Peach Genome

The reliable QTNs revealed fruit quality hotspots in the peach genome (Figure 1). On chromosome 1, three reliable QTNs associated with BD, Blush and FW in the interval of 25.5–27.2 Mbp were identified. In addition, at the bottom of the same chromosome (43.6–46.4 Mbp), we also observed QTNs associated with BD and FF. On chromosome 3, a hotspot involving the quality traits Blush and RP was observed in the region located at 18.2–20.2 Mbp. The majority of the reliable QTNs detected were located on chromosome 4 (0.6–19.0 Mbp), especially concentrated in the genomic region located at 9.0–12.5 Mbp with QTNs associated with DAB, FW, RP, ADH, RD, FF, and SSC. A hotspot was also observed on the top of chromosome 5 (0.3–3.7 Mbp) with significant signals associated with FT, pH, SSC, and TA. In the genomic region on chromosome 6 spanning 28.8–29.5 Mbp, QTNs involving PW, RP, and FW were detected. Furthermore, on top of chromosome 8 (2.5–5.1 Mbp), a hotspot with reliable QTNs associated with RD, RP, and FT was observed.



DISCUSSION

We have analyzed peach germplasm containing 620 individuals from three U.S. public fresh market breeding programs [University of Arkansas System Division of Agriculture (AR), Clemson University (SC) and Texas A&M University (TX)] for fourteen traits over three seasons (2010, 2011 and 2012). Phenotypic variation was observed between individuals and seasons, and the mean values for BD, RD, FW, and SSC were lower than those reported in the Spanish and European germplasm (Hernández Mora et al., 2017; Font I Forcada et al., 2019). However, average values for RD and DAB observed in our study were in agreement with the values reported in the University of Guelph’s peach germplasm, comprised of accessions originating from different regions across North America (Elsadr et al., 2019). A high and significant correlation between FW and FDIA (0.92) was previously observed in peach (da Silva Linge et al., 2015; Abdelghafar et al., 2020), as well as the positive correlation between RD and DAB (Elsadr et al., 2019) and the negative correlation between TA and pH (Abidi et al., 2011). In addition, the high estimated broad sense heritability coefficients observed in this study ranging from 0.68 to 0.87, suggesting that the phenotypic variations of all traits are mainly affected by genetic factors, and therefore this dataset can be used for further genetic analyses.

The mean observed heterozygosity (Ho = 0.36) in the U.S. peach germplasm was greater than that observed in the germplasm from four European, one Chinese and one Brazilian peach collections reported in previous studies (Micheletti et al., 2015; Thurow et al., 2019). In addition, the mean inbreeding coefficient of 0.05 indicated a low level of inbreeding. The low mean of the inbreeding coefficient observed in this study could be attributed to the diverse material, including F1 and F2 populations with different genetic backgrounds.

The multidimensional scaling (MDS) clustered material into two groups, a group of individuals from TX fresh market breeding program related to ‘Tropic Beauty’, ‘TX2293_3’, ‘TX2B136’, ‘TXW1293_1’ and ‘TXW1490_1’, and the second group, comprised of individuals from the AR and SC fresh market breeding programs. Breeding material from AR and SC clustered in one main group, due to the common founders or pedigree-linkages of some breeding populations. Nevertheless, the second group could further be separated in two clusters in which the first cluster grouped the individuals linked to ‘A_663’, ‘A_760’, and ‘Bolinha’, and the second cluster contained individuals linked to ‘Clayton’ and/or ‘O’Henry’. The population structure indicated by fastSTRUCTURE, between K = 2 and 19, supported MDS clustering, as the K = 3 reflected grouping based on the pedigree background, and number of the breeding programs in the panel.

The population structure influences LD patterns within the genome (Thurow et al., 2019). The LD detected in this study decayed much slower in comparison with the observed by Thurow et al. (2019) and faster than the observed by Micheletti et al. (2015). The difference could be explained by the genetic material analyzed and the methods used for analyzing the LD decay. In addition, a slower decay of LD is expected in selfing materials. The LD decay over distance also determines the number of markers required to cover the genome. Considering the LD decay of our dataset (540 Kb), approximately 421 SNPs covering the total peach genome (227.4 Mb) should be sufficient to perform the GWAS. However, domestication regions containing key genes require more SNPs due to the faster LD decay (Cao et al., 2016).


Multi-Locus GWAS

In order to control the false positive rate in GWAS analysis, conservative correction methods such as false discovery rate (FDR) and Bonferroni correction are frequently adopted in association studies. However, these corrections are often too conservative for detecting many important loci. Thus, multi-locus GWAS methods have been recommended to overcome the problem of stringent correction (Zhang et al., 2020). In this study, we have successfully performed a genome-wide association study using six multi-locus GWAS methods (mrMLM, FASTmrMLM, FASTmrEMMA, pLARmEB, pKWmEB, and ISIS EM-BLASSO) comprised in mrMLM 4.0 and FarmCPU R packages. The mrMLM 4.0 adopts the critical probability value or log of odds (LOD), a less stringent significance threshold while FarmCPU requires Bonferroni correction to detect QTNs. The multi-locus methods detected 967 and 180 QTNs using mrMLM 4.0 and FarmCPU, respectively, allowing the identification of important regions in the peach genome that control fruit quality traits. Furthermore, consistently reliable QTNs (88) for all traits were detected using different multi-locus GWAS methods and/or at least two seasons (Tables 2–4). Half of the reliable QTNs (44) detected have already been reported using different progenies, germplasm and approaches. However, to our knowledge, the other 44 reliable QTNs controlling fruit quality traits in peach have not been previously described.

One of the main goals of breeding programs is the development of commercial varieties with predictable bloom time to adapt to various target environments. Therefore, understanding the genetic architecture of phenology-related traits represents a key prerequisite to enable the development of varieties adapted to different climates (Gogorcena et al., 2020). Reliable QTNs associated with bloom date (BD), the qtnBD_1.1, qtnBD_1.2, qtnBD_1.3, qtnBD_1.4, qtnBD_4.1, qtnBD_4.3, qtnBD_7.1 collocate near or in the same regions previously reported using QTL mapping and pedigree-based analysis (PBA) (Fan et al., 2010; Romeu et al., 2014; Bielenberg et al., 2015; Hernández Mora et al., 2017; Rawandoozi et al., 2020a). The fact that these regions were identified following different approaches (linkage analysis, PBA analysis and GWAS) in diverse genetic material, makes them an interesting source of allelic variation for BD in peach.

QTL mapping and association studies focused on ripening date have been widely reported in peach (Eduardo et al., 2011; Pirona et al., 2013; Fresnedo-Ramírez et al., 2015; Hernández Mora et al., 2017; Elsadr et al., 2019; Font I Forcada et al., 2019; Nuñez-Lillo et al., 2019; Rawandoozi et al., 2020a). The qtnRD_4.2, qtnRD_4.3, qtnRD_4.6 and qtnRD_4.7 overlapped with the major RD QTLs reported in the chromosome 4 located at approximately 10.6 and 11.1 Mbp (Pirona et al., 2013; Elsadr et al., 2019). In addition, the qtnRD_4.1, qtnRD_4.5 and qtnRD_4.8 were located in the same genetic interval (11.2 - 14.1 Mbp) of the RD QTL reported by Hernández Mora et al. (2017) using the pedigree-based QTL mapping in the European peach germplasm. Beside chromosome 4, we also detected reliable QTNs for RD on chromosome 1 (qtnRD_1.1), 6 (qtnRD_6.1) and 8 (qtnRD_8.1). RD QTLs and associated SNPs on chromosome 1 were previously reported in peach at approximately 12.0 Mbp (Fresnedo-Ramírez et al., 2015), 35 Mbp (Romeu et al., 2014; Font I Forcada et al., 2019), and 40.0–47.0 Mbp (Romeu et al., 2014; Hernández Mora et al., 2017; Font I Forcada et al., 2019; Nuñez-Lillo et al., 2019). The reliable qtnRD_1.1 detected in this study using mrMLM and FarmCPU was located at 30.9 Mbp. Moreover, the qtnRD_6.1 (chr6: 8.8 Mb) and qtnRD_8.1 (chr8: 2.5 Mbp) were in close proximity of the SNPs associated with RD detected on chromosomes 6 (SNP_IGA_630302; 8.3 Mbp) and 8 (SNP_IGA_806528; 2.9 Mbp) in the Spanish germplasm (Font I Forcada et al., 2019).

QTL clusters for RD and DAB were commonly detected in peach (Fresnedo-Ramírez et al., 2015; Hernández Mora et al., 2017; Elsadr et al., 2019; Rawandoozi et al., 2020a). In this study, two reliable QTNs (qtnDAB_4.1 and qtnDAB_4.2) associated with DAB overlapped with the QTNs associated with RD. The position of the qtnDAB_4.1 (chr 4: 10.7 Mbp) matched the associated SNPs identified in a panel of 132 peach accessions genotypically characterized via genotyping by sequencing (GBS) approach (Elsadr et al., 2019). In addition, the SNP_IGA_410398 was emphasized as a predictive SNP for RD and DAB in haplotype analysis in a DAB QTL detected using PBA approach (Rawandoozi et al., 2020a). The qtnDAB_4.2 (10.9 Mbp) was close to QTL for DAB detected using PBA in the European germplasm (Hernández Mora et al., 2017). Thus, our results confirmed the location of RD and DAB associated regions in the peach genome, and due to their importance for breeding, could be useful in selection of various phenology patterns in future studies.

Previous QTL analyses in peach have identified a major QTL for blush on chromosome 3 accounting, in average, for 63.7% of observed phenotypic variation (Frett et al., 2014). The qtnBlush_3.1, qtnBlush_3.2 and qtnBlush_3.3 were located within the genetic interval of the major QTL for blush on chromosome 3. QTL regions for blush on chromosome 4 were mapped approximately at 10.5 – 11.5 Mbp (Rawandoozi et al., 2020b); 11.2 – 14.1 Mbp (Hernández Mora et al., 2017); and at 19.8 and 28.6 Mb (Shi et al., 2020). The qtnBlush_4.1 was detected at 6.6 Mbp and accounted for the highest phenotypic variation observed. Moreover, we identified two QTNs on chromosome 1 (qtnBlush_1.1: 26.9 Mbp; qtnBlush_1.2: 2.5 Mbp). Analyzing an F1 peach population derived from the cross between “Shahong” and “Hongfurong,” Shi et al. (2020) also observed a QTL associated with blush on chromosome 1. However, the genetic interval was approximately at 21.5 Mbp. Although the percentage of the phenotypic variation explained was low, a QTN associated with blush (qtnBlush_5.1) on chromosome 5 was also detected.

Understanding the genetic control of fruit diameter and weight is an important goal of breeding programs due to the importance of these traits for the fresh market (Yue et al., 2014). QTL regions associated with fruit diameter and weight have been detected in all chromosomes (da Silva Linge et al., 2015; Fresnedo-Ramírez et al., 2016; Zeballos et al., 2016; Hernández Mora et al., 2017; Cao et al., 2019; Abdelghafar et al., 2020; Shi et al., 2020). In this study, we identified two reliable QTNs associated with FDIA (qtnFDIA_7.1 and qtnFDIA_1.1). The qtnFDIA_7.1, on chromosome 7, is in the vicinity to fruit width and fruit depth QTLs (qP-Fwd7.2 and qP-Fd7.2) reported by da Silva Linge et al. (2015) using F2 progeny resulting from a cross between an ornamental peach PI91459 (“NJ Weeping”) × “Bounty.” The qtnFDIA_1.1 (36.9 Mbp) was identified in a different region of chromosome 1 when compared with previous linkage analyses, where QTLs were located approximately at 11 Mbp (da Silva Linge et al., 2015); 27–28 Mbp (Hernández Mora et al., 2017); 41 Mbp (Zeballos et al., 2016) and 43 Mbp (da Silva Linge et al., 2015; Abdelghafar et al., 2020). Concerning position of qtnFW_1.2 and qtnFW_6.2 matched the QTL interval identified in European peach germplasm (Hernández Mora et al., 2017). The FW QTN qtnFW_2.1 and qtnFW_3.1 could be the FW QTLs mapped in an interspecific cross between peach and a wild relative Prunus davidiana (Quilot et al., 2004; Desnoues et al., 2016). On chromosome 4 qtnFW_4.1 was close to the FW QTL reported by da Silva Linge et al. (2015) and qtnFW_4.2 was in the same genetic interval of the QTL identified by Shi et al. (2020).

Fruit firmness (FF) represents an essential indicator of fruit quality for peach consumers. For this reason, several authors have investigated the genetic mechanisms controlling this trait in peach (Peace et al., 2005; Eduardo et al., 2011, 2015; Martínez-García et al., 2013; Nuñez-Lillo et al., 2015; Zeballos et al., 2016; Serra et al., 2017; Carrasco-Valenzuela et al., 2019). The qtnFF_4.1 and qtnFF_4.2, reported in this study, were located in chromosome 4 with the position matching the QTL interval associated with firmness loss mapped by Serra et al. (2017). Moreover, the qtnFF_4.3 was in the same genetic region in which Carrasco-Valenzuela et al. (2019) detected a QTL significantly associated with softening rate and Zeballos et al. (2016) detected a QTL for fruit firmness.

Flesh adherence to the pit (ADH) is another factor determining overall peach fruit quality, with consumers preferring freestone or semi freestone characteristics (Olmstead et al., 2015). Previous studies have shown that ADH is inherited and controlled by the Freestone-Melting (F-M) locus on chromosome 4, with genes encoding endopolygalacturonase (endoPG) associated with this trait (Peace et al., 2005; Gu et al., 2016). We detected qtnADH_4.1 and qtnADH_4.2 explaining the majority of the phenotypic variation close to the genetic region where the endoPG gene is located. Similar to Shi et al. (2020), we detected significant genetic regions associated to ADH in different regions of chromosome 4 and also in other chromosomes.

The QTNs associated with redness around the pit (RP) (qtnRP_3.1 and qtnRP_3.2) located approximately at 18.2 and 18.7 Mb, on chromosome 3, matched the position of the associated signals to flesh color around the stone detected in the recent GWAS using genome structural variations (SVs) (Guo et al., 2020). In addition, the Cs locus associated with red color around the pit was previously mapped in the middle of chromosome 3 (Yamamoto et al., 2001). Interestingly, the SNP_IGA_341962 (qtnRP_3.1) was also associated with blush (qtnBlush_3.2). Therefore, the QTNs associated with RP identified on chromosome 4 (qtnRP_4.1, qtnRP_4.2 and qtnRP_4.3) were close to the associated signals detected by Guo et al. (2020) and in a different region of the associated SNPs reported by Cao et al. (2016), while the QTNs detected on chromosome 6 (qtnRP_6.1) and 8 (qtnRP_8.1) were located in different regions when compared with previous studies (Cao et al., 2016; Guo et al., 2020).

Concerning pit weight (PW), the qtnPW_6.1, identified on chromosome 6, is close to the QTL (qSW6; 24.6 Mb) mapped in the interspecific cross between almond × peach population (Donoso et al., 2016). Cao et al. (2016) also detected a region significantly associated with PW on chromosome 6; however, the location was approximately at 26.9 Mbp.

Soluble solid concentration is one of the most important quality traits in peach, with consumers expecting an enhanced sugar content or sweetness perception for the low acid types (Cirilli et al., 2016). Therefore, SSC has been a target trait in several studies involving intra- and interspecific progenies and germplasm to access the genetic potential and consequently improve the sugar content in new cultivars. We detected QTNs associated with SSC on chromosome 1, 4, 5, and 6. The qtnSSC_5.1 on chromosome 5 that explained the majority of the phenotypic variation was in agreement with the QTL interval reported by Hernández Mora et al. (2017) using a PBA analysis in European peach germplasm. In the same chromosome, we also identified qtnSSC_5.2 (0.7 Mb) and qtnSSC_5.3 (13.0 Mb) whose positions matched QTLs mapped in previous studies using different germplasm and approaches (Nuñez-Lillo et al., 2019; Abdelghafar et al., 2020; Rawandoozi et al., 2020b). Furthermore, qtnSSC_4.1 on chromosome 4 (6.6 Mb) was close to the QTL (qSSC.V-Ch4-2007a) detected by Zeballos et al. (2016), while qtnSSC_4.3 was near MD locus reported by Eduardo et al. (2011). On the other hand, the qtnSSC_1.1 (chromosome 1: 17.5 Mb) and qtnSSC_6.1 (chromosome 6: 21.2 Mbp) were located in a different region in comparison to the QTLs or associated markers previously detected on those chromosomes (Fresnedo-Ramírez et al., 2015; Cao et al., 2016; Hernández Mora et al., 2017; Li et al., 2019; Shi et al., 2020). Concerning the traits pH and TA, the qtnTA_5.1 and qtnpH_5.1 collocated with the major locus for low-acid fruit (D-locus) previously reported in peach (Boudehri et al., 2009).



Fruit Quality Hotspots in Peach Genome

Hotspot regions detected on chromosomes 1, 3, 4, 5, 6, and 8 controlled several fruit quality traits. The detection of hotspots in the genome indicates that genes related to certain traits are more densely concentrated in certain genomic regions (Zhang X. et al., 2019). The main hotspot on chromosome 4 (9.0–12.5 Mbp) included reliable QTNs for DAB, FW, RP, ADH, RD, FF, and SSC detected in different seasons and/or approaches and represents a target region for future breeding studies in peach. A QTL hotspot associated with quality traits was previously reported in peach on chromosome 4 (Cantín et al., 2010; Eduardo et al., 2011). However, the study was performed using SSR markers and the QTLs were detected in low-density linkage maps. Using high-density SNP maps, Rawandoozi et al. (2020a) reported QTLs for DAB and RD within the genetic region detected. Likewise, Hernández Mora et al. (2017) detected a hotspot for blush, SSC, RD and DAB in a wider genetic interval located at 11.2–14.1 Mbp in European germplasm. Moreover, Desnoues et al. (2016) identified a QTL hotspot in the same chromosome related to individual sugars and FW, although in a different location. In addition, the hotspot on chromosome 5 (0.3 to 3.7 Mbp) matched with the QTL hotspot for SSC and TA reported by Hernández Mora et al. (2017). Therefore, this study reinforces the importance of breeding programs targeting the improvement of fruit quality traits in peach focusing on the chromosome 4 and also demonstrated the necessity to promote further studies for the hotspot regions in chromosome 1, 3, 5, 6, and 8.



Candidate Genes

Candidate genes (566) were identified within the haploblock regions encompassing the QTNs detected using the mrMLM 4.0 and FarmCPU, and the GO enrichment approach narrowed down the initial CG list (222) and revealed over-representation of certain GO terms (68). RNA binding proteins and serine-type endopeptidase inhibitor-related genes were identified, and previous studies revealed involvement in the regulation of flowering time (Steffen et al., 2019; Zhang F. et al., 2019). In addition, genes functionally annotated as 2-oxoglutarate-dependent dioxygenase, drug transmembrane transport, antiporter activity, pyridine nucleotide biosynthetic process, and chromatin assembly or disassembly were associated with fruit ripening in tomato, apricot, grape, peach, apple, and strawberry (Hanana et al., 2007; Farinati et al., 2017; Decros et al., 2019; Ding et al., 2020; García-Gómez et al., 2020). Furthermore, previous studies have shown that molybdopterin cofactor plays an important role in the metabolic control of avocado fruit growth and final fruit size (Cowan et al., 2001) and ion/H+ exchanger genes (GO: ion transmembrane transport) were critical for providing pH regulation (Pittman, 2012). Lastly, among the CG, Prupe.4G262200 and Prupe.4G261900 coding for endopolygalacturonases (GO: polygalacturonase activity) were previously involved in the inheritance of fruit texture and flesh adherence to the stone in peach (Peace et al., 2005; Gu et al., 2016).

Several CGs detected in our study have already been reported for productivity and fruit-related traits in peach. Prupe.1G531600 (DAM5), Prupe.1G531700 (DAM6), Prupe.1G531500, Prupe.1G549600, Prupe.1G548000, Prupe.1G554100 were considered potential CG for bloom date in peach (Rawandoozi et al., 2020a). These genes are located within the hotspot region detected on chromosome 1 associated with BD and FF. Similarly, Prupe.3G163100 (18.2 Mbp) located in the genetic interval of the hotspot on chromosome 3 was previously associated with blush and RP (redness around the stone) in peach (Frett et al., 2014; Zhang et al., 2018b; Guo et al., 2020). The main hotspot on chromosome 4 (9.0–12.5 Mbp) collocates with: Prupe.4G186800, the major locus controlling fruit ripening (Pirona et al., 2013) and CG for fruit flesh softening rate (Carrasco-Valenzuela et al., 2019); Prupe.4G179900, CG for RD and DAB (Elsadr et al., 2019); and Prupe.4G185800 and Prupe.4G187100 involved in anthocyanin biosynthesis and CGs for blush (Rawandoozi et al., 2020b). In addition, Prupe_5G008400, a CG controlling fruit acidity, is located within the hotspot (0.3–3.7 Mbp) on chromosome 5 (Wang et al., 2020).



CONCLUSION

We successfully performed a multi-locus GWAS using mrMLM 4.0 and FarmCPU in 620 individuals from three public fresh market peach breeding programs. A total of 88 reliable QTNs were consistently detected in at least two seasons and/or in different methods. Hotspots for quality traits were identified on chromosomes 1, 3, 4, 5, 6, and 8. Candidate genes for quality traits were identified in the vicinity of the reliable QTNs detected using mrMLM 4.0 and FarmCPU. Furthermore, we observed that the position of the previously reported candidate genes for fruit-related traits (BD, Blush, DAB, ADH, RP, pH, and TA) matched with the position of the hotspots detected on chromosomes 1, 3, 4, and 5. Therefore, the information reported in this study supports the development of DNA tools for MAS in peach. Moreover, the importance of chromosome 4 hotspot in breeding for improvement of fruit quality is reinforced, and also emphasized the necessity to further study the hotspot regions on chromosomes 1, 3, 5, 6, and 8.
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Rosaceae, a large plant family of more than 3,000 species, consists of many economically important fruit and ornamental crops, including peach, apple, strawberry, raspberry, cherry, and rose. These horticultural crops are not only important economic drivers in many regions of the world, but also major sources of human nutrition. Additionally, due to the diversity of fruit types in Rosaceae, this plant family offers excellent opportunities for investigations into fleshy fruit diversity, evolution, and development. With the development of high-throughput sequencing technologies and computational tools, an increasing number of high-quality genomes and transcriptomes of Rosaceae species have become available and will greatly facilitate Rosaceae research and breeding. This review summarizes major genomic resources and genome research progress in Rosaceae, highlights important databases, and suggests areas for further improvement. The availability of these big data resources will greatly accelerate research progress and enhance the agricultural productivity of Rosaceae.
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INTRODUCTION

Rosaceae is a large angiosperm family consisting of three subfamilies—Rosoideae, Amygdaloideae, and Dryadoideae—and ~3,000 species (Xiang et al., 2017). The Rosaceae family of plants is diverse in architecture, including herbs, shrubs, and trees, and has a large number of hybrids and ploidy levels. Most importantly, Rosaceae fruits and ornamentals, such as apple, pear, peach, plum, cherry, almond, strawberry, raspberry, flowering cherry, and rose, are of tremendous economic and agronomic value. Rosaceae fruits are also surprisingly diverse in morphology and fruit type, including fleshy pome, drupe, and achenetum as well as dry fruits (Xiang et al., 2017; Liu Z. et al., 2020). Therefore, the Rosaceae family is also an ideal family for investigations of fruit diversity, domestication, and evolution.

Second- and third-generation sequencing technologies have allowed genome sequencing and genome-wide analyses to revolutionize plant research. The increasing number of sequenced plant genomes and higher quality genomes make molecular research, genome editing, and marker-assisted breeding possible in species previously recalcitrant to molecular genetic research. Further, the establishment of various online databases provides easy access and interaction with the genomic data. These databases help organize genomic resources, facilitate data sharing, and enable genome comparison across different species. In this review, we summarize the latest genome assemblies and annotations of major Rosaceae species, giving examples of findings enabled by genome sequencing. In addition, we present databases useful for the study of Rosaceae species.



GENOME SEQUENCING AND ASSEMBLIES OF ROSACEAE SPECIES

Since 2016, there has been a rapid increase in the number of new Rosaceae genomes, from three new genomes in 2016 to 16 new genomes in 2020 (Figure 1). This trend will likely accelerate as research groups are moving into pan-genome sequencing. Figure 2 shows the nuclear phylogeny of Rosaceae and illustrates genera with different fruit types. Table 1 summarizes the status of genome sequencing in a selective number of economically important Rosaceae lineages. A more comprehensive summary of Rosaceae genomes and transcriptomes is provided in Supplementary Table 1, in which a total of 72 Rosaceae genomes or transcriptome assemblies are included. In addition, Supplementary Table 1 provides specific information on species name, variety name, ploidy level, and genome assembly as well as annotation versions, references, available websites, associated transcriptomes, and accession numbers for accessing these resources. In the following sections, we discuss and highlight some of the important Rosaceae genome studies.


[image: Figure 1]
FIGURE 1. A graph showing the number of newly sequenced Rosaceae genomes per year.



[image: Figure 2]
FIGURE 2. Rosaceae phylogeny and Rosaceae fruit types. At left is the nuclear phylogeny established in Xiang et al. (2017). Asterisks, diamonds, and squares indicate 100, 90, and 80 supports, respectively. Plant photographs on the right show the diversity of Rosaceae fruits. The figure is from Xiang et al. (2017) under the terms of Creative Commons Attribution License (CC BY 4.0).



Table 1. List of selective Rosaceae species and corresponding genome resources.
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Ornamentals

Two high-quality genomes of Chinese rose (Rosa chinensis cv. “Old Blush”) were generated from double haploid or homozygous lines (Hibrand Saint-Oyant et al., 2018; Raymond et al., 2018). The genome assembly by Raymond et al. (2018) consists of 82 contigs with an N50-value of 24 Mb, 36,377 protein-coding genes, and 3,971 long non-coding RNAs (lncRNAs), and the genome by Hibrand Saint-Oyant et al. (2018) is composed of 564 contigs (N50: 3.4 Mb), 39,669 predicted protein-coding genes, and 4,812 non-coding genes. The rose genomes show extensive synteny with the genome of diploid strawberry Fragaria vesca and provide valuable resources for identifying the molecular basis of key ornamental traits. For example, the “double flower” rose is more attractive due to large numbers of petals. Taking advantage of the sequenced genome, a GWAS study was conducted with 96 cultivated roses, which led to the identification of a transposon insertion in the intron of an APETALA2(AP2)/TOE homolog (Hibrand Saint-Oyant et al., 2018). Hence, the mis-regulated AP2/TOE appears to have resulted in reduced expression of AGAMOUS, leading to the double-flower phenotype.

Another worldwide ornamental tree is the flowering cherry native to Korea, Japan, and China. Due to a long history of cultivation, hybridization, and selection, there is confusion concerning the names and origins of many varieties. For example, the relationship between the King cherry (Prunus yedoensis var. nudiflora), a Korean cherry tree originating on Jeju Island, and the Yoshino cherry (Prunus x yedoensis), a popular hybrid cherry tree enjoyed in Japan and other regions of the world (Figures 3A,B), was unknown. A draft genome of King cherry was constructed, and genome-wide variome analysis using the King cherry assembly as a reference revealed that the King and Yoshino cherry trees can be clearly distinguished genetically (Baek et al., 2018).


[image: Figure 3]
FIGURE 3. Genomic studies to address questions about genetic relationship in cherry tree and fruit size in apple. (A) Yoshino cherry tree (P. x yedoensis) in the Washington, D.C., tidal basin. (B) A King cherry (P. yedoensis var. nudiflora Koehne) has superior flower, fruit, and tree shape. (C) A Golden Delicious apple and medium and small size apples from two isogenic lines, GDD13 and GDDH18, derived from the same haploid. The dramatic fruit size difference between GDDH13 and GDDH18 results from epigenetic differences. Photos in (B) and (C) are from Baek et al. (2018) and Daccord et al. (2017), respectively (both licensed under Creative Commons Attribution License 4.0).




Pome Fruits

Pear and apple share a recent whole-genome duplication event that occurred prior to their divergence and may underlie their pome fruit type (Xiang et al., 2017; Li et al., 2019). Pome fruits are characterized by their hypanthium-derived fruit flesh and agronomic importance world-wide. Multiple species and varieties of apple have been sequenced, including Malus domestica Golden Delicious (Daccord et al., 2017), Malus domestica Hanfu (Zhang et al., 2019), and Malus baccata (Chen et al., 2019) (Supplementary Table 1). Similarly, multiple species of pear, such as Chinese white pear Pyrus bretschneideri (Wu et al., 2013; Xue et al., 2018), European pear Pyrus communis “Bartlett” (Chagné et al., 2014; Linsmith et al., 2019), Pyrus ussuriensis x communis (Ou et al., 2019), and a wild Birchleaf pear (Pyrus betulifolia-Shanxi Duli, Pbe-SD) (Dong et al., 2020), have been sequenced (Supplementary Table 1). The ability to generate a double haploid line of “Golden Delicious” (GDDH13) provides an advantage in genome assembly (Daccord et al., 2017). Sequence analysis shows a major burst of different transposable elements (TEs) around 21 million years ago in the precursor of modern apple. The authors propose that the TE bursts may have possibly contributed to the divergence of apple from pear (Daccord et al., 2017). In addition, the higher quality genome allows the exploration of epigenomes and epigenetic effects on agronomic traits, such as fruit size (Figure 3C). GDDH13 and GDDH18 are isogenic lines obtained from the same haploid, but they develop different sized fruit. Whole genome bisulfide sequencing identified 22 genes with differentially methylated regions in their promoters at two developmental stages, three of which, SPL13 (MD16G0108400), ACS8 (MD15G0127800), and CYP71A25 (MD14G0147300), possess increased methylation in GDDH18 and could potentially contribute to the smaller fruit size of GDDH18 (Daccord et al., 2017).



Drupe, Stone Fruit, and Sweet Almond

Prunus develops drupe fruit, typically botanic fruit with ovary wall-derived fruit flesh (Figure 2). They include many agronomically important species, including peach, apricot, sweet cherry, and plum. They are also called stone fruit because their seeds are enclosed by large and hard (stony) endocarps. Almond (Prunus dulcis) is a closely related species with a highly syntenic genome to these Prunus species (Dirlewanger et al., 2004), but it offers high-value seeds instead of fleshy fruits. The genome resemblance among the Prunus species explains why they can form inter-specific hybrids. Although wild almonds accumulate a bitter and toxic amygdalin in their seeds, domesticated almonds develop sweet kernels/seeds. The genetic basis of this important domestication trait was recently revealed when the almond genomes were sequenced by two research groups using almond cultivars, Lauranne and Texas, respectively (Sánchez-Pérez et al., 2019; Alioto et al., 2020). The two genomes have similar contig N50-values (Lauranne: 82.26 kb, Texas: 103 kb) and protein-coding genes (Lauranne: 27,817, Texas: 27,969). Subsequent mapping identified a point mutation (Leu to Phe) in the bHLH2 gene that normally controls the expression of two P450 monooxygenase genes CYP79D16 and CYP71AN24 required for amygdalin biosynthesis (Sánchez-Pérez et al., 2019). The mutant bHLH2 fails to form a functional dimer, resulting in loss of P450 gene expression and, hence, sweet kernels. Alioto et al. (2020) compare the genomes between Prunus dulcis cv. Texas and peach, sweet cherry, and Japanese apricot and observed highly methylated TE insertions surrounding the CYP71AN24 gene, whose reduced expression was correlated with the sweet kernel trait in the almond cultivar Texas. Therefore, natural mutations and transposable elements contribute to the diversification of Prunus species and domestications of almond.

Following the publication of the peach (Prunus persica) genome and subsequent improvement (Verde et al., 2013, 2017), the pan-genome of peach (P. persica) is a much-welcomed next step (Cao et al., 2020). A pan-genome consists of the entire set of genes and genetic variations within a species, and the portion of the pan-genome common to all cultivars in the species forms the core genome. A pan-genome identifies genetic variations among cultivars, provides valuable resources, and supports evolutionary studies. In this study, 100 P. persica accessions were sequenced, giving rise to 27,796 genes in the pan-genome. Furthermore, the genomes of four wild peaches (Prunus mira, Prunus kansuensis, Prunus davidiana, Prunus ferganensis) were assembled de novo, and the core genome shared by peach and its four wild relatives consists of 15,216 gene families. The analysis reveals dramatic variation in gene content between congeneric species and suggests that P. mira is the primitive ancestor of the cultivated peach.




NEW TECHNOLOGIES FOR IMPROVING GENOME ASSEMBLY AND ANNOTATION

The rapid development of sequencing and related technologies, such as PacBio single-molecule real-time (SMRT) sequencing, Oxford Nanopore sequencing, Hi-C, and BioNano optical mapping over the past 10 years have greatly facilitated genome assembly and annotation. PacBio and Nanopore both belong to the third-generation (single-molecule and real-time) sequencing technology. Their long-read DNA-seq helps overcome challenges of genome assembly caused by repetitive regions (Rhoads and Au, 2015; Lu et al., 2016; Jiao and Schneeberger, 2017) and facilitates splicing isoform prediction and genome annotation (Rhoads and Au, 2015). Hi-C and BioNano optical mapping are two scaffolding technologies that help to construct chromosome-level scaffolds from contigs by providing long-range genomic information (Korbel and Lee, 2013; Tang et al., 2015; Jiao and Schneeberger, 2017). Many important crop species' genomes have benefitted from several rounds of genome assembly and annotation whenever a new technology was applied.

For heterozygous diploid species, most genomes were assembled into one pseudo-haploid sequence, ignoring sequence or structural differences between the two parental chromosomes. To generate homozygous lines, traditional methods involve breeding or creating double haploids; however, this can be extremely time-consuming or technically challenging. A recent advancement involves single-cell sequencing of haploid gametes, which enables separation of whole genome sequencing reads into haplotype-specific read sets. Using this method, two haploid genomes of a diploid apricot tree (Prunus armeniaca cultivar “Rojo Pasion”) were assembled based on whole genome sequencing of 445 pollen grains (Campoy et al., 2020). This is a much-needed advancement applicable to other Rosaceae species.


Several Updates in Apple Genome Assembly and Annotation

The progressive improvement of apple genome assemblies nicely illustrates the application of newer technologies. The first genome of apple (Malus domestica cv. “Golden Delicious”) was published in 2010 using traditional Sanger sequencing and 454 next-generation sequencing (Velasco et al., 2010). Six years later, an improved apple genome of “Golden Delicious” was assembled based on a combination of Illumina short reads and PacBio long reads (Li et al., 2016). Accordingly, the contig N50 of the apple genome was 111,619 bp, almost seven times the previous N50 (16,171 bp). In 2017, another de novo genome assembly of double haploid “Golden Delicious” (GDDH13) was published (Daccord et al., 2017). In addition to the Illumina and PacBio data, a BioNano optical mapping was used in scaffolding. As a result, the scaffold N50 was increased to 5,558 kb. In 2019, Illumina, PacBio, BioNano, and Hi-C technologies were integrated to construct a high-quality genome assembly of “Hanfu” (HFTH1) apple, a Malus domestica cultivar grown in northern China (Zhang et al., 2019). The scaffold N50 was increased to 6,988 kb. Compared with the HFTH1 genome, the three published “Golden Delicious” genomes shared 11,502 deletions and 6,590 insertions with an average length of 508 bp and 519 bp, respectively (Velasco et al., 2010; Li et al., 2016; Daccord et al., 2017). The average density of shared SNPs with the “Golden Delicious” genomes is 2.15/kb. The HFTH1 genome was utilized to completely fill 488 gaps in the GDDH13 genome; the average length of the filled gaps is 78,864 bp (Zhang et al., 2019). It would be useful if the gap-filled GDDH13 genome could be made publicly available. Because of the genetic variations between “Hanfu” and “Golden Delicious,” it is beneficial to use the genome assembly of the cultivar most closely related to the cultivars under one's study as a reference.

In addition to genome assembly, high-quality genome annotations are essential to enhance the utility of the genome. In the first “Golden Delicious” genome published in 2010, the genome annotation was based on the gene prediction programs and ESTs from Genbank (Korf et al., 2001; Birney et al., 2004; Majoros et al., 2004; Solovyev et al., 2006; Velasco et al., 2010; Sayers et al., 2020). In 2014, an improved apple reference transcriptome was constructed using RNA-Seq data generated from “Golden Delicious” fruits at 14 time points during development (Bai et al., 2014). In 2016, the de novo “Golden Delicious” genome assembly was supplemented by annotations based on RNA-Seq data from three distinct tissues (leaves, flowers, and stems) as well as ab initio and protein homology-based predictions (Li et al., 2016). To annotate the latest “Golden Delicious” GDDH13 genome, mRNA was extracted and sequenced from more tissues, including leaves, roots, fruits, apex, stems, and flowers (Daccord et al., 2017). The GDDH13 genome annotation has the lowest number of protein-coding genes at 42,140 (Daccord et al., 2017) compared with 53,922 (Li et al., 2016) and 63,141 (Velasco et al., 2010). However, GDDH13 possesses the highest BUSCO completeness at 94.9% (Daccord et al., 2017) compared with 51.5% (Li et al., 2016) and 86.7% (Velasco et al., 2010).



Several Updates in Strawberry Genome Assembly and Annotation

As with apples, the diploid woodland strawberry (Fragaria vesca ssp. vesca “Hawaii4”) genome assembly and annotation went through several rounds of updates. The first woodland strawberry genome became available at the end of 2010, and its genome annotation (v1.1) was generated by GeneMark-ES+ (Lomsadze et al., 2005), which integrated ab initio gene prediction and EST evidence (Shulaev et al., 2011). In 2015, a new annotation (v1.1.a2) was created that combined different evidence, such as de novo and genome-guided transcriptome assembly from RNA-Seq reads, ab initio gene models, and plant protein sequences from UniProt (Darwish et al., 2015). More than 2000 new genes were added in the v1.1.a2 annotation. In 2014, dense linkage maps were leveraged to construct an improved woodland strawberry genome assembly (v2.0.a1) (Tennessen et al., 2014). In 2017, based on PacBio long reads and Illumina short reads from F. vesca fruit receptacles as well as prior short-read RNA-Seq data, a new annotation (v2.0.a2) was generated (Li et al., 2018). Although the total number of protein-coding genes decreased slightly, 13,168 protein-coding genes were updated in their gene structures, alternatively spliced (AS) isoforms were identified for 7,370 genes, and the BUSCO completeness score was increased to 95.7% from the prior version (88.9%).

At the end of 2017, a high-quality woodland strawberry genome (v4.0.a1) was assembled using PacBio long reads, Illumina short reads, and BioNano optical mapping (Edger et al., 2018). This version uses a different gene-naming system, moving from the geneXXXXX to FvH4XgXXXXX format. Li Y. et al. (2019) include a supplementary table in their publication that correlates the F. vesca gene names between the old and new naming systems. In addition, a new annotation (v4.0.a2) was created based on comprehensive short- and long-read RNA-Seq data (Li Y. et al., 2019), adding 5,419 new protein-coding genes, improving the BUSCO completeness score to 98.1% from the prior 91.1%, and adding AS isoforms detected for about 30% of the genes.

In 2013, the first draft octoploid garden strawberry genome (Fragaria x ananassa cv. “Reikou”) was reported (Hirakawa et al., 2014). Homoeologous sequences of the allo-octoploid strawberry are integrated into a haploid genome named FANhybrid_r1.2 with an N50 of 5.14 kb. Gene prediction was done ab initio using Augustus. In the same study, the genomes of several Fragaria species were sequenced and assembled, including F. orientalis, F. iinume, F. nipponica, and F. bucharica, and F. bucharica (USDA accession CFRA522) was originally misidentified as Fragaria nubicola (Tennessen et al., 2014). In 2019, a near-complete chromosome-scale assembly of the Fragaria x ananassa cv. “Camarosa” was constructed with a contig N50 of about 79.97 kb, taking advantage of Illumina, 10X Genomics, and PacBio long reads (Edger et al., 2019). This chromosome-scaled genome consists of A, B, C, and D subgenomes, and the genome annotation (v1.0.a1) utilized RNA-Seq data from diverse tissue types (108,087 protein-coding genes) (Edger et al., 2019). In the same year, a garden strawberry reference transcriptome was constructed using PacBio sequencing (Yuan et al., 2019). The PacBio data in this study, together with other publicly available Illumina RNA-Seq data were recently utilized to improve the annotation of the Fragaria x ananassa cv. “Camarosa” genome (v1.0.a1) (Liu et al., 2021). Compared with Fragaria x ananassa v1.0.a1, the new annotation v1.0.a2 had a slight increase in the number of protein-coding genes (108,447). Importantly, the new annotation (v1.0.a2) for Fragaria x ananassa cv. “Camarosa” includes AS isoforms for 11,044 genes and adds 5′ and 3′ UTR information to a large proportion of the protein-coding genes (v1.0.a1: 38.93%, v1.0.a2: 73.61%).

The complete genome sequencing of the Fragaria x ananassa cultivar “Camarosa” allowed the identification of diploid progenitors, which has long been a mystery and recently a topic of intense debate. Based on the tree-searching algorithm (PhyDS), Edger et al. (2019) propose four diploid species (F. vesca, F. iinumae, F. viridis, and F. nipponica) as the four progenitors of the octoploid and suggest the hexaploid F. moschata as an intermediate species (Edger et al., 2019). However, Liston et al. (2020) reanalyzed the four subgenomes in a phylogenomic context and found support for F. vesca and F. iinumae but disputed F. viridis, F. nipponica, and F. moschata as progenitors (Liston et al., 2020). In response, a new chromosome-scale genome of F. iinumae was subsequently assembled, and a reanalysis using PhyDS supports their original proposal regarding the four diploid species as the progenitors (Edger et al., 2020). A third group recently sequenced and assembled the genomes of three wild diploid species, F. nilgerrensis, F. nubicola, and F. viridis (Feng et al., 2021). Combining these three genomes with the previously sequenced F. vesca and F. iinumae genomes, the group utilized sppIDer (Langdon et al., 2018) to map short-read sequencing data of F. x ananassa to a composite reference genome, and the result supports that F. vesca and F. iinumae, but not others, are the progenitor species of the cultivated garden strawberry (Feng et al., 2021).




NON-CODING RNA IN ROSACEAE GENOMES

Non-coding RNAs (ncRNAs) are RNAs that do not encode proteins. They are important components of the genomes and play roles in plant development and stress responses (Liu et al., 2017). However, ncRNA prediction is not always included in the annotation of published genomes. Computational tools, such as tRNAscan-SE (Chan and Lowe, 2019) and RNAmmer (Lagesen et al., 2007) are used to predict tRNA and rRNAs, respectively. Infernal (Nawrocki and Eddy, 2013) and Rfam (Kalvari et al., 2018) are often used to identify different types of ncRNAs. Besides the commonly used tools mentioned, additional approaches can be applied to detect ncRNAs, especially small RNAs. To predict miRNAs in the apricot (Prunus armeniaca cv. “Chuanzhihong”) genome, miRNA sequences derived from miRbase (Kozomara et al., 2019) were mapped against the genome, and the resulting miRNA candidates were further verified by RNAfold analysis (Lorenz et al., 2011; Jiang et al., 2019). In Rosa chinensis cv. “Old Blush,” an RNA library from pooled tissues was sequenced and analyzed for miRNA identification; tRNA and rRNA-like sequences were removed first, and miRNA precursors were then annotated using an established pipeline (Formey et al., 2014; Raymond et al., 2018). Previously, small RNA libraries derived from diverse tissues were sequenced to detect miRNAs and PhasiRNAs in wild diploid strawberry using established pipelines and criteria (Meyers et al., 2008; Xia et al., 2012, 2015). The same small RNA sequencing data sets were later used to identify small RNAs during the woodland strawberry genome reannotations (v2.0.a2 and v4.0.a2) (Axtell, 2013; Li et al., 2018; Li Y. et al., 2019). In addition to small RNAs, lncRNAs, a class of ncRNAs with length >200 bp, are shown to possess epigenetic regulatory roles in key cellular processes. RNA-Seq data from woodland strawberry flower and fruit tissues were used to identify lncRNAs, leading to 5,884 lncRNAs (Kang and Liu, 2015). In 2017, in updating woodland strawberry genome annotation v2.0.a2, an updated prediction of 4,042 lncRNA was included (Li et al., 2018).



COMPUTATIONAL DATABASES FOR ROSACEAE SPECIES

Computational databases are becoming indispensable tools for research. Below, we discuss databases, highlighting those that are of particular importance to Rosaceae research. Although Table 1 and Supplementary Table 1 provide species-specific websites that accompany the genome-sequencing papers, Table 2 lists highly useful databases with various analysis tools and information.


Table 2. List of websites/databases useful for Rosaceae research.
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Rosaceae Genome Databases

Genome Database for Rosaceae (GDR) (www.rosaceae.org) (Jung et al., 2019) is, by far, the best resource hub for Rosaceae research. It hosts the most comprehensive and up-to-date collection of genome assembly and annotation versions for widely studied genera, Fragaria, Malus, Prunus, Potentilla, Pyrus, Rosa, and Rubus. For instance, GDR hosts Fragaria vesca genome assemblies of v1.0, v1.1 (an improved pseudochromosome assembly of v1.0), v2.0.a1, and v4.0.a1. Moreover, it incorporates corresponding updated annotations v1.1.a2, v2.0.a2, and v4.0.a2. In addition, GDR serves as the database of record for Rosaceae gene names; standardized gene-naming guideline should be followed to ensure uniformity and clarity (Jung et al., 2015). Besides the genes and genomes, GDR provides genetic maps, markers, germplasm, and trait information as well as an impressive set of tools. For example, the search tools of GDR enable users to search for specific gene sequence, maps, and markers; its MegaSearch tool allows downloading different data types in bulk. With the GDRCyc tool, users can search, visualize, and overlay pathway data. With the Synteny Viewer tool, one can select specific Rosaceae species for comparison, visualize syntenic blocks, and obtain information on syntenic genes.

The NCBI Genome (https://www.ncbi.nlm.nih.gov/genome) (Tatusova et al., 1999) on the other hand collects genomes from a broader range of Rosaceae species (Supplementary Table 1), including lesser-known species, such as Drummond's mountain avens (Dryas drummondii), wood avens (Geum urbanum), and bitterbrush (Purshia tridentate) (Griesmann et al., 2018; Jordan et al., 2018).



Rosaceae Species-Specific Databases

Many genome sequencing or annotation papers of Rosaceae species are accompanied by species-specific websites that provide tools, including BLAST searches for genes of interest. The URLs for these websites are included in Table 1 (or Supplementary Table 1 with a complete list). For instance, the genomes of Yoshino cherry (Cerasus x yedoensis) and sweet cherry (Prunus avium) are both deposited in DBcherry (http://cherry.kazusa.or.jp/) (Shirasawa et al., 2017, 2019). The built-in BLAST enables users to search their sequences of interest against the cherry genomes, and JBrowse is embedded in the database for visualizing the genomic regions. The genomes of garden strawberry (Fragaria x ananassa) and multiflora rose (Rosa multiflora) are available in Strawberry GARDEN (http://strawberry-garden.kazusa.or.jp/) and Rosa multiflora DB (http://rosa.kazusa.or.jp/), respectively (Hirakawa et al., 2014; Nakamura et al., 2018). These two websites as well as the database for cherry are all supported by the Kazusa DNA Research Institute.

Several Rosaceae species have developed species-specific databases with multiple analysis tools and resources, which are summarized in Table 2 and described below. Strawberry Genomic Resources (SGR, http://bioinformatics.towson.edu/strawberry/default.aspx) is a website that integrates different types of woodland strawberry (Fragaria vesca) genomic data (Darwish et al., 2013). It allows users to access the transcriptome analysis of the woodland strawberry early fruit development (Kang et al., 2013). Users can acquire differentially expressed genes between distinct tissues and stages by searching the database and use the eFP browser to visualize RNA-Seq data across tissues and stages for genes of interests (Hawkins et al., 2017). An updated F. vesca eFP browser is hosted at the ePlant (http://bar.utoronto.ca/). In addition, a recent annotation update of the Fragaria x ananassa cv. “Camarosa” genome (v1.0.a2) is accompanied with a separate website, “Strawberry Genome Database” (Table 2), that allows users to search for garden strawberry genes (Liu et al., 2021).

A reference transcriptome of Chinese pear (Pyrus pyrifolia) was constructed by utilizing PacBio, 454, and Sanger sequencing, and it is stored in the database TRANSNAP (http://plantomics.mind.meiji.ac.jp/nashi/) (Koshimizu et al., 2019). The database also includes gene functional annotation performed by BLASTP (Altschul et al., 1990), KAAS (Moriya et al., 2007), and InterProScan (Jones et al., 2014). Users can examine gene-expression patterns generated from GEO (https://www.ncbi.nlm.nih.gov/geo/) microarray data.

The Fragaria vesca gene co-expression network explorer (http://159.203.72.198:3838/fvesca/) was developed to host the non-consensus and consensus co-expression networks generated using RNA-Seq data from flower and fruit tissues of the woodland strawberry (Shahan et al., 2018). Users are able to search for genes of interest and the transcriptional co-expression clusters to which they belong, obtain network statistics, visualize cluster eigengene expression, examine enriched GO terms in the cluster of interest, and download the cluster graphml structure.

AppleMDO (http://bioinformatics.cau.edu.cn/AppleMDO/) is a multidimensional omics database for apple co-expression networks and chromatin states (Da et al., 2019). The global co-expression network was constructed using transcriptomes from a variety of tissues, stages, and stress treatments. The tissue-preferential network was built based on RNA-Seq data sets of different tissues without stress treatments. A combination of ChIP-seq, DNase-seq, and BS-seq data sets were utilized by ChromHMM (Ernst and Kellis, 2012) to predict the chromatin states. Furthermore, AppleMDO offers tools to perform GO analysis and motif scan.

Methylation Database for Rosaceae (http://mdr.xieslab.org/) is a database presenting methylation analyses of Rosaceae species, including woodland strawberry and Chinese rose (Rosa chinensis) (Liu et al., 2019). Using PacBio sequencing data that is publicly available (Edgar et al., 2018; Raymond et al., 2018), DNA N6-methyladenine and N4-methylcytosine modifications were identified for woodland strawberry and Chinese rose with the PacBio SMRT analysis software.

The Rosaceae Plant TE Database (RPTEdb, http://genedenovoweb.ticp.net:81/RPTEdb/index.php) provides information on TEs in five Rosaceae species: woodland strawberry, apple, Japanese apricot (Prunus mume), Chinese white pear, and peach (Ma et al., 2018). The TEs were detected in three ways, de novo identification performed by PILER (Edgar and Myers, 2005) and RepeatModeler (http://www.repeatmasker.org/), signature-based identification achieved by LTR_STRUC (McCarthy and McDonald, 2003) and LTR_FINDER (Xu and Wang, 2007), and similarity-based identification conducted by RepeatMasker (http://www.repeatmasker.org/) using the Repbase database (Jurka et al., 2005; Bao et al., 2015). Users can search and download TEs in each TE family or superfamily and view TE trees constructed using a superfamily of TEs from five Rosaceae species.



Useful Plant Databases for Comparative Genomics, Metabolic Networks, and Others

Although the summary above focuses on Rosaceae databases, many plant databases are also highly useful for Rosaceae research. Table 2 lists some of the most useful ones, such as Plant Transcription Factor Database (http://planttfdb.gao-lab.org/), Plant Transcriptional Regulatory Map (http://plantregmap.gao-lab.org/), CANTATAdb (http://cantata.amu.edu.pl/) for plant lncRNAs, and Plant Retrocopied Gene DataBase (http://probes.pw.usda.gov/plantrgdb) for plant retrocopied genes (Wang, 2017). Below, we highlight four such databases.

PLAZA (https://bioinformatics.psb.ugent.be/plaza/) (Van Bel et al., 2018) and Phytozome (https://phytozome-next.jgi.doe.gov/) (Goodstein et al., 2012) are databases for plant genome comparisons. Currently, Dicots PLAZA 4.5 has integrated genomic resources from 55 species, including four Rosaceae species, apple (Malus domestica), Chinese white pear (Pyrus bretschneideri), peach (Prunus persica), and woodland strawberry (Fragaria vesca). Phytozome v13 has gathered 224 annotated genomes, including three Rosaceae species, woodland strawberry, apple, and peach. The genome assemblies at PLAZA and Phytozome are not always up to date. For instance, older versions of woodland strawberry genome v1.1 and v2.0.a2 are, respectively, hosted at PLAZA and Phytozome at the moment.

Plant Metabolic Network (PMN, https://plantcyc.org/) (Schläpfer et al., 2017) and Plant Reactome (https://plantreactome.gramene.org/index.php?lang=en) (Naithani et al., 2020) are both databases for plant pathways. Plant Metabolic Network is focused on metabolic pathways and hosts the database PlantCyc that contains shared pathways among more than 350 plant species. Additionally, a single-species database was also constructed in PMN, which allows users to access pathways and enzymes for individual species. PpersicaCyc, SweetcherryCyc, MdomesticaCyc, EuropeanpearCyc, Fvesca_VescaCyc, RmultifloraCyc, and RchinensisCyc are developed for Rosaceae family members. Besides the metabolic pathways, Plant Reactome hosts different types of pathways, including gene regulatory pathways, hormone signaling pathways, and others. Users can view and interact with the pathways in the browser and identify chemical compounds and proteins involved in the processes. The database encompasses multiple Rosaceae species, such as peach, woodland strawberry, and apple. Furthermore, the database enables researchers to perform pathway enrichment analysis and species comparison between pathways of rice and those of selected species.




DISCUSSION

As a result of revolutionary improvements in DNA sequencing and analysis software, Rosaceae genome research has seen a dramatic jump in the number of sequenced genomes, transcriptomes, databases, and publications. These genomic data and databases will greatly facilitate the understanding of physiology, growth and development, stress responses, adaptation, and domestication of Rosaceae species, laying the foundation for trait improvement through breeding and genome engineering. This view is also shared by a prior review on the genomes of several commercially important Rosaceae plants (Soundararajan et al., 2019). However, there is still ample room for improvement to fully reap the benefit of the genome sequencing revolution. These include increasing the quality and accuracy of Rosaceae genome assemblies and annotations, in particular, for polyploid and hybrid cultivars; identification and incorporation of AS variants and ncRNA into genome annotations; expansion of pan-genome analyses; and establishing robust molecular markers. Development of user-friendly databases that integrate, organize, and coordinate different data types and species is also essential to increase the accessibility and impact of the ever-increasing genomic data sets. The genomic revolution will likely propel significant research progress and further increase the agronomic value of Rosaceae fruits, seeds, and ornamentals.
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The MADS-Box Transcription Factor EjAGL65 Controls Loquat Flesh Lignification via Direct Transcriptional Inhibition of EjMYB8
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Loquat fruit accumulates lignin in its flesh when undergoing chilling injury during postharvest storage, making it a suitable model for the study of flesh lignification. Transcriptional regulation of lignin biosynthesis is principally controlled by the NAC-MYB transcriptional cascade in model plants. Previous research has demonstrated that EjMYB8 activates lignin biosynthesis through direct interaction with the promoter of Ej4CL1. However, the classic NAC-MYB gene regulation network has not been established. Here, the MADS-box gene EjAGL65 was discovered by screening a cDNA library using the EjMYB8 promoter as bait in yeast. A phylogenetic analysis and structural comparisons revealed that EjAGL65 belongs to the Mδ subgroup of the MADS-box family, whose members have not been reported as being involved in the regulation of lignin deposition. EjAGL65 transcription was downregulated at 0°C compared to 5°C, indicating a negative correlation with the change of lignin content. A dual-luciferase assay indicated that EjAGL65 is capable of inhibiting the promoter activity of EjMYB8 in vivo. These results showed that the Mδ MADS-box gene EjAGL65 transcriptionally regulates EjMYB8 during postharvest chilling induced flesh lignification, which differs from the classical regulation model of lignin biosynthesis that has been illustrated for developmental lignin accumulation.

Keywords: loquat, MADS, MYB, chilling injury, lignin biosynthesis, Mδ subgroup


INTRODUCTION

Lignin is a pivotal component of vascular tissues that enabled plants to conquer dry land by reinforcing cell walls. In most cases, a lack of lignin may trigger severe defects in plant development. For example, disruption of lignin biosynthesis results in dwarfism in Arabidopsis (Im Kim et al., 2014) and crops, such as rice, suffer lodging due to low lignin deposition in stems (Peng et al., 2014). Although lignin is important for plant growth and development, it may negatively affect the quality of plant products. Many studies have attempted to alleviate the lignification progress in edible plant organs such as fruit (Dangcham et al., 2008; Cao et al., 2010; Suo et al., 2018). Loquat is a fruit common in China that is sensitive to low temperature. During postharvest storage and transportation, the flesh of loquat fruit readily lignifies if injured by chilling or mechanical force, which limits the distance the fruit can be transported. Lignified flesh becomes less juicy and hard to chew, resulting in the deterioration of fruit quality (Jin et al., 2014; Cao et al., 2018). Due to the negative impact on the postharvest storage of loquat, the molecular mechanism underlying flesh lignification must be determined.

Lignin deposition is a complicated process that includes monolignol synthesis and polymerization. Monolignols are synthesized from phenylalanine via the phenylpropanoid pathway in the cytoplasm before they are transported to the apoplast where they undergo oxidation before incorporation into the lignin polymer. The amino group of phenylalanine is first removed by phenylalanine ammonia-lyase (PAL), and p-coumaric acid is generated by adding a hydroxyl group to the C4 position of the aromatic ring by cinnamate 4-hydroxylase (C4H). The p-coumaric acid is then catalyzed sequentially by 4-coumarate: coenzyme A (CoA) ligase (4CL), p-hydroxycinnamoyl-CoA: quinate shikimate p-hydroxycinnamoyltransferase (HCT), p-coumarate 3-hydroxylase (C3H), caffeoyl-CoA O-methyltransferase (CCoAOMT), cinnamoyl-CoA reductase (CCR), and ferulate 5-hydroxylase (F5H), caffeic acid O-methyltransferase (COMT), which results in methyl oxidation in the aromatic ring at the C3 (coniferaldehyde) site or both the C3 and C5 (sinapaldehyde) sites. The p-coumaraldehyde can only be converted by 4CL and CCR using p-coumaric acid as the substrate. Finally, the products of aldehydes are reduced to alcohols by cinnamyl alcohol dehydrogenase (CAD), generating p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol (Boerjan et al., 2003; Vanholme et al., 2019). These monomers are oxidized/radicalized by peroxidase (PRX) and laccase (LAC), followed by polymerization via oxidative coupling. Several genes encoding key lignin biosynthetic enzymes, such as Ej4CL1 (Li et al., 2017) and EjCAD5 (Xu et al., 2019b), have been identified and play a role in loquat flesh lignification; Ej4CL1 encodes 4CL, which catalyzes p-coumaric acid to p-coumaroyl-CoA. EjCAD5 encodes CAD, which converts p-coumaraldehyde, coniferaldehyde, and sinapaldehyde to their alcohol forms. Transcript abundance of these genes increases under chilling injury, which is in accordance with the higher lignin content and increased fruit firmness. Nevertheless, it is unknown how these enzymes are precisely regulated.

Flesh lignification is intensely regulated at the transcriptional level. Some evidence has been found indicating the involvement of various transcription factor families in the regulation of lignin biosynthesis. According to previous studies, ectopic expression of MYB (Xu et al., 2014b; Wang et al., 2016), NAC (NAM, ATAF1, ATAF2, and CUC2; Ge et al., 2017), APETALA2/Ethylene Response Factor (AP2/ERF; Zeng et al., 2015; Zhang et al., 2020), Heat Shock Factor (HSF; Zeng et al., 2016), and Homobox from Arabidopsis thaliana (HAT; Xu et al., 2019b) family members in loquat flesh resulted in changes in the expression of phenylpropanoid pathway genes. For example, the transcripts of Ej4CL1 can be induced by EjERF39 and EjHSF1 or repressed by EjAP2-1 and EjbHLH1, resulting in changes in the lignin content (Zeng et al., 2015, 2016; Xu et al., 2019b; Zhang et al., 2020). EjNAC3 and EjHAT1 can modify the expression of EjCAD-like and EjCAD5, respectively (Ge et al., 2017; Xu et al., 2019b). Although these transcription factors may be regulators of the phenylpropanoid pathway, most cannot physically interact with promoters of target genes on their own, indicating that mediators are required.

Recent publications have shown that MYB family proteins are mediators of most critical regulators of flesh lignification (Kamdee et al., 2014; Zhang et al., 2016). Through binding to the AC elements located in the promoter region, MYB family members provide other transcription factors with physical routes by which they can regulate the transcripts of Ej4CL1. For example, by protein interaction with EjMYB1, EjAP2-1 suppresses the EjMYB1-induced expression of Ej4CL1 (Zeng et al., 2015). Similarly, EjbHLH1 inhibits the transcription of Ej4CL1 by forming a protein complex with EjMYB2 (Xu et al., 2019a). In addition, the transcripts of Ej4CL1 that increased due to EjMYB8 could be further induced by the synergism between EjERF39 and EjMYB8 (Zhang et al., 2020). Thus, lignin biosynthesis can be regulated by protein-protein interactions with MYBs, which is a strategy frequently adopted by transcription factors that cannot directly bind to promoters of genes in the phenylpropanoid pathway.

Despite the numerous studies conducted on manipulating the biological functions of MYB members at the protein-protein level, limited research has been conducted on proteins that transcriptionally regulate MYB genes during flesh lignification. It is widely accepted that NAC domain proteins play a role in the development of the secondary cell wall by affecting transcript abundance of multiple MYB genes (Boerjan et al., 2003; Li et al., 2015; Yang et al., 2017). For instance, AtMYB58 and AtMYB63 directly control the monolignol biosynthesis gene At4CL1, and AtMYB58 and AtMYB63 are both regulated by the secondary cell wall master switch gene AtSND1, which represents a part of the complex NAC-MYB cascade (Zhou et al., 2009). Although several lignification-related NAC family members have been characterized in the loquat lignification process, interactions between NACs and MYBs have not yet been identified. EjNAC3 has been found to directly bind to EjCAD-like instead of forming a NAC-MYB cascade (Ge et al., 2017). The findings from studies on loquat support the hypothesis that the regulation of stress induced lignin deposition differs from that of developmental lignin (Cesarino, 2019). Though common regulators are employed, such as MYB and NAC genes, there may be novel regulators involved in regulating stress induced lignification. Therefore, further information is needed on partners that interact with EjMYBs to form a transcriptional cascade.

MADS-box genes constitute an important group of transcriptional regulators that have been characterized as regulators of plant morphology (Yu, et al., 2014), flower development (Pelaz et al., 2000), flowering time (Michaels and Amasino, 1999), fruit development, and ripening (Gimenez et al., 2010; Martel et al., 2011). Generally, MADS-box genes are rarely considered as regulators of lignin deposition. Although a thinner pericarp with altered lignin content was observed in tomato fruit with a silenced TAGL1 MADS-box gene (Gimenez et al., 2010), the detailed mechanism whereby MADS-box genes regulate components of the secondary cell wall remains unclear.

In the present study, the upstream regulators of a potent activator of lignin, EjMYB8, were investigated, with the aim of discovering the cascade regulation model. Using yeast one-hybrid screening, a MADS-box domain protein EjAGL65 was discovered to physically interact with the promoter region of EjMYB8. According to phylogenetic analyses, EjAGL65 was the most similar to AtAGL65, which belongs to the Mδ subgroup of the MADS-box family. Transcript abundance of EjAGL65 was monitored at 0 and 5°C, two treatments that promote and alleviate lignification, respectively. The expression pattern of EjAGL65 showed a negative correlation with lignin content and fruit firmness. A dual-luciferase assay confirmed that EjAGL65 inhibited the activity of both EjMYB8 and the Ej4CL1 promoter. These results revealed the involvement of MADS-box genes and the novel MADS-MYB transcriptional cascade in fruit flesh lignification.



MATERIALS AND METHODS


Plant Materials and Treatments

Loquat fruits from Eriobotrya japonica Lindl. cultivar “LYQ” were collected in Luqiao, Zhejiang Province, China. The fruits and treatments were previously described in Xu et al. (2014b). Generally, the fruits were selected for uniformity and divided into two batches with approximately 150 fruits in each batch. One batch was kept at 5°C, while the other at 0°C, as the control. Fruits were sampled at 0, 1, 2, 4, and 6 days of storage. At each time point, 15 fruits with the pericarp and seeds removed were sampled; therefore, there were three mixed flesh groups containing five fruits each as three biological replicates. The collected flesh samples were immediately frozen in liquid nitrogen and stored at −80°C until use.



Yeast One-Hybrid Screening and Confirmation

Yeast one-hybrid screening was performed using the Matchmaker Gold Yeast One-Hybrid Library Screening System (Clontech, Mountain View, CA, United States). The promoter of EjMYB8 was isolated using the GenomeWalker universal kit (Clontech) then inserted into the pAbAi vector. Primers used for genome walking and pAbAi construction are listed in Supplementary Tables S1, S2, respectively. The recombinant EjMYB8-pAbAi vector was linearized and transformed into a Y1HGold yeast strain. After testing for autoactivation, 100 ng/ml Aureobasidin A (AbA) was used for library screening (Supplementary Figure S1). The Y1HGold[EjMYB8/AbAi] yeast strain was transfected together with the cDNA library, which was previously constructed by Zhang et al. (2016). After 5 days of growth at 30°C, every individual yeast colony was picked for PCR analysis and then sequenced by Huajin Company (Shanghai, China). The obtained cDNA fragments were used for an in silico search for annotations using the Basic Local Alignment Search Tool.1 Five putative transcription factors were selected for further confirmation (listed in Supplementary Table S3). Primers designed for full-length CDS isolation and construction of pGADT7 vectors were listed in Supplementary Tables S4, S5, respectively. The obtained sequences were uploaded to the NCBI database (GenBank numbers are given in Supplementary Table S6).

To confirm true positive interactions, we separately transformed pGADT7 vectors with the genes listed in Supplementary Table S5 into the Y1HGold [EjMYB8/pAbAi] yeast strain. Empty pGADT7 plasmids were transformed as the negative control. Transformed yeast was grown on SD/-Leu medium containing 100 ng/ml of AbA.



Phylogenetic Analysis

Additional nine MADS-box genes were added to the previously reported 107 MADS-box genes by searching the TAIR database.2 A total of 116 Arabidopsis and two Populus MADS-box genes were used in the phylogenetic analysis (Supplementary Table S7). The analysis was completed by the ClustalX v1.81. The protein sequence of EjAGL65 was aligned with 116 MADS-box genes using the default settings of gap open and gap extension cost, and the Blosum 30 was selected as the protein weight matrix. A phylogenetic tree was constructed using the neighbor-joining (NJ) method, and the bootstrap value was set to 1,000. Results of the alignments were visualized using Figtree v1.4.4.3



RNA Extraction and cDNA Synthesis

The “LYQ” flesh samples collected at each time point were used for total RNA extraction following the method described by Shan et al. (2008). Potential genomic DNA contamination was eliminated using the TURBO DNA-free kit (Ambion, Austin, TX, United States). The quality and quantity of freshly extracted RNA were determined by gel electrophoresis and spectrophotometry, respectively (Implen, Westlake Village, CA, United States). A total of 1 μg DNA-free RNA were used to synthesize first-strand cDNA using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, United States). A 10-fold dilution of cDNA was made prior to the real-time PCR analysis.



Real-Time PCR Analysis

Real-time PCR was carried out using the CFX96 Real-Time System (Bio-Rad) with SsoFast EvaGreen Supermix (Bio-Rad). The reaction mixture contained 10 μl SYBR PCR supermix, 6 μl diethylpyrocarbonate-treated H2O, 2 μl diluted cDNA template, and 1 μl of each primer (10 μM). Primers used for real-time PCR were designed using Primer3 (version 4.0.0) and are listed in Supplementary Table S8.4 The primers were tested to ensure their specificity for unique genes (Yin et al., 2010). The real-time PCR program was set as follows: a pre-denaturation step of 95°C for 30 s, followed by for 45 cycles of 95°C for 10 s and 60°C for 10 s. A melting curve analysis was also conducted. Three biological replicates were collected from the data from each time point.



Dual-Luciferase Assay

Dual-luciferase assays were performed as described previously (Min et al., 2014). Full-length EjAGL65 genes were amplified with the primers listed in Supplementary Table S9 and integrated into the pGreen II 0029 62-SK vector (SK). The promoter of EjMYB1, EjMYB2, and EjMYB8 was individually inserted into the pGreen II 0800-LUC vector (LUC). The LUC vectors containing promoters of lignin biosynthesis genes in Arabidopsis were constructed by Xu et al. (2014b).

All of the recombinant SK and LUC vectors were transfected into Agrobacterium tumefaciens GV3101 and stored as glycerol stocks. Transfected Agrobacterium cultures were grown on LB plates containing 50 μg/ml kanamycin and 25 μg/ml gentamycin for 2 days, then restreaked on new LB plates and grown for 1 day. Agrobacterium cultures were suspended in infiltration buffer (10 mM MES, 10 mM MgCl2, 150 mM acetosyringone, pH 5.6) to optimal density (OD600 = 0.75), then 1 ml Agrobacterium culture containing transcription factors was mixed with 100 μl Agrobacterium containing promoters. Finally, the mixtures were injected into tobacco leaves with needleless syringes. Three days after infiltration, the fluorescence intensity of LUC and REN were measured using dual luciferase assay reagents (Promega, Madison, WI, United States). Five replicates were conducted for each transcription factor and promoter combination.



Statistical Analysis

OriginPro 2020 software (Microcal Software Inc., Northampton, MA, United States) was used to perform statistical analyses and to draw figures. Student’s t-tests were conducted on data from luciferase assays; differences were considered significant at 5%. One-way ANOVA followed by means comparison using a Tukey’s test was applied for comparing data from real-time PCR at the 5% confidence level. The average value and SE of three replicates were calculated using Excel 2017 (Microsoft, Seattle, WA, United States).




RESULTS


Screening Potential Targets of EjMYB8

Previous research has demonstrated that NAC and MYB genes mediate lignification in loquat flesh (Xu et al., 2014b), but the classic NAC-MYB transcription cascade has not been previously revealed. Here, we chose to identify the upstream regulators of EjMYB8 because of its significance in cold triggered expression by yeast one-hybrid screening (Wang et al., 2016). The promoter region of EjMYB8 was integrated into the Y1HGold yeast strain, and we performed a screening under the stress of 100 ng/ml AbA to eliminate the background growth of yeast. Following the amplification of library fragments by yeast colony PCR, a total of 32 colonies were sequenced and annotated (listed in Supplementary Table S10). We chose five putative transcription factors for further confirmation. Consequently, a MADS-box domain-containing protein (GenBank No. MF942415) was identified as having a positive interaction with the promoter of EjMYB8; the other four proteins had false-positive results (Figure 1).
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FIGURE 1. A yeast one-hybrid analysis was used to identify a MADS-box protein, which binds the EjMYB8 promoter. Sequences of five genes were inserted individually into the pGADT7 vector then transformed into Y1HGold[pro-EjMYB8] for an in vivo Protein-DNA binding assay based on the results of the yeast one-hybrid library screening. Growth of yeast on SD/-Leu plates with 100 ng/ml Aureobasidin A (AbA) indicates that the interaction is genuinely positive. The promoter of p53 was also transformed into yeast as the positive control. The negative control was an empty pGADT7 vector.




Phylogenetic Analysis of EjAGL65

Previous studies have shown that MADS-box genes are further classified into five subgroups, named MIKC, Mα, Mβ, Mγ, and Mδ, based on four conserved domains in Arabidopsis (Parenicová et al., 2003), and each group has a unique biological function. To predict the potential function of the MADS-box domain gene, we conducted a phylogenetic analysis. By comparing the amino acid sequence with MADS-box isoforms in Arabidopsis, we found that the EjMYB8-associated loquat MADS-box protein clustered with AtAGL65, AtAGL30, and AtAGL94, which are in the Mδ subgroup (Figure 2). Therefore, the newly identified MADS-box gene was named EjAGL65. AtAGL65, which is the putative ortholog of EjAGL65, forms a heterodimer with AtAGL104 and regulates pollen activity (Adamczyk and Fernandez, 2009). Besides, the MIKC group gene AtAGL15 regulates the class III peroxidase PRX17 and the knockout line prx17 showed reduced lignin content in the stem and siliques. The expression level of PRX17 is downregulated in a 35S:AGL15 line, indicating the involvement of AtAGL15 in lignin metabolism (Cosio et al., 2017). However, EjAGL65 was not clustered with AtAGL15. These findings indicate that the EjAGL65 may not affect monolignol polymerization. The putative ortholog of EjAGL65 in Arabidopsis is not thought to be lignin-related.
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FIGURE 2. Phylogenetic analysis of EjAGL65 with 116 Arabidopsis MADS-box proteins and two Populus MADS-box proteins. The previously defined Mδ group genes are shown in green. EjAGL65 was structurally closest to Arabidopsis AGL65 (At1g18750) and is shown in red. AGL15 (At5g13790), which was expressed in the lignified tissue of Arabidopsis, is shown in blue. PtrVCM1 and PtrVCM2, which affect vascular cambium proliferation activity, are in purple. The color of clades represents MIKC (orange), Mα (violet), Mβ (blue), Mδ (green), and Mγ (pink) subgroups of Arabidopsis MADS-box genes. Genes without annotations are labeled with an ID from the TAIR database.




Association Between Lignin Accumulation and Expression of EjAGL65

The expression of EjAGL65 was investigated to determine whether it responds to chilling injury, which is critical evidence in support of it regulating chilling-induced lignification. Treatments at 0 and 5°C were routinely applied when characterizing candidate genes that relate to chilling injury of loquat fruits because 0°C induces lignification, while 5°C alleviates it (Cai et al., 2006). As shown in Figure 3, the average transcripts of EjAGL65 decreased at 0°C on the first and second days, though the difference was not significant according to Turkey’s test. The transcription of EjAGL65 did not decrease at 5°C during the first 2 days of treatment, followed by significant increases later. Based on its expression profile, EjAGL65 was more sensitive to treatment at 0°C than 5°C. Xu et al. (2014b) tested fruit firmness and lignin content using the same batch of materials. The firmness and lignin content increased rapidly at 0 and 5°C during the first 2 days, which was opposite from the observed change of EjAGL65 transcripts. This information indicates that EjAGL65 is negatively correlated with changes in fruit firmness and lignin content. In addition, the decrease in EjAGL65 transcripts stopped after 4 days of storage at 0°C, indicating an unknown mechanism preventing EjAGL65 transcripts from continuously decreasing. EjAGL65 is a candidate negative regulator of the cold-induced lignification process in loquat fruit flesh.
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FIGURE 3. Expression of EjAGL65 in response to temperature treatments at 0°C (control) and 5°C in “LYQ” loquat. Transcript levels of EjAGL65 before the temperature treatment were set to 1. Error bars indicate the SE of three biological replicates. One-way ANOVA followed by Tukey’s comparison was performed at p = 0.05.




Regulation of EjAGL65 on Promoters of EjMYB8 and Lignin Biosynthesis-Related Genes

Possible regulatory actions of EjAGL65 were tested with the promoter of EjMYB8 because of the direct binding confirmed in the yeast one-hybrid assay. The dual-luciferase assay showed that the activity of the EjMYB8 promoter was significantly repressed after transient overexpression of EjAGL65. We also tested the promoter activity of EjMYB1 and EjMYB2, another two EjMYB members related to lignin. However, the transient overexpression of EjAGL65 did not significantly change the promoter activity of EjMYB1 and EjMYB2 (Figure 4).
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FIGURE 4. Luciferase assay between EjAGL65 and lignin biosynthesis-related genes. The SK vector contains the coding sequence of EjAGL65; the LUC vectors with the insertion of the EjMYB1, EjMYB2, EjMYB8 (A), and Ej4CL1 (B) promoter were pairwise transformed into the Agrobacterium strain GV1301 followed by leaf infection. The LUC/REN value represents the activation (above 1) or inhibition (below 1) effect generated by EjAGL65. A combination of the Empty SK vector and LUC vectors with different promoters was used as a calibration (set as 1). Error bars represent five replicates. The asterisk indicates a significant difference according to the Student’s t-test at a significance level of 0.05 (*p < 0.05).


Ej4CL1 is a key gene for loquat fruit lignification and the direct target of EjMYB8. The interaction between EjAGL65 and the promoter of Ej4CL1 was also tested to further characterize the effect of EjAGL65 on the Ej4CL1 promoter without EjMYB8. Protein-DNA interaction was analyzed using a yeast one-hybrid assay and dual-luciferase assay. Consequently, the activity of the Ej4CL1 promoter was slightly but not significantly reduced due to the transient overexpression of EjAGL65 (Figure 4). In addition, EjAGL65 cannot bind the promoter of Ej4CL1 in vivo as shown by the yeast one-hybrid assay (Supplementary Figure S2), suggesting that EjAGL65 alone is not sufficient to affect the activity of the Ej4CL1 promoter.

In addition, we chose the well-defined lignin biosynthesis-related genes from Arabidopsis to discover potential regulatory targets of EjAGL65. Consequently, most of the promoter activity of selected genes could not be regulated by EjAGL65. It is unclear whether the statistically significant activity against AtC4H and AtCCR1 promoters (marked with asterisks in Figure 5) is sufficient to alter the biological function. Overall, the target preference of EjAGL65 suggests it might selectively affect transcription factors, such as MYB family members, rather than structural genes of lignin biosynthesis.
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FIGURE 5. Interactions between EjAGL65 and Arabidopsis genes involved in lignin biosynthesis. A combination of the empty SK vector and LUC vectors with different promoters was used as a calibration (set as 1). Error bars resulted from five replicates. The asterisk indicates that the relative LUC/REN value was significantly different between SK and EjAGL65 based on the Student’s t-test at a significance level of 0.05.





DISCUSSION


Confirmation of a MADS-Box Gene Manipulating Lignin Biosynthesis in Fruit Flesh

In recent years, knowledge on fruit flesh lignification has advanced partially due to experiments on protein-DNA interactions (Xu et al., 2015; Wang et al., 2016) that helped to unravel key aspects of the underlying regulatory network. Previous studies have demonstrated that EjAP2-1 works in coordination with EjMYB1 and EjMYB2 for transcriptional regulation of Ej4CL1 (Zeng et al., 2015). Zhang et al. (2020) recently found that the EjERF39 and EjMYB8 protein complex activates Ej4CL1 by protein-DNA interaction with the promoter of Ej4CL1. Furthermore, utilization of the loquat transcriptome has allowed for the discovery of more lignification-related transcription factors (Lin et al., 2018; Liu et al., 2019). However, MADS-box genes are not frequently studied. In the presented study, we found the MADS-box domain gene EjAGL65 using a yeast one-hybrid library screening assay. Data from a luciferase assay suggests that transient overexpression of EjAGL65 represses the transcription of EjMYB8, which is considered as a key activator of Ej4CL1 (Wang et al., 2016), indicating the involvement of EjAGL65 in lignin biosynthesis. Interestingly, there is limited evidence of MADS-box genes being associated with lignin biosynthesis. Instead, MADS-box genes play vital roles in plant morphological development (Yu et al., 2014) and precise control of flowering and fruit development (Michaels and Amasino, 1999). AtAGL65, AtAGL30, and AtAGL94, which were determined to be the closest homologs of EjAGL65, control the maturation of pollen and pollen tube growth (Adamczyk and Fernandez, 2009). Tomato MADS-RIN is a primary ripening regulator that is highly expressed in fruit tissue (Vrebalov et al., 2002). The cell wall components were altered in the rin mutant, resulting in firmer texture, but the influence of RIN on lignin deposition was not clear (Li et al., 2018). Although the repression of another tomato MADS-box gene, SlTAGL1, results in lignin accumulation, the regulatory mechanism is unknown. Recently, a link between the MADS-box gene and lignin was established. AtAGL15, a MIKC type MADS-box gene, has been found to directly interact with the class III peroxidase PRX17, which causes ectopic lignin distribution in Arabidopsis stems if silenced (Cosio et al., 2017). Meanwhile, ectopic expression of VCM1 and VCM2, two Populus MADS-box genes, leads to abnormal secondary growth by the regulation of the auxin transporter PIN5 (Zheng et al., 2020). By comparing amino acid sequences with Arabidopsis MADS-box genes, we found that AtAGL15, VCM1, and VCM2 belong to the MIKC group members. However, EjAGL65 lacks the K-box domain and is located in the Mδ subgroup (Supplementary Figure S3), indicating different mechanisms of lignin regulation between EjAGL65 and the other reported secondary cell wall related MADS-box genes. The Mδ subgroup consists of only six members in Arabidopsis and is crucial for pollen maturation (Verelst et al., 2007). The function of the Mδ genes is conserved in the land plants studied thus far (Kwantes et al., 2012), indicating their importance during plant evolution. The discovery of EjAGL65, which can alter lignin biosynthesis-related transcription factors, might suggest a novel function of the Mδ subgroup that is distinct from pollen development.



Implications for the Regulation Mechanism Underlying the Expression Pattern of EjAGL65 Transcripts

Several studies have been conducted on the expression of the MADS-box gene transcripts during different developmental stages (Qin et al., 2012; Niu et al., 2016). However, in fruit, the dynamic modulations of MADS-box genes in response to environmental stimuli, such as chilling, have rarely been studied. Here, transcript levels of EjAGL65 were measured during the cold storage of loquat fruits. EjAGL65 mRNA levels rapidly decreased during the first 48 h, but gradually recovered to their initial level, representing a response to chilling at days 1 and 2. Considering that the lignin content of loquat fruits also correlates with the pattern of EjAGL65 transcripts, there may be specific mechanisms preventing the EjAGL65 transcripts from continuing to decrease. Generally, genes responsible for cold perception have various means of preventing overexpression or insufficient expression at the transcriptional or translational level, such as SIZ1 and HOS1 proteins, which antagonistically determine the degradation of the ICE1 protein (Miura et al., 2007). Although, we cannot yet conclude whether EjAGL65 is located in the cold signal transduction network, revealing such a feedback mechanism for precisely controlling the expression of EjAGL65 would provide a better understanding of chilling induced flesh lignification.



Lignin-Related EjMYB8 Is Controlled by a MADS-Box Domain Protein

The relationship between MYB genes and lignin biosynthesis, as well as NAC master switches have been extensively studied in model plants, trees, and grasses. Lignin-related MYB genes are primarily regulated by NAC domain proteins at the transcription level in vascular tissue (Ohtani and Demura, 2019). The NAC-MYB based regulatory network is relatively conserved in the plant kingdom; it even exists in Physcomitrella patens, which is a moss that does not accumulate lignin (Xu et al., 2014a). Nevertheless, information about genes other than the NAC family that affect lignin-related MYB genes is still limited. Only the hAT transposase family gene PtrhAT was reported as the regulator of PtrMYB021 (Xie et al., 2018). Several NAC genes have been characterized as activators of the lignification process in loquat flesh. However, no evidence indicates that NAC genes target lignin-related MYB genes, such as EjMYB1, whose homologs in Arabidopsis (AtMYB58/63) are regulated by the NAC-MYB transcription cascade (McCarthy et al., 2009; Zhou et al., 2009). On the contrary, the reported loquat NAC genes were confirmed as neither having a biological effect on MYB genes nor directly binding their promoter (Xu et al., 2015; Ge et al., 2017). These results suggest that the loquat may recruit new players for regulating stress induced lignification in flesh tissue. In this study, we performed a library-scale screening to determine the upstream regulators of EjMYB8. Nevertheless, no NAC genes were found in the library pool after in vivo screening in yeast. Interestingly, a MADS-box domain protein, EjAGL65, physically binds to the promoter of EjMYB8, forming the MADS-MYB cascade. The results provide additional information about how to unravel a new hub in the complicated regulatory network of fruit flesh lignin biosynthesis.



Multiple Transcription Factors Constitute the Complicated Regulatory Network Based on Ej4CL1

Research on transcriptional regulation in the lignification of loquat flesh began with identifying two MYB family genes, EjMYB1 and EjMYB2 (Xu et al., 2014b). Subsequently, EjAP2-1 was found to be involved in the regulatory network by showing protein-protein interactions with either EjMYB1 or EjMYB2 (Zeng et al., 2015). With the further screening of MYB genes, EjMYB8 was proposed as an effective activator of lignin biosynthesis (Wang et al., 2016). The activation effect of EjMYB8 could be further enhanced by forming a protein complex with EjERF39 (Zhang et al., 2020), but there was limited information about negative regulators of EjMYB8. These MYB genes share the same target, located in the promoter region of Ej4CL1, a gene that plays an essential role in the biosynthesis of lignin monomers (Li et al., 2017), which complicates the mechanism by which Ej4CL1 transcripts are adjusted.

The present study showed that the MADS-box gene EjAGL65 affects loquat flesh lignin accumulation via repressing the transcription of the characterized lignin activator EjMYB8 (Figure 6). EjAGL65 transcripts showed a temperature-dependent pattern similar to its Arabidopsis homologs, providing a new hub for characterizing a chilling induced regulation network of flesh lignification. The system contains three MYB genes, two members of the AP2/ERF gene family, and a MADS-box gene, forming three regulatory pathways. Interestingly, only two of the abovementioned genes negatively regulate lignin biosynthesis at a transcription level, while the others either have identical activation effects or function through protein-protein interaction. Identifying additional factors and understanding the synergistic or antagonistic effects among the four pathways of the network will be the main focus of future research.
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FIGURE 6. Regulatory routes identified based on Ej4CL1. Three MYB genes are physically associated with Ej4CL1, acting as mediators for binding with other transcription factors. Both EjMYB1 and EjMYB2 can recruit EjAP2-1 to repress their transcriptional activities. EjMYB8 is controlled at both protein level (by EjERF39) and mRNA level (by EjAGL65). Lines with an arrow or a dashed terminal indicate activation or repression, respectively. Two genes shown in a sequence indicate a confirmed protein-protein interaction with each other.





CONCLUSION

The present study discovered a chilling-repressed MADS-box gene named EjAGL65. Results of dual luciferase and yeast one-hybrid assays indicated that EjAGL65 transcriptionally inhibits the promoter of EjMYB8, forming a MADS-MYB transcriptional cascade. The homologs of EjAGL65 were not known to affect the lignin biosynthesis pathway in model plants, revealing a novel route for the regulation of stress induced lignin.
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Male sterility is an important agronomic trait for hybrid vigor utilization and hybrid seed production, but its underlying mechanisms remain to be uncovered. Here, we investigated the mechanisms of male sterility in peach using a combined cytology, physiology, and molecular approach. Cytological features of male sterility include deformed microspores and tapetum cells along with absence of pollen grains. Microspores had smaller nucleus at the mononuclear stage and were compressed into belts and subsequently disappeared in the anther cavity, whereas tapetum cells were swollen and vacuolated, with a delayed degradation to flowering time. Male sterile anthers had an ROS burst and lower levels of major antioxidants, which may cause abnormal development of microspores and tapetum, leading to male sterility in peach. In addition, the male sterility appears to be cytoplasmic in peach, which could be due to sequence variation in the mitochondrial genome. Our results are helpful for further investigation of the genetic mechanisms underlying male sterility in peach.

Keywords: Prunus persica, tapetum degradation, pollen development, ROS homeostasis, male sterility


INTRODUCTION

A typical flower has four types of floral organs: sepal, petal, stamen, and pistil. The function of the flower is to make seeds for plant propagation. Seed development is initiated by fertilization in which male and female gametes fuse, with the former produced in the anther, a part of stamen, whereas the latter is produced in the ovary, an interior part of the pistil. Hence, the development of male and female gametes is crucial for reproduction of flowering plants. However, some plants lack male gametes, also called pollen grains, despite having complete floral organs. The development of pollen grains is a complex and delicate process. Initially, the pollen mother cell in the pollen sac undergoes meiotic division to produce four daughter cells that are called a tetrad. Later, the tetrad dissociates and develops into mononuclear microspores with the nucleus in the center of the cell. Tapetum cells nourish the microspores, increasing in the size and gradually forming a large central vacuole in the cell. As a result, the nucleus gradually moves from the center to the side. Subsequently, the microspores undergo a mitotic division, producing a larger vegetative cell and a smaller generative cell. Most angiosperms, such as lily, cotton, peach, and orange, have bicellular pollen grains, containing vegetative and generative cells, when the pollen is mature. However, some plants, such as cereals and rapeseed, have trinuclear pollen grains as their generative cells undergo additional mitotic division to generate two sperm cells before the pollen is released. Pollen grains at the bicellular and tricellular stages are also referred to as male gametophytes. Previous studies have shown that numerous genes are involved in pollen development (Wilson and Zhang, 2009; Zhang et al., 2011; Gómez et al., 2015). Abnormal structure or expression of pollen development–related genes may cause failure of the anther to produce mature pollen grains, resulting in male sterility (McCormick, 2004; Borg et al., 2009; Cai et al., 2015).

To date, numerous genes that are related to male sterility have been discovered in plants (Singh et al., 2010; Lukaszewski, 2017). Particularly, functional disorder of genes related to tapetum development is one of the main causes of pollen abortion. Tapetum is located in the innermost part of anther tissue, and its main function is to provide nutrition for the development of pollen grains. During the late stages of pollen development, the tapetum undergoes cellular degradation, and anthers subsequently crack, causing mature pollen grains to be released (Mariani et al., 1990; Parish and Li, 2010; Zhu et al., 2011; Xie et al., 2014). Therefore, normal tapetum is crucial for the development of pollen grains (Li et al., 2017). For example, mutations of OsMS1 and OsTDR genes that regulate tapetum development can block the degradation of tapetum, leading to male sterility in rice (Li et al., 2006; Yang et al., 2019).

In addition to the dysfunction of genes involved in the regulation of tapetum development, other factors such as the excessive production of reactive oxygen species (ROS) in anthers can also cause male sterility. For example, reducing the expression of MT-1-4b gene encoding a type 1 small Cys-rich and metal binding protein increases the level of superoxide anion (O2–), which affects tapetum development and thus decreases pollen infertility (Hu et al., 2011). ROS can act as signaling molecules and maintaining their basal levels is essential for plant development (Gechev et al., 2006). Mitochondrion is a main source of ROS production as it is the site of oxidative phosphorylation. Mitochondria structural variation can lead to the ROS burst (Shadel and Horvath, 2015). In addition, the ROS burst can be induced by environmental stress and dysfunction of genes associated with ROS elimination (Gechev et al., 2006; Suzuki et al., 2012; Miller et al., 2010). Plants contain a variety of antioxidants, such as carotenoids, glutathione (GSH), ascorbate, and flavonoids, which serve as ROS scavengers (Mittler et al., 2004). In plants, the production and elimination of ROS are a balanced process, which is called ROS homeostasis. Many studies have shown that loss of ROS homeostasis can lead to male sterility (Hu et al., 2011; Qu et al., 2014; Zhou et al., 2019; Wang et al., 2020; Zhu et al., 2020).

Peach (Prunus persica) is a fruit tree widely cultivated in temperate regions of the world, with ornamental and edible properties. Although male sterile frequently occurs in peach, its molecular mechanism is yet to be fully uncovered. In this study, we investigated the mechanism of male sterility in “Jinxiang” (“JX”), a popular yellow flesh peach cultivar in China. Our results indicated that abnormal development of tapetum and microspores are caused by disruption of ROS homeostasis, resulting in male sterility. This finding provides an insight into mechanisms underlying male sterility in peach.



MATERIALS AND METHODS


Plant Materials

Peach varieties used in this study are maintained in the orchard at Shijiazhuang Pomology Institute, Hebei Academy of Agriculture and Forestry Sciences, Shijiazhuang, China. Anthers were collected from a male sterile cultivar, JX, and a fertile cultivar, “Zaohong” (“ZH”), as a control. These two cultivars have the same flowering time. Samples were collected at 5-day intervals from March 09, 2019, to April 03, 2019. All samples were divided into six stages based on sampling time, S0, S1, S2, S3, S4, and S5, which were confirmed by paraffin section according to previously reported protocol (Fang et al., 2016). S0–S3 corresponded to 20, 15, 10, and 5 days before anthesis, respectively. S4 corresponded to the anthesis, and S5 represented 5 days after anthesis.



Anatomical Analysis of the Anther Structure

Anthers from the unopened and fully opened flower buds were taken out, put in culture dish, and left to dry. The dried anthers were fixed with glutaraldehyde (pH 6.8) at 4°C for 1.5 h and then washed three times with 0.1 mol/L phosphoric acid buffer (pH 6.8) for 10 min each. Subsequently, the treated samples were dehydrated with 50, 70, 80, and 90% ethanol for 10–15 min each time and finally dehydrated three times with 100% ethanol for 10–15 min each time. Then, the anthers were immersed in 100% ethanol:tert-butanol (vol/vol = 1) for 15 min and transferred to pure tert-butanol for 15 min. The treated samples were dried for 4 h using LABCONCO Freeze Vacuum Dryer (Labconco, MO, United States). Finally, the observation surface of the sample was put in an upward position, fixed with conductive tape, and sprayed with gold powder using Leica EM ACE Ion sputtering coating instrument (Leica, Wetzlar, Germany). Anther morphology was observed using scanning electron microscope (SEM) (Hitachi, Tokyo, Japan). In addition, transmission electron microscopy (TEM) was performed according to a previous report (Li et al., 2006).



Detection of Pollen Viability

Pollen viability was analyzed by both 1% iodine/potassium iodide (I2/KI) and fluorescein diacetate (FDA) staining. For the I2/KI assay, the samples were stained for 5 min and scanned with microscope (Nikon, Tokyo, Japan). For the FDA staining assay, the pollen grains were immersed in a concave slide containing 2 μg/mL FDA solution for 30 min and observed under the fluorescence microscope (Nikon, Tokyo, Japan) after washing out FDA.



Measurement of ROS and Antioxidant Contents in Anthers

The hydrogen peroxide (H2O2) content in anthers was measured using H2O2 assay kit (Beyotime, Shanghai, China) following the manufacturer’s instruction. The O2– radical content in anthers at each developmental stage was assayed using nitro-blue tetrazolium (NBT) staining according to a previous report (Xie et al., 2014).

The content of GSH was measured using GSH assay kit (Beyotime, Shanghai, China) according to the manufacturer’s instruction. Carotenoid content was measured using plant carotenoid detection kit (Solarbio, Beijing, China) following the manufacturer’s instruction. The content of ascorbate peroxidase (APX) and GSH S-transferase (GST) was measured by APX and GST detection kit (GeRuiSi, Nanjing, China), respectively, according to the manufacturer’s instruction.



RNA-Sequencing Analysis

Three development stages of JX and ZH anthers, S0, S1, and S3, were selected for RNA-sequencing (RNA-seq) analysis. RNA extraction and purity, library construction, and RNA-seq were conducted according our previous report (Wang L. et al., 2013). After removing adapters and low-quality reads, clean reads were mapped to the peach reference genome (International Peach Genome Initiative, 2013). Gene expression levels were estimated based on the value of expected number of fragments per kilobase of transcript sequence per million base pairs sequenced (FPKM). Differentially expressed genes (DEGs) were identified using the following criteria: fold change ≥2.0 and a false discovery rate <0.01.



RNA Extraction and Quantitative Reverse Transcription–Polymerase Chain Reaction Analysis

Total RNA extraction was performed using Plant RNA Extraction Kit (Aidlab Biotech, Beijing, China), and reverse transcription was conducted using Reverse Transcriptase Kit (M-MLV) (Zomanbio, Beijing, China) according to the manufacturer’s instructions. Quantitative reverse transcription–polymerase chain reaction (qRT-PCR) was performed using TAKARA SYBR® Premix EX Taq TM II (Tli RNaseH Plus), and the amplification program was as follows: one cycle of 30 s at 95°C, followed by 40 cycles of 5 s at 95°C and 34 s at 60°C. Relative expression levels were normalized against the reference gene GADPH (Tong et al., 2009). Each treatment contained three biological replicates. Primer sequences for qRT-PCR are listed in Supplementary Table 1.



RESULTS


JX Has Abnormal Anther Morphology and Lacks Pollen Grains

Flower buds showed no obvious difference in appearance between the male sterile cv. JX and the fertile cv. ZH before the full blooming stage (Supplementary Figure 1), but their inner anthers were different in size and color (Figures 1A,B). The anthers of ZH were yellow, swollen, and significantly larger than the shrunken anthers of JX that were pale in color. The anthers of ZH cracked to release pollen grains, and the color changed from yellow to dark orange at the anthesis, whereas the anthers of JX were indehiscent with no obvious change in color (Figures 1C,D). Five days after anthesis, the anthers of ZH wilted, whereas dehiscence was observed in some anthers of JX, with filament color both changing to purple (Figures 1E,F). Both I2/KI and FDA staining showed that the anthers of ZH contained viable pollen grains, whereas the anthers of JX had no pollen grains (Figures 1G–J).


[image: image]

FIGURE 1. Comparison of anther phenotype between “ZH” and “JX”. Panels (A,B) show swollen and shrunken anthers in flower buds, respectively. (C,D) Anthers at the anthesis. (E,F) Anthers 5 days after flowering. (G,H) Cracked anthers along with pollen grains stained using I2/KI. Panels (I,J) cracked anthers and pollen grains stained using FDA. The white arrow indicates pollen grains. The white bar represents 1,000 μm in (A–F), and 500 μm in (G–J).


Scanning electron microscope assay showed that the surface of ZH anthers had opening cracks, whereas abnormal opening cracks were observed in the surface of JX anthers (Figures 2A,B). The anthers of ZH released numerous pollen grains during dehiscence, whereas the disrupted anthers of JX had no pollen grains, with few pollen-like spheres (Figure 2D) that had no typical wrinkles on their surface as shown in Figure 2C.
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FIGURE 2. Comparison of anther morphology between “ZH” and “JX” using SEM. (A,B) Anthers before dehiscence. (C,D) Anthers after dehiscence.


In summary, the above results suggested that the anthers of JX underwent abnormal development, with delayed dehiscence in some anthers that had no pollen grains.



Microspores of JX Were Compressed Into Bands That Disappeared in Anther Cavity

To investigate the cytological mechanism of pollen abortion in JX, we examined paraffin-embedded anther samples at five stages (S1–S5) using microscope. Microspores were abundant in the anthers of both ZH and JX at S1; however, the anthers JX showed irregular morphology (Figures 3A,B). Microspores in each pollen sac were compressed into a single band in JX, whereas no morphological change was detected for microspores of ZH (Figures 3C,D). The anthers of ZH cracked normally during the S3 stage, but not for the anthers of JX that had empty pollen sacs, with no pollen grains (Figures 3E,F). Interestingly, anther cracking was delayed to the anthesis in JX (Figure 3H), in which mature pollen grains were released in ZH (Figure 3G). At S5, anthers showed no difference in structure between ZH and JX (Figures 3I,J). These results suggested that microspore development was disrupted, leading to pollen abortion in JX.
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FIGURE 3. Comparison of transverse section of anthers between “ZH” and “JX” at five development stages as described in Section “Materials and Methods.” All bars represent 100 μm. (A,C,E,G,I) Transverse section of ‘ZH’ anthers. (B,D,F,H,J) Transverse section of ‘JX’ anthers.




Ultrastructural Feature of Microspores and Tapetum in ZH and JX

To gain deep insights into abnormal anther development in JX, the ultrastructures of microspores and tapetum were examined using TEM. A single nucleus was present in microspores at S1 and S2 in JX and ZH (Figure 4). The microspores of ZH contained large nucleus, whereas the microspores of JX were severely vacuolated, with smaller nucleus (Figures 4A,B). Moreover, the exine of microspores in ZH had regular rod-like protrusions, whereas the exine structure of microspores in JX was irregular and incomplete (Figures 4A,B). At S2, the nuclear in microspores of ZH was pushed to the side because of vacuole enlargement, whereas microspores of JX were compressed into bands (Figures 4C,D).


[image: image]

FIGURE 4. Transmission electron microscopy (TEM) scans of microspore features at two stages in “JX” and “ZH.” N, nucleus; Ex, exine; V, vacuole; Mb, microspore bands. (A,C) represent microspores of ‘ZH’ at S1 and S2, respectively. (B,D) indicate microspores of ‘JX’ at S1 and S2, respectively.


Tapetum degradation occurred at S1 in ZH, whereas the development of tapetum was abnormal in JX (Figures 5A,B). The tapetum cells of JX had loose cytoplasm and heavy vacuolization in contrast to those of ZH at S1. The tapetum was almost completely degraded at S2 in ZH (Figure 5C), whereas the tapetum cells of JX were swollen and contained large vacuoles (Figure 5D). At S4, the tapetum of ZH was completely degraded (Figure 5E), whereas tapetum degradation was just initiated in JX (Figure 5F). Altogether, these results suggested that tapetum development was abnormal and could not be timely degraded to nourish microspores, leading to pollen abortion in JX. In addition, we observed that tapetal cells at S2 were filled with round, electron dense, and granular organelles, which are typical characteristics of peroxisomes (Figure 5D). This suggested the presence of oxidative stress in microspores of JX (Hu et al., 2011).
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FIGURE 5. Transmission electron microscopy scans of tapetum morphology in “ZH” and “JX.” (A) Normal tapetum; (B) vacuolized tapetum; (C) degraded tapetum; (D) swollen tapetum; (E) completely degraded tapetum; (F) delayed tapetum degradation. T, tapetum; V, vacuole; P, peroxisome.




The ROS Content Was Elevated in the Anthers of JX Compared to Those of ZH

As oxidative stress is associated with excess production of ROS that causes damage to cell structure (Gechev et al., 2006), we measured the contents of H2O2 and O2–, two main components of ROS (Apel and Hirt, 2004), in anthers of JX and ZH at stages 1–5. The concentration of H2O2 was significantly higher in JX than in ZH at S1, S2, and S4 (Figure 6A). However, the concentration of H2O2 in anthers at S3 and S5 was similar between JX and ZH. Moreover, the NBT staining assay demonstrated that the content of O2– at stages 1–4 was higher in JX than in ZH (Figure 6B). These results suggested an excessive accumulation of ROS in the anthers of JX.
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FIGURE 6. The concentration of ROS in anthers of “ZH” and “JX” throughout their development. (A) Accumulation of H2O2 in anthers at stages 1–5. Error bars indicate standard deviation (SD) of three biological replicates. Statically significant differences at P ≤ 0.01 (Student t-test) is indicated by ∗∗. (B) Measurement of O2– accumulation in anthers at stages 1–5 using NBT staining. The intensity of blue color indicates high content of O2–. All bars represent 500 μm.




Comparative Transcriptome Analysis Between the Anthers of JX and ZH

As mentioned previously, abnormal development of microspores was initially detected at S1. Thus, S0 and S1 represent transitional stages that are crucial for comparative transcriptome analysis according to a previous study (Liao et al., 2020). Moreover, microspores gradually degraded and finally disappeared in S3. Based on these findings, three stages, S0, S1, and S3, were selected to conduct comparative transcriptome analysis to further reveal molecular mechanisms of pollen abortion in JX. A total of 18 libraries were sequenced, generating approximately 5.77-Gb raw reads for each library, with an average Q30 value of 94.77% (Table 1). The clean reads of each sample were mapped against the peach reference genome1, with unique mapping rates ranging from 81.64 to 92.57%. Pearson correlation coefficients were greater than 0.9 among three biological replications of each sample (Supplementary Figure 2), and 3D principal component analysis (PCA) plot displayed that three biological repeats of each sample clustered together (Supplementary Figure 3). This indicated high consistency between biological replicates, which is suitable for conducting comparative transcriptome analysis.


TABLE 1. Summary of RNA-seq data for anthers of two peach cultivars at three stages*.

[image: Table 1]A total of 1,007, 2,612, and 151 DEGs were identified between ZH and JX at S0, S1, and S3, respectively (Figure 7A). Gene Ontology (GO) analysis indicated that the all DEGs could be classified into three types: biological process, cellular components, and molecular function (Supplementary Figure 4). The top 20 most enriched pathways in Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis are shown in Figure 7B. Nine of the 20 enriched pathways are associated with ROS removal processes: (1) galactose metabolism (Hafsa et al., 2019); (2) flavonoid biosynthesis (Agati et al., 2012; Xie et al., 2015; Wei et al., 2019); (3) stilbenoid (Nassiri-Asl and Hosseinzadeh, 2016; Treml et al., 2019), diarylheptanoid (Llano et al., 2019), and gingerol biosynthesis (Dugasani et al., 2010; Si et al., 2018); (4) ascorbate and aldarate metabolism (Zechmann, 2018); (5) carotenoid biosynthesis (Kljak and Grbeša, 2015; Milani et al., 2017; Rojas-Garbanzo et al., 2017); (6) GSH metabolism (Noctor et al., 2012); (7) cysteine (Preczenhak et al., 2019) and methionine metabolism (Bender et al., 2008); (8) vitamin B6 metabolism (Chandrasekaran and Chun, 2018); and (9) pyruvate metabolism (Ramos-Ibeas et al., 2017; Guarino et al., 2019). The DEGs involved in these ROS-related pathways are listed in Supplementary Table 2. These ROS-related DEGs might be responsible for the difference in the ROS content between the anthers of ZH and JX.
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FIGURE 7. Identification of differentially expressed genes (DEGs) between the anthers of “JX” and “ZH.” (A) Venn diagram of DEGs at S0, S1, and S3. (B) Top 20 most represented categories of KEGG and the gene number predicted to belong to each category. The pathways involved in ROS homeostasis system are highlighted in red color.




The Content of Major Antioxidants in the Anthers Was Lower in JX Than in ZH

To further confirm the association of pollen abortion with the ROS metabolism in JX, we measured the content of four major ROS scavengers in the anthers at S1–S5. Overall, the concentrations of APX and GST were significantly lower in anthers of JX than in those of ZH throughout the development (Figure 8). Similarly, the contents of carotenoids and GSH were significantly lower in the anthers of JX than in those of ZH. These results indicated there is a disruption of ROS homeostasis in anthers of JX.
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FIGURE 8. Content of antioxidants in the anthers of “ZH” and “JX” at stages 1–5. Error bars indicate ±SD of three biological replicates. Statically significant differences at P ≤ 0.05 and P ≤ 0.01 (Student t test) are indicated by ∗ and ∗∗, respectively.


Screening the DEGs mentioned previously revealed 12 DEGs involved in the biosynthesis of the four major antioxidants, including five (Prupe.1G054900, Prupe.1G055000, Prupe.4G146400, Prupe.4G146800, and Prupe.4G147400) encoding GST, one (Prupe.5G099700) encoding glutamate–cysteine ligase, two (Prupe.6G091600 and Prupe.6G242200) encoding L-APX proteins, one (Prupe.2G004500) encoding zeaxanthin epoxidase, one (Prupe.3G178500) encoding phytoene synthase, one (Prupe.6G072400) encoding cytochrome P450m, and one (Prupe.5G105100) encoding beta-carotene hydroxylase. qRT-PCR showed that these genes had lower levels of expression in the anthers of JX at early stages than in the anthers of ZH (Figure 9), which is consistent with the observed lower content of major antioxidants in JX compared with ZH.
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FIGURE 9. Expression analysis of DEGs by qRT-PCR at S1–S5. Error bars indicate standard deviation from three biological and technical replicates of qRT-PCR.




DISCUSSION


Pollen Abortion Is Associated With Abnormal Development of Microspores and Tapetum in Peach

To our knowledge, this study reports for the first time the cytological and physiological traits associated with male sterility in peach. Our results show that microspores were severely vacuolated, with deformed and incomplete exine structure, and compressed into belts that disappeared at mononuclear stage in male sterile cv. JX. Moreover, the tapetum cells were swollen, vacuolated, with a delayed degradation to flowering time. Thus, male sterility in JX is characterized by abnormal development of microspores and tapetum at mononuclear stage of pollen development. As mentioned previously, tapetum provides nutrition for the development of pollen grains. Abnormal development of microspores could be partially attributed to the disrupted development of tapetum in peach.

Similar phenotype of male sterility has also been reported in model plants such as rice and Arabidopsis, in which pollen abortion is frequently found to be associated with genes that are involved in tapetum development and degradation. For example, mutations of tapetum development-related genes in Arabidopsis, such as MYB103, MS1, TDF, DYT1, PRX9, and PRX10, can lead to comparable pollen abortion phenotypes to those observed in this study (Ito et al., 2007; Zhang et al., 2007; Zhu et al., 2008, 2015; Jacobowitz et al., 2019). In rice, functional mutations of TDR, API5, DEX1, GPAT3, and DPW3 cause delayed degradation of tapetum, leading to male sterility with features similar to those in this study (Li et al., 2006, 2011; Yu et al., 2016; Men et al., 2017; Mondol et al., 2020). Therefore, degradation of tapetum in mononuclear stage is crucial for normal development of microspores into mature pollen grains. The delayed degradation of tapetume is likely responsible for male sterility in peach cv. JX.



Disruption of ROS Homeostasis May Hinder Pollen Development, Leading to Male Sterility in Peach

In plants, basal concentration of ROS is important in maintaining normal growth and development. The production and elimination of ROS are a complex network involving participation of multiple factors (Gechev et al., 2006; Miller et al., 2010; Suzuki et al., 2012; Shadel and Horvath, 2015). In this study, the anthers of JX were found to accumulate higher levels of H2O2 and O2– at early stages of development. ROS burst in anther has been found to affect tapetum degradation time (Jiang et al., 2007; Huang et al., 2012; Luo et al., 2013; Wang K. et al., 2013; Yan et al., 2014). ROS burst at the mononuclear stage is likely responsible for the delay of tapetum degradation, leading to abortion of microspores in JX. This finding is consistent with previous reports that disruption of ROS homeostasis contributes to male sterility. For example, the BZR1 gene is involved in ROS production, and its mutation can delay tapetal cell degeneration, leading to male sterility in tomato (Yan et al., 2020), whereas increased ROS content negatively impacts pollen development in rice (Qu et al., 2014; Zheng et al., 2019; Guo et al., 2020; Zafar et al., 2020).

Plants have a complex enzymatic and non-enzymatic antioxidant system for maintaining the ROS homeostasis (Mittler et al., 2004). In this study, both major enzymatic antioxidants, APX and GST, and major non-enzymatic antioxidants, GSH and carotenoids, were detected in the anthers of ZH and JX. However, the levels of enzymatic antioxidants and non-enzymatic antioxidants were significantly lower in the anthers of JX than in those of ZH. Thus, ROS homeostasis seems to be crucial for pollen development, and its disruption could be associated with male sterility in peach. In addition, a large number of structural genes related to antioxidant production were differentially expressed in the anthers of ZH and JX. It is worthy of further studies to investigate whether antioxidant accumulation is controlled by regulatory genes in peach.

Mitochondrion is a major site of ROS production that is related to oxidative phosphorylation (Gechev et al., 2006; Miller et al., 2010; Suzuki et al., 2012; Shadel and Horvath, 2015). Dysfunction of mitochondrial genes has been reported to cause excessive production of ROS (Touzet and Meyer, 2014). Insertion of unknown open reading frames into the mitochondrial genome causes excessive accumulation of ROS, leading to male sterility in rice (Luo et al., 2013; Wang K. et al., 2013; Xie et al., 2018). In this study, cytological and physiological characteristics of male sterility in JX were similar to those of cytoplasmic male sterile rice variety, Honglian. In addition, ROS burst was observed in the anther of JX, along with six mitochondrial genes involved in oxidative phosphorylation that were differentially expressed in the anthers of ZH and JX (Supplementary Table 3). These findings suggest that male sterility could be cytoplasmic due to sequence variation in the mitochondrial genome in peach, which is consistent with previous finding that ROS burst during pollen development causes Honglian type cytoplasmic male sterility (CMS-HL) in rice (Wang K. et al., 2013). Analysis of structural variation of mitochondrial genome will be a practical way to identify potential candidate genes for male sterility in peach. Notably, a previous study has reported a candidate gene on chromosome 6 (Prupe.6G024900) controlling male sterility in peach (Eduardo et al., 2020). However, based on RNA-seq, Prupe.6G024900 showed no expression in the anther at S0, S1, and S3 of both JX and ZH, suggesting it is unlikely responsible for male sterility in JX. More studies are needed to clarify whether diverse mechanisms are associated with male sterility in peach germplasm.

In summary, our study reveals that disruption of ROS homeostasis may cause abnormal development of microspores and tapetum, leading to cytoplasmic-type male sterility in peach. Our results will be useful for further investigation of mechanisms underlying male sterility in peach.
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Genomic Characterization of the Fruity Aroma Gene, FaFAD1, Reveals a Gene Dosage Effect on γ-Decalactone Production in Strawberry (Fragaria × ananassa)
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Strawberries produce numerous volatile compounds that contribute to the unique flavors of fruits. Among the many volatiles, γ-decalactone (γ-D) has the greatest contribution to the characteristic fruity aroma in strawberry fruit. The presence or absence of γ-D is controlled by a single locus, FaFAD1. However, this locus has not yet been systematically characterized in the octoploid strawberry genome. It has also been reported that the volatile content greatly varies among the strawberry varieties possessing FaFAD1, suggesting that another genetic factor could be responsible for the different levels of γ-D in fruit. In this study, we explored the genomic structure of FaFAD1 and determined the allele dosage of FaFAD1 that regulates variations of γ-D production in cultivated octoploid strawberry. The genome-wide association studies confirmed the major locus FaFAD1 that regulates the γ-D production in cultivated strawberry. With the hybrid capture-based next-generation sequencing analysis, a major presence–absence variation of FaFAD1 was discovered among γ-D producers and non-producers. To explore the genomic structure of FaFAD1 in the octoploid strawberry, three bacterial artificial chromosome (BAC) libraries were developed. A deletion of 8,262 bp was consistently found in the FaFAD1 region of γ-D non-producing varieties. With the newly developed InDel-based codominant marker genotyping, along with γ-D metabolite profiling data, we revealed the impact of gene dosage effect for the production of γ-D in the octoploid strawberry varieties. Altogether, this study provides systematic information of the prominent role of FaFAD1 presence and absence polymorphism in producing γ-D and proposes that both alleles of FaFAD1 are required to produce the highest content of fruity aroma in strawberry fruit.

Keywords: high-resolution melting marker, SNP array, GC-MASS, genome-wide association analysis, octoploid strawberry, fruit flavor


INTRODUCTION

Flavor and aroma are important characteristics of fruit quality in the cultivated octoploid strawberry (Fragaria × ananassa). Over 350 volatile compounds have been characterized in strawberry fruit including alcohols, aldehydes, esters, ketones, lactones, and terpenes (Latrasse, 1991; Urrutia et al., 2017). The major aroma compounds are identified as esters, lactones, furanones, sulfur compounds, and terpenoids (Perez et al., 1992; Zabetakis and Holden, 1997; Dong et al., 2013; Cruz-Rus et al., 2017). Among these flavor and aroma compounds, γ-decalactone (γ-D) has a desirable “fruity,” “sweet,” or “peach-like” aroma in strawberry fruit (Larsen et al., 1992; Jetti et al., 2007; Ulrich et al., 2007; Jouquand et al., 2008; Olbricht et al., 2008). Presence or absence of γ-D in strawberry fruit is controlled by a single gene, FaFAD1, encoding omega-6 fatty acid desaturase. This gene was mapped to the linkage group III (LG3) in the octoploid strawberry (Zorrilla-Fontanesi et al., 2012; Chambers et al., 2014; Sánchez-Sevilla et al., 2014). The abundance of γ-D is closely linked to FaFAD1 transcript levels, and a PCR-based marker has been developed, which mostly predicts presence/absence of both FAD1 and γ-D abundance (Cruz-Rus et al., 2017). However, the causal mutation that modulates γ-D abundance remains uncharacterized and prevents the development of a functional marker. While it has been hypothesized that the lack of γ-D is due to a deletion of the FaFAD1 (Chambers et al., 2014; Sánchez-Sevilla et al., 2014), the precise genomic context of the deletion has not been characterized. Therefore, additional sequencing and comparative analyses are required to characterize the genomic structure of the FaFAD1 region.

The concentration of γ-D varies widely among different γ-D-producing accessions (Chambers et al., 2014); however, the potential genetic and environmental causes for this variation have not been identified. Gene copy number variation (CNV) and gene dosage effects could be major sources of trait variation, with examples including muscat flavor in grapevine, aluminum tolerance in maize, and flowering time in wheat (Díaz et al., 2012; Maron et al., 2013; Emanuelli et al., 2014). In previous studies, several gene-specific sequence-tagged site (STS) and high-resolution melting (HRM) markers accurately predicted the presence and absence of FaFAD1 in strawberry cultivars (Sánchez-Sevilla et al., 2014; Noh et al., 2017). However, these dominant markers could not explain any possible gene dosage effects for variation in γ-D content. A functional codominant marker could help characterize gene dosage effects and provide increased efficiency in marker-assisted breeding.

The modern cultivated strawberry (Fragaria × ananassa) is an allo-octoploid (2n = 8 × = 56), hybridization between a Chilean strawberry (F. chiloensis) and a North American native strawberry (F. virginiana) (Njunguna et al., 2013). The genome of diploid progenitor species Fragaria vesca was sequenced (Shulaev et al., 2011) and has been used as a diploid reference genome for gene-trait association studies in F. × ananassa and toward DNA marker development. However, the octoploid F. × ananassa genome is far more complicated than its diploid progenitors. In the last year, the chromosome-scale F. × ananassa ‘Camarosa’ reference genome was developed, and F. vesca was shown to be the dominant diploid progenitor in terms of gene content, expression abundance, and genetic control for metabolic and disease resistance traits (Edger et al., 2019). Two other diploid progenitors, F. iinumae and F. nipponica, have been recently fully sequenced1. The other new reference genome will serve as a powerful genetic resource to unravel complexity of the octoploid cultivated strawberry genome for gene-trait association studies.

Unlike the diploid genome, polyploid genomes have complex subgenomes that originated from the same/different diploid ancestors (Wendel, 1989, 2000; Levy and Feldman, 2002; Wendel and Cronn, 2003; Aharoni et al., 2004; Edger et al., 2019). Thus, polyploid subgenomes will likely show variation in copy numbers at homoeologous loci. Duplicated homologs are often observed in different subgenomes, which leads to difficulties in the isolation of subgenome-specific sequences or gene variations related to phenotypic trait variations. In particular, when certain genomic information is missing in a reference genome, bacterial artificial chromosome (BAC) libraries carrying large insert genomic DNA can be an effective tool for map-based gene cloning and characterization of target genomic regions in polyploids (Klymiuk et al., 2018; Liu et al., 2018). Because of the complexity of the octoploid strawberry genome, the recent construction of high-quality subgenome-specific reference sequences significantly facilitates identification of quantitative trait loci (QTL) and development of DNA markers tightly linked to agronomical important traits. The current octoploid reference genome (cv. Camarosa) is not phased genome assembly, and thus it does not contain complete genome information of each haplotype. There is another octoploid reference sequence available from Japanese cultivar ‘Reikou’, which is haplotype-resolved assembly2, but this draft genome sequence has not been fully characterized. Due to the high levels of genetic variations present in different breeding germplasm, it is not possible to explain all the genetic complexity of the octoploid cultivated strawberry with only two reference genomes. In addition, the two octoploid strawberry reference genomes do not have the FaFAD1 region, and this hinders dissection of the functional sequence variations linked to γ-D content among cultivated strawberry varieties. Because of these limitations, chromosome specific BAC libraries can be especially valuable in polyploid varieties as they avoid the problem of homoeology (Wang et al., 2007), and they further identify genomic regions of target traits that are absent in the reference genome sequence (Gordon et al., 1999).

This report presents a comprehensive characterization of the genomic context of the FaFAD1 deletion, along with functional data showing that the gene is both necessary and sufficient for γ-D production. A dosage effect has been observed between the allelic states, allowing the development of co-dominant DNA markers that can be used to assess a genotype’s ability to produce this important flavor volatile.



RESULTS


Physical Mapping of the Major Locus FaFAD1 That Regulates the Production of γ-D in the Octoploid Strawberry

To characterize the genomic region of FaFAD1 in the octoploid cultivated strawberry, we conducted multiscale genomic approaches as shown in Figure 1. The locus controlling γ-D was previously identified on linkage group LGIII-2 (Sánchez-Sevilla et al., 2014). RNA-sequencing analysis identified a candidate gene, FATTY ACID DESATURASE GENE 1 (FaFAD1), responsible for the presence/absence of γ-D in the octoploid strawberries (Chambers et al., 2014). To determine the physical location of the FaFAD1 locus in the octoploid strawberry genome, IStraw35 whole genome SNP genotyping was conducted, with a genome-wide association study (GWAS) identifying a single peak for γ-D biosynthesis (h2 = 0.536) on chromosome group 3 (Figure 2A). To identify the subgenome harboring FaFAD1, 11 significant SNP probes were aligned to the four subgenomes of chromosome group 3 of the ‘Camarosa’ reference genome (Table 1). All of the 11 probes were located from 25.2 to 31.3 M on subgenome 3-2. Single-marker analysis with AX-166512929 that is closely associated with the FaFAD1 locus suggests that this QTL is responsible for the natural variations of γ-D in the octoploid strawberry accessions (Figure 2B). There was also significant variation in γ-D content between homozygous (AA) and heterozygous (AB) accessions (Figure 2B).
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FIGURE 1. Schematic diagram for the genomic characterization of fruity aroma gene FaFAD1 in the octoploid cultivated strawberry.
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FIGURE 2. FaFAD1 is a major locus that regulates for the production of γ-decalactone in the octoploid strawberry. (A) Manhattan plot of genome-wide association study for γ-decalactone. (B) Comparison of γ-decalactone content between different genotypes of a single marker (AX-166512929). (C) RNAi transient assay for FaFAD1 in strawberry fruit. Bars represent mean, and error bars represent standard deviation for the three biological replicates.



TABLE 1. Physical location of the FaFAD1 locus in diploid (F. vesca) and octoploid (F. × ananassa) strawberry.
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Agroinfiltration experiments were used to test the requirement of FAD1 for γ-D production. Developing fruits of a γ-D-producing genotype were treated with Agrobacterium cultures containing an RNAi construct targeting FaFAD1. Decreased accumulation of FaFAD1 transcripts was related to a significant reduction in γ-D (Figure 2C). These results substantially provide evidence that the FaFAD1 gene is a key regulator for the production of γ-D in the octoploid strawberry.



A Large Deletion Was the Only Genomic Variation Linked to γ-D Production

The published allele for FaFAD1 (Sánchez-Sevilla et al., 2014) was not detected in the ‘Camarosa’ reference genome, which is consistent with this cultivar not producing γ-D. Thus, it is not possible to examine the genomic structure of FaFAD1 using the current reference genome for the octoploid strawberry. Using hybridization capture-based target enrichment sequencing, we investigated the 100 kb region of FaFAD1 to examine for the potential genomic variants that could be linked to γ-D content. Hybridization probes for the genomic region of FaFAD1 were designed using the F. vesca genome sequence. A total of 57,308,440 paired-end reads were generated for the target region of 100 kb, and de novo assembly was performed on 15 individuals (11 γ-D producers and four γ-D non-producers). A number of SNPs were found in the 100 kb region containing FaFAD1, but none correlated with the production of γ-D.

The large deletion of FaFAD1 occurred only in γ-D non-producers, including the genotypes ‘Winter Dawn’, ‘Mara des Bois’, ‘Strawberry Festival’, and FL 12.74-39 (Figure 3). In the FaFAD1 genomic region, any CNVs associated with the FaFAD1 gene did not present in all 11 γ-D producers. Because Illumina short reads (150 bp pair end) were used in this analysis, it was not possible to differentiate subgenome-specific sequence variations or determine the exact size of the insertion/deletion.
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FIGURE 3. Hybrid-probe captured sequencing for the 100-kb flanking region of FaFAD1 and comparative analysis among γ-D producers and γ-D non-producers. Illumina short reads (150 bp PE) were assembled to the FvFAD1 region from the F. vesca reference genome (Edger et al., 2018). Each line represents a 100-kb flanking region of FaFAD1 for 15 genotypes. The dark black lines represent deleted genomic sequences in the FaFAD1 region.




The Deletion of FaFAD1 Dictates γ-D Variation in the Octoploid Cultivated Strawberry

In order to exploit the genomic region of FaFAD1 in γ-D-producing accessions, three BAC libraries developed from the University of Florida strawberry breeding accessions (FL 11.77-96 and ‘Florida Brilliance’: FaFAD1, and FL 14.101-225: fafad1) were screened with two gene-based markers, UFGDHRM5 (Noh et al., 2017) and qFaFAD1 (Sánchez-Sevilla et al., 2014) (Supplementary Tables 1, 3). Because both ‘Camarosa’ and ‘Reikou’ do not contain FaFAD1, the genomic structure could not be characterized from the reference sequence.

In the super pool (SP) screening using agarose gel electrophoresis with UFGDHRM5 and qFaFAD1 markers, 2–4 positive clones were identified from each of the BAC libraries, and further initiated to matrix pool (MP) screening for all libraries (Supplementary Figures 1, 2). In the result of MP screening, a total of six positive clones from two BAC libraries of γ-D producers, FL 11.77-96 and ‘Florida Brilliance’, were identified and further processed for sequencing. Illumina short reads from six BAC clones yielded approximately 7.7 million reads (average 149 bp length) and de novo assembly was performed (Supplementary Figure 3 and Supplementary Table 2). All of the six BAC clones generated 3–9 contigs with an average length of 135 kb. To determine sequence variations in the genomic region of FaFAD1 among γ-D producers and γ-D non-producers, the contig sequences from all six BAC clones were aligned to the two octoploid reference sequences (cv. Camarosa and Reikou). A deletion of 8,262 bp, including 2,323 bp for FaFAD1, was consistently found in γ-D non-producers ‘Camarosa’ and ‘Reikou’ (Figure 4A and Supplementary Figure 4).
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FIGURE 4. Detecting a deletion of FaFAD1. (A) Sequence alignment of a BAC clone, BAC_GD004, from library BB1 (‘Florida Brilliance’: γ-D producer) and corresponding regions of ‘Camarosa’ chromosome 3-2 and ‘Reikou’ haplotype 3Bib. An 8,262 bp deletion was detected in ‘Camarosa’ and ‘Reikou’, both γ-D non-producers. (B) Mapping Illumina sequence reads of γ-D producer (FL 10-92) and γ-D non-producer (FL 13.55-195) to BAC_GD004. (C) Long-range PCR results detect an 8,262 bp deletion between five γ-D producers and five γ-D non-producers. All PCR amplicons were similar to the expected size of 9,208 bp for γ-D producers and 947 bp for γ-D non-producers.


To confirm the difference in the genomic structure of the 8,262 bp indel region between γ-D producers and non-producers, whole genome sequencing reads of two breeding accessions (FL 10-92: γ-D producer, FL 13.55-195: γ-D non-producer) were mapped to the clone, BAC_GD004, from library BB1 (‘Florida Brilliance’) (Figure 4B). Illumina sequence reads were evenly mapped to the 8,262 bp insertion region in the γ-D producer, FL 10-92, while reads associated with FaFAD1 were missing in the γ-D non-producer, FL 13.55-195. Some short reads were mapped to the flanking region of FaFAD1 in the non-producer, because these reads are from other homeologous subgenomes of chromosome 3. The reads mapped to the promoter and coding region of FaFAD1 are from the homologous gene located in chromosome 6. This homologous gene is not functionally associated with the production of γ-D production. Furthermore, to examine if the 8,262 bp presence/absence polymorphism is consistently present in other cultivated strawberry accessions, the long-range PCR was conducted with each of five γ-D producers and γ-D non-producers. All five γ-D producers tested had a PCR product of the expected size (9,209 bp), while 947 bp was amplified in other γ-D non-producers due to the absence of 8,262 bp (Figure 4C). Taken altogether, our results strongly indicate that the presence/absence variation of FaFAD1 region is directly related to the production of γ-D in the octoploid strawberry.



Codominant Marker Reveals Gene Dosage Effects on γ-D Production

It has been demonstrated that the content of γ-D varies among producers (Chambers et al., 2014). As shown in Table 2, the amount of γ-D in 48 accessions, 38 with FaFAD1 and 10 accessions without FaFAD1, was measured using gas chromatography/mass spectroscopy (GC-MS) (Table 2). The content of γ-D is widely diverse among the 38 producers, while γ-D is not detectable in γ-D non-producers. To examine FaFAD1 gene dosage effects on the variation in γ-D content, codominant high-resolution melting (HRM) and Kompetitive Allele Specific PCR (KASP) markers were developed from the flanking region of FaFAD1 to amplify a common genomic sequence in both γ-D producers and γ-D non-producers. An 11-bp InDel located at 30,134,000 bp on chromosome 3-2 (‘Camarosa’) was targeted by HRM and KASP markers and tested on the 48 accessions (Figure 5, Supplementary Figure 4, and Supplementary Table 3). HRM and KASP markers developed from the flanking region of FaFAD1 were used to amplify a common genomic sequence in both γ-D producers and non-producers to examine the FaFAD1 gene dosage effects (Supplementary Figure 4).


TABLE 2. Markers genotype data and volatile content of γ-D in 48 accessions using HRM and KASP markers, and gas chromatography/mass spectrometry.
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FIGURE 5. Differentiation of homo- and heterozygous γ-D producers using codominant HRM and KASP markers, NGD001 and UFGDKASP. (A) The pattern of HRM melting curve for HRM marker, NGD001, in 48 accessions. (B) Endpoint genotyping analysis of KASP marker, UFGDKASP, in 48 accessions. AA: homozygote γ-D producer, Aa: heterozygote γ-D producer, aa: homozygote γ-D non-producer.


All tested markers including a dominant marker (UFGDHRM5) detected the presence and absence of FaFAD1 in the accessions (Figure 5 and Table 2). It was of interest to test if variation was associated with dosage imparted from the homo- or heterozygous state of the FaFAD1 gene. The NGD001 and UFGDKASP markers distinguished between heterozygous (Aa) and homozygous (AA) genotypes among γ-D producers (Figure 5 and Table 2). The relative abundance of γ-D was significantly higher in homozygous than heterozygous producers (Figure 6A). Steady-state transcript levels for FaFAD1 between the homozygous (AA) and heterozygous (Aa) γ-D producers were measured via qRT-PCR (Figure 6B). We found that transcript levels of the homozygous “AA” genotypes were significantly higher than the heterozygous “Aa” genotypes. The differences in transcript abundance match well with metabolite accumulation, indicating that the allele dosage is the cause for the variations of γ-D content in the octoploid cultivated strawberry.
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FIGURE 6. FaFAD1 transcript dosage regulates γ-D content in the octoploid strawberry. (A) Distribution of γ-D volatile abundance per FaFAD1 genotype. Boxplot showing the area of γ-D volatile content of each genotype for 48 accessions shown in Table 2. (B) Relative level of FaFAD1 transcript by FaFAD1 genotype. The boxplot represents gene expression distribution of each genotype, “AA” (FL 18.50-91, FL 18.50-52, FL 18.50-36, FL 18.50-124, and FL 18.50-96), “Aa” (FL 18.50-120, FL 18.50-49, FL 18.50-20, FL 18.50-42, and FL 18.50-65), and “aa” (‘Camarosa’, ‘Strawberry Festival’, ‘Mara des Bois’, ‘Treasure’, and ‘Winter Dawn’). AA: homozygote γ-D producer, Aa: heterozygote γ-D producer, aa: homozygote γ-D non-producer. The statistical significance of the differences was estimated using t-test. Boxplot: the black line in the middle of the boxes is the median, and the bottom and top of the boxes indicate the 25th and 75th percentiles. Whiskers (T-bars) are the minimum and maximum values. The empty dot is outlier. Both experiments (A,B) were done with three biological replicates and each replicate has at least three fruits.




DISCUSSION

Strawberry fruit has one of the most complex aromas and it has been reported that differences in aroma volatiles can improve strawberry fruit quality (Pelayo-Zaldivar et al., 2005; Dong et al., 2013). Several studies described the importance of key compounds of aroma production and the genetic loci or genes that control fruity aroma in peach (Eduardo et al., 2013; Pirona et al., 2013), apple (Dunemann et al., 2009; Costa et al., 2013), and octoploid strawberry (Aharoni et al., 2004; Zorrilla-Fontanesi et al., 2012). One of the key compounds, γ-decalactone, has a distinctly peach aroma, which increases the perception of sweetness in both peach (Zhang et al., 2010; Zhu and Xiao, 2019) and strawberry fruits (Schwieterman et al., 2014; Ulrich and Olbricht, 2016). While strawberries have a unique combination of sugars, acids, and volatile organic compounds (VOCs), some favorable flavors have been neglected due to the limited resources of strawberry breeding programs (Folta and Klee, 2016; Ulrich and Olbricht, 2016). In recent years, sensory qualities have become popular targets for genetic improvement, including qualities such as sweetness and unique flavors (Latrasse, 1991; Cruz-Rus et al., 2017). FaFAD1 is a priority for these reasons, as it enhances the fruity flavor and sweetness of strawberries. This report and others have shown that the presence/absence and nature of the causal biosynthetic gene make γ-D an attractive target for marker-assisted breeding for enhanced flavor and aroma.

With the analysis of GWAS, a major locus, FaFAD1, controlling the production of γ-D volatile was identified at octoploid chromosome 3-2 (Table 1). Although the content of γ-D is controlled by one major locus (a candidate gene FaFAD1), the accumulation of γ-D varies widely (Larsen et al., 1992; Jetti et al., 2007; Zorrilla-Fontanesi et al., 2012; Chambers et al., 2014; Sánchez-Sevilla et al., 2014). These reports indicate that the physical presence/absence of the FaFAD1 gene correlates with γ-D accumulation. In this report, the FaFAD1 transcript was silenced using Agroinfiltration and RNAi in a γ-D-producing cultivar, demonstrating functionally that the gene is both necessary and sufficient for γ-D accumulation and that the volatile is not controlled by another element inside the deleted region.

To sequence the genomic region containing the functional FaFAD1 allele, probe capture sequencing of the FaFAD1 flanking region (100 kb) was performed on 11 γ-D producers and four γ-D non-producers. The multiple sequence alignment between the 15 genotypes evidently showed the absence of FaFAD1 in γ-D non-producers (Figure 3). Our findings indicate that a single copy of FaFAD1 located in chromosome 3 is responsible for production of γ-D.

Among polyploid genomes in general, high sequence similarity between homoeologous chromosomes is often a challenge in differentiating subgenomes (Mandáková et al., 2014). The subgenomes of polyploid plants are generally large and contain extensive repeats, which can greatly impede genome assembly resulting in non-contiguous and incorrect assemblies (Saski et al., 2017). Therefore, it remains challenging to assemble short-read sequences to specific subgenomes (Birchler and Veitia, 2012; Madlung and Wendel, 2013; Mandáková et al., 2014).

To overcome these difficulties, BAC-based physical maps combined with high-density genetic maps were used to improve the accuracy of whole-genome sequence assemblies (Luo et al., 2010; Ariyadasa and Stein, 2012; Sierro et al., 2013). Whole-genome sequencing and BAC libraries are physical and lasting genomic resources that have critical value as tools for positional cloning of genes and associated regulatory sequences (Saski et al., 2017). Here, the causal FaFAD1 deletion region in the commercial octoploid strawberry was successfully characterized by using the BAC library sequencing approach (Figure 4).

In this study, approximately 100-kb FaFAD1 flanking region of alleles was obtained through the six BAC clones. When comparing these BAC clones to the two reference genomes cv. Camarosa and Japanese cv. Reikou, which are γ-D non-producers, it was confirmed that there is an 8,262 bp deletion in subgenome 3-2 of ‘Camarosa’ and Ch3Bib of ‘Reikou’ (Figure 4A). Moreover, it was confirmed that γ-D non-producers have the same deletion size of 8,262 bp through long-range PCR using γ-D producers and γ-D non-producers (Figure 4C). While these results are confined to University of Florida cultivars, it is likely that the same deletion will be a useful diagnostic tool across strawberry varieties. The two newly developed codominant markers, NGD001 and UFGDKASP, are much improved from the previous dominant marker (Noh et al., 2017) in terms of accuracy and throughput and permit improved parental selection and rapid screening of progeny for homozygous plants likely to be higher γ-D producers. It would be more valuable to further examine the deletion in diverse strawberry accessions from different breeding programs.

Osborn et al. (2003) reported that the allele dosage is expected to relate to different levels of gene expression that affect target traits. Thus, it is highly possible that polyploids could increase the potential variation in their gene expression, which reflects in phenotypic variation. The inclusion of increased variation in dosage-regulated gene expression has become important for genetic studies in polyploid species (Garcia et al., 2013; Hackett et al., 2013; Endelman et al., 2018). To determine allele dosage effects in γ-D producer accessions, the content of γ-D volatile was measured by GC-MS in 48 advanced selections. The genotype results from the two codominant markers were strongly related to γ-D abundance among the 38 γ-D producers (Table 2). In addition, the expression level of FaFAD1 was related to the zygosity of the gene (Figure 6). This result indicates that there is a dosage effect on γ-D production.

In summary, the precise location of FaFAD1 was confirmed in chromosome 3-2 of the octoploid strawberry genome. By utilizing hybridization-based targeted enrichment sequencing and the BAC libraries, a major presence and absence polymorphism (8,262 bp) was substantially found within the FaFAD1 locus, which is associated with γ-D production in the octoploid strawberry. This FaFAD1-containing deletion was present only in γ-D non-producers and directly responsible for lack of fruity aroma flavor. The newly developed codominant markers for FaFAD1 from this study revealed unique information for the allele dosage effect on the content of γ-D. It provides the new evidence of allele dosage effect on volatile synthesis, suggesting that altering allele number can be a potential tactic for genetic improvement of fruit flavor. Our results provide a directly translatable resource for strawberry breeders and research communities, which will further facilitate the development of new strawberry cultivars with improved flavor.



MATERIALS AND METHODS


Genome-Wide Association Study

For the GWAS of γ-decalactone, we used the three crossing populations (n = 59) that were derived from the crosses ‘Florida Elyana’ × ‘Mara de Bois’ (population 10.113), ‘Mara des Bois’ × ‘Florida Radiance’ (population 13.75), and ‘Strawberry Festival’ × ‘Winter Dawn’ (population 13.76) published in Barbey et al. (2020). GWAS for γ-decalactone was conducted via a mixed linear model approach using the GAPIT v2 package (Tang et al., 2016) in R software version 3.3.1. We consider GWAS associations significant at an alpha of 0.05 AFTER correction for FDR. SNP markers from the Affymetrix IStraw35 Axiom Array (Bassil et al., 2015; Verma et al., 2016) were mapped to the diploid F. vesca physical map, as available genetic maps in octoploid do not include a majority of the IStraw35 markers used in this study.



Transient Assay

Transient expression in strawberry fruits by agroinfiltration was performed according to Hoffmann et al. (2006). Agrobacterium tumefaciens strain EH105 containing the RNAi vector was used to perform transient expression analysis and its effect on γ-D abundance in strawberry fruits. The culture was grown at 28°C overnight, and then the bacterial culture was resuspended in infection buffer (10 mM MgCl2, 100 μM acetosyringone, and 10 mM MES, pH 6.0) and shaken for 4 h at room temperature before infiltration of fruits. After the infection, the fruits were collected for gene expression and measurement of γ-D. For quantitative reverse transcription PCR (qRT-PCR), total RNA from the fruits was isolated as described by Pillet et al. (2017) and 1 μg of total RNA was used to synthesize the cDNA. For the qRT-PCR assay, a transcript corresponding to a conserved hypothetical protein FaCHP1 (Clancy et al., 2013) was used as a constitutive reference. The qRT PCR was run on an Applied Biosystems StepOnePlus Real-Time PCR System using StepOne Software (v2.0) (Applied Biosystems, Foster City, CA, United States). The qRT-PCR data were analyzed using the comparative CT method (ΔΔCT) following the manufacturer’s direction. The gene expression of FaFAD1 was run with three technical replicates and repeated for at least three biological replicates.



Hybridization-Based Targeted Enrichment Sequencing and Data Analysis

Targeted enrichment of FaFAD1 genomic region was performed by hybrid capture-based next-generation sequencing (NGS) using a synthetic library consisting of a final set of 2,000 Axiom® IStraw35 384HT array probes (Cronn et al., 2012; Verma et al., 2016). The capture oligonucleotides were 150 nt long and were designed to target 100 kb of FvFAD1 (Fvb3: 31,039,796–31,149,795, F. vesca genome v2.0 a2). Probes were designed for covering the entire 100 kb genomic region of FaFAD1 with 3 × coverage depth. The targeted capture sequencing libraries were constructed using Nextera Rapid Capture Custom Enrichment Kit. The captured sequence was quality controlled using Agilent 2100 Bioanalyzer. All sequencing was accomplished on the Illumina HiSeq 2000 using paired-end 100-bp reads following standard manufacturer protocols. Fifteen accessions were used for this experiment; 11 γ-D producers, ‘Albion’, ‘Benicia’, ‘Florida Elyana’, ‘Florida Radiance’, ‘Sweet Charlie’, Sweet Sensation® ‘Florida 127’, ‘Winterstar’, (FL 10-24, FL 11.28-34, FL 11.139-10, and FL 12.115-10), and 4 γ-D non-producers, ‘Mara des Bois’, ‘Strawberry Festival’, ‘Winter Dawn’, and FL 12.74-39.

Raw FASTQ files were first checked using the FastQC tool3. Raw short reads from each capture library was mapped to a 100-kb region of FvFAD1 downloaded from Genome Database for Rosaceae (GDR4) with CLC Genomics Workbench 11.05, using the following parameters: match score 1, mismatch cost 2, cost of insertions and deletions = linear gap cost, insertion cost = 3, deletion cost = 3, length fraction = 0.8, and similarity fraction = 0.9. Consensus sequences were generated from all runs giving a total of 15 accession sequences, which were exported in fasta sequence. The consensus sequences were imported into Geneious 11.0.56 and Multiple Sequence Alignment (MSA) was performed using the geneious alignment algorithm.



BAC Library Construction and Screening

Three BAC libraries were prepared from the etiolated leaf tissues of three strawberry accessions, consisting of two γ-D producers (FL 11.77-96 and ‘Florida Brilliance’) and one γ-D non-producer (FL 14.101-225) (Supplementary Table 1). For the tissue etiolation, strawberry plants were covered with black plastic bags and kept in a greenhouse for 2 weeks. The etiolated young white leaf tissues were collected for the DNA extraction. The preparation of high-molecular-weight DNA and library construction was performed at Amplicon Express Inc. (Pullman, Washington). The BamHI or HindIII digested genomic fragments were cloned into a BAC library vector. The recombinant vector was used to transform DH10B Escherichia coli competent cells (Invitrogen, CA, United States). The library was stored in 384-well plates filled with 50 μl freezing LB Lennox medium [36 mM K2HPO4, 1.7 mM sodium citrate, 0.4 mM MgSO4, 6.8 mM (NH4)2SO4, 4.4% glycerol, and 12.5 lg/ml chloramphenicol]. Plates were incubated for 18 h, replicated, and kept at −80°C for long-term storage. Two libraries HindIII and BamHI for each accession comprise a total of 32,000 clones, which represent approximately 5 × octoploid strawberry genome coverage. Each library set comprised of 16 super pools (SPs) with individual SPs representing BAC DNA from 10,000 clones for each enzyme. Each SP was divided into 23 MPs each consisting of three plate pools (PPs), eight row pools (RPs), and 12 column pools (CPs). Each library contains approximately 30,000 clones with an average insert size of 150 kb. Three BAC libraries provide about 15 × genome coverage of the octoploid strawberry, respectively.

To identify BAC clones containing FaFAD1, two gene-specific markers, UFGDHRM5 (Noh et al., 2017) and qFaFAD1 (Sánchez-Sevilla et al., 2014), were tested for all three libraries (Supplementary Table 3). PCR reactions were performed with 16 SPs and 23 MPs with controls, following an online tool from Amplicon Express7. All PCR amplifications were performed in 5-μl reactions containing 2 × AccuStartTM II PCR ToughMix® (Quantabio, MA, United States), 1 × LC Green® Plus melting dye (BioFire, UT, United States), 0.5 μM of each HRM primer set, and 0.5 μl of DNA. The reaction conditions were as follows: 95°C for 3 min, 45 cycles at 95°C for 10 sec, 45 cycles at 62°C for 10 sec, and 45 cycles at 72°C for 20 sec.

The plasmid DNA from the BAC clones was isolated using the QIAGEN plasmid midi kit (QIAGEN, Hilden, Germany). For the NGS, each DNA was sequenced by an Illumina high-throughput sequencer with 150-bp paired-end (PE) sequencing strategy. The obtained sequence reads from Illumina were assembled using the de novo assembly program from CLC Genomics Workbench, version 11.08.



Development and Validation of Functional Codominant Marker

The 48 accessions were used for marker development and validation. DNA extraction was performed using the simplified CTAB method with modifications (Noh et al., 2017). BAC-containing sequences from γ-D-producing accession (FL 11.77-96 and ‘Florida Brilliance’) were compared to the octoploid reference genome ‘Camarosa’, which does not produce γ-D. Primers were designed from the polymorphic sequences using IDT’s PrimerQuest Software (San Jose, CA, United States). PCR amplifications were performed in a 5-μl reaction containing 2 × AccuStartTM II PCR ToughMix® (Quantabio, MA, United States), 1 × LC Green® Plus melting dye (BioFire, UT, United States), 0.5 μM of each HRM primer sets, and 1 μl of DNA. The PCR and HRM analysis were performed in a LightCycler® 480 system II (Roche Life Science, Germany) using a program consisting of an initial denaturation at 95°C for 5 min; 45 cycles of denaturation at 95°C for 10 sec, annealing at 62°C for 10 sec, and extension at 72°C for 20 sec. After PCR amplification, the samples were heated to 95°C for 1 min and cooled to 40°C for 1 min. Melting curves were obtained by melting over the desired range (60–95°C) at a rate of 50 acquisitions per 1°C. Melting data were analyzed using the Melt Curve Genotyping and Gene Scanning Software (Roche Life Science, Germany). Analysis of HRM variants was based on differences in the shape of the melting curves and in Tm values.

KASP was designed using the 3CR Bioscience website9, and the genotyping assay was performed using a LightCycler® 480 system II (Roche Life Science, Germany). KASP assays were conducted in 5 μl reactions with 50 ng of DNA template, 2 × PACETM Genotyping Master Mix (3CR Bioscience, United Kingdom), and PACETM Assay mix (UFGDKASP-allele-1-FAM, UFGDKASP-allele-2-HEX, and one reverse primer UFGDKASP-common) in a LightCycler® 480 Multiwell 384-well plate. PCR optimization was carried out as follows: initial denaturation at 94°C for 15 min, a touch-down step followed by 10 cycles of 94°C for 20 sec, and 61°C decreasing 0.6°C per cycle to a final annealing/extension temperature of 55°C for 1 min, followed by 33 cycles of 94°C for 20 sec, annealing/extension temperature of 55°C for 1 min, with a final genotyping stage of 37°C for 1 min, a suitable temperature for KASP detection, and finally a plate reading at 37°C for 1 sec. KASP genotyping data were analyzed using Endpoint Genotyping Software (Roche Life Science, Germany).



Long-Range PCR for the FaFAD1 Region

Tissue samples were collected from five homozygous genotype “AA” accessions (FL 13.22-200, FL 14.55-48, FL 14.83-36, FL 10-24, and FL 10-121) and five “aa” accessions (‘Camarosa’, ‘Florida Festival’, ‘Mara des Bois’, ‘Treasure’, and ‘Winter Dawn’). The DNA was extracted following the simplified CTAB method with modifications (Noh et al., 2017). The primer was designed to have a PCR amplicon size of 9,208 bp in γ-D producers and 947 bp in γ-D non-producers. PCR amplifications were performed in a 10-μl reaction containing Accustart Long Range SuperMix (Quantabio, MA, United States), 0.5 μM of each HRM primer sets, and 2 μl of DNA. PCR was performed in a ProFlex PCR system (Applied Biosystems, United States) using a program consisting of an initial denaturation at 95°C for 3 min followed by 35 cycles of denaturation at 92°C for 30 sec, annealing at 65°C for 10 min, and final extension at 72°C for 10 min. PCR products were separated by agarose gel electrophoresis (1.0%), stained with SYBR® Safe DNA gel stain (Invitrogen, Perth, WA) in TAE-Buffer (TRIS-Acetate-EDTA-buffer, pH 8), and visualized with UVP GelStudio Plus touch imaging system (Analytik Jena, AG Germany).



Volatiles Analysis

The fruit of 48 strawberry accessions was selected in the field of the Gulf Coast Research and Education Center (GCREC) in Wimauma, Florida, during the 2017/2018 season. Harvest dates were December 20, 2017, January 10, 2018, and January 29, 2018. The experiment was done with three biological replicates. Each replicate has at least 6–8 fruits for each genotype. All fruits of the 48 accessions were analyzed for the volatile γ-D using GC-MS in the 2018 season. Fruit processing for volatile analysis was conducted as follows: 4–6 fully ripe, clean, and normal-shaped berries were harvested from each genotype, the calyx from each berry was removed, and approximately 25 g of flesh was collected. Each sample was frozen in liquid nitrogen and stored at −80°C until GC-MS analysis. Each sample was blended with an equal weight of saturated 35% NaCl solution. The volatile 3-hexanone was added as an internal standard to a final concentration of 1 ppm prior to blending. A total of 5 ml aliquots was taken from each sample and dispensed into 20 ml glass vials and sealed with magnetic crimp caps (Gerstel, Baltimore, MD, United States). Samples were frozen at −20°C until analysis by GC-MS.

For GC-MS, a 2 cm tri-phase SPME fiber (50/30 μm DVB/Carboxen/PDMS, Supelco, Bellefonte, PA, United States) was used to collect and concentrate volatiles prior to running on an Agilent 6890 GC coupled with a 5973 N MS detector (Agilent Technologies, Palo Alto, CA, United States). Before analysis, samples were held at 4°C in a Peltier cooling tray attached to a MPS2 autosampler (Gerstel). An authentic γ-D standard (Sigma Aldrich, St. Louis, MO, United States) was run under the same chromatographic conditions as berry samples for verification of volatile identification. The area of each γ-D peak was normalized to the peak area of the internal standard, and normalized peak areas were compared between samples.



Quantitative Real-Time PCR Analysis

For total RNA extraction, five homozygous “AA” genotypes (FL 18.50-91, FL 18.50-52, FL 18.50-36, FL 18.50-124, and FL 18.50-96) and five heterozygote “Aa” genotypes (FL 18.50-120, FL 18.50-49, FL 18-50-20, FL 18.50-42, and FL 18.50-65) were collected from a FL 18.50 advanced selection population. ‘Camarosa’, ‘Strawberry Festival’, ‘Mara des Bois’, ‘Treasure’, and ‘Winter Dawn’ with homozygote genotype “aa” were included as the reference genotype of γ-D non-producer. The experiment was performed with three biological replicates, and each replicate contains at least 5–8 fruits. Total RNA was extracted according to the protocol of the SpectrumTM Plant Total RNA Kit (Sigma-Aldrich, St. Louis, MO, United States) and resuspended in a total volume of 50 μl of RNase-free water. cDNA synthesis was performed with the Luna Script RT Super Mix Kit (New England Biolabs. Ipswich, MA). Primer sequence of FaFAD1, GD_Rt1, was obtained from NCBI (GeneBank Accession: KF887973.1). Strawberry GAPDH gene (GeneBank Accession: AB363963.1), FaGAPDH2, was selected as an endogenous control (Supplementary Table 3). qRT-PCRs were carried out with a LightCycler® 480 system II (Roche Life Science, Germany) using Forget-Me-NotTM qPCR Master Mix (Biotium, Corporate Place Hayward, CA, United States). The PCR contents were carried out in a total volume of 5 μl, which contained 1 μl of template cDNA, 0.2 μl of each primer, 2.5 μl of EvaGreen qPCR Master Mix, and 1.1 μl of double-distilled H2O. The reaction conditions were 95°C for 5 min, followed by 40 cycles of 95°C for 20 sec, 60°C for 20 sec, and 72°C for 20 sec. This was followed by melting curve analysis, which was performed to confirm that each amplicon has a single product. The qRT-PCR experiment was repeated with at least three technical replications for each biological replicate. Relative fold difference was calculated by using the 2−ΔΔCt method (Paolacci et al., 2009).



Data Analysis and Experimental Design

For all comparisons of means among genotypes (AA, Aa, and aa), t-test was performed using R software version 3.3.1 (R Core Team, 2017). The procedures and strategies of this study for characterizing the FaFAD1 region are summarized in Figure 1.
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Autophagy is a catabolic and recycling pathway that maintains cellular homeostasis under normal growth and stress conditions. Two major types of autophagy, microautophagy and macroautophagy, have been described in plants. During macroautophagy, cellular content is engulfed by a double-membrane vesicle called autophagosome. This vesicle fuses its outer membrane with the tonoplast and releases the content into the vacuole for degradation. During certain developmental processes, autophagy is enhanced by induction of several autophagy-related genes (ATG genes). Autophagy in crop development has been studied in relation to leaf senescence, seed and reproductive development, and vascular formation. However, its role in fruit ripening has only been partially addressed. Strawberry is an important berry crop, representative of non-climacteric fruit. We have analyzed the occurrence of autophagy in developing and ripening fruits of the cultivated strawberry. Our data show that most ATG genes are conserved in the genome of the cultivated strawberry Fragaria x ananassa and they are differentially expressed along the ripening of the fruit receptacle. ATG8-lipidation analysis proves the presence of two autophagic waves during ripening. In addition, we have confirmed the presence of autophagy at the cellular level by the identification of autophagy-related structures at different stages of the strawberry ripening. Finally, we show that blocking autophagy either biochemically or genetically dramatically affects strawberry growth and ripening. Our data support that autophagy is an active and essential process with different implications during strawberry fruit ripening.

Keywords: autophagy, fruit ripening, strawberry, plant development, senescence, vascular tissue


INTRODUCTION

Autophagy is a general mechanism in eukaryotes that maintains the cell homeostasis through the degradation of intracellular targeted organelles, proteins, and major compounds (Marshall and Vierstra, 2018). Several autophagic routes have been described in animals, fungi, and plants, with the best known initially referred to as macroautophagy (hereafter named as autophagy) (Galluzzi et al., 2017). In this pathway, a double membrane structure is initiated that grows until its complete closure, engulfing cytoplasmic material and giving rise to a structure called autophagosome. The autophagosome fuses its outer membrane with the tonoplast, releasing its content into the vacuole where it gets degraded by vacuolar proteases and hydrolases (Wen and Klionsky, 2016). Under favorable conditions, low levels of autophagy flux serve as a housekeeping function by clearing obsolete cytoplasmic content, whereas, during periods of stress or starvation, autophagy flux is enhanced to promote cell survival by recycling damaged proteins and organelles and thereby reallocating energy and building blocks for biosynthetic processes (Rabinowitz and White, 2010). Autophagy is driven by a set of core autophagy-related proteins (ATG) first described in yeast and conserved in almost all eukaryotes (Tsukada and Ohsumi, 1993; Meijer et al., 2007). They participate in all the stages of the pathway, from cargo recognition and autophagosome formation to docking to the vacuole and release of the content (Marshall and Vierstra, 2018).

In plants, it has been shown that autophagy plays a crucial role not only in resistance to stress but also in development, thanks mostly to studies performed in Arabidopsis (Su et al., 2020). Lines lacking functional ATG proteins show an overall reduction in plant fitness, including reduced growth and fecundity, accelerated senescence, as well as high susceptibility to biotic and abiotic stresses (Li and Vierstra, 2012). Autophagy has been associated with the metabolic adjustment taking place during the plant developmental transitions (Michaeli et al., 2016). The maintenance of adequate supplies of nutrients needed for all developmental processes requires the release of nutrients from stores and the recycling of macromolecules, in addition to nutrition acquisition and synthesis. Autophagy is one recycling route that might provide essential nutrients for its reuse by the plant cell (Marshall and Vierstra, 2018).

In the last years, given the relevance of autophagy for plant fitness, the study of this catabolic process in crops has gathered more interest. To date, autophagy in crops has been studied in the context of several developmental processes, such as leaf senescence, seed and reproductive development, and vascular formation (Tang and Bassham, 2018). A highly relevant developmental process that is absent in Arabidopsis but is extremely important for agriculture is the ripening of fleshy fruits. Ripening of fleshy fruits comprises changes in color, size, hardness, and production of metabolites that generate fruity smells and sweetness (Giovannoni, 2001). Although, a plethora of molecular players have been described to be related to this developmental process using tomato as model (Osorio et al., 2013), very little is known about autophagy in the context of fruit ripening. Transcriptomic analyses on grape berry skin revealed that a set of ATG genes (ATG18g, ATG9, ATG11, and ATG2) showed a higher expression concomitant with ripening, supporting a role for autophagy in fruit senescence (Ghan et al., 2017). A recent study, analyzing autophagy related genes and proteins (ATG8, ATG4, ATG5, ATG9, and NBR1), and confirming the presence of autophagic-like structures, suggested that autophagy occurs during ripening in pepper (López-Vidal et al., 2020). However, the importance of autophagy during fruit ripening has not been elucidated yet.

Strawberry is a non-climacteric achenetum-type of fruit that develops into a fleshy receptacle, in which the dry achenes are embedded (Liu et al., 2020). The receptacle of the ripe fruits is a major contributor to the mass of the fruit and the main determinant of the quality parameters. During the development of the fruit receptacle the cellular changes are well-defined, from cell division to cell expansion (Havis, 1943), as well as the metabolic changes (Fait et al., 2008) and gene expression (Sánchez-Sevilla et al., 2017). In the present work, we have studied whether autophagy could play a role in the strawberry fruit ripening process. We have analyzed the changes in expression of autophagy-related genes during ripening of the cultivated strawberry Fragaria x ananassa, as well as the ATG8 protein content and its lipidation, as a required step for the formation of the autophagosomes. Here, we report that most of the ATG genes, as well as the regulatory ATAF1 and the autophagy marker NBR1, show a significant level of expression in the receptacle, and this expression changes along the ripening process. The amount of lipidated ATG8 peaked at the white and ripe stages of development, supporting the existence of two autophagic waves along strawberry ripening. At the cellular level, we have identified the presence of autophagy-related structures at different stages of the receptacle ripening, including autophagosomes. Finally, we show that blocking autophagy in fruits, either biochemically or genetically, dramatically affects the ripening process. Taking all this data together, we propose that autophagy is a key process in strawberry ripening with clear implications in vascular development and senescence of the fruit.



MATERIALS AND METHODS


Plant Material and Growth Conditions

Plants of the short-day variety Fragaria x ananassa Duch (cv. “Camarosa”) and the neutral day Fragaria x ananassa cv. “San Andreas” were grown under greenhouse conditions (IHSM, Málaga, Spain). In the case of F x ananassa cv “San Andreas” a supplement of light was applied from 8:00 to 20:00 and from October to February when sunlight intensity was below 5,000 lux.

For developmental assays, fruits were harvested at six different developmental stages corresponding to green (G), white (W), turning (T), red (R), ripe (Rp), and over-ripe (Or). We determined each stage based on the following hallmarks: (i) green: small green receptacle with green achenes, (ii) white: white receptacle with yellow achenes, (iii) turning: semi-red receptacle, (iv) red: red receptacle, (v) ripe: hard and dark red receptacle, and (vi) over-ripe: soft and dark red receptacle. Examples of the stages can be found in Figure 5A and Supplementary Figure 2A. Each sample corresponded to a pool of 4–5 fruits that were harvested and flash-frozen in liquid nitrogen. Achenes and receptacle develop coordinately but suffer different developmental programs as can be deduced by their different appearance and metabolic composition (Fait et al., 2008). In order to be sure that our molecular analysis corresponded to receptacle exclusively, we removed achenes from frozen fruits with the help of a scalpel.



Identification of Strawberry Autophagy-Related Genes, Read Mapping, Expression Analysis, and Sequence Alignments

In order to identify the orthologs of autophagy-related genes in F. x ananassa, first a BLAST of the Arabidopsis ATG genes on the well-annotated genome of the diploid Fragaria vesca was performed (https://www.rosaceae.org/species/fragaria/fragaria_vesca). Retrieved sequences were confirmed by analyzing their protein domains with pHMMER and comparing it with the Arabidopsis orthologs (https://www.ebi.ac.uk/Tools/hmmer/search/phmmer). The e-value cutoff used in the gene search was 0.001, however the genes confirmed with HMMR as putative orthologs showed an e-value below 1e-40 in all cases.

Correspondences between Arabidopsis, F. vesca (v4.0.a1) (Edger et al., 2018), and F. ananassa (v1.0.a2) ATG genes were established with BLAST.

Next, we investigated the expression of these genes using the transcriptome data previously generated by our group that include fruits of F. x ananassa cv. “Camarosa” at different ripening stages (green, white, turning, and red) (Sánchez-Sevilla et al., 2017). Reads mapping and differential gene expression analysis were performed according to the Tuxedo protocol workflow for RNA-seq differential expression analysis (Hisat2/Cufflinks/CummRbund) using the default parameters (Trapnell et al., 2012). As reference genome we used the Fragaria x ananassa “Camarosa” Genome Assembly v1.0 (Edger et al., 2019) and as reference annotation Fragaria x ananassa “Camarosa” Genome v1.0.a2 (Re-annotation of v1.0.a1) (Liu et al., 2021) available at GDR (https://www.rosaceae.org/species/fragaria/fragaria_x_ananassa). Statistical analysis of RNAseq data was performed with the false discovery rate (FDR) method after Benjamini-Hochberg correction for multiple-testing. For ATG8, 36 gene sequences were retrieved after BLAST against F x ananassa genome, however due to poor assembly of the genomic sequence in the case of one of them (FxaC_27g11741) we decided not to include it in the subsequent analysis.

All bioinformatics processes were developed at the Supercomputing and Bioinnovation Center of the University of Malaga (https://www.scbi.uma.es/site/). Reads are stored at the European Nucleotide Archive (https://www.ebi.ac.uk/ena) with the study reference PRJEB12420. Nucleotide and amino acid sequences were aligned, clustered, and analyzed with MAFFT online service (Katoh et al., 2018). Alignment data can be found in Supplementary Material (Data Sheet 1). The phylogenetic tree was inferred by the Neighbor-Joining method with a bootstrap analysis. A total of 1,000 replicates were used to estimate the reliability of internal nodes. The evolutionary distances were computed using the Maximum Composite Likelihood method. Evolutionary analyses were conducted in MEGA X (Stecher et al., 2020) and tree was displayed using FigTree (http://tree.bio.ed.ac.uk/software/figtree/).



Transmission Electron Microscopy

F x ananassa cv. “Camarosa” fruits were cross sectioned and 2 mm thick pie sections containing the epidermis, cortex, and pith were dissected with a scalpel. Samples were fixed in 2,5% glutaraldehyde (Acros organics, Thermo Fisher Scientific) and 50 mM sodium cacodylate buffer (pH 7,4) under vacuum for 2 × 15 min at 4°C and left in fixative o/n. Fixed samples were washed with buffer three times for 10 min and then post- fixed in buffered 1% OsO4 (Electron Microscopy Sciences, 19150) for 60 min. After washing them in water, samples were incubated with 2% uranyl acetate (aqueous) (Electron Microscopy Sciences, 22400) for 2 h and then washed with water. After samples were dehydrated through an ethanol series (Panreac, 141086.1214; 50, 70, and 95% each step 30 min; 100% for 30 min and 100% for 30 min) and incubated in a solution of London Resin White (Electron Microscopy Sciences, 14381-UC) and ethanol (1:1) overnight. Samples were incubated in pure London Resin White for 5 h and London Resin White overnight; polymerization was performed at 65°C for 24 h. Ultrathin sections (50–70 nm) were obtained with an ultramicrotome Leica EM UC7/FC7. Sections were examined with a JEM-1400 (Jeol, Málaga, Spain) transmission electron microscopy.



Western Blotting

Protein extractions were performed from de-achenized receptacles grounded in liquid nitrogen. In all cases, 600μl of extraction buffer [Tris-HCl 50 mM pH 7,5, Nonidet N-40, P9599 protease inhibitors (Sigma) and PMSF 1 mM] was mixed with 300 mg of tissue powder and incubated for 10 min on ice with eventual vortex. Samples were sonicated for 10 min on an ice-cold water bath and filtered through one-layer miracloth. Proteins were quantified by Bradford assay with Bio-Rad protein assay (Bio-Rad, 5000001) and 10 μg of protein were loaded into SDS-PAGE gels. For ATG8 and NBR1 detection, 15 or 8% acrylamide/bis-acrylamide resolving gels were used, respectively. Proteins were transfered onto polyvinylidene difluoride membranes (Merck-Millipore). AntiATG8 raised against Chlamydomonas reinhardtii (Agrisera, AS14 2769) and antiNBR1 raised against Arabidopsis thaliana NBR1 (Agrisera, AS14 2805) were used at 1:2,000 dilution. Secondary antibody was used at 1:5,000 dilution. Blots were developed using ECL substrate (Thermo Fisher Scientific). The developing reaction was detected using a Chemidoc XRS+ (Bio-Rad). Band quantification was performed with Image Lab software (Bio-rad).



Quantitative Real-Time PCR

Pooled de-achened receptacles of the different developmental stages or individual de-achened receptacles, in the case of the silencing experiment, were grounded in liquid nitrogen and RNA was extracted using a rapid CTAB method previously described (Gambino et al., 2008). RNA concentration was measured with a Nanodrop instrument (Thermo Fisher Scientific, USA) and samples were treated with DNAse TURBO (Thermo Fisher Scientific, AM2238) according to the manufacturer's protocol. 1 μg RNA was used for cDNA synthesis using iScript cDNA synthesis kit (Bio-Rad, 1708890) and 1/10 of each reverse transcription reaction was used for quantitative real-time PCR (qRT-PCR) analysis. SsoFast Evagreen supermix (Bio-Rad, USA, 1725200) was used for qRT-PCR. Reactions were run in a CFX Real Time PCR detection system (Bio-Rad) with the following protocol: 95°C, 10 min, 40 cycles of 95°C, 15 s and 60°, 1 min, 95°C, 1 min. qRT-PCR efficiency was determined by LinReg PCR program. Normalization was performed against FaActin and FaDBP genes (Galli et al., 2015) and ΔΔCT was used to quantify fold change difference expression among samples. All primers used in this experiment were designed with Primer3 software (primer3.ut.ee, Untergasser et al., 2012) and are listed in Supplementary Table 1-S1.



Plasmid Construct, Transient Silencing, and 3-Methyladenine Infiltration Experiments

Infiltration experiments on strawberry receptacles were performed in F. x ananassa cv “San Andreas.” For transient silencing of FxaATG5 or FxaATG7, RNAi constructs were developed using the gateway-based vector pHELLSGATE12 (Helliwell and Waterhouse, 2005). Forward and reverse specific primers were designed and attb1 and attb2 sites, respectively were added to them (Supplementary Table 1-S1). Sequences were PCR amplified using F. x ananasa cv. “San Andreas” cDNA as template. The resulting fragments (307 bp for FxaATG5 and 358 bp for FxaATG7) were recombined in independent pDONR-Zeo. The corresponding pENTRY vectors were finally recombined with pHELLSGATE12. The design of this vector allows the recombination of the sequence of interest both in sense and antisense. AGL0 strain of Agrobacterium tumefaciens was transformed with the different constructs (pHELLSGATE12, PHELLSGATE12-FxaATG5i, and pHELLSGATE12-FxaATG7i) and grown at 28°C until OD600 reached 0,7. Cells were centrifuged at 3,000g for 10 min, resuspended in infiltration buffer (10 mM MgCl2, 10 mM MES, pH 5.6, and 200 mM acetosyringone), and incubated for at least 1 h at room temperature. Approximately 500 μl of Agrobacterium suspension was evenly infiltrated into green stage fruits (14 days after anthesis approximately) with the help of a 1 ml syringe. 14 fruits were injected with each construct. Fruits remained attached to the plant and were harvested, and flash-frozen in liquid nitrogen 9 days after infiltration. Achenes were removed from frozen fruits with the help of a scalpel. For 3-methyladenine (3-MA) treatment, infiltration assays were performed as described for silencing experiments. Green stage fruits were evenly injected either with mock (milli-Q water) or 5 mM solution of 3-MA (Merck, M9281) dissolved in milli-Q water. Fruits were harvested and photographs were taken 9 days after infiltration. 10 fruits were injected with either mock or 3-MA. Fruit size comparison was performed measuring fruit area in photographs using ImageJ.




RESULTS


Autophagy Related Genes Are Differentially Expressed During Strawberry Fruit Ripening

The cultivated strawberry F. x ananassa is an allo-octoploid (2n = 8x = 56) originated by hybridization of two octoploid species in the 18th century (Duchesne, 1766). A recent study has established that the ancestral parental diploid species of F. x ananassa were Fragaria iinumae, Fragaria niponica, Fragaria viridis, and Fragaria vesca, this last one being the subgenome that has increased its dominance over the other three along evolution (Edger et al., 2019). For this work, we first searched in the genome of F. vesca for putative orthologs of the Arabidopsis autophagy-related genes. As expected, we found orthologs of all key ATG genes, the selective autophagy gene NBR1, and the Phosphatidyl inositol 3 kinase type III VPS34 (Supplementary Table 1-S2). It is interesting to note that the number of genes belonging to each family in the diploid F. vesca was very similar to Arabidopsis thaliana, including those described as single copy genes.

Next, we identified in the recently sequenced and re-annotated genome of the octoploid F. x ananassa (Edger et al., 2019; Liu et al., 2021) the homoeologs for the autophagy-related genes found in F. vesca. Previously, our group generated a set of transcriptomic data during the fruit ripening of F. x ananassa after mapping the reads of a RNAseq experiment in the sequenced reference genome F. vesca (Sánchez-Sevilla et al., 2017). In the present work, we have mapped those reads to the last annotation of F. x ananassa genome and we have analyzed the expression of key autophagy genes belonging to the different functional groups of this pathway in the receptacle. Different autophagy genes participate at the different stages of the process. These stages are: (i) induction (ATG1, ATG13, ATG11, and ATG101), (ii) vesicle nucleation (ATG6 and VPS34), (iii) membrane delivery (ATG9, ATG2, and ATG18), and (iv) autophagosome expansion and closure (ATG4, ATG5, ATG7, ATG8, ATG10, and ATG12) (Marshall and Vierstra, 2018). We have found that all these autophagy genes are expressed during strawberry fruit receptacle ripening (Supplementary Table 2).

ATG5 and ATG7 are two proteins that are essential for the lipidation of ATG8, a process required for autophagosome expansion (Marshall and Vierstra, 2018). It has been reported that mutants of these genes show impaired autophagosomes formation and autophagy blocking in different plant species, mammals, and yeast (Phillips et al., 2008; Minina et al., 2013; Sanchez-Vera et al., 2017; Klionsky et al., 2021). We have identified three ATG5 and four ATG7 genes in F. x ananassa. In the ripening fruits, the three ATG5 and two of the ATG7 genes are expressed (above 0,5 FPKM), with minor differences, between the different developmental stages (Figures 1A,B).
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FIGURE 1. (A–F) Expression of autophagy-related genes along ripening in F. x ananassa cv. Camarosa. Data for this analysis were extracted from the RNAseq generated by Sánchez-Sevilla et al. (2017). RNA was extracted from de-achene receptacles at the stages green, white, turning, and red. Statistical significance was determined between one stage and the next; it is indicated with an asterisk. Statistical analysis was performed with the false discovery rate (FDR) method after Benjamini-Hochberg correction for multiple-testing. Complete statistical analysis can be found in Supplementary Table 2.


VPS34 is a phosphatidyl inositol 3-kinase (PI3K) that belongs to the PI3K complex. This complex participates at early stages of the autophagy process with an essential role in vesicle nucleation (Zhuang et al., 2018). We have found four VPS34 genes expressed during ripening in F. x ananassa showing significant expression increase in white and turning compared to green and red (Figure 1C).

NBR1 is a protein that acts as a cargo receptor and that gets degraded during autophagy. It has been proposed to play a conserved role in selective autophagy in plants (Svenning et al., 2011; Ji et al., 2020). We found that the four putative homoeologs of this gene were expressed, and their expression levels steadily increased from green to red fruits (Figure 1D).

Also in plants, two regulators of the autophagy process have been proposed: the transcription factor ATAF1 (Garapati et al., 2015) and the SnRK1 kinase complex (Soto-Burgos and Bassham, 2017). The expression of the KIN10 genes, encoding the catalytic subunit of the complex, and the ATAF1 genes in the ripening receptacle of the strawberry fruit are shown in Figures 1E,F. While the KIN10 expression peaked at the white stage, the expression of ATAF1 displayed higher values at green and red stages.

ATG8 proteins play a key role in the autophagosome expansion that occurs during autophagy (Martens and Fracchiolla, 2020). Upon autophagy activation, ATG8 undergoes a lipidation process mediated by a ubiquitin-like system in which ATG5 and ATG7 participate (Marshall and Vierstra, 2018). This lipidation consists of the binding of a phosphatidylethanolamine (PE) molecule to a Glycine at the ATG8 C-terminus end. For this to happen, first ATG8 has to be cleaved by ATG4 in order to get this Glycine exposed (Yoshimoto et al., 2004). Once ATG8 proteins are lipidated, they can be anchored to the autophagosome membrane. We found nine ATG8 genes in the genome of F. vesca and 36 homoeologs in F. x ananassa. To establish the relation between each F. vesca gene with its correspondent homoeologs, we performed an alignment of the nucleotide sequences with the F. vesca and F. x ananassa ATG8 genes that produced the dendrogram displayed in Figure 2A. The clustering pattern indicates the correspondences between the genes of both species. Some of the ATG8 homoeologs identified in the F. x ananassa genome did not show expression in any of the tissues analyzed (receptacle, achenes, leaves, and roots) (indicated with asterisks in Figure 2A) and two of them were expressed <1 FPKM during receptacle ripening, so they were not included in the expression analysis. The expression of the ATG8 genes at four stages of receptacle ripening (green, white, turning, and red) is shown in Figure 2B. There is a high variability in the expression both in absolute values and stage-dependent values. Three main expression patterns were found, one with increasing expression from green to red stages (ATG8a, ATG8g), another decreasing from green to red (ATG8f ), and a third with highest values at green and red stages (ATG8b, ATG8c, ATG8h).
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FIGURE 2. Analysis of FaATG8 and FaATG4. (A) Phylogenetic tree of F. vesca and F. x ananassa ATG8 genes. Nucleotide sequences were aligned by MAFFT and the tree was generated by the neighbor-joining method and displayed using FigTree. Asterisks mark genes with <0,5 FPKM expression values in all tissue tested (achenes, receptacle, leaves, and roots). (B) Representation of FaATG8 genes expressed at least 1 FPKM in any stage of the process of receptacle ripening. (C) Alignment of C′-terminus end of the different FaATG8 homoeologs. Arrow indicates the conserved Glycine essential for lipidation. (D) Representation of FaATG4 expression during strawberry ripening. (E) Expression trend of FaATG4a and FaATG4b homoeologs during ripening. Data shown in (B–E) were extracted from the RNAseq dataset generated by Sánchez-Sevilla et al. (2017). Statistical significance between one stage and the following stage it is indicated with an asterisk. Statistical analysis was performed with the false discovery rate (FDR) method after Benjamini-Hochberg correction for multiple-testing. Complete statistical analysis can be found in Supplementary Table 2. Alignment that generated phylogenetic tree (2A) can be found in Supplementary Data Sheet 1.


ATG8 proteins are also essential for autophagosome-cargo recognition. ATG8 present two hydrophobic pockets that determine the interaction with proteins containing the so called ATG8-interaction motifs (or AIM) (Noda et al., 2010). These AIM-containing proteins are located at the surface of organelles, protein complexes, and other structures working as docking platforms for ATG8 and around which the autophagosome grows and engulfs them (Marshall and Vierstra, 2018). When analyzing the FaATG8 aminoacidic sequences, we found that the residues located at the key positions of the two hydrophobic pockets shows a high level of conservation (Supplementary Figure 1, black and red arrows) (Kellner et al., 2017). Furthermore, apart from two of them, all shared the C-terminal Glycine required for the lipidation (Figure 2C), however the downstream sequence showed high variability both in terms of amino acid number (0, 2, 3, and 5) and nature.

Processing of ATG8 previous to its lipidation is done by the protease ATG4. In the diploid F. vesca, as reported in Arabidopsis, we identified two ATG4 genes, while in F. ananassa eight ATG4 genes were identified included in two possibly homoeologs groups, ATG4a and ATG4b. Their expression is shown in Figure 2D. The analyses of the joint expression of all putative homoeologs of ATG4a and ATG4b (Figure 2E) show that from green to white stage ATG4b has a prevalent expression and goes down from white to red, whereas ATG4a expression increases from white to turning and gets reduced toward red.



Autophagic Structures Are Present at Different Stages of Strawberry Receptacle Ripening

The transcriptomic data indicate that genes involved in autophagy are expressed during fruit ripening. To investigate the presence of autophagic process at the cellular level, we performed an ultrastructure analysis of the receptacle along fruit ripening using transmission electron microscopy (TEM). It has been described that autophagy is involved in the process of tracheary element formation (Kwon et al., 2010), so we analyzed cells at the vascular tissue from green receptacle. The strawberry receptacle develops vascular bundles that connect the achenes with the pith (Aharoni et al., 2002). As expected, a significantly high amount of autophagy-related structures could be found in immature xylem cells (Figure 3B1). These cells are easily distinguishable in TEM images thanks to the characteristic patterned cell wall deposition that they present. Many single membrane vesicles (of around 0,5 to 1 micrometers) previously described as autolysosome-like structures (Takatsuka et al., 2004; Sanchez-Vera et al., 2017), presenting electron - dense amorphous content in some cases or structures resembling autophagic bodies in other cases, were found in those cells and in the surrounding cells, probably xylem parenchymatic cells (Figures 3A1,A2,B1,B2,C1 white and black arrowheads, respectively). Autophagosomes were also visible in both cell types (Figures 3B2,C2, empty white arrowheads).
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FIGURE 3. Vascular tissue is a place of active autophagy. TEM micrographs from representative cells of the green receptacle vascular tissue. (A–C) Different cell types found in vascular tissue. (A,C) Parenchymatic cells of the vascular tissue. (B) Immature xylem cells. (1) Overview of the cells and (2) close up of the same type of cells showing autophagy-related structures. White arrowheads: single membrane compartments with degraded content, black arrowheads: autophagic bodies, empty white arrowheads: autophagosomes. CW, cell wall; n, nucleus; v, Vacuole.


Cells present at the cortex and pith of F x ananassa receptacle are composed by a big central vacuole and a thin layer of cytoplasm pressed to the cell wall. When we analyzed cortical cells located at the subepidermal space of the receptacle of F. x ananassa cv. “Camarosa” at stages green, white, and red both autophagosomes (Figure 4A, inlet) and autolysosome-like structures with degrading content and autophagic bodies were found (Figures 4A–C; white and black arrowheads, respectively). This made them the most abundant the autolysosome-like structures. It is interesting to note that even though autophagy is considered a relatively fast process in plants, difficult in some cases to monitor by TEM without the help of inhibitors, we have been able to identify those structures directly in non-treated cells.


[image: Figure 4]
FIGURE 4. Identification of autophagy-related structures in F x ananassa receptacle along ripening. TEM micrographs from receptacle cortical cells showing autophagy-related structures. (A) Green receptacle cell, (B) white receptacle cell, and (C) red receptacle cell. White arrowheads: single membrane compartments with degraded content, black arrowheads: autophagic bodies, empty black arrowhead: disassembling mitochondria. CW, cell wall; V, Vacuole.




Strawberry Fruits Show Two Waves of Increased Autophagy Flux During Ripening

Although the differential expression of autophagy-related genes and the presence of autophagy structures at the cellular level supports that autophagy could be active during ripening, this observation does not demonstrate by itself the existence of an increased autophagy flux. Therefore, we analyzed the levels of ATG8 lipidation and NBR1 that have been described as markers of autophagy flux (Klionsky et al., 2021). As previously indicated, lipidation of ATG8 is essential for autophagosome formation. When ATG8 lipidation is abolished, as happens in certain ATG gene mutants, autophagosome formation is prevented and autophagy flux is blocked (Chung et al., 2010). Thus, the level of ATG8 lipidation has been used as a measure of autophagy activity (Bao et al., 2017). Therefore, we examined by immunoblot analysis the levels of ATG8 protein and its lipidated form (ATG8-PE) using an antibody raised against Chlamydomonas rheinardtii ATG8 that recognizes all ATG8 isoforms (Pérez-Pérez et al., 2010). For this analysis we decided to include two more developmental stages corresponding with the late maturation process and to use the variety “San Andreas” that is a day neutral cultivar. “San Andreas” comes from the same breeding program of cv. “Camarosa” but presented slightly lower content of anthocyanins and phenolics at the ripe stage, as well as lower fruit firmness, under specific growth conditions (Lalk et al., 2020), and has the advantage of producing fruits throughout the year. Thus, we analyzed the receptacle of “San Andreas” strawberry fruits at six developmental stages: green, white, turning, red, ripe, and over-ripe (pre-senescent) fruits (Figure 5A). The relative level of total ATG8 protein, which is the sum of non-lipidated ATG8 and lipidated ATG8, showed a first maxima at the white stage and a second maxima at the end of the ripening period (Figure 5B). Interestingly, the ratio ATG8PE/ATG8 shows an important increase at the white stage and a more dramatic one at the ripe stage (1,75-fold change of the ratio between white and ripe). These results clearly show that there is an autophagy induction at both stages supported both by an increase in the ATG8 protein amount and by its lipidation level, being the second induction of higher intensity. As expected, cv “Camarosa” shows a very similar pattern of ATG8 expression and lipidation at those stages (Supplementary Figure 2B).
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FIGURE 5. Identification of two waves of autophagy flux along strawberry ripening. (A) Stages of strawberry ripening (cv. “San Andreas”) analyzed for autophagy flux. (B) Immunoblot of ATG8 showing non-lipidated (ATG8) and lipidated form (ATG8-PE) along ripening. Quantifications of band intensities are shown in arbitrary units. Rel. ATG8+ATG8PE shows relative quantification of the summatory of ATG8 and ATG8PE signal. ATG8PE/ATG8 shows the ratio of both protein forms. (C) Immunoblot of NBR1 along ripening. (D) qRT-PCR analysis of FaNBR1 in F. x ananassa cv “San Andreas” along ripening. Error bars represent standard deviation. PR, Ponceau red.


NBR1 is an autophagy substrate, therefore when autophagy is active NBR1 gets degraded, so its protein levels gets reduced even though its mRNA expression remains high. Regarding the levels of NBR1, we found that the protein levels at the over-ripe stage was lower than at the ripe stage (Figure 5C). To elucidate whether this was an effect of the degradation through autophagy of NBR1 or a diminishing of the mRNA expression, we performed qRT-PCR of NBR1 in the receptacle at the different stages (Figure 5D). Our data show that NBR1 mRNA levels are not reduced at the over-ripe stage, so our results support that the depletion of NBR1 protein levels at the over-ripe stage is probably due to its degradation by autophagy, consistent with the levels of ATG8 lipidation. It is interesting to note that we see a correlation between lipidation levels of ATG8 at the white stage and depletion of NBR1 protein but not mRNA also in “Camarosa” (Supplementary Figures 2B,C).

Taken all together, our data support the presence of two marked waves of autophagy flux induction during strawberry ripening supported by the ratio of ATG8-PE/ATG8 and the level of both protein forms, peaking at white and ripe stages.



Autophagy Inhibition Affects the Fruit Development and Delays the Ripening

A number of autophagy inhibitors have been reported (Marshall and Vierstra, 2018). Among them, the 3-Methyladenine (3-MA) has been broadly used to block autophagy in different species including plants (Klionsky et al., 2021). 3-MA inhibits the Phosphatidylinositol-3-kinase activity of the PI3K complex (Takatsuka et al., 2004), more precisely through inhibition of VPS34, a protein highly expressed throughout ripening (Figure 1C) that participates in the vesicle nucleation stage of the autophagy pathway. Treatment of “San Andreas” fruits at the green stage with a 5 mM solution of 3-MA caused a dramatic delay in the ripening progress (Figure 6A) compared with the mock treated fruits. The delay in ripening was evident by the lack of red color, probably due to the lack of anthocyanin accumulation, and by the reduced size of the fruit. Although the variability in fruit size in the water infiltrated fruits was high, we observed a significant reduction in the size range that 3-MA treated fruits reached 9 days after infiltration (Figure 6B).
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FIGURE 6. Effect of autophagy blocking over strawberry ripening. (A) Representative image showing the effect over ripening of 3-MA in F x ananassa cv “San Andreas”. (B) Fruit area in 3-MA treated fruits compared to mock treated samples. Variance difference between mock treated lines and 3-MA treated lines were analyzed using an F-test and * denote significantly different with a P < 0,005. (C) Up-left, representative image showing the effect over ripening of FaATG5 or FaATG7 silencing. Up-right, qRT-PCR analysis of ATG5 or ATG7 expression in infiltrated receptacles. Down, immunoblot analysis of ATG8 levels in control and silenced fruits and quantification of ratio between lipidated (ATG8-PE) and non-lipidated form (ATG8). The (C) panel is representative of three independent experiments. EV, Empty vector; PR, Ponceau Red.


It is possible that besides its effect over autophagy, inhibition of VPS34 by 3-MA could be having an additional effect over other cellular processes different from autophagy, such as the endocytic pathway where VPS34 also participates (Bhati et al., 2021). Therefore, we performed transient silencing in green fruits of two of the genes essential for the ATG8 lipidation process, ATG5 and ATG7, using RNAi. The phenotypic analysis of the infiltrated fruits showed a significant delay of the fruit ripening in the silenced fruits compared with the controls (Figure 6C). Next, we were interested in determining whether this silencing could have a correlation with a diminishing in the lipidation of ATG8. Thus, we measured the ATG8 levels by immunoblot as described before and quantified the lipidation to non-lipidation ratio. As expected, the ratio of ATG8-PE/ATG8 also decreased in the transiently silenced fruits confirming that the reduction of ATG5 or ATG7 activity was having an effect over ATG8 lipidation process (Figure 6C).

Overall, our transcriptomic data, cytological analyses, and biochemical and genetic studies supports that autophagy has a relevant role in the ripening of the strawberry fruit, happening in two waves and with direct implications in, at least, the vascular development and the senescence of the fruit.




DISCUSSION

Our study shows that strawberry receptacle is a place of constant autophagy activity with two points of autophagy flux induction. Analysis of ATG genes and ATG8 protein expression in the receptacle of strawberry fruits from green to red stage shows a basal level of transcripts at every stage, with enhanced expression of some of them at specific stages. On the other hand, autophagy related structures can be observed in the cortical cells in different stages of the ripening process. This supports a dual role of autophagy during strawberry fruit ripening, as a housekeeping process to maintain the cellular nutrient homeostasis and as a specific recycling mechanism to cope with developmental conditions that requires the generation of new cellular compounds or environmental situations that challenge the energy balance in the cell (McLoughlin et al., 2020).

A process that accompanies strawberry fruit growth from the early stages is the formation of the vascular network that connects the achenes to the different cell types of the receptacle and the central pith. Qualitative markers of vascular development were found at all the developmental stages of strawberry ripening (Aharoni et al., 2002). In other plant organs, the activation of autophagy in the differentiation of the xylem before the lignification of the cells has been reported (Kwon et al., 2010; Wojciechowska et al., 2019). Here we show the presence of autolysosome-like structures and autophagosomes in cells of the vascular tissue of the receptacle, so it would be expected that occurrence of autophagy in the fruits is taking place associated with the vascular development, that is parallel to the growth in size of the fruit. This would also explain the relatively steady expression of some of the ATG genes found in the growing receptacle, from green to red stage.

The occurrence of an elevated number of ATG8 isoforms in plants opens the question of their contribution to the diversification of selective autophagy pathways (Kellner et al., 2017). It has been proposed that possible functional diversification can be supported by their association with a number of ATG8-interacting proteins which act as cargo receptors (Marshall and Vierstra, 2018). Sequence analysis of the ATG8 genes in the F. x ananassa genome shows high conservation of residues in the two hydrophobic pockets that interact with proteins containing the AIM domain (Kellner et al., 2017). There are some differences in the amino acid positions around the binding pockets in the ATG8 proteins, but only the structural analysis of the ATG8 isoforms and the possible interactors could establish the relevance of the sequence variability on their functional diversity. However, the occurrence of co-expression patterns between the ATG8 isoforms and the possible interacting proteins would be a step to explain the functional diversity of ATG8. In this sense, we have found that the known NBR1 interactor (Svenning et al., 2011) presents the highest expression level at late stages of fruit ripening, coincident with the peak of expression of several of the ATG8 isoforms. Previously, it has been reported that the NBR1-dependent selective autophagy in plants occurs under different stress and non-stress conditions (Zhou et al., 2013; Chi et al., 2020; Jung et al., 2020), being common to the different conditions observed during the occurrence of oxidative stress. An early analysis of the transcriptional changes in the ripening strawberry fruit associated the ripening process to a response to oxidative stress (Aharoni et al., 2002), which would be in agreement with the possible interaction of some isoforms of the ATG8 family and NBR1 in the autophagy occurring in the ripening receptacle of the strawberry fruit. In Arabidopsis, NBR1 showed different levels of interaction with the members of the ATG8 family of proteins (Svenning et al., 2011).

The set of putative homoeologs of ATG8c, ATG8f, and ATG8h genes present an expression induction in green. This suggests a specific involvement in the autophagic processes occurring at this early stage. Among them, in ATG8c and ATG8f, the increase of expression happens only in green but not in other stages of the ripening process. Intriguingly, all members of the ATG8f and one of the ATG8c show a longer amino acid sequence at the C-terminus after the site of proteolysis by ATG4. In the diploid F. vesca, as in Arabidopsis (Seo et al., 2016), two ATG4 and nine ATG8 genes are identified. In Arabidopsis, in vitro studies of the activity of the two ATG4 against different ATG8 showed a difference in the activity and the substrate specificity of the two proteases (Woo et al., 2014). Moreover, broad studies on the specificity between ATG4 and ATG8 in a more diverse range of species support that the processing activity is determined by the ATG8 sequence rather than the ATG4 (Seo et al., 2016). Interestingly, the joint expression of all the F. x ananassa ATG4 genes corresponding to the two F. vesca genes show equivalent values of expression, but with ATG4a having the highest expression at the turning stage and ATG4b at the green/white stages. Whether the C-terminal sequences of the strawberry ATG8s determine the selectivity for its processing by ATG4 would be of interest to know, since it would provide valuable information about the functional diversity of the ATG8 genes in strawberry.

Our analysis of the ATG8 lipidation, which is a critical step in the autophagy progress, points to two time points during ripening of highest ATG8 content and lipidation: during the white stage and at the end of ripening in a pre-senescent stage. Growth of strawberry fruit, as in other fleshy fruits, is supported by fruit metabolism that must be energetically adjusted during the transition from green to ripe stage (Carrari and Fernie, 2006; Fait et al., 2008; Jing and Malladi, 2020; Martín-Pizarro et al., 2021). In this process, there is a critical step when the limited photosynthetic capacity of the green fruit is completely lost after the loss of chlorophyll. Autophagy has been associated with the metabolic adjustment taking place during the plant developmental transitions (Michaeli et al., 2016). The increase of ATG8 lipidation found in the receptacle at the white stage can be explained by the need to maintain the nutrients supply required to continue the fruit growth. The growth conditions of the fruit under the loss of chlorophyll could be similar to the nutrient deprivation found in other plant tissues, where the autophagic response contributes to the energy adjustment (McLoughlin et al., 2020). The SnRK1 complex is a kinase that functions as an energy sensor (Broeckx et al., 2016) and acts as an autophagy activator (Marshall and Vierstra, 2018). It is significant that the expression of KIN10, a component of the SnRK1 complex, increases from green to white stage in the three homoeologs. It would be of interest to know whether KIN10 also plays a regulatory role of autophagy in the receptacle of the strawberry fruit, that increases the autophagic flux at the white stage as a response to low energy conditions, as reported in Arabidopsis (Soto-Burgos and Bassham, 2017). In climacteric fruits the reduction of photosynthetic capacity during ripening is coupled with the burst of aerobic metabolism, whose energy balance is more favorable. To our knowledge, the only publications showing increasing expression of autophagy genes with ripening has been made in non-climacteric fruits such as pepper, grapevine, and the present one made in strawberry (Ghan et al., 2017; López-Vidal et al., 2020). This brings the questions of whether autophagy is a relevant process during ripening of climacteric fruits.

Several autophagy inhibitors have been described in plants although most of them have effects over other non-autophagy processes (Marshall and Vierstra, 2018). 3-Methyladenine is a compound that inhibits VPS34 of the PI3K complex that participates in autophagy initiation but also in the endocytic pathway (Bhati et al., 2021). The effect over ripening of 3-MA treatment is very similar to the effect of ATG5 or ATG7 silencing, this is a delay in the progress of the process in both cases, showing clearly that autophagy has an important role in the ripening of strawberry. Regarding the possible implications of the endocytic pathway during strawberry ripening a more detailed study, treating fruits with specific endocytic pathway inhibitors such a Brefeldin A, could shed light into this question.

Aging and senescence are physiological stages where autophagy also plays a main role in plants (Wang and Schippers, 2019). The final stage of fruit ripening is followed by senescence. This is a phase of development that it is dependent on cell viability and the expression of specific genes (Thomas, 2013). This process is a way to recycle resources from aging organs to developing structures. We have found that the abundance of ATG8-PE greatly increases with fruit ripening, reaching a highest value in over-ripe fruits. In addition, the increased expression of cargo receptor NBR1 with ripening and over-ripening and the decreased content of the NBR1 protein in the over-ripe fruits is further proof of the induction of autophagy at these developmental stages. Our results support that autophagy continues after fruit ripening as a recycling strategy prior to the onset of senescence. Analysis in Arabidopsis of autophagy function, by the induction of ATG genes expression or silencing in mutant lines under aging and senescence, concluded the existence of a dual role for autophagy, that prevents senescing while aging, but controls the salvage pathway when senescence occurs. The possible role of autophagy to prevent senescence in strawberry fruits could be critical for conservation of the fruit integrity after harvest since post-harvest behavior of the fruits mimics a senescent process (Pott et al., 2020).

Our results in strawberry point to a house-keeping autophagy activity along fruit growth inherent to growth processes as vascular development, as well as two periods of enhanced autophagy in response to nutrients shortage and senescence. To our knowledge, this is the first work showing clear evidence of the role of autophagy in the process of fleshy fruit ripening. The knowledge of the components and the extension of autophagy in the growth and development of fleshy fruits might be of great relevance in a sink organ that is predominantly heterotrophic.
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The function of floral organ identity genes, APETALA1/2/3, PISTILLATA, AGAMOUS, and SEPALLATA1/2/3, in flower development is highly conserved across angiosperms. Emerging evidence shows that these genes also play important roles in the development of the fruit that originates from floral organs following pollination and fertilization. However, their roles in fruit development may vary significantly between species depending on the floral organ types contributing to the fruit tissues. Fruits of the Rosaceae family develop from different floral organ types depending on the species, for example, peach fruit flesh develops from carpellary tissues, whereas apple and strawberry fruit flesh develop from extra-carpellary tissues, the hypanthium and receptacle, respectively. In this review, we summarize recent advances in understanding floral organ gene function in Rosaceae fruit development and analyze the similarities and diversities within this family as well as between Rosaceae and the model plant species Arabidopsis and tomato. We conclude by suggesting future research opportunities using genomics resources to rapidly dissect gene function in this family of perennial plants.
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INTRODUCTION

Floral organs are classified into four types, sepals, petals, stamens, and carpels. Their development is regulated by four different classes of floral organ identity genes according to the proposed ABCE model (Coen and Meyerowitz, 1991; Weigel and Meyerowitz, 1994; Krizek and Fletcher, 2005). In summary, for Arabidopsis sepal formation is specified by the class A genes APETALA1 (AP1) and AP2, petal formation is specified by the class A genes and two class B genes [APETALA3 (AP3) and PISTILLATA (PI)]; stamen formation requires AP3 and PI together with the class C gene AGAMOUS (AG); and carpel formation is controlled by the AG alone (Weigel and Meyerowitz, 1994). Proper development of all four whorls of floral organs also requires the class E SEPALLATA (SEP) genes. The consequence of mutating all four SEPALLATA genes (sep1, sep2, sep3, and sep4) simultaneously is a plant that produces flowers consisting of reiterating whorls of leaf-like organs (Krizek and Fletcher, 2005). All class A, B, C, and E genes encode MADS-box transcription factors, except for AP2, which encodes a transcription factor belonging to the super-family of AP2/ERF proteins (Okamuro et al., 1997). However, classification of a gene as being a member of the ABCE model is based on its function and not sequence similarity to other members of the ABCE model.

The diversity of fruit types seen between various flowering plant species is primarily a consequence of different carpellary and/or extra-carpellary floral tissues contributing to fruit formation (Spjut, 1994). Botanical fruit, also known as true fruit, is derived from carpellary tissues, whereas accessory fruit, also known as pseudo fruit, has fruit flesh derived from extra-carpellary tissues (Liu et al., 2020). With fruit being derived from floral organs, the genes that regulate the growth of floral organs also play important roles in the control of fruit development. This was clearly demonstrated by the functions of the Arabidopsis FRUITFULL (FUL), an AP1 homolog (Gu et al., 1998), tomato TM29, a SEPALLATA homolog (Ampomah-Dwamena et al., 2002), and poppy AP1/FUL homologs (Pabón-Mora et al., 2012).

Rosaceae species produce flowers with five sepals and petals, and a varied number of stamens and carpels. Their carpels show variations in shape, degrees of fusion, and relative position to other floral organs. These variations are the key contributing factors of fruit type diversity in Rosaceae (Liu et al., 2020). For example, peach develops a superior ovary as the single carpel is positioned above all other floral organs and goes on to develop a drupe. In contrast, apple has five fused carpels that are below the attachment point of all other floral organs, develops an inferior ovary that fuses with the surrounding hypanthium tissues formed from the bases of sepals, petals, and stamens and develops a pome (Liu et al., 2020).

In addition to floral structure variations, differential enlargement of specific floral tissues also contributes to fruit type diversity in Rosaceae. Strawberry and raspberry, for example, have a similar floral structure that consists of numerous carpels growing on a receptacle. Strawberry is an achenetum because its carpels are not enlarged after fertilization and become dry achenes, but the receptacle is enlarged and grows into the fleshy pseudo fruit. In contrast, raspberry is a drupetum because its carpels are enlarged after fertilization to form fleshy drupelets but the receptacle is not enlarged or fleshy (Liu et al., 2020).

Together with flower and fruit morphological differences, duplicated floral organ genes have the opportunity to play diversified roles in fruit development. In Rosaceae, whole-genome duplication (WGD) events have resulted in gene copies and their potential to have dosage effects, redundancy of function, or for copies to have undergone functional changes, such as neo-functionalization (one gene copy taking on a totally new function) or sub-functionalization (each gene copy retaining a subset of the original ancestral functions; Conant et al., 2014; Xiang et al., 2017). In the following sections, we summarize recent advances in understanding floral organ gene duplication, expression profiles, and function in relation to Rosaceae fruit development. We also analyze the similarities and diversities within this family predominantly using apple, peach, and strawberry as examples representing the diversity of fruit types in the family. The similarities and diversities between Rosaceae and other plants, in particular Arabidopsis and tomato, are also analyzed.



GENE DUPLICATION AND FRUIT EXPRESSION PATTERN DIVERSITY OF FLORAL ORGAN GENES INDICATE THEIR DIVERSIFIED FUNCTIONS IN REGULATING FRUIT DEVELOPMENT

Prior to the assembly of reference genome sequences, sequence-based approaches using homology to the Arabidopsis genes were used to clone and identify floral organ MADS-box genes from Rosaceae species. In apple, several studies identified a total of two AP1-related genes, MdMADS5 (MdAP1; Yao et al., 1999; Kotoda et al., 2002) and MdMADS2 (Sung et al., 1999), one PI homolog, MdPI (Yao et al., 2001), two AP3 homologs, MdMADS13 (Van Der Linden et al., 2002) and MdTM6 (Kitahara et al., 2004), three AG-related genes, MdMADS10 (Yao et al., 1999), MdMADS14, and MdMADS15 (Van Der Linden et al., 2002), and five SEP-related genes, MdMADS4 (Sung et al., 2000), MdMADS6, 7, 8, and 9 (Yao et al., 1999). After the first apple reference genome was assembled (Velasco et al., 2010), three additional SEP-related genes were identified, MdMADS18, 104, and 118 (Ireland et al., 2013). All these genes, except for MdPI, have been annotated in the second apple reference genome generated using a haploid plant derived from the cultivar “Golden Delicious” (Daccord et al., 2017).

In this review, floral MADS-box genes are identified from the reference genome of peach (Verde et al., 2013), strawberry (Edger et al., 2017), and apple (Daccord et al., 2017). Their gene IDs are listed in Table 1 together with their class, based on gene lineage, and the relevant references. Their relationship is shown in a protein sequence-based phenology tree in Figure 1A. One or more genes from peach, strawberry, and apple are identified as homologs of each of the Arabidopsis floral MADS-box genes. In apple, 12 floral MADS-box genes are present as homolog pairs, most likely due to a recent apple-specific whole-genome duplication (Velasco et al., 2010).



TABLE 1. Floral MADS-box and AP2 genes in peach, strawberry, and apple.
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FIGURE 1. Phylogeny tree of floral MADS-box proteins and their gene expression in developing fruit tissues. (A) a Neighbor-Joining consensus tree was constructed using Geneious software (v10.0.9) with 1,000 bootstrap replicates after protein sequences were aligned using Geneious Alignment software (v10.0.9). MADS-box protein sequences downloaded from the reference genome of apple (Daccord et al., 2017), peach (Verde et al., 2013), strawberry (Edger et al., 2017), and Arabidopsis. The Arabidopsis protein IDs are AT1G69120.1 (AtAP1), AT5G60910.1 (AtFUL), AT5G20240.1(AtPI), AT3G54340.1 (AtAP3), AT4G18960.1 (AtAG), AT3G58780.1 (AtSHP1), AT2G42830.1 (AtSHP2), AT4G09960.1 (AtSTK), AT5G15800.1 (AtSEP1), AT3G02310.1 (AtSEP2), AT1G24260.1 (AtSEP3), AT2G03710.1 (AtSEP4), and AT5G10140.1 (AtFLC). (B) a heatmap shows the expression patterns of floral MADS-box genes in fruit tissues of peach and strawberry at five developmental stages (S1-S5) based on previously published RNA-seq data (Pei et al., 2020). Rosaceae Gene IDs are coded as: MD for apple (Malus domestica), Pp_XM for peach (based on Prunus_persica_NCBIv2) and FvH4 for strawberry (based on Frageria vesca H4). S1 to S5: 21, 42, 56, 84, and 105 days after full bloom for peach, and 11, 27, 31, 43, and 47 DAFB for strawberry.


Expression patterns of SEP-like genes in apple fruit have been described previously, such as the AtSEP1/2-like MADS1/MADS8, and MADS9 showing high expression at two to seven days after pollination, the PhFBP9/23-like MADS3/MADS7 and MADS6 showing high expression at four to eight weeks after pollination, and the AtSEP4-like MADS4 showing strong expression in young fruits (Sung and An, 1997; Yao et al., 1999; Sung et al., 2000). In addition, Yao et al. (1999) demonstrated the expression of class AP1- and AG-related genes in the fruit flesh of apple. Detection of their expression in fruit indicates that AP1-, AG-, and SEP-related MADS-box genes have a potential role in apple fruit development.

Transcriptome analyses of whole fruit tissues without seeds collected from five developmental stages revealed that two FUL homologs (PpMADS6 and XM_007209438), an AG homolog (PpAG), and three SEP homologs (PpMADS2, PpSEP1, and PpSEP3) are expressed in peach fruit. The same analyses showed that an AG homolog (FveAG), a SHP homolog (FvH6g37880), and three SEP homologs (FveSEP1/3/4) are expressed in strawberry (Fragaria x ananassa) fruit (Pei et al., 2020; Figure 1B). In addition, two AP3-related genes (XM007202440 and PpMADS11) are also expressed in peach fruit during development although their expression levels are relatively low (Figure 1B). The expression of AP3-related genes in peach fruit is interesting because this expression is not detected in apple or strawberry fruit. In contrast, expression of AP1/FUL homologs is at a high level in apple and peach but not detected in strawberry. It would be worthwhile determining the functions of theAP1/FUL and AP3/PI homologs in regulating fruit development of Rosaceae.

AP2 homologous genes have been identified from the reference genomes of apple (Daccord et al., 2017), peach (Verde et al., 2013), and strawberry (Edger et al., 2017; Figure 2A). In apple, there are eight euAP2 (Kim et al., 2006) homologs that contain a miR172 target site in the coding sequences and encode proteins containing two AP2 domains (Yao et al., 2015). In peach and strawberry, five and four such AP2 homologs have been identified, respectively. The AP2 homologs of these species are classified into four distinct clades. Each clade contains two apple and one strawberry homolog. One clade contains two peach homologs and of other three clades each contains one peach homolog (Figure 2A). The specific duplication of AP2 homologs in apple provides new potential of dosage effect or functional changes. Among the euAP2 homologs, one in each species (MD15G1286400, FvH_1g16350, and Pp_XM_007207942) is expressed predominantly in the developing fruit tissues (Yao et al., 2015; Pei et al., 2020; Figures 2A,B). These three homologs are in the same clade as Arabidopsis AP2 (AtAP2) in the phylogenetic tree (Figure 2A). Further insights into the roles of these floral MADS-box and euAP2-like genes in fruit development may be obtained by analyzing their expression patterns using transcriptome data sets generated in Rosaceae species (Kang et al., 2013; Hawkins et al., 2017; Hu et al., 2018; Pei et al., 2019; Shahan et al., 2019; Tan et al., 2019; Ying et al., 2019; Shang et al., 2020).
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FIGURE 2. Phylogeny tree of AP2-like proteins and their gene expression in developing fruit tissues. (A) a Neighbor-Joining consensus tree was constructed using Geneious software (v10.0.9) with 1,000 bootstrap replicates after protein sequences were aligned using Geneious Alignment software (v10.0.9). AP2-like protein sequences downloaded from the reference genome of apple, peach, strawberry, and Arabidopsis. The Arabidopsis protein IDs are AT4G36920.1 (AtAP2), AT2G28550.3 (AtTOE1), AT5G60120.2 (AtTOE1), AT5G67180.1 (AtTOE3), AT3G54990.1 (AtSMZ), AT2G39250.1 (AtSNZ), and AT4G37750.1 (AtANT). (B) a heatmap shows the expression patterns of AP2-like genes in fruit tissues of peach and strawberry at five developmental stages (S1-S5) based on previously published RNA-seq data (Pei et al., 2020). Rosaceae Gene IDs are coded as: MDs for apple (Malus domestica), Pp_XM for peach (based on Prunus_persica_NCBIv2), and FvH4 for strawberry (based on Frageria vesca H4). S1 to S5: 21, 42, 56, 84, and 105 days after full bloom for peach, and 11, 27, 31, 43, and 47 DAFB for strawberry. The arrows indicate AP2 genes predominantly expressed in fruits.


From the above analyses of gene sequences and expression patterns, it is clear that these three species in the Rosaceae family contain similar genes in the floral MADS-box and AP2 clades, but the gene number varies among the three species (Figure 2A). Expression of these genes generally shows a degree of similarity across the three species described, although specific temporal and spatial expression patterns are present (Figure 2B; Kang et al., 2013; Hawkins et al., 2017; Hu et al., 2018; Pei et al., 2019; Shahan et al., 2019; Tan et al., 2019; Ying et al., 2019; Shang et al., 2020). Evidence to date would indicate that there are conserved and diversified functions for these genes in different species, although the research to understanding these functions is very much in its infancy.



MIR172 AND AP2 HAVE DIVERSIFIED ROLES IN REGULATING FRUIT DEVELOPMENT

In plants, microRNA172 (miR172) is highly conserved and targets a subfamily of AP2-like genes to repress their expression, by initiating degradation and/or inhibiting translation of the target mRNA (Aukerman and Sakai, 2003; Chen, 2004; Zhu et al., 2009; Zhu and Helliwell, 2011). As members of the euAP2 subfamily have different spatial and temporal patterns of expression (Okamuro et al., 1997; Tang et al., 2007; Yao et al., 2015) and interact with different proteins (Teotia and Tang, 2015), the MIR172 gene family has the potential to affect a number of aspects of plant development.

In annual plant species, early flowering is a phenotypic change commonly observed for over-expression of miR172 (Aukerman and Sakai, 2003; Chen, 2004; Mlotshwa et al., 2006; Zhu and Helliwell, 2011; Teotia and Tang, 2015), and in some instances abnormalities of the floral organs have been observed (Mlotshwa et al., 2006; Zhu et al., 2009). As AP2 governs floral organ size (Jofuku et al., 2005) and floral organ development (Yant et al., 2010), then miR172 has the potential to influence growth of fruit.

In Arabidopsis, miR172 positively regulates Arabidopsis silique growth (Ripoll et al., 2015). The silique is derived from carpel tissues and its growth is negatively regulated by AP2 (Ripoll et al., 2011). The expression of AP2 is repressed in the silique valve by miR172 (Ripoll et al., 2015). Therefore, suppression of the function of miR172, through the use of microRNA mimicry technology, results in a reduction in silique size. Similarly, a reduction in the size of the silique occurs in transgenic plants expressing a modified AP2 gene without a functional miR172-target sequence (Ripoll et al., 2015).

Apple fruit flesh, is derived largely from the hypanthium, hypothesized to consist of the fused bases of the stamens, petals, and sepals (Pratt, 1988) and fruit core is derived from the carpellary tissues. Further molecular studies have indicated that sepal bases make the greatest contribution to apple flesh formation (Yao et al., 2001). Negative regulation of apple fruit growth by miR172 was demonstrated in transgenic plants over-expressing miR172 and also observed in natural variants of apple. Over-expression of miR172 in apple converted segments of sepals to petal-like tissues, indicating that AP2-like transcription factors are required for sepal development and furthermore the miR172 over-expression reduced fruit weight more than 60-fold (Figure 3; Yao et al., 2015). A transposable element (TE) insertional allele of the apple MIR172p gene is associated with reduction of MIR172 expression and co-located with one of four fruit size QTLs (Yao et al., 2015). In the progeny of a controlled cross, the TE insertional allele is associated with large fruit and underlies the evolution of fruit size from the small wild crabapples to large cultivated apples. Although the correlation between fruit size and the level of AP2 expression during fruit development could be interpreted as a direct effect of AP2 on fruit growth, one cannot discount that this is an indirect effect because AP2 represses the function of class C genes (e.g., AG) in the first whorl, according to the ABCE model (Wollmann et al., 2010). Therefore, miRNA-mediated reduction of AP2, resulting in elevated expression of class C genes in the first whorl during flower development, could lead to a conversion of sepals to carpel-like structures. As sepals contribute to the apple fruit flesh we postulate that this conversion of floral organs could account for the reduction in fruit size. However, a sepal to carpel conversion in apple over-expressing miR172 was not reported (Yao et al., 2015).
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FIGURE 3. Apple flower and fruit phenotypes after alteration of the expression of floral organ genes. The images show open flowers (A–F) and mature fruit (G–L) of wild-type (A,G) and transgenic apple plants (B–F, H–L). miR172 is known to inhibit the expression of the AP2- and AP2-like genes. miR172 over-expression converts sepal segments to petal-like tissues (B) outer petals are removed to show sepal-petal conversion and dramatically reduces fruit size (H), wild-type fruit on left and transgenic fruit on right (Yao et al., 2015). Repressing expression of the MdPI gene converts petals to sepals, and stamens to carpels (C), and results in parthenocarpic (seedless) fruit with two whorls of carpels marked using two red arrows (I). However, over-expressing MdPI converts sepals to petals (p, petal; ep, ectopic petal) (D) and suppresses fruit tissue growth resulting in altered fruit shape (J) (Yao et al., 2001, 2018). Repressing expression of two AG homologs, MdMADS15/22, converts stamens to petals (E) and increases carpel number and therefore fruit locule number (K) (Klocko et al., 2016). Repressing expression of two SEP homologs, MdMADS8/9, partially converts petals to greenish sepal-like organs (F) and suppresses fruit flesh growth (L) (Ireland et al., 2013).


In tomato, over-expression of miR172 produced flowers consisting entirely of ovary tissues that develop into parthenocarpic fruit, with a fruit-in-fruit phenotype observed in some extreme cases (Yao et al., 2016). As in apple, the size of the tomato fruit was reduced significantly compared with wild-type control fruit, although the tomato fruit size reduction (4-5-fold) was not as dramatic as that observed in apple. Growth of tomato fruit flesh tissue is dependent largely on division and expansion of cells occurring post-fertilization through the stimulation by hormones released from the seeds. Although over-expression of miR172 may promote fruit development in the absence of fertilization, the parthenocarpic fruit is smaller than wild-type fruit. This “smaller than wild-type” size of plants over-expressing miR172 indicates that the direct or indirect influence of the miR172 transgene on promoting tomato fruit growth in these parthenocarpic fruit does not fully compensate for the growth stimulation of seed-derived hormones in wild-type fruit.

The reports described above have shown miR172/AP2 playing different roles in the regulation of the development of different fruit types represented by apple, Arabidopsis, and tomato. This suggests that miR172/AP2 has the potential for a diversified function in regulating the development of different fruits of the Rosaceae family, although to date, their function has not been reported in any Rosaceae species other than apple. It is interesting to note that the extreme phenotype of apple transgenic plants over-expressing miR172 displays abnormal flowers without sepals, petals, or stamens, but with separate carpels rather than the fused the carpels of normal apples, and no hypanthium surrounding the ovary (Figure 4; Yao et al., 2015). If these flowers were to develop into fruit, the fruit would resemble peach rather than apple, indicating miR172/AP2 could be involved in the diversification of fruit types in Rosaceae.
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FIGURE 4. Flowers of apple transgenic plants over-expressing miR172. (A) Floral inflorescences show abnormal flowers consisting of leaf-like carpel tissues (lct), style, and stigma, but no sepals, petals, or stamens. (B) A florescence of (A) with leaf-like carpels removed reveals separate carpels consisting of ovary, style, and stigma. (C) A single carpel removed from the inflorescence in (B) reveals two ovules after cutting the ovary open (This figure is re-produced from Yao et al., 2015).




PI/AP3 HOMOLOGS NEGATIVELY REGULATE FRUIT GROWTH

The Arabidopsis PI and AP3 are single-copy class B genes, expressed specifically in petals and stamens during their development (Goto and Meyerowitz, 1994; Jack et al., 1992). In PI or AP3 loss of function mutants, the flower phenotype is double the number of carpels, two whorls of sepals, and the absence of stamens or petals (Goto and Meyerowitz, 1994; Jack et al., 1992). Three apple varieties, Rae Ime, Spencer Seedless, and Wellington Bloomless, produce abnormal flowers that resemble Arabidopsis pi and ap3 mutants. Interestingly, the flowers of these three apple varieties develop parthenocarpic fruit, and their single-copy MdPI gene is not expressed owing to the presence of a long-terminal-repeat TE (Yao et al., 2001). Consistently, a similar flower phenotype and parthenocarpic fruit development are achieved with MdPI cosuppression in apple transgenic plants (Yao et al., 2018). The parthenocarpic trait of apple in MdPI loss of function mutants and cosuppression transgenic plants may be explained by the conversion of petals to sepals that are the key floral organs contributing to apple flesh tissue growth (Yao et al., 2001). An additional or alternative explanation for this parthenocarpic trait is that the loss of stamens, as a consequence of suppression of the class B MdPI, results in male sterility. Male sterility has been associated with parthenocarpic fruit production in multiple plant species, including tomato (Ingrosso et al., 2011; Medina et al., 2013; Takei et al., 2019), citrus (Vardi et al., 2008), and grape (Royo et al., 2016). In contrast, ectopic MdPI expression coverts sepals to petals and inhibits apple fruit growth toward the base of the fruit resulting in short and flat fruit (Figure 3). Histological analyses showed that suppression of cell expansion was likely to be the key reason for the reduced tissue growth, although the possibility of inhibition of cell division could not be ruled out (Yao et al., 2018). These two studies clearly indicated MdPI plays an inhibitory role on fruit growth.

The inhibitory role of the class B genes in fruit growth is also supported by studies in other plant species. For example, ectopic expression of VvPI, caused by an insertion of a miniature inverted-repeat TE, inhibits the growth of fruit flesh tissue and results in small, fleshless berries in grape (Vitis vinifera; Fernandez et al., 2013). In tomato, DEFICIENS (an AP3 homolog) expression is temporarily upregulated before and throughout anthesis in the wild-type but not in the parthenocarpic fruit (pat) mutant (Mazzucato et al., 2008), and silencing of TM6 (an AP3 homolog) expression using RNA interference produced parthenocarpic fruit (De Martino et al., 2006). These results suggest that the AP3 and PI homologs in other fruit crops also may suppress ovary and fruit development.

In Arabidopsis, PI and AP3 function together through forming protein heterodimers in petals and stamens (Goto and Meyerowitz, 1994). As apple and grape have several copies of AP3 paralogues, some have acquired new expression patterns, like the sepal and fruit tissue expression observed in apple (Van Der Linden et al., 2002; Kitahara et al., 2004) and grape (Poupin et al., 2007). Ectopic expression of VvPI in grape or MdPI in apple inhibits fruit flesh tissue growth (Fernandez et al., 2013; Yao et al., 2018). A possible explanation for this phenotype in apple and grape is that the ectopic expression of PI and the new expression patterns of AP3 homologues results in the concomitant presence of AP3 and PI in fruit flesh tissue allowing the formation of functional AP3/PI heterodimers which repress fruit flesh tissue growth.

In cultivated strawberry (Fragaria x ananassa), two AP3 homologues (FaAP3 and FaTM6) exhibited an expression pattern equivalent to that of AP3 in Arabidopsis. CRISPR/Cas9-mediated genome editing of strawberry to knockout FaTM6 inhibited anther development although normal fruit development occurred after pollination with wild-type pollen (Martin-Pizarro et al., 2019), indicating FaTM6 plays an important role in strawberry anther development. Comparison of the phenotypes between MdPI mutants of apple and FaTM6 knockout of strawberry indicates the function of AP3/PI homologs is conserved in regulating floral organ development, but different in promoting fruit growth.



AG/SHP-RELATED GENES REGULATE APPLE AND PEACH FRUIT DEVELOPMENT

Apple has one SHATTERPROOF (SHP), two AG, and two SEEDSTICK (STK) homologs (Table 1; Figure 1A). When two AG homologs (MdMADS15 and MdMADS22) are knocked out together the transgenic plants produce flowers with an increased number of petals, but these flowers still have stamens and carpels and can be pollinated to produce normal sized fruit with increased number of locules (Figure 3; Klocko et al., 2016). However, the simultaneous knockout of three genes, MdMADS15/22and MdMADS14 (a SHP homolog), results in the flowers of these transgenic plants having increased numbers of petals and no stamens or carpels. This phenotype resembles the floral phenotype of Arabidopsis agamous mutants. The absence of the carpel in these apple mutant flowers means that they cannot be pollinated; however, they can be induced to produce pseudo fruit without any seed or fruit core by treatments with a combination of plant growth regulators including auxin, cytokinin, and gibberellin (Schaffer et al., 2017; Ireland et al., 2021). This is the first study to show pseudo fruit development without the development of carpel tissue. It is not fruit development in the true sense but extra-carpellary tissue continuing its development when carpels are not formed.

In peach, expression of PrpPLENA, a homolog of SHP, increases during fruit ripening. Ectopic expression of PrpPLENA in tomato plants results in the conversion of sepals into carpel-like structures that, like real fruits, become fleshy and ripen. These transgenic tomatoes also show accelerated ripening (Tadiello et al., 2009). This phenotype is the same as that of tomato over-expressing a SHP homolog TAGL1 (Vrebalov et al., 2009), indicating that PrpPLENA is likely the functional homologue of tomato’s TAGL1. Another class C-related gene of peach, PrpSHP, is expressed from the full anthesis until the fruit harvest stages. PrpSHP expression levels differ between those peach cultivars sensitive to split-pit and those resistant to split-pit (Tani et al., 2007). These findings suggest that temporal regulation of PrpSHP expression may influence the split-pit process of peach, which is a process similar to the silique dehiscence in Arabidopsis regulated by SHP1 and SHP2 (Liljegren et al., 2000).

The AG/SHP homologs of apple and peach have similar functions in regulating the growth of carpellary tissues during fruit development. The difference is that the carpellary tissues contribute to the growth of the whole fruit in peach, but only to the fruit core of apple. As demonstrated in the MADS15/15/22 knockout transgenic plants coreless apple pseudo fruit can be induced to develop from the extra-carpellary hypanthium when the function of all AG/SHP homologs is lost. In contrast, complete loss of function of AG/SHP homologs in peach would likely result in no fruit being produced, although such experiments have yet to be reported.



SEP-RELATED GENES REGULATING FRUIT FLESH GROWTH AND RIPENING

The class E SEP genes show partial redundancy in Arabidopsis with single SEP mutants showing only subtle phenotypes, in contrast to the triple sep1/2/3 mutant which displays indeterminate flowers and whorls of sepals (Pelaz et al., 2000) and the quadruple sep1/2/3/4 mutant which has whorls of leaf-like organs but no flower-like structures (Ditta et al., 2004). The role of AtSEP genes as floral meristem identity genes has been highlighted by their over-expression. Plants with a SEP4 transgene under the control of the CaMV35S promoter exhibit replacement of the inflorescence meristem with fused terminal flowers (Ditta et al., 2004), while plants with a SEP3 transgene expressed from the CaMV35S promoter are early flowering with solitary flowers subtended by curled cauline leaves (Pelaz et al., 2001).

The functions of SEP homologs in regulating fruit development have been shown in tomato. Suppression of expression of either the AtSEP1/2-like gene TM29 or AtSEP3-like gene TM5 promotes parthenocarpic fruit development in transgenic tomato (Pnueli et al., 1994; Ampomah-Dwamena et al., 2002). This suggests that SEP genes repress tomato fruit development. Vrebalov et al. (2002) demonstrated that the AtSEP4-like LeMADS-RIN (RIN) gene is a “master regulator” of fruit ripening in tomato. RIN is proposed to act upstream of, and independently to, ethylene-mediated regulation of ripening. Rin mutant plants show inhibition of all ripening-related traits, including autocatalytic ethylene production, carotenoid accumulation, softening, and volatile production. The rin mutant fails to ripen even under ethylene treatment (Vrebalov et al., 2002). Furthermore, RIN can bind and activate the promoter of ethylene responsive genes, such as LeACS2 (Ito et al., 2008) and in the rin mutant, the expression of LeACS2 is suppressed (Barry et al., 2000).

In strawberry (Fragaria x ananassa Duch.) downregulation of FaMADS9 (an AtSEP1/2-like gene) results in increased green coloration of petals toward a sepaloid form (Seymour et al., 2011), similar to the sepaloid petals seen in Arabidopsis sep3 single mutants (Pelaz et al., 2001). Seymour et al. (2011) also showed that although fruit development appears normal when FaMADS9 is downregulated, ripening is delayed with respect to the accumulation of anthocyanin, degreening of achenes, and fruit softening, akin to the SEP4-like rin mutant of tomato. Furthermore, complete suppression of FaMADS9 leads to severe inhibition of fruit development such that the receptacle develops only to an immature stage (Seymour et al., 2011). Another study showed that over-expression of FaMADS1α, also belonging to the SEP1/2 clade, reduced the expression of anthocyanin-related genes and delayed fruit ripening (Lu et al., 2018). Point mutations of FveSEP3 (FvH4_4g23530) generated by EMS treatment and CRISPR/Cas9-mediated gene editing convert petals, stamens, and carpels to sepaloid organs, promote parthenocarpic fruit growth, and delay fruit ripening in woodland strawberry (Pi et al., 2021).

In apple (Malus x domestica), suppression of MdMADS8/9, a member of the SEP1/2 clade, partially converts petals to sepals and reduces fruit flesh growth, resulting in small fruit (Figure 3). At fruit maturity, the MADS8/9-suppressed apples produce no ethylene and fail to ripen, showing no starch degradation or ethylene-modulated ripening traits (Ireland et al., 2013). Unlike the tomato rin mutant, the MADS8/9-suppressed apples ripen when supplied exogenous ethylene, suggesting that in this case the SEP-like genes are not acting as a master regulator controlling the competency of the fruit to ripen, but instead control the developmental regulation of distinct facets of apple fruit ripening, including the initiation of ethylene production.

Over-expression of the peach (Prunus persica) PrpMADS5, an AtSEP3-like gene, in Arabidopsis results in an early flowering phenotype and over-expression of the peach PrpMADS7, an AtSEP1/2-like gene causes extremely early flowering, with bolting after the cotyledon stage (Xu et al., 2008). The PrpSEP1 gene is closely related to apple MdMADS8 and MdMADS9 and is expressed in peach flesh. Its expression pattern during the storage of melting flesh peach is consistent with that of ethylene- and ripening-related genes. Suppression of PrpSEP1 expression by virus-induced gene silencing (VIGS) delays fruit ripening and softening in melting flesh peach. PrpSEP1 can interact with the promoter of a ripening-related gene encoding a cell wall softening enzyme polygalacturonase (PG; Li et al., 2017).

From the studies discussed above, it is clear that SEP homologs play similar function in regulating fruit ripening among apple, peach, and strawberry. When the expression level of SEP homologs is reduced, fruit ripening is delayed in all three species. However, SEP homologs show opposite functions in regulating fruit flesh growth between apple and strawberry, i.e., promoting flesh tissue growth in apple (Ireland et al., 2013) but inhibiting flesh tissue growth function in strawberry (Pi et al., 2021). This difference may be related the difference of floral organs contributing to development of fruit flesh between apple and strawberry. Apple fruit flesh develops from a hypanthium containing the bases of sepals, petals, and stamens, whereas strawberry flesh develops from a receptacle known as a stem tip. However, further research is required to understand the mechanisms of this differential regulation.



CONCLUSION AND FUTURE PROSPECTS

The studies on apple floral MADS-box genes started in the mid-1990s. Recent advancements of reference genome assembly for multiple Rosaceae species have facilitated the genome-wide identification of floral MADS-box and AP2 genes, and their expression patterns in developing fruit tissue have been analyzed using transcriptome data. These genome and transcriptome resources have allowed identification of promising candidate genes for analyzing their function in the regulation of fruit development and quality. So far, functional analyses of these genes have been predominantly in apple and strawberry because these two species are relatively easy to transform, and strawberry has a relatively short generation time. The function of a few genes, such as MdPI and miR172, has also been shown using natural mutants. The functional analyses of floral organ genes in regulating apple fruit development are summarized in Figure 5.
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FIGURE 5. The apple floral organ genes regulate fruit development. The diagram shows the apple floral organ genes that have been functionally studied in apple transgenic plants. miR172 inhibits the expression of AP2-like genes that promote apple fruit flesh growth (Yao et al., 2015). Ectopic expression of MdPI inhibits fruit flesh growth (Yao et al., 2018) while knockout of MdPI promotes parthenocarpic fruit development (Yao et al., 2001). The AG/SHP homologs MADS14/15 are required for fruit core growth and coreless fruit can be produced by knocking out MADS14/15 (Schaffer et al., 2017; Ireland et al., 2021). The class E genes MdMADS8/9 are required for fruit flesh growth and fruit ripening (Ireland et al., 2013).


Future studies should be directed to functionally analyzing the roles of floral organ genes in a wider range of Rosaceae species for a greater understanding of the molecular mechanisms regulating fruit type diversity and fruit development in the family. Gene editing, using CRISPR-Cas9 or similar, offers the opportunity to disrupt the function of specific gene family members to elucidate their precise role, the degree of redundancy within the gene family and any neo- and sub-functionalization that has evolved. However, as most Rosaceae plants are woody perennials, the challenges of elucidating a gene’s role in the regulation of fruit development and fruit quality are the relatively long time to the plants first flowering and fruiting and their recalcitrance to transformation. These challenges may be overcome by using transgenes to promote early flowering, as has been achieved using the Betula pendula (silver birch) BpMADS4 gene to accelerate apple flowering (Weigl et al., 2015), and transgenes to enhance the efficiency of plant transformation and regeneration, as has been achieved using the Baby boom gene to improve maize and apple transformation (Lowe et al., 2016; Chen et al., 2021). In addition, recent accumulation of genome sequence data from a large number of cultivars and germplasm accessions of some of the Rosaceae family, along with transcriptomics data, is proving useful for the identification of alleles associated with key fruit development traits. With the ongoing expansion of genomics data, more refined spatio-temporal transcriptomics, new gene editing, and transformation technologies and their application across a wider range of Rosaceae family members, we would expect that significantly faster progress will be made in the next decade to understand how floral MADS-box and AP2 genes regulate fruit development and fruit quality in Rosaceae, a family that produces such a wide array of fruit types.
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AX-89912298 Chr. 3 29,593,040 2,262,160 29,406,849 27,457,717 2,855,020
AX-166519513 Chr. 3 32,812,041 96,868 31,307,920 29,608,552 155,496
AX-89912372 Chr. 3 31,060,850 1,221,378 30,397,639 — 1,385,503
AX-123524646 Chr. 3 24,023,662 6,600,875 25,184,632 23,414,517 6,539,416

aAxiom 35K SNP marker.

Pphysical location shown in base pair (bp).
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Accession Female Male Source NGD001 UFGDKASP  Area of Avg.
y-decalactone
FL 18.50-36 Florida Beauty X FL 15.89-25 University of Florida AA AA 1,906,279,564
FL 18.50-91 Florida beauty X FL 15.89-25 University of Florida AA AA 1,716,735,350
FL 18.50-96 Florida beauty X FL 15.89-25 University of Florida AA AA 1,450,960,595
FL 13.22-200 Sweet sensation® “Florida 127" X FL 11.28-34 University of Florida AA AA 1,337,840,264
FL 18.50-52 Florida beauty X FL.16.89-25 University of Florida AA AA 1,333,444,656
FL 18.50-124 Florida beauty X FL 15.89-25 University of Florida AA AA 1,309,594,966
FL 14.55-48 FL 10-121 X Sweet sensation® “Florida 127” University of Florida AA AA 1,167,611,378
FL12.115-10 FlL.10.183-88 X FL 11.141-36 University of Florida Aa Aa 1,065,855,455
FL 10-24 FL 07-193 X FL 07-168 University of Florida AA AA 1,015,450,185
FL 10-121 FL 07-68 X FL 08-50 University of Florida AA AA 998,243,010
FL 11.31-54 WinterStar ™ X FL 07-193 University of Florida AA AA 971,125,697
FL 14.83-36 FL 10-121 X FL 07-198 University of Florida 951,911,108
Sweet Charlie FL 80-456 X Pajaro University of Florida Aa Aa 752,825,948
FL 12.55-220 FL 10-47 X Sweet sensation® “Florida 127" University of Florida AA AA 643,674,054
Win’[erS’[arT’VI Florida Radiance X Earlibrite University of Florida Aa Aa 629,417,671
FL 14.10-17 FL 11.77-96 X FL 11.31-54 University of Florida AA AA 589,598,908
FL 156.56-134 FL.12.5-130 X FL 10-121 University of Florida Aa Aa 588,413,724
FL 15.42-183 FL 10-46 X FL 11.58-72 University of Florida Aa Aa 527,526,224
FL 12.786-77 FL 09-150 X FL 09-100 University of Florida Aa Aa 508,672,061
Florida Brilliance FL 11.31-14 X FL 10-1563 University of Florida Aa Aa 473,334,916
FL 13.27-142 FL 06-89 X FL 10-47 University of Florida Aa Aa 464,913,451
FL 12.26-49 Sweet sensation® “Florida 127” X FL 07-134 University of Florida Aa Aa 457,110,416
FL 11.71-8 FL 06-38 X FL 07-193 University of Florida AA AA 438,927,503
Florida Beauty AU 2010-119 X Florida radiance University of Florida Aa Aa 399,415,427
Sweet Sensation® WinterStar™ x FL 02-58 University of Florida Aa Aa 389,982,544
“Florida 1277
FL 14.37-103 FL 10-24 X FL 10-89 University of Florida Aa Aa 383,769,498
FL 12.93-4 FL 10-24 X FL11.107-5 University of Florida Aa Aa 364,489,979
FL 11.28-34 Florida radiance X FL 07-134 University of Florida Aa Aa 333,911,727
Florida Elyana FL96-114 X FL 95-200 University of Florida Aa Aa 308,042,692
FL 15.76-45 FL 12.93-4 X FL 12.55-220 University of Florida Aa Aa 305,626,231
FL 13.51-134 Sweet sensation® “Florida 127" X FL 10-47 University of Florida Aa Aa 285,509,091
Florida Radiance Winter dawn X FL 99-35 University of Florida Aa Aa 231,000,642
FL 14.55-203 FL 10-121 x  Sweet sensation® “Florida 127" University of Florida Aa Aa 180,351,763
FL 18.50-120 Florida Beauty X FL 15.89-25 University of Florida Aa Aa 84,966,825
FL 18.50-20 Florida beauty X FL 15.89-25 University of Florida Aa Aa 74,313,718
FL 18.50-49 Florida beauty X FL 15.89-25 University of Florida Aa Aa 71,291,037
FL 18.50-65 Florida beauty X FL 15.89-25 University of Florida Aa Aa 25,692,788
FL 18.50-42 Florida beauty X FL 15.89-25 University of Florida Aa Aa 23,038,727
FL 13.22-336 Sweet sensation® “Florida 127" x FL 11.28-34 University of Florida aa aa 24,924,665
FL 12.74-39 FL 06-89 X FL 11.63-41 University of Florida aa aa 24,864,174
FL 13.19-86 FL 06-134 X FL 10-51 University of Florida aa aa 18,415,501
Fronteras Unknown X Unknown U. of California Davis aa aa 10,899,839
FL 13.55-195 FL 10-47 X FL 10-153 University of Florida aa aa 7,760,551
Camarosa Douglas X Cal. 85.218-605 U. of Callifornia Davis aa aa -
Strawberry Festival Rosa linda X OsoGrande University of Florida aa aa -
Treasure A3 X OsoGrande Florida aa aa —
Winter Dawn FL 93-103 X FL 95-316 University of Florida aa aa —
Mara des Bois Gento x Ostara X RedGaunlet x Korona France aa aa -

AA, homozygote y-D producer genotype; Aa, heterozygote y-D producer genotype; aa, homozygote y-D non-producer genotype;—, unknown.
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Library Total reads Clean reads Clean base (bp) Mapped reads Unique mapped reads GC content % > Q30
No. Percentage No. Percentage
B1-S0O 55,299,248 27,649,624 8,241,443,970 52,624,756 95.16% 51,189,336 92.57% 46.36% 95.46%
B2-S0 52,472,066 26,236,033 7,835,470,872 49,381,068 94.11% 47,921,503 91.33% 46.38% 94.58%
B3-S0 42,518,758 21,259,379 6,319,171,812 39,177,432 92.14% 38,093,507 89.59% 46.78% 95.09%
B1-S1 49,545,076 24,772,538 7,394,915,150 45,810,911 92.46% 43,410,563 87.62% 46.58% 94.70%
B2-S1 43,014,382 21,507,191 6,426,544,328 39,549,654 91.95% 37,331,283 86.79% 46.63% 95.10%
B3-St 44,495,164 22,247,582 6,633,928,720 41,781,723 93.90% 39,363,989 88.47% 46.48% 94.57%
B1-S3 51,072,856 25,536,428 7,617,437,418 48,634,923 95.23% 46,403,165 90.86% 46.56% 94.67%
B2-S3 55,679,980 27,839,990 8,304,340,272 53,371,184 95.85% 51,077,734 91.73% 46.32% 94.87%
B3-S3 46,058,244 23,029,122 6,861,185,988 43,908,560 95.33% 42,138,758 91.49% 46.36% 94.99%
C1-S0 39,985,662 19,992,831 5,954,533,580 36,333,712 90.87% 35,370,832 88.46% 46.29% 94.36%
C2-S0 41,941,794 20,970,897 6,239,724,192 38,482,650 91.75% 37,116,815 88.50% 46.54% 94.96%
C3-S0 49,636,558 24,818,279 7,395,890,042 46,277,979 93.23% 44,850,103 90.36% 46.26% 95.02%
C1-$1 40,903,146 20,451,573 6,112,103,674 37,830,395 92.49% 36,339,637 88.84% 46.51% 94.36%
C2-$1 50,895,486 25,447,743 7,586,570,536 46,982,994 92.31% 45,503,392 89.41% 46.31% 95.26%
C3-S1 45,892,436 22,946,218 6,841,578,052 38,945,963 84.86% 37,464,526 81.64% 48.18% 94.58%
C1-S3 42,742,096 21,371,048 6,378,901,298 38,510,897 90.10% 36,854,266 86.22% 46.95% 94.41%
C2-83 38,611,318 19,305,659 5,767,5650,644 34,646,264 89.73% 33,158,174 85.88% 46.82% 94.31%
C3-S3 41,971,228 20,985,614 6,270,251,464 38,802,892 92.45% 37,066,309 88.31% 46.60% 94.65%

*B and C represent “ZH” and “JX”, respectively. SO, S1, and S8 indicate three developmental stages of anthers. Each sample contains three biological replicates.
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Database name

ROSACEAE DATABASES

GDR (Genome Database for
Rosaceae)

MDR (Methylation Database for
Rosaceae)

AppleMDO

Fragaria vesca co-expression
network explorer

SGR (Strawberry Genome
Resources)

SGD (Strawberry Genome
Database)

TRANSNAP

GENERAL PLANT DATABASES
NCBI Genome

PLAZA
Phytozome
EnsemblPlants

PMN (Plant Metabolic Network)
Plant Reactome

PlantTFDB (Transcription Factor
Database)

PlantRegMap (Plant
Transcriptional Regulatory Map)
Next-Gen Sequence Databases
and SRNA Tools

CANTATAdD

RPTEdb (Rosaceae Plant
Transposable Element Database)

PlantRGDB (Plant Retrocopied
Gene DataBase)

URL

hittps://www.rosaceae.org
hitp//mdrxiestab.org

http://bioinformatics.cau.edu.cn/
AppleMDO

hitpy//159.203.72.198:3838/
fvesca
hitp:/bioinformatics.towson.
edu/strawberry
http://wwwstrawberryblast.ml:
8080/strawberry/viroblast.php

hitp/plantomics.mind.meij
jo/nashi

hittps://www.ncbinim.nih.gov/
genome

hittps://bioinformatics.psb.ugent.
be/plaza
https://phytozome-next.jgi.doe.
gov

hitps://plants.ensembl.org/
index.html

hitps://planteyo.org

hitps://plantreactome.gramene.
org/index.php?lang=en

hitp//planttidb.gao-lab.org

hitp:/plantregmap.gao-lab.org

https://mpss.danforthcenter.org

hitp://cantata.amu.edu.pl
http://genedenovoweb.tiop.net:
81/RPTEdb/index.php
hitps:/probes. pw.usda.gov/
plantrgdb/index.php

Species

Rosaceae
Rosaceae

Malus domestica
Fragaria vesca
Fragaria vesca
Fragaria x ananassa

Pyrus pyrifolia

General
Plant
Plant
Plant

Plant
Plant

Plant
Plant
Plant

Plant
Rosaceae

Plant

Information provided

Genomic
Methylation
Co-expression
Co-expression
Transcriptome
Genomic

Transcriptome

Genomic
Genomic
Genomic
Genomic

Functional (Pathway)
Functional (Pathway)

Functional (TF
Regulation)
Functional (TF
Regulation)

ncRNA (small RNA)

NORNA (ncRNA)
TE

Retrocopied Gene

Reference

Jung etal, 2019

Liuetal., 2019

Daetal, 2019

Shahan et al., 2018

Darwish etal., 2013

Liu et al., 2021

Koshimizu et al., 2019

Tatusova et al., 1999

Van Bel et al., 2018

Goodstein et al., 2012

Bolser et al., 2017

Schiépfer et al.,, 2017
Naithani et al., 2020

Jinetal., 2017

Tian et al., 2020

Nakano et al., 2020

Szczeéniak et al., 2016
Magetal, 2018

Wang, 2017
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Species

Malus domestica

Malus domestica

Pyrus bretschneideri
Pyrus communis
Pyrus ussuriensis x
communis

Prunus armeniaca

Prunus armeniaca
Prunus avium

Prunus avium
Prunus avium
Prunus avium

Prunus dulcis
Prunus dulcis

Prunus mume
Prunus persica

Prunus salicina
Prunus yedoensis
var. nudifora

Prunus yedoensis

Fragaria x ananassa

Fragaria x ananassa
Fragaria iinumae

Fragaria inumae
Fragaria vesca
Fragaria viriis
Rosa chinensis
Rosa chinensis
Rosa multfiora

Rubus idaeus
Rubus occidentalis

Ploidy
2n=2x=34
2n=2c=34
2n=2x=34
2n=2c=34
2n=2c=34

2n=2x=16
2n=2x=16
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Common name

Apple

Apple

Chinese white pear
European pear
Harbin x European
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Apricot
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Sweet cherry

Sweet cherry
Sweet cherry
Sweet cherry

Almond
Almond

Japanese apricot
Peach

Japanese plum
King cherry
‘Yoshino cherry
Garden strawbery

Garden strawberry

Woodland
strawberry

Chinese rose

Chinese rose
Muttifiora rose

Red raspberry
Black raspberry

Variety

Golden Delicious
doubled haploid
(GDDH13)

Hanfu
anther-derived
homozygous fine
HFTH1

Bartlott doubled
haploid
Zhongai 1

Chuanzhihong
Rojo Pasion
Satonishiki

8ig Star
Tieton
Tieton
Lauranne
Texas

Lovell doubled
haploid

Sanyueli

Somei-Yoshino
Reikou

Camarosa

Hawaii 4

Old Blush
homozygous rose
line

Old Blush doubled
haploid

Joan J.
ORUS 4115-3

Access genome at  Species website

GDR and NCBI
Genome

GDR and NCBI
Genome

GDR

GDR

GDR and NCBI
Genome

GDR

NCBI Genome
GDR and NCBI
Genome

NCBI Genome
NCBI Genome
GDR and NCBI
Genome

GDR and NCBI
Genome

GDR and NCBI
Genome

NCBI Genome

GDR and NCBI
Genome

GDR and NCBI
Genome

GDR and NCBI
Genome

GDR and NCBI
Genome

GDR and NCBI
Genome

GDR

GDR and NCBI
Genome

GDR and NCBI
Genome

GDR

GDR
GDR and NCBI
Genome

GDR

GDR and NCBI
Genome
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http:/services.
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hitp:/strawberry-garden.
kazusa.orjp

hittpy//strawbeny-garden.
kazusa.orjp

https:/lipm-browsers.
toulouse.inra.fr/pub/
RehiOBHM-V2/
https://iris.angers.inra.fr/
obh/

http://rosa kazusa.orjp

Reference

Daccord et al., 2017

Zhang et al., 2019

Xue et al., 2018

Linsmith et al., 2019

Quetal, 2019

Jiang et al,, 2019
Campoy et al., 2020
Shirasawa et al,, 2017

Pinosio et al., 2020
Wang et al,, 2020a
Wang et al,, 2020b

Sénchez-Pérez et al., 2019

Alioto et al., 2020

Zhang et al., 2012
Verde et al.,, 2017

Liu C. etal., 2020

Baek et al,, 2018

Shirasawa et al., 2019

Hirakawa et al., 2014

Edger et al., 2019
Hirakawa et al., 2014

Edger et al., 2020
Edger et al., 2018
Feng etal., 2021

Raymond et al., 2018

Hibrand Saint-Oyant et al.,
2018

Nakamura et al., 2018

Wight et al., 2019
VanBuren et al., 2018





OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers






OPS/images/fpls-12-653256/fpls-12-653256-g007.jpg
Plant hormone signal transduction -

Pyruvate metabolism -

Propanoate metabolism -

Arginine and proline metabolism -

Phenylalanine, tyrosine and tryptophan biosynthesis -
Pentose phosphate pathway -

Vitamin B6 metabolism -

Custaina and Hhiant padhali

Glutathione metabolism -

Carbon fixation in photosynthetic organisms -
Carotenoid biosynthesis -

Photosynthesis - antenna proteins -
Biosynthesis of amino acids -

Acrnrats and aldarats Al s

Glycolysis / Gluconeogenesis -

Stilbenoid, diarylheptanoid and gingerol biosynthesis -
Plant-pathogen interaction -

Sesquiterpenoid and triterpenoid biosynthesis -
Flavonoid biosynthesis -

Galactose metabolism -

2 3
Rich factor

-log10(pvalue)

3.0





OPS/images/fpls-12-653256/fpls-12-653256-g008.jpg
— | X

* N
* W
* <
W
*
*
* m
* * W
*
- ~
* W
Lan
(7]
8 8 8888888 ° 8 8 88 & & °
(o)} 0 N~ O < Mm N = o~ o~ i —
(M4 3/uiwi/jowu) 159 (M4 3/81) piouayose)
un
v
*
- <
* v
*
*
oM
Wy
* o~
* * wy
*
Lo
o w
n © un Ly n o~ Ln i n o
o m o~ — o
(M4 3/jowrl) HsD

< n m n ~ L —
m ~ —
(M4 3/ujw/jownrl) Xdv

4.5





OPS/images/fpls-12-653256/fpls-12-653256-g009.jpg
Relative expression

Relative expression

w
L= ¥

== NN W
i o »n

o

L

Relative expression

o un

Relative expression
OB N WLRUWUON ®

0.25
0.2
0.15
0.1
0.05

0.07
0.06
0.05
0.04
0.03
0.02
0.01

1

1

L

L

L

Prupe.4G146800

S1

Prupe.6G091600

Prupe.3G178500

S2

S3

i

Prupe.1G054900

SS

0.08 -
0.07 -
0.06 -
0.05 -

0.03 -
= 0.02 -
0.01 -

0.16 -

0.14

Relative expression
o
O
= N

©o o0
ocRNR 2R

w
N B
L

Relative expression

Relative expression
o
R

Prupe.4G147400

o = '
oWk N w
1

Sl

Prupe.6G242200

Prupe.5G105100

S2

S3

sS4

Relative expression
O B N W B U O
L Il i B i B

AN

Prupe.1G055000

S5

0.06 -

Relative expression

0.4

035 -

025 -
0.15 -
0.05 -

0 -

o
w
1

o
et
1

J

Relative expression
=]
M

Prupe.2G004500

mZH

0.05 - w IX
0.04 -
0.03 -
0.02 -
0.01 -
0 o

S1 S2 S3 S4 S5

Prupe.6G072400

Prupe.4G146400
1.2 -
5 17
‘»
o 0.8 -
(=8
s 0.6 -
1]
2 0.4 -
R
& 0.2 -
0 -
Prupe.5G099700
3.5 -
e 31
i~
@a 2.5
o
S 2
o 15
>
® 1
1]
& 05
0
s1 S2 S3 sS4 S5





OPS/images/fpls-12-653256/fpls-12-653256-g003.jpg





OPS/images/fpls-12-653256/fpls-12-653256-g004.jpg





OPS/images/fpls-12-653256/fpls-12-653256-g005.jpg
4 |

S2

X






OPS/images/fpls-12-653256/fpls-12-653256-g006.jpg
* k

* %

a3

S2

S1

A 50 -

45 -

40 -

(m

35 -

w

30 -

Swoot

25 -

S~

jow

20 -

e

15 -

) 20%H

10 -

L

S3

S2

S1

S5

S4





OPS/images/fpls-12-653256/cross.jpg
3,

i





OPS/images/fpls-12-653256/fpls-12-653256-g001.jpg





OPS/images/fpls-12-653256/fpls-12-653256-g002.jpg
£
- 8
3
ur






OPS/images/fpls-12-644799/fpls-12-644799-e003.jpg
mix < — mmer(Trait ~ Year,
random =~ vs (ds (Year) , Selection, Gu = K) + vs (ds (Local)),

reov = ~ vs(ds(Year), units), data = Trait)





OPS/images/fpls-12-644799/fpls-12-644799-g001.jpg
Chromosome 1

0.2
2.5

17.5 —

T T T T AT

Il

25.5 ] SNP_IGA_84580(qtnBD_1.6)
26.9 ~= - SNP_IGA_88046(qtnBlush_1.1)
27.2 2™ SNP_IGA_89193(qtnFW_1.2)

— SNP_IGA_1129(qtnFW_1.1)
L SNP_IGA_7992(qtnBlush_1.2)

— SNP_IGA_58626(qtnSSC_1.1)

Chromosome 2

SNP_IGA_197236(qtnFT_2.1)
SNP_IGA_198691(qtnFT_2.2)

SNP_IGA_275189(qtnFW_2.1)

SNP_IGA_288845(qtnpH_2.1)

30.9 —=— SNP_IGA_99110(qtnRD_1.1)
34.3 —=— SNP_IGA_104819(qtnFDIA_1.1)
40.6~J ~ SNP_IGA_119391(qtnBD_1.5)
43.6~ = s SNP_IGA_134730(qtnBD_1.4)
45.0 SNP_IGA_131557(qtnBD_1.1)
45.8 SNP_IGA_128189(qtnBD_1.3)

Chromosome 5

0.3
0.6
0.7
0.9
1.3
22
25
3.7
13.0
16.6

SNP_IGA_126857(qtnBD_1.2)

SNP_IGA_126158(

SNP_IGA_543474(

SNP_IGA_544428
SNP_IGA_544961

SNP_IGA_545448(qt

SNP_IGA_547830(
SNP_IGA_552247(
SNP_IGA_553456(
SNP_IGA_559057(

SNP_IGA_595786(qtnSSC_5.3) 13.1

gtnFF_1.1)

Chromosome 6

qtnFT_5.4)
(gtnpH_5.1)
(qtnSSC_5.2)

qinFT_5.3)
qtnFT_5.2)

8.8 SNP_IGA_632033(qtnRD_6.1)

snp_6_13059650(qtnADH_6.1)
135 SNP_IGA_652492(qtnFW_6.1)

SNP_IGA_602331(qtnBlush_5.1;qtnDAB_5.1)

213 SNP_IGA_673205(qtnSSC_6.1)
24.1 SNP_IGA_680747(qtnPW_6.1)
25.1 SNP_IGA_684085(qtnPW_6.3)
28.8 SNP_IGA_697517(qtnPW_6.2)
29.2 SNP_IGA_698951(qtnRP_6.1)

295 SNP IGA 699516(qtnFW _6.2)

Chromosome 3

SNP_IGA_298935(qtnFW_3.1)

SNP_IGA_330725(qtnBlush_3.3)

SNP_IGA_349831(qtnBlush_3.1)

Chromosome 7
0.2 SNP_IGA_726818(qtnFDIA_7.1)
10.5 SNP_IGA_759649(qtnBD_7.2)
12.2 SNP_IGA_769572(qtnFT_7.1)
15.8 SNP_IGA_779594(qtnBD_7.1)

25

5.1

Chromosome 4

SNP_IGA_370194(qtnBD_4.2)
SNP_IGA_374610(qtnFT_4.1)
SNP_IGA_379393(qtnFF_4.1)
SNP_IGA_379856(qtnFF_4.2)
SNP_IGA_386222(qtnRD_4.4)
SNP_IGA_387584(qtnADH_4.6)
SNP_IGA_397470(qtnBlush_4.1)
SNP_IGA_397710(qtnSSC_4.1)
SNP_IGA_403613(qtnDAB_4.3)
SNP_IGA_404442(qtnFW_4.1)
SNP_IGA_408223(qtnRP_4.3)
SNP_IGA_409379(qtnADH_4.8)
SNP_IGA_410165(qtnADH_4.7

SNP_IGA_410794(qtnRD_4.7) SNP_IGA_411147(qtnADH_4.4;qtnRP_4
SNP_IGA_411161(qtnFF_4. 3qtnSSC
SNP_IGA_411637(qtnRD_4.3;qtnDA )

lli SNP_IGA_415301(qtnRD_4.1) SNP_ IGA _415382(qtnRD_4.8)
SNP_IGA_417666(qtnRD_4.5)

I' SNP_IGA_420316(qtnBD_4.3)

Il SNP_IGA_426994(qtnSSC_4.2)

Il SNP_IGA_439186(qtnFW_4.2)

It SNP_IGA_440662(qtnBD_4.1)

| SNP_IGA_441749(qtnADH_4.3)
SNP_IGA_450629(qtnADH_4.1)
SNP_IGA_467302(qtnADH_4.2)

Chromosome 8

SNP_IGA_803461(qtnRD_8.1)
SNP_IGA_804739(qtnRP_8.1)
SNP_IGA_821894(qtnFT_8.1)

SNP_IGA_866041(qtnFT_8.2)

SNP_IGA_879528(qtnPW_8.1)

SNP_IGA_410336(qtnRD_4.6) SNP_IGA_410398(qtnRD_4.2,qtnDAB_4.1;qtnADH_4.5;qtnRP_4.1)
2)





OPS/images/fpls-12-644799/cross.jpg
3,

i





OPS/images/fpls-12-644799/fpls-12-644799-e000.jpg
Titratable acidity (%) =
[NaOH titrated (ml) x 0.1N (NaOH) x milliequivalent factor x 100]
69 of juice






OPS/images/fpls-12-644799/fpls-12-644799-e001.jpg
h2.fun(object, data, gTerm, eTerm)





OPS/images/fpls-12-644799/fpls-12-644799-e002.jpg
1= (PEV/(md x Vy))





OPS/images/fpls-11-592540/fpls-11-592540-g006.jpg
t
e
o if
£
=
@
0
—
=

Fruit weight (g)
o

o
7o) o o
e 5 B e
¥ BRI 1uow)eal)
x vdll
3 m oo e
m IS [e211V]o}g)
©
58
% k= .mu * "W‘ u.u.uﬁm.u.u-ﬁ .u.u-uﬂﬂ juswiieal
T '®H X
m .Ww m x VVN
(= =
® S35 e
C O = e
__m_ m_ m |ou0D
S & & B &8 =
S ® © < Y
(ww) unyy jJo Jo)WEIP
[euipnyiBuo| pue asiaAsuRl|
S '\
=]
[
o g o =
5 Se g 3 E
§) z m @) = m
F et w L
m - 0}

GLF

LF

o
e

*%

juswiesl)
I =

-10J1U0D

*k
i

juswieal)
VVN

gle2)iV(e}g]

400 -

\J_

LN
b
.
k
w\
=

B

o o
o o
(o0 (a]
(wrf) ynuy jo 8zis |89

100+

5 E
M €
Nm 8
&
Y

GLF

treatment

LF

G

LF





OPS/images/fpls-11-592540/fpls-11-592540-t001.jpg
Sample Clean reads (strip) Clean bases (bp) GC (%) Q30 (%)

LF-1 27,637,481 8,221,649,800 47.73 92.67
LF-2 26,912,877 8,043,076,294 47.55 92.37
LF-3 25,693,947 7,665,601,944 47.56 92.38
GLF-1 23,691,600 7,068,675,886 47.49 91.78
GLF-2 24,822,984 7,391,795,358 47.72 92.25
GLF-3 22,064,826 6,589,203,906 47.91 92.55

LF-1, LF-2, and LF-3 represent three biological replicates of LF at 72 DAFB; GLF-1,
GLF-2, and GLF-3 represent three biological replicates of GLF at 72 DAFB. Clean
reads (strip) represent the total number of paired-end reads in the clean data; clean
bases (bp) represent clean data total base numbers.
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qtnBD_1.1
qtnBD_1.2
qinBD_1.3
qinBD_4.3
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qinFF_4.3
qtnADH_4.1
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qtnADH_4.3
qtnRP_4.2
qinRP_6.1
qtnRP_8.1
qQinFT_5.1
QinFT_5.4
qinSSC_1.1
qinSSC_4.1
qinSSC_4.2
qinSSC_4.3
qtnSSC_5.1
qinSSC_5.3
qtnpH_2.1
qtnpH_5.1

Trait

BD
BD
BD
BD
RD
RD
RD
RD
DAB
Blush
Blush
FDIA
FW
FF
FF
ADH
ADH
ADH
RP
RP
RP
'_—l'
'_—l'
SSC
SSC
SSC
SSC
SSC
SSC
pH
pH

SNP

SNP_IGA_131557
SNP_IGA_126857
SNP_IGA_128189
SNP_IGA_420316
SNP_IGA_99110
SNP_IGA_415301
SNP_IGA_410398
SNP_IGA_417666
SNP_IGA_411637
SNP_IGA_330725
SNP_IGA_602331
SNP_IGA_104819
SNP_IGA_652492
SNP_IGA_379393
SNP_IGA_411161
SNP_IGA_450629
SNP_IGA_467302
SNP_IGA_441749
SNP_IGA_411147
SNP_IGA_698951
SNP_IGA_804739
SNP_IGA_545448
SNP_IGA_543474
SNP_IGA_58626
SNP_IGA_397710
SNP_IGA_426994
SNP_IGA_411161
SNP_IGA_552247
SNP_IGA_595786
SNP_IGA_288845
SNP_IGA_544428

Chromosome

&2 O @ ) B @ ) B e S @ B < B o) B S S T i T e & B S B S R A

Position (bp)

45022954
46125525
45753343
13813285
30864365
125623245
10696489
13091850
10981971
16198112
16550893
34325189
13508541
1391180
10922075
18235458
19028425
16584598
10921604
20242212
2702428
850261
329318
17538855
6694626
14898353
10922075
2240224
13019899
29376788
557504

BD, bloom date; RD, ripening date; DAB, days after bloom; FDIA, fruit diameter;
FW, fruit weight; FF, fruit firmness; ADH, adherence; RR redness around pit; FT,

fruit texture; SSC, soluble solid concentration.
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Trait Hap Scaffold Start (bp) End (bp) Associated SNPs

S8C 5.5
Blush 5.6
FW 6_1
RP 6_2
RP 8_1

13014155 13019899 SNP_IGA_595786
16550893 16702088 SNP_IGA_602331
13235506 13565811 SNP_IGA_652492
20231386 29714220 SNP_IGA_698951

2369263 2838462 SNP_IGA_804739

SSC 1.1 1 17400346 17538855 SNP_IGA_58626
RD 1.2 1 30644296 31160594 SNP_IGA_99110
FDIA 1.8 1 34122904 34404100 SNP_IGA_104819
BD 1.4 1 44904968 45237616 SNP_IGA_131557
BD 1.5 1 45753343 45821173 SNP_IGA_128189
BD 1.6 1 46012310 46430951 SNP_IGA_126857
pH 2.1 2 20241773 29376788 SNP_IGA_288845
Blush 3_1 3 16195795 16236799 SNP_IGA_330725
FE 4.1 4 1382161 1413701 SNP_IGA_379393
SSC 4.2 4 6688718 6712809 SNP_IGA_397710
RD 4.3 4 10676008 10760085 SNP_IGA_410398
RP 4_4 4 10760086 10981971 SNP_IGA_411147
FF 4_4 4 10760086 10981971 SNP_IGA_411161
SSC 4_4 4 10760086 10981971 SNP_IGA_411161
DAB 4_4 B 10760086 10981971 SNP_IGA_411637
RD 4.5 4 12429145 12523245 SNP_IGA_415301
RD 4.6 4 13078233 13108512 SNP_IGA_417666
BD 4.7 4 13561808 14018643 SNP_IGA_420316
SSC 4.8 4 14735598 156182577 SNP_IGA_426994
ADH 4.9 4 16511312 16674024 SNP_IGA_441749
ADH 410 4 18140428 18235458 SNP_IGA_450629
ADH 4_11 4 18719887 19206580 SNP_IGA_467302
FT 5_1 5 329318 481015 SNP_IGA_543474
pH 52 5 521865 821356 SNP_IGA_544428
FT 5_3 5 850261 882334 SNP_IGA_545448
S8C 5_4 5 2086499 2242971 SNP_IGA_5562247

5

5

6

6

8

BD, bloom date; RD, ripening date; DAB, days after bloom; FDIA, fruit diameter;
FW, fruit weight; FF, fruit firmness; ADH, adherence; RF, red in pit; FT, fruit texture;
SSC, soluble solid concentration.
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Year

2011/2012
2010/2011/2012
2011/2012
2010/2011/2012
2011/2012
2010/2011/2012
2010/2011/2012
2010/2011/2012
2010/2011/2012
2010/2011/2012
2010/2011/2012
2010/2011/2012
2011/2012
2010/2011/2012

Min

37/36
168/111/125
67/78
0/0/0
36.3/42.0
49.0/33.4/30.2
111
1.4/2.1/0.9
0/0/0
111
2.6/2.5/2.8
7.5/7.2/7.6
0.2/0.01
3.4/2.9/2.8

Max

80/78
230/237/230
196/159
5/5/5
85.2/80.6
214.7/351.4/289.8
4/4/4
54.6/67.9/106.4
111
2/212
10.7/12.2/11.6
17.9/22.2/26.8
1.71.8
5.0/4.8/5.1

Mean

65.1/59.31
197.6/189.1/171.3
120.8/111.3
2.8/3.0/2.7
55.2/60.8
119.4/103.1/117.1
2.2/2.5454
16.2/21.1/17.6
0.8/0.8/0.6
1.1/1.3/1.8
6.0/5.9/6.8
11.7/13.1/13.2
0.7/0.6
3.9/3.8/3.8

SE

1.14/0.51
1.2/1.1.02
1.52/0.82
0.1/0.05/0.04
0.42/0.37
2.9/1.91.9
0.1/0.07/0.06
0.9/0.6/0.7
0.04/0.02/0.02
0.02/0.03/0.03
0.1/0.1/0.1
0.2/0.1/0.1
0.01/0.01
0.02/0.02/0.03

SD

16.19/10.93
14.9/23.5/22.2
19.98/17.24
1.3/1.0.93
7.47/6.66
34.9/40.7/42.2
1.4/1.41.4
10.6/12.0/14.8
0.4/0.4/0.5
0.8/0.7/0.7
1.8/1.9/1.6
2.1/2.9/3.3
0.3/0.3
0.3/0.3/0.4

BD, bloom date (Julian days); RD, ripening date (Julian days); DAB, days after bloom (Julian days); blush (0-5 scale); FDIA, fruit diameter (mm); FW, fruit weight (g); ADH,
adherence (1-4); FF, fruit firmness (N); RF, Redness around pit (0-1 scale); FT, fruit texture (1-2 scale); PW, pit weight (g); SSC, soluble solid concentration (°Brix); TA,
titratable acidity (% malic acid); SE, mean standard error; SD, standard deviation.
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Position (bp)

45022954
46125626
45753343
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LoD

11.7-242
56-14.8
37-111
49-94
40-59
32-56
43-10.4
30-115
3.1-46
35-128
43-430
5.7 -46.5
50-11.6
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53-54
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51-10.1
52-384
5.4-56.6
36-14.1
5.7-100
3.0-15.0
40-48
3.1-52
47-113
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33-8.1
30-5.1
35-86
4.7-104
34-73
6.7-80
37-49
6.0-104
31-53
47-65
33-4.1
30-69
33-79
43-11.2
8.8-20.3
6.3-69.0
41-124
38-130
46-72
31-69
40-58
41-85
12.0-12.1
48-95
4.4-15.2
35-99
33-42

2 (%)

13.1-64.9
36-37.4
13-63
04-24
1.4-85
56-109
15-199
05-11.0
11-287
08-37.2
5.7-36.3
11.7-54.0
34-90
15-49
26-10.1
19.2-29.8
1.6-6.6
79-284
16.9-56.1
20-56
13.0-20.3
3.7-244
30-11.1
15-80
12-11.4
12.1-26.1
1.4-6.90
48-79
43-85
8.6-19.4
22-89
58-77
9.8-15.7
42-134
26-138
56-77
86-16.4
25-165
1.7-40
22-98
12.9-69.2
5.3-30.4
25-331
22-296
28-65
32-62
19-33
4.7-102
59-236
239-55.2
62-19.7
8.8-21.0
1.2-44
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1-2;4-5;7
1-4;6
1-4;6
1-2; 4-6
2,46
1-4;6
1-4
1-2;4-6
1-2;4-7
1-5
1-2;4:6
1-7
1-2;4:6
12,7
1-4;6
1-2; 47

SNP_IGA_698951
SNP_IGA_197236
SNP_IGA_198691
SNP_IGA 874610
SNP_IGA 545448
SNP_IGA_559057
SNP_IGA_553456
SNP_IGA_769572
SNP_IGA 821894
SNP_IGA_866041
SNP_IGA_680747
SNP_IGA 697517
SNP_IGA_684085
SNP_IGA_879528
SNP_IGA 58626
SNP_IGA 397710
SNP_IGA_426994
SNP_IGA_411161
SNP_IGA_552247
SNP_IGA_544961
SNP_IGA_595786
SNP_IGA_673205
SNP_IGA_547830
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29242212
6650921
6753400

994306
850261
3731800
2477309

12248919
5071328
15002010

24132839

28795793

25090090
19234898
17538855
6694626
14898353
10922075
2240224

698215

13019899

21277895
1342919

29376788

557504

42-93
33-72
49-75
6.4-9.4
5.1-30.7
79-11.2
39-75
33-104
35-68
37-42
36-7.7
52-76
37-91
30-45
12.6-250
11.8-150
32-76
42-134
87-31.4
42-74
32-74
6.7-95
3.1-204
49-11.2
7.1-2951

6.0-85
21-49
52-16.4
48-11.1
15.3-33.8
9.9-16.7
10.1-22.7
76-160
34-64
09-42
28-57
6.6-17.0
8.4-286
45-132
16-174
12.3-16.4
24-118
08-75
5.3-240
33-84
1.1-56
43-123
1.0-38.7
6.9-14.6
30.5-62.7

BD, bloom date; RD, ripening date; DAB, days after bloom; FF, fruit diameter; FW, fruit weight; FF, fruit firmness; ADH, adherence; RF, redness around pit; FT, fruit texture;
PW, pit weight; SSC, soluble solid concentration; TA, titratable acidiity.

aMethods: 1 = mrMILM:

= FASTmrMLM: 3 = FASTmrEMMA; 4 = pLARMEB; 5 = pKWmEB;

ISIS EM-BLASSO; 7 = detected in at least two seasons.
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Position (bp)
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607467
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2534033
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10696489
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19028425
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P-value

1.37E-07
7.74E-07
2.58E-16
3.9E-39
1.47E-55
1.2E-07
TiT2EAA
3.24E-13
1.59E-06
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BD, bloom date; RD, ripening date; ADH, adherence; RF, red in pit; SSC, soluble solid concentration.
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