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Editorial on the Research Topic 


From classical breeding to modern biotechnological advancement in horticultural crops - trait improvement and stress resilience, volume II


The global challenge of securing food and nutrition against the backdrop of climate change demands urgent and innovative approaches to agricultural practices. As the planet faces increasing environmental pressures, the need for robust and resilient crops that can withstand these changes is more critical than ever (Irfan et al., 2023). Issues such as reduced yields, poor quality, and increased vulnerability to pests and diseases threaten global food systems, requiring urgent intervention. In this context, the transition from classical breeding methods to modern biotechnological advancements has revolutionized the approach to horticultural crop improvement (Kumar et al., 2023). This Research Topic, “From Classical Breeding to Modern Biotechnological Advancement in Horticultural Crops - Trait Improvement and Stress Resilience, Volume II,” brings together 14 research articles and one review that highlight significant strides in improving horticultural crops resilience, quality, and nutritional content through genetic innovations. This is the second volume of our Research Topic on the transformative journey of crop breeding, specifically targeting trait improvement and resilience under stress conditions. Historically, horticultural crops such as fruits, vegetables, and ornamental plants have played an essential role in human nutrition and environmental enhancement. The classical methods of breeding, primarily involving hybridization, mutation breeding, and selection, were fundamental in improving key traits such as yield, size, and disease resistance. However, these methods often faced limitations due to their time-consuming nature and the complexity of the genetic mechanisms involved. The need for faster, more precise improvements led to the development and application of molecular genetics and biotechnological tools.




Trait improvement

The application of biotechnology has led to substantial progress in the improvement of traits related to yield, quality, and stress resilience. The genetic basis of key horticultural traits plays a fundamental role in crop improvement. Fruit color, a major determinant of consumer preference, is influenced by specific genetic loci. Feng et al. utilized BSA-seq technology to identify quantitative trait loci (QTLs) governing green and mature fruit color in pepper. They found that premature green and pale-green colors were controlled by loci on chromosomes 1 and 10, while mature fruit color was regulated by a recessive allele on chromosome 6. This genetic insight facilitates marker-assisted breeding to develop pepper varieties with desirable fruit color characteristics. Another essential trait in horticultural crops is the bright green leaf (BGL) trait, which enhances the commercial appeal of Chinese kale. Zhang et al. mapped and cloned the BoBGL gene using BSR-Seq and molecular marker analysis. The candidate gene, BoCER1.C8, was associated with wax synthesis, and variations in its promoter region influenced leaf color expression. Their findings provide a foundation for breeding new Chinese kale varieties with superior leaf aesthetics and market value.

Likewise, in the case of fruit size, studies such as Pan et al. using quantitative trait loci sequencing (QTL-seq) in jujube have identified key genes associated with fruit size, which will be crucial for future breeding programs aimed at optimizing fruit production. Candidate intervals for jujube fruit size were primarily located on chromosomes 1, 5, and 10, with chromosome 1 being the most frequent. QTL-seq and ANNOVAR analysis identified 40 candidate genes from 424 SNPs and 164 InDels, including 37 annotated genes in the jujube genome (Pan et al.). These advancements, coupled with sustainable horticultural practices can meet the increasing demand for food while adapting to changing environmental conditions. Another exciting avenue of research is the exploration of genetic resistance to biotic stresses. Singh et al. have made remarkable progress in identifying genotypes of sponge gourd with stable resistance to Tomato Leaf Curl New Delhi Virus (ToLCNDV), demonstrating the potential for molecular breeding to combat viral diseases that threaten crop yields (Singh et al.). In addition to enhancing yield and resistance, improving the nutritional quality of crops has become a focal point. Wang et al. explored the role of pollen manipulation in modifying seed dormancy in Paris polyphylla var. yunnanensis, a Chinese medicinal herb. This exhibits cyclic anther opening and closing, influencing seed dormancy and germination through temperature-dependent methylation and gene expression changes. Transcriptomic and methylation analyses identified key dormancy-regulating genes (IAAS, SUS, GA2ox, ABI2, ARP), with inhibited anther closure promoting dormancy and low-temperature protection facilitating germination via altered expression in oxidative phosphorylation, hormone signaling, and zeatin biosynthesis pathways. This study is significant as it paves the way for improving seed viability and nutrient content, contributing to the development of crops with enhanced nutritional profiles (Wang et al.).





Stress resilience

One of the most pressing challenges faced by horticultural crops is their vulnerability to environmental stresses, including drought, salinity, extreme temperatures, and diseases (Sharma et al., 2022). Traditional breeding methods often fall short in developing varieties with the required level of resilience under these harsh conditions. In contrast, biotechnological interventions, such as the identification and deployment of stress-resilient genes, offer a promising solution. Enhancing crop resilience against biotic stress is critical for sustainable horticulture. Bacterial speck disease, caused by Pseudomonas syringae pv. tomato (Pst), threatens tomato production worldwide. Hassan et al. identified resistance to a virulent Pst race 1 strain in Solanum pimpinellifolium LA1589, revealing three QTLs and five candidate genes associated with disease resistance. This discovery supports molecular marker-assisted breeding efforts to develop tomatoes with durable resistance to bacterial speck (Hasan et al). Similarly, soybean cyst nematode (SCN) poses a major challenge to common bean production. Shi et al. conducted a genome-wide association study (GWAS) and identified multiple QTLs conferring resistance to different SCN HG types. Notably, resistance was more dominantly associated with Mesoamerican rather than Andean domestication. Their findings provide valuable SNP markers for genomic selection, enabling the breeding of SCN-resistant common bean cultivars. Zhou et al. identified the CmoFL1 gene in pumpkin, which regulates fruit length, offering insights into how genetic variation can be leveraged to improve fruit morphology under varying environmental conditions. In a similar vein, Jia et al. demonstrated how aerospace mutagenesis in tea trees led to enhanced photosynthetic capacity and stress resilience, with changes in hormone metabolism contributing to improved yield. Aviation mutagenesis enhances tea tree growth, photosynthesis, and resistance by increasing key hormones (L-tryptophan, indole, salicylic acid, and salicylic acid 2-O-β-glucoside), which correlate positively with growth indices and yield. Exogenous application of these hormones further boosts leaf area, chlorophyll content, and enzymatic activity, highlighting aviation mutagenesis as a promising method for improving tea cultivation, though its impact on rhizosphere soil requires further investigation. The application of such advanced breeding techniques can fast-track the development of climate-resilient crops capable of thriving in adverse conditions (Jia et al.). Similarly, Albornoz et al. investigated the role of CBF1 genes in tomatoes to enhance fruit tolerance to chilling stress. Ectopic overexpression of ShCBF1 and SlCBF1 in transgenic tomatoes, driven by the RD29A promoter, exacerbated postharvest chilling injury (PCI), leading to ripening failure, reduced soluble solids, altered volatile profiles, and increased decay (Albornoz et al.). Transcriptomic analysis indicated disrupted ripening and stress response pathways, while wild-type seedlings from chilled fruit exhibited acclimation, suggesting a potential cold-stress memory effect absent in transgenic lines.





Bridging the gap- sustainable practices and biotechnological integration

While biotechnology plays a crucial role in improving crop traits and resilience, it must be integrated with sustainable agricultural practices to ensure long-term success. The development of climate-resilient crops requires a multi-faceted approach that combines genetic innovations with sustainable farming techniques (Kumar et al., 2023). This synergy can create agricultural systems that are both productive and environmentally friendly. The importance of this integrated approach is highlighted in the work of Kelimujiang et al., who examined the WRKY gene family in Lavandula angustifolia (LaWRKY), a key plant in the essential oils industry. The LaWRKY plays key roles in growth, stress responses, and secondary metabolism, with 207 members identified through bioinformatics analysis. Phylogenetic analysis classified LaWRKY into three groups, with segmental duplications driving gene family expansion. Tissue-specific expression revealed 12 genes highly active in flower buds and calyx, suggesting involvement in terpenoid biosynthesis. Environmental stressors regulated LaWRKY expression, with light and cold inducing flower bud expression, while drought primarily affected leaves. Overexpression of LaWRKY57 and LaWRKY75 in tobacco altered glandular trichome density and volatile terpenoid composition, highlighting their potential regulatory role. Such research not only enhances crop quality but also contributes to the development of sustainable practices for plant-based industries (Kelimujiang et al.).

Controlled environment agriculture (CEA) presents opportunities to enhance crop productivity while minimizing environmental impact. Bhattarai et al. highlighted the potential of genomics-informed breeding, marker-assisted selection, and precision breeding to develop cultivars optimized for CEA systems. Their review underscores the need for breeding strategies tailored to indoor farming environments to ensure economic viability and resource efficiency. Biotechnological advancements also enable rapid and precise trait selection in horticultural crops. Zhao et al. introduced a machine vision-based system for detecting key traits in shiitake mushroom caps, utilizing deep learning and traditional image processing techniques. Their method significantly improved phenotypic assessment efficiency, reducing labor-intensive manual measurements. Such innovations can accelerate breeding programs by facilitating high-throughput phenotyping. Metabolite profiling further enhances our understanding of crop quality traits. In wine grapes, Xia et al. identified the cytochrome P450 enzyme VvCYP76F14 as a key regulator of wine bouquet precursor production. Through site-directed mutagenesis, they demonstrated that specific amino acid substitutions significantly altered enzymatic activity. Their study provides a potential molecular marker for selecting grape varieties with desirable aromatic profiles, bridging traditional breeding with modern metabolic engineering (Xia et al.). Another example of integrating omics approaches is the study on Gongju (a traditional medicinal herb). Zhao et al. conducted transcriptome and metabolome analyses to investigate chlorogenic acid (CGA) biosynthesis in autooctoploid Gongju. Gongju, exhibits higher chlorogenic acid (CGA) content in autooctoploid compared to tetraploid varieties across flowering stages. Integrated transcriptome and metabolome analyses revealed that key enzymes (pma6460, mws0178) and genes (CmHQT, CmC3H) involved in CGA synthesis were more highly expressed in octoploid Gongju. Additionally, transcription factors such as CmMYBs and CmbHLHs play a crucial role in regulating CGA biosynthesis. Such findings contribute to the development of high-value medicinal crops through targeted breeding and biotechnological interventions. By harnessing genomic tools, phenotyping innovations, and sustainable cultivation practices, horticultural crop improvement can achieve new levels of resilience and quality. Bridging traditional breeding with modern biotechnological advancements will be pivotal in meeting future agricultural demands.

Overall, the research presented in this Research Topic highlights the transformative role of biotechnology in modern crop improvement. From enhancing resilience to optimizing nutritional content, the future of horticultural crops lies in the synergy between classical breeding methods and modern genetic innovations. These efforts will pave the way for the development of crops that not only survive but thrive under the changing conditions of our planet, ensuring food and nutritional security for all. We appreciate Frontiers in Plant Science for hosting this Research Topic and extend our gratitude to all contributors and reviewers for their valuable insights.
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Introduction

Fruit size is an important economic trait affecting jujube fruit quality, which has always been the focus of marker-assisted breeding of jujube traits. However, despite a large number of studies have been carried out, the mechanism and key genes regulating jujube fruit size are mostly unknown.





Methods

In this study, we used a new analysis method Quantitative Trait Loci sequencing (QTL-seq) (bulked segregant analysis) to screen the parents ‘Yuhong’ and ‘Jiaocheng 5’ with significant phenotypic differences and mixed offspring group with extreme traits of large fruit and small fruit, respectively, and, then, DNA mixed pool sequencing was carried out to further shortening the QTL candidate interval for fruit size trait and excavated candidate genes for controlling fruit size.





Results

The candidate intervals related to jujube fruit size were mainly located on chromosomes 1, 5, and 10, and the frequency of chromosome 1 was the highest. Based on the QTL-seq results, the annotation results of ANNOVAR were extracted from 424 SNPs (single-nucleotide polymorphisms) and 164 InDels (insertion-deletion), from which 40 candidate genes were selected, and 37 annotated candidate genes were found in the jujube genome. Four genes (LOC107428904, LOC107415626, LOC125420708, and LOC107418290) that are associated with fruit size growth and development were identified by functional annotation of the genes in NCBI (National Center for Biotechnology Information). The genes can provide a basis for further exploration and identification on genes regulating jujube fruit size.





Discussion

In summary, the data obtained in this study revealed that QTL intervals and candidate genes for fruit size at the genomic level provide valuable resources for future functional studies and jujube breeding.





Keywords: candidate genes, fruit size, genetic variation analysis, QTL-seq, Ziziphus jujuba Mill.




1 Introduction

Jujube (Ziziphus jujuba Mill.), originated in China, is the largest dried fruit and the seventh largest fruit tree species in China and is also known as one of the traditional “five fruits” in China (Liu et al., 2015). Jujube fruit is rich in nutrition, which can be eaten fresh or dried, and often used as a raw material for Chinese herbal medicines and listed as a medicinal fruit by the government (Bi et al., 2010; Guo et al., 2012). At present, there are more than 900 jujube germplasm resources reported in China, and the trait variation is very rich (Liu and Wang, 2019; Liu MJ et al., 2020). Due to the small flowers of jujube, it is difficult to remove the emasculation. With the extremely low fruit setting rate, the difficulty of traditional artificial pollination operation, and other problems, it was extremely difficult for sexual hybridization of jujube trees. Hence, the hybridization process is very slow, and the genetic research is relatively lagging behind (Yan et al., 2017). The development of modern biotechnology and the wide application of genetic engineering and molecular-assisted selection will greatly accelerate the breeding process (Li et al., 2021; Yuan et al., 2021). Using molecular marker-assisted selection to carry out jujube breeding work, the detection of closely linked genetic markers and genes with the target quantitative traits on the corresponding genome can achieve the transformation from “experiential breeding” to “precise breeding,” promote the selection efficiency of jujube breeding, and realize molecular breeding (Wen et al., 2010).

Fruit size is an important trait affecting fruit quality and has always been a major concern in the breeding process of fruit varieties. Fruit size is a quantitative trait controlled by multiple genes. In addition to the reports on fruit size of the main cultivated fruit trees in China like apple, pear, peach, grape, and citrus (Zhang et al., 2013; Bai et al., 2017; Yan et al., 2017; Zhao et al., 2018; Han et al., 2019; Liu ZH et al., 2020; Wang JJ et al., 2020; Luo, 2021), there are also reports on fruit size of fruit trees such as cherry, kiwifruit, and loquat (Liu, 2016; Zhao, 2018; Zhao et al., 2021). With the construction of jujube hybrid population, some research on fruit size in jujube have been reported. Bao (2022) and Qiu (2021) carried out the construction of genetic map and QTL localization for fruit size traits in two populations with ‘Yuhong’ as the female parent, respectively, and found that there were no distinctive features in the distribution of the QTL loci, and, at the same time, there was no more detailed genetic exploitation of the fruit size traits. Therefore, our study continued to study the fruit size traits of jujube, in order to screen out the candidate genes that control the fruit size of jujube and lay the foundation for the development of molecular-assisted breeding technology in the future.

In recent years, with the construction of multiple hybrid populations of jujube and the gradual popularization of high-throughput sequencing technology (Wang et al., 2019; Yan et al., 2020), it has laid a foundation for the construction of high-density map, fine mapping of fruit size traits, and gene mining of jujube (Xu, 2012; Wang ZT, 2020; Qiu, 2021). However, QTL mapping using genetic maps is usually a labor-intensive, time-consuming, and expensive task to screen DNA markers. Sometimes, due to the low resolution of QTL confidence intervals, the fine mapping of genes related to target traits becomes time-consuming and laborious (Fang and Liu, 2022). The bulked segregant analysis (BSA) method can rapidly identify polymorphic markers linked to target traits, which is an effective and quick method. QTL-seq, combining next-generation sequencing (NGS) and BSA technology, is used for the rapid identification of QTLs. This method speeds up the identification of closely linked markers for important traits and improves the resolution of gene identification and QTL mapping, and, more importantly, QTL-seq can save a lot of time in constructing populations in the aspect of locating quantitative trait loci, so it has become a fast and efficient way to identify gene function or quantitative loci. In summary, QTL-Seq can identify single-nucleotide polymorphism (SNP) loci associated with phenotypes and has been widely used for QTL mapping and functional target genes (Zhang et al., 2020). In the study of quantitative traits of some agronomic crops, DNA mixing pools were constructed by selecting isolated plants with extreme phenotypic differences in parents and offspring for sequencing analysis. For example, QTLs related to seedling vigor and resistance to Phytophthora infestans were successfully identified in rice (Takagi et al., 2013) and cucumber (Liu, 2018) fruit length and pedicel length by QTL-seq, and QTLs and related genes controlling single fruit weight and chamber number were found in tomato (Tiia-Berenguer et al., 2015). In addition, the use of QTL-seq technology has also been reported in fruit trees. A QTL candidate interval with a size of 1.86 Mb was detected in pears to regulate the red/green skin traits of pears (Xue, 2016), and a SNP located in G8 was found in grapes, which may be closely related to the grape seedless (Wang et al., 2022).

In this study, the fruit size-related traits of 284 offspring of ‘Yuhong’ × ‘Jiaocheng 5’ F1 population were investigated and analyzed; about 30 individuals with extreme large fruited and small fruited, respectively, were selected; and mixed pools were constructed. By the whole-genome sequencing of the parents and selected breeding lines, QTL localization of fruit size traits was carried out through QTL-seq to excavate the genes that potentially regulate fruit size. Our study will promote the molecular-assisted breeding of jujube in the future.




2 Materials and methods



2.1 Plant material

‘Yuhong’ (JMS2), a typical pollen-free male sterile jujube variety, was used as the female parent. ‘Jiaocheng 5’ (J5), a superior line of jujube, was used as the male parent. In 2015–2016, the net-mask–controlled bee pollination technology was used to control hybridization for 2 consecutive years, and the hybrid offspring lines were obtained in 2017. In 2018, 140 F1 generations and their parents were selected as experimental materials for high grafting in the Qilian Orchard of the Tenth Regiment of the First Division of Xinjiang Production and Construction Corps. The plant spacing was 1 m × 3 m, and the rootstocks were perennial jujubes. In the same year, 144 F1 plants were selected as experimental materials and planted in the seedling base of the Tenth Regiment of the First Division of Xinjiang Production and Construction Corps, with a row spacing of 1 m × 2 m. The fertilizer management level of the two experimental sites was good, and the tree management level was at a medium level.

In 2020 and 2021, the fruit size-related traits of 284 lines of the hybrid population were investigated for 2 consecutive years, and 30 large fruit lines and 30 small fruit lines were selected for the construction of large and small fruit mixed pools. Jujube fruit picking was from 1 September to 20 October in 2020 and 2021. The period to observe the phenotype of fruit ripening was from 10 August to 23 September in 2022, with an interval of 2~4 days (when the whole tree was 90% or more than 90% full red). Fruits with similar size and no pests or diseases were picked from the middle of jujube trees and brought back to the laboratory for pre-treatment. The appearance quality of the fruit was investigated and measured on the same day, and, then, the fruit was mixed (each sample contained more than 30 fruits) and placed at −80°C for later use.




2.2 DNA extraction and library sequencing

The leaves of 30 plants of large fruit type and 30 plants of small fruit type selected from the F1 population of ‘JMS2’ × ‘J5’ were placed in cryopreservation tubes and provided to Shanghai Meigi for DNA extraction and detection. DNA concentration was detected by agarose gel electrophoresis. The qualified DNA samples were randomly broken into 350-bp fragments by Covaris pulverizer, and the library was constructed using the Tru Seq Library Construction Kit. The preparation of the whole library was completed by repairing the DNA fragment without end connection, adding ploy a tail, and adding sequencing adapter, and polymerase chain reaction (PCR) was used for purification and amplification. After the library construction was completed, Qubit 2.0 was used for preliminary quantification, and the library was diluted to 1 ng/μL. Then, Agilent 2100 was used to detect the insert size of the library. After the insert size was consistent with the expected, the q-PCR method (the effective concentration of the library > 2 nm) was used to accurately quantify the effective concentration of the library to ensure the quality of the library. After the library test was qualified, different libraries were mixed according to the effective concentration required for Illumina HiSeqTM PE150 sequencing and the amount of target downstream data.




2.3 Evaluation of fruit size phenotypes

The fruit size traits of hybrids and their parents were investigated in 2022. The single fruit weight was measured using electronic balance (precision of 0.01 mm) on 30 randomly selected fruits, and the average value was calculated. The fruit length and diameter were measured with a digital Vernier calipers (precision of 0.01 mm). The fruit shape index was the ratio of length to diameter of fruits.




2.4 Bioinformatics analysis

The raw data raw reads were obtained and checked using Ilumina Casava version 1.8 [the sequencing error rate is represented by c, and the base mass value of Ilumina HiSeqTM/MiseqTM is represented by Qphred, given by the following formula: Qhred = −10log10(e)]. The original sequencing sequence or original reads obtained after sequencing contain combined, low-quality reads. Filter the raw reads (remove pairs of reads with connectors; remove pairs of paired reads when a single-ended sequencing read contains more than 10% of the proportion of the length of the read; remove pairs of paired reads when a single-ended sequencing read contains more than 50% of the proportion of the length of the read with low-quality bases) to obtain clean reads. The validated sequencing data were then used to compare to the reference genome of jujube by Burrows-Wheeler alignment software (parameter mem 4k 32-M) [National Center for Biotechnology Information (NCBI) download link is https://www.ncbi.nlm.nih.gov/genome/?term=Ziziphus+jujuba], and the comparison results were used to remove duplicates by samtools (parameter rmdup). The comparison content includes the distribution of clean reads on the reference genome, the statistical information such as the comparison efficiency, sequencing depth, genome coverage, and mutation detection of each sample. According to the comparison results, SNP and InDel (insertion-deletion) were detected using the unified genotype module of GATK 3.8 software and filtered using variant filtration (filter parameters for SNP were –cluster Window Size 4, –filter expression “OD< 4.0‖ FS>60.0‖ MO<40.0”, -G filter “GO<20”; for InDel, the filtering parameters were -filter expression “QD<4.0‖ FS>200.0”), and high-quality SNP loci between the test sample and the reference genome were obtained. Finally, the SNP-index method was used to calculate the candidate regions associated with the traits.

The SNP index (Fekih et al., 2013) is to count the number of reads that are the same or dissimilar to the reference genome at a certain base site in the progeny pool and the parent, and calculate the ratio of the number of dissimilar reads to the total number of reads, that is, the SNP index of the base site. To minimize the impact caused by sequencing errors and comparison errors, polymorphic sites in the two daughter pools after SNP-index was calculated were filtered (sites with SNP-index less than 0.3 in both daughters and with SNP depth less than 7 in both daughters were filtered out; sites with missing SNP index in one daughter were filtered out). Then, calculate the difference between the SNP-index of the two offspring, the formula is Δ(SNP-index) = SNP-index (extreme large) − SNP-index (extreme small), the closer the value of Δ(SNP-index) obtained after the subtraction is to 1, which indicates that the greater the degree of association between the marker SNP and the target trait is, then the corresponding window can be used as a candidate region for QTL. Based on the comparison results, the associated genes corresponding to SNPs and InDel within the candidate intervals were annotated with multiple databases [Non-Redundant Protein Database (NR), Swiss-Prot, Gene Ontology (GO), and Kyoto Encyclopedia of Genes and Genomes (KEGG)] for gene function using ANNOVAR software to screen the candidate genes (genes that can cause stop loss or stop gain or that host non-synonymous mutations or variable splice sites are preferred as candidate genes).




2.5 Data analysis

We used Microsoft Excel 2019 and SPSS 26.0 to organize and analyze the data obtained from the survey. The plot histograms of corresponding frequency distributions and the normal distributions were standardized by SPSS 26.0. Origin 2022 was used to plot the box line diagrams of the fruit size table values.





3 Results



3.1 Genetic variation analysis of fruit size

The analysis of the frequency distribution histogram of fruit size traits (Figure 1) showed that all of them showed continuous variation and conformed to normal or skewed normal distribution, with typical genetic characteristics of quantitative traits being micro-effect polygenes control of quantitative traits. The skewness value of single fruit weight is large, and the normal distribution diagram shows that the single fruit weight has an obvious right deviation distribution. The results were similar to those of the research group in 2020 and 2021 (Bao, 2021), indicating that the inheritance of fruit size traits tended to be stable.




Figure 1 | Histogram of frequency distribution of fruit size traits of F1 hybrids in jujube.



The single fruit weight, fruit length, diameter, and shape index of F1 generation of ‘Yuhong’ × ‘Jiao 5’ were investigated and analyzed in 2022 (Table 1). The results showed that the coefficient of variation of fruit size traits ranged from 11.67% to 33.52%, indicating that the fruit size traits of jujube F1 hybrids were widely separated. The coefficient of variation of single fruit weight was the largest, which was 33.52%. In addition, the fruit shape index was the smallest, just 11.67%. The mid-parent heterosis rate of single fruit weight, fruit length, and fruit diameter were negative, and the average value was less than the mid-parent value. Therefore, it was speculated that the single fruit weight, fruit length, and diameter tended to be positive. However, there were ultra-high-parent plants for all fruit size traits in the F1 population. The super high parent rate of fruit shape index was the highest, which was 16.98%, and its traits had obvious heterosis in F1 generation. The single fruit weight was the lowest, which was 7.55% and the heterosis of its traits in F1 generation was not obvious.


Table 1 | Genetic variation analysis of fruit size traits in the F1 jujube hybrids in 2022.






3.2 Screening of extreme strains in the F1 population

In this experiment, the fruit size traits of the F1 generation population in 2020 and 2021 were investigated for 2 consecutive years. The fruit weight of a single fruit was used as the main screening index, and the vertical and horizontal diameter of fruit was used as auxiliary screening indexes. Combined with the survey results in 2022, the phenotypic values of fruit size of these 60 lines were also analyzed. The results showed that the fruit weight of large fruit ranged from 15.86 g to 32.12 g and that the fruit weight of small fruit ranged from 4.15 g to 9.99 g. The two extreme pools were significantly different in phenotypic traits (Table 2, Figure 2). Therefore, the expression of the 60 plants screened was not significantly different in the genetic background, which could be used to construct the fruit size BSA sequencing of the library.


Table 2 | Survey and analysis of large and small fruits from F1 hybrids for 3 years.






Figure 2 | Box line diagram of fruit size table values.






3.3 Quality control analysis of sequencing raw data

The quality analysis of sequencing data, such as sequencing depth, base content, and coverage, is used to determine whether the data are standard. Therefore, high-throughput sequencing analysis was performed on four samples (large fruit pool, small fruit pool, JMS2, J5) for detection (Table 3). The raw data were filtered to obtain a total of 75.36 G clean data, with 6.62 G of clean data for the male parent and 6.76 G for the female parent, as well as 24.74 G of clean data for the large fruit pool and 37.24 G for the small fruit pool. After examining them, it was found that Q20 > 97.7% and Q30 > 93.47%, and the GC content was in the range of 34.58% to 35.5%. It indicates that the amount of sample data is sufficient, the sequencing quality is high, and the GC distribution is normal, which means that the library sequencing is successful and the measured data can be further analyzed.


Table 3 | Statistical analysis of sample sequencing data evaluation.






3.4 Comparative analysis of data after quality control with reference genomes

The data obtained after quality control in the samples were compared with the corresponding winter jujube reference genome (Table 4), and the results showed that the comparison rate of the measured samples was between 98.3% and 98.69%, with a high percentage. The average coverage depth of sequencing samples on the reference genome ranged from 14.37× to 82.17×, of which 1× coverage was above 91.89% and 4× coverage was above 84.83%. The results show that the data meet the criteria of mutation detection and analysis and can be used for subsequent mutation detection and correlation analysis.


Table 4 | Statistical analysis of comparison results with the reference genome.






3.5 Variation detection

Because codon differences arise from differences in bases, including non-synonymous mutations, code-shift mutations, and other mutations, non-synonymous mutations directly cause differences in proteins, whereas InDel brings about changes or loss of gene function. At the same time, structural variations in genes cause changes in function and structure. The sequenced samples were compared with the reference genome of jujube and analyzed for differences at the DNA level using the GATK 3.8 software, and, then, the detected variant sites were annotated using ANNOVAR (Tables 5, 6). According to its annotation statistics, there are 3,552,834 SNPs, of which 98,147 are non-synonymous mutations; and there are 818,788 InDel, of which 3,417 are shifted code mutations.


Table 5 | Statistics of SNP detection and annotation results.




Table 6 | Statistics of InDel detection and annotation results.






3.6 SNP-index association analysis

Before the association analysis, the effect of sequencing and alignment errors was reduced by referring to its corresponding reference genome. The SNP-index of each SNP locus was analyzed and calculated, and the polymorphic loci were screened to obtain 842,847 polymorphic marker loci. According to the SNP-index method, candidate intervals are selected for windows with thresholds greater than 3.0 at a 95% (blue) confidence level. The SNP-index map (Figure 3) was drawn by using the sliding window (1 Mb was selected as the window, and 1 kb was selected as the step size) strategy. The chromosome length (Mb) was used as the abscissa, and the SNP-index value (ΔSNP-index) was used as the ordinate. The distribution of SNP-index on chromosomes was analyzed, and 10 chromosome regions related to fruit size were obtained, which were located on chromosomes 1, 5, and 10, respectively. It was mainly concentrated on chromosome 1, and there were nine candidate intervals, which were 3.59 Mb, 1.26 Mb, 2.51 Mb, 2.40 Mb, 1.00 Mb, 1.25 Mb, 5.76 Mb, 5.21 Mb, and 1.81 Mb, respectively. The minimum interval was 1.00 Mb, which contained 16 genes. There was an interval on chromosome 5 with a size of 1.01 Mb, and no associated gene was found. There was an interval on chromosome 10 with a size of 2.85 Mb. The results of the SNP-index algorithm showed that the total length of the final obtained region was 28.64 Mb, containing a total of 2,222 genes.




Figure 3 | Distribution of SNP-index association values on chromosomes. Fjs denotes the DNA pool of small fruits in the F1 population; Fjb denotes the DNA pool of large fruits in the F1 population.






3.7 Correlation analysis of the InDel-index

Before association analysis, the effects of sequencing and alignment errors were reduced by referring to their corresponding reference genomes. After analyzing and calculating the InDel-index of each InDel locus, the obtained polymorphic loci were filtered to obtain 475,073 polymorphic marker loci.

According to the InDel-index method, candidate intervals are selected for windows with a threshold greater than 3.0 at a 95% (blue) confidence level. InDel-index (Figure 4) was drawn by sliding window strategy (1 Mb as window and 1 kb as step), chromosome length (Mb) was used as abscissa, and InDel-index (ΔInDel-index) was used as ordinate. The distribution map of InDel-index on chromosomes was analyzed, and six chromosome regions related to fruit size were obtained, which were located on chromosomes 1, 5, and 10, respectively. It was mainly concentrated on chromosome 1, and there were six candidate intervals, which were 1.06 Mb, 1.09 Mb, 2.53 Mb, 2.20 Mb, 1.00 Mb, and 10.57 Mb, respectively. The minimum interval was 1.06 Mb, containing 109 genes. There was an interval on chromosome 5 with a size of 1.00 Mb, and no associated gene was found. On chromosome 10, there is an interval with a size of 2.12 Mb. The results of the InDel-index algorithm showed that the total length of the obtained region was 20.56 Mb, containing a total of 1,578 genes.




Figure 4 | Distribution of InDel-index association values on chromosomes. Fjs denotes the DNA pool of small fruits in the F1 population; Fjb denotes the DNA pool of large fruits in the F1 population.






3.8 All-index correlation analysis

The SNP-index and InDel-index were combined according to the All-index method, and candidate intervals were selected for windows with a threshold greater than 3.0 at a 95% (blue) confidence level. The sliding window strategy (1 Mb as the window and 1 kb as the step size) was used to draw the All-index map (Figure 5). The chromosome length (Mb) was on the horizontal axis, and the All-index (ΔAll-index) value was on the vertical axis. The distribution map of All-index on chromosomes was analyzed, and a chromosome region related to fruit size was obtained, which was located in the region of 30.72 Mb to ~32.23 Mb on chromosome 1. The interval size was 1.51 Mb, containing a total of 74 genes.




Figure 5 | Distribution of All-index association values on chromosomes. Fjs denotes the DNA pool of small fruits in the F1 population; Fjb denotes the DNA pool of large fruits in the F1 population.






3.9 QTL-seq based candidate gene screening

In order not to ignore the role of minor QTLs, candidate SNPs and InDel loci through the whole genome were selected, and candidate genes according to the ANNOVAR annotation results extracted from candidate loci were further screened. As shown in Table 7, in the 424 SNP polymorphic marker loci selected, 25 genes were prioritized as candidate genes according to the annotation results of ANNOVAR, of which 22 candidate genes could be found in the jujube genome. It can be seen from Table 8 that, after 164 InDel polymorphic marker loci were selected, according to the annotation results of ANNOVAR, 15 genes were preferentially selected as candidate genes, of which 14 candidate genes could be found on the jujube genome. Annotation, candidate genes are mainly distributed on chromosome 1.


Table 7 | Gene annotation of candidate SNP loci.




Table 8 | Gene annotation status of candidate InDel loci.



Transcriptional expression and gene function prediction of 37 annotated genes were performed on the basis of the database on the NCBI website. Four genes that may be related to fruit size growth and development were screened, namely, LOC107428904, LOC107415626, LOC125420708, and LOC107418290. Among them, LOC107428904 and LOC125420708 regulate plant growth and development and are more abundant in apical meristems located in roots and stems; LOC107415626 regulates the cell cycle, cell division, chromosome separation, and signal mechanism of plant cells, and is also related to the biosynthesis of plant cell wall/membrane/envelope, and LOC107418290 mainly regulates the early growth and development of plants and regulates cytokinin to establish meristems for phloem development.





4 Discussion



4.1 Candidate interval analysis based on QTL-seq technique

In order to search for genes that control quantitative traits, based on the construction of a high-density genetic map of fruit tree hybrid populations, we used QTL-seq technology to analyze candidate intervals, then detected QTL loci with reference to the corresponding fruit tree genomes, and carried out gene mining and functional verification for the studied quantitative traits. Although some achievements have been made in fruit trees (Yuan et al., 2021), this method requires the development and selection of DNA markers for linkage analysis, and QTL analysis is time-consuming and laborious. The advantage of using QTL-seq is that the use of extreme phenotypic individuals in the segregating population has a more consistent genetic background and more accurate and reliable results for specific target traits and does not require DNA molecular markers, which can greatly reduce the candidate region and reduce the time for molecular marker development. Nowadays, the use of QTL-seq technology in crops (Ontoy et al., 2023) and vegetables (Liu, 2018) has been reported, but there are few related reports because it is not easy to establish hybrid segregation populations in fruit trees (Chen et al., 2022). In this study, QTL-seq technology was used to analyze the related loci of jujube fruit size. Through the SNP-index, InDel-index, All-index algorithm, and the corresponding interval association analysis of SNP and InDel, the interval loci regulating fruit size were mainly distributed on chromosome 1. When the team’s previous researchers used genetic mapping to locate QTLs for fruit size traits, the mapping segments that regulate fruit size traits were mainly distributed on chromosome 1 (Bao, 2022), which proved the feasibility of this method and was faster and more economical than using genetic mapping to locate target traits.




4.2 Candidate gene analysis based on QTL-seq technology

In this study, candidate SNP and InDel candidate genes were screened on a genome-wide scale. A total of 40 candidate genes were obtained, and 37 annotated candidate genes were found on the jujube genome. The candidate genes were mainly distributed on chromosome 1.

According to the annotation of candidate genes in the NCBI database and the reports of other plants in the relevant literature, four genes were found to be related to growth and development genes. The gene annotation was G-type lectin S-receptor–like serine/threonine-protein kinase CES101; probable 26S proteasome regulatory subunit 10B; G-type lectin S-receptor–like serine/threonine-protein kinase At4g27290; AP-1 complex subunit mu-2–like. The expression of GsSRK protein is usually induced by ABA, salt, and drought stress. In the report by Sun et al. (2013), the expression of GsSRK in Arabidopsis thaliana promoted the germination of seeds and the growth of primary roots and rosette leaves in the early stage of salt stress. In the comparison of Arabidopsis thaliana expressing and non-expressing the protein, the plants expressing the protein showed better salt tolerance, increased plant height, and increased yield. Through NCBI database search, it was found that the same possible 26S proteasome regulatory subunit 10B annotated protein was also found on the LOC122276147 and LOC122279628 genes of Juglans regia (Mo et al., 2018). It belongs to the SpoVK/Ycf46/Vps4 family and regulates the occurrence of healing tissue. In the AP-1 complex subunit mu-2–like, an annotated protein generally regulates floral meristems by regulating cytokinin, which is more pronounced in Arabidopsis flowers. Han et al. (2014) found that the MADS-box transcription factor encoded by the floral isomer gene AP1 regulates cytokinin homeostasis by directly activating the cytokinin degradation gene CYTOKININ OXIDASE DEHYDROGENASE3 (CKX3) and inhibiting the cytokinin biosynthesis gene LONELY GUY1 (LOG1). In the future, these genes should be functionally verified and their expression in jujube fruits should be observed.




4.3 Integrated analysis of traditional QTL localization and QTL-seq techniques

With the rapid development of molecular breeding, some scholars have combined two QTL mapping methods for analysis. Lu et al. (2014) reduced the interval of cucumber flowering gene to 890 kb by genetic mapping and QTL-seq. In the study of rice (Guo, 2019), the QTL interval of alkali tolerance in rice was analyzed by traditional QTL mapping combined with BSA-seq, and the target interval was narrowed to 465 kb on chromosome 2. Among the 65 candidate genes screened, 47 genes were successfully annotated. Yao et al. (2016) performed QTL mapping analysis of rice 1,000-grain weight through multiple environments. After detecting the main-effect QTL that can be stably expressed, the BSA-seq was used to reduce it to a range of 1.47 Mb. In addition, on fruit trees, Jia (2018) used both Map QTL and BSA-seq to comprehensively analyze the QTL loci for malic acid content in fruits, and the results showed that there were four primary effector QTLs were localized, as well as four candidate genes were screened: MdMYB44, MdPP2CH, MdSAUR37, and MdALMTII. Therefore, QTL-seq technology can locate major QTL faster and more accurately than other traditional methods, and accelerate the detection of complex traits or mutant QTL. The results of this study can provide reference for precise quantitative trait positioning of jujube trees, improving breeding direction and breeding efficiency, and cross-breeding of jujube trees in future. It also has reference value for other fruit trees.





5 Conclusions

In this study, 284 F1 populations of jujube constructed by ‘Yuhong’ × ‘Jiaocheng 5’ were used as test materials. Based on QTL-seq technology, the fruit size of jujube was analyzed. The candidate intervals regulating fruit size were located on chromosomes 1, 5, and 10, mainly distributed on chromosome 1. Using QTL-seq technology, based on the annotation results of ANNOVAR, 40 genes were selected as candidate genes from 424 SNP polymorphic markers and 164 InDel polymorphic markers, respectively, and 37 of them could be found in the jujube genome. According to the data information of the NCBI website, four genes that may be related to the growth and development of fruit size were found, namely, LOC107428904, LOC107415626, LOC125420708, and LOC107418290, respectively. Functional verification can be carried out subsequently. The results of this study can provide important application value for hybrid breeding and molecular-assisted breeding of jujube.
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Tomato leaf curl New Delhi virus (TolCNDV) causes yellow mosaic disease, which poses a significant biotic constraint for sponge gourd cultivation, potentially resulting in crop loss of up to 100%. In the present investigation, 50 diverse genotypes were screened for 3 years under natural epiphytotic conditions. A subset of 20 genotypes was further evaluated across four different environments. The combined analysis of variance revealed a significant genotype × environment interaction. Eight genotypes consistently exhibited high and stable resistance in the preliminary screening and multi-environment testing. Furthermore, genotype plus genotype × environment interaction biplot analysis identified DSG-29 (G-3), DSG-7 (G-2), DSG-6 (G-1), and DSGVRL-18 (G-6) as the desirable genotypes, which have stable resistance and better yield potential even under diseased conditions. The genotype by yield × trait biplot analysis and multi-trait genotype–ideotype distance index analysis further validated the potential of these genotypes for combining higher yield and other desirable traits with higher resistance levels. Additionally, resistant genotypes exhibited higher activities of defense-related enzymes as compared to susceptible genotypes. Thus, genotypes identified in our study will serve as a valuable genetic resource for carrying out future resistance breeding programs in sponge gourd against ToLCNDV.




Keywords: sponge gourd, Tomato leaf curl New Delhi virus (ToLCNDV), genotype by environment interaction, GGE biplots, GYT biplot





Introduction

Sponge gourd (Luffa cylindrica Roem., 2n = 2x = 26) is a monoecious and annual cucurbitaceous vegetable, which is a native of the subtropical Asian region, particularly India (Kalloo, 1993). It is commonly grown for its tender fruits, natural sponge, and potential medicinal properties. Based on varied utilizations, it is vernacularly known as dishcloth gourd, towel gourd, vegetable sponge, and smooth gourd (Porterfield, 1955). Its tender fruits are a rich source of antioxidants, viz., vitamin A and vitamin C, flavonoids, and minerals Mg, K, Fe, Ca, Cu, Zn, Na, and Mn (Oboh and Aluyor, 2009; Azeez et al., 2013.).

Sponge gourd is cultivated during the spring–summer and kharif seasons in Northern India and throughout the year in Southern India (Islam et al., 2011; Singh et al., 2017; Singh et al., 2019a, b; Nagar et al., 2023). Tomato leaf curl New Delhi virus (ToLCNDV) is significantly impacting its cultivation, leading to a complete yield loss (100%) under epidemic conditions (Sohrab et al., 2003; Islam et al., 2010, 2011). Plants which are susceptible to ToLCNDV exhibit yellow spots on new leaves, leading to severe mosaicism with chlorotic leaves, upward curling of upper leaves, and shortened internodes (Figure 1). Furthermore, severe infestation leads to the development of small and distorted leaves with misshapen fruits (Sohrab et al., 2003). ToLCNDV is a bipartite begomovirus belonging to the Geminiviridae family which is transmitted naturally by an insect vector, white fly (Bemisia tabaci), in a circulative and persistent manner (Zaidi et al., 2017). At present, we rely only on insecticides for controlling the insect vector, thereby increasing the financial pressure on resource-poor farmers, as sponge gourd is mainly cultivated by small and marginal farmers in India and other developing countries. Therefore, the best alternative would be cultivating a resistant/tolerant variety, which is not only a simple, effective, economical, eco-friendly, but also most practical approach. However, this idea of having a resistant/tolerant variety is far from being a reality owing to the slow advancement in resistance breeding research in sponge gourd due to limited information on the inheritance and scarcity of stable resistance sources. Furthermore, host resistance involves a complex network of molecular and biochemical events that determines susceptibility or resistance. The resistance to diseases in plants is associated with the activation of a wide range of host defense mechanisms, including both preexisting physical and chemical barriers and inducible responses that disrupt pathogen establishment (Jones and Dangl, 2006; Zhao et al., 2008; Vanitha et al., 2009). Understanding these mechanisms is crucial for identifying effective and durable resistant sources. The accumulation and activity of enzymes such as catalase, phenyl ammonia lyase, super oxidase dismutase, peroxidase, hydrogen peroxide, and total phenol contribute in providing defense against viral infections and insect infestation (Quecini et al., 2007; Dieng et al., 2011). Thus, differential plant enzymatic activities in plants help in identifying and distinguishing between the resistant and susceptible genotypes against ToLCNDV.




Figure 1 | (A) Symptoms of ToLCNDV, severe mosaicism with chlorotic leaves, upward curling of upper leaves, shortened internodes, small, distorted leaves; (B) DSG-6(G-1), resistant; (C) DSG-29(G-3), resistant; (D) DSG-7(G-2), resistant; (E) Pusa Supriya(G-49), susceptible; (F) plants of DSG-29(R) and susceptible genotype at 50 days after sowing (Sept 2021).



The success of resistance breeding programs relies on the identification of stable resistant sources that consistently perform well across environments. To receive a breakthrough in this aspect, it is imperative to understand the role of independent and collective influences of genotypes and environmental factors. For this purpose, researchers have widely embraced various multivariate techniques and recent approaches like the Genotype plus Genotype × Environment Interaction (GGE) biplot to assess the significance of Genotype × Environment Interaction (GEI). The GGE biplot is a graphical representation methodology that employs indirect selection, effectively removing the main environmental effects and considering only the genotypic main effects and GEI in multilocational trials (Yan et al., 2000; Yan and Kang, 2003; Parihar et al., 2017; Singh et al., 2020; Sankar et al., 2021). The genotype by yield × trait (GYT) biplot is used to address the problem of combining yield with other important traits and aids in genotype evaluation for multiple traits (Yan and Frégeau-Reid, 2018; Merrick et al., 2020; Ebrahimi, 2023). The utilization of the Multi-trait Genotype-Ideotype Distance Index (MGIDI), which helps in effective and accurate selection of superior genotypes based on the average performance of multiple traits, overcomes the limitation of collinearity of linear selection indexes (León et al., 2021; Olivoto and Nardino, 2021; Pour-Aboughadareh et al., 2021; Uddin et al., 2021; Farhad et al., 2022; and Osuna-Caballero et al., 2022).

However, there is lack of information on identification of stable ToLCNDV-resistance sources using multi-environment data in sponge gourd. As ToLCNDV is endemic at the Indian Agricultural Research Institute, thus the endemic pressure at this site provides the opportunity to carry out a resistance breeding program under natural screening. Therefore, the present study was aimed with the following objectives: (i) to identify a stable resistant source against ToLCNDV in sponge gourd, (ii) to identify genotypes having the capability to combine higher yield potential and other desirable economical traits with higher resistance level, and (iii) to identify the ideal test environment that supports natural screening for resistance breeding program in sponge gourd.





Materials and methods




Plant material for multi-environmental field trials

In preliminary screening, 50 genotypes of sponge gourd (Supplementary Table 1), including inbred lines, advanced breeding lines, released cultivars, and germplasm accessions, were evaluated for ToLCNDV disease during the kharif season of 2018, 2019, and 2020. The experiment was conducted at Research Farm, Division of Vegetable Science, ICAR-IARI, New Delhi, in a randomized complete block design with three replications. Based on 3-year data of screening, a subset of 20 genotypes consisting of identified resistant genotypes, released varieties, and promising genotypes were further evaluated against ToLCNDV in three replications across four different environments during 2021 (Table 1). The environments consisted of two distinct seasons along with four locations, viz., Research Farm, Division of Vegetable Science during the Kharif season (E1), CPCT Farm during the Kharif season (E2), Jhalawar during the Kharif season (E3), and Research Farm at Division of Vegetable Science during the spring–summer season (E4). A spreader row of ToLCNDV-susceptible check (DSG-55) was planted after every third row of the test populations to ensure adequate disease pressure under natural conditions in all field trials at each environment. One row of susceptible check was also planted on all the sides of the experimental field. The recommended package of practice was followed in each environment, with the exception that no insecticides were sprayed to prevent the reduction in white fly proliferation. The crops were sown in rows of 2.5 m with 75-cm spacing between the plants.


Table 1 | List of sponge gourd genotypes evaluated against ToLCNDV resistance across environments.







Disease scoring and vulnerability index estimation

Plants were scored after 60 days of sowing using a six-point scale from 0 to 5 (Sohrab, 2005; Islam et al, 2011) as per the ToLCNDV disease symptoms. The scoring criteria were as follows: 0 = absence of symptoms; 1 = mild mosaic on young leaves covering more than 10% of area; 2 = mosaic on young leaves covering over 25% of the area; 3 = mosaic on young leaves covering more than 50% of the area, along with blistering and puckering of leaves; 4= mosaic on young leaves covering more than 75% of the area, resulting in distorted leaves; and 5 = mosaic on young leaves covering more than 75% of the area accompanied by distorted leaves and stunted plant growth. The vulnerability index (VI) values for each genotype were determined by scoring individual plants based on the presence of ToLCNDV disease symptoms. The VI values were calculated by degree of resistance among each genotype, using an equation outlined by Silbernagel and Jafari (1974) and modified by Bos (1982).

	

where,

n0, n1,…n5 = number of plants in each score category (0–5),

nt = total number of plants, and

nc = total number of categories

Genotypes were categorized into five groups based VI values (Havey, 1996; Islam et al., 2011):

	VI = 0—immune

	VI = 1%–25%—resistant

	VI = 26%–50%—moderately resistant

	VI = 51%–75%—moderately susceptible

	VI = 76%–100%—susceptible







Observations

During 3 years (2018–2020) of preliminary screening, observations were also recorded for eight quantitative traits, viz., days to first male flower anthesis (DFMA), days to first female flower anthesis (DFFFA), days to first fruit harvest (DFFH), average fruit weight (AFW), fruit length (FL), fruit diameter (FD), number of fruits per plant (FPP), and total fruit yield per plant (FYLP) along with the vulnerability index under ToLCNDV incidence. Based on correlation results of quantitative traits with VI values, four quantitative traits, viz., days to first female flower anthesis, average fruit weight (g), number of fruits per plant, and total fruit yield per plant (kg/plant), were recorded for 20 genotypes during multi-environment testing during 2021.





Construction of the Genotype plus Genotype × Environment Interaction biplot

The genotype (G) and genotype by environment (GE) interaction can be graphically represented by the GGE biplot based on the scores of first two principal components (PC) resulting from the singular value decomposition (SVD) (Yan et al., 2000; Yan, 2002; Yan and Hunt, 2001; Yan and Kang, 2003).

	

where Yij = mean response of the ith genotype (i = 1,…,i) in the jth environment (j = 1,., j); µ = grand mean; ej = environment deviations from grand mean; λn = eigenvalue of PC analysis axis; γin and δjn = genotype and environment PC scores for axis n; N = number of PCs retained in model; ϵij = residual effect ~N (0, σ2e).





Data analysis and software

The GGE biplot, GT biplot, and GYT biplot were created utilizing GGE biplot software in R. The correlations were determined using the Pearson correlation coefficient method and plotted with the GGally package of R. The cluster heat map was performed using the “heatmap.2” function through the plots v3.0.1.1 library implemented in R. The multi-trait genotype–ideotype distance index (MGIDI) was performed using the “metan” package in R software (Olivoto and Nardino, 2021).





Biochemical characterization




Sample collection and storage

The activity and accumulation of defense-related enzymes with level of resistance against ToLCNDV in sponge gourd were assessed. Eight resistant genotypes, four genotypes each of moderately resistant, moderately susceptible, and susceptible category, were subjected for biochemical characterization. The fresh leaf samples were collected 60 days after sowing, when plants were fully infected with ToLCNDV, and stored at −20°C until the biochemical tests were performed. For catalase activity, peroxidase activity, total phenol content, and total soluble protein content, 1 g of leaves was added with 10 ml of 0.1 M phosphate buffer in a mortar and pestle. The mixture was crusted until a slurry was obtained. Similarly, 0.5 g of leaves was crushed in mortar and pestle for hydrogen peroxide analysis and 0.5 ml of 0.5 mM TCA acid and 1 M pH 8 phosphate buffer were used to prepare a slurry. 2 ml of each homogenates was taken in tubes and centrifuged at 10,000 rpm for 15 min. The supernatant was taken out for further analysis of individual biochemical parameters.





Total soluble protein content

It was estimated using the protocol outlined by Bradford (1976). 140 μl of Bradford reagent was added with 60 μl plant extract till 20 samples were completed, and absorbance reading was taken at 600 nm.





Phenol assay

The total phenol content was determined using the Folin–Ciocalteu reagent. 2 ml of plant extract was added with 2 ml of absolute ethanol in a test tube and boiled until all ethanol evaporated, leaving only the plant residue. 5 ml of distilled water was added to the plant residue, and phenol solution was prepared by mixing 2 ml FC reagent and 4 ml of 35% sodium carbonate. The 150 μl of solution was added in wells with 50 μl of diluted plant residue, and a reading of absorbance was taken at 650 nm after incubating for 1 h.





Hydrogen peroxide assay

2 ml of 1 M potassium iodide was added with 1 ml of 0.1 M phosphate buffer for master mix preparation. 150 μl of mix was added along with 50 μl of hydrogen peroxide sample extract, and reading was taken at 390 nm after 20 min of incubation at room temperature.





Peroxidase assay

The peroxidase activity was estimated using the Chance and Maehly (1955) method. The master mix was prepared by adding 192 μl of 1 M guaiacol, 24 μl hydrogen peroxide, and 11.38 ml of 50 mM phosphate buffer. 150 μl of master mix was added along with 50 μl of plant extract in each well of the ELISA plate till 20 samples were completed, and absorbance at 450 nm was measured before and after 1 min.





Catalase assay

Catalase activity (CAT) was assessed using the Zhang et al. (2007) protocol. The solution for catalase activity included 11.6 ml of 0.1 M pH 7 phosphate buffer and 140 μl of hydrogen peroxide. 175 μl of solution was added to ELISA plate well, and 25 μl of plant extract until all the samples were added. The absorbance reading was taken at 270 nm for 3 min at 30-s intervals.





Superoxidase dismutase (SOD)

1 g of the leaf sample was mixed with 10 ml of potassium phosphate buffer (50 mM) pH 7 solution in a mortar and pestle to prepare the slurry. Then, the homogenate was centrifuged for 10 min at 10,000–12,000 rpm and the supernatant solution was take out into another tube. 1,100 μl potassium phosphate buffer (50 mM) was mixed with pH 7, 372.20 μl EDTA (0.1 mM), 105.99 μl sodium carbonate (50 mM), 149.21 μl, L-methionine (SOD enzyme protector), 817.64 μl NBT (50 mM), and 376.36 μl riboflavin (O-2 generator): in a tube and form a 3 ml master mix. 10 μl of supernatant was added to an ELISA plate well along with 190 μl of master mix, and absorbance was read at 560-nm wavelength with the help of a spectrophotometer.





Phenyl ammonia lyase (PAL)

The PAL activity was assessed following the procedure outlined by Zucker (1965). The homogenate was prepared in a chilled pestle and mortar by crushing 0.5 g of lead sample with 5 ml of sodium borate buffer (0.1 M) pH 8.5 solution. The slurry was centrifuged in a 2-ml tube at 10,000–12,000 rpm for 10 min. The supernatant was transferred to another 2-ml tube. 62.5 µl enzyme extract, 800 µl of sodium borate buffer, and 700 µl of (12 mM) phenylalanine were added in each test tube and incubated at 40°C in a water bath for 1 h. The reaction was halted by adding 200 µl of 5 N HCl, followed by the addition of 0.5 ml of 0.1 M Trans-cinnamic acid (TCA). The 62.5 µl enzyme extract and 800 µl of sodium borate buffer were added in each test tube, along with 700 µl of (12 mM) phenylalanine, and tubes were incubated at 40°C in a water bath for 1 h. 200 µl of 5 N HCl was added to stop the reaction. Then, 0.5 ml of trans-cinnamic acid (TCA) (1 M) was added, and the light absorbance was estimated at 290 nm. The absorbance reading was measured at 290 nm.







Results




Identification of genotypes for multi-environment testing




Disease reaction of genotypes against ToLCNDV

There were 50 diverse germplasms including commercial varieties and advanced breeding lines that were subjected to three consecutive years of natural screening in the kharif season. The pooled vulnerability index score of 3 years varied from 3.23% to 96.10% (Supplementary Table 1). Eight genotypes showed resistant reaction against ToLCNDV with the lowest VI value, which was recorded in DSG-7 (3.23%), followed by DSG-6 (4.44%) and DSG-29(8.00%). There were 11 genotypes that showed a moderately resistant type of reaction, whereas 14 showed moderately susceptible reaction. There were 17 genotypes including all the commercially grown varieties that were found to be susceptible with VI values ranging from 76.50% to 96.10% against ToLCNDV. Furthermore, susceptible check DSG-55 showed a pooled mean VI value of 95.06%, thus indicating high disease pressure across the years of preliminary screening.





Evaluation of genotypes based on mean vs. stability biplot

The average environment coordination (AEC) view of the mean vs. stability biplot based on genotype-focused singular value portioned (SVP = 1) was conducted to evaluate the mean performance and stability of 50 genotypes across the tested environments (Supplementary Figure 1). The mean vs. stability biplot revealed that genotypes, DSG-7(G-2), DSG-6(G-1), DSG-29(G-3), DSGVRL-22(G-4), DSGVRL-23(G-5), DSGVRL-18(G-6), DSGVRL-3(G-7), and DSGVRL-2 (G-8), were categorized as stable resistant genotypes against ToLCNDV over the 3 years. These genotypes were positioned in a descending order with respect to farthest genotype at the left side on the AEC abscissa from the biplot origin, expressing low VI values. Moreover, all these genotypes were present on the AEC ordinate, thus showing resemblance in their response toward disease severity against ToLCNDV. These genotypes, except DSGVRL-22(G-4) and DSGVRL-3(G-7), showed stability regarding the number of fruits and fruit yield per plant. DSG-29(G-3), DSG-7(G-2), and DSGVRL-23(G-5) were most desirable with respect to earliness viz., DFMA, DFFFA, and DFFH. Regarding fruit length, DSG-512 (G-30) and DSG-51-1 (G-47) had higher and stable performance whereas DSG-7(G-2), DSGVRL-22(G-4), and DSGVRL-3(G-7) had higher and stable performance for fruit diameter. Similarly, DSG-512 (G-30) was the most ideal and stable for average fruit weight during all the years.





Correlation between VI values and yield components

Correlation analysis revealed that 30 pairs of nine traits evaluated were significantly correlated considering all the three harvesting seasons (Figure 2). Among them, 27 pairs exhibited significant correlation at a significance level of p< 0.001, whereas three pairs were significant at p< 0.05. The vulnerability index showed a highly significant positive correlation with DFMA (r = 0.59), DFFFA (r = 0.666), and DFFH (r = 0.713). In contrast, it had a highly significant negative correlation with fruit yield per plant and number of fruits per plant. In addition, all these traits showed a similar trend for all 3 years. Fruit yield and number of fruits per plant exhibited the highest positive correlation of r = 0.984 with similar results for all the three harvesting seasons. Furthermore, the yield is negatively correlated with flowering traits, viz., DFMA (r = −0.562), DFFFA (r = −0.621), and DFFH (r = −0.679). This negative correlation suggests that earliness leads to a higher yield in genotypes screened against ToLCNDV. The significant positive correlation of the vulnerability index with flowering traits indicates that high VI values increase the duration of appearance of first male and female flowers and, ultimately, the harvesting of first fruits. Thus, susceptibility against ToLCNDV delays the flowering. Similarly, VI showed a significant negative correlation with fruit number and fruit yield per plant, severely affecting yielding capacity of the genotypes under ToLCNDV infection in sponge gourd.




Figure 2 | Scatter plot matrix showing the correlation between nine agro-morphological traits of the sponge gourd genotypes evaluated under ToLCNDV conditions during the kharif season for 3 years (2018–2020). VI, vulnerability index; DFMFA, days to first male flower anthesis; DFFFA, days to first female flower anthesis; DFFH: days to first fruit harvest; FL, fruit length (cm); FD, fruit diameter (cm); AFW; average fruit weight (g); FPP, number of fruits per plant; FYLP, fruit yield per plant (kg/plant). *** p-value< 0.001, ** p-value< 0.01, * p-value< 0.05.







Cluster analysis

The heatmap and hierarchical clustering based on earliness, yield and its attributing components, and ToLCNDV vulnerability index were carried out to show a chromatic evaluation of genotypes (Figure 3). The heat map analysis produced two dendrograms; the one in the horizontal direction represents the genotypes, and the second in the vertical direction represents the traits influenced by this diffusion. The relationship and strength among variables and genotypes determines the color of each box. The genotypes were grouped to identify genotypes with common characteristics in terms of resistance, earliness, and higher yield. A clustered heat map distinguished the genotypes into seven groups based on resistance level and yield-related traits. Group I consisted of five genotypes (G-2, G-3, G-4, G-5, and G-6), exhibiting resistance with low VI values, higher yield traits, and earliness. Group II included eight genotypes, mostly moderately resistant and three moderately susceptible genotypes based on yield and other traits. Group III comprised eight genotypes, two as resistant and the remaining moderately resistant. The resistant check (DSG-6) belonged to this cluster based on fruit-related traits, delayed anthesis, and harvesting time. Furthermore, Groups IV, V, VI, and VII consisted of 8, 4, 10, and 7 genotypes, respectively, and were classified as moderately susceptible and susceptible based on their high VI values.




Figure 3 | Dendrogram along with heat-map of 50 sponge gourd germplasms generated by performing hierarchical cluster analysis based on 3-year (2018–2020) performance. Each row represents different quantitative traits, and each column represents a genotype. The higher the trait value, the brighter is the red and similarly, the lower the trait value, the brighter is the blue color. Traits code: DFFF, days to first female flower anthesis; DFMF, days to first male flower anthesis; DFFH, days to first fruit harvest; VI, vulnerability index; FW, average fruit weight (g); FL, fruit length (cm); FD, fruit diameter (cm); FPP, number of fruits per plant; FYPP, fruit yield per plant (kg/plant). Number corresponds to genotypes as listed in Supplementary Table 1.








Multi-location evaluation of genotypes




Analysis of variance and mean performance

Considering 3-year screening results, 20 diverse genotypes, including identified resistant genotypes, commercially grown varieties, and promising genotypes, were evaluated across four diverse environments during 2021 (Table 1). Significant genotypic variations (P<0.001) were observed through individual environment ANOVA for traits such as vulnerability index against ToLCNDV, days to first female flower anthesis, number of fruits per plant, average fruit weight, and fruit yield under disease incidence during 2021. Combined ANOVA also revealed significant genotypic differences, as well as significant environment and genotype × environment interaction effects for all the traits including vulnerability index (Table 2). The contribution of genotypic variance was recorded higher as compared to GEI and environmental variance for all the traits.


Table 2 | Analysis of variance for the evaluated parameters of 20 sponge gourd genotypes tested in four environments.







Identification of ideal genotypes based on mean vs. stability

All eight resistant genotypes were positioned on the left side of the AEA abscissa, whereas the remaining genotypes were placed toward the direction of the AEA abscissa from the biplot origins (Figure 4A). The genotypes positioned toward the direction reveal higher VI values, which indicate susceptibility, whereas genotypes in the opposite direction show lower VI values, thus signifying resistant reaction. Genotypes G-48(DSG-55) and G-2(DSG-7) were positioned at two extremes of AEA abscissa, respectively, showing the highest and lowest values of VI across the environments. The stability of genotypes, which is represented by projection on the AEA abscissa, reveals that genotype DSGVRL-2(G-8), followed by DSG-7(G-2) and DSG-29(G-3), was the most stable across the environments studied. Therefore, genotype DSG-7 (G-2) was considered as the ideal genotype based on mean performance and stability. According to Yan and Tinker (2006), Euclidian distance was used to estimate the distance between genotypes; thus, genotypes closer to ideal genotypes are regarded as favorable. Therefore, genotypes DSG-6(G-1), DSG-29(G-3), DSGVRL-22(G-4), DSGVRL-23(G-5), DSGVRL-18(G-6), and DSGVRL-3(G-7), were considered as desirable and stable performers with respect to low VI values. For earliness observed by days to first female flower anthesis, genotypes, DSG-29(G-3) and PSG-9(G-46) displayed the lowest and highest values, respectively (Figure 4B). Genotype DSG-29(G-3) was considered as the most ideal and stable performer, followed by DSG-7(G-2), DSGVRL-23(G-5), and DSGVRL-18(G-6), across the environments. Similarly, genotypes DSG-29(G-3) and DSG-55 (G-48) were positioned at two extremes of AEA abscissa, indicating the highest and lowest values concerning the yield traits, viz., number of fruits per plant and fruit yield per plant (Figures 4C, D). Genotype DSGVRL-18(G-6) was the most ideal and stable, followed by DSG-29(G-3) and DSG-6(G-1). Genotype DSG-6(G-1) was observed as the most ideal genotype, followed by DSG-43(G-20) and CHSG-2(G-40) for average fruit weight (Figure 4E).




Figure 4 | Mean vs. stability view of the GGE biplot of 20 sponge gourd genotypes across four testing environments for vulnerability index (A), days to first female flower anthesis (B), number of fruits per plant (C), fruit yield per plant (D), and average fruit weight (E). There was no transformation of data (transform = 0), and data were centered by means of the environments (centering = 2). The biplot was based on “row metric preserving” [singular value partition (SVP) = 1]. Numbers correspond to genotypes as listed in Table 1.







Mega environment delineation and the “which-won-where” view

The “which-won-where” view of the GGE biplot revealed that resistant genotypes were positioned toward the left side of the origin and did not share the sector with any location. Thus indicating that their performance remained relatively consistent across the environments studied (Figure 5). For VI, the vertex genotypes, viz., DSG-7(G-2), PSG-9(G-46), Pusa Supriya(G-49), and Pusa Sneha(G-35), were considered as best or the poorest (Figure 5A). The test environments were grouped into two sectoral regions, i.e., mega environments. The first mega environment contains the test environment, E1 and E3, with a winning genotype, Pusa Supriya(G-49), which is susceptible to ToLCNDV due to high VI values. The second mega environment consists of test environments, E2 and E4, with winning genotype PSG-9(G-46), which is also susceptible, as indicated by high VI values. The genotypes DSG-7(G-2) and DSG-29(G-3), followed by DSG-6 (G-1), were plotted farthest on the left side, indicating the lowest VI scores across the environments. Genotypes DSG-29 (G-3), DSGVRL-23(G-5), Pusa Supriya(G-49), Kalyanpur Hari Chikni(G-50), PSG-9(G-46), and JSLG-55(G-42) were vertex genotypes indicating their best or poorest performance in the particular mega environment for days to first female flower anthesis (Figure 5B). E1 and E2 were present in one mega environment with the winning genotype Kalyanpur Hari Chikni(G-50), whereas genotype PSG-9(G-46) was observed as the winning genotype for the second mega environment, which consisted of E3 and E4. These genotypes were considered poor performers, as revealed by the delayed first female flower anthesis. However, genotypes DSG-29(G-3) and DSGVRL-23(G-5) presented on the extreme right side of the origin were the best performers with respect to earliness. The genotypes DSG-29(G3), DSGVRL-22(G-4), DSG-55(G-48), DSG-31(G-22), DSG-43(G-20), and DSGVRL-18(G-6) were vertex genotypes whereas environments E1, E2, and E3 were present in a single mega environment with DSG-29(G-3) as the winning genotype for number of fruits per plant (Figure 5C). For fruit yield per plant, genotypes DSG-29(G-3), DSGVRL-22(G-4), DSG-55(G48), DSG-43(G-20), and DSGVRL-18(G-6) were the vertex genotypes (Figure 5D). All the test environments are grouped in two sectors, thus indicating two mega environments. The first mega environment consisted of three test environments (E1, E2, and E3) and genotypes DSG-29(G-3), followed by DSG-7 (G-2), DSGVRL-22 (G-4), and DSGVRL-18 (G-6) were the best performers. Meanwhile, test environment E4 comes under the second mega environment, with genotype DSG-43(G-20) followed by DSG-31(G-22), which were considered as the best performers for that particular mega environment. In the case of average fruit weight, vertex genotypes were DSGVRL-3(G-7), DSGVRL-22(G-4), DSGVRL-23(G-5), DSG-55(G-48), and CHSG-1(G-39) (Figure 5E). The equality line divides the four test environments into two mega environments, E1 and E2 in the first and E3 and E4 in the second. DSGVRL-3(G-7) and DSGVRL-22(G-4) were the winning genotypes of the first and second mega environments, respectively.




Figure 5 | The polygon (which-won-where) view of the GGE biplot of 20 sponge gourd genotypes across four testing environments for vulnerability index (A), days to first female flower anthesis (B), number of fruits per plant (C), fruit yield per plant (D), and average fruit weight (E). There was no transformation of data (transform = 0), and data were centered by means of the environments (centring = 2). The singular value is symmetrically partitioned into the genotype and the environment eigenvectors (SVP = 3). Numbers correspond to genotypes as listed in Table 1.







Identification of ideal environment

Among the four test environments, the longest vector length was recorded in E1, followed by E2 and E3, whereas the shortest was in E4 for VI (Figure 6A). Thus, the test environment E1 was the most discriminating location for ToLCNDV screening compared with other locations, whereas E4 had less discriminating ability. Among the test environments, E1 and E2 were the most representative environments revealed by a small angle with AEA abscissa compared with other two environments for disease screening against ToLCNDV. The test environment E1 and E3 displayed acute angles with E2, thus indicating a close association and consensus on the genotypic response to ToLCNDV disease severity. Similarly, E1 was identified as the most discriminating location for fruit yield per plant, and E3 was the representative environment (Figure 6B).




Figure 6 | “Discrimitiveness vs. Representativeness” view of the GGE biplot of twenty sponge gourd genotypes across four testing environments for vulnerability index (A), and fruit yield per plant (B). There was no transformation of data (transform = 0), and data were centered by means of the environments (centring = 2). The biplot was based on “Column metric preserving.” (SVP = 2). Numbers correspond to genotypes as listed in Table 1.







Genotype selection utilizing genotype by trait and genotype by yield × trait biplots

The GT biplot facilitates the depiction of relationships between genotype and traits based on trait-standardized data and singular value partitioning focused on traits. The GT biplot analysis showed a strong positive correlation with fruit yield and number of fruits per plant. However, both traits showed a negative correlation with vulnerability index and days to first female flower anthesis as indicated by an obtuse angle among them (Figure 7A). Similarly, we recorded a strong positive correlation between VI values and delayed flowering. These results are in conformity with the correlation graph of 3 years of preliminary screening. On the contrary, average fruit weight shows no relation with VI values. Genotype DSG-29(G-3) had a higher fruit yield and number of fruits per plant, low VI values, and earliness. However, DSG-55(G-48) had the highest VI values and delayed flowering. Genotypes DSGVRL-3(G-7) and DSGVRL-22(G-4) had high average fruit weight. Although the GT biplots reveal the association among the traits and genotypes’ trait profiles, they lack the practical utility in decision making on cultivar selection and rejection. Therefore, to address this, the proposed GYT biplot analysis was carried out (Figure 7). Higher days to first female flower anthesis and higher vulnerability index value are undesirable traits for sponge gourd improvement. Thus, the combination of yield*earliness (FYPP/DFFF) and yield*disease score (FYPP/VI) had a division operator (“/”). It reflects that their values were reversed before multiplication to the yield values. The which-where-won view helps in visualizing the genotypes’ trait profiles, and the perpendicular lines divide the yield-trait combinations into two sectors (Figure 7B). Genotype DSG-29(-3), followed by DSGVRL-18(G-6), had the largest values for FYLP/DFFF, FYLP*FPP, and FYLP*AFW, thus making them as the best genotype for combining fruit yield with earliness, number of fruits per plant and average fruit weight. Similarly, genotype DSG-7(G-2) had the highest level for FYLP/VI, indicating that it was superlative for combining fruit yield with a low vulnerability index. Figure 7C displays the superiority ranking of genotypes, along with their strengths and weaknesses, as assessed through the average tester coordinator (ATC) view of the GYT biplot. The average tester axis (ATA) is a single arrow line that passes through the biplot’s origin and signifies the direction of superior mean performance. Consequently, it aids in ranking genotypes according to their overall superiority. The genotypes were separated into better and worst performers based on the average overall performance by the perpendicular lines that pass through the biplot origin on ATA. It also suggests the balanced trait profile or strength and weakness for a trait or group of traits of genotypes. Thus, based on the average yield-trait combinations, the best-ranked genotype was DSG-7(G-2), followed by DSG-29(G-3), DSGVRL-18(G-6), DSGVRL-23(G-5), DSGVRL-22(G-4), and DSG-6(G-1), and so on as we move left to right on the ATA. Meanwhile, genotypes ranked poorest are plotted on the far right side of the ATA. The projection of genotypes suggests the strengths and weaknesses; thus, genotype DSG-7(G-2) has a strong performance level with regard to FYLP/VI, and DSG-29(G-3) was strong in FYLP/DFFF, FYLP*FPP, and FYLP*AFW, followed by DSGVRL-18 (G-6). However, the genotypes that are closer to ATA, i.e., short projection length, have a balanced trait profile; thus, DSG-29(G-3), followed by DSGVRL-18 (G-6) and DSGVRL-23 (G-5), had a more balanced overall trait profile. The ideal genotype was identified by genotype ranking plot view of the GYT biplot (Figure 7D). DSG-29(G-3) is located in the first concentric circle, thus making it an ideal genotype followed by DSG-7(G-2) and DSGVRL-18 (G-6) with less VI value, earliness, and higher yield.




Figure 7 | Genotype by trait (GT) and Genotype by yield × trait (GYT) biplots for twenty sponge gourd genotypes evaluated under ToLCNDV conditions. (A) GT biplot based on Scaling = 1, Centering = 2, and SVP = 3. (B) Which-won-where view of the GYT biplot based on Scaling = 1, Centering = 2, and SVP = 3. (C) Average Tester Coordination view of the GYT biplot based on Scaling = 1, Centering = 2 and SVP = 1. (D) Genotype ranking plot view of the GYT biplot based on Scaling = 1, Centering = 2, and SVP = 1. Trait codes are: - DFFFA: days to first female flower anthesis; VI: vulnerability index; AFW; average fruit weight (g); FPP: number of fruits per plant; FYLP: fruit yield per plant (kg/plant).







Genotype selection using multi-trait genotype–ideotype distance index

The MGIDI relies on evaluating the distance between genotypes and specified ideotype aligned with the breeders’ preference (Olivoto and Nardino, 2021). The broad sense heritability ranged from 54.3% for fruit weight to 88.05 for vulnerability index. The studied traits were reported in a single factor (FA1) with most yield-related traits. Fruit yield and number of fruits had positive loadings in FA1, whereas vulnerability index, days to first female flower, and fruit weight had negative loadings. Genotypes ranking based on MGIDI values are depicted in Figure 8. The selected genotypes based on selection pressure (~15%) were G-3(DSG-29), G-2(DSG-7), and G-6(DSGVRL-18). The selected genotypes resulted in desirable positive selection gains for average performance of yield-attributing traits, viz., fruit yield per plant, number of fruits per plant, and fruit weight. These genotypes also recorded desirable negative gains for vulnerability index and earliness (Supplementary Table 2).




Figure 8 | Genotype ranking in ascending order of the MGIDI index. The selected genotypes are shown in red circle. Numbers are correspond to genotypes as listed in Table 1.








Biochemical characterization

For biochemical characterization, eight resistant genotypes, four genotypes each of moderately resistant, moderately susceptible, and susceptible category, were selected based on their response against ToLCNDV disease. The resistant genotypes exhibited the highest level of all biochemical parameters compared with susceptible genotypes (Figure 9). The highest soluble protein was observed in resistant genotype DSG-6 (37.95 mg/g fresh weight), followed by DSG-7 (36.89 mg/g fresh weight) and lowest in susceptible genotype Pusa Supriya (25.65 mg/g fresh weight). The value of soluble protein of resistant genotypes was significantly higher than that of susceptible genotypes, whereas most of the moderately resistant and moderately susceptible genotypes are non-significant with each other. For total phenol content, resistant genotype DSG-6 recorded the highest value at 38.64 mg/g fresh weight, which is statistically at par with other resistant genotypes, viz., DSG-7, DSG-29, and DSGVRL-22. The lowest phenol content was observed in susceptible genotypes DSG-55, exhibiting a value statistically equivalent to that of Kalyanpur Hari Chikni. Resistant genotype DSG-6 recorded the highest H2O2 concentration, followed by DSG-7, statistically comparable with DSGVRL-23. In contrast, susceptible genotype Kalyanpur Hari Chikni exhibited the lowest concentration, statistically equivalent to Pusa Suripya. The highest SOD enzyme activity was observed in resistant genotype DSG-7, followed by DSG-6, whereas the lowest was in susceptible genotype Pusa Supriya. The accumulation of PAL enzyme activity was highest in resistant genotype DSG-6, followed by DSG-7 and DSG-29. However, the lowest PAL enzyme activity was recorded in susceptible genotypes DSG-51-1, followed by Pusa Supriya. The resistant genotype DSG-7 showed maximum peroxidase enzyme activity followed by DSG-6, whereas the lowest was recorded in susceptible genotype DSG-51-1. For catalase enzyme activity, resistant genotype DSG-6 recorded the highest value, followed by DSG-7, which is statistically at par with DSG-29 and DSGVRL-22. The lowest value of catalase enzyme activity was observed in susceptible genotype DSG-51-1, which is statistically equivalent to DSG-55.




Figure 9 | Graphical representation of total soluble protein content (A), total phenol assay (B), hydrogen peroxide assay (C), superoxidase dismutase (SOD) (D), phenyl ammonia lyase (PAL) (E), peroxidase (F), and catalase (G) in 20 genotypes of sponge gourd belongs to the different category of resistance and susceptible against ToLCNDV.








Discussion

ToLCNDV has become a significant threat to the cultivation of various crops across diverse plant families owing to its broad host range. In cucurbits, globally, it has caused substantial economic losses, and under epidemic conditions, it can result in total crop loss (100%) in sponge gourd (Islam et al., 2010, 2011; Kumar et al., 2019; Dhillon et al., 2020). To overcome this problem, host plant resistance against ToLCNDV incidence is the most effective and sustainable approach one should adapt for reducing the yield loss in sponge gourd. At present, most of the commercially grown sponge gourd varieties are susceptible to ToLCNDV. Therefore, extensive screening of the vast array of germplasm resources is imperative to identify the resistant sources, which can be used in resistant breeding programs of sponge gourd. However, screening the genotypes for resistance is cumbersome and challenging due to the unpredictable nature of the environmental conditions and vector populations under field conditions. Furthermore, screening of diverse genotypes in different environments in order to identify the most resistant genotype to ToLCNDV is an expensive venture. Thus, identifying an ideal test environment with excellent discrimination power for genotypes is of utmost importance. To deal with these problems, GGE biplot analysis is a simple and powerful tool for analyzing the genotypes using the environmental data. Hence, it helps in efficient assessment of genotypes and identification of best test location. Considering these facts, 50 diverse genotypes of sponge gourd were screened against ToLCNDV under natural conditions for 3 years. Furthermore, a subset of 20 diverse genotypes being identified based on the results of the preliminary screening were evaluated across four diverse environments during 2021.




Identification of stable resistant source against ToLCNDV

In our study, eight genotypes showed stable resistance against ToLCNDV along with other desirable traits, viz., earliness, fruit number, and fruit yield, based on results of the preliminary screening for 3 years. These results were further validated through the mean vs. stability graph view of GGE biplot. The correlation study reveals that ToLCNDV infection severely affected the yield potential and other important traits, such as number of fruits, days to flowering, and fruit weight in sponge gourd. The cluster heat map categorized the resistant genotypes into two distinct groups, with five genotypes in group I and the remaining three in group III. Most of the susceptible commercial cultivars were clustered in group VII. Furthermore, the activity and accumulation of defense-related enzymes under disease conditions in sponge gourd genotypes with varied resistance level to ToLCNDV were also investigated. The total soluble protein, total phenol content, H2O2 concentration, SOD, PAL, peroxidase, and CAT activity were higher in resistant genotypes as compared with susceptible genotypes. Therefore, reduced activity of these enzymes can effectively aid in differentiating between resistant and susceptible genotypes in sponge gourd against ToLCNDV. These findings are in alignment with the previous reports in Cucurbita pepo infected with zucchini yellow mosaic virus (ZYMV) (Radwan et al., 2007) and tomato and bell pepper infected with tomato mosaic virus (Madhusudhan et al., 2009). Similar results were also obtained by Dieng et al., 2011; Sahu et al., 2012 and Sharma et al., 2021 in tomato infected by tomato yellow leaf curl virus.

In our study, genotypes exhibited significant genotype–environment interaction in response to ToLCNDV and other yield-related traits under multi-environmental trials. The combined ANOVA displayed significant variation due to genotype, environment, and genotype × environment interaction for VI, earliness, and other yield-related traits under the ToLCNDV disease condition. It was also noted that there was inconsistent performance of genotypes across the locations is attributed to the diverse environmental condition for disease incidence. Therefore, the presence of significant GEI reveals the importance of assessing the genotypes across multiple locations before ranking them against ToLCNDV resistance in sponge gourd. The host–pathogen interaction is very complex in nature and is influenced by many factors such as host genotype, pathogen, and environment. Hence, plant breeders must identify durable resistant genotypes with minimum environmental interaction across the environments. The GGE biplot analysis helps in simplification of complex GEI into different principal components and graphically represents them against various principal components (Yan and Tinker, 2006). In our study, first two principal component accounted for more than 90% of the total variance, affirming the comprehensive representation of total variability for VI and yield-related traits under ToLCNDV incidence. The mean vs. stability view of the GGE biplot reveals that DSG-6(G-1), DSG-7(G-2), DSG-29(G-3), DSGVRL-22(G-4), DSGVRL-23(G-5), DSGVRL-18(G-6), and DSGVRL-3(G-7), and DSGVRL-2(G-8) were positioned downstream of the AEA abscissa, thus indicating lower values of the vulnerability index and thereby considered as resistant. Although G-8 was more stable among these genotypes, which is revealed by its projection on AEA abscissa; however, it is not considered as an ideal genotype. Because stability is only meaningful when it is associated with higher performance of the respective trait (Yan and Tinker, 2006). Thus, for the vulnerability index, genotype DSG-7(G-2) was considered as the most ideal with higher disease resistance along with stable performance across the environments. DSG-29(G-3), DSG-7(G-2), DSG-6(G-1), and DSGVRL-18(G-6) were identified as the most desirable genotypes with stable resistance against ToLCNDV and also exhibiting higher performance in response to earliness, fruit weight, number or fruits, and fruit yield. Thus, genotypes identified as ideal and desirable with durable resistance, would be valuable genetic resources in future resistant breeding programs in sponge gourd against ToLCNDV. Similarly resistant genotypes were also identified in various crops against different pathogens (Parihar et al., 2017; Das et al., 2020; Singh et al., 2020; Sankar et al., 2021).





Identification of genotypes with high yield potential and enhanced resistance

The ability of a genotype to combine higher yield performance with other important traits such as resistance should be utilized to assess their superiority instead of individual trait performance. Farmers’ acceptance of ToLCNDV resistant with low-yielding sponge gourd varieties is doubtful. To gain widespread and consistent acceptance from the growers, new cultivars must not only give high ToLCNDV resistance but also maintain or exceed the current yield level. This perspective highlights the yield traits’ importance and should be considered as primary breeding objective in improvement programs of sponge gourd. The other important traits like disease resistance only hold economic value when it is associated with an adequate yield level. To address this problem, the GYT biplot is used to evaluate genotypes for multiple traits. The GYT biplot ranks the genotypes’ superiority based on their ability to combine yield with various targeted traits and simultaneously highlighting their strength and weaknesses. It also fulfils all the conditions required for ATC graph, thus making it a valuable tool for genotype ranking. However, despite the GT biplot’s ability to illustrate the trait correlation and genotypes’ strength and weaknesses, it falls short in effective decision-making on acceptance and rejection of genotypes. Furthermore, the GT biplot does not meet the condition of no strong negative correlation among traits, thus making the ATC view ineffective (Yan and Frégeau-Reid, 2018). Traits like earliness, number of fruits, fruit yield, and average fruit weight are directly affected by ToLCNDV incidence, as revealed by the correlation graph and GT biplot. Thus, the GYT biplot based on these traits helps in identification of genotypes DSG-29 (G-3), followed by DSG-7 (G-2) and DSGVRL-18 (G-6) as the most stable and ideal to combine a high level of yield along with other important traits like ToLCNDV resistance, earliness, and more number of fruits per plant under disease incidence. MGIDI is an innovative approach, which has proven to be highly effective in numerous breeding programs, paving the way for more efficient and successful selection strategies (Nelimor et al., 2020; Pour-Aboughadareh et al., 2021; Nardino et al., 2022; Yue et al., 2022a, b; Dhand and Garg, 2023; Memon et al., 2023; Singamsetti et al., 2023). According to MGIDI index values, genotypes DSG-29 (G-3), DSG-7 (G-2), and DSGVRL-18 (G-6) have higher mean performance and desirable selection gains for yield-attributing traits and resistance to ToLCNDV. Apart from the selected genotypes, DSGVRL-23 (G-5) and DSGVRL-22 (G-4) were placed at the cutting points and could be exploited for resistance and yield-related traits in sponge gourd.





Identification of ideal environment for screening

The application of the GGE biplot in identification of ideal testing location facilitates in minimizing the trial costs and optimal resource allocation without comprising the trial heritability and genetic gain under selection (Yan, 2001; Yan and Tinker, 2006; Yan and Holland, 2010). Representativeness is the most significant factor in deciding the suitability of the test environment for genotype evaluation, provided it possesses a sufficient discrimination ability (Yan et al., 2007). The environment vector length is used to measure the discrimination ability, and the smaller degree of angle with the AEA abscissa indicates representativeness of these test environments (Yan and Tinker, 2006). In our study, E1 and E2 have more discriminative power, whereas E4 is the least discriminating for disease screening and fruit yield under ToLCNDV disease incidence. Thus, test environments E1 and E2 with high discrimination and representativeness were recognized as the ideal testing locations for evaluation of advanced breeding lines of sponge gourd against ToLCNDV resistance. These results are further confirmed by the first report of ToLCNDV infestation in Luffa at ICAR-IARI, New Delhi, by Sohrab et al. (2003) and the findings of Islam et al. (2010, 2011). However, with respect to E4, it was not a desirable environment for screening due to lower incidence of disease during the spring–summer season, which may be due to reduced proliferation of white flies.

The “which-where-won” view revealed the existence of distinct mega-environments among the tested environments. This environment grouping indicates the presence of genotype × environment interaction, suggesting that the genotypes perform differently across environments. Moreover, these mega-environments can be used to identify genotypes that are specifically adapted to specific locations (Yan, 2011). In the present investigation, all the tested environments were separated into two mega environments. This may be due to divergence in the ToLCNDV severity due to genotypic and environmental variations. The environment, kharif season, which is the most desirable, was separated from the spring season, thus indicating that the environmental conditions during the kharif season are more conducive for ToLCNDV incidence. A strong positive correlation and similarity in the genotype performance was also observed within the tested environment of a particular mega environment. The resistant genotypes did not align with any specific sectors forming the mega-environments, indicating their consistent disease reaction across all tested environments. Furthermore, vertex genotypes with no environment in its sector indicate poor performance for that particular trait across the environment. Therefore, in our study, poor performance of resistant genotypes for VI indicates their resistant nature across all the environments. The genotypes DSG-29(G-3), followed by DSG-7(G-2) and DSGVRL-18(G-6), were observed as the winning genotypes concerning resistance against ToLCNDV, earliness, and yield-attributing traits under disease conditions in sponge gourd. The identified environmental grouping provides a valuable framework for sponge gourd resistance breeding against ToLCNDV, which should be further validated through multi-location testing over several years, as emphasized from previous studies of Yan et al. (2000); Silva et al. (2011), Phuke et al. (2017), Sánchez-Martín et al. (2017); Das et al. (2020), and Sankar et al. (2021). The performance and stability demonstrated by the selected material needs to be further tested in the eastern and southern parts of India for future advancement of elite cultivars resistant to ToLCNDV in sponge gourd.






Conclusion

These results revealed the significance of multi-environment testing for evaluation of genotypes against ToLCNDV resistance. The tested environments were categorized into two distinct mega-environments for evaluation under ToLCNDV incidence with different winning genotypes, which confirms the GEI. Based on GGE biplot results, Based on GGE biplot results, mega-environment with kharif season was identified as the most ideal test environment for natural screening due to its discrimination and representative power. Among tested genotypes, DSG-29 (G-3) was identified as the ideal genotype and DSG-7 (G-2), DSGVRL-18 (G-6), and DSG-6 (G-1) as the desirable genotypes exhibiting higher resistance levels along with higher yield, earliness, and other yield-attributing traits. The hurdle of late flowering associated with ToLCNDV infestation can be overcome by utilizing early-maturing genotypes such as DSG-29(G-3), DSG-7(G-2), DSGVRL-23(G-5), and DSGVRL-18(G-6) identified in the study. Thus, the genotypes identified can be utilized for sponge gourd improvement programs to develop cultivars resistant to ToLCNDV with enhanced productivity and stability.
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Paris polyphylla var. yunnanensis, a well-known Chinese medicinal herb, shows a unique physiological trait characterized by the cyclic opening and closing of its anthers after pollen maturation. The aim of this study was to explore the implications of this phenomenon on breeding. RNA sequencing coupled with methylation sequencing was used to scrutinize and compare gene expression profiles and methylation alterations in pollen and seeds during anther opening and closing, along with cold exposure. Genes enriched within Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were examined to identify gene clusters susceptible to temperature-related methylation changes in both pollen and seeds. Four pollen treatment models, namely, normal control, “pollen protected from low temperatures,” “pollen from just-opened anther,” and “pollen from close-blocked anther,” were used to produce corresponding seeds via artificial pollination. Subsequently, qRT-PCR was used to validate modifications in the expression patterns of marker genes in pollinated seeds under diverse treatment scenarios. Genes exhibiting significant differences in expression between anthers and normal tissues, along with gene regions linked to methylation variations attributed to low-temperature-treated pollen and seeds, were identified through transcriptomic analysis. Convergence was observed in three signaling pathways: oxidative phosphorylation (ko00190), plant hormone signal transduction (Ko04075), and zeatin biosynthesis (ko00908). Notably, gene clusters prone to temperature-induced methylation changes, such as NADH-ubiquinone oxidoreductase chain 5, plasma membrane ATPase 4, cytochrome c oxidase subunit 2, cis-zeatin O-glucosyltransferase, ABSCISIC ACID-INSENSITIVE 5-like protein 4, and indole-3-acetic acid-amido synthetase (IAAS), were identified. Evaluation using various pollen pollination models revealed altered expression patterns of five dormancy-regulating marker genes: IAAS, sucrose synthase (SUS), gibberellin 2-oxidase (GA2ox), ABA INSENSITIVE 2 (ABI2), and auxin-repressed protein (ARP), in seeds pollinated with pollen from close-blocked anthers, cold-protected pollen, and pollen from freshly opened anthers. The close-blocked anther treatment led to significantly upregulated expression of IAAS, SUS, GA2ox, and ABI2, whereas ARP expression decreased markedly, indicating a propensity toward prolonged seed dormancy. Conversely, in the low-temperature-protected anther model, SUS, ARP, GA2ox, and IAAS exhibited reduced expression levels, whereas the expression of ABI2 was upregulated, overall facilitating seed germination.




Keywords: Paris polyphylla var. yunnanensis, preventing anther dehiscence, pattern transmission of expression, dormancy-related genes, anther closure





Introduction

Paris polyphylla var. yunnanensis belongs to the Paris genus of the Trillium family and is widely used as a medicinal herb (Yongbin et al., 2021). This species exhibits low photosynthetic efficiency, and the slow growth of its rhizomes in traditional medicine hinders its rapid propagation (Jiale et al., 2022). The extended growth period from seed planting to harvest, ranging from 6 to 7 years, hampers its artificial propagation, leading to its scarcity as a medicinal resource. Enhancing the efficiency of artificial reproduction in Paris polyphylla var. yunnanensis remains a critical technological and scientific challenge. The seeds of Paris polyphylla var. yunnanensis possess physiological characteristics associated with “secondary dormancy” (Yi et al., 2021; Linlin et al., 2022), resulting in low germination rates and reproductive efficiency (Hailan et al., 2018), along with slow resource regeneration (Xiaodong, 2018). Therefore, elucidating the mechanisms and factors that influence seed dormancy is crucial for improving the reproductive efficiency of Paris polyphylla var. yunnanensis.

Seed dormancy is influenced by the content and proportion of gibberellins (GAs) and abscisic acid (ABA), and the regulation of their synthesis genes is affected by temperature, light, and seed moisture levels during the seed stage (Xiaodong, 2018). Although methods such as stratification at varying temperatures (Kai et al., 2016), altering seed moisture by scarification (Yanfang et al., 2017), ultrasound treatment (Nong et al., 2012), and chemical or hormonal mutagenesis (Li et al., 2007) have been used to slightly alter the dormancy period of seeds and accelerate the germination process, a significant reduction in the dormancy period of Paris polyphylla var. yunnanensis seeds through genetic means has not yet been achieved. The fundamental mechanisms of seed dormancy in Paris polyphylla var. yunnanensis remain unclear.

Methods for shortening the seed dormancy period of Paris polyphylla var. yunnanensis reveals that treatments such as cold stratification at 4°C, altering seed moisture content, ultrasonic treatment, and chemical or hormonal mutagenesis (Lai et al, 2023) are all critical inducers of epigenetic changes in seed genes. Thus, it is hypothesized that modifying epigenetic markers in the seed genome could be an approach to significantly shorten the seed dormancy period of Paris polyphylla var. yunnanensis. However, research on the mechanisms underlying alterations in seed epigenetics as well as the epigenetic background and intrinsic regulatory patterns of seeds remains relatively insufficient.

Our previous research revealed that during the entire dehiscence period lasting over 20 days, the anthers of Paris polyphylla var. yunnanensis consistently closed when the evening temperature decreased and reopened as the morning temperature increased. Furthermore, darkness, low temperature, and humidity can trigger the closure of dehiscent anthers (Wang et al., 2008a, b). Transcriptomic data indicate that numerous genes related to seed germination and dormancy undergo expression changes in pollen, with their expression patterns highly resembling those of germinating seed embryos. Therefore, it has been postulated that the frequent closure of anthers may be associated with seed dormancy (Cheng et al., 2019). However, the regulatory effect of pollen on the dormancy or germination of genes in seeds remains unclear.

By conducting a comparative analysis of open and closed anthers, low-temperature treatment of pollen, and low-temperature treatment of seeds using reduced representation bisulfite sequencing (RRBS), we aimed to identify gene clusters susceptible to DNA methylation induced by low-temperature treatment. Furthermore, we sought to establish an analytical model of changes in gene expression from pollen treatment to seed dormancy by investigating the significance of artificially treated pollen on harvested seeds after artificial pollination during seed germination and dormancy. This study contributes to unveiling the potential patterns in the transition between seed dormancy and germination.





Materials and methods




Plant materials

The anthers and pollen grains of Paris polyphylla var. yunnanensis, along with all seeds used for the experiments, were sourced from the Xundian planting base of Yunnan Modu Agriculture Co., Ltd. (Shunxin Village, Beidaying Town, Xundian Hui, and Yi Autonomous County, Kunming City, Yunnan Province), situated at an altitude of 2,211 m with an average annual temperature of 23°C and an average annual rainfall of 935.1 mm. Transcriptome analysis of tissues surrounding the anthers and gynoecium of Paris polyphylla var. yunnanensis was analyzed using data from 2014 (Table 1). Biological replicates T1, T2, and T3 represent different time points within half an hour from the closed to the fully open state, whereas T4, T5, and T6 represent biological replicates at different time points within 45 min from the open to closed state, all derived from the same plant. T7 corresponded to ruptured anthers; normal tissues around the gynoecium included the leaves (T12), petals (T13), sepals (T14), and stigma (T15). All tissue samples were collected and immediately stored in liquid nitrogen at −80°C until RNA extraction (Wang, 2021).


Table 1 | Sample materials and collection conditions for RNA-seq.



The collected pollen was stored at 4°C (designated as 4-H) and 25°C (designated as 25-H), and the seeds were stored at 4°C (designated as 4-Z) and −85°C (designated as 85-Z) (Table 2). Seeds used for validation experiments included: control group, seeds produced by artificially isolated pollination of normal dehiscent anther on the 10th day; low-temperature protection model I: seeds produced by artificial isolation pollination of pollen from anthers after 2–3 days of dehiscence stored at 20°C for 72 h (pollen unaffected by low temperatures); closed anther model II: seeds produced by artificial isolation pollination of mature just-dehiscent anthers (in a fully closed state); and preventing anther closure model III: seeds produced by artificial isolation pollination of anthers that were prevented from closing using an artificial device for 20 days after 2–3 days of dehiscence (simulating an absolute open state), followed by pollination with isolated pollen. All seeds were artificially pollinated in June and harvested in November of the same year (Table 3, Figure 1).


Table 2 | Cryopreserved methylome sequencing samples and preliminary processing techniques.




Table 3 | Experimental study on seed development models of pollen fertilization under various treatments.






Figure 1 | The diverse pollen conditions employed in the verification models and the subsequent creation of artificially pollinated seeds. (A) Pollen in unopened anther for model II. (B) Control: normal opening anther. (C) Control: normal closed anther after opening. (D) Model Ш: the close-block anther in order to keep “absolutely opening”. (E) Stigma after artificial pollination. (F). Seeds obtained from artificial pollination of pollen.







RNA extraction and library construction

Total RNA was extracted using an RNeasy Plant Kit (BioTeke, Beijing, China), and RNA samples were quantified using an Agilent 2100 bioanalyzer (Agilent Technologies, USA). The total RNA concentration for all samples exceeded or equaled 400 ng/μL; the OD260/280 ratios ranged between 1.8 and 2.2, with a 28S:18S ratio above 1.0 and RNA integrity numbers greater than 7.0. mRNA enrichment was performed using the NEBNext Poly(A) mRNA Magnetic Isolation Module, followed by cDNA library construction using the Illumina-specific NEBNext mRNA Library Prep Master Mix (New England Biolabs, USA) and NEBNext Multiplex Oligos (New England Biolabs, USA). Gel electrophoresis on a 1% agarose gel was used to assess the size of the library insert fragments, followed by real-time PCR quantification using the Library Quantification Kit from Illumina GA Universal (KAPA, USA). Qualified libraries underwent clustering on the Illumina cBot (Illumina Inc., USA) and were sequenced using the Illumina HiSeq 2500 (Biomarker Biotechnological Co., Beijing, China).

Raw paired-end reads were processed to obtain “clean reads” for de novo assembly, involving the removal of adapter contamination, unknown nucleotides, and low-quality reads with ambiguous sequences represented by “N”. Subsequently, Trinity software was used for de novo assembly of all clean reads obtained from multiple samples (Grabherr et al., 2011). Assembled reads were further consolidated into contigs representing longer transcripts, and primary transcripts or unigenes were selected based on pairing information and contig similarities. Unigenes were assembled using Bowtie (Langmead et al., 2009), and their expression levels were estimated using RNA-Seq by Expectation-Maximization (RSEM) software (Li and Dewey, 2011). Gene expression levels were determined by calculating RPKM values (reads per kilobase per million mapped reads) (Mortazavi et al., 2008). The RPKM method was used for gene expression quantification and was calculated using the following formula:

	

The RPKM method mitigates the impact of variations in gene length and sequencing depth on the calculation of gene expression, enabling direct comparison of gene expression differences between different samples.





Gene annotation and analysis

Functional annotation was carried out by aligning sequences against the NCBI NR (http://www.ncbi.nlm.nih.gov/), Swiss-Prot (http://www.expasy.ch/sprot/), COG (http://www.ncbi.nlm.nih.gov/cog/), and KEGG (http://www.KEGG.JP) databases using BLAST software. The functions were described using Gene Ontology terms (http://www.geneontology.org/) and classified using WEGO software (http://wego.genomics.org.cn/cgi-bin/wego/index.pl).





Differential gene expression analysis

The EBSeq software (Leng et al., 2013) was used to identify genes with significant differences. The threshold for false discovery rate (FDR) is set at<0.01, and the fold change threshold is set at ≥2. the Benjamini–Hochberg method was used to correct p-values based on the FDR values. Differentially expressed unigenes were clustered using the UPGMA clustering method.





Reduced representation bisulfite sequencing

Genomic DNA was extracted from the treated granules (Table 2) using a TIANamp Genomic DNA Extraction Kit (TIANGEN) according to the manufacturer’s protocol. Approximately 1 µg of genomic DNA was digested with MspI enzyme at 37°C for 16 h after mixing with the unmethylated lambda DNA. Purified DNA was processed using a MinElute PCR Purification Kit (Qiagen), followed by treatment with T4 DNA polymerase, Klenow fragment, and T4 polynucleotide kinase for end repair, A-tailing, and phosphorylation. Next, an adapter containing 5′-methylcytosine instead of cytosine was adenylated by Klenow fragment (3′–5′ exonuclease) and ligated using T4 DNA ligase to construct Illumina paired-end sequencing libraries. Unmethylated cytosines were converted to uracil using a Zymo EZ DNA Methylation-Gold Kit. Finally, PCR was performed in a 50-µL reaction volume, including 20 µL DNA with ligated adapters, 4 µL of 2.5 mM dNTPs, 5 µL of 10× buffer, 0.5 µL JumpStart Taq DNA polymerase, 2 µL PCR primers, and 18.5 µL water. The thermal cycling program for PCR consisted of an initial denaturation at 94°C for 1 min, followed by 12 cycles of 94°C for 10 s, 62°C for 30 s, 72°C for 30 s, and a final extension at 72°C for 5 min, with the products stored at 12°C. Size-selected libraries were analyzed using a Bioanalyzer system (Agilent, Santa Clara, USA), quantified via real-time PCR, and analyzed on the Illumina sequencing platform.

The raw data obtained were processed using the cutadapt tool to remove adapter sequences, with the parameters set to “-a AGATCGGAAGAGC -m 35 -n 2”. The cleaned read sequences were then mapped back to the genome using BSMAP software version 2.90 (Xi and Li, 2009), with parameters set to “-n 0 -v 0.08 -g 1”. Methylation rates were calculated using only uniquely aligned read sequences. Only cytosines with sufficient sequencing depth (greater than or equal to 5× coverage) in the CpG context were retained for further analysis. Differentially methylated regions (DMRs) were detected at CpG sites with at least 5× coverage using the de novo mode in methylene (Jühling et al., 2016). The parameters were set to “–mincpgs 5 –minMethDiff 0.1 –mtc 1–X 1–Y 1–v 0.7”. Subsequently, the detected DMRs were filtered based on the following criteria: (1) P-value less than 0.01, (2) methylation level difference greater than 0.2, (3) Number of CpGs included in the DMR greater than 5, and (4) length of DMR greater than 50 bp.

We analyzed the differential methylation regions in 4-H, 25-H, 4-Z, and 85-Z samples. For 4-H vs. 25-H, we examined differences in DNA methylation in CG-rich regions and promoter areas between the two samples. Similarly, in 4-Z vs. 85-Z, methylation distinctions were observed in CG-rich genomic regions and promoter sites.





Quantitative PCR analysis

For quantitative PCR analysis, cDNA was reverse-transcribed from mRNA extracted from the four model plant seeds (Table 3) and used as the quantitative PCR template. Reverse transcription of cDNA was performed using an All-In-One 5X RT MasterMix kit (Shanghai Ruibose Biological Technology Co., Ltd.). qRT-PCR was performed using an Archimed X4 Medical Fluorescence Quantitative PCR Instrument (Kunpeng (Xuzhou) Scientific Instruments Co., Ltd.). The PCR primers were synthesized by Beijing Qiangke Biological Technology Co., Ltd. (Beijing, Beijing) (as shown in Table 4). The Taq Pro Universal SYBR qPCR Master Mix (Nanjing Novogene Biological Technology Co., Ltd.) was used.


Table 4 | Primers for qRT-PCR analysis.



The qRT-PCR reaction system, with a total volume of 20 µL, consisted of 10 µL SYBR Taq enzyme, 4 µL cDNA (50 ng/µL), 2 µL Primer Mix (10 μM), and 4 µL nuclease-free water. The reaction protocol involved an initial denaturation at 95°C for 5 min, followed by 40 cycles of denaturation at 95°C for 15 s and annealing at 53°C for 15 s. Each treatment was performed in triplicate for independent replicates. Statistical analysis was conducted using the 2-(ΔΔCT) method and GraphPad Prism 8 software, applying the t-test for variance analysis.






Results




Comparative transcriptomic analysis of pollen and surrounding tissues

Post-RNA-seq sequencing, initial data quantity, and quality assessments revealed that all samples exhibited a Q30>93%. After filtering the raw data, reads with base counts below 20 were limited to under 20%, the N content did not surpass 5%, and ribosomal RNA was absent (Table 5). Using Trinity software (Trinity: https://github.com/trinityrnaseq/trinityrnaseq/releases), a unified gene database was constructed from mixed samples, encompassing 12,083,102 contigs, 280,777 transcripts, and 79,815 unigenes. The resulting transcripts had an N50 length of 1,215 bp, whereas the average length of the unigenes was 1,098 bp. Bowtie analysis indicated an alignment efficiency of >62.19% for each read.


Table 5 | Quality assessment of transcriptome data.



Analysis of transcript abundance boxplots (Figure 2A) revealed a clear segregation into two groups (i.e., anther samples T1–T7 and floral organ samples T12–T15), with anthers showing significantly lower average gene expression levels than floral organs. Cluster analysis of the unigene expression profiles for each sample indicated two main branches: one representing the pollen group and the other representing normal tissues. Notably, within the pollen group, open anthers (T1, T2, and T3) and closed anthers (T4, T5, and T6) formed distinct subclusters (Figure 2B).




Figure 2 | Comparison of pollen transcription levels in different states of anther groups with normal tissues. (A) Transcriptomic analysis revealed higher overall expression levels in normal tissues (T12–T15), including leaves, petals, sepals, and pistils, compared with pollen tissues (T1–T7). (B) Clustering analysis based on unigene’s relative expression levels (RPKM values). (C–E) Differential expression analysis comparing the open and closed anther groups with normal tissues showed a significant upregulation of pollen-related genes in closed anthers relative to open ones. (F) Functional enrichment analysis of differentially expressed genes between closed anthers and controls highlighted a significant enrichment of genes associated with catalytic activity (GO:0003824). The topmost term with the highest significance level in the directed acyclic graph was catalytic activity, comprising various specific enzyme categories.



Further comparative analyses were conducted on the expression of unigenes in the open anther, closed anther, and normal control groups and between the open and closed anther groups. The results demonstrated a substantial upregulation of gene expression in both the open and closed anther groups compared with that in the normal control group. Specifically, when comparing open anther states to the controls (T1_T2_T3 vs. T12_T13_T14_T15), there were 2,830 differentially expressed genes, of which 2,077 (73.4%) were upregulated and 750 (26.6%) were downregulated. Similarly, when comparing closed anther states to controls (T4_T5_T6 vs. T12_T13_T14_T15), 1,991 genes were differentially expressed, with 1,625 (81.62%) upregulated and 66 (18.4%) downregulated genes in closed anthers.

A comparison between the open and closed anther groups (T1, T2, and T3 vs. T4, T5, and T6) revealed 136 differentially expressed genes, predominantly (107, 79%) exhibiting higher expression in closed anthers, whereas a smaller subset (28, 21%) displayed lower expression. In summary, there was a significant increase in gene expression in anthers compared with normal tissues, with a higher proportion of upregulated genes in closed anthers than in open anthers (Figures 2C–E).

Unigene sequences were aligned against a public database for functional annotation to further analyze the differentially expressed genes in anthers. The annotations were predominantly based on established model organisms, with 20% referencing Vibrio vinifera (grapevine), 6% Oryza sativa Japonica Group (japonica rice), and 5% Theobroma cacao (cacao). The remaining studies used Ricinus communis (castor bean), Populus trichocarpa (poplar), Setaria italica (foxtail millet), Prunus persica (peach), Zea mays (corn), Sorghum bicolor (sorghum), Cucumis sativus (cucumber), Aureococcus anophagefferens (brown tide algae), Brachypodium distachyon (purple false brome), and Fragaria vesca subsp. Vesca (wild strawberry), the Oryza sativa Indica Group (indica rice), Glycine max (soybean), and Arabidopsis thaliana (thale cress) accounted for less than 4%, whereas other species accounted for 30%. The results indicated that gene clusters that were significantly enriched for differential gene functions between closed anthers and controls corresponded to GO:0003824 catalytic activity, with subsequent levels including GO:0016740 transferase activity, GO:0016787 hydrolase activity, and GO:0016829 lyase activity (Figure 2F).





Screening genes prone to DNA methylation changes in pollen and seeds

A Fisher’s exact test was used alongside the Benjamini–Hochberg multiple correction to functionally annotate the specific differentially expressed genes in the anthers of Paris polyphylla var. yunnanensis. Differential gene expression between the open anther groups and normal tissues was subjected to KEGG enrichment analysis. The results revealed that of the total assembled Paris polyphylla var. yunnanensis, Unigene 6630 was associated with KEGG pathways. Among these, 148 genes (2.23%) were enriched for plant hormone signal transduction (Ko04075). Comparing the DEGs between the open anther groups and normal tissues (T1_T2_T3 vs. T12_T13_T14_T15), 311 genes were linked to KEGG pathways. Within this set, 27 unigenes enriched in plant hormone signal transduction represented 8.68%, indicating significant enrichment (corr _ p-value = 7.6532e-08).

Further analysis displayed that in the set of differentially expressed genes between open anther groups and normal tissues (T1_T2_T3 vs. T12_T13_T14_T15), 15 pathways remained highly significant after Ko04075, with a corrected p-value of<0.01. These included pathways such as plant–pathogen interaction (ko04626), steroid biosynthesis (ko00100), zeatin biosynthesis (ko00908), phenylalanine metabolism (ko00360), diterpenoid biosynthesis (ko00904), and phosphatidylinositol signaling system (ko04070), as well as energy metabolism-related pathways like phenylpropanoid biosynthesis (ko00940), glycerolipid metabolism (ko00561), ether lipid metabolism (ko00565), glycerophospholipid metabolism (ko00564), starch and sucrose metabolism (ko00500), sphingolipid metabolism (ko00600), amino sugar and nucleotide sugar metabolism (ko00520), cyanoamino acid metabolism (ko00460), and glycosphingolipid biosynthesis - globo series (ko00603) (Figure 3A).




Figure 3 | The KEGG pathways enriched in differentially expressed genes from transcriptome comparisons overlap with pathways enriched in differentially methylated genes. (A) Differential gene enrichment analysis between the open anther group (T1–T3) and normal tissues (T12–T15) reveals that the most significant KEGG pathway is plant hormone signal transduction (Ko04075). (B) Differential gene enrichment analysis between the closed anther group (T4–T6) and normal tissues (T12–T15) shows that the most significant KEGG pathways are starch and sucrose metabolism and oxidative phosphorylation (Ko00190). (C) Differential gene enrichment analysis between the open anther group (T1–T3) and closed anther group (T4–T6) highlights oxidative phosphorylation (Ko00190) as the most significant KEGG pathway. (D) Methylation differential gene enrichment analysis of anthers treated at 4°C and 25°C indicates that the most significant KEGG pathway is oxidative phosphorylation (Ko00190). (E) Methylation differential gene enrichment analysis of seeds treated at −85°C and 4°C identifies oxidative phosphorylation (Ko00190) as one of the most significant pathways. (F) The overlapping pathways enriched in transcriptome and methylation analyses reveal that key enzymes affecting pollen developmental gene expression undergo methylation changes due to decreased temperature, consistent with seed behavior. enzyme1: NADH-ubiquinone oxidoreductase chain 5; enzyme2: plasma membrane ATPase 4; enzyme3: cytochrome c oxidase subunit 2; enzyme4:cis-zeatin O-glucosyltransferase; Enzyme5: ABSCISIC ACID-INSENSITIVE 5-like protein 4; enzyme6: indole-3-acetic acid-amido synthetase.



Comparison between the differentially expressed genes in the closed anther group and normal tissues (T4_T5_T6 vs. T12_T13_T14_T15) showed that the oxidative phosphorylation pathway (ko00190) was most significantly enriched with 30 unigenes, followed by starch and sucrose metabolism (ko00500) with 25 unigenes, and glycolysis/gluconeogenesis (ko00010) with 20 unigenes. Other significantly enriched pathways included pentose and glucuronate interconversions (ko00040), diterpenoid biosynthesis (00904), glycerolipid metabolism (ko00561), Vibrio cholerae infection (ko05110), amino sugar and nucleotide sugar metabolism (ko00520), zeatin biosynthesis (ko00908), phenylpropanoid biosynthesis (ko00940), ether lipid metabolism (ko00565), inositol phosphate metabolism (ko00562), phenylalanine metabolism (ko00360), and citrate cycle (TCA cycle) (ko00020) (Figure 3B). Notably, ko00500, ko00190, ko00010, and ko00020 were key pathways in energy metabolism. Additionally, the pathways directly linked to plant hormone signaling pathways included 00904, ko00908, ko00940, and ko00360. The pollen transcriptomes of open- and closed-state anthers were compared (T1_T2_T3 vs. T4_T5_T6) to further investigate this disparity. The results revealed that out of the 41 unigenes associated with the KEGG pathways, seven were enriched in oxidative phosphorylation (ko00190) (corr_p_value = 3.4577e-01) and four were enriched in the citrate cycle (TCA cycle) (ko00020) (corr_p_value = 7.9357e-01) (Figure 3C), which are both critical pathways in energy metabolism.

RRBS methylation sequencing was used to analyze the whole-genome methylation of Paris polyphylla var. yunnanensis pollen and seeds. The constructed Paris polyphylla var. yunnanensis RRBS library was subjected to bisulfite treatment with a non-methylated C-to-T conversion rate exceeding 97%. Sequencing analysis showed that cold-treated pollen (4-H) and 25°C-treated pollen (25-H) yielded 46.68Gb and 34.22Gb data, respectively, whereas −85°C-treated seeds (85-Z) and 4°C-treated seeds (4-Z) yielded 71.76 Gb and 74.4 Gb data, respectively (Table 6).


Table 6 | Quality control data of methylation sequencing results for low-temperature-treated pollen and seeds.



A KEGG pathway intersection analysis was performed to compare methylation between 25°C- and 4°C-treated pollen, followed by comparison with −85°C- and 4°C-treated seeds to validate whether genes in pollen susceptible to methylation changes after low-temperature treatment may undergo methylation alterations in seeds. The results showed that the most significantly enriched KEGG pathway associated with genes showing differential DNA methylation between 4°C and 25°C treatments was oxidative phosphorylation (ko00190) (overall expect value 2.42, rich factor 4.12, multiple testing p = 0.0013) (Figure 3D). Other enriched pathways included a two-component system, plant hormone signal transduction, zeatin biosynthesis, RNA degradation, endocytosis, and amino and nucleotide sugar metabolism. For seeds treated at 4°C compared with those at −85°C, genes associated with differentially methylated DNA regions were most notably enriched in cyanoamino acid metabolism and oxidative phosphorylation (Figure 3E), with additional enrichment in plant hormone signal transduction, necroptosis, zeatin biosynthesis, endocytosis, RNA transport, alpha-linolenic acid metabolism, and other signaling pathways. The results showed that the intersecting pathways enriched for genes undergoing methylation changes in both cold-treated pollen and seeds included oxidative phosphorylation, plant hormone signal transduction, zeatin biosynthesis, and endocytosis.

A shared enrichment pathway for methylation was identified by subjecting pollen and seeds to low-temperature treatment. The intersection of this pathway with differentially expressed genes between anthers and normal tissues led to the discovery of three intersecting pathways: Ko00190, Ko00908, and Ko04075. Genes present in all three pathways were susceptible to methylation alterations. Among these, six genes directly overlapped (Table 7, Figure 3F) and encoded six key enzymes: enzyme1 in the Ko00190 pathway was NADH-ubiquinone oxidoreductase chain 5 (ND5); enzyme2 was plasma membrane ATPase 4 (AHA4); enzyme3 was cytochrome c oxidase subunit 2 (COX2) in the same pathway. In Ko00908, the overlapping enzymes were cis-zeatin O-glucosyltransferase (CISZOG1), and in Ko04075, the overlapping enzymes were ABSCISIC ACID-INSENSITIVE 5-like protein 4 (ABF1) and indole-3-acetic acid-amido synthetase (IAAS).


Table 7 | Overlapping of Methyl-Diff genes and metabolic pathway in cold-treated seeds and pollen.



In the context of anther dehiscence inhibition, closed anthers exhibited reduced expression levels of enzyme1 and enzyme6, alongside increased expression levels of enzyme2, enzyme3, enzyme4, and enzyme5. Storing pollen grains at 4°C and subjecting seeds to −85°C low-temperature treatment decreased DNA methylation in the promoter regions of enzyme1, enzyme2, and enzyme3 genes, with localized DNA methylation increasing in certain gene regions. Conversely, enzyme4 displayed heightened DNA methylation in both promoter and gene regions. Enzyme5 and enzyme6 genes in 4°C-stored pollen grains demonstrated reduced methylation in both the promoter and gene regions, whereas seeds treated at −85°C showed decreased DNA methylation in both regions for enzyme5 but varied patterns of methylation for enzyme6 across different regions. Reduced methylation in promoter and gene regions typically enhances gene expression; thus, the modified methylation patterns in enzyme1, enzyme2, enzyme3, enzyme5, and enzyme6 due to low-temperature treatments resulted in elevated expression in pollen grains (Table 7).

In treated seeds, enzyme1, enzyme2, enzyme3, and enzyme5 showed increased expression, although the impact on enzyme6 was uncertain. However, enzyme4 experiences reduced expression in both low-temperature pollen grains and seeds. Alterations in the methylation levels of enzyme2, enzyme3, and enzyme5 corresponded with expression changes due to anther closure, whereas inconsistent expression alterations were observed in enzyme1, enzyme4, and enzyme6 compared with those induced by anther closure.

Analysis of the involvement of the six enzymes in both oxidative phosphorylation and plant hormone signal transduction pathways revealed intriguing insights. Enhanced expression of enzyme1, enzyme2, and enzyme3 potentially facilitates ATP production (Supplementary Material Figure 1). However, variations in enzyme5 and enzyme6 within the plant hormone signal transduction pathway may suppress seed dormancy and stimulate seed germination (Figure 4).




Figure 4 | The genes prone to methylation alterations within pollen and seeds may influence seed dormancy through signaling pathways in agriculture and biology.







Validating genes undergoing expression changes in pollen within fertilized seeds

We selected five genes with significant differential expression between anthers and normal tissues from transcriptomic analyses (sucrose synthase (SUS), auxin-repressed protein (ARP), IAAS, GA2OX (gibberellin 2-beta-dioxygenase), and ABI2) for analysis of expression pattern alterations to further elucidate the changes in the expression patterns of pollen in response to stimuli due to anther dehiscence.

Transcriptomic analyses revealed significant differences in the expression of ARP and IAAS, which are regulated by the opening and closing of physiological activities. ARP exhibited a notable difference in expression between the subtypes of open and closed anthers (p< 0.001), with higher expression in closed anthers. In contrast, IAAS showed a significant difference in expression between open and closed anthers (p< 0.05), with upregulation in open anthers and significantly higher expression in closed anthers than in normal tissues (p< 0.001). The expression of SUS remained unaffected by anther status, with reduced expression relative to that in normal tissues in the overall pollen (Figure 5A). GA2OX exhibited differences in expression between the closed anthers and normal tissues, whereas ABI2 displayed differential expression between the open anthers and normal tissues.




Figure 5 | Validating gene expression disparities in the seed transcriptome of Polyphylla var. yunnanensis in anthers. (A) Transcriptome expression analysis reveals that the ARP gene exhibits high expression in closed anthers, whereas IAAS shows high expression in open anthers; SUS gene remains unchanged in expression during anther dehiscence. (B) The SUS gene demonstrates decreased expression in temperature protection model I and increased expression in open model Ш. (C) ARP displays a significant increase in expression in just-dehisced anthers of closed model II, whereas it shows decreased expression in models I and Ш. (D-F) IAAS and GA2OX genes exhibit elevated expression levels in model III and showing reduced expression in model I, meanwhile.GA2OX was also downregulated in model II.



The expression levels of the five selected genes were analyzed in four groups of artificially pollinated seeds using qRT-PCR. The objective of this study was to observe any alterations in the expression patterns within the seeds of the remaining three groups compared with the control group. By comparing the expression patterns of these genes in the pollen transcriptome with the qRT-PCR results in seeds, the study aimed to investigate whether models I and III, characterized by “close state,” and models II and control, associated with “open state,” exhibited any changes in expression. Results indicated that the SUS gene displayed the lowest expression in seeds of model I, representing a cold protection model post-pollination at 20°C, and the highest expression in model III, which signifies inhibition of anther closing. Given the significantly low expression levels in both “open” and “close” state anthers in the transcriptome, it was determined that the expression trend of the SUS gene in the model III seeds did not align with the pollen transcriptome. However, the expression patterns in the seeds of the other three models were consistent with those in the pollen transcriptome. Upon examining the remaining three models based on the control group’s expression levels, a notable decrease in SUS gene expression was observed in model I seeds, whereas there was a significant increase in expression in model III seeds, along with an increase in model II as well (Figure 5B). The expression levels of the ARP gene were significantly lower in the cold protection model I and the closure prevention model III compared with the control group and closure model II. This finding is consistent with the pollen transcriptome expression pattern, in which the expression levels were low in open-state anthers and high in closed-state anthers. However, when comparing seed expression patterns, it was observed that the expression levels in models I and III were significantly reduced, whereas in model II, the expression levels were markedly increased (Figure 5C).

The IAAS gene showed the highest expression in model III while exhibiting the lowest levels in model I. Its expression pattern in model III aligned with the pollen transcriptome analysis, showing high expression in open-state anthers and low expression in closed-state anthers. However, it demonstrated a contrasting behavior in model I. Analysis of seed expression patterns also revealed significant upregulation in model III and downregulation in model I (Figure 5D).

Further analysis of two other key genes in the plant hormone signaling pathway, i.e., GA2OX (Figure 5E) and ABI2 (Figure 5F), showed that GA2OX undergoes expression pattern changes in models III, II, and I. Model III exhibited a significant increase in expression, whereas models I and II showed decreased expression. ABI2 showed increased expression in the seeds of models I and VII, whereas it was downregulated in model II.






Discussion




Cracked anthers closing and cold treatment boost energy metabolism

Comparative analysis of the transcriptomes of the tapetum and surrounding diploid anther tissues revealed distinct bifurcations, indicating a significant divergence in gene expression profiles between the entire anther and its neighboring tissues. Within the anther sample branch, the open and closed anthers were distinctly segregated into two subgroups. Additionally, “just cracked” anthers formed a third subclass, suggesting differential expression profiles even among the three anther subclasses. Although the overall expression levels in the surrounding anther tissues were higher than those in the anthers, examination of commonly expressed genes between the two groups revealed disparities in gene expression. Among the 2,830 genes compared between open anthers and surrounding tissues, the majority (73.4%) were highly expressed in open anthers (2,077 genes), with a small portion (26.6%) exhibiting lower expression levels. Similarly, when comparing “close state” anthers with surrounding tissues using 1,991 genes, a higher proportion of genes (81.62%) were upregulated in closed anthers (1,625 genes). When comparing the open anther subclass with the closed anther subclass, 79% (107 genes) of the 136 DEGs exhibited higher expression levels in the closed anther subclass. These outcomes suggested a specific set of anther genes with elevated expression relative to neighboring tissues, signifying a distinct group controlling anther closure physiology. Notably, among the two anther states, 107 genes were upregulated in closed anthers compared with open anthers, implying at least 107 genes regulate the physiological behavior of anther closure.

The most enriched pathways between open anthers and surrounding tissues were related to the plant hormone signaling pathway and energy metabolism. Conversely, in the pathways of differential gene enrichment between closed anthers and surrounding tissues, the two most enriched pathways were oxidative phosphorylation and starch and sucrose metabolism, which were primarily associated with energy metabolism. The differential gene enrichment pathways between open and closed anthers consisted entirely of energy metabolism pathways, including oxidative phosphorylation and the citrate (TCA) cycle. Thus, anther closure is mainly initiated and controlled by a group of genes that regulate energy metabolism.

The most significant gene-enriched pathway showing DNA methylation differentiation in pollen under the low-temperature treatment was oxidative phosphorylation (10 genes, p = 0.0013). Similarly, in seeds subjected to the low-temperature treatment, the most prominent pathways enriched with differentially methylated genes were cyanoamino acid metabolism and oxidative phosphorylation. The convergence of genes exhibiting methylation changes in both the pollen and seeds indicated an oxidative phosphorylation pathway. Considering that this pathway was also prominently enriched in differentially expressed genes from transcriptome comparisons between closed anthers and surrounding tissues, as well as open and closed anthers, it suggested that the opening and closing of anthers, along with low-temperature treatment of pollen and seeds, may activate energy metabolism-related genes that play a crucial role.





Cold-induced methylation alterations in the genetic repertoire, potentially altering seed dormancy in pollen and seeds

Low temperatures are the primary cause of anther dehiscence (Wang et al., 2017), acting as a natural defensive mechanism in response to cold stimuli (Wang et al., 2008a). The induction of methylation changes in pollen genes responsible for anther protection by low temperatures implies that a subset of genes within the pollen genome are susceptible to cold-induced methylation. Consequently, these genes are likely to undergo methylation alterations in ex vitro pollen and seeds directly subjected to low temperatures. Moreover, among the differentially expressed genes in anthers compared with other tissues, a subset included genes affected by methylation changes.

The analysis revealed that the most significantly enriched molecular function of gene clusters showing specific expression in the anther transcriptomes, in contrast to other tissues, was GO:0003824, catalytic activity, indicating that these methylation-sensitive gene clusters likely belong to the enzyme category.

The intersection of significantly enriched differentially expressed genes in the transcriptomes from pollen treated at 4°C and seeds treated at −85°C revealed pathways shared across all three datasets. Notably, pathways, including oxidative phosphorylation (ko00190), zeatin biosynthesis (ko00908), and plant hormone signal transduction (ko04075), were concurrently enriched in all three gene sets. Examination of the overlap of genes enriched in the anther transcriptome, differentially methylated genes in pollen treated at low temperatures, and differentially methylated genes in seeds under low-temperature treatment within these pathways identified six enzymes that were consistent across all datasets. Low-temperature treatment resulted in uniform methylation changes in enzyme1, enzyme3, and enzyme5 in both anthers and seeds, which aligned with the expression changes observed during anther closure or opening. Conversely, enzyme2, enzyme4, and enzyme6 exhibited inconsistent expression trends compared with those influenced by anther closure or opening. Notably, among these six key enzyme genes, ND5, AHA4, and COX2 are critical enzymes in the oxidative phosphorylation pathway, and the ND5 protein is the core subunit of the mitochondrial membrane respiratory chain NADH dehydrogenase (complex I), which is considered essential for catalytic assembly. Complex I transfers electrons from NADH to the respiratory chain (Maldonado et al., 2020; Soufari et al., 2020; Klusch et al., 2023). AHA4 drives H+ co-transport, generating a proton gradient across the membrane and leading to external acidification and/or internal alkalinization, which may mediate growth responses. Most transport proteins in plant cells are energized by the action of the plasma membrane H+ pump fueled by ATP, which allows protons to traverse the electrochemical gradient of the membrane. AHA4 is crucial for plant growth and development, and phosphorylation of ATPase4 potentially served as a key regulatory factor in plant signal transduction processes (Palmgren, 2001; Haruta et al., 2015; Pei et al., 2022). Cytochrome c oxidase on the cell membrane links O2 reduction chemistry to proton translocation across membranes, aiding in generating an electrochemical proton gradient used to power ATP synthesis catalyzed by the rotary ATP synthase located within the same membrane (Wikström et al., 2018). COX2, a core subunit of mitochondrial cytochrome c oxidase, plays a pivotal role in various physiological processes.

The ABF protein interacts with the ABA-responsive element (ABRE) in plant hormone signal transduction, regulating the expression of numerous genes involved in abscisic acid (ABA) response (Choi et al., 2000). Reduced ABF expression diminishes the ability of plants to withstand environmental stressors, rendering them more susceptible. Within the plant hormone signal transduction pathway, decreased ABF levels can increase seed sensitivity, facilitating emergence from dormancy (Zhao et al., 2016). IAAS catalyzes the synthesis of indole-3-acetic acid (IAA)-amino acid conjugates, thereby preventing free IAA accumulation. Furthermore, the overexpression of IAAS-GH3-8 leads to abnormal plant morphology and growth delays (Xu et al., 2021), whereas silencing GH3.8 results in increased plant height (Sun et al., 2020).

Low-temperature treatment of anthers and seeds leads to the downregulation of energy metabolism-related genes, such as ND5, and the upregulation of AHA4 and COX2, promoting plasma membrane transmembrane transport and activating plant signal transduction pathways. This process may ultimately participate in seed dormancy and germination through hormone synthesis and regulation of plant hormone signal transduction pathways.





Artificial pollen pollination might alter seed dormancy

Owing to the common physiological behavior of anthers dehiscing during pollen maturation, but only a small portion of anthers closing after dehiscence, the anther opening of Paris polyphylla var. yunnanensis is a relatively normal phenomenon, whereas its closure is a unique event. In our previous comparative transcriptome analysis, we found that anther closure in Paris polyphylla var. yunnanensis is more energy-consuming than the opening. Differential gene groups related to anther closure in Paris polyphylla var. yunnanensis were significantly enriched in genes associated with epigenetic changes, seed dormancy, or germination (Cheng et al., 2019). The purpose of this study was to focus on the impact of the unique physiological behavior of anther closure in Paris polyphylla var. yunnanensis on pollinated seeds. Therefore, using normally cyclic opening and closing anthers as controls, artificially preventing closure as a treatment represented “anther that never closes completely”. At this time, the pollen was only influenced by the open-state anthers, designated as model III. Additionally, to enhance the contrast, a group of “pollen absolutely unaffected by open-state anthers” was set up by taking mature just-dehisced anthers, denoted as model II, because the pollen at this time has been within closed flowers and hardly experienced the influence of dehiscent anthers. Furthermore, previous studies have found that the ecological factors influencing anther closure are mainly affected by temperature, light, and humidity changes (Wang et al., 2017). In Yunnan Province, anthers open when the temperature rises in the morning and close when the temperature drops in the evening, which are the main influencing factors for the daily opening and closure of anthers. Changes in light and humidity occur less frequently under natural conditions. Therefore, anther closure in the Paris polyphylla var. yunnanensis may play a role in protecting seeds from the effects of low temperature, light, and humidity. Hence, a group of pollen stored at 20°C avoiding light and constant humidity was established, referred to as model I.

Based on transcriptome analysis of anthers and methylation analysis of pollen and seeds under low-temperature treatment, it has been proposed that the opening and closing of anthers may result in a defense response to external stimuli, leading to epigenetic modifications in a set of genes. These modifications are speculated to be retained in the seeds by altering the expression patterns of seed genes, thereby influencing seed dormancy. Four different pollen treatment models were established, and changes in gene expression in harvested seeds after artificial pollination were analyzed to validate this hypothesis. In the four pollen treatment models, the control group used anthers with naturally open and closed states, preserving the effects of anthers being “open” or “closed”. Model I represented pollen from anthers just beginning to split and stored at a temperature of 20°C to simulate the midday temperature at the collection point of Houttuynia cordata, which was stored at 20°C to minimize the impact of low temperature, light exposure, and humidity changes, safeguarding them from potential harm. Model II involved collecting mature pollen from anthers that had just split open naturally, without being influenced by opening. Model III involved artificially preventing the closure of anthers after they were opened by subjecting the pollen in the anthers to continuous exposure to unprotected natural stimuli.

Through comparative transcriptome analysis of enriched anther closure-related genes, the expression patterns of five genes, SUS, ARP, IAAS, GA2OX, and ABI2, were found to be consistent in the closed state (open state vs. closed state) and in the embryo (endosperm vs. embryo), within the context of plant dormancy regulation (Cheng et al., 2019). These five genes were confirmed to be key regulators of dormancy (Qi et al., 2013). In other words, the selection criteria for these marker genes simultaneously fulfill three conditions. First, they are catalytic enzyme genes displaying significant expression differences between anthers and normal tissues in transcriptome analysis. Secondly, these genes belong to a group of genes prone to methylation, which was obtained from low-temperature-treated pollen and seed methylation analysis. These genes are associated with pathways related to plant hormone signaling and energy metabolism. Among these, SUS acts as a key enzyme in the energy metabolism pathways of starch and sucrose. ARP, IAAS, GA2OX, and ABI2 are crucial hormone regulatory genes in the plant hormone signaling pathway. Third, all five genes were directly linked to or regulated by genes associated with seed dormancy. Therefore, these five genes served as marker genes to analyze changes in expression patterns.

SUS plays a vital role in providing energy and carbon for the development of embryos and seeds in flowering plants. During seed dormancy, there is a significant accumulation of glucose, sucrose, and starch, and alterations in sucrose metabolism are mediated by SUS (Moreno Curtidor et al., 2020). Starch- and sugar-related indicators remained stable with increasing SUS enzyme content in long-dormant potato varieties. Conversely, the levels of reducing sugars and soluble starch enzymes increased in the relatively short-dormancy varieties (Liu et al., 2023). The elevation of SUS implies increased sucrose accumulation in seeds, resulting in reduced energy consumption for dormancy breakage (Yu et al., 2022); therefore, SUS elevation is unfavorable for dormancy release.

ARP, also known as dormancy-associated gene 1, is responsive to hormones involved in biotic stress defense responses, such as salicylic acid (SA) and methyl jasmonate (MeJA), as well as growth-regulating hormones, such as auxins. ARP serves as an excellent molecular marker gene for “dormancy”; when overexpressed in rice, it can inhibit cell separation, block the cell cycle, delay axillary bud germination, and modulate auxin signaling as a growth suppressor affecting rice development (Souza et al., 2019; Chen et al., 2023).

GA2ox participates in the regulation of gibberellin metabolism and signal transduction and influences plant height, dormancy release, flower development, and seed germination (Liu et al., 2022). Comparative proteomic analysis of mature dormant and germinating seeds of Paris polyphylla var. yunnanensis revealed that GA2ox is downregulated at the mRNA or protein level in germinating seeds compared with mature dormant seeds (Ling and Zhang, 2022). ABI2 acts as an inhibitor of the abscisic acid (ABA) signaling pathway and is crucial for regulating ABA-mediated seed dormancy. ABI2 represents a potential target for the redox regulation of plant hormone signaling pathways (Meinhard et al., 2002).

Alterations in the expression patterns of these genes in seeds after pollination were evaluated using the two reference systems. One system utilized a control model in seeds as the baseline reference, termed the control; the other system compared the expression patterns of genes in models I and III with an “open state” attribute and models II and the control with a “closed state” attribute, in relation to transcriptome analysis during pollen in “open state” anthers and “closed state” anthers, referred to as the transcriptome reference system. When utilizing the transcriptome reference system, the SUS gene exhibited decreased expression in model I and increased expression in model III seeds. When compared with the control, there was significant upregulation in closed model III seeds, reduced expression in model I seeds, and increased expression in model II seeds. For the ARP gene, no changes in expression patterns were observed using the transcriptome reference system. In contrast, analysis against the control indicated a significant decrease in expression levels in models I and III but a notable increase in model II. In the case of the IAAS gene, the expression pattern matched the transcriptome results with the reference system in model III but was reversed in model I. However, within the seed control, an increase was evident in models III and II. Two pivotal genes, GA2OX and ABI2, lacked conditions for comparison within the transcriptome and were analyzed against the control. GA2OX displayed markedly increased expression in inhibitory anthers in model III and reduced expression in the 20°C stored pollen model I and just-open anther of model II. In contrast, ABI2 expression increased in models I and III seeds and was downregulated in model II. Consequently, the prevention of anther closure, storage at 20°C, and utilizing freshly dehiscent anthers without closure states would all lead to altered dormancy gene expression patterns in subsequent seeds.

In conclusion, the expression levels of SUS, IAAS, GA2OX, and ABI2 were upregulated in seeds subjected to pollen fertilization with inhibited anther closure, with only downregulation observed in ARP gene expression. This trend likely promoted dormancy. Conversely, storing the fertilized seeds at 20°C led to decreased expression of dormancy-related genes, such as SUS, ARP, GA2OX, and IAAS. In contrast, the expression of ABI2 genes was upregulated, thereby facilitating seed germination. Upon pollination with fresh anther-dehiscent pollen, the expression of the dormancy-regulating genes SUS and ARP increased, and that of GA2OX and ABI2 decreased.
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Fruit length (FL) is an important economical trait that affects fruit yield and appearance. Pumpkin (Cucurbita moschata Duch) contains a wealth genetic variation in fruit length. However, the natural variation underlying differences in pumpkin fruit length remains unclear. In this study, we constructed a F2 segregate population using KG1 producing long fruit and MBF producing short fruit as parents to identify the candidate gene for fruit length. By bulked segregant analysis (BSA-seq) and Kompetitive Allele-Specific PCR (KASP) approach of fine mapping, we obtained a 50.77 kb candidate region on chromosome 14 associated with the fruit length. Then, based on sequence variation, gene expression and promoter activity analyses, we identified a candidate gene (CmoFL1) encoding E3 ubiquitin ligase in this region may account for the variation of fruit length. One SNP variation in promoter of CmoFL1 changed the GT1CONSENSUS, and DUAL-LUC assay revealed that this variation significantly affected the promoter activity of CmoFL1. RNA-seq analysis indicated that CmoFL1 might associated with the cell division process and negatively regulate fruit length. Collectively, our work identifies an important allelic affecting fruit length, and provides a target gene manipulating fruit length in future pumpkin breeding.
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Introduction

The fruit is an important organ in horticultural crops, which has a rich variety of shapes and sizes. Fruit length (FL) is a key indicator of fruit yield and appearance quality, directly affects fruit shape and size, and also exhibits a broad range of variation, thus emphasizing its importance in breeding program. Previous studies have showed that the fruit length and fruit shape were controlled by a single gene in some populations (Dou et al., 2018; Cheng et al., 2021; Ma et al., 2022), while extensive studies have confirmed that the fruit length and shape were commonly modulated by both quantitative trait loci (QTLs) and some environmental factors (Wang et al., 2020b, c). The genetic analysis of quantitative traits using mixed inheritance model with a major gene plus a polygene have elucidated the genetic rules regulating fruit length and fruit size in some crops (Ren et al., 2022; Yan et al., 2023). The genetic models that control fruit length were different in different crops.

Many important genes and quantitative trait loci (QTLs) regulating fruit length have been reported in different horticultural crops. In tomatoes, OVATE and SUN control fruit elongation. OVATE encodes a family of OVATE proteins (OFPs), which are negative growth regulators that control fruit length by blocking transcription, leading to the appearance of pear-shaped fruit in tomato (Liu et al., 2002; van der Knaap et al., 2014). SUN encodes a calmodulin-binding protein in the IQ-Domain (IQD) family that regulates plant growth and fruit shape by altering the way cells divide (Wu et al., 2011). In pepper, fruit length was significantly increased by down-regulation the expression of CaOvate through VIGS (Tsaballa et al., 2011). The gene Smechr0301963, which belongs to the SUN gene family, was predicted to be a key candidate gene for eggplant fruit length regulation (Wei et al., 2020). CmCLV3, which determines carpels number, is also thought to influence fruit shape in the andromonoecious genetic context in melon (Liu et al., 2020). In addition, overexpress the CRABS CLAW family gene CmCRC in melon can affect fruit elongation (Switzenberg et al., 2015). Depending on different genetic backgrounds, cucumber fruit length can be controlled by different single inherited sites, such as CsSUN, CsTRM5, CsSF1, CsFUL1, CsSF2 genes (Pan et al., 2017; Wu et al., 2018; Xin et al., 2019; Zhao et al., 2019; Zhang et al., 2020). In watermelon, using materials with different genetic backgrounds, a major QTL controlling fruit shape was detected on chromosome 3, and the homologous gene Cla011257 of SUN was found in this region (Sandlin et al., 2012; Dou et al., 2018; Legendre et al., 2020).

Pumpkin (Cucurbita moschata Duch) is one of the most important horticultural crops of cucurbits, which also serve as mainstays of diet to provide significant sources of nutrition. Pumpkin contains a wealth genetic variation in fruit shape and size, and fruit length exhibits great difference, varying from 5 cm to more than 100 cm (Oliveira et al., 2016; Paris, 2018; Ezin et al., 2022). With the development of pumpkin genomics (Montero-Pau et al., 2017; Sun et al., 2017), the mapping of fruit-related genes has been greatly promoted, and many QTLs that control fruit length and shape have been identified. In Cucurbita pepo, QTL mapping analysis was conducted on the size and shape of immature and mature fruits, and major QTLs (IFSh_3, IFLe_3, IFWi_3, MFSh_3, MFLe_3, and MFWi_3) were detected related to fruit shape (Esteras et al., 2012; Montero-Pau et al., 2017). Three QTLs with the total PVE of 20.25% were detected for FSI in pumpkin, and the fsi2.1 and fsi6.1 were overlapped with fl2.1 and fl6.1, respectively, suggesting that fruit length plays a major role in determining fruit shape (Han et al., 2022).

In this study, to anchor the candidate gene of pumpkin fruit length, we developed F2 population derived from the KG1 (extra-long pumpkin) and MBF (short-fruit pumpkin) hybrid. The fruit length of KG1 is about 107.13 cm, while that of MBF is about 12.25 cm. Through BSA-seq analysis and KASP approaches, we obtained a 50.77 kb candidate region on chromosome 14 associated with the fruit length. By sequence variation, gene expression and promoter activity analyses, we finally revealed a candidate gene CmoFL1 controlling fruit length, which encodes E3 ubiquitin ligase. Our finding will help to clarify the genetic rules of fruit length regulation and provide valuable genetic resources for the production and breeding of new varieties of pumpkin with excellent fruit type.





Materials and methods




Plant material, statistical and genetic analyses

Two lab-preserved pumpkin accessions (KG1 and MBF) were selected and used to construct the fourth-generation population for genetic analysis of fruit length. KG1 produces a long fruit, while MBF produces a short fruit. F1 plants were obtained by crossing KG1 (P1) as female parent and MBF (P2) as male parent in 2019, and the F2 population was obtained by self-crossing F1 plants. Seedlings of F2 were raised in a greenhouse in Hangzhou City, China, in the spring of 2020. According to pumpkin cultivation technology, all plants adopt unified water fertilizer and pest management methods to ensure the same growth and development environment of individual plants. The pumpkin fruit length (cm) was measured with a tape and recorded on the day of flowering and at fruit maturity.

SPSS 23 was used to statistically analyze the phenotypic data of four generations of pumpkin populations, including the average, standard deviation, skewness and kurtosis. The fruit length was expressed as “mean ± standard deviation (mean ± SD)”, and the significance was analyzed by ANOVA. P < 0.05 indicated that there was a significant difference.

Genetic analysis was performed using R software package SEA v2.0.1(https://cran.r-project.org/web/packages/SEA/index.html). Akaike’s information criterion (AIC) value was calculated in each model to identify the existence of major genes affecting quantitative traits.





Cytological analysis

To compare the cytological characteristics of fruits from two parents, the ovaries of two parents at different stages before flowering and the fruits 35 days after pollination were picked respectively. Pulp with a size of about 1cm³ was cut from the part between pumpkin peel and heart cavity and fixed in FAA fixative solution. The fruit was embedded in paraffin (Surgipath), and then used to generate 8-μm–thick sections in longitudinal directions using a model no. RM2235 microtome (Leica), before staining with fast green stain and imaging, the cell characteristics of ovary and fruit of the two parents at different stages were observed under microscope.





DNA extraction and library construction

The genomic DNA of the parents, and of the F1 and F2 populations, were extracted from fresh leaves of young seedlings using Cetyltrimethylammonium Bromide (CTAB) method (Porebski et al., 1997). The concentration and purity of the extracted DNA were determined by agarose gel electrophoresis and Nanodrop 2000 (Thermo Fisher Scientific, USA). 20 long-fruit F2 individuals (FL > 45 cm) and 20 short-fruit F2 individuals (FL < 20 cm) were mixed equally to construct L-pool and S-pool, respectively. Truseq Nano DNA HT Sample preparation Kit (Illumina) was used to generate sequencing libraries, and the Illumina HiSeq PE150 platform was used to sequence these libraries. The quality of the sequencing data was determined using FASTQC (Brown et al., 2017). The QC standard pipelines were employed as described in the literature (Lyu et al., 2022).





BSA-seq analysis

The Cucurbita moschata genome v1 (http://cucurbitgenomics.org/ftp/genome/Cucurbita_moschata/v1/) was used as a reference genome. The sequencing data were compared with the reference genome to analyze the sequencing depth and coverage. SAMtools software was used to convert BAM files. Single nucleotide polymorphism (SNP) variant calling was conducted using the GATK software with the Unified Genotype function and Variant Filtration (McKenna et al., 2010). The annotations of SNPs were performed using ANNOVAR software (Wang et al., 2010) based on the GFF3 files of the reference genome. The homozygous SNPs/InDels between two parents (KG1 and MBF) were extracted from the VCF files. In order to analyze the frequency differences of SNPs/InDels in offspring, the SNP indexes were calculated based on the read depth information for homozygous SNPs (Takagi et al., 2013) in the two offspring pools (L-pool and S-pool). Then, we calculated the ratio of different reads in the total number, which represented the SNP/InDel indexes of the base sites. We used sliding window methods to calculated the SNP/indel indexes of the whole genome and selected 1Mb as window, 1Kb as step size. The difference in the SNP/indel indexes between two pools was calculated as the Δ (All- index), 95% and 99% confidence levels were selected as the threshold line. Moreover, the G prime method was performed to calculate the G’ value by using the QTLseqr package in R (Mansfeld and Grumet, 2018).





Fine mapping through KASP markers

To narrow down the genetic interval for fine mapping and to verify the accuracy of BSA-seq, we employed 18 pair of KASP primer combinations (FAM, HEX, Common) as markers based on SNPs/InDels generated from BSA-seq (Supplementary Table S1). The KASP markers were used for genotyping verification in both parents and part of F2 population, and the primers with obvious genotyping effect were used for single plant polymorphism screening in all F2 population. The KASP protocol was utilized as follows: Stage 1: preread stage, 30°C for 1 min; Stage 2: hold stage 94°C for 15 min; Stage 3: PCR stage (touchdown), 94°C for 20 s, 61°C for 1 min (decrease pf -0.6°C), recycling for 9 times (a total of 10 cycles), achieving a final annealing temperature of 55°C; Stage 4: PCR stage, 94°C for 20 s, 61°C for 1 min, recycling for 25 times; and Stage 5: postread stage, 30°C for 1 min. After the amplification, an ABI PRISM 7900HT (Applied Biosystems) was used to detect the fluorescence signal and validate the classification.





qRT-PCR analysis for candidate gene

The length of the ovary of parents from the formation of the ovary to the day of flowering were measured and recorded, and 5 biological replications for each variety were observed. Based on this, judge which period the ovaries of different lengths belong to. We took the ovaries of KG1 and MBF -12, -8, -4 and 0 days after anthesis (DAA), and stored them at - 80°C for further analyses.

The amplification primers were designed using Primer Premier 6.0 program based on relevant gene sequences from Cucurbita Moschata genome database (http://cucurbitgenomics.org/organism/9). The Easy RNA Kit (Easy-Do, Hangzhou, China) was used to extract RNA from the fruits of both parents before flowering according to the manufacturer’s instructions. The cDNA was synthesized from 1 ng of the total RNA using ReverTra Ace qPCR RT Master Mix (Toyobo, Japan). We used the TOROGreen qPCR Master Mix (Toyobo, Japan) for qRT-PCR reactions by Thermo Fisher ABI Stepone Plus real-time fluorescence quantitative PCR. The relative expression levels of candidate genes were determined by using the 2−ΔΔCt comparative method (Livak and Schmittgen, 2001), with gene ACTIN as an internal control. All analyses were conducted with three biological and technical replications. The primer sequences used for the above studies are listed in Supplementary Table S2.





Promoter activity analysis

Promoter activity of CmoFL1 was analyzed using tobacco transient expression assay. The promoter sequence of CmoFL1 from MBF and KG1 were cloned into upstream of the luciferase (LUC) coding sequence in the pGreen II 0800-LUC vector. The Renilla luciferase (REN) gene, driven by 35S promoter, was used as an internal control. By using Agrobacterium-mediated transformation, the plasmids were transformed into the leaves of tabacco (N. benthamiana). Grown two days in greenhouse, the relative luciferase activity LUC/REN was measured using the Dual-Luciferase Reporter Gene Assay Kit (Yeasen, Shanghai, China).





RNA-seq analysis

Total RNA was extracted from long-fruit KG1 and short-fruit MBF at -12 and 0 DAA. RNA sequencing of 1 µg RNA was performed using Illumina TruseqTM platform. Each stage had three biological replications. After filtering raw data and checking the sequencing error rate and G/C ratio, we obtained clean reads. The clean reads were mapped onto the Cucurbita moschata reference genome (http://cucurbitgenomics.org/ftp/genome/Cucurbita_moschata/v1/) using HISAT2 software. FPKM (fragments per kilobase of transcript per million mapped reads) values were calculated to estimate gene expression levels by StringTie software (Pertea et al., 2015). Transcripts with a fold change (FC) ≥ 1 and Padj ≤ 0.05 were identified as differentially expressed genes (DEGs) via DESeq2 software (Love et al., 2014).






Results




Phenotypic differences of fruit length in two parental lines

To investigate the inheritance pattern of the fruit length trait in pumpkin, we developed F1 and F2 populations by crossing KG1 (long fruit) and MBF (short fruit). The average FL of KG1 at maturity is 107.13 ± 14.33 cm, which is significantly longer than that of MBF, with an average FL of 12.25 ± 0.65 cm (Figure 1A; Supplementary Table S3). There was no significant difference in fruit diameter (FD) between the two parents. The average FD of KG1 was 12.98 ± 0.83 cm and that of MBF was 12.85 ± 0.70 cm and the fruit shape index (FSI) of KG1 and MBF were 8.32 ± 1.52 and 0.96 ± 0.07, respectively (Supplementary Table S3). We also investigate the fruit length between the two parents during ovary development, and found that the fruit length of KG1 increased rapidly before anthesis and was significantly longer than that of MBF after -12 DAA (Figures 1B, C).




Figure 1 | Phenotypic differences of fruit length in two parents. (A) The mature fruits of MBF, KG1 and F1 generation. Scale bar, 10cm. (B) Dynamic changes of ovary morphology between KG1 and MBF from 12 days before anthesis to the day of anthesis. Scale bar, 5 cm. (C) The variations in fruit length of KG1 and MBF during ovary development. (D) Longitudinal section of fruit cells of MBF and KG1 at different developmental stages (-12 DAA, -8 DAA, -4 DAA, 0 DAA, 35 DAA). Scale bars, 100 µm. (E) Average cell size at different developmental stages of MBF and KG1. (F) Average number of cells at different developmental stages of MBF and KG1. (G, H) Frequency distribution of FL among F2 individuals at 0 DAA (G) and 35 DAA (H). (F). (I, J) Frequency distribution of FSI among F2 individuals at 0 DAA (I) and 35 DAA (J). **(P<0.01), ***(P<0.001) indicates significant difference by Student’s T-test, while ns shows non-significant different.



Previous studies have showed that the organ shape and size were directly related to cell number and size (Pan et al., 2020). In order to investigate the difference of cell structure between two parents, we analyzed the paraffin sections from fruits of parents at different developmental stages (-12 DAA, -8 DAA, -4 DAA, 0 DAA, 35 DAA) (Figure 1D). Observation on the slices showed that there was no significant difference in cell size and morphology between MBF and KG1 during ovary development (Figure 1E). The cell number of MBF was consistently less than that of KG1 after -12 DAA, and the gap of cell number became larger with the development of ovary. The cell number of two parents showed a highly significant difference at -8, -4, 0 and 35 DAA (Figure 1F). These results revealed that the length difference between KG1 and MBF might mainly came from the number of cells.





Inheritance pattern of fruit length in pumpkin

Since there was a significant difference in fruit length between two parents before pollination, we measured the FL and FSI of F2 individuals at both 0 DAA and 35 DAA (at maturity) (Supplementary Table S3). The correlation analysis of FL and FSI showed highly significant correlations between FL and FSI at 0 DAA and 35 DAA (Supplementary Table S4), indicating that before flowering, the shape of pumpkin ovary has been formed and remained stable during fruit growth. Furthermore, FL and FSI showed a wide range of variation in F2 population. At 0 DAA and 35 DAA, FL varied in the range of 2.70–22.40 cm and 13.00–69.50 cm, respectively, while FSI varied in the range of 0.17–8.61 and 0.56–5.30, respectively (Supplementary Table S3). The distribution of FL and FSI were consistent with a positively skewed distribution (Figures 1G-J), which indicated that the pumpkin fruit length was a quantitative trait controlled by multiple genes. In addition, the average FL and FSI of F1 fruits at maturity were 31.88 ± 4.01 cm and 1.96 ± 0.24 cm, respectively (Supplementary Table S3).

Moreover, we also found a significant difference of carpopodium length between two parents. KG1 has a carpopodium of about 85.43 cm, accounting for 79.74% of the total fruit length, while MBF has no carpopodium (Figure 2A). The carpopodium length of mature fruits were also measured in F2 population, which was consistent with the variation of fruit length, and also displayed a skewed distribution in F2 population (Figure 2B). To confirm the relevance between fruit length and carpopodium length, the correlation analysis was performed, which showed a significant positive correlation between them (Figure 2C), suggesting that the carpopodium length might determine the fruit length in pumpkin.




Figure 2 | The correlation between fruit length and carpopodium length (A) Longitudinal section of mature fruit of MBF, KG1 and F1 generation. Scale bar, 10cm. (B) Frequency distribution of mature fruit carpopodium length among F2 individuals. (C) The correlation between fruit length and carpopodium length in F2 population.



Genetic models for fruit length and carpopodium length were calculated based on the phenotypic data of P1, P2, F1, F2 populations. According to the lowest or relatively lower Akaike’s information criterion (AIC) value and no significant (p < 0.05) parameter in the good-of-fit test (Supplementary Tables S5, S6), the optional genetic model for fruit length and carpopodium length was 1MG-A, indicating that a single major gene with an additive effect might be responsible for the pumpkin fruit length and carpopodium length.





BSA-seq analysis anchors a candidate region on chromosome 14 for fruit length

To anchor the candidate QTL responsible for fruit length, we conducted BSA-seq based on genome resequencing data analysis. Among the 231 F2 individuals, 20 long-fruit individuals (FL > 45 cm) and 20 short-fruit F2 individuals (FL < 20 cm) were mixed equally to construct L-pool and S-pool, respectively. Then four pools (MBF, KG1, L-pool and S-pool) were sequenced on the Illumina HiSeq™PE150 platform. After filtering low-quality and short reads, a total of 3.53 Gb and 3.65 Gb clean reads was generated from KG1 and MBF, respectively, while 6.57 Gb and 6.80 Gb clean reads were generated from the L-pool and S-pool, respectively (Supplementary Table S7). The filtered reads of each sample were aligned to the reference genome of Cucurbita moschata genome v1 and the mapping rate was 97.54% ~ 98.31%, the average depth was 10.74× ~ 19.7× (Supplementary Table S7). In total, 1,898,813 SNPs and 285,428 InDels were detected after removing SNPs and InDels with low coverage or discrepancies between the parental lines and the bulks. For identifying SNPs/InDels associated with the fruit length trait, the All index of the L-pool and S-pool were calculated and plotted to genome position (Figures 3A, B), and then Δ All index was calculated by subtracting the SNPs/indels index values of the two progenies pools (Figure 3C). Then, we identified the peak region above the threshold value as the candidate region for fruit length trait. With the 95% significance level, we obtained 3 QTLs located on chromosome 4, 8 and 14 (Supplementary Table S8). Only one InDel was found in the candidate region of chromosome 4, and another was found in the candidate region of chromosome 8. Both InDels were located in intergenic regions. Thus, two QTLs on chromosomes 4 and 8 were excluded. We also analyzed the data with QTLseqr and calculated the G’ value plotted to the genome position (Figure 3D). With the 95% significance level, a genome region (Cmo_Chr14: 159993–1750879) was obtained (Supplementary Table S9). Based on BSA results using different methods, the overlapping region (Cmo_Chr14: 718001–1711000) was referred to be the target region responsible for the length of pumpkin fruit.




Figure 3 | BSA-seq analysis results of the pumpkin fruit length. (A) Graph of the All-index of the long pool. (B) Graph of the All-index of the short pool. (C) Graph of Δ All index values used for the association analysis. The x-axis indicates the 20 pumpkin chromosomes, and the y-axis indicates its All-index value. Different chromosomes are distinguished by different colors. The black curve indicates the filter All index and Δ All index. The blue line represents the 95% threshold line and the purple line represents the 99% threshold line. (D) Major quantitative trait loci for pumpkin fruit length identified by QTLseqr.







Fine−mapping of candidate gene associated with pumpkin fruit length

In order to confirm and narrow down the genetic interval obtained by BSA-seq analysis, KASP markers were used for fine mapping based on the initial candidate region. A total of 18 KASP markers were developed in the candidate region, and 259 F2 individual plants were used for screen the recombinants and phenotype-genotype association analysis. We found that F2–89 and F2–21 were genotyped identically by the CmoM17 and CmoM18 markers, but their fruit length differed. Similarly, F2–89 and F2–273 did not differ in their fruit length, but were genotyped differently using CmoM17 and CmoM18 markers. Based on the phenotype-genotype association analysis of recombinants, we finally narrowed down the target region to a 50.77 kb window between markers CmoM17 (791,681bp) - CmoM18 (842,449bp) through these three critical recombinants (Figures 4A-C). There were eight annotation genes in this region, CmoCh14G001760 (Reverse transcriptase (RNA-dependent DNA polymerase), putative), CmoCh14G001770 (Putative serine/threonine-protein kinase receptor), CmoCh14G001780 (Nuclear transcription factor Y subunit B-8-like), CmoCh14G001790 (E3 ubiquitin-protein ligase), CmoCh14G001800 (DNA helicase), CmoCh14G001810 (Pentatricopeptide repeat-containing protein, putative), CmoCh14G001820 (DNA helicase), CmoCh14G001830 (Small subunit rib) (Figure 4D; Supplementary Table S10). Sequence variation analysis was performed to identify the variations of these eight genes between two parents. There was no sequence variation in the coding sequences between two parents. We also analyzed the variants in the 2 kb upstream promoter region of these genes, and only CmoCh14G001780 and CmoCh14G001790 were found to have several variations in the promoter region co-segregating with the phenotype, indicating that these variations might regulate fruit length by affecting gene expression.




Figure 4 | Fine mapping of the candidate gene for pumpkin fruit length. (A) Primary mapping of target region using 259 F2 individuals. The candidate gene was delimited to the region between markers CmoM1 and CmoM8. (B) Fine mapping of the candidate gene. The candidate gene was fine mapped in a 50.77kb region between markers CmoM17 and CmoM18. (C) Individuals with chromosome segment substitution on the target region, red indicates genotype of KG1, green indicates genotype of MBF, and yellow indicates heterozygous region. (D) In the mapping interval, there are eight genes, which may be candidate genes for target traits.







Expression and promoter analysis of candidate gene

To further make sure which gene is responsible for the fruit length, we analyzed the expression of CmoCh14G001780 and CmoCh14G001790. Since the shape of the pumpkin ovary has been formed before flowering, and a significant difference in fruit length was found between two parents at 0 DAA, we examined the expression of these two candidate genes in the ovaries at four time points (-12, -8, -4 and 0 DAA) before anthesis.

Expression analysis showed that the expression pattern of CmoCh14G001780 in both parents showed a fluctuating trend that did not correspond to the increase of fruit length (Figure 5A). While, the expression pattern of CmoCh14G001790 displayed an approximately opposite trend with the development of ovary (Figures 1C, 5B). The results indicated that in MBF the expression of CmoCh14G001790 exhibited a gradual increase during the ovary development, and it showed a gradual decrease in KG1 (Figure 5B). Therefore, CmoCh14G001790 was speculated as the most likely candidate gene in regulating fruit length, which may exert a negative influence on this trait. We named this gene as CmoFL1(fruit length 1), which was predicted to encode an E3 ubiquitin-protein ligase.




Figure 5 | Expression analysis of candidate genes in different stages of fruit development. (A, B) Expression of candidate genes CmoCh14G001780 (A) and CmoCh14G001790 (B) during ovary development. Expression analysis suggested that CmoCh14G001790 was the most likely candidate gene controlling pumpkin fruit length. Different letters indicated statistical significance (P < 0.05) as determined by one-way ANOVA.



Through promoter sequence analysis, we found there was a SNP and an InDel in the promoter of CmoFL1 co-segregating with the phenotype (Figure 6A). The SNP in the promoter of CmoFL1 was located in a GT1CONSENSUS (GGAAAA), which disappeared when it was mutated from G to T (Figure 6B). GT1CONSENSUS were reported to involved in the regulation of transcription of many genes and can act as a transcription activator or repressor (Villain et al., 1996; Buchel et al., 1999; Zhou, 1999). To further study the SNP in the promoter of CmoFL1 and its relevance to fruit length, a KASP marker based on this SNP was developed for genotyping, named CmoM19. Among F2 individuals, we found that the fruit length in genotype GG (homozygous genotype with MBF) was significantly lower than TT (homozygous genotype with KG1), and the fruit length of heterozygous genotype G/T also showed significant different for that of GG (Figure 6C). To explore how the variations in the promoter region affect the expression of CmoFL1, we further analyzed the promoter activity of CmoFL1 between two parents. We performed DUAL-LUC assay to explore whether the variation of GT1CONSENSUS affect the promoter activity. The results showed that the promoter activity of CmoFL1 in the short fruit parent MBF was significantly higher than that in the long fruit parent KG1 (Figure 6D), indicating the absence of GT1CONSENSUS in KG1 could reduce the promoter activity and thus affect fruit length. Collectively, these results strongly suggested that CmoFL1 was the candidate gene for the fruit length of pumpkin.




Figure 6 | Promoter variations of candidate gene. (A) Partial results of sequence alignment of promoter region of CmoFL1 between MBF and KG1. (B) Structure and sequence alignment of CmoFL1 between MBF and KG1. (C) Association analysis between CmoFL1 genotypes based on CmoM19 and fruit length in F2 individuals. GG indicates homozygous type of MBF, TT indicates homozygous type of KG1 and G/T indicates heterozygous genotypes. (D) DUAL-LUC assay of promoter activity in MBF and KG1. The relative value of LUC/REN indicates promoter activity. ***(P < 0.001) indicates significant difference by Student’s T-test.







Transcriptomic profiles associated with cell division

To explore the regulatory pathway of CmoFL1 gene regulating the fruit length in pumpkin, we performed a transcriptome analysis during fruit development. The samples of long-fruit KG1 and short-fruit MBF at -12 DAA and 0 DAA were collected for RNA-seq analysis. In total, we obtained 76.49 Gb clean data with Q20 ≥ 97.90%, Q30 ≥ 94.07%, and a 44.78%-45.34% G/C ratio (Supplementary Table S11). Then, we performed differential expression analysis between KG1 and MBF pumpkins at different developmental stages. The results showed that there were 1755 (505 up-regulated and 1250 down-regulated) and 6730 (3694 up-regulated and 3036 down-regulated) differentially expressed genes (DEG) between two parents at -12 DAA and 0 DAA, respectively (Supplementary Table S12), indicating that the number of DEGs increased with the development of fruit length and was consistent with the phenotypic differences of fruit length development (Figures 1B, C). Then, Gene Ontology (GO) enrichment of the DEGs was performed between KG1 and MBF at 0 DAA. We found that the GO terms of the biological process categories “microtubule-based movement” and “microtubule-based process” and the molecular function categories “microtubule motor activity”, “tubulin binding” and “microtubule binding” were most significantly enriched at 0 DAA (Figure 7A). Microtubules as an important cytoskeleton were reported participate in cell growth and cell division, and were regulated by microtubule associated proteins (Kaloriti et al., 2007; Sedbrook and Kaloriti, 2008; Zeng et al., 2009; Schaefer et al., 2017). These results suggested that the transcript levels of genes associated with microtubule were different between long-fruit KG1 and short-fruit MBF at 0 DAA, indicating that the formation of fruit length may be related to the cell division process in which microtubules were involved, as the cell number of KG1 was significantly higher than that of MBF at 0 DAA (Figure 1F).




Figure 7 | RNA-seq analysis during fruit development in long-fruit KG1 and short-fruit MBF. (A) GO annotation and enrichment of DEGs between KG1 and MBF at 0 DAA. (B) Gene expression patterns of orthologous genes involved in cell division and cell cycle in KG1 and MBF at -12 DAA and 0 DAA. Each sample has three independent biological replicates.



Cell division was a highly coordinated process in which many plant cell cycle regulators have been reported to be involved (Vandepoele et al., 2002). To determine whether CmoFL1 involved in regulating the cell division, we analyzed the orthologous genes in Cucurbita moschata that have been reported to be involved in cell cycle and cell division in Arabidopsis or maize (Supplementary Table S13), and determined the gene expression patterns during fruit development. Among the DEGs, CDKs and cyclins showed higher expression levels in both parents at -12 DAA, and significantly lower expression levels in short-fruit MBF at 0 DAA, which was opposite to the expression pattern of CmoFL1 (Figure 7B). The CDKs family has been reported to drive cell through cell cycle phase, and it must bind to cyclins to be activated (Vandepoele et al., 2002). Four transcription factors (E2F, OBP1, TCP15, ORC1) involved in cell cycle and their downstream genes (MCM3, CDC6, CDT1A) (Berckmans and De Veylder, 2009) also showed significantly lower expression levels in short-fruit MBF at 0 DAA (Figure 7B). Cell cycle inhibitor Kip-related protein 4 (KRP4) and transcription factor NTM1 were reported as the negative regulators of cell division (Kim et al., 2006; Vieira et al., 2012), and Cell Number Regulator1 (ZmCNR01) in maize was identified negatively regulated cell number and organ size (Guo et al., 2010). The cluster analysis showed that these negative regulators exhibited similar expression patterns to CmoFL1 during fruit development. They all showed lower expression levels at -12 DAA, higher expression levels at 0 DAA, and significantly higher expression in short-fruit MBF than that of long-fruit KG1 at 0 DAA (Figure 7B). The results indicated that CmoFL1 may negatively regulate cell division to influence the fruit length in pumpkin.






Discussion

Fruit length is an important crop commercial trait, which plays a vital role in fruit yield, external quality, consumer preference, packaging and transportation. The length of fruit directly affects the shape of fruit, which determines whether the fruit is oblate, round, oval, strip or other shapes, and also affects the weight of fruit, emphasizing the importance of fruit length trait in crop breeding. Previous studies have shown that in Cucurbitaceae crops, the shape of ovary at anthesis is highly correlated with the shape of mature fruit. The shape of fruit can be predicted before ovary pollination, which has been demonstrated in watermelon and melon (Dou et al., 2018; Ma et al., 2022), and a similar mechanism in pumpkin was found in this study. There was a significant correlation between FL and FSI in the parental line and F2 population at 0 DAA and 35 DAA (Supplementary Table S4), and a significant difference in ovarian length between parental lines at 8 days before anthesis (Figures 1B, C).

Fruit carpopodium length is an important quality trait, which affects fruit length and commercial value, and longer carpopodium will increase fruit length. Some important genes related to carpopodium length have been detected in cucumbers successively. CsFnl7.1 encoding a late embryogenesis abundant protein, was identified to control the fruit neck length in cucumber through bulked segregant analysis (Xu et al., 2020). Cucumis sativus HECATE1 (CsHEC1) was found to be highly expressed in fruit neck and interacted with CsOVATE to regulate the fruit neck length variation via modulating auxin biosynthesis (Wang et al., 2022). However, the neck length had a limited effect on the fruit length in cucumber. In pumpkin, we found that the long-fruited pumpkin KG1 has the extra-long carpopodium, while short-fruited pumpkin MBF has no carpopodium (Figure 2A). The correlation analysis between fruit length and carpopodium length showed a significant positive correlation between parents and F2 population (Figure 2C), suggesting that the genes associated with fruit length may also regulate the carpopodium length.

Protein ubiquitination plays key roles in multiple plant development stages and several abiotic stress responses. Importantly, diverse E3 ligases are involved in these regulatory pathways by mediating phytohormone and light signaling or other pathways (Shu and Yang, 2017). Extensive studies have shown that E3 ligases were involved in the morphological regulation of fruits and seeds. In rice, GW2 encoding a previously unknown RING-type protein with E3 ubiquitin ligase activity, was found to play a negative role in regulating cell division in determining rice grain width and weight (Song et al., 2007). Chang Li Geng 1 (CLG1), which encodes an E3 ligase, regulates grain size by targeting and degrading the negative grain length regulator Gγ protein GS3 (Yang et al., 2021). In wheat, TaGW2 is an orthologue of rice gene OsGW2, which is also negatively regulates grain width and weight (Hong et al., 2014; Simmonds et al., 2016; Liu et al., 2019). TaSDIR1–4A was confirmed as a negative regulator of grain size. Silencing of TaSDIR1–4A (a RING-type E3 ubiquitin ligase) led to an increase in wheat TGW (1000-grain weight), while overexpression of TaSDIR1–4A in Arabidopsis resulted in a decrease in seed size (Wang et al., 2020a). In Brassica napus, variation in the promoter region of the HECT E3 ligase gene BnaUPL3.C03 made a major contribution to variation in seed weight per pod (Miller et al., 2019). In addition, E3 ligases were also found to play important roles in regulating fruit size. It is reported that the RING-type E3 ligase short fruit 1 (SF1) can ubiquitinate and degrade both itself and 1-aminocyclopropane-1-carboxylate synthase 2 (ACS2) to tightly control ethylene synthesis for dose-dependent cell division and fruit elongation in cucumber (Xin et al., 2019). In addition, UV-damaged DNA binding protein 1 (DDB1), the core component of Cullin4-RING E3 ubiquitin ligase complex (CRL4), has been shown to be profoundly involved in the cell division process (Iovine et al., 2011). In the present study, we identified that CmoFL1 encoding E3 ubiquitin ligase was a candidate gene for the fruit length of pumpkin. The expression analysis revealed that the expression pattern of CmoFL1 in the MBF exhibited a gradual increase during ovary development, while it showed a gradual decrease in KG1 (Figure 5B). In addition, the result of paraffin section indicated that the cell number of KG1 fruit was significantly higher than that of MBF fruit (Figure 1F). RNA-seq analysis suggested that CmoFL1 showed consistent expression patterns with cell division negative regulators (Figure 7B). These results suggested that high expression level of CmoFL1 may inhibit the increase of cell number in MBF. Therefore, we speculated that the regulation pattern of CmoFL1 in pumpkin fruit length may be similar to other E3 ligases, which negatively regulate cell division and thus affect the variation of fruit length.

In conclusion, we reported the potential candidate gene CmoFL1 encoding E3 ubiquitin ligase was responsible for the fruit length of pumpkin. The results of this study can provide a reference for understanding the genetic mechanism of pumpkin fruit morphogenesis and will also enable marker-assisted breeding of pumpkin fruit length improvement.
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Aerospace breeding is a breeding technique that utilizes a spacecraft to position plants in a space environment for mutagenesis, which is conducive to rapid mutagenesis for the screening of superior plant varieties. In this study, tea trees with aviation mutagenesis (TM) and those without aviation mutagenesis (CK) were selected as research subjects to analyze the effects of aviation mutagenesis on the growth, physiological properties, and hormone metabolism of tea trees, and to further screen the characteristic hormones and validate their functions. The results showed that the leaf length, leaf width, and leaf area of TM tea trees were significantly larger than those of CK. The growth indexes, the photosynthetic physiological indexes (i.e., chlorophyll content, intercellular CO2 concentration, stomatal conductance, transpiration rate, and photosynthetic rate), and the resistance physiological indexes (i.e., superoxide dismutase, peroxidase, catalase, and soluble sugar) were significantly higher in TM than in CK. Hormone metabolome analysis showed that four characteristic hormones distinguished CK from TM, namely, l-tryptophan, indole, salicylic acid, and salicylic acid 2-O-β-glucoside, all of which were significantly more abundant in TM than in CK. These four characteristic hormones were significantly and positively correlated with the growth indexes, tea yield, and the photosynthetic and resistance physiological indexes of tea trees. The leaf area, chlorophyll content, photosynthetic rate, and superoxide dismutase activity of tea tree seedlings after spraying with the four characteristic hormones were significantly increased, in which salicylic acid and salicylic acid 2-O-β-glucoside were more favorable to increase the leaf area and superoxide dismutase activity, while l-tryptophan and indole were more favorable to increase the leaf chlorophyll content and photosynthetic rate. It can be observed that aviation mutagenesis improves the accumulation of the characteristic hormones of tea trees, enhances their photosynthetic capacity, improves their resistance, promotes their growth, and then improves the tea yield.
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1 Introduction

Aerospace breeding, also known as space technology breeding or space breeding, is a new crop breeding technology that utilizes the space environment that can be reached by a return spacecraft or a high-altitude balloon, among others, to mutagenize plants in order to produce mutations and then to further selectively breed the mutagenized plants on Earth to obtain new germplasm and new materials and to cultivate new varieties. Any mutation that occurs in the plant material in space is known as aviation mutagenesis (Mohanta et al., 2021). Plant germplasm resources are extremely important for the development of agriculture and are important materials for the cultivation of new plant varieties and for biological research. Moreover, aerospace mutation breeding is of great significance for enriching plant germplasm resources. During the process of aviation mutagenesis, plants are exposed to extreme conditions such as high levels of radiation, microgravity, high vacuum, and extreme fluctuations in temperature, which can highly affect their genes and physiological properties (Prasad et al., 2021). This change facilitates the rapid and efficient screening of high-quality germplasm resources (Fang and Zhou, 2004; Furukawa et al., 2020). Therefore, scientists around the world have long attached great importance to the use of aviation mutagenesis for the selection and breeding of certain plant varieties with special advantages (Xia et al., 2021). Furthermore, China has also made notable achievements in the field of plant aviation mutation breeding. To date, China has successfully developed over 200 new varieties with superior traits. These varieties have been widely demonstrated and promoted in a total area of over 2 million square hectometers, thereby significantly boosting the agricultural development of China (Ma et al., 2021; Mohanta et al., 2021). In 2003, China initiated the aviation mutation breeding of tea trees, resulting in the successful testing of the first batch of tea trees through the launch of “Shenzhou V.” During the period from 2003 to 2023, a total of 12 batches of different varieties of tea trees underwent aviation mutation breeding. Although this is an ambitious work, it is disappointing that relatively little scientific literature has been published in the last two decades to study the effects of aviation mutagenesis on the growth and physiological property of tea trees. It is conceivable that mutagenized tea trees may lack any significant characteristics or that the lack of research on this issue has led to confusion in the development of space breeding of tea trees. Therefore, the selection of superior tea tree varieties through space mutagenesis has become a formidable challenge.

Wuyi Mountain in Fujian Province is the birthplace of oolong tea and is an important tea-producing area in China. Previous studies have found that mutagenized tea trees have undergone significant changes in morphology and exhibited some excellent traits (Liu et al., 2020). Tea tree growth is closely related to photosynthetic capacity and resistance, and high photosynthetic capacity and resistance are more conducive to the promotion of tea tree growth (Zhang et al., 2023). In addition, hormones regulate the physiological mechanisms, photosynthetic capacity, and the related resistance of tea trees during their growth and development (Ahmad et al., 2022; Waadt et al., 2022; Jia et al., 2023). The authors hypothesized that advantages in the leaf morphology and growth trend of tea trees after aviation mutagenesis could contribute to higher tea tree yields and that these advantages may be created by differences in the synthesis and accumulation of hormones in tea trees, leading to changes in their physiological properties.

Accordingly, this study was conducted to measure the growth indexes, photosynthetic physiological indexes, resistance physiological indexes, and hormone metabolome of Dahongpao tea trees with aviation mutagenesis (TM) and without aviation mutagenesis (CK) to analyze and obtain the characteristic hormones that differentiate TM from CK, and to further perform correlation analysis. On this basis, exogenous spraying of Dahongpao tea tree seedlings without aviation mutagenesis using characteristic hormones was performed to measure the physiological indexes of tea trees and to analyze the effects of these characteristic hormones on the physiological properties of tea tree seedlings in order to verify previous results. This study will provide a reference for the development of aviation mutagenesis of tea trees and lay a foundation for the application and popularization of aviation mutagenesis of tea trees.




2 Materials and methods



2.1 Experimental site and sample sampling

This study was conducted on tea trees with (TM) and without (CK) aviation mutagenesis. The specific process of tea tree aerospace mutagenesis is as follows: at 5:58 p.m. on November 1, 2011, Dahongpao tea tree seeds were launched with the unmanned spacecraft “Shenzhou VIII”, and at 5:58 p.m. on November 3, 2011, “Shenzhou VIII” and the target aircraft “Tiangong I” had a space rendezvous and docking to form a combination operating for 12 days. At 6:30 p.m. on November 16, 2011, the combination was successfully separated and the return capsule was on the ground at 7:32 p.m. on November 17, 2011, with a total flight time of 16 days, 13 h, and 34 min. The experiment site was at the “Spaceflight Breeding Experimental Base of Xianmingyan Tea Factory” in Wuyishan City, Nanping, Fujian Province, China (117°59′  47.7″ E, 27°44′8.4″ N). The tea tree variety used was Dahongpao (Camellia sinensis). In May 2023, the inverted first three leaves of TM and CK tea trees were collected. This was performed in order to observe the morphology of the tea tree leaves and to determine the growth and photosynthetic physiological indexes of the tea trees. In addition, the inverted second leaves of TM and CK tea trees were collected and immediately placed in liquid nitrogen to determine the physiological resistance indexes and the hormone metabolome of the tea trees.




2.2 Determination of tea tree growth indexes

The growth indexes of the tea trees were mainly determined based on the leaf number, the bud density, the hundred-bud weight, and the leaf area and yield. The specific methods referred to the “Technical specification for tea production, processing and safety testing” (Wang et al., 2020). A total of 20 mature new shoots were randomly selected and observed for the number of leaves. The average value, i.e., one replicate, of eight independent replicates was calculated. Bud density was calculated by randomly selecting an area of 20 m2 in the tea plantation, determining the number of buds in the area, and then converting to obtain the bud density, with eight independent replicates for each sample. The hundred-bud weight was determined by weighing 100 randomly selected buds, i.e., one replicate and six independent replicates for each sample. Leaf area was measured by randomly selecting the 10 inverted second leaves of tea trees, determining the leaf length and leaf width as leaf area = leaf length × leaf width × 0.7, and taking the mean value, i.e., one replicate and six independent replicates for each sample. Yield was calculated by randomly selecting 10 m2 of all areas with planted tea trees, picking and weighing according to the Wuyi Rock Tea picking standards, and then converting the tea yield, with six independent replicates for each sample.




2.3 Determination of the photosynthetic physiological indexes of tea tree leaves

The photosynthetic physiological indexes of the tea tree leaves were determined based on the chlorophyll content, intercellular CO2 concentration, stomatal conductance, transpiration rate, and photosynthetic rate, with six replicates for each sample. The chlorophyll content was determined using a chlorophyll analyzer (SPAD-502 PLUS, Tokyo, Japan). The other photosynthetic indexes were determined using the LI-6400XT Portable Photosynthesis System (Li-Cor, Lincoln, NE, USA). The parameters measured showed the following: ambient CO2 concentration, 360 ppm; photon flux density, 1,500 μmol/m2 s; and vapor pressure deficit (VPD) in the vessel, <1 kPa. Leaf temperature was kept at 25–26°C.




2.4 Determination of the physiological indexes of resistance in tea tree leaves

The physiological indexes of resistance in the tea leaves were determined for superoxide dismutase, catalase, peroxidase, soluble sugar, and malondialdehyde, with three replicates per sample. The superoxide dismutase, catalase, and peroxidase activities were determined using an enzyme-linked immunosorbent assay (ELISA) kit (Shanghai Preferred Biotechnology Co., Ltd., Shanghai, China). Briefly, 0.3 g of fresh tea tree leaves were weighed for each sample, extracted using different ELISA kits and assayed using a multifunctional enzyme labeling instrument (BioTek Synergy2 Gene 5, Winooski, VT, USA). Enzyme activity was expressed as units per gram. Superoxide dismutase, catalase, and peroxidase were measured at 560, 240, and 470 nm, respectively. The soluble sugar content was determined using anthrone colorimetry at a wavelength of 630 nm and then converted to its content. The malondialdehyde content was determined with the thiobarbituric acid method at wavelengths of 450, 532, and 600 nm and then converted to its content.




2.5 Hormone metabolome analysis of tea tree leaves

For the determination of the hormone metabolome of the tea tree leaves, 50 mg of ground leaves was weighed, 1 mL of a methanol/water/formic acid (15:4:1, v/v/v) extractant was added, vortexed and oscillated for 10 min, and then centrifuged at 12,000 rpm for 5 min. The supernatant was then fixed to 100 μL with 80% methanol, passed through a 0.22-μm filter membrane, and the hormone content determined using liquid chromatography/tandem mass spectrometry (LC-MS/MS) (Floková et al., 2014; Li et al., 2016). There were three independent replicates per sample.

The LC-MS/MS systems used were primarily ultra-performance liquid chromatography (ExionLC™ AD, AB Sciex, Concord, Canada) and tandem mass spectrometry (QTRAP® 6500+, AB Sciex, Concord, Canada). The column used for the liquid phase was a Waters ACQUITY UPLC HSS T3 C18 column (1.8 µm, 100 mm × 2.1 mm i.d.). The mobile phases were set up as phase A and phase B, which consisted of ultrapure water containing 0.04% acetic acid and acetonitrile containing 0.04% acetic acid, respectively. The ratio of phase A/phase B was set up as a volumetric ratio in the gradient elution process, and the gradient elution conditions were 95:5, 5:95, and 95:5 for A/B at 0, 8.0, and 9.1 min, respectively. The flow rate was set at 0.35 mL/min, the column temperature was 40°C, and the injection volume was 2 μL. For the mass spectrometry parameters (Šimura et al., 2018), the temperature for electrospray ionization was set to 550°C, the mass spectrometry voltages were set to 5,500 V (positive ion mode) and −4,500 V (negative ion mode), and the curtain gas was set to 35 psi. Scanning detection was performed for each ion according to the optimized declustering potential and collision energy.

The different hormone standards were configured with 10 gradient concentrations in the range of 0.01–500 ng/mL and were determined according to the LC-MS/MS method described above for sample detection. Quantitative signal chromatographic peak intensity data corresponding to each concentration of the standard were obtained to plot the standard curves of the different hormones (Supplementary Table S1). The integral peak areas detected in the samples were replaced with the standard curves to obtain the contents of the different hormones.




2.6 Exogenous spraying of tea seedlings with characteristic hormones

Based on the analysis of the experimental results, four characteristic hormones, i.e., l-tryptophan, indole, salicylic acid, and salicylic acid 2-O-β-glucoside, were obtained to distinguish between TM and CK trees. The contents of all four characteristic hormones in TM were significantly higher than those in CK. Therefore, based on the contents of l-tryptophan (17.36 mg/g), indole (3.49 mg/g), salicylic acid (3.25 mg/g), and salicylic acid 2-O-β-glucoside (8.46 mg/g) measured in the hormone metabolome of TM trees, the hormone solution was set at the appropriate concentration for the exogenous spraying of tea tree seedlings. The final concentrations of l-tryptophan, indole, salicylic acid, and salicylic acid 2-O-β-glucoside were 17.35, 3.50, 3.25, and 8.45 g/L, respectively.

Soils from the tea plantations that had not been planted with tea trees were collected, air-dried, ground, and sieved through a 40-mesh sieve. The soil organic matter, total nitrogen, total phosphorus, and total potassium contents were 8.43, 1.08, 0.62, and 1.91 g/kg, respectively, while the quick nitrogen, quick phosphorus, and quick potassium contents were 56.38, 11.42, and 89.35 mg/kg, respectively. The soil was packed into pots of 10 kg soil per pot, and 1-year-old, relatively uniform Dahongpao tea tree seedlings (not aviation-mutagenized) were selected and transplanted into pots with six plants each pot. After the transplanted tea seedlings resumed growth for 30 days, the tea seedlings were exogenously sprayed with different hormone solutions, with tea seedlings sprayed with distilled water used as the controls, with three independent replicates for each treatment. The hormone solutions were sprayed up and down so that the leaves of the tea trees were basically moist. The amount of hormone solution per pot was 50 mL each time, and it was sprayed once every 30 days for a total of three times. The leaf area, chlorophyll content, and photosynthetic rates of the tea tree seedlings were determined 90 days after spraying with the hormone solutions. The second inverted leaves of the tea seedlings were collected to determine the superoxide dismutase activity of leaves, as described in Section 2.4.




2.7 Statistical analysis

Excel 2020 was used to perform preliminary statistics on raw data. RStudio software (version 4.2.3) was used for graphic production of post-statistical data. The R packages used for the box plots, heat maps, principal component plots, orthogonal partial least squares discrimination analysis (OPLS-DA) models, bubble feature plots, redundancy analysis, and interaction network diagrams were gghalves 0.1.4, pheatmap 1.0.12, ggbiplot 0.55, ropls and mixOmics, ggplot2 3.4.0, vegan 2.6.4, and linkET 0.0.7.1, respectively.





3 Results and discussion



3.1 Growth indexes and yield analysis of the tea trees

Aviation mutagenesis is highly susceptible to significant changes in the gene and physiological properties of plants, which in turn affect their morphology and growth (Yang et al., 2015). In this study, tea trees after aviation mutagenesis (TM) and tea trees without aviation mutagenesis (CK) were used to analyze the effect of aviation mutagenesis on tree growth. The results showed (Figure 1A) that the leaf length, leaf width, and leaf area of the inverted first three leaves of TM tea trees were significantly higher than those of CK trees. In addition, the leaves of TM tea trees had a smoother surface, with the edges serrated more closely and regularly. It can also be observed that the morphology of the tea tree leaves changed significantly after aviation mutagenesis. Further analysis of the growth indexes and yield of tea trees revealed (Figure 1B) that the leaf number, bud density, hundred-bud weight, leaf area, and yield of TM tea trees were significantly higher than those of CK trees, which were from 3.25 to 5.25 leaves, from 3.50 to 5.25 × 103/m2, from 70.20 to 75.66 g, from 30.09 to 38.16 cm2, and from 4,412.50 to 6,482.25 kg/hm2, respectively. Moreover, it can be observed that, after aviation mutagenesis, the leaf morphology of the tea trees changed significantly, the growth indexes increased significantly, and the yield increased and showed more superior traits.




Figure 1 | Tea tree growth indexes and yield analysis. CK, non-mutagenic Dahongpao tea tree; TM, aviation mutagenic Dahongpao tea tree. (A) Morphological observation of the inverted first three leaves of CK and TM tea trees. (B) Growth indexes and yield analysis of tea trees.






3.2 Physiological index analysis of tea leaves

Plant growth is closely related to photosynthetic capacity and resistance, and plants with high photosynthetic capacity and resistance more easily adapt to environmental changes and are more conducive to growth (Chang et al., 2022; Wang et al., 2024). Therefore, this study further analyzed the effects of aviation mutagenesis on the photosynthetic physiology and the resistance physiological indexes of the tea trees. Analysis of the photosynthetic physiological indexes of the tea leaves showed that all photosynthetic physiological indexes of TM tea leaves were significantly higher than those of CK leaves, as evidenced by the fact that the chlorophyll content, intercellular CO2 concentration, stomatal conductance, transpiration rate, and photosynthetic rate of TM tea leaves were 1.25, 1.04, 1.26, 1.56, and 2.24 times higher than those of CK leaves, respectively (Figure 2A). Analysis of the physiological resistance indexes of the tea leaves showed that the superoxide dismutase, peroxidase, and catalase activities and the soluble sugar content of TM tea leaves were significantly higher than those of CK leaves, being 1.74, 1.26, 1.42, and 1.18 times higher than those of CK, respectively (Figure 2B). However, the malondialdehyde content of CK was significantly higher than that of TM, being 1.19 times higher. Malondialdehyde has been reported to be associated with plant antioxidant capacity, and its increased accumulation in plants reduces the plant antioxidant capacity, with reduced plant resistance and accelerated senescence (Liu et al., 2015). It can be observed that, after aviation mutagenesis, the photosynthetic capacity and the resistance of the tea trees were enhanced, being more conducive to promoting the growth of tea trees and, thus, increasing the tea yield.




Figure 2 | Analysis of the photosynthetic physiology and resistance physiological indexes of tea tree leaves. CK, non-mutagenic Dahongpao tea tree; TM, aviation mutagenic Dahongpao tea tree. (A) Analysis of the photosynthetic physiological indexes of tea tree leaves. (B) Analysis of the resistance physiological indexes of tea tree leaves.






3.3 Hormone metabolome analysis of tea tree leaves

Phytohormones are a class of organic substances produced by the plant’s metabolism and are found at low levels in plants. There are many types of phytohormones that play important regulatory roles during the different stages of plant growth and development, especially in the regulation of plant physiology and metabolism, photosynthesis, and resistance (Müller and Munné-Bosch, 2021). Lower levels of phytohormones are highly susceptible to plant photosynthetic capacity and resistance, which in turn affect plant growth (Yuan et al., 2023). In this study, the effect of aviation mutagenesis on the hormone metabolome of tea tree leaves was analyzed. A total of 63 hormones were detected in tea tree leaves, which could be classified into eight groups: abscisic acid, auxin, cytokinin, ethylene, gibberellic acid, jasmonic acid, salicylic acid, and strigolactones (Figure 3A). TM contained significantly more abscisic acid, auxin, and salicylic acid than CK, while cytokinin, ethylene, gibberellic acid, jasmonic acid, and strigolactones were significantly lower than those in CK. Further analysis revealed (Figure 3B) that the total amount of hormones in TM reached 38.67 mg/g, which was significantly higher than the 21.99 mg/g in CK. The results of the principal component analysis (PCA) of the hormone contents of TM and CK showed that there was a significant difference between the two in terms of hormone type and content and that the two principal components could effectively distinguish between them, with an overall contribution rate of 85.70% (Figure 3C).




Figure 3 | Hormone metabolome analysis of tea tree leaves. CK, non-mutagenic Dahongpao tea tree; TM, aviation mutagenic Dahongpao tea tree. (A) Heat map of 63 hormone contents in TM and CK and their content analysis after categorization. (B) Analysis of the total amount of hormones in TM and CK. (C) Principal component analysis of the hormone contents in TM and CK. (D) Principal component analysis after the categorization of 63 hormones.



On this basis, further PCA of the categorized hormones revealed that the hormones significantly associated with TM were abscisic acid, auxin, and salicylic acid, whereas those significantly associated with CK were cytokinin, ethylene, gibberellic acid, jasmonic acid, and strigolactones (Figure 3D). Several types of hormones can be observed in the tea tree leaves, and aviation mutagenesis induced significant changes in the total amount of hormones and the contents of the different types of hormones in tea tree leaves.




3.4 Screening for characteristic hormones in tea tree leaves

In order to obtain the characteristic hormones that changed significantly between CK and TM, this study performed further screening using the OPLS-DA model and bubble feature plots. The results showed that the constructed models achieved significant levels of fit (R2Y) and predictability (Q2) (Figure 4A), were able to effectively discriminate between CK and TM (Figure 4B), and obtained 39 key hormones for distinguishing between CK and TM (Figure 4C). These 39 key hormones were analyzed using bubble feature plots in order to obtain the characteristic hormones with significant differences, which resulted (Figure 4D) in four characteristic hormones obtained, namely, l-tryptophan, indole, salicylic acid, and salicylic acid 2-O-β-glucoside, which accounted for more than 90% of the total hormones. Further analysis revealed (Figure 4E) that all four characteristic hormones were significantly greater in TM than in CK, as evidenced by the l-tryptophan, indole, salicylic acid, and salicylic acid 2-O-β-glucoside contents in TM of 17,355.84, 3,493.98, 3,249.54, and 8,463.50 ng/g, with CK only having 7,835.25, 1,562.43, 1,868.71, and 3,935.49 ng/g, respectively. Salicylic acid is commonly found in plants and is typically stored as salicylic acid 2-O-β-glucoside, both of which play an important role in the regulation of plant resistance, with an increase in their content conducive to improving plant resistance, in turn improving the plants’ adaptability to the environment and promoting plant growth (Berim and Gang, 2022; Liu et al., 2023). l-tryptophan and indole, which have similar chemical structures, are precursors of plant growth hormone synthesis and play important roles in the regulation of plant growth and development and photosynthesis, and an increase in their contents is conducive to the enhancement of the photosynthetic capacity of plants, promoting plant growth and increasing yield (Bělonožníková et al., 2022; Tivendale and Millar, 2022). It can be observed that, after aviation mutagenesis, the ability of the tea trees to synthesize and accumulate characteristic hormones was enhanced, in which the increase in the contents of l-tryptophan and indole was conducive to the enhancement of the growth and photosynthetic ability of tea trees, while the increase in the contents of salicylic acid and salicylic acid 2-O-β-glucoside was conducive to the enhancement of the resistance of tea trees and their adaptability to the environment, in turn promoting their growth.




Figure 4 | Screening for characteristic hormones in tea tree leaves. CK, non-mutagenic Dahongpao tea tree; TM, aviation mutagenic Dahongpao tea tree. (A) Orthogonal partial least squares discrimination analysis (OPLS-DA) model test plots of CK and TM. (B) OPLS-DA model score plots of CK and TM. (C) OPLS-DA model S-plot plots of key hormone screening in CK and TM. (D) Bubble feature plots of the screening of characteristic hormones. (E) Characteristic hormone content analysis.






3.5 Interaction analysis

Based on the above analysis, this study further analyzed the interactions between the four characteristic hormones and the growth indexes, tea yield, and physiological indexes of the tea trees. Redundancy analysis showed that the characteristic hormones, the tea tree growth indexes, the tea yield, the photosynthetic physiological indexes, and the resistance physiological indexes (except malondialdehyde) were significantly correlated with TM, while only malondialdehyde was significantly correlated with CK (Figure 5A). Correlation network analysis showed that all four characteristic hormones were significantly positively correlated with the tea tree growth indexes, tea yield, and the photosynthetic physiological and resistance physiological indexes, while they were significantly negatively correlated with malondialdehyde (Figure 5B). Moreover, it can be observed that the four characteristic hormones obtained in this study were indeed closely related to the growth, photosynthesis, and resistance of tea trees, while aviation mutagenesis improved the accumulation of these characteristic hormones in tea trees, enhanced the photosynthetic capacity, improved the resistance, promoted tree growth, and then improved tea yield.




Figure 5 | Interaction analysis between the characteristic hormones and the tea tree growth indexes, tea yield, and physiological indexes. CK, non-mutagenic Dahongpao tea tree; TM, aviation mutagenic Dahongpao tea tree. (A) Redundancy analysis of the characteristic hormones with the tea tree growth indexes, tea yield, and physiological indexes. (B) Correlation network analysis of the characteristic hormones with the tea tree growth indexes, tea yield, and physiological indexes.






3.6 Effects of the characteristic hormones on the growth and physiology of tea trees

It was found that the characteristic hormones distinguishing TM from CK were l-tryptophan, indole, salicylic acid, and salicylic acid 2-O-β-glucoside, and the contents of all four characteristic hormones were significantly higher in TM than in CK. Moreover, the contents of the four characteristic hormones were significantly and positively correlated with the growth and physiological indexes (except malondialdehyde) of tea trees. Therefore, exogenous spraying of these hormones in tea tree seedlings was carried out to set the concentration based on the contents of the four characteristic hormones detected in TM in order to analyze the effects of these hormones on the growth and physiology of tea trees. The results showed that exogenous spraying of all four characteristic hormones significantly increased the leaf area, chlorophyll content, photosynthetic rate, and superoxide dismutase activity of the tea tree leaves (Figure 6). This confirms previous conclusions. In addition, this study found that salicylic acid and salicylic acid 2-O-β-glucoside were more favorable to increase the leaf area and superoxide dismutase activity of the tea tree leaves, especially salicylic acid 2-O-β-glucoside, whereas l-tryptophan and indole were more favorable to increase the chlorophyll content and photosynthetic rate of the tea tree leaves, especially indole. Salicylic acid and salicylic acid 2-O-β-glucoside have been reported to have more pronounced effects on plant resistance, and they promote plant growth mainly by regulating plant resistance (Cui et al., 2021; Qiu et al., 2023). l-tryptophan and indole are hormones that belong to the phytogrowth hormone class, and their main role is to promote plant growth, which is more obvious in the increased plant photosynthetic capacity and growth rate (Mir et al., 2020; Xiang et al., 2023). It can be observed that the increase in the contents of the four characteristic hormones in the leaves of tea trees after aviation mutagenesis worked together to improve the tea tree growth rate and resistance, in turn increasing the tea yield.




Figure 6 | Effects of characteristic hormone spraying treatments on the growth and physiological indexes of tea tree seedlings. Control, tea seedlings not sprayed with hormone; H1, tea seedlings sprayed with 17.35 g/L l-tryptophan; H2, tea tree seedlings sprayed with 3.50 g/L indole; H3, tea tree seedlings sprayed with 3.25 g/L salicylic acid; H4, tea tree seedlings sprayed with 8.45 g/L salicylic acid 2-O-β-glucoside. Different lowercase letters indicate differences between samples at the p < 0.05 level.







4 Conclusion

In this study, differences in the morphology, growth, physiology, and hormone metabolism of tea trees with aviation mutagenesis (TM) and those without aviation mutagenesis (CK) were analyzed. The results showed that tea trees after aviation mutagenesis had obvious changes in leaf morphology, had enhanced photosynthetic capacity and resistance, and had significantly improved growth indexes and yield. Hormone metabolome analysis revealed that the characteristic hormones distinguishing TM from CK were l-tryptophan, indole, salicylic acid, and salicylic acid 2-O-β-glucoside, with the contents of all four characteristic hormones being significantly higher in TM than in CK. Interaction analysis showed that these four characteristic hormones were significantly positively correlated with the growth indexes, tea yield, and the photosynthetic and resistance physiological indexes of the tea trees, except malondialdehyde. After exogenous spraying of tea tree seedlings with these characteristic hormones, it was found that all four characteristic hormones significantly increased the leaf area, chlorophyll content, photosynthetic rate, and superoxide dismutase activity of the tea tree leaves, of which salicylic acid and salicylic acid 2-O-β-glucoside were more favorable to increase the leaf area and superoxide dismutase activity, whereas l-tryptophan and indole were more favorable to increase the chlorophyll content and photosynthetic rate of tea leaves. It can be observed that aviation mutagenesis improved the accumulation of these characteristic hormones in tea trees, enhanced the photosynthetic capacity, improved the resistance of tea trees and promoted their growth, and consequently improved the tea yield. This study analyzed the effects of aviation mutagenesis on the morphology, growth, and physiological properties of tea trees and their hormone regulation mechanism, providing a reference for the development of aviation mutagenesis of tea trees and laying a foundation for the application and promotion of aviation mutagenesis in tea trees. However, changes in the soil ecosystem during the planting process have certain impacts on the growth of tea trees. Is there a difference in the rhizosphere soil microorganisms and nutrients between aviation mutagenic and non-aviation mutagenic tea trees? Does this difference have an effect on the growth of tea tree? Further exploration is needed.
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Postharvest chilling injury (PCI) is a physiological disorder that often impairs tomato fruit ripening; this reduces fruit quality and shelf-life, and even accelerates spoilage at low temperatures. The CBF gene family confers cold tolerance in Arabidopsis thaliana, and constitutive overexpression of CBF in tomato increases vegetative chilling tolerance, in part by retarding growth, but, whether CBF increases PCI tolerance in fruit is unknown. We hypothesized that CBF1 overexpression (OE) would be induced in the cold and increase resistance to PCI. We induced high levels of CBF1 in fruit undergoing postharvest chilling  by cloning it from S. lycopersicum and S. habrochaites, using the stress-inducible RD29A promoter. Harvested fruit were cold-stored (2.5°C) for up to three weeks, then rewarmed at 20°C for three days. Transgene upregulation was triggered during cold storage from 8.6- to 28.6-fold in SlCBF1-OE, and between 3.1- to 8.3-fold in ShCBF1-OE fruit, but developmental abnormalities in the absence of cold induction were visible. Remarkably, transgenic fruit displayed worsening of PCI symptoms, i.e., failure to ripen after rewarming, comparatively higher susceptibility to decay relative to wild-type (WT) fruit, lower total soluble solids, and the accumulation of volatile compounds responsible for off-odors. These symptoms correlated with CBF1 overexpression levels. Transcriptomic analysis revealed that the ripening and biotic and abiotic stress responses were altered in the cold-stored transgenic fruit. Seedlings grown from ‘chilled’ and ‘non-chilled’ WT fruit, in addition to ‘non-chilled’ transgenic fruit were also exposed to 0°C to test their photosynthetic response to chilling injury. Chilled WT seedlings adjusted their photosynthetic rates to reduce oxidative damage; ‘non-chilled’ WT seedlings did not. Photosynthetic parameters between transgenic seedlings were similar at 0°C, but SlCBF1-OE showed more severe photoinhibition than ShCBF1-OE, mirroring phenotypic observations. These results suggest that 1) CBF1 overexpression accelerated fruit deterioration in response to cold storage, and 2) Chilling acclimation in fructus can increase chilling tolerance in seedling progeny of WT tomato.
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1 Introduction

Refrigeration is indisputably the most effective strategy to prolong shelf-life, preserve quality and delay the deterioration of many fruits and vegetables (Kader, 2002). However, in cold-sensitive commodities such as tomato (Solanum lycopersicum L.), storage at temperatures between 0-12°C induces the onset of molecular, biochemical, and physiological alterations known as postharvest chilling injury (PCI), which are manifested when fruit are rewarmed to room temperature (Lyons, 1973).

PCI is a complex and multilayered phenomenon. Its early stages are temperature-dependent and are mediated by physical changes in cellular membranes (Luengwilai et al., 2018). Loss of membrane stability triggers the activation of a signal transduction cascade that transmits the cold stimulus downstream through a series of molecular players, e.g., second messengers, eliciting symptoms characteristic of this disorder (Lyons, 1973). These symptoms include modifications in respiration and ethylene production, disruption in the synthesis of aroma volatiles, accumulation of reactive oxygen species (ROS), lipid peroxidation, and DNA and protein damage (Albornoz et al., 2022). These molecular and cellular processes ultimately lead to failures in fruit ripening, the development of surface pitting, seed browning and higher susceptibility to postharvest decay (Moline, 1976; Jackman et al., 1989; Biswas et al., 2016).

Most of what is known about the cold signal transduction pathway in plants, comes from studies of Arabidopsis thaliana, which is able to cold-acclimate and endure freezing temperatures (Gilmour et al., 1988). The C-Binding Factor (CBF) gene family (AtCBF1-3) of transcription factors are positive regulators of the cold response that interact with the cis-elements of downstream cold-responsive genes (Thomashow et al., 2001; Thomashow, 2010). These target genes, also known as the CBF-regulon, encode protective proteins and enzymes, and are involved in the synthesis of metabolites that enhance the plant’s fitness during cold stress (Thomashow et al., 2001; Thomashow, 2010).

In tomato fruit, SlCBF1-3 genes are also induced by cold (Zhao et al., 2009a; Zhang et al., 2016; Albornoz et al., 2019), but the size and types of genes comprising the CBF regulon are not the same as in Arabidopsis (Zhang et al., 2016). This might partly explain tomato’s inability to cold acclimate (Zhang et al., 2004). Different members of the Arabidopsis CBF gene family have been ectopically expressed in tomato plants under the control of the constitutive CaMV35S promoter, resulting in increased stress tolerance, but with concomitant growth reduction and flowering delay (Hsieh et al., 2002a, 2002; Zhang et al., 2004). This, due to CBF’s involvement in gibberellin (GA) repression, and DELLA protein accumulation (Achard et al., 2008; Zhou et al., 2017). A transgenic phenotype overexpressing AtCBF1 in tomato fruit was characterized, and revealed this gene influenced ripening as well as fruit’s response to postharvest cold stress (Albornoz et al., 2023).

In this work, we hypothesized that CBF1 overexpression in tomato cv. Micro-Tom fruit during postharvest chilling would enhance fruit tolerance to cold stress and reduce the incidence of PCI. We cloned this gene from two sources: cultivated tomato (SlCBF1) and the wild-tomato relative Solanum habrochaites (ShCBF1). S. habrochaites has been extensively studied due to its tolerance to cold stress (Patterson et al., 1984; Goodstal et al., 2005; Cao et al., 2014). ShCBF1 has been cloned and expressed into Arabidopsis plants conferring tolerance to freezing and salinity but displaying phenotypic abnormalities (Li et al., 2014). In this study, both ShCBF1 and SlCBF1 genes were driven by the stress-inducible promoter RD29A (Yamaguchi-Shinozaki and Shinozaki, 1994). Our goal was to specifically induce CBF1 expression in harvested fruit stored in the cold, as well as minimize pleiotropic effects caused by constitutive overexpression.

To test our hypothesis, transgenic fruit were cold-stored, which elicited ectopic CBF expression, and their postharvest performance was examined and compared to wild-type fruit under the same conditions. To broaden the scope of traditional studies of chilling injury beyond fruit postharvest, we also tested if the photosynthetic responses of CBF1-overexpressing seedlings would be affected by cold stress. The goal was to understand the physiological effects of additional CBF1 transcripts at different phases of the plant life cycle. Finally, we evaluated the influence of postharvest fruit chilling on seeds and seedling traits that were measured under control (room temperature) or cold conditions, to explore the concept of transgenerational adaptive mechanisms transmitted from fruit to progeny.




2 Materials and methods



2.1 Construct development

The stress-inducible promoter RD29A (GenBank Accession no. CS191722.1), the ShCBF1 gene (GenBank Accession no. KX890304.1) and the SlCBF1 gene (GenBank Accession no. NM_001247194.2) were separately cloned from Arabidopsis thaliana Col-0 genomic DNA, S. lycopersicum cv. Micro-Tom genomic DNA and S. habrochaites LA1777 (The C.M. Rick Tomato Genetics Resource Center at University of California, Davis) genomic DNA, respectively (Supplementary Table S1). The RD29A promoter and CBF1 genes were amplified separately, and the RD29A reverse primer was designed to include a 20 bp overlapping sequence with the forward primer of ShCBF1 or SlCBF1. A second PCR reaction was set up using the products of the first reactions as templates. The resulting assembly PCR product consisted of RD29A located at the 5’ end, having a SbfI restriction site and ShCBF1 or SlCBF1 at the 3’ end, having a HindIII restriction site. These products were cloned into pCAMBIA1300 SbfI and HindIII sites, and the absence of mutations was confirmed by sequencing. The resulting constructs were named pCAMBIA-RD29A::ShCBF1 and pCAMBIA1300-RD29A::SlCBF1 (Figure 1). The amino acid sequences of ShCBF1 and the native SlCBF1 gene share a 92% identity according to the Multiple Sequence Alignment by CLUSTALW tool (Kyoto University Bioinformatics Center). Constitutive overexpression of AtCBF1 (Hsieh et al., 2002a, 2002; Zhang et al., 2011) or AtCBF3 (Zhang et al., 2004) in tomato plants has been studied by others, therefore the amino acid alignment and phylogenetic relationships between these, and ShCBF1 and SlCBF1 proteins, are shown in Supplementary Figure S6.




Figure 1 | The base constructs used for plant transformation. In this experiment, the CBF1 was cloned from S.lycopersicum, i.e., pCAMBIA-RD29A::SlCBF1 or from S.habrochaites, i.e., pCAMBIA-RD29A::ShCBF1. Elements from left to right: LB, Left T-DNA Border; RD29A pro, stress-inducible promoter from A. thaliana; SlCBF1 or ShCBF1, C-binding factor from either S. lycopersicum or S. habrochaites; NOS ter, terminator sequence; 35S, CaMV 35S promoter; HygR, hygromycin resistance gene; CaMV 35S poly A signal, termination signal; RB, right T-DNA Border. Vertical lines represent restriction sites.






2.2 Plant transformation and growing conditions

Tomato (Solanum lycopersicum L. cv. Micro-Tom) was chosen based on its short life cycle, ease of transformation and small size at full maturity (Meissner et al., 1997). The latter allowed growing a high density of plants, critical in postharvest studies, which require harvesting numerous fruit at the same maturity stage. Micro-Tom cotyledons and hypocotyls were transformed with Agrobacterium tumefaciens EHA105 cultures carrying either pCAMBIA-RD29A::ShCBF1 or pCAMBIA-RD29A::SlCBF1 constructs. Hygromycin B (15 mg/L) was used as selection agent, and transformants were confirmed by PCR. Rooted plants (T0 generation) were transferred to a greenhouse at UC Davis and grown at temperatures between 25-30°C. Two independent transformation events per construct were used in this study: ‘Sh-13’ (T2 generation) and ‘Sh-36’ (T2 generation) for pCAMBIA-RD29A::ShCBF1 (ShCBF1-OE lines), and ‘Sl-2’ (T3 generation) and ‘Sl-12’ (T2 generation) for pCAMBIA-RD29A::SlCBF1 (SlCBF1-OE lines). A null-segregant (‘NS’), a transformant that is negative for the transgene after segregation, was used as a genetic control, and was denoted here as the wild-type (‘WT’) event.




2.3 Transgene copy number determination

Genomic DNA isolation (Fulton et al., 1995) was carried out on two seedlings from each of the transgenic genotypes Sh-13 and Sl-2 using the Prosystemin (Prosys) gene as an endogenous control as previously reported (Albornoz et al., 2023). Primers were designed based on a conserved region between ShCBF1 and SlCBF1 (Supplementary Table S1). Transgene copy number was calculated by Real-Time Quantitative PCR (RT-qPCR) as the ratio of the copy number of SlCBF1 or ShCBF1 to Prosys, respectively (Shepherd et al., 2009).

	




2.4 Fruit harvest and phenotypic characterization



2.4.1 Fruit shape index

The width and height of 100 fruit per genotype were recorded. Fruit shape index (FSP) was determined as the ratio of maximum height to maximum width. When FSP = 1, this indicated a round fruit. In contrast, when FSP > 1 or FSP< 1, this indicates an elongated or squat fruit, respectively (Brewer et al., 2006).




2.4.2 Postharvest storage preparation

Fruit were randomly harvested from a group of 50 WT plants, 80 Sh-13 and Sl-2 plants, 26 Sh-36 plants and 76 Sl-12 individuals. Unblemished fruit were harvested at breaker stage (Figure 2), soaked in 0.25% (v/v) sodium hypochlorite for three minutes and gently blotted until dry with paper towels. For cold storage phenotyping, Sh-13, Sh-36, Sl-2, Sl-12, and WT fruit were stored at 2.5°C for one, two or three weeks, or transferred to 20°C for three days (‘rewarming’ or ‘RW’) to induce PCI. Characterization of fruit at 20°C was carried out for genotypes Sh-13, Sl-2, and WT for up to 14 days.




Figure 2 | Maturity stages of Micro-Tom tomato.






2.4.3 Chilling injury index (CII) and decay incidence

Fruit were removed from the 2.5°C room after one, two or three weeks of storage, transferred to 20°C for three days, and evaluated for CII based on the development of surface pitting and the presence of decay. Pitting severity was determined visually on each fruit based on the percentage of surface affected using a five-point scale as follows: 0 = no pitting, 1 =< 25%, 2 = 25-50%, 3 = 50-75%, 4 = > 75% (Aghdam et al., 2014). CII was calculated using the formula:

	

Table 1 shows the total fruit evaluated for each treatment.


Table 1 | Sample size for Chilling injury index and decay of CBF1-OE lines, and wild-type (‘WT’) tomato fruit.






2.4.4 Color determination

The Hue angle was used as a descriptor and recorded with a Konica Minolta colorimeter (Chroma Meter CR-400, Konica Minolta Sensing Americas, Ramsey, NJ, USA). A 2° observer and standard illuminant C setting in the L* a* b* scale was utilized. A total of 40 fruit per time point for each genotype were used. Lower Hue values are indicators of redder (riper) fruit, whereas higher values represent greener fruit. Table 2 shows the total fruit evaluated for each treatment.


Table 2 | Sample size for color (Hue angle) of CBF1-OE lines, and wild-type (‘WT’) tomato fruit.






2.4.5 Total soluble solids

The percentage of soluble solids was determined in Sh-13, Sl-2 and WT fruit juice using a digital refractometer HI-96801 (Hanna Instruments, Rhode Island, United States) in a total of 18 fruit per treatment for each genotype.




2.4.6 Respiration and ethylene evolution rates

Fruit from genotypes Sh-13, Sl-2 and WT were placed in 450 mL-jars connected to flow boards using capillary tubes to control flow rates. A total of six biological replicates were used for each of the genotypes. Each biological replicate corresponded to a jar containing 22 fruit. A total of 10 mL of gas samples for carbon dioxide (CO2) and ethylene were taken with a plastic syringe. Respiration rates were measured by injecting the gas sample into a high-range CO2 analyzer (Horiba VIA-510, Kyoto, Japan). A standard of 0.25% (v/v) CO2 was used for calibration. Ethylene concentration was measured with a gas chromatograph (Model 211, AGC Series 400; Hach-Carle Co., Colo., U.S.A.). Standards of 100 ppb or 1 ppm ethylene were used for calibration. All measurements took place at the corresponding storage temperatures (2.5 or 20°C) daily.




2.4.7 Volatile compounds analysis by solid phase microextraction (SPME) coupled with gas chromatography -mass spectrometry (GC-MS)

Breaker fruit from lines Sh-13, Sl-2, and WT stored at 2.5°C for 2 weeks, and RW for 3 days were removed from storage and kept at room temperature for 16 h before processing for volatile extraction. Tomato fruit were mixed with saturated calcium chloride solution (1:1, w/v) containing 2 μM 3-octanone as an internal standard, and then blended in a commercial blender for 1 min. Four milliliters of slurry of each sample were transferred into a 20 mL amber headspace vial, exposed to a SPME fiber (Supelco, USA), and stored at -80°C until analyzed on a GC-MS unit (Wang et al., 2019), except that a DB-WAX column (30 m x 0.25 mm, film thickness 0.25 μm) and a different oven program was used. The initial oven temperature was set at 40°C for 5 min, followed by an increase to 80°C at a rate of 5°C min-1, then an increase to 200°C at a rate of 10°C min-1, and another increase to 250°C at a rate of 20°C min-1. The AMDIS software (version 2.64) was used for spectral deconvolution (Stein, 1999) coupled with SpectConnect to consolidate the data (Styczynski et al., 2007). Compound identity was queried with NIST library (v. 2.0) and confirmed by matching the retention time in ChemStation (E.02.02.1431, Agilent, Santa Clara, CA, USA). A total of three biological replicates were used for each of the genotypes. Each biological replicate consisted of ~ 15 g of tomato fruit.





2.5 RNA isolation

Total RNA was isolated (Wang et al., 2009) from 100 mg of frozen fruit or leaf powder, depending on the experiment, and treated with the DNase TURBO DNA free Kit (Life Technologies, Carlsbad, CA, USA). RNA integrity and purity were assessed by agarose gel electrophoresis, and the A260/A280 and A260/A230 ratios.




2.6 Real-time quantitative PCR

Copy DNA (cDNA) was synthesized from 1 µg RNA. Cycling conditions for cDNA synthesis and RT-qPCR were the same as described in previous reports (Albornoz et al., 2019). Primers were designed based on the cDNA sequences available on GenBank (Supplementary Table S1).

The reaction efficiency was calculated through the standard curve method, using a cDNA dilution series (Taylor et al., 2010). The specificity of the primers was validated by melt-curve analysis (Taylor et al., 2010). The Pfaffl method was used for data normalization and relative quantification of transcript production (Pfaffl, 2012). A reference gene, actin (SlACT7) was used as the control for data normalization. Three biological and three technical replicates were used. The pericarp region of six fruit, or one true leaf per seedling corresponded to a biological replicate.




2.7 RNA sequencing



2.7.1 Messenger RNA isolation

Assessment was done on breaker fruit from lines Sh-13, Sl-2, and WT stored at 2.5°C for six hours or 1 week. Two biological replicates were used per genotype. A biological replicate consisted of the pericarp region of six fruit. The mRNA was isolated from 5 µg total RNA using the NEBNext® Poly(A) mRNA Magnetic Isolation Module.




2.7.2 3’ DGE RNA-Seq library construction and sequencing

Each treatment included two biological replicates. In total, 12 libraries were constructed using Strand-specific mRNA-library prep kits (Amaryllis Nucleics, Oakland, CA). Library concentration was assessed by a Qubit™ device (Invitrogen, Waltham, MA, USA), and the quality was checked by a bioanalyzer, following HiSeq PE150 sequencing in Novogene Co. (Beijing, China). The raw sequencing reads were trimmed according to quality score by FastQC (Andrews, 2010). The reads alignment was processed by the STAR software (Dobin et al., 2013) based on the tomato reference genome SL4.0 (Sol Genomics Network). The gene read counts were generated using the HTSeq package (Putri et al., 2022). Differentially expressed genes (DEGs) were extracted using the DEseq2 tool (Love et al., 2014). The Gene ontology (GO) functional enrichment analyses of DEGs were performed using the g:Profiler online tool, genome assembly SL3.0, accession GCA_000188115.





2.8 Vegetative stage tests

The effect of fruit storage conditions on the performance of seed and seedling progeny was investigated. Tests of percent germination, early growth and photosynthetic response in the WT and transgenic seeds, or seedlings obtained from PCI-affected or control fruit, were performed.



2.8.1 CBF1 expression in cold-exposed transgenic and wild-type seedlings

Three seedlings from the wild-type, and from transgenic Sh-13 and Sl-2 lines obtained from non-chilled fruit were grown until cotyledons were fully expanded, transplanted into a 36-cell polyethylene growth tray containing UC Mix substrate and transferred to the greenhouse until plants were at the six-(wild-type) or five-(transgenic) leaf stage. Plants were transferred to a room at 0°C for up to 24 hours. Leaf tissue was excised from each plant, and CBF1 expression was measured by RT-qPCR.




2.8.2 Seed color, germination, and seedling features

Seeds were collected from WT fruit that were harvested at breaker but stored at two conditions: a) room temperature until fully ripe (‘non-chilled’) or, b) 2.5°C for three weeks, followed by transfer to room temperature until fully ripe (‘chilled’).

Color (L* value or ‘lightness’) of dry seeds was recorded using a Konica Minolta colorimeter according to 2.4.4. When L* value = 0, it indicates darkness or absence of light (black), whereas when L* = 100, it represents the brightest white. Three replicates were used, each consisting of approximately 150 seeds. Seed weight was recorded, and three replicates were used, each consisting of a group of 50 dry seeds.

Seeds were soaked in 2.7% (v/v) sodium hypochlorite for one hour, rinsed thoroughly in running water, placed into Petri dishes with damp paper towels and located in a 20°C (± 2°C) room under 16/8 hour-photoperiod for one week. The number of germinated seeds from each type was recorded after one week to determine the germination percentage. Hypocotyls (‘shoots’) and roots were excised, and their fresh weight was recorded. Three replicates, each representing a Petri dish with 20 seeds for each type, were used.




2.8.3 Photosynthetic performance of seedlings under stress

Sixteen seedlings from the wild-type (‘chilled’ and ‘non-chilled’), and from transgenic Sh-13 and Sl-2 lines were grown as indicated in 2.8.1. Seedlings were placed at 2.5 or 0°C under a 16/8 photoperiod. Photosynthetic parameters: LEF (Linear Electron Flow), Phi2 (efficiency of Photosystem II, PSII), NPQt and PhiNPQ (estimates of Non-Photochemical Quenching), PhiNO (estimate of incoming light lost in non-regulated processes that can induce photodamage), relative chlorophyll, and PAR (Photosynthetically Active Radiation) were measured on the 4th leaf of each plant after 24, 48 and 72 hours with a MultispeQ device (PhotosynQ LLC, East Lansing, MI, USA) (Kuhlgert et al., 2016).





2.9 Statistical analysis

Experiments were carried out with a complete randomized design. Statistical analysis was performed using SAS software version 9.4 or Microsoft Excel. To detect significant differences between treatments, analysis of variance (ANOVA) or unpaired t-test (with either equal or unequal variance) were conducted. For mean comparison, Tukey’s test was used (α = 0.05). The z-score test for two population proportions was used to determine if CII values and decay, and germination % between treatments, differed significantly (p < 0.05). p-values were symbolized as follow: p < 0.05 (*), p ≤ 0.01 (**) and p ≤ 0.001 (***). Standard error (SE) was used as a measure of data variability.





3 Results



3.1 Transgenic plant and fruit characterization

The growth and development of the transgenic lines were altered by the expression of CBF1. Germination percentages were significantly reduced, and seedlings displayed high mortality (data not shown), suggesting that transgene homozygosis may be associated with a lethal phenotype. The inconclusive results from the transgene copy number estimation in lines Sh-13 and Sl-2 support this observation. ShCBF1-OE and SlCBF1-OE were stunted, with shorter internodes, and the leaves underwent accelerated senescence, produced less inflorescences, and consequently, less fruit, than wild-type individuals (Supplementary Figure S4).

Fruit morphology was altered in some of the transgenic lines (Supplementary Table S2). External color in freshly harvested fruit was similar in Sh-13, Sl-2, and WT fruit (Figure 3). Color differences between transgenic and non-transgenic lines at 20°C became significant after one week of storage and were maintained until the end of the experiment. As evidenced by higher Hue values, transgenic genotypes were unable to ripen to the same extent as WT fruit (Figure 3).




Figure 3 | Characterization of CBF1-overexpression lines (Sh-13 and Sl-2) and WT fruit. (A) Hue angle of breaker fruit stored at 20°C for up to 14 days. Boxes with asterisks are significantly different (p< 0.05) than WT fruit by Dunnett’s test. Error bars are included. (B) External appearance of breaker fruit stored at 20°C for up to 14 days. (C) CBF1 expression of fruit harvested at different maturity stages. Transcript accumulation was determined by quantifying both native and transgenic expression of this gene at the mature green (MG), breaker (B), turning (T) and red ripe (RR) stages. WT fruit at each maturity stage were used as the calibrator. Columns with asterisks are significantly different (p< 0.05) to WT fruit at each stage by unpaired t-test. NS, Not significant.



The expression of CBF1 was characterized in fruit harvested at different stages of maturity, and in cold-exposed seedlings by RT-qPCR. In fruit, relative to the wild-type, all maturity stages had higher CBF1 expression, except for Turning fruit (Figure 3C). Seedlings from the WT and transgenic genotypes showed CBF1 upregulation after 12 or 24 hours of storage at 0°C, compared to samples kept at room temperature. In WT seedlings, CBF1 expression peaked after 24 h, showing a 936.4-fold increase, while Sh-13 and Sl-2 reached 41.4- and 15.2-fold increase, respectively (Supplementary Figure S1).




3.2 Cold storage induced transgene upregulation in fruit

Expression of CBF1 was assessed in two ways. First, CBF1 transcripts were monitored during fruit storage to determine potential changes over time (Supplementary Figure S2). Secondly, CBF1 transcripts were monitored at each timepoint in the engineered fruit and compared to that in WT, to determine upregulation due to the transgene. (Figure 4). Due to ShCBF1 and SlCBF1 sequence similarity, ShCBF1 transcript accumulation was determined by measuring the total CBF expression in lines Sh-13 and Sh-36. In Sh-13 and Sh-36, total CBF1 expression was stable over storage (Supplementary Figures S2C, S2E). Relative to WT fruit, transcripts were upregulated at all time points in Sh-36 (Figure 4A).




Figure 4 | Relative CBF1 expression of transgenic fruit. Columns are the mean ± SE of breaker fruit stored at 2.5°C for up to 1 week, or followed by transfer to 20°C for 3 days (‘1w+RW’). (A) Expression of SlCBF1 and ShCBF1 in ShCBF1-OE lines. Due toSlCBF1 and ShCBF1 sequency similarity, total CBF1 expression was measured by designing primers to a conserved region between both genes. (B) SlCBF1 expression in SlCBF1-OE lines. Transcript accumulation was determined by quantifying both native and transgenic expression of this gene. ‘NC’ not calculated. WT fruit at each time point were used as the calibrator. Columns with asterisks are significantly different (p< 0.05) to the WT fruit at each time point by unpaired t-test.



SlCBF1-OE lines (Sl-2 and Sl-12) were developed to increase the number of transcripts of the native CBF1 gene. In these lines, transcript abundance decreased after one week of storage (Supplementary Figures S2D, S2F). Relative to freshly harvested fruit, CBF1 expression was upregulated at all time points in both lines, increasing from day 1, peaking at day 3, and declining after one week of cold exposure (Figure 4B).

In the ShCBF1-OE (Figure 4A) and SlCBF1-OE lines (Figure 4B), transcript accumulation did not change at 0w compared to the WT. Expression of SlCBF1 in the WT did not vary after one day of storage (Supplementary Figures S2A, S2B).




3.3 Deviation in color development between CBF1-OE lines and WT fruit

Fruit from wild-type and transgenic lines presented different objective color values during cold storage and after rewarming (Figure 5).




Figure 5 | External appearance of cold-stored WT and transgenic tomato fruit. Breaker fruit were stored at 2.5°C for up to 3 weeks. After 1, 2 or 3 weeks of storage, fruit were rewarmed (RW). (A) Visual color changes. (B) Effect of RW on objective color change: the ratio of ΔHue in the transgenic vs. WT lines. ΔHue was calculated as the difference between the average of 1, 2 or 3 weeks of cold storage, and the same time followed by RW. WT fruit is represented by the dashed line. Values below 1 indicate that fruit did not redden to the same extent as the WT after rewarming. In contrast, fruit that turned as red or redder than the WT will present values equal to or greater than 1, respectively. (C) Decay %. (D) Chilling injury index. Scores were determined after RW. Columns with asterisks are significantly different (p< 0.05) to WT fruit by unpaired t-test.



Cold storage suppressed the green-to-red transition in all fruit (Figure 5A). Rewarming normally elicits fruit-reddening, but remarkably, reddening during rewarming was attenuated in the transgenic lines relative to the wild-type fruit as shown in Figure 5B.




3.4 Development of PCI symptoms was aggravated in transgenic fruit

Fruit were cold-stored and transferred to 20°C for three additional days to induce PCI. The presence of surface lesions or pitting (Chilling Injury Index, CII) and deterioration in the form of decay, were recorded. Wild-type fruit consistently had the lowest CII scores among all genotypes, maintaining levels below 30% after 2 or 3 weeks of cold storage, and rewarming (Figure 5A). In contrast, transgenic fruit developed pits after just one week at 2.5°C, especially in Sh-36 and Sl-2. There was a slight decrease in CII between weeks 2 and 3, which was linked to the pitted lesions becoming ‘swollen’ in appearance (Supplementary Figure S3G).

The highest incidence of decay was observed in Sh-36, Sl-2, and Sl-12 (Figure 5B). A myriad of symptoms was recorded, i.e., severe discoloration, wrinkles around the stem scar, and surface ‘translucency’ (Supplementary Figure S3), but they were absent or minimized in the WT.

Degradation of RNA samples obtained from the transgenic fruit was observed and verified during agarose gel electrophoresis (data not shown) and may be connected to the phenotypic deterioration induced by CBF1 overexpression.

Based on their contrasting PCI phenotype, further analyses were conducted on Sl-2 and Sh-13 fruit in addition to the WT. The total soluble solids (TSS) of the transgenic fruit was consistently lower than non-transgenic samples throughout cold storage, as well as after rewarming (Figure 6).




Figure 6 | TSS changes of CBF1-overexpression lines (Sh-13 and Sl-2) and WT fruit. Breaker fruit were stored at 2.5°C for 7, 14 or 21 days, or rewarmed for three days. Boxes with asterisks are significantly different (p< 0.05) than WT fruit at the same time point by Dunnett’s test.



Respiration rates were significantly higher in Sh-13 compared to non-transgenic fruit throughout cold storage, except for day 4 (Figure 7A). However, after rewarming all three genotypes were the same. Interestingly, CO2 emission in Sh-13 only increased 512.8% which was lower than in Sl-2 (623.5%) and WT (744%) fruit.




Figure 7 | Gas production rates of CBF1-overexpression lines (Sh-13 and Sl-2) and WT fruit. (A) Respiration rate. (B) Ethylene production rate. Breaker fruit were stored at 2.5°C for up to 7 days, and then rewarmed for three days. Each point represents the mean ± SE.



Ethylene emission rates were similar between transgenic lines and the WT, with changes on days 2 and 6. After transfer to 20°C, values increased ~3,500% (Figure 7B).




3.5 Volatile compounds

The level of volatile organic compounds (VOCs) in Sh-13, Sl-2, and WT fruit chilled at 2.5°C for 2 weeks followed by RW was determined by solid phase microextraction (SPME) coupled with gas chromatography–mass spectrometry (GC-MS). A total of 34 VOCs were identified from the fruit headspace (Supplementary Table S6; Supplementary Figure S7). Principal component analysis (PCA) revealed 52.8% and 15.3% of the variance was explained by the first and second principal components, respectively. Samples from the transgenic fruit did not separate from those of the WT (Figure 8A). However, transgenic fruit had a lower relative abundance of the monoterpenes α- terpineol, 3,7-dimethyl-1,6-octadien-3-ol, and β- damascenone, higher levels of the fatty acid 3-methylbutanoic acid (Figure 8B).




Figure 8 | Volatile compounds assayed in the CBF1-overexpression lines (Sh-13 and Sl-2) and WT fruit. Breaker fruit were stored at 2.5°C for 14 days, and then rewarmed for three days. (A) PCA generated from SPME/GC-MS analysis of volatile compounds. (B) Relative abundance of volatile compounds with statistical significance across genotypes. For each compound, average levels of WT were arbitrarily set to 100 for comparison. Bars are the mean ± SE of fruit. Columns with asterisks are significantly different (p< 0.05) than WT fruit by t-test.






3.6 Transcriptomic analysis by RNA-Seq

Differentially expressed genes (DEGs) in the Sh-13, Sl-2 transgenic fruit vs. the WT after storage at 2.5°C for either 6 hours or 1 week were identified. The data from the WT fruit were compared against the pooled data of the transgenics.

After 6 hours and 1 week of cold storage, 5,169 genes were induced collectively in the transgenics, whereas 5,007 genes were repressed (Figure 9A). In Sh-13 and Sl-2 fruit, a range of 5,832-7,141 DEGs were shared by both genotypes in the cold (Supplementary Figure S8). The similarity of these results strengthened the justification for treating the combined results from the CBF1-OE lines as biological replicates of the same genotype. Among the greatest upregulated annotated genes were ARGINASE2 (ARG2), aquaporins PIP1-7 and PIP2-1, protein LURP-one-related 14-like, and Cytokinin riboside 5’-monophosphate phosphoribohydrolase LONELY GUY 1 (TLOG1). As for the downregulated genes, AT-hook motif nuclear-localized protein 17 (AHL17), RIPENING INHIBITOR (RIN), Ripening regulated protein DDTFR18, Acyl-CoA-binding domain-containing protein 3 (ACBD3), Vestitone reductase-like, Expansin-like B1 (EXLB1) and a chloroplastic Protein CutA were identified (Figure 9B; Supplementary Table S7).




Figure 9 | RNA-Seq data of CBF1-overexpression lines (Sh-13 and Sl-2) and WT fruit. Breaker fruit were stored at 2.5°C for 6 hours or 1 week. (A) Venn diagrams representing the up- (left) or downregulated (right) genes of pooled Sh-13 and Sl-2 samples in relation to WT fruit. (B) Volcano plot representing the highest up- or downregulated genes in pooled transgenic samples (OE lines) compared to WT fruit after 6 h (left) or 1 w (right) of cold storage. FDR: False discovery rate; NS: non-significant. FDR< 0.01, fold change > 2. (C) Gene ontology enrichment analysis indicating biological processes (BP), cellular component (CC), and molecular function of differentially expressed genes (DEGs) in pooled transgenic samples compared to WT fruit. Adjusted p-value<0.05. Analysis was carried out using the g:Profiler online tool, and S. lycopersicum as a reference organism.



To identify the most relevant gene groups affected by CBF overexpression in cold stored fruit, gene ontology (GO) enrichment analysis was conducted. Some of the biological processes altered include the detection and response to abiotic stimulus and fungus, and fruit ripening. Among the cellular compartments involved were the chloroplast and plastid membrane, whereas lyase and chitinase activities, and the ethylene biosynthesis pathway were shown as modulated molecular functions in CBF1-OE fruit compared to the WT (Figure 9C).




3.7 Fruit chilling affected wild-type seed and seedling features

To develop a more holistic and integrative view of chilling injury in the context of a continuum between fruit and progeny responses to cold stress, we explored if fruit cold response would influence the germination of tomato seeds derived from those fruit. This information would allow us to establish a baseline to assess the vegetative cold tolerance of the CBF1-OE lines.

WT seeds were collected from wild-type fruit at breaker stage, induced to PCI (‘chilled’), or kept at room temperature (‘non-chilled’). The L* value, assesses sample brightness and was lower (darker) in chilled compared to non-chilled seeds (Figure 10A). Seed weight was higher (p > 0.05) in chilled (3.9 ± 0.2 mg/seed) compared to non-chilled (2.8 ± 0.4 mg/seed) seeds.




Figure 10 | Seed and seedling physiological parameters of WT tomato. Seeds were collected from ‘non-chilled’ and ‘chilled’ fruit. (A) L* value box plot and seed appearance. (B) Germination percentage box plot after 7 d at 20°C. (C) Shoot and root fresh weight violin plot after 1 week at 20°C and seedling appearance after 5 days at 20°C. (D) Photosynthetic performance and appearance of plants after 72 hours at 0°C. Asterisks indicate significant difference (p< 0.05) by unpaired t-test.



A higher percentage of chilled seeds germinated (78.3%) compared to the non-chilled samples (36.7%) (Figure 10B), and the fresh mass of ‘chilled’ hypocotyls (shoot) and roots was also superior after 7 days of germination at room temperature (Figure 10C).




3.8 Photosynthetic performance of wild-type seedlings was affected by cold stress

Seedlings at the six-leaf stage, obtained from WT chilled and non-chilled fruit, were stored at 2.5 or 0°C for up to 72 hours, and their photosynthetic performance was monitored every 24 hours on the fourth leaf. No differences were detected between the 2.5°C and control seedlings (Supplementary Table S3), however, photosynthetic responses differed after storage at 0°C, and particularly after 72 hours (Figure 10D; Supplementary Table S4). Responses to cold were heterogeneous among parameters. Some were lower in chilled, compared to non-chilled seedlings: 1) quantum yield of PSII, or Phi2, which is the percentage of incoming light directed into PSII; 2) Linear Electron Flow (LEF) or the flow of electrons from antennae complexes into PSII; 3) PhiNO, a ratio of processes that inhibit photosynthesis, when absorbed light is not dissipated by non-photochemical quenching (Kuhlgert et al., 2016).

Two parameters related to Non-Photochemical Quenching (NPQ) were also recorded i.e., NPQt and PhiNPQ (Supplementary Table S4; Figure 10D). They denote the ratio of incoming light in terms of excess energy that is dissipated as heat (Müller et al., 2001). These two variables progressively increased in both ‘chilled’ and ‘non-chilled’ samples over the course of the experiment, however, after 72 hours, they were higher in ‘chilled’ compared to ‘non-chilled’ seedlings.

The relative chlorophyll content of seedlings was consistently higher in ‘non-chilled’ compared to ‘chilled’ seedlings after 24, 48, and 72 hours at 0°C, matching qualitative observations (Figure 10D). However, at 2.5°C, values did not differ (Supplementary Table S3). Overall, visual attributes of non-chilled seedlings were more affected by cold storage after three days than chilled samples. Wilting and leaf curling was accentuated in non-chilled seedlings.




3.9 Transgenic CBF1-OE lines had similar photosynthetic performance during cold storage

Of the engineered genotypes studied, Sl-2 and Sh-13 fruit had the highest and lowest incidence of PCI symptoms, respectively (Figure 5), and Sl-12 showed more aberrant vegetative growth compared to Sh-13 (Supplementary Figure S4). Therefore, Sl-2 and Sh-13 were selected to characterize their photosynthetic performance during cold storage at the seedling stage. The aim of this test was to determine if fruit and seedling response to cold stress were correlated, and it was instructive to choose lines with distinct PCI responses.

Seedlings from Sh-13 and Sl-2 lines at the 6th-leaf stage, obtained from non-chilled fruit, were exposed to 0°C for up to 72 hours. Photosynthetic parameters were monitored every 24 hours on the fourth leaf. LEF progressively decreased over time in both lines and reached the lowest level on day three, with Sl-2 being higher than Sh-13 (Supplementary Table S5). The rest of the parameters were similar between genotypes at all time points, but indicators of non-photochemical quenching were higher in Sh-13 (p > 0.05). Phenotypically, Sl-2, which showed the highest severity PCI symptoms in the fruit, had a greater incidence of leaf curling and wilting after cold-storage than Sh-13 (Supplementary Figure S5).

Absolute parallels between the responses of wild-type and transgenic seedlings cannot be established, due to differences in light intensity between experiments.





4 Discussion



4.1 The use of the RD29A promoter did not ameliorate pleiotropic effects due to CBF1 overexpression

Constitutive overexpression of AtCBF1 (Hsieh et al., 2002a, 2002), AtCBF3 (Zhang et al., 2004) or SlCBF1 (Zhang et al., 2004) in tomato increased abiotic stress tolerance, but at the cost of growth and development. The use of stress-inducible promoters yielded variable results. In ABRC1::AtCBF1 and RD29A::AtCBF1 plants, developmental abnormalities were absent, but it is unclear if growth chambers or greenhouse were used in these studies (Lee et al., 2003; Singh et al., 2011). Growth chamber-grown RD29A::AtCBF3 plants had a phenotype consistent with CBF overexpression (Hu et al., 2015), whereas dexamethasone-inducible lines overexpressing AtCBF1 did not manifest abnormalities during vegetative growth (Albornoz et al., 2023). In this study, we used RD29A as a cold-inducible promoter to preferentially overexpress ShCBF1 or SlCBF1 in harvested fruit under chilling, to minimize plant pleiotropic effects associated with constitutive overexpression. The RD29A promoter has been extensively studied in Arabidopsis and widely used in ectopic expression systems, including tomato (Singh et al., 2011), potato (Pino et al., 2007) and tobacco (Qiu et al., 2012). In this study, RD29A was selected as a promoter based on its responsiveness to cold stress, and the minimized leakiness reported by other authors.

Our plants were phenotypically abnormal, similar to transgenic lines constitutively expressing CBF1 (Hu et al., 2015). Therefore, our greenhouse led to variable, ‘stressful’ conditions, that activated RD29A and the transcription of CBF1 in the absence of an imposed, designed stress, i.e., cold. The RD29A promoter contains cis-elements that are responsive to various abiotic stresses involving changes in osmotic potential, low temperature, dehydration, salinity, and ABA application (Yamaguchi-Shinozaki and Shinozaki, 1994). In soybean, the activity of the transgenic RD29A promoter showed a strong induction with low soil moisture; however, under optimally-watered conditions, its activity decreased but it was not completely suppressed (Bihmidine et al., 2013). In petunia (Estrada-Melo et al., 2015), tobacco (Kasuga et al., 2004), Arabidopsis (Chen et al., 2010), and potato (Huynh et al., 2014), leaky induction of this promoter was also documented.

Leaky induction of CBF1 could be associated with changes at the whole plant level, unrelated to the phenomenon under study, i.e., cold stress response in fruit. Nevertheless, the postharvest responses of cold-stored fruit from the transgenic lines and independent transformation events confirmed that the phenotype was consistent across genotypes.




4.2 CBF1 overexpression aggravated PCI symptoms and altered VOCs in transgenic fruit

The CBF regulon in tomato plants constitutively overexpressing AtCBF3 or SlCBF1 (formerly LeCBF1), consisted of two dehydrins (with key roles in cryoprotection), and one putative proteinase inhibitor (Zhang et al., 2004). A higher synthesis of protective molecules may explain increases in cold tolerance due to CBF constitutive overexpression (Jaglo-Ottosen et al., 1998; Hsieh et al., 2002a).

We hypothesized that the induction of additional CBF1 transcripts in tomato fruit during postharvest chilling, would increase cold tolerance and ameliorate PCI symptoms due to increased synthesis of transcripts associated with protective proteins. Furthermore, the regulated overexpression of CBF1 would circumvent pleiotropic effects during plant growth and development.

We were able to induce CBF1 overexpression in fruit postharvest chilling, consistent with previous reports (Albornoz et al., 2023), thus validating the use of this regulated-expression approach. Expression of CBF1 peaked after three days of cold exposure relative to wild-type fruit: 8-fold in ShCBF1-OE, and 28-fold higher in SlCBF1-OE lines.

Remarkably, CBF1 overexpression aggravated PCI symptoms. Fruit were unable to complete the ripening process, and deterioration was accelerated when compared to wild-type fruit under the same conditions. Lines Sl-2, Sl-12 and Sh-36 had the highest incidence of pitting and decay, which correlated with CBF1 overexpression data. These observations corroborate the connection between CBF1 upregulation and worsening of PCI symptoms. Expression and phenotypic differences between transformation events of the same transgenic construct may be due to position effects (van Leeuwen et al., 2001), somaclonal variation due to chromosomal rearrangements during tissue culture (Manchanda et al., 2024), or transgene copy number variations. Insertion of multiple copies of a transgene could lead to silencing and hinder the interpretation of progeny segregation ratios (Collier et al., 2017). Previous reports altering the expression of CBFs in tomato fruit have revealed mixed results. The absence of a severe phenotype during fruit postharvest chilling of AtCBF1-overexpression lines may be due to the limited storage length used (Albornoz et al., 2023). On the other hand, fruit from slcbf1 mutants showed aggravated PCI symptoms after rewarming, compared to the wild-type (Yu et al., 2024).

Fruit decay susceptibility is commonly associated with pathogen accessibility to cell wall components, which is facilitated by ripening (Cantu et al., 2008). However, CBF1 transgenic fruit were ripening-impaired, yet had a higher incidence of decay. It is tempting to hypothesize that CBF1 regulates cell wall degradation via a ripening-independent pathway.

Higher decay and deterioration of transgenic fruit mirrored our volatile data. CBF1-overexpression fruit had a higher relative abundance of 3-methylbutanoic acid, which is associated with an unpleasant ‘cheesy’, ‘sweaty’ aroma in tomato pomace samples fermented by yeast, compared to unfermented samples (Bartoshuk and Klee, 2013; Güneser et al., 2015). Other compounds were less abundant in the transgenics than in WT fruit. α-terpineol is a defense VOC over-emitted in tomato plants that resisted a bacterial disease (López-Gresa et al., 2017), and it is perceived as a pine-like, woody aroma, valued in the flavors and fragrances industry (Sales et al., 2020). This correlates with the lower decay incidence observed in WT fruit. Synthesis of β-damascenone and 3,7-dimethyl-1,6-octadien-3-ol (linalool) was greater in ripe fruit (Mir et al., 2004; Rambla et al., 2014) and it is associated with the lower color development in our chilled transgenic samples compared to the WT.

The CBF family of transcription factors integrate environmental and hormonal signals, to promote plant survival under stresses (Kurepin et al., 2013). There is evidence of an interaction between ethylene biosynthesis and SlCBF1 expression in response to postharvest chilling stress, and, during ripening (Albornoz et al., 2019). Exogenous application of ethylene in addition to cold storage, led to SlCBF1 upregulation (Zhao et al., 2009b). Further, the suppression of ethylene biosynthesis was linked to lower SlCBF1 transcript accumulation and an increase in chilling sensitivity in tomato fruit (Yu et al., 2019). Our results are consistent with an increase in fruit susceptibility to chilling due to CBF1 upregulation, but they did not correlate with ethylene biosynthetic rates.

CBFs repress the cellular content of the hormone gibberellin (GA), and this may lead to pleiotropic effects seen in CBF1 transgenic lines. Lower GA levels have been shown to underscore the dwarfism observed in transgenic lines overexpressing CBF cloned from Arabidopsis (Achard et al., 2008; Zhou et al., 2017). This phenotype has also been observed in potato (Pino et al., 2008), rice (Lee et al., 2004; Moon et al., 2019), apple (Wisniewski et al., 2011), and in our transgenic plants. When we treated CBF1-OE seedlings with 5 µL L-1 GA they grew taller than water-treated samples but not to WT levels (results not shown). GAs may also influence fruit ripening, although the mechanism is not yet clear (Park and Malka, 2022). Mature green Micro-Tom fruit treated with exogenous GA ripened slower than the non-treated fruit (Li et al., 2019). In our lines, fruit GA levels were not assessed, however, fruit sensitivity and responsivity to altered GA may differ, causing differential responses in fruit ripening.

Based on our results, we propose that CBFs are involved in critical processes in plant growth and development. The higher rate of fruit deterioration and susceptibility to postharvest decay suggest CBFs are important regulators in fruit ripening and senescence under stress conditions. Further research should address its interplay with plant hormones and other key players in the cold stress response pathway.




4.3 Transcriptomic changes in CBF1-OE lines were consistent with phenotypic data

Lines Sh-13 (ShCBF1-OE) and Sl-2 (SlCBF1-OE) were selected for RNASeq analysis after short- (6 h) or long-(1 w) term cold storage as they developed similar PCI symptoms.

Upregulation of genes involved in abiotic and biotic stress response and hormone biosynthesis was detected after cold storage. ARGINASE2 (ARG2) is involved in arginine metabolism and has been linked to methyl jasmonate-induced defense responses to Botrytis cinerea (Min et al., 2020), and PCI tolerance in heat-shock exposed tomato fruit (Zhang et al., 2013). Modulation of aquaporin expression has been seen in tomato plants exposed to abiotic stresses, including salt, drought, and elevated carbon dioxide (Fang et al., 2019; Jia et al., 2020). The LURP1 gene is involved in biotic stress responses in Arabidopsis (Knoth and Eulgem, 2008; Bektas et al., 2016). Interestingly, TLOG1 codes for a cytokinin-activating enzyme associated with tuber formation in tomato plants overexpressing this gene (Eviatar-Ribak et al., 2013) and suggests that hormone homeostasis was compromised in our transgenic lines.

Other genes related to biotic and abiotic stress response, and developmental processes, were downregulated in CBF1-OE fruit in response to cold. For instance, AHL genes are positive regulators of cold tolerance in trifoliate orange (Dahro et al., 2022). Acyl-CoA-binding domain-containing proteins (ACBPs) and EXLB1 are involved in stress responses and ripening in tomato (Chatterjee et al., 2007), Arabidopsis (Xue et al., 2014), and apple (Chen et al., 2022). Vestitone reductase-like proteins participate in the biosynthesis of the defense compounds phytoalexins (Jeandet et al., 2013). Repression of these genes is consistent with the higher chilling sensitivity and impaired stress response presented by our transgenic fruit.

Downregulation of the transcription factor and master ripening regulator, RIN, (Li et al., 2020) can partly explain the inability of CBF1-OE fruit to resume ripening to WT levels after cold storage, and its early repression (6 h) suggests it may be a candidate for predicting PCI onset. Consistent with this, DDTFR18, with putative roles in ripening and ethylene response (Giovannoni et al., 1999) was also repressed. In WT Micro-Tom fruit, DDTFR18 was cold-induced (Weiss and Egea-Cortines, 2009), but ectopic CBF1 overexpression may have altered this response.




4.4 Accelerated fruit deterioration due to CBF1 overexpression may be advantageous for seed dispersal

Ripening is an early stage in the continuous process leading to senescence (Oeller et al., 1991; Klee and Giovannoni, 2011), and it may include changes in fruit color, firmness, and flavor. PCI compromises the normal transition between chloroplast and chromoplast during ripening (Gomez et al., 2009), even after transfer to warmer conditions (Albornoz et al., 2019). However, in the current study, CBF1 overexpression not only accentuated the inability of fruit to resume ripening after rewarming that was already observed in WT fruit, but it also increased susceptibility to decay, thus triggering accelerated deterioration and tissue disassembly.

Fruits evolved as vehicles for seed dispersal (Tanksley, 2004; Knapp and Litt, 2013). During ripening, a complex and dynamic set of changes that modify fruit appearance (Khudairi, 1972), firmness (Shackel et al., 1991), aroma (Zou et al., 2018) and flavor (Klee and Giovannoni, 2011) take place (Giovannoni, 2004). This reconfiguration makes the fruit more attractive for seed-dispersing animals, including humans, and is known as the dispersal syndrome (Herrera, 2002). As ripening progresses, fruit becomes more susceptible to pathogen infestation (Gapper et al., 2013; Alkan and Fortes, 2015). Since color development is terminated early in CBF1-overexpression lines, we propose that the aggravation of surface pitting, decay, and other symptoms of global fruit disassembly, might constitute a strategy to facilitate seed dispersal in absence of other traits normally elicited by ripening. Understanding the basis of fruit deterioration caused by PCI might help to develop solutions for maintaining fruit quality during refrigeration (Figure 11).




Figure 11 | Schematic representation of ripening and decay processes in postharvest fruit at different stages. Shown are wild-type (‘WT’) and CBF1-overexpression (‘CBF1-OE’) lines. RT, room temperature; RW, rewarming of fruit at 20°C. The initiation and period over which decay occurs vary due to genotype, maturity stage at harvest, and environment.






4.5 Chilling in wild-type fruit improved progeny fitness under control and cold stress conditions

To explore a potentially advantageous role of PCI in the next plant generation, we collected seeds from WT fruit that were allowed to ripen at room temperature (‘non-chilled’), and from cold-stored fruit followed by RW (‘chilled’). Seed color and weight, seedling germination percentages and fresh weight were recorded at room temperature.

Cold storage caused seed browning and discoloration, triggered by cell decompartmentalization (Boonsiri et al., 2007; Massolo et al., 2011; Albornoz et al., 2019). The higher weight (p > 0.05) in chilled seeds could be associated with greater sugar translocation into the seeds during rewarming due to enhanced fruit respiration (Kitano et al., 1998). We observed similar enhanced respiration in fruit rewarmed after 2.5°C-storage compared to fruit at 12.5°C (Albornoz et al., 2019). Thus, chilled seeds could also have experienced higher sugar translocation from the fruit after rewarming.

Stratification is the process of disrupting seed dormancy by exposure to moist chilling conditions (Bentsink and Koornneef, 2008). Treatments like thermal hardening (Nawaz et al., 2009; Yari et al., 2012), can support our observations of enhanced germination percentage and seedling weight in samples from chilled fruit. These treatments alter hormonal signaling and also interact with mechanisms crucial to the perception of environmental cues (Bentsink and Koornneef, 2008).

In the presence of light, chilling stress in cold-sensitive species causes the desynchronization of antenna complexes and PSII (Garstka et al., 2007), causing photoinhibition and damage (Garstka et al., 2007; Knight and Knight, 2012; Onaga and Wydra, 2016). To better understand how cold acclimation of the seeds in fructa affects the cold tolerance of the resultant seedlings, we exposed WT ‘chilled’ and ‘non-chilled’ seedlings to 0°C for three days and compared their photosynthetic responses. We observed that seed chilling tolerance was enhanced when contained in a maternal organ (fruit), thus suggesting that an adaptive mechanism to cope with cold stress was transmitted across generations from the maternal tissue to the embryo. Evidence of chilling acclimation exists, but with the primary stress occurring on seedlings, not fruit-contained seeds (Zhou et al., 2012; Barrero-Gil et al., 2016). Photosynthetic results suggest 1) a reduction of the flow of energy and electrons directed towards PSII, as well as the proportion of photosynthetic inhibition due to excess energy, and relative chlorophyll content, and 2) an increase in mechanisms associated with non-photochemical quenching to minimize overexcitation. Chilling-acclimated seedlings may have reduced the amount of light used in photosynthesis to minimize damage, and reducing total chlorophyll is an adaptive mechanism to lower absorbed light (Barrero-Gil et al., 2016).




4.6 Transgenic fruit and seedling responses to chilling stress highlight the heterogeneity of CBF1 roles in different developmental stages

To gain insight into the response of CBF1-OE lines to cold stress during early development, seedlings from lines Sh-13 and Sl-2 were exposed to 0°C for three days. A trend towards higher light absorption (p < 0.05) and lower non-photochemical quenching (p > 0.05) was observed in Sl-2 compared to Sh-13. This revealed that Sl-2 experienced more photoinhibition and excitation pressure than Sh-13, suggesting that high levels of SlCBF1 transcript might have weakened the mechanisms against chilling injury in some vegetative tissues.

Compared to Sh-13, line Sl-2 exhibited higher ectopic CBF1 expression and PCI incidence in fruit, along with severe dwarfism and reduced photosynthetic performance in seedlings. Elevated CBF1 expression can be beneficial in vegetative tissues, but in excess, it may suppress the plant’s capacity to cope with cold stress. Further, CBF role in the cold response might be tissue-specific and controlled by different mechanisms. While it minimizes photoinhibition and oxidative damage in vegetative tissues, it enhances fruit senescence to facilitate seed dispersal.





5 Conclusions

Postharvest chilling injury (PCI) is a complex physiological disorder that leads to quantitative and qualitative losses. Knowledge of the CBF1 pathway in the cold-sensitive tomato and molecular mechanisms involved in the development of cold tolerance is needed to develop effective solutions; however, it is still limited compared with that in the cold-tolerant Arabidopsis.

In the current study, transgenic tomato lines overexpressing the CBF1 gene from Solanum habrochaites (ShCBF1) and cultivated tomato (SlCBF1) driven by the RD29A promoter, were generated. Ectopic CBF1 expression data by RT-qPCR confirmed its induction in fruit during cold storage and upregulation for up to one week. Transgenic fruit showed aggravation of PCI symptoms, failure to ripen normally, reduced soluble solids content, abnormal volatile profile and accelerated decay when compared with wild-type fruit, and this correlated with transgenic CBF1 expression. Transcriptomic data suggested that CBF1 overexpression in the transgenic lines led to alterations in the ripening process and biotic and abiotic stress responses compared to WT cold stored fruit. Wild-type seedlings originating from chilled fruit displayed signs of acclimation relative to non-chilled samples. Transgenic seedlings photosynthetic performance differed between genotypes, and additional studies are needed to determine their response to cold stress in relation to wild-type seedlings.
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The WRKY transcription factors are integral to plant biology, serving essential functions in growth, development, stress responses, and the control of secondary metabolism. Through the use of bioinformatics techniques, this research has effectively characterized 207 members of the WRKY family (LaWRKY) present in the entire genome of Lavandula angustifolia. Phylogenetic analysis classified LaWRKYs into three distinct categories based on conserved domains. Collinearity analysis revealed tandem repeats, segmental duplications, and whole genome duplications in LaWRKYs, especially for segmental duplication playing a significant role in gene family expansion. LaWRKYs displayed distinct tissue-specific expression profiles across six different tissues of L. angustifolia. Particularly noteworthy were 12 genes exhibiting high expression in flower buds and calyx, the primary sites of volatile terpenoid production, indicating their potential role in terpenoid biosynthesis in L. angustifolia. RT-qPCR analysis revealed a notable increase in the expression levels of most examined LaWRKY genes in flower buds in response to both intense light and low-temperature conditions, whereas the majority of these genes in leaves were primarily induced by drought stress. However, all genes exhibited downregulation following GA treatment in both flower buds and leaves. Overexpression of LaWRKY57 (La13G01665) and LaWRKY75 (La16G00030) in tobacco led to a reduction in the density of glandular trichomes on leaf surfaces, resulting in changes to the volatile terpenoid composition in the leaves. Specifically, the content of Neophytadiene was significantly elevated compared to wild-type tobacco, while compounds such as eucalyptol, cis-3-Hexenyl iso-butyrate, and D-Limonene were produced, which were absent in the wild type. These findings provide a valuable reference for future investigations into the biological functions of the WRKY gene family in L. angustifolia.
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1 Introduction

Transcription factors, a group of proteins governing gene expression, play a crucial role in the evolution and adaptation of complex functions, including metabolism, cell morphogenesis, signal transduction, and responses to environmental stress (Song and Gao, 2014). Among these, the WRKY family stands out as one of the most extensively researched and representative groups of transcription factors in higher plants (Yu et al., 2024). The DNA-binding structural domain of WRKY is characterized by the highly conserved WRKYGQK motif and one or two conserved structural domains of approximately 60 amino acid residues (Song and Gao, 2014). Specifically, the N-terminus of WRKY is associated with DNA binding, containing the conserved WRKYGQK sequence, while the C-terminus is involved in protein interactions and auxiliary DNA binding, typically comprising CX4-7CX22-23HXH/C (Wei et al., 2016). WRKY transcription factors bind to their homologous (C/T)TGAC(C/T) W-box cis-elements to regulate target gene expression, performing crucial regulatory functions (Yu et al., 2024). These transcription factors are categorized into three major groups based on the number and variations of their structural domains. Group I possesses two conserved WRKY domains and a C2H2 (CX4-5CX22-23HXH) type zinc finger structure; Group II contains one WRKY domain and a C2H2 type zinc finger structure, further divided into five subcategories (IIa, IIb, IIc, IId, and IIe) based on amino acid sequence differences; and Group III comprises one WRKY domain and a C2HC (CX7CX23HXC) type zinc finger structure, exclusively identified in higher plants (Chen et al., 2020).

In recent years, WRKY gene families have been documented in various plant species, such as Arabidopsis thaliana (70) (Wang et al., 2011), Populus trichocarpa (71) (Song and Gao, 2014), Camellia sinensis (56) (Wang et al., 2019), Eucommia ulmoides (45) (Liu et al., 2021), and Cannabis sativa (48) (Yu et al., 2024). As more WRKY genes are identified, their functions have become clearer, encompassing leaf senescence (Han et al., 2014), glandular trichomes development (Pesch et al., 2014), biosynthetic secondary metabolites (Chen et al., 2017; Yu et al., 2024), seed dormancy (Zhou et al., 2020) and germination (Wang et al., 2021), etc. Furthermore, there is a growing evidence suggesting that specific WRKY proteins play a constructive role in the regulation of secondary metabolite synthesis and accumulation in plants. A notable illustration is WRKY1, which regulates terpenoid synthesis by modulating the expression levels of ORCA2/3, CrMYC2, ZCTs in Catharanthus roseus, and CAD1-A in Gossypium arboreum, thereby influencing the synthesis of monoterpenes or sesquiterpenes (Xu et al., 2004; Suttipanta et al., 2011). In Artemisia annua, the induction of WRKY1 by MeJA, combined with the W-box cis-acting element of the ADS promoter, results in the activation of CYP71AV1 transcription, thereby promoting the synthesis of artemisinin (Jiang et al., 2016). Additionally, the overexpression of TcWRKY8 and TcWRKY47 significantly enhances the expression level of genes associated with paclitaxel biosynthesis in Taxus chinensis (Zhang et al., 2018). Furthermore, Zea mays ZmWRKY79 positively regulates the expression of terpenoid-synthesis genes, contributing to the maize response to pathogen stress (Fu et al., 2017). In summary, WRKY transcription factors not only play a positive role in regulating the biosynthesis and accumulation of secondary metabolites in plants but also interact with various signaling pathways, participating in plant growth, development, and stress responses.

Lavandula angustifolia, a member of the Lamiaceae family, comprises a diverse group of 39 species, and its essential oils are extensively utilized (Guo et al., 2020). The EOs derived from L. angustifolia possess substantial economic importance and are widely applied in industries such as perfume, cosmetics, antibacterial products, antioxidants, anti-anxiety formulations, and other medical applications (Sarker et al., 2013). These oils are primarily composed of monoterpenes, including linalool, camphor, and 1,8-cineole, with a minor presence of sesquiterpenes (Lane et al., 2010). Glandular trichomes, epidermal secretory structures of the plant, serve as the storage site for these compounds (Li et al., 2021). However, the lack of information on relevant genes, particularly plant-specific transcription factors such as WRKY transcription factors, has led to a gap in understanding their roles in the growth, development, or response to biological stress in L. angustifolia. This study successfully identified a total of 207 LaWRKY genes from the L. angustifolia genome. These genes were classified into three distinct groups, and their phylogenetic relationships, chromosome localization, intra-species repeatability analysis, and expression profiles under different stresses were comprehensively examined and analyzed. Furthermore, the preliminary functions of two prominent genes, La13G01665 and La16G00030, have been identified. The findings of this study carry significant value for future research on the WRKY gene in L. angustifolia.




2 Materials and methods



2.1 Identification of LaWRKY family members

WRKY protein sequences from Arabidopsis (Arabidopsis thaliana), rice (Oryza sativa), poplar (Populus euphratica), and tomato (Solanum lycopersicum) were obtained from the Phytozome V12.1 website (http://www.phytozome.net/). The HMM pattern (PF03106) of the WRKY domain was acquired from the Pfam database. Utilizing L. angustifolia genome data (Li et al., 2021) and local BLAST alignment, the LaWRKY protein sequences were identified. To confirm the presence of the WRKY domain in the obtained sequences, the domain structure of LaWRKY proteins was validated using the NCBI domain database search program (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) in conjunction with the HMMER HMM Search program. Genes lacking the WRKY domain were excluded. The ExPASY PROT-PARAM tool (http://web.expasy.org/protparam/) was employed to calculate the physical and chemical properties of each gene, including molecular weight (MW) and isoelectric point (pI). Subcellular localization was predicted using the WoLF PSORT website (https://wolfpsort.hgc.jp/).




2.2 LaWRKY sequence alignment and phylogenetic tree construction

The LaWRKY protein sequences were aligned using DNAMAN 7.0 software, and the conservative structural domains were analyzed using the online software MEME (multiple Em for Motif Elicitation) (http://meme.nbcr.net/meme/intro.html) with the following parameters: Maximum width: 50, Minimum sites: 2, p < 0.05. The resulting analysis was visualized using TBtools (v1.098765). Additionally, LaWRKY amino acid sequences underwent multiple sequence alignments using MEGA10.0 software. A phylogenetic tree, consisting of 1000 bootstrap repeats, was generated using the neighbor-joining (NJ) method, with Arabidopsis as a model plant (Baillo et al., 2020) and LaWRKY as references. The phylogenetic tree was further enhanced using the online software iTOL (http://itol.embl.de/).




2.3 LaWRKY chromosome localization and intra-species collinearity analysis

The precise genomic positions of LaWRKY genes in the L. angustifolia genome were determined using chromosome positioning in TBtools (v1.098765). Homology analysis was conducted on the protein sequences of LaWRKY, and genes with a fragment identity greater than 79.99% were selected for collinearity analysis to investigate gene duplication events.




2.4 LaWRKY expression profile and promoter cis-acting elements prediction

The L. angustifolia cultivar utilized in this study was ‘Jieyou 6’, which was obtained from the campus of Xinjiang Normal University. RNA-seq was employed to examine gene expression profiles in different tissues of ‘Jieyou 6’, including bud (TB), petal (TP), fresh calyx (TC1), mature calyx (TC2), stem (TS), and leaf (TL) (Figure 1). RNA-seq data were deposited in GenBank with index number PRJNA892961. The sequence of the 2000 bp region upstream of the start codon of LaWRKY genes was extracted from L. angustifolia genome sequencing data (Li et al., 2021). The PlantCare website (http://bioinformatics.psb.ugent.be/wetools/plantcare/html/) was used to predict cis-acting elements in gene promoter regions. Finally, the TBtools software was utilized to generate a cis-regulatory element diagram of the promoter.




Figure 1 | Schematic diagram of different tissues of L. angustifolia. TB, bud; TP, petal; TC1, fresh calyx; TC2, mature calyx; TS, stem; TL, leaf.






2.5 RT-qPCR analysis of gene expression under different hormone and stress conditions

The L. angustifolia cultivar ‘Jieyou 6’ at Xinjiang Normal University was cultivated under standardized conditions, with a plant spacing of 60 cm and a row spacing of 80 cm. Since 2021, these plants have consistently exhibited regular blooming each summer. Uniformly growing branches were selected and treated with 100 μM gibberellin (GA), 100 μM abscisic acid (ABA), 100 μM methyl jasmonate (MeJA), and 100 μM ethylene (Eth). Samples were collected 24 hours post-treatment (Sun et al., 2018). As a control for hormone treatments, buds and leaves were sprayed with sterile water and subsequently harvested. Two distinct light conditions, specifically 40,000 lux and complete darkness within an incubator, were implemented. Low-temperature treatment was conducted at 4°C, while drought stress was induced by irrigating seedlings without sterile water. Bud and leaf samples were harvested 12 hours after treatment initiation, rapidly frozen in liquid nitrogen, and subsequently stored at -80°C.

RNA was extracted from flower buds and leaves of L. angustifolia using the RNAprep Pure Plant Kit (Tiangen Biochemical Technology Company, Beijing). Subsequently, the extracted RNA was reverse transcribed into cDNA using the PrimeScript™ RT reagent Kit with gDNA Eraser from Takara Biomedical Technology (Beijing). LaActin served as the internal reference, and the RT-qPCR assay for 10 LaWRKY genes was performed using TB Green Premix Ex Taq II (Takara Biomedical Technology, Beijing). Three biological replicates were established for each sample, with cDNA serving as the template. The primer sequences utilized in the assay are provided in Supplementary Table 1. The reaction system comprised a 20 µL volume, including 1 µL of diluted cDNA template, 0.4 µL of each upstream and downstream primer, 10 µL of Power SYBR ® Green PCR Master Mix (2×), and 8.2 µL of ddH2O. The PCR reaction program involved an initial pre-denaturation step at 95°C for 30 seconds, followed by 40 cycles of denaturation at 95°C for 5 seconds and annealing at 60°C for 20 seconds. The fluorescence value change curve and melting curve were analyzed, and the expression level was calculated by 2-ΔΔCT method (Livak and Schmittgen, 2001).




2.6 Cloning and functional analysis of LaWRKY57 (La13G01665) and LaWRKY75 (La16G00030) genes

After conducting a comparative analysis on the NCBI website, it was determined that the genes La13G01665 and La16G00030 exhibit homologies of 52.5% and 69.95% with Salvia miltiorrhiza WRKY57 and WRKY75, respectively, within the Lamiaceae family. Consequently, these genes have been designated as LaWRKY57 and LaWRKY75.

Using a combination of cDNA samples extracted from various lavender tissues as a template, gene fragments of LaWRKY57 and LaWRKY75 were amplified utilizing primers EYFP1665 and EYFP0030 (Supplementary Table 2), respectively, in a reaction system totaling 25 μL. This system included 12.5 μL of 2x Taq PCR Mix, 1.0 μL each of upstream and downstream primers, 1.0 μL of cDNA template, and 10.5 μL of ddH2O. The PCR program consisted of an initial denaturation step at 95°C for 5 minutes, followed by 35 cycles of denaturation at 95°C for 15 seconds, annealing at 58°C for 15 seconds, extension at 72°C for 90 seconds, and a final extension step at 72°C for 5 minutes. The amplified products were ligated into the pSAT6-nEYFP-N1 vector using a seamless cloning kit from Shanghai Shenggong, Shanghai, China, following the manufacturer’s instructions. Subsequently, the plasmid was subjected to detection with EYFPdetc primers and sequencing (Supplementary Table 2) before being extracted and prepared for subcellular localization observation in lettuce (Zhang et al., 2021).

Utilizing identical cDNA templates, gene fragments of LaWRKY57 and LaWRKY75 were amplified with primers LC1665 and LC0030, respectively (Supplementary Table 2). Employing consistent system parameters, reaction programs, and vector construction techniques, the two genes were integrated into the PEZR(K)-LC vector and subsequently introduced into E. coli DH5α. Following confirmation through LCdete primers and sequencing validation (Supplementary Table 2), the recombinant plasmid was transferred into Agrobacterium EHA105 to generate a recombinant strain. Tobacco underwent heterologous transformation through the Agrobacterium-mediated leaf disc method and was subsequently screened with Kanamycin. The transgenic positive plants were distinguished through RT-qPCR analysis (Chen et al., 2023). Glandular trichomes on the leaves of the transgenic strains were examined using scanning electron microscopy, and the volatile products of leaves were analyzed via gas chromatography/mass spectrometry (GC/MS), providing an initial assessment of the gene’s function.





3 Results



3.1 Physicochemical properties and subcellular localization of LaWRKY protein

In this study, a total of 207 LaWRKY proteins were identified, and their physicochemical properties and phylogenetic grouping are presented in Supplementary Table 3. The size of the LaWRKY proteins ranged from 97 amino acids (La05G01130) to 1038 amino acids (La22G01781), displaying a wide and uneven length distribution. The average size of these proteins was 328.11 amino acids, indicating structural and functional variation. The molecular weight ranged from 11.1 kDa (La05G01130) to 114.4 kDa (La22G01781), while the isoelectric point (pI) ranged from 4.70 (La18G01763) to 10.71 (La05G01126). Among these proteins, 106 LaWRKY proteins were classified as acidic (pI < 7.0). Subcellular localization analysis indicated that the predominant localization of LaWRKY proteins was within the nucleus, with specific distribution in subgroups I, IIa, IIe, and all the members of subgroup III. Furthermore, four members of subgroup IIc and La20G01890 from subgroup IIb were localized in chloroplasts, while three members of subgroup IIc and La12G00032 from subgroup IId were identified in the cytoplasm. Additionally, La05G01130 from subgroup IId was localized in the mitochondria, and La04G00827 from subgroup IIb was situated in the vacuole.




3.2 Classification and phylogenetic analysis of LaWRKY genes

The sequence alignment analysis identified two distinct structural motifs within the WRKY protein (Supplementary Figures 1, 2), which formed the foundation for its classification. Firstly, with respect to the WRKYGQK domain, 193 out of 207 LaWRKY proteins exhibited highly conserved WRKYGQK sequences, while the remaining 13 members displayed four mutations (WRKYGKK, WHKCGMN, WRKYGPK, and WRKYGQI). The 35 members possessing two WRKY domains were classified as Group I, whereas LaWRKY members with a single WRKY domain were assigned to Groups II and III. Secondly, the classification of Groups II and III was based on the presence of the zinc finger motif. Specifically, 142 LaWRKYs with the C2H2 type zinc finger motif were assigned to Group II, while the remaining 18 with the C2HC zinc-finger motif were categorized under Group III. Notably, except for 9 LaWRKYs in group II lacking one H or C, the remaining members exhibited a complete structural composition.

A phylogenetic tree was constructed using 207 LaWRKY and 64 AtWRKY (Baillo et al., 2020) (Figure 2). The WRKY proteins were categorized into three groups (group I, II, and III), confirming the findings from the sequence alignment. Group II was further divided into five subgroups (a, b, c, d, and e), aligning with the classification of AtWRKY. Particularly, group IIc exhibited the highest number of LaWRKY members (58), while AtWRKY had only 10 members in this subgroup. The subsequent subgroups in descending order were IId with 38 members, IIb with 20 members, IIe with 19 members, and IIa with 16 members. From an evolutionary standpoint, it is evident that Group IIa and IIb, as well as IId and IIe, demonstrate a high degree of relatedness, indicating a shared ancestral origin for these two WRKY groups. Additionally, Groups III, IId, and IIe formed distinct branches, indicating instances of gene replication and divergence among these members. Notably, a total of five pairs of LaWRKY and AtWRKY were clustered together in groups I, IIc, IId, and III, while the remaining LaWRKY members initially clustered separately before eventually gathering with AtWRKY. This finding suggests significant conservation among family members of the same species. Based on the genetic relationships, it can be inferred that AtWRKY exhibits an earlier onset of divergence compared to LaWRKY, indicating that L. angustifolia underwent evolutionary development subsequent to Arabidopsis.




Figure 2 | Phylogenetic tree of WRKY domains in L. angustifolia and Arabidopsis. Stars symbolize Arabidopsis WRKY members, with varying colors denoting distinct classifications within the WRKY family.






3.3 Gene structure and conserved domain analysis of the LaWRKY family

The structural analysis of LaWRKY genes revealed that closely related members within the same group exhibited similar exon-intron structures and numbers. The number of introns in LaWRKY genes varied from 0 to 10, with 111 (53.6%) LaWRKY genes containing two introns (Figure 3). Additionally, 33 (15.9%) and 32 (15.4%) genes possessed 4 and 3 introns, respectively, while 19 (9.1%) had 1 intron. The remaining 10 (4.8%) genes had 0, 5, 6, 9, and 10 introns. Notably, groups IIe and III predominantly consisted of genes with 2 introns, while groups IIa and IIb primarily contained genes with four introns. Group IId genes, on the other hand, were mostly characterized by the presence of a single intron.




Figure 3 | The intron-exon structure of LaWRKY genes. Exons and introns are visually represented by orange-yellow rectangles and single lines, respectively. The conserved motifs of LaWRKY proteins are denoted by boxes of varying colors, each representing a distinct motif and its respective position within the WRKY sequence. The motif tag for LaWRKY proteins is also indicated.



The MEME online software analysis identified 15 conserved motifs within the LaWRKY family (Figure 3). Each LaWRKY member harbored between 1 and 9 motifs, with motif 1 and 2 being universally present in all LaWRKY members. Furthermore, distinct motifs characterized each group. Specifically, motifs 4, 6, and 11 exclusively occurred in group I, motif 7 solely appeared in group IIb, motif 14 was exclusive to group IId, and motif 13 was only observed in group IIe. These conserved motifs, unique to certain groups, may play a role in specific physiological responses.




3.4 Chromosomal localization and replication event of the LaWRKY family members

Based on the data depicted in Figure 4, the chromosomal mapping of the LaWRKY gene was conducted to examine its gene duplication pattern. Among the 207 total LaWRKY genes, 194 were successfully mapped to 26 chromosomes (Chr1~Chr27), except for Chr25. The uneven distribution of LaWRKY genes across chromosomes was observed, with Chr4 and Chr8 containing a relatively higher number of genes (16 and 15, respectively), while Chr15 only harbored two LaWRKY genes.




Figure 4 | Chromosomal localization and repetitive events in LaWRKY genes of L. angustifolia. Gene pairs with varying degrees of homology are visually represented by colored lines in the diagram. The purple line signifies gene pairs with a homology of 96-100%, the yellow line represents gene pairs with a homology of 90-95%, the green line indicates gene pairs with homology ranging from 85% to 89%, and the blue line denotes gene pairs with 80-84% homology.



Within the LaWRKY dataset, a total of 92 gene pairs exhibited gene duplication events. Among these pairs, 58 demonstrated homology exceeding 90%. Significantly, eight pairs of genes, such as La03G02519 and La03G02570, La16G00635 and La16G00665, La21G01473 and La21G01714, La27G00497 and La27G00652, exhibited homology levels between 99% to 100%. These gene pairs were located on separate chromosomes, suggesting the occurrence of tandem gene duplication. Additionally, seven pairs of genes, including La16G00665 and La03G00979, La19G00460, and La04G03276, shared homology of 96% to 98.99%. However, these gene pairs were distributed on different chromosomes, indicating a potential duplication event. The 25 remaining pairs of genes exhibited homology levels ranging from 85% to 89.99%, while 9 pairs fell within the range of 80 to 84.99%. Except for La12G00374 and La21G00273, the other gene pairs within this set originated from the same group, suggesting the potential generation of tandem repeats during evolution.




3.5 LaWRKY expression profile in different tissues of L. angustifolia

Transcriptome sequencing results indicated that all LaWRKY genes were expressed in at least one of the six tissues, with expression level (FPKM) greater than zero (Figure 5). Notably, 22 LaWRKY genes exhibited high expression across all six tissues (La01G01157, La01G02444, La04G01074, La04G01610, La04G02455, La04G02889, La06G01510, La07G00071, La07G01502, La08G00693, La08G02011, La11G01677, La13G01925, La14G00018, La17G00076, La18G01345, La19G00070, La20G00686, La21G00273, La22G00507, La22G01781, La24G01145, and La24G01936) (FPKM>2), suggesting their potential significance in the growth and development of L. angustifolia. La04G01074, La06G01510, La14G00018, and La23G02757 exhibited high expression levels across all tissues, except for petals. Additionally, La02G00956, La03G00718, La19G00483, La27G00217, La23G01832, La16G00156, La10G01322, La16G00030, La17G01629, La10G00558, La06G01258, and La04G03276 displayed elevated expression in flower buds and calyx, particularly in the young calyx where the expression level was notably prominent. Furthermore, a total of 24 genes, including La04G02336, La09G00996, La02G00458, La19G01436, La10G01679, and La23G01153, exhibited significant expression in the stems and leaves of L. angustifolia. Conversely, eight genes, including La02G00801, La15G00659, and La00G04432, demonstrated higher expression exclusively in the petals, further highlighting the specificity of these genes in the developmental process of specific tissues.




Figure 5 | Heatmap of the expression profiles of LaWRKY genes in six different tissues, color bars indicate the expression value log2 (FPKM), and different colors indicate different expression levels. The different organizations in the Figure are TB, bud; TC1, fresh calyx; TC2, mature calyx; TL, leaf; TP, petal; TS, stem.






3.6 Prediction and analysis of LaWRKY gene promoter cis-acting elements

The analysis conducted in this study focused on 15 promoter elements derived from the LaWRKY gene family (Supplementary Figure 3A), including MBS (MYB binding site), LTR (low-temperature response element), TC-rich (defense and stress elements), ABRE (abscisic acid response), W-box (WRKY binding site), which were involved in the MeJA reaction (CGTCA-motif, TGACG-motif), P-box (gibberellin reaction), ARE (anaerobic induction), TCA-element (salicylic acid reaction), TGA (auxin response), and four photoreaction elements (TCT-motif, ATCT-motif, ACE, LAMP-element). It was observed that each member of the LaWRKY gene family was regulated by multiple factors. According to the findings presented in Supplementary Figure 3B, the MeJA reaction and abscisic acid were found to be the most significant components, followed by the light reaction, anaerobic induction, low-temperature response, and W-box. These results suggest that LaWRKY plays a crucial role in the response of L. angustifolia to abiotic stress, with a complex network of mutual regulation of expression and functional execution among each LaWRKY gene.




3.7 Expression analysis of LaWRKY gene after multiple hormone treatments and abiotic stresses

In order to investigate the potential role of LaWRKY in response to abiotic stresses and hormonal treatments, the expression levels of 10 LaWRKY genes in flower buds and leaves of L. angustifolia were examined following different treatments (Figure 6). Upon application of hormones to the flower buds, it was noted that, with the exception of La16G00030, which exhibited an upregulation in response to ABA treatment, the other genes displayed downregulation. Moreover, the expression levels of La16G00030, La21G00274, and La16G00156 showed a slight increase after treatment with MeJA, while significant upregulation was observed in these three genes as well as La22G00032 and La04G03276 after treatment with ethylene. Additionally, it was observed that all 10 genes displayed upregulation following exposure to 4°C cold treatment, but downregulation after treatment with GA. In addition, the expression levels of La16G00030, La21G00274, La16G00156, La04G03276, La10G00558, and La04G01107 were found to be induced by drought treatment. A comparative examination of the expression profiles of these 10 genes in flower buds under light and dark culture conditions revealed significant differences among all genes. Notably, the genes exhibited a marked increase in expression levels following exposure to intense light treatment, except for La22G00032 and La04G01107, which displayed a slight decrease. Conversely, all genes displayed decreased expression levels after being treated in darkness.




Figure 6 | Expression patterns of 10 LaWRKY genes in L. angustifolia flower buds (A) and leaves (B) under different treatments. The vertical axis depicts the relative expression level, with the horizontal axis representing various treatments including CK (no processing), ABA (abscisic acid treatment), 4°C (cold treatment), GA (gibberellin treatment), MeJA (methyl jasmonate treatment), Eth (ethylene treatment), Drought (drought treatment), LB (intense light culture), and DB (dark culture). Statistical significance is denoted by asterisks (*), indicating a p-value of less than 0.001.



The expression patterns of these 10 genes in leaves were observed to exhibit significant differences compared to the control, mirroring the patterns observed in flower buds after exposure to hormones and abiotic stresses. After treatments with ABA and GA, the expression of all genes was significantly reduced. La22G00032 showed a significant increase in expression after MeJA and Eth treatments. La02G00956, La04G03276, La16G00030, and La21G00274 showed an upward trend following cold leaf treatment. La04G03276, La04G01107, La16G00156, and La21G00274 showed upregulated expression after drought treatment. Only La16G00030 expression was upregulated during light and dark culture in leaves.




3.8 Functional analysis of LaWRKY57 and LaWRKY75 overexpressed in tobacco

Subcellular localization analysis in lettuce protoplasts revealed nuclear fluorescence signals for both LaWRKY57 and LaWRKY75, suggesting their involvement in nuclear processes (Figure 7). After genetic transformation, three transgenic lines of LaWRKY57 and two lines of LaWRKY75 were identified. RT-qPCR analysis demonstrated that the expression levels of the target genes in these transgenic strains was higher than that in the wild-type (WT) plants (Figure 8). Specifically, the expression levels of LaWRKY57 in LaWRKY57-OE3 and LaWRKY75 in LaWRKY75-OE1 exhibited an approximate 20-fold increase relative to WT tobaccos. Furthermore, scanning electron microscopy showed a significantly reduced density of glandular trichomes on the leaves of these transgenic strains compared to WT tobacco (Figures 9A, B). The predominant types of glandular trichomes observed were short stalked glandular trichomes (Figure 9C) and long stalked glandular trichomes (Figure 9D), both of which were identified as secretory glandular trichomes. We chose the lines LaWRKY57-OE2 and OE3, LaWRKY75-OE1 and OE2 for the analysis of volatile terpenoids using GC-MS technology. The results revealed distinct differences between the transgenic lines and WT plants. Specifically, the transgenic lines over expressed LaWRKY57 and LaWRKY75 lacked 1-Hexanol, 5-methyl-2-(1-methylethyl)- a compound present in WT samples. Conversely, the transgenic lines produced unique compounds, including Eucalyptol and cis-3-Hexenyl iso-butyrate, which were absent in WT samples, as shown in Figure 10. The content of Neophytadiene significantly increased in these transgenic strains. Additionally, D-Limonene was detected in the LaWRKY57 line, whereas 3-Hexen-1-ol, acetate, (Z)- was produced in the LaWRKY75 line, suggesting a notable influence of LaWRKY57 and LaWRKY75 on the formation of glandular trichomes and the terpenoid profile in transgenic plants.




Figure 7 | Subcellular localization analysis of LaWRKY57 and LaWRKY75. The EYFP fluorescence of LaWRKY57 and LaWRKY75 overlapped with the signal of the nuclear marker, confirming their nuclear localization.






Figure 8 | Expression analysis of LaWRKY57 and LaWRKY75 in WT and over-expressed transgenic lines of LaWRKY57 (A), named LaWRKY57-OE1~OE3, and LaWRKY75 (B), named LaWRKY75-OE1~OE2. Statistical significance is indicated by asterisks (*), representing a p-value of less than 0.001. "ns" denotes that there is no significant difference between groups.






Figure 9 | Scanning electron microscope (SEM) analysis of the surface of leaves in transgenic tobacco plants. (A, B) The glandular secretory trichome (GST) density was changed with the altered LaWRKY57 and LaWRKY75 expression in transgenic tobacco plants. (C, D) show short stalked glandular trichomes and long stalked glandular trichomes, respectively.






Figure 10 | GC-MS analysis of the volatile terpenoids content in transgenic tobacco plants.







4 Discussion

The WRKY gene family, a unique class of transcription factors exclusive to plants, has been extensively studied and analyzed in various species (Liu et al., 2021). Herein, a total of 207 members belonging to the L. angustifolia WRKY family were successfully identified, surpassing the numbers observed in other plant species such as Arabidopsis and P. trichocarpa (Wang et al., 2011; Song and Gao, 2014). This discrepancy in gene family size may be attributed to L. angustifolia’s occurrence of two additional whole-genome duplications following the dicot γ triploid event. Furthermore, the comprehensive analysis of their whole genome revealed the presence of 55,696 pairs of homologous genes (Li et al., 2021).



4.1 The particularity of LaWRKY phylogeny and structure

The alignment of amino acid sequences revealed that within group I, La12G00374 and La21G00274 possessed solely the N-terminal WRKY domain, suggesting the possibility of either the loss of the C-terminal WRKY domain during evolution or an erroneous annotation in the genome sequence (Wang et al., 2019). Furthermore, the evolutionary classification demonstrated that the group IIc subgroup exhibits the highest number of members, which is consistent with findings in Camellia sinensis (Wang et al., 2019). In this study, four WRKY domain mutants were identified in groups I, IIc, and III, which potentially exhibited distinct binding specificity and biological functions due to modifications in DNA binding affinity (Cao et al., 2022). Importantly, variations in gene structure hold significant potential for elucidating the evolutionary history of the gene family, as highlighted by a previous study (Wang et al., 2019). In the present study, the number of LaWRKY introns ranged from 0 to 10, showing a wide spectrum of intron diversity. This range surpassed that observed in Manihot esculenta (1-5) (Wei et al., 2016) and Sorghum bicolor (0-7) (Baillo et al., 2020), indicating a high degree of variability in the gene structure of LaWRKY. Notably, La06G00879 lacks introns, a phenomenon previously observed in genes reported in Oryza sativa (Wei et al., 2016) and Arabidopsis (Roy and David, 2007). This absence of introns may be attributed to the duplication of existing intron less genes, such as whole-genome duplication or tandem duplication, and the reverse transcription of genes containing introns (Zou et al., 2011).




4.2 LaWRKY chromosome distribution and genome replication events

The study conducted by Wu et al. (2021) delved into the evolution of gene families, a complex process influenced by mechanisms such as segmental duplication and tandem duplication concurring during whole genome replication. Within the LaWRKY gene family, 92 pairs of LaWRKY genes exhibited significant homology, suggesting that fragmental replication, rather than tandem duplication, primarily fueled the expansion of the LaWRKY gene family. Additionally, the presence of 26 tandem duplications in LaWRKY was noted, wherein two or more genes were located on the same chromosome. However, it was found that tandem repeat events contributed relatively little to the expansion of the LaWRKY gene family, a finding consistent with previous studies on WRKY genes in Cucumis sativus (Ling et al., 2011) and Triticum aestivum (Ning et al., 2017). These findings collectively suggest that tandem duplication, fragmental duplication, and whole genome duplication events have significantly contributed to the expansion and evolutionary trajectory of the LaWRKY gene family. Moreover, expression analysis revealed that a substantial proportion of LaWRKY genes exhibited low expression levels, implying that despite the family’s expansion, not all genes were functionally active. This observation aligns with the general principle that gene expression is intricately linked to gene function (Liu et al., 2021). Furthermore, like other gene families, the LaWRKY gene family exhibits tissue-specific variations in expression levels, as evidenced by studies conducted on Solanum tuberosum (Wu et al., 2021), Cucumis sativus (Chen et al., 2020), and Maninot esculenta (Wei et al., 2016) WRKY. Notably, two LaWRKY genes (L04G02336 and La09G00996) that exhibit high expression levels in leaves are phylogenetically related to AtWRKY15 (AT2G23320) and AtWRKY4 (AT1G13960), which are known to promote leaf growth in plants (Liu et al., 2021). This finding suggests that these LaWRKY genes may play a crucial role in the developmental processes of L. angustifolia leaves.




4.3 LaWRKY expression and response to different abiotic stresses

The expression pattern of LaWRKY gene in L. angustifolia transcriptome data exhibited tissue specificity, with 12 genes expressed in the calyx, and 24 genes in leaves and stems. Due to various types of glandular trichomes covering the leaves and calyx surfaces of L. angustifolia, they are the main tissues for synthesizing terpenoids (Zhang et al., 2023). Analysis of promoter sequences found cis-acting elements related to abiotic stress in the LaWRKY gene promoter, including ABRE, LTR, MeJA, TCA-element, P-box, ARE, and TGA-box, providing compelling evidence of the involvement of the LaWRKY gene in plant abiotic stress. Also, 10 LaWRKYs specifically expressed in the calyx and leaves was found that the expression of most selected LaWRKY genes in flower buds was induced by intense light and low temperature, while the expression in leaves was mainly induced by drought.

Over the years, numerous studies substantiated that intense light could stimulate the expression of transcription factors, consequently facilitating the production of diverse secondary metabolites. For instance, in Arabidopsis, the upregulation of AtERF4 and AtERF8 expression following light induction has been found to substantially augment the anthocyanin content (Koyama and Sato, 2018). In Thymus vulgaris seedlings, light induction was found to trigger the synthesis of monoterpenoids, particularly thymol, the primary constituent of essential oils, which exhibited an increase in production with prolonged irradiation time (Sharafzadeh, 2012). After undergoing light treatment, the apple transcription factor MdWRKY1 exhibited a positive regulatory role in the long chain non-coding RNA (lncRNA) MdLNC499 to further adjust the expression of MdERF109, ultimately leading to a significant increase in anthocyanin accumulation (Ma et al., 2021). The current investigation revealed that, with the exception of La22G00032 and La04G01107, the expression levels of the remaining eight genes were elevated in response to light, while only La16G00030 displayed upregulation in leaves of L. angustifolia. The heightened induction of several LaWRKY genes in the calyx of L. angustifolia, known to regulate terpenoid biosynthesis, was particularly prominent under intense light. These findings suggest a potential correlation between intense light and heightened essential oil production in flowers. Notably, the synthesis of terpenoids in flower buds appears to be particularly influenced by light stimulation. In regions characterized by intense sunlight, the presence of plant glandular trichomes can enhance light reflection, and improve resistance to UV radiation and low temperatures (Sun et al., 2020). This feature is indicative of the primary structure involved in essential oil synthesis, which may explain why the diameter of L. angustifolia calyx is greater than that of leaf glandular trichomes (Zhang et al., 2023). Consequently, it can be inferred that the Mediterranean region and the Yili, Xinjiang, China are the primary production areas for L. angustifolia (Dong et al., 2020), as the local high light intensity provides optimal conditions for essential oil synthesis in L. angustifolia plants.

WRKY are integral components of hormone signaling pathways (Jiang et al., 2017). In the abscisic acid (ABA) signaling pathway of Arabidopsis, AtWRKY40 functions as a central negative regulator, modulating downstream gene expression through interactions with ABI4 and ABI5 (Shang et al., 2010). The integration of ABA, gibberellin (GA), and light signaling pathways further regulates seed germination by modulating the key regulatory hub, ABI5 (Zhao et al., 2022). In the present study, it was observed that ABA and GA significantly suppressed the expression of several LaWRKY genes, whereas Eth induced their expression. These results suggest that LaWRKY may play a role in plant growth and development, as well as in the response to external stressors such as intense light and cold, through ABA, GA, and Eth-dependent signaling pathways.




4.4 LaWRKY57 and LaWRKY75 act as potential negative regulatory factors in the synthesis of terpenoids

Initial research on the roles of LaWRKY57 and LaWRKY75 revealed their nuclear localization, aligning with predictions generated by the WoLF PSORT website (Supplementary Table 3). Additionally, McWRKY57, a homolog from Mentha Canada, was found to be a nuclear-localized transcription factor that enhanced drought tolerance in transgenic Arabidopsis (Bai et al., 2023). Further investigation through overexpression in tobacco demonstrated their impact on glandular hair development and volatile terpenoid composition in transgenic tobacco leaves, potentially exerting a suppressive effect on terpenoid synthesis. Glandular trichomes serve as the primary site for the biosynthesis of monoterpenes, sesquiterpenoids, and other compounds, with alterations in their characteristics potentially impacting the terpenoid composition (Zhang et al., 2023). Following the overexpression of LaWRKY57 and LaWRKY75 in tobacco, a notable absence of 1-Hexanol, 5-methyl-2-(1-methylethyl)- volatile terpene components in leaves was observed. Conversely, Neophytadiene levels were markedly increased in comparison to wild-type tobacco, accompanied by the emergence of novel compounds such as Eucalyptol and cis-3-Hexenyl iso-butyrate. Additionally, LaWRKY57 and LaWRKY75 were found to facilitate the synthesis of D-Limonene and 3-Hexen-1-ol, acetate, respectively. These findings suggest that LaWRKY57 and LaWRKY75 effectively modified the terpenoid profile of transgenic plants. Although previous research has not extensively examined this specific aspect, it has been found that in Arabidopsis, WRKY57 interacts with the JA signaling pathway inhibitor JAZ4/JAZ8 and the Auxin signaling pathway inhibitor IAA29, resulting in the negative regulation of jasmonic acid induced leaf senescence (Jiang et al., 2012, 2014). The observed decrease in glandular trichomes in genetically modified tobacco and the absence of key terpenoid components related to lavender, such as 1-Hexanol, 5-methyl-2-(1-methylethyl)-, suggest that LaWRKY57 may play a negative role in the regulation of terpenoid synthesis in lavender. This finding underscores the significant role of LaWRKY transcription factors in modulating the production and diversity of volatile terpenoids in lavender essential oil. Furthermore, it establishes a foundation for enhancing the quality of lavender essential oil and offers new insights into the synthesis and regulatory mechanisms of terpenoids in aromatic plants.

In summary, the L. angustifolia WRKY transcription factors have undergone various expansions including tandem repeats, segmental duplications, and whole genome duplications. As a result, the number of LaWRKY transcription factor family genes is 207, surpassing the count reported in multiple previously studied species. The expression patterns of these genes in different tissues of L. angustifolia are highly specific, indicating functional disparities among them. Notably, 12 gene members exhibit elevated expression levels in sepals, while 8 gene members demonstrate higher expression levels in petals. Additionally, 24 gene members exhibit high expression levels in both flowers and leaves. Promoter analysis revealed that various hormones and abiotic stresses influence the regulation of these genes. After conducting an analysis of the expression patterns of 10 genes in response to various treatments, it was noted that the stimulation of gene expression in flower buds was primarily influenced by intense light and low temperature, whereas gene expression in leaves was triggered by drought. Specifically, two genes, LaWRKY57 and LaWRKY75, were identified as potential negative regulators in the biosynthesis of terpenoids. These results lay the foundation for further research on the biological function of LaWRKY in L. angustifolia.
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In wine grape, the multi-functional cytochrome P450 enzyme VvCYP76F14 sequentially catalyzes the formation of linalool-derived compounds, including (E)-8-hydroxylinalool, (E)-8-oxolinalool, and (E)-8-carboxylinalool, which are crucial precursors for the wine bouquet. However, molecular basis towards VvCYP76F14 in regulating the wine bouquet precursor production remain unknown. In this study, both wine bouquet precursor contents and catalytic activities of VvCYP76F14s varied among the three different wine bouquet type varieties. Subcellular localization analysis revealed that VvCYP76F14s are predominantly localized in the endoplasmic reticulum. Notably, a maltose-binding protein (MBP) fusion-tag was added to each of the three VvCYP76F14 proteins in the Escherichia coli expression system, significantly induced the concentration of the MBP-VvCYP76F14 fusion proteins. Site-directed mutation of 4 amino acid residues (I120L, L298V, E378G, and T389A) in VvCYP76F14 resulted in a significant decrease in VvCYP76F14 enzymatic activities, respectively. Furthermore, the transient expression of VvCYP76F14 cloned from ‘Yanniang No.2’ significantly increased the levels of (E)-8-hydroxylinalool, 8-oxolinalool, and (E)-8-carboxylinalool compounds in the transformed ‘Yanniang No.2’, ‘Italian Riesling’, and ‘Marselan’ berries, respectively. In conclusion, VvCYP76F14 dominates the production of wine bouquet precursors and could be a fingerprint marker for screening superior hybrid offspring with desired levels of wine bouquet precursors.
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1 Introduction

In wine grape (Vitis vinifera L.), aroma serves as a pivotal sensory indicator of wine quality, captivating enthusiasts and connoisseurs alike (Thomas-Danguin et al., 2011; Robinson et al., 2014; Alegre et al., 2020; Riffle et al., 2022; Zhai et al., 2023). The aroma of wine principally composed of primary aromas and wine bouquet (or secondary aromas). In particular, flavor compounds within the berries contribute to primary aromas, embodied in herbal, sweet, floral, and fruity notes, while wine bouquet is formed during fermentation and ageing through biochemical processes, transforming flavor precursors into a diverse array of aromatic compounds (Lukic et al., 2017; Wang et al., 2017; Alegre et al., 2020; Riffle et al., 2022; Zhai et al., 2023). As wine ages, the primary aromas derived from the wine grape tend to diminish, while the wine bouquet becomes more prominent, destroying the typical characteristics associated with the wine’s aroma. The evolving bouquet is implicated in dominating the unique aromatic profile as the wine matures and develops (Thomas-Danguin et al., 2011; Parker et al., 2017). Notably, Picard et al. (2015) revealed a limited correlation between wine bouquet and the berry aroma directly derived from wine grape berries.

To date, a plethora of compounds contributing to the complex and diverse wine bouquet have been identified (Ghaste et al., 2015; Lin et al., 2019; Alegre et al., 2020). However, only a relatively limited amounts of compounds have been unveiled in shaping the characteristical wine bouquet (Alegre et al., 2020). Particularly, bicyclic monoterpene lactones play pivotal roles in controlling wine bouquet formation. Notably, these bicyclic monoterpene lactones are derived from the crucial precursor (E)-8-carboxylinalool during wine ageing (Giaccio et al., 2011; Ilc et al., 2017). The biosynthesis of (E)-8-carboxylinalool involves multiple steps (hydroxylation, dehydrogenation, and carboxylation), which was catalyzed by a cytochrome P450 enzyme VvCYP76F14 (Ilc et al., 2017; Lin et al., 2019; Peng et al., 2024). Unlike most of the monofunctional P450s that only catalyze a single substrate in plants, the CYP76 family enzymes are multifunctional monooxygenases capable of catalyzing multiple substrates (Paine et al., 2005). In Arabidopsis thaliana, the CYP76 family enzyme AtCYP76C1 can catalyze the conversion of linalool into 8-hydroxylinalool, 8-oxolinalool, and 8-carboxyllinalool as well as lilac aldehydes and lilac alcohols (Boachon et al., 2015; Kunert et al., 2023). However, the molecular basis underlying the regulation of wine bouquet precursor production by VvCYP76F14 in wine grapes are largely unknown.

In accordance with previous studies, grape varieties are typically described as ‘Neutral’ (low bouquet density), ‘Aromatic’ (middle bouquet density), and ‘Full-Bodied’ (high bouquet density), contributing differently to the wine bouquet (Giaccio et al., 2011; Thomas-Danguin et al., 2011; Yang et al., 2019; Alegre et al., 2020; Peng et al., 2024). In this study, we selected three distinct wine bouquet types (‘Italian Riesling’, Neutral; ‘Marselan’, Aromatic; ‘Yanniang No.2’, Full-bodied) to investigate sequence differences and enzymatic activities among VvCYP76F14s derived from these varieties. Subsequently, site-directed mutagenesis and in vitro and in vivo functional characterization were conducted to identify the key amino acid residues of VvCYP76F14s responsible for the three catalytic reaction processes. This study provides molecular insights for investigating the physiological function of VvCYP76F14 in wine grape and revealing the application of VvCYP76F14 as a fingerprint marker for selecting wine grape varieties with desired amounts of wine bouquet precursors.




2 Materials and methods



2.1 Chemicals

According to the description of Peng et al. (2024), (E)-8-hydroxylinalool, (E)-8-oxolinalool, and (E)-8-carboxylinalool were synthesized and purified in Accela ChemBio Co. Ltd. (Shanghai, China). The primary precursor of linalool was purchased from J and K Scientific Co. Ltd. (Shanghai, China). The other chemicals used in this study were purchased from China National Pharmaceutical Group Chemical Reagents Shanghai Co., Ltd (Shanghai, China).




2.2 Wine grape varieties and grape wine samples

V. vinifera cv. Italian Riesling, V. vinifera cv. Marselan, and V. vinifera × V. labrusca cv. Yanniang No.2 berries were collected from the National Grape Germplasm Repository in Yantai, China at 90, 100, and 110 DAFB (day after full bloom), respectively, exhibiting similar maturity stages as outlined in the Grape Grower’s Handbook (Goldammer, 2018). Berry samples were promptly frozen in liquid nitrogen for subsequent analysis. Three biological replicates were carried out, each with 40 individual wine grapes.




2.3 Determination of linalool-derived compounds in berries

The levels of linalool, (E)-8-hydroxylinalool, (E)-8-oxolinalool, and (E)-8-carboxylinalool in the wine grape berries were assessed using High-Performance Liquid Chromatography combined with High-Resolution Mass Spectrometry (HPLC-HRMS) (Waters, Milford, MA, USA) by Shanghai Bioprofile Technology Co. Ltd. (Shanghai, China).




2.4 Cloning and sequence analysis of VvCYP76F14

The coding sequences (CDSs) of VvCYP76F14 were cloned and sequenced from three wine bouquet type varieties (‘Italian Riesling’, ‘Marselan’, and ‘Yanniang No.2’). Total RNA was extracted using the MiniBEST Plant RNA Extraction Kit (TaKaRa, Dalian, China), and the remaining DNA contamination was removed with RNase-free Recombinant DNase I (TaKaRa, Dalian, China). The quantity and quality of the extracted RNA were determined by Invitrogen Qubit Flex Fluorometer (Thermo Fisher Scientific, Waltham, USA). Then, the first-strand cDNA was synthesized using the PrimeScript II First Strand cDNA Synthesis Kit (TaKaRa, Dalian, China).

The CDSs of VvCYP76F14 were cloned using the Prime STAR™ HS DNA polymerase (TaKaRa, Dalian, China). Specific primers of VvCYP76F14 (Forward: 5’-ATGGAGTTGTTGAGTTGTCTG-3’; Reverse: 5’-TCAAACCCGTACAGGTAGAGCTTGCAG-3’) were synthesized in Shenggong Bioengineering Co., Ltd. (Shanghai, China). The PCR fragments were then cloned into pMD 18-T (TaKaRa, Dalian, China) and sequenced by Shenggong Bioengineering Co., Ltd. (Shanghai, China).




2.5 Real-time quantitative PCR

The qPCR was carried out using the LightCycler® 480 system (Roche, Inc., Basel, Switzerland) and SYBR Green qPCR Master Mix (TaKaRa, Dalian, China). The positive recombinant VvCYP76F14-PMD 18-T plasmids were extracted using the Plasmid Miniprep Kit (Tiangen, Beijing, China), followed by the manufacturer’s instructions. The concentration of the extracted plasmids was assessed using the Qubit Flex Fluorometer (Thermo Fisher Scientific, Waltham, USA). Absolute quantification was conducted using the specific primers (Forward: 5’-TGTTATCCAACACCATAT-3’; Reverse: 5’-TCCCAGCTTCCTCCATCACA-3’) and the first-strand cDNA template. To generate a standard curve, each recombinant plasmid was diluted and used as a template for qPCR.




2.6 Subcellular localization of VvCYP76F14

To investigate the subcellular localization of VvCYP76F14, the CDSs of VvCYP76F14 from ‘Italian Riesling’, ‘Marselan’, and ‘Yanniang No.2’ were cloned into the pBWA(V)HS-ccdb-GLosgfp vector (RiORUN, Wuhan, China) using BsaI and Eco31I restriction sites, resulting in the generation of pBWA(V)HS-CYP76F14-GLosgfp constructs. The pBWA(V)HS-sper-LK-mKATE was used as an endoplasmic reticulum marker (Mravec et al., 2009). The Agrobacterium GV3101 strain, containing either pBWA(V)HS-CYP76F14-GLosgfp or the marker vector, was independently infiltrated into Nicotiana benthamiana leaves. Two days after infiltration, selected leaves were excised for confocal observations using an LSM880 microscope (Carl Zeiss, Oberkochen, Germany). The GFP fluorescence was observed using excitation/emission wavelengths of 488/510 nm, the Chlorophyll autofluorescence was observed using excitation/emission wavelengths of 640/660 nm, while the mKATE fluorescence was observed using excitation/emission wavelengths of 561/580 nm.




2.7 Site-directed mutagenesis

To unveil the catalytic activities of key amino acid residues in VvCYP76F14 from ‘Yanniang No.2’, alanine-scanning method was employed to generate alanine-substituted VvCYP76F14-SMs (Song et al., 2021; Peng et al., 2024). Sequence codons were optimized and synthesized at GenScript Co. Ltd. (Nanjing, China). Each of the candidate amino acid residues (N46S, T107I, N111K, I120L, R175Q, L222V, M264I, S286N, L298V, K325T, E378G, T380A, E383D, and T386A) was substituted with a corresponding amino acid with opposite polarity.




2.8 Heterologous expression of VvCYP76F14 in Escherichia coli

To enhance production and facilitate the folding of recombinant VvCYP76F14 proteins, the pMAL-c6T vector (New England Biolabs, Beijing, China) containing a maltose-binding protein (MBP) tag was used for heterologous expression (Lebendiker and Danieli, 2011). The complete CDSs of the VvCYP76F14s and VvCYP76F14-SMs, with AlwN I and Sbf I sites added at the 5’ and 3’ ends, respectively, were synthesized by GenScript Co. Ltd. (Nanjing, China). The correctness of the pMAL-c6T-VvCYP76F14s constructs was validated through sequencing (Biomarker Co. Ltd. Beijing, China), using the same primer pairs (Forward: 5’-ATGGAGTTGTTGAGTTGTCTG-3’; Reverse: 5’-TCAAACCCGTACAGGTAGAGCTTGCAG-3’). These validated constructs were then expressed in the Escherichia coli BL21(DE3) strain (TaKaRa, Dalian, China). The NEBExpress® MBP Fusion and Purification System (New England Biolabs, Hitchin, UK) was employed to facilitate the purification of MBP-VvCYP76F14s, using the affinity between MBP and amylose resin. Subsequently, the MBP-VvCYP76F14s were cleaved from the MBP-tag using TEV Protease (New England Biolabs, Hitchin, UK) and purified using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) assay. The confirmation of the recombinant proteins was performed using HPLC-HRMS (Waters, Milford, MA, USA).




2.9 In vitro enzymatic activity assay

In vitro enzyme activities of recombinant VvCYP76F14 from ‘Yanniang No.2’ (Full-Bodied) and VvCYP76F14-SMs were determined using linalool, (E)-8-hydroxylinalool, and (E)-8-oxolinalool as the substrate, respectively. Preliminary assays were conducted to determine the optimum reaction system. The Arabidopsis NADPH cytochrome P450 reductase (ATR1, Werck-Reichhart and Feyereisen, 2000; Jensen and Møller, 2010; Lin et al., 2019; Kunert et al., 2023) was chosen as the electron transport redox partner of VvCYP76F14. The enzyme activity assays were conducted in a final volume of 5 mL, supplied with 100 mM Na+/K+ phosphate buffer (pH 5.0), 1 mM NADPH, and adjusted ratio of VvCYP76F14 to ATR1 (2:1). The reactions were conducted at 25 ± 1°C for 1 h with agitation, and the resulting product was gathered and determined using HPLC-HRMS (Waters, Milford, MA, USA). Boiled protein (nonfunctional) was taken as the control. For the determination of kinetic parameters, substrate reduction was both qualitatively and quantitatively determined. The turnover number (kcat) and affinity (km) were individually calculated. All assays were conducted in sextuplicate.




2.10 Overexpression of full-bodied variety VvCYP76F14 in neutral variety berries

To assess the enzymatic activity of VvCYP76F14 in berries, the CDS of VvCYP76F14 was isolated from the Full-Bodied variety ‘Yanniang No.2’ and synthesized by GenScript Co. Ltd. (Nanjing, China), and further cloned into the pMDC32-HPB vector (Addgene: 32078) to generate the recombinant plasmid pMDC32-HPB-VvCYP76F14. Subsequently, the recombinant plasmid and empty vector were transferred into the Agrobacterium GV3101 strain (WEIDI, Shanghai, China), respectively. In detail, 1 mL of the Agrobacterium GV3101 suspension with an OD600 of 0.8 was injected into the berries of ‘Yanniang No.2’ at 110 days after full bloom (DAFB), ‘Marselan’ at 100 DAFB, or ‘Italian Riesling’ at 90 DAFB, in the early morning (approximately 24-26 °C) at four points individually around the diameter of the wine grape surface. After injection for 3 days, the contents of linalool, (E)-8-hydroxylinalool, (E)-8-oxolinalool, and (E)-8-carboxylinalool in the grape berries were determined by HPLC-HRMS (Waters, Milford, MA, USA).




2.11 Statistical analysis

The significant differences were conducted in IBM SPSS Statistics 23 (Armonk, New York, USA), using ANOVA followed by Fisher’s LSD test method.





3 Results



3.1 Different wine bouquet precursor contents among neutral, aromatic, and full-bodied wine grape varieties

The core collection of the National Grape Germplasm Repository in Yantai, China has proven to be a valuable resource for studying and evaluating the contributions of various wine grape varieties to wine bouquet (Xiao et al., 2020; Peng et al., 2024). An analysis of wine bouquet precursor contents revealed that there was no difference in the levels of linalool among ‘Italian Riesling’ (Neutral), ‘Marselan’ (Aromatic), and ‘Yanniang No.2’ (Full-bodied) berries (Figure 1; Supplementary Table 1). However, the levels of (E)-8-hydroxylinalool, 8-oxolinalool, and (E)-8-carboxylinalool varied significantly among the three wine bouquet type varieties, respectively (Figure 1). Notably, the maximum amounts of (E)-8-hydroxylinalool, 8-oxolinalool, and (E)-8-carboxylinalool were observed in ‘Yanniang No.2’ berries, followed by Marselan’ and ‘Italian Riesling’ berries (Figure 1).




Figure 1 | Determination of wine bouquet precursor contents from three typical wine bouquet types of grape varieties. Vitis vinifera cv. Italian Riesling, V. vinifera cv. Marselan, and V. vinifera × V. labrusca cv. Yanniang No.2 berries were collected at 90, 100, and 110 DAFB (day after full bloom), respectively. The contents of linalool, (E)-8-hydroxylinalool, (E)-8-oxolinalool and (E)-8-carboxylinalool in the grape berries were determined using HPLC-HRMS. Data are presented as means ± SEs (n = 3). Letters represent significant differences among three wine bouquet type varieties at a significance level of p ≤ 0.05, as determined using ANOVA followed by Fisher’s LSD test.






3.2 Identification of amino acid residue variations in VvCYP76F14s

To investigate sequence differences among these three wine grape varieties, we isolated the CDSs of VvCYP76F14s from ‘Italian Riesling’ (Neutral), ‘Marselan’ (Aromatic), and ‘Yanniang No.2’ (Full-bodied) berries. Sequencing results revealed that all three VvCYP76F14s possessed the identical gene structure that contained with a long 5’-UTR region, two exons, and one intron, respectively (Figure 2A). In addition, all three VvCYP76F14s encoded a predicted polypeptide consisting of 499 amino acids (Figure 2B). In particular, sequence variations were observed among these three wine grape varieties. Compared to ‘Yanniang No.2’, 14 site variations (N46S, T107I, N111K, I120L, R175Q, L222V, M264I, S286N, L298V, K325T, E378G, T380A, E383D, and T386A) were found in ‘Italian Riesling’ and 12 site variations (N46S, N111K, R175Q, L222V, M264I, S286N, L298V, K325T, E378G, T380A, E383D, and T386A) were observed in ‘Marselan’ (Figure 2B). Furthermore, the expression levels of VvCYP76F14 exhibited no differences in berries of these three varieties (Supplementary Figure 1).




Figure 2 | Gene structure and amino acid sequence alignment analysis. (A) Gene structures of VvCYP76F14s from three typical wine bouquet types of grape varieties. (B) Amino acid sequence alignment revealed amino acid residue variations in VvCYP76F14s derived from Neutral and Aromatic wine grape varieties. Multiple sequence alignment was performed on the amino acid sequences of VvCYP76F14s from wine grape varieties representing three types of wine bouquet (V. vinifera cv. Italian Riesling, V. vinifera cv. Marselan, and V. vinifera × V. labrusca cv. Yanniang No.2). Putative key amino acid residues in the Neutral variety (Italian Riesling) were indicated by brown frames and stars. Conserved regions are highlighted in red frames. The alignment analysis was conducted using the ClustalW program within the MEGA 13.0 software.






3.3 VvCYP76F14 is localized in the endoplasmic reticulum

In this study, the coding sequence of VvCYP76F14s derived from ‘Italian Riesling’ (Neutral), ‘Marselan’ (Aromatic), or ‘Yanniang No.2’ (Full-bodied) was cloned into the pBWA(V)HS-ccdb-GLosgfp vector (RiORUN, Wuhan, China) and expressed in N. benthamiana leaves, respectively. The pBWA(V)HS-sper-LK-mKATE was used as an endoplasmic reticulum marker. Confocal observations revealed that all VvCYP76F14s derived from ‘Italian Riesling’ (Neutral), ‘Marselan’ (Aromatic), and ‘Yanniang No.2’ (Full-bodied) were predominantly localized in the endoplasmic reticulum (Figure 3).




Figure 3 | Subcellular localization analysis of VvCYP76F14s from three typical wine bouquet type varieties. The coding sequence of VvCYP76F14s derived from ‘Italian Riesling’ (Neutral), ‘Marselan’ (Aromatic), or ‘Yanniang No.2’ (Full-bodied) was cloned into the pBWA(V)HS-ccdb-GLosgfp vector (RiORUN, Wuhan, China). The pBWA(V)HS-sper-LK-mKATE was used as an endoplasmic reticulum marker. The Agrobacterium GV3101 strain containing either the pBWA(V)HS-CYP76F14-GLosgfp or the marker vector was independently infiltrated into Nicotiana benthamiana leaves. Two days after infiltration, selected leaves were excised for confocal observations using a LSM880 microscope. The GFP fluorescence was observed using excitation/emission wavelengths of 488/510 nm, the Chlorophyll autofluorescence was observed using excitation/emission wavelengths of 640/660 nm, while the sper mKATE fluorescence was observed using excitation/emission wavelengths of 561/580 nm. Scale bar = 10 μm.






3.4 Full-bodied type VvCYP76F14 exhibited higher enzymatic activity in vitro

Considering the previously observed low concentration of VvCYP76F14 produced (too low to quantify) in a heterologous expression system (Boachon et al., 2015; Ilc et al., 2017), a maltose-binding protein (MBP) fusion-tag was added to each of the three VvCYP76F14 proteins in the E. coli expression system. Taking the Full-Bodied type VvCYP76F14 (‘Yanniang No.2’) for example, this modification resulted in a significantly higher concentration of the MBP-VvCYP76F14 fusion protein (Figure 4). Subsequently, the MBP-VvCYP76F fusion was cleaved using TEV protease, resulting in the isolation of VvCYP76F (Figure 4).




Figure 4 | SDS-PAGE of MBP fusion analysis of VvCYP76F14s. SDS-PAGE analysis of the recombinant VvCYP76F14 from the Full-bodied variety of ‘Yanniang No.2’ in E. coli. The pMAL-c6T-VvCYP76F14s (Biomarker Co., Ltd, Beijing, China) constructs were expressed in the E. coli BL21(DE3) strain. The protein standard marker (M) was loaded on the gel. Lane 1 represents purified MBP-VvCYP76F14 eluted from amylose column with maltose. Lane 2 represents purified VvCYP76F14 after TEV protease cleavage. Lane 3 represents isolated and partially purified VvCYP76F14.



The subsequent enzyme activity analysis involved monitoring the decrease in the substrate concentration. All three VvCYP76F14s demonstrated catalytic activity in reactions utilizing linalool (hydroxylation), (E)-8-hydroxylinalool (dehydrogenation), and (E)-8-oxolinalool (carboxylation) as substrates (Figure 5; Supplementary Table 2). In detail, the Full-Bodied type VvCYP76F14 exhibited a significantly higher depletion of linalool and (E)-8-hydroxylinalool substrates, compared to the other two types, reflects the fact that the catalytic activity of ‘Yanniang No.2’ VvCYP76F14 was higher than those of ‘Italian Riesling’ and ‘Marselan’ VvCYP76F14s. However, there were no noticeable differences in catalytic efficiencies among the three VvCYP76F14s when using (E)-8-oxolinalool as a substrate, means that no significant difference in the catalytic activity of three VvCYP76F14s. Furthermore, there were no significant changes in the catalytic activities utilizing linalool, (E)-8-hydroxylinalool, or (E)-8-oxolinalool as substrate, respectively, for the empty controls without recombinant VvCYP76F14s (Figure 5).




Figure 5 | The in vitro specific activity of the recombinant VvCYP76F14s from E. coli. The in vitro specific activity of three wine bouquet type VvCYP76F14s was assessed by measuring the residual levels of substrates. Data are presented as means ± SE (n =3). Letters indicate significant differences among VvCYP76F14s from three wine bouquet type varieties at a significance level of p ≤ 0.05, as determined using ANOVA followed by Fisher’s LSD test.






3.5 Substitution of key amino acid residues diminishes activity of VvCYP76F14 in vitro

In particular, 14 site variations and 12 site variations were observed in VvCYP76F14 of ‘Italian Riesling’ and ‘Marselan’, respectively, compared to ‘Yanniang No.2’ (Figure 2B). To estimate the individual contribution of each candidate amino acid residue to the reactions of VvCYP76F14 from ‘Yanniang No.2’, their functions were examined using site-directed mutagenesis (SM). VvCYP76F14 and VvCYP76F14-SMs were heterologously expressed in E. coli as above and further identified by HPLC-HRMS.

Based on the enzyme kinetic analyses, the substitution of I120L, L298V, E378G, and T389A lead to a significant reduction in the kcat/km ratios, correspondingly, implying decreased activities in the respective VvCYP76F14-SMs (Figure 6; Supplementary Table 3). However, there is no differences in enzymatic activity between the remaining 10 VvCYP76F14-SMs (N46S, T107I, N111K, R175Q, L222V, M264I, S286N, K325T, E383D, and T386A) and the wild type VvCYP76F14, respectively (Figure 6).




Figure 6 | Enzyme kinetics of VvCYP76F14 and its site-directed mutant proteins (VvCYP76F14-SMs) using linalool, (E)-8-hydroxylinalool and (E)-8-oxolinalool as substrate, respectively. VvCYP76F14 was isolated from the Full-Bodied variety ‘Yanniang No.2’. The reaction product was collected and analyzed using HPLC-HRMS (Waters, Milford, MA, USA). Boiled protein (nonfunctional) served as a control. For the determination of kinetic parameters, substrate reduction was both qualitatively and quantitatively determined by HPLC-HRMS (Waters, Milford, MA, USA). The turnover number (kcat) and affinity (km) were individually calculated. Data were presented as the means ± SE (n = 3). Letters represent significant differences among VvCYP76F14 and VvCYP76F14-SMs at a significance level of p ≤ 0.05, as determined using ANOVA followed by Fisher’s LSD test.






3.6 Transient expression of the full-bodied type VvCYP76F14 resulted in the restoration of wine bouquet precursor levels in the each of the three wine bouquet varieties

To further investigate the physiological function of VvCYP76F14 in vivo, pMDC32-HPB-VvCYP76F14 (containing the CDS of VvCYP76F14 isolated from the Full-Bodied variety ‘Yanniang No.2’) was introduced into ‘Yanniang No.2’, ‘Marselan’, and ‘Italian Riesling’ berries, respectively. Results showed that the levels of (E)-8-hydroxylinalool, 8-oxolinalool, and (E)-8-carboxylinalool compounds in the transformed ‘Yanniang No.2’ (Figure 7A), ‘Marselan’ (Figure 7B), and ‘Italian Riesling’ (Figure 7C) berries carrying pMDC32-HPB-VvCYP76F14 were significantly higher than that of wild-type berries and berries transformed with the empty vector, whereas the levels of linalool were significantly reduced in all tested VvCYP76F14 overexpressing berries (Figure 7; Supplementary Table 4).




Figure 7 | Transient expression of Full-Bodied type VvCYP76F14 in three wine bouquet type varieties. The CDS of VvCYP76F14 was isolated from the Full-Bodied variety ‘Yanniang No.2’ and further cloned into the pMDC32-HPB (Addgene: 32078) to generate the recombinant plasmid pMDC32-HPB-CYP76F14. The pMDC32-HPB-VvCYP76F14 overexpression vector and empty vector were transferred into Agrobacterium GV3101 (WEIDI, Shanghai, China) strain, respectively. The Agrobacterium GV3101 suspension with an OD600 of 0.8 was injected into the berries of ‘Yanniang No.2’ at 110 DAFB (A), ‘Marselan’ at 100 DAFB (B), or ‘Italian Riesling’ at 90 DAFB (C), respectively. After injection for 3 days, the contents of linalool, (E)-8-hydroxylinalool, (E)-8-oxolinalool and (E)-8-carboxylinalool in the grape berries were determined using HPLC-HRMS. Data are presented as means ± SEs (n = 3). Letters represent significant differences among wild type berries, berries transformed with empty vector, and berries transformed with VvCYP76F14 at a significance level of p ≤ 0.05, as determined using ANOVA followed by Fisher’s LSD test. FW means fresh weight.







4 Discussion

In wine grapes, the cytochrome P450 VvCYP76F14 can catalyze trisubstrate-triproduct reaction processes (hydroxylation, dehydrogenation and carboxylation) to produce (E)-8-carboxylinalool, which is an important wine bouquet precursor during wine making and wine ageing processes (Ilc et al., 2017; Yang et al., 2019; Zhai et al., 2023). However, physiological function of wine grape VvCYP76F14 in regulating the production of wine bouquet precursors remains unknown.

Picard et al. (2015) revealed that there is limited correlation between wine bouquet and the berry aroma derived directly from wine grape berries. In contrast, we found significant variations in catalytic activity among different wine grape varieties (mutants) of the VvCYP76F14 enzyme. Simultaneously, numerous genetic differences have also been observed in 1-deoxy-dxylulose 5-phosphate synthase (Battilana et al., 2009), terpene synthase (Martin et al., 2010), and glycosyl transferase (Schwab et al., 2014; Bönisch et al., 2014) among different varieties that have the potential to enhance wine bouquet quality (Lin et al., 2019).

In vitro enzymatic assays have been commonly used to characterize CYP450 family members in plants, including those from Solanum tuberosum (Grausem et al., 2014), A. thaliana (Boachon et al., 2015), and Salvia miltiorrhiza (Li et al., 2021). It is worthy noticing that sequence differences of VvCYP76F14 between two wine grape varieties were also identified in the study of Ilc et al. (2017), but no qualitative differences were found in vitro between the two VvCYP76F14 enzymes. This could be due to the limited amount of recombinase obtained for quantitative analysis and the presence of nonsense mutations in many of the identified variation sites. In this present study, we investigated the key amino acid residues of VvCYP76F14 obtained from a Full-Bodied variety and elucidated their contribution to the enzyme activity through enzymatic assays via the help of MBP fusion-tag expression system in E. coli. All VvCYP76F14s from three bouquet types could catalyze the monoterpenol reaction using linalool, (E)-8-hydroxylinalool, and (E)-8-oxolinalool as substrates, and the Full-Bodied type VvCYP76F14 definitely exhibited the strongest enzyme activity, which was in line with the findings of Peng et al. (2024).

To be honest, we tried and failed to obtain the crystal structure of VvCYP76F14 in this present study. According to the reported crystal structure of S. miltiorrhiza CYP76 homologs (Protein Data Bank no. 5YLW, Li et al., 2021), their active center is A (G) G (A) XD (E) T, which is consistent with the conserved active domain of three wine grape VvCYP76F14s (Figure 2B). This directly proves that mutation of key amino acid residues in VvCYP76F14s is similar to S. miltiorrhiza CYP76 homologs, and the functional amino acid residues are located around the active center (Li et al., 2021). Mutating key enzymes to select cultivars with desired characteristics has been well documented in various crops (Karunarathna et al., 2020; Zhang et al., 2022). Among distinct fruit crop cultivars, substitutions in key enzymes may dominant the phenotypic variability in aromatic component contents (Dunemann et al., 2012; Peng et al., 2020; Song et al., 2021). In this present study, key amino acid variations (I120L, L298V, E378G, and T389A) in VvCYP76F14 were observed in ‘Italian Riesling’ (Neutral) and ‘Marselan’ (Aromatic) berries, which might be implicated in all three reactions that significantly decreased the enzymatic activities of VvCYP76F14-SMs in vitro. These findings indicate that these substitutions are responsible for decreased levels of wine bouquet precursors. Furthermore, the overexpression of the Full-Bodied VvCYP76F14 in all the three wine bouquet type varieties validated the role of VvCYP76F14 in linalool-derivative production in vivo, which are in line with the in vitro catalytic capabilities of VvCYP76F14, implying a close relationship among key amino acid substitutions, VvCYP76F14 activity, and linalool-derivative production.

Favorably, VvCYP76F14 may be a selective marker to screen VvCYP76F14 variants in grape varieties that contribute differently to wine bouquet. Nonetheless, the wine grape VvCYP76F14 is implicated in dominating the production of wine bouquet precursors.




5 Conclusion

The present study underscores the identification of key amino acid substitutions in VvCYP76F14s derived from different wine grape cultivars. Site-directed mutation of 4 amino acid residues (I120L, L298V, E378G, and T389A) in VvCYP76F14 resulted in a significant decrease in enzyme activities. Transient expression of VvCYP76F14 cloned from high wine bouquet ‘Yanniang No.2’ significantly increased the levels of (E)-8-hydroxylinalool, 8-oxolinalool, and (E)-8-carboxylinalool compounds in the transformed ‘Yanniang No.2’, ‘Italian Riesling’, and ‘Marselan’ berries. This study provides an opportunity to use VvCYP76F14 as a fingerprint marker for screening hybrid offspring with desired levels of linalool-derivatives.
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Pseudomonas syringae pv. tomato (Pst) is the causal agent of bacterial speck disease in tomatoes. The Pto/Prf gene cluster from Solanum pimpinellifolium was introgressed into several modern tomato cultivars and provided protection against Pst race 0 strains for many decades. However, virulent Pst race 1 strains that evade Pto-mediated immunity now predominate in tomato-growing regions worldwide. Here we report the identification of resistance to a Pst race 1 strain (Pst19) in the wild tomato accession S. pimpinellifolium LA1589 (hereafter LA1589), using our rapid high-throughput seedling screen. LA1589 supports less bacterial growth than cultivars, and does not exhibit a hypersensitive response to Pst19. We tested an existing set of 87 Inbred Backcross Lines (IBLs) derived from a cross between susceptible Solanum lycopersicum E-6203 and Solanum pimpinellifolium LA1589 for resistance to Pst19. Using single-marker analysis, we identified three genomic regions associated with resistance. Bacterial growth assays on IBLs confirmed that these regions contribute to resistance in planta. We also mapped candidate genes associated with resistance in a cross between the Solanum lycopersicum var. lycopersicum cultivar Heinz BG-1706 and S. pimpinellifolium LA1589. By comparing candidates from the two mapping approaches, we were able to identify 3 QTL and 5 candidate genes in LA1589 for a role in resistance to Pst19. This work will assist in molecular marker-assisted breeding to protect tomato from bacterial speck disease.
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Introduction

Bacterial speck disease of tomato, caused by Pseudomonas syringae pv. tomato (Pst), is a persistent global problem, affecting both the marketability and yield of fresh-market and processing tomatoes (Yunis et al., 1980; Kunkeaw et al., 2010). Pst is primarily a foliar pathogen that grows as an epiphyte on the plant surface, and gains entry through the stomata to proliferate in the plant apoplast (Hirano and Upper, 2000; Xin et al., 2018). Plants defend themselves against pathogens through pattern-triggered immunity (PTI), where conserved microbial molecules are recognized, and effector-triggered immunity (ETI), where specific effectors are recognized. PTI occurs at the surface of the plant cell, where pattern recognition receptor proteins (PRRs) recognize highly conserved pathogen-associated molecular patterns (Couto and Zipfel, 2016). As a result of PTI, the host upregulates a variety of defense responses, including reinforcement of the cell wall, production of reactive oxygen species, and stomatal closure (Couto and Zipfel, 2016; DeFalco and Zipfel, 2021). To overcome PTI, bacteria utilize a type III secretion system to translocate effector proteins directly into the plant cell, where they target components of PTI and promote bacterial virulence (Lewis et al., 2009; Block and Alfano, 2011; Schreiber et al., 2021a). ETI occurs upon recognition of effectors by nucleotide-binding-site leucine-rich repeat receptor (NLRs, also called Resistance (R) proteins), which triggers a rapid and robust secondary immune response (DeYoung and Innes, 2006; Jones et al., 2016; Schreiber et al., 2016). This is often associated with localized cell death at the site of infection, termed the hypersensitive response (HR) (Heath, 2000). In addition to the gene-for-gene resistance often associated with ETI, plants can also exhibit quantitative disease resistance (QDR), in which multiple loci partially contribute to disease resistance (Poland et al., 2009; Boyd et al., 2013; French et al., 2016). These loci can include genes other than PRRs or NLRs. QDR typically results in less disease, rather than an absence of disease, and can be affected by environmental conditions (French et al., 2016). Since QDR is conferred by multiple genes, it is less likely to be overcome by pathogens, and is therefore very useful in breeding programs (Poland et al., 2009).

Historically, bacterial speck of tomato was primarily caused by Pst race 0 strains, which translocate a suite of type III secreted effector proteins (T3SEs) that includes AvrPto and AvrPtoB (Pedley and Martin, 2003). In the 1930s, the Pto/Prf gene cluster was introgressed from the wild tomato species Solanum pimpinellifolium into processing tomato cultivars to provide protection against bacterial speck disease caused by Pst race 0 strains (Pilowsky and Zutra, 1982; Kerr and Cook, 1983; Pitblado and MacNeill, 1983; Pedley and Martin, 2003). Prf is a NLR that interacts with Pto, an intracellular serine/threonine protein kinase. The Prf/Pto complex recognizes effectors AvrPto and AvrPtoB through direct interaction, and triggers ETI (Ronald et al., 1992; Martin et al., 1993; Salmeron et al., 1996; Tang et al., 1996). However, the Pto/Prf gene cluster does not recognize Pst race 1 strains, which have emerged as the prevalent strains throughout the world (Kunkeaw et al., 2010; Cai et al., 2011; Valenzuela et al., 2022). Pst race 1 strains are differentiated from Pst race 0 strains by the loss, mutation, or post-transcriptional down-regulation of AvrPto and AvrPtoB, which abrogates recognition by Pto/Prf (Lin et al., 2006; Almeida et al., 2009; Kunkeaw et al., 2010).

Wild relatives of crop plants are excellent sources of natural genetic diversity for traits of interest, including pathogen resistance (Zamir, 2001). Several studies in adult plants have identified resistance to Pst race 1 strains in wild relatives of tomato. The wild tomato accession S. habrochaites LA1777 demonstrates resistance to PstA9, a Pst race 1 isolate found in California, and four quantitative trait loci (QTL) associated with resistance were identified using a population of introgression lines (Thapa et al., 2015). Another S. habrochaites accession, LA2109, demonstrates resistance to the Pst race 1 strain T1 (PstT1) (Bao et al., 2015). Two QTL and a candidate gene for resistance were identified using a mapping-by-sequencing approach in LA2109. Recently, researchers identified the NLR Ptr1, which is able to detect the activity of the effector AvrRpt2 and trigger resistance to PstT1 in S. lycopersicoides LA2951 (Mazo-Molina et al., 2019, Mazo-Molina et al., 2020).

To rapidly screen for resistance to P. syringae in wild tomato accessions, we developed a high-throughput seedling-based flood assay which faithfully recapitulates adult phenotypes (Hassan et al., 2017, Hassan et al., 2020). We demonstrated that seedlings of cultivars containing the Pto/Prf cluster recognize PstDC3000, resulting in seedling survival, reduced bacterial growth, a hypersensitive response, and a rapid increase in ion leakage (Hassan et al., 2017). Seedlings of cultivars that lack the Pto/Prf cluster are susceptible to PstDC3000, and support high levels of bacterial growth with eventual death of the seedlings (Hassan et al., 2017). Using this screen, we identified two additional wild tomato accessions which demonstrate strong resistance to Pst19, S. neorickii LA1329 and S. habrochaites LA1253 (Hassan et al., 2017). Pst19 is a hypervirulent strain of P. syringae closely related to PstT1 (Kunkeaw et al., 2010). S. neorickii LA1329 displays genetically complex resistance to Pst19 in both seedlings and adult plants (Hassan et al., 2017).

In this study, we identified a wild tomato line, S. pimpinellifolium LA1589, which exhibits resistance to Pst19 in both seedlings and adults. Although many S. pimpinellifolium accessions possess the Pto/Prf gene cluster (Pitblado and MacNeill, 1983; Pedley and Martin, 2003), we found that resistance to Pst19 was not dependent on Pto/Prf. Additionally, we found that LA1589 does not exhibit an HR or levels of bacterial growth that are characteristic of ETI, suggesting it has QDR to Pst19. We used a pre-existing population of S. pimpinellifolium LA1589 recombinant inbred backcross lines (IBLs) (Doganlar et al., 2002), in parallel with an F2 mapping population derived from LA1589 and the susceptible cultivar Heinz BG-1706 to identify genomic regions and candidate genes associated with resistance to Pst19. The identification of these regions could facilitate the future breeding of tomato varieties resistant to bacterial speck caused by Pst race 1 strains.





Materials and methods




Plant materials and growth conditions

Tomato seeds were sterilized in 50% bleach for 30 min. After sterilization, the seeds were rinsed five times with sterile nanopure H2O and then plated or sown out on soil. Seeds for plate experiments were germinated on 100 x 25 mm plates containing sterile 0.5 X Murashige and Skoog (MS) basal salts and 0.8% agar. Seeds used for soil experiments were planted in Sunshine Mix#1/LC1 (Sun Gro Horticulture Canada Ltd.) supplemented with 15:9:12 fertilizer. Seeds on plates or soil were stratified at 4°C for 3 days to synchronize germination. Plants were grown in a growth chamber under a constant temperature of 22°C and 16 h of light (200-220 µE m-2 s-1) and 8 h of darkness. The following tomato accessions were obtained from the Tomato Genetics Resource Center (tgrc.ucdavis.edu): S. lycopersicum MoneyMaker-PtoS, S. lycopersicum MoneyMaker-PtoR, S. lycopersicum LA3342 (RioGrande-PtoR), S. lycopersicum LA3343 (RioGrande-PtoS), S. lycopersicum LA4345 (Heinz BG-1706), S. pimpinellifolium LA1589 (also called PI407545), S. lycopersicum LA4024 (E-6203) and recombinant Inbred Backcrossed Lines (IBL) S. pimpinellifolium LA4139 – LA4229 (Doganlar et al., 2002). 100 IBLs were identified based on uniform genome coverage and map resolution (Doganlar et al., 2002), and 87 lines were available from the Tomato Genetics Resource Center.





P. syringae strains, culture conditions and infection assays

P. syringae pv. tomato strains were grown in King’s broth (KB) media. Antibiotics were used at the following concentrations: 50 µg/mL rifampicin dissolved in dimethylformamide, 50 µg/mL cycloheximide dissolved in ethanol.

For seedling hypersensitive response (HR) assays, Pst19 was resuspended to an optical density at 600 nm (OD600) of 0.1 (approximately 5 x 107 CFU/ml) and pressure infiltrated into both cotyledons. The HR was scored 16-20 h post-infiltration. For the seedling flood assay, Pst19 and PstDC3000 were resuspended to an OD600 of 0.1 and then serially diluted in 10 mM MgCl2 to a final OD600 of 0.0075 and 0.005, respectively with 0.015% Silwet L-77 (Hassan et al., 2020). Ten-day-old seedlings were flooded for 3 min with 6 mL of inoculum or 10 mM MgCl2. Seedlings were phenotyped for disease or resistance 10-14 days after flooding. For bacterial growth assays in seedlings, seedlings were flooded as described above and four days later, one cotyledon was removed, surface sterilized in 70% ethanol for 10 s and rinsed in nanopure H2O for 10 s. Each cotyledon was blotted, individually weighed and homogenized in 10 mM MgCl2. Homogenized lysate was plated on KB with 50 µg/mL rifampicin and 50 µg/mL cycloheximide for colony counting. Cycloheximide prevents fungal contamination. Colony counts for seedlings were normalized to 0.1 g of tissue for cotyledons (Hassan et al., 2017).

For infection assays in adult plants, P. syringae was resuspended in 10 mM MgCl2 to an OD600 of 0.2 with 200 µL/L of Silwet L-77. Adult plants at the 4-6 leaf stage were inverted, then submerged and swirled in the inoculum for 30 s. Infected plants were incubated in a growth chamber under a humidity dome for 1-2 days at which time the dome was removed. Adult bacterial growth assays were performed 5 days after infection on abaxial leaflets of the 4th leaf. Tissue was sterilized as described above for seedlings. A total of 1 cm2 tissue (four disks) was harvested from infected leaves, ground in 10 mM MgCl2, and plated as described for seedlings. Plants were re-incubated and phenotyped 5-7 days after infection.





Screening and analysis of IBL population

IBLs were screened in the seedling flood assay as described above, and the number of surviving or deceased individuals was counted. Selected IBLs were tested for bacterial growth and symptoms in adult plants as described above.

Single-marker analysis was performed on the IBLs in the seedling flood assay using the Wilcoxon Mann-Whitney test, a nonparametric counterpart of the t-test because this test does not assume the probability distribution of the quantitative trait. For each marker, survival rates of seedlings homozygous for either parental allele were compared to determine significant differences. Marker loci were determined to be highly significantly associated with resistance at p<0.01, significantly associated with resistance at p<0.05 and suggestive of resistance at p<0.1. QTL mapping intervals were defined as regions including marker loci significantly associated with resistance, whose boundaries were defined at the first instance of an adjacent nonsignificant marker locus.





Generation and screening the F2 Heinz-BG1706 x S. pimpinellifolium LA1589 mapping population

Heinz BG-1706 and a Pst19-resistant S. pimpinellifolium LA1589 individual were crossed. Seedlings from the F2 segregating population were grown on plates and flooded using the seedling flood assay protocol (Hassan et al., 2020). Each seedling was labeled with a unique number. Two days after flooding, the tip of one cotyledon from each seedling was snipped, frozen in liquid N2 and stored at -80°C. Plates were resealed and seedlings re-incubated in the growth chamber at 22°C. Highly susceptible seedlings were phenotyped 7-9 days after infection and strongly resistant seedlings were phenotyped 10 days after infection. Chi-squared goodness of fit test followed by Yates correction was performed to test the hypothesis of a Mendelian segregation ratio of 3 (susceptible): 1 (resistance) in the F2 population.





Nucleic acid isolation, library construction, and sequencing

Total genomic DNA was extracted from pools of strongly resistant LA1589 or highly susceptible LA1589 F2 individuals, respectively using the Puregene Core Kit A (Qiagen Inc.). Libraries were constructed at the Functional Genomics Library (FGL), a QB3-Berkeley Core Research Facility at UC Berkeley. A S220 Focused-Ultrasonicator (Covaris) was used to fragment genomic DNA to 1-6000 bp and library preparation was performed using the KAPA Hyper Prep kit for DNA (KK8504). Truncated universal stub adaptors were used during PCR amplification to complete the adapters and to enrich the libraries for adapter-ligated fragments. Samples were checked for quality on an AATI Fragment Analyzer. Samples were then transferred to the Vincent J. Coates Genomics Sequencing Laboratory (GSL), another QB3-Berkeley Core Research Facility at UC Berkeley, where Illumina sequencing library molarity was measured with quantitative PCR with the Kapa Biosystems Illumina Quant qPCR Kits on a BioRad CFX Connect thermal cycler. Libraries were then pooled evenly by molarity and sequenced on an Illumina NovaSeq6000 150PE S4 flowcell, generating 10 Gb minimum of data per sample. Raw sequencing data was converted into fastq format, sample specific files using Illumina bcl2fastq2 software.





Quality control, alignment, and variant calling

Paired-end Illumina read quality was checked with FastQC v0.11.7 (Andrews, 2010) and read fastq files were trimmed using Cutadapt v2.4 (Martin, 2011) to remove TruSeq adapter sequences 5’ACACTCTTTCCCTACACGACGCTCTTCCGATCT3’ and 5’GATCGGAAGAGCACACGTCT3’. BWA-MEM v0.7.17 (Li and Durbin, 2009; Li, 2013) was used to align paired-end reads from the pool of strongly resistant LA1589 individuals or the pool of highly susceptible LA1589 individuals to: 1) the SL4.0 Heinz BG-1706 reference build (Su et al., 2021), 2) the Solanum pimpinellifolium LA2093 genome (Wang et al., 2020) and, 3) the Solanum pimpinellifolium LA1589 PacBio genome (Alonge et al., 2020). Variants in candidate genes were identified by mapping to Heinz BG-1706, LA1589 or LA2093. Heinz BG-1706 variants were identified using Wgsim (Li, 2021) to simulate 108 Illumina reads from the Heinz BG-1706 genome (SL4.0 build). Simulated reads from Heinz BG-1706 were aligned to the LA1589 Pacbio reference genome (Alonge et al., 2020) or the LA2093 reference genome (Wang et al., 2020) using BWA-MEM v0.7.17. BAM files from the alignments were sorted using SAMtools v1.8 (Li et al., 2009). BCFtools v.16 was used to perform variant calling. Low-quality variants with read depths of less than 10 were filtered out.

SnpSift was used to further filter candidate genes for homozygous variants (Cingolani et al., 2012a). Variants with a maximum fraction of reads supporting an indel of less than 0.1 were filtered out (http://www.htslib.org/doc/). SnpEff databases were built using SL4.1, LA2093 PacBio and LA1589 Pacbio annotations (Alonge et al., 2020; Wang et al., 2020; Su et al., 2021). SnpEff was used to predict the effects of variants on the translation of annotated genes (Cingolani et al., 2012b). Genes were considered candidates for resistance or susceptibility if a) they were within the mapping intervals from the IBL screen and b) had variants for which the SNPEff putative variant impact was classified as high or moderate impact. SNPEff predicts high impact variants to have a disruptive effect on the protein and moderate impact variants to have changes that are not disruptive but may alter the effectiveness of the protein.

LA1589 orthologs of Heinz BG-1706 or LA2093 candidates were identified using Reciprocal best Basic Local Alignment Search Tool (BLAST version 2.2.31+). Genome-to-genome protein sequence comparisons were made between the query genome (LA1589) and the database genome (Heinz BG-1706 SL4.1), as well as the reciprocal sequence comparisons. The LA1589 and LA2093 proteins were compared in the same manner. A maximum E-value threshold of 1x10-6 was used with Smith-Waterman alignment (Ward and Moreno-Hagelsieb, 2014). Top best hits for query proteins were sorted and compared to top best hits in the reciprocal direction. If no orthologs were identified, then closest homologs were identified using BLAST version 2.2.31+ for high bit-score and low e-values (Pearson, 2013).






Results




S. pimpinellifolium LA1589 exhibits resistance to Pst19 in both tomato seedlings and adult plants

We previously screened 96 wild tomato accessions for Pst19 resistance using a high-throughput seedling flooding assay (Hassan et al., 2017). In subsequent screens, we identified an additional wild accession, S. pimpinellifolium LA1589, with Pst19 resistance. LA1589 seedlings displayed resistance to infection (28/34, 82%) whereas susceptible RioGrande-PtoR (RG-PtoR) seedlings died (0/9, 100%) (Figure 1A). To quantitatively confirm our phenotypic observations, we carried out bacterial growth assays on LA1589 (n=23) and Moneymaker-PtoS (MM-PtoS) (n=10) seedlings flooded with Pst19. Pst19 grew to log 7 in LA1589 seedlings (n=23) compared to log 8 growth in MM-PtoS seedlings (n=10) (Figure 1B). Therefore, LA1589 supported 1 log less bacterial growth compared to the susceptible MM-PtoS cultivar.




Figure 1 | Both LA1589 seedlings and adults exhibit qualitative and quantitative resistance to Pst19. (A) Phenotypic resistance or disease symptoms in Rio Grande-PtoR or LA1589 tomato seedlings 10-14 days after being flooded with Pst19 at an OD600 of 0.0075. The number of surviving plants is indicated over the total number of tested plants. (B) Bacterial counts were determined 4 days post-infection (dpi) on MoneyMaker-PtoS (n=10) and LA1589 (n=23) seedlings and normalized to 0.1 g of tissue. The asterisk above the bar indicates statistical difference as determined by a one-factor ANOVA using a GLM procedure (p<0.05). The error bars indicate the standard error. The experiment was repeated 3 times with similar results. (C) Rio Grande-PtoR or LA1589 were grown to the 4-6 leaf stage, and dip-inoculated with a bacterial suspension at an OD600 of 0.2. Leaves were photographed 7 days after infection. The scale bar indicates 1 cm. (D) Bacterial counts were determined 5 days post infection on LA1589 (n=10) and MoneyMaker-PtoS (n=5) plants. The asterisk above the bar indicates statistical difference as determined by a one-factor ANOVA using a GLM procedure (p<0.05). The error bars indicate the standard error. The experiment was repeated three times with similar results.



To determine whether resistance to Pst19 is maintained in adult plants, we carried out dip inoculations with RG-PtoR plants grown to the 4- to 6 leaf stage and assessed the plants for disease symptoms 7 days past infection (dpi). We previously confirmed that MM-PtoS, MM-PtoR, RG-PtoS and RG-PtoR are suitable as controls since all are susceptible to Pst19 and show similar severe disease symptoms (Hassan et al., 2017). LA1589 exhibited very few specks on leaves and very mild disease symptoms, compared to the control, RG-PtoR (Figure 1C). RG-PtoR displayed numerous lesions and leaf collapse. To quantitatively confirm these phenotypic observations, we measured bacterial growth in LA1589 plants. LA1589 (n=10) supported log 6.5 growth of Pst19, approximately 1.3 log less growth than that observed in MM-PtoS (n=5, log 7.8) at 5 dpi (Figure 1D). Taken together, these qualitative and quantitative results support resistance in LA1589 seedlings and adult plants to Pst19.





S. pimpinellifolium LA1589 displays Pto-dependent and Pto-independent resistance to Pseudomonas syringae pv. tomato

S. pimpinellifolium was the original source of the Pto/Prf cluster (PtoR), which confers resistance to race 0 strains (Pitblado and MacNeill, 1983; Pedley and Martin, 2003). To confirm that LA1589 can recognize a race 0 strain, we flood inoculated seedlings with Pseudomonas syringae pv. tomato DC3000 (PstDC3000). As expected, all LA1589 seedlings (n=17) and the positive control line, Moneymaker-PtoR (MM-PtoR) (n=14), were resistant to PstDC3000 (Figure 2A). We also tested Heinz BG-1706 which does not carry the Pto/Prf gene cluster, and found that all Heinz BG-1706 seedlings (n=12) were susceptible to PstDC3000 (Figure 2A). LA1589 carries the Pto resistance locus and shows a hypersensitive response to Race 0 strain PstDC3000 in adult plants (Sun et al., 2011). These results are consistent with the Pto/Prf cluster being functional in LA1589 seedlings, allowing the recognition of effectors from PstDC3000.




Figure 2 | LA1589 seedlings display Pto-dependent resistance to PstDC3000. (A) Phenotypic resistance or disease symptoms in Heinz BG-1706, MoneyMaker-PtoR and LA1589 seedlings 7-10 days post-infection with PstDC3000 at an OD600 of 0.005. Heinz BG-1706 seedlings lack the Pto/Prf gene cluster and are susceptible to PstDC3000. MoneyMaker-PtoR and LA1589 seedlings carry the Pto/Prf gene cluster and are resistant. The number of surviving seedlings out of the total number tested is shown under each plate. The scale bar is 1 cm. (B) Rio Grande seedlings with (PtoR) and without (PtoS) the Pto/Prf gene cluster are susceptible to Pst19 flooded at an OD600 of 0.0075. Disease symptoms in Rio Grande-PtoS and Rio Grande-PtoR seedlings are shown 7-10 days post-infection. The number of surviving seedlings out of the total number tested is shown under each plate. The scale bar is 1 cm.



While PstDC3000 and Pst19 both infect tomato, Pst19 is closely related to PstT1 (Almeida et al., 2009; Kunkeaw et al., 2010), which is a distinct strain with a different effector complement compared to PstDC3000. PstT1 and Pst19 do not carry avrPto and do not appear to accumulate AvrPtoB (Lin et al., 2006; Kunkeaw et al., 2010). To determine whether Pst19 might express a low level of avrPtoB which could be recognized through Pto/Prf in LA1589, we carried out seedling flood assays on RG-PtoR (n=21) which contains the Pto/Prf locus and RG-PtoS (n=39) which lacks the Pto/Prf locus. All seedlings died in both genotypes, regardless of whether the lines had or lacked the Pto/Prf cluster. This indicates that resistance to Pst19 in LA1589 is independent of Pto/Prf (Figure 2B). This result is consistent with previous work showing that AvrPtoB in Pst19 is not recognized by S. habrochaites LA2109, even though it carries the Pto/Prf cluster (Bao et al., 2015).





Pst19 does not elicit a hypersensitive response characteristic of ETI

To determine whether recognition of a T3SE in Pst19 may cause ETI, we investigated whether Pst19 can trigger an HR in LA1589. We infiltrated 10-day old seedlings of LA1589 or MM-PtoS (which lacks the Pto/Prf locus) with Pst19, as previously described (Hassan et al., 2017). Pst19 did not trigger an HR in LA1589 (0/16) or MM-PtoS seedlings (0/16) (Figure 3). These results, taken together with the modest reduction in Pst19 growth in LA1589 seedlings (Figures 1B, 3), suggest that resistance in LA1589 is not likely mediated by NLRs.




Figure 3 | Resistance to Pst19 in LA1589 is not associated with a hypersensitive response. 10 day-old Moneymaker-PtoS or LA1589 seedlings were pressure infiltrated with ~ 5.0 x 107 cfu/mL P. syringe pv. tomato 19 (Pst19). Plants were photographed 18-22 hours after infiltration. The number of leaves exhibiting an HR is shown under the leaves. The scale bar is 1 cm.







QTL mapping using S. pimpinellifolium LA1589 inbred backcross lines identifies three genomic regions associated with Pst19 resistance

To identify genomic regions associated with Pst19 resistance in LA1589, we took advantage of a previously generated inbred backcross line (IBL) population from a cross between S. lycopersicum E-6203 and S. pimpinellifolium LA1589 (Doganlar et al., 2002). The IBLs were generated after two backcrosses and 6 generations of inbreeding via single seed descent (BC2F6) and are highly homozygous (Doganlar et al., 2002). Of the original 100 IBLs with uniform genome coverage and map resolution (Doganlar et al., 2002), we were able to obtain 87 lines from the Tomato Genetics Resource Center.

We conducted at least two independent flood inoculation assays for each IBL and screened approximately 20 individuals in total for each of 87 homozygous BC2F6 lines in the seedling assay. For 26 IBLs, at least one seedling survived 10-14 dpi (Supplementary Table S1). We identified 4 IBLs with 30-49% seedling survival (Group 1), 9 IBLs with 10-19% survival (Group 2) and 13 IBLs with 1-9% seedling survival (Group 3) (Supplementary Table S1). Pst19-resistant seedlings displayed a healthy shoot apical meristem and new green vegetative growth. For 61 IBLs, all seedlings were susceptible to Pst19 infection (Supplementary Table S1). Susceptible seedlings were dead and displayed brown apical meristems and a lack of new growth. The recurrent parent E-6203 consistently died when flooded with Pst19 as a susceptible control in the screen (Supplementary Figure S1).

To detect genetic associations with Pst19 resistance, we undertook single marker analysis based on the frequency of seedling survival and the presence of restriction fragment length polymorphism (RFLP) markers homozygous for LA1589. Three QTL were identified and were named quantitative resistance to Pst19 in S. pimpinellifolium (qRpp1-5, qRpp1-6, qRpp1-8). Markers with a p-value<0.01 were considered highly significant, markers with a p-value<0.05 were considered significant, markers with a p-value<0.1 were considered suggestive. Suggestive markers were only used to delineate regions when suggestive marker was directly adjacent to a highly significant or significant marker. qRpp1-5 contains one significant marker CT101 (p<0.05), and one suggestive marker TG441 (p<0.1) on chromosome 5 (Table 1; Figure 4). The next marker on chromosome 5, CT167, was not linked with resistance and was used to delineate the resistance interval of ~1.8 MB (Figure 4). qRpp1-6 contains one significant marker CT216 (p<0.05) (Table 1; Figure 4) on chromosome 6. The next marker on chromosome 6, TG178, was not linked with resistance and the resistance interval is ~23.4 MB. qRpp1-8 has one highly significant marker TG201 (p<0.01) and one significant marker CT265 (p<0.05) at the bottom of chromosome 8 (Table 1; Figure 4). TG201 had the greatest significance of all the markers. The qRpp1-8 interval on chromosome 8 is ~59.1 MB, and is delineated by two unlinked markers, CT302 and CT68. Based on the consensus genetic linkage map for the IBLs, which was generated with estimated distances between markers, the CT302 marker is quite distant from the markers of interest. CT302 had to be used because TG330 and TG505, which were originally identified as RFLPs from S. pimpinellifolium, lacked genotypic information, likely because RFLPs cannot always be easily scored and interpreted.


Table 1 | Identification of molecular markers linked to Pst19 resistance in LA1589 using single marker analysis.






Figure 4 | Schematic of markers on chromosomes 5, 6, and 8 in the IBL population indicating QTL associated with resistance (qRpp). Map is modified from (Doganlar et al., 2002) and https://solgenomics.net/cview/map.pl?map_version_id=26. Genetic distances are indicated to the left of the chromosomes (Doganlar et al., 2002). Regions encompassing highly significant markers (*** p<0.01), significant markers (** p<0.05) and/or suggestive markers (* p<0.1) are indicated. Adjacent markers that are not linked with resistance delineate the maximum region of interest (Supplementary Table S2). Some marker sequences were not available (Supplementary Table S3). The distance between markers was determined based on blasting the Heinz BG-1706 genome with the marker sequences (Supplementary Table S3).



To refine the genomic intervals associated with resistance, we mapped relevant markers onto the genetic map by blasting the Heinz BG-1706 genome (build 4.0) with RFLP marker sequences available through the SOL Genomics Network (SGN, https://solgenomics.net/). We were able to identify genomic sequences for all significant, suggestive or adjacent markers except TG330, TG505, TG201 and CT265 (all on chromosome 8) which also lacked RFLP sequence information (Supplementary Tables S2–S3). The intervals identified in the IBL analysis contained 244 genes on chromosome 5, 586 genes on chromosome 6, and 1027 genes on chromosome 8 (Table 2; Figure 4).


Table 2 | Number of genes and loci in LA1589 delineated by IBL markers and associated with resistance to Pst19.



Based on the single-marker analysis that identified highly significant, significant or suggestive markers from LA1589 associated with Pst19 resistance in seedlings, we selected IBLs with various combinations of these markers (Table 1; Supplementary Table S4) to test for resistance in adult plants. Previous analysis of the IBLs had determined whether markers were homozygous for LA1589, homozygous for E-6203, or heterozygous with both LA1589 and E-6203 (Supplementary Table S4; Figure 5) (Doganlar et al., 2002). No IBLs were homozygous for LA1589 at all four highly significant or significant markers associated with the QTL. We prioritized testing seven IBLs as adult plants because they showed higher levels of resistance as seedlings (Supplementary Table S1), 4 from Group 1 with 30-49% resistance (LA4156, LA4168, LA4208, LA4216) and 3 from Group 2 with 10-19% resistance (LA4144, LA4148, LA4173). We dip-inoculated adult plants from LA1589, the seven IBLs with higher levels of resistance, a susceptible IBL (LA4152), and the susceptible E-6203 cultivar with Pst19, and assessed the development of disease symptoms. Typical symptoms of bacterial speck include brown or dark brown necrotic lesions surrounded by chlorotic halos. All seven of the resistant IBLs (LA4144, LA4148, LA4156, LA4168, LA4173, LA4208, LA4216) displayed reduced lesions, compared to the susceptible lines E-6203 and LA4152. However, the IBLs displayed more lesions than LA1589, which had the fewest lesions (Figure 5).




Figure 5 | Inbred backcross lines carrying markers associated with Pst19 resistance show weaker disease symptoms during P. syringae pv. tomato 19 (Pst19) infection than a susceptible cultivar. Susceptible cultivar E-6203, susceptible IBL LA4152, resistant LA1589 and seven IBLs carrying markers associated with resistance (LA4144, LA4156, LA4168, LA4173, LA4208, LA4216 and LA4148) were dip-inoculated with a bacterial suspension at an OD600 of 0.2 at the 4-6-week-old adult stage. Leaves were photographed 6-7 days after infection. The scale bar indicates 1 cm.



To quantitatively confirm these phenotypic results, we measured bacterial growth in all seven IBLs and compared them to the susceptible E-6203 cultivar and susceptible IBL LA4152, as well as the resistant accession LA1589. Five IBLs, LA4144 (log 6.6), LA4156 (log 7.1), LA4168 (log 6.7), LA4173 (log 7.3) and LA4216 (log 7.3) displayed between an 8-to-10-fold reduction in bacterial growth, compared to the parental line, E-6203 and a 7-to-13-fold reduction, compared to the susceptible IBL LA4152 (Figure 6). One IBL, LA4208 (log 7.8) displayed a more modest but still significant 3-fold reduction in growth, compared to E-6203 and LA4152 (Figure 6). LA4148 supported similar levels of bacterial growth as LA4208 but these differences were not statistically significant compared to E-6203 and LA4152 (Figure 6). Bacterial growth in all IBLs was, however, significantly higher than in LA1589, ranging from 0.7-1.9 log higher across these lines. These results are consistent with the intermediate symptoms observed in these lines as compared to LA1589 (Figure 5). The combination of LA1589 markers within the IBLs contributed to a partial reduction in bacterial growth, but did not recapitulate the complete reduction in bacterial growth observed in LA1589.




Figure 6 | Inbred backcross lines carrying markers associated with Pst19 resistance support less growth of P. syringae pv. tomato 19 (Pst19). Susceptible cultivar E-6203 (black bar), susceptible IBL LA4152 (black bar), resistant LA1589 (light grey bar) and seven IBLs carrying markers associated with resistance LA4144, LA4148, LA4156, LA4168, LA4173, LA4208 and LA4216 (dark grey bars) were dip-inoculated with a bacterial suspension at an OD600 of 0.2 at the 4-6-week-old adult stage. Bacterial counts and log growth were determined at 5 days past infection (dpi) in E-6203, LA4152, LA1589, LA4144, LA4168 and LA4156 (left panel), E-6203, LA4152, LA1589, LA4173, LA4208 and LA4148 (middle panel), and E-6203, LA4152, LA1589 and LA4216 (right panel). Within each experiment, significant differences among genotypes are shown with different letters. One-factor ANOVA using a GLM procedure (p<0.05) followed by the Tukey’s post hoc test, a multiple comparison of means test, was used to determine statistical differences. The error bars indicate standard error. Experiments for each IBL were repeated three times with similar results. The genotypes of the IBLs are shown below the growth assay with the chromosome location and marker genotype for each highly significant (***p<0.01), significant (**0.01<p<0.05), or suggestive (*0.05<p<0.1) marker (see also Table 1; Supplementary Table S4). HM indicates homozygous LA1589. HET indicates heterozygous LA1589/E-6203. - indicates homozygous E-6203. The genotype of LA1589 is inferred. qRpp1-5 includes CT101 and TG441. qRpp1-6 includes CT216. qRpp1-8 includes TG201 and CT265.



To further confirm that LA1589 resistance to Pst19 is Pto/Prf-independent, we analyzed our IBL data for associations with Pto/Prf. The Pto/Prf locus is located around the middle of chromosome 5 (Supplementary Table S5). The delineated regions from the IBL analysis are at the tip of chromosome 5 and do not overlap (Table 1; Figure 4). This is consistent with our finding that Pst19 is not recognized by Pto/Prf (Figure 2B) and previous findings that AvrPtoB in Pst19 is not recognized (Bao et al., 2015). We also examined whether the delineated regions include FLS2.1, FLS2.2 or FLS3 since LA1589 has been previously shown to be responsive to flgII-28 from Pst19 (Hind et al., 2016). FLS2.1 and FLS2.2 are found on chromosome 2 and FLS3 is found on chromosome 4 (Supplementary Table S5). We did not find any associations between these two chromosomes and the resistance phenotype (Table 1; Figure 4).





F2 mapping population approach identifies candidate genes for resistance

To refine the genetic intervals from the IBLs and identify SNPs associated with resistance, we generated an F2 mapping population from a cross between LA1589 and the Pst19-susceptible cultivar Heinz BG-1706 (Supplementary Figure S1). We infected and phenotyped 1181 plants for resistance or susceptibility to Pst19, using the previously described criteria. We found that 18% (n=215) were resistant and 82% (n=966) were susceptible (Table 3). The segregation ratios are not Mendelian, which is consistent with the IBL data showing that multiple loci contribute to resistance (Table 1). To further refine the resistance or susceptibility phenotypes, we categorized seedlings as strongly resistant (6.7%), moderately resistant (3.7%), weakly resistant (7.8%), susceptible (62%) and highly susceptible (20%) (Table 1). Strongly resistant seedlings displayed the greatest degree of branching and new growth compared to other seedlings at 14 dpi. Moderately resistant seedlings had some branching and new growth, and weakly resistant seedlings had very little branching and one or two newly emerging leaves. Highly susceptible seedlings had brown apical meristems and no new green growth at 7-9 dpi, whereas susceptible seedlings took longer to exhibit these phenotypes. To maximize the identification of potential genetic differences contributing to the resistance phenotype, we selected individuals at the phenotypic extremes: 79/1181 (6.7%) seedlings with strong resistance, and 233/1181 (20%) with high susceptibility. We extracted DNA from a pool of 79 seedlings with strong resistance, and a pool of 233 highly susceptible individuals, and carried out whole-genome sequencing. We obtained 348-397X coverage of the genome, where 73-74% of reads for the strongly resistant pool and 65-67% of reads for the highly susceptible pool had a BWA MEM quality alignment score of 20 or higher (Supplementary Table S6).


Table 3 | Pst19 resistance in F2 segregating population of Heinz BG-1706 x LA1589 seedlings.



We separately mapped reads from the strongly resistant or highly susceptible pools to the Heinz BG-1706, S. pimpinellifolium LA2093 and S. pimpinellifolium LA1589 reference genomes (Sato et al., 2012; Alonge et al., 2020; Wang et al., 2020) and identified variants (Figure 7). We included S. pimpinellifolium LA2093, as it is susceptible to Pst19 (Supplementary Figure S1). For reads mapped to susceptible Heinz BG-1706, we identified unique and over-represented variants in the LA1589 highly resistant pool, as these were most likely to be associated with resistance in LA1589 (Figure 7, left, outlined in bold black). To eliminate variants commonly found in S. pimpinellifolium that do not contribute to resistance, we mapped reads to the susceptible S. pimpinellifolium LA2093 genome and looked for variants unique to the strongly resistant pool (Figure 7; Supplementary Figure S1). Since variants in the strongly resistant pool mapped to LA2093 may come from the cross with Heinz BG-1706, we removed variants specific to Heinz BG-1706. This enabled us to identify unique variants specific to LA1589 which may contribute to resistance (Figure 7, middle, outlined in bold black). To identify LA1589 orthologs to Heinz BG-1706 or LA2093 genes, we used the Reciprocal Best Hits method (Ward and Moreno-Hagelsieb, 2014). If no orthologs were identified, the closest homologs were identified using BLAST based on low bit-scores and low e-values (Pearson, 2013). Lastly, for reads mapped to S. pimpinellifolium LA1589, unique SNPs in the highly susceptible pool could come from either parent and might disrupt resistance. These SNPs are of interest if they differ between the strongly resistant and highly susceptible pools (Figure 7, right, blue bubble outlined in bold black). We also assumed that a small number of SNPs could be unique to the strongly resistant pool since there could be some diversity between the sequenced LA1589 and the TGRC stock of LA1589 (Figure 7, right, green bubble outlined in bold black). Variants relative to LA1589 that are present in Heinz BG-1706 and the strongly resistant pool are not useful and were eliminated. Based on all three approaches combined with the QTL from the IBLs, we identified 5 candidate genes, with unique variants in the resistant pool compared to the susceptible pool. qRpp1-6 contains one candidate gene: a SUMO-domain containing protein. qRpp1-8 contains four candidate genes: a protein phosphatase 2C (PP2C), a pectin acetylesterase, a copper chaperone for superoxide dismutase, and ribosomal protein L16. No candidate genes were identified for qRpp1-5.




Figure 7 | Schematic of variant calling pipeline to susceptible Heinz BG-1706, susceptible S. pimpinellifolium LA2093 and resistant S. pimpinellifolium LA1589. SR indicates strongly resistant (green) and HS indicates highly susceptible (blue). Heinz variants are shown in yellow. Variants of interest in the Venn diagrams are shown with a bold black outline.








Discussion

Genetic resistance is extremely effective in protecting plants from infection. It has been very challenging to identify sources of resistance in wild populations and to have sufficient resolution to identify genes associated with resistance. Here, using our high-throughput seedling flood assay, we identified resistance to Pst19 in the wild tomato species S. pimpinellifolium LA1589 (Figure 1). Interestingly, although S. pimpinellifolium was the original source of the Pto/Prf gene cluster (Pilowsky and Zutra, 1982; Pitblado and MacNeill, 1983; Pedley and Martin, 2003), resistance to Pst19 in LA1589 is independent of Pto/Prf, and does not result in an HR (Figures 2, 3; Supplementary Table S5). By screening an existing set of IBLs, we were able to narrow the genomic regions of interest to ~250 genes on chromosome 5, ~590 genes on chromosome 6 and ~1025 genes on chromosomes 8, representing 3 QTL associated with resistance (Tables 1, 2; Figure 4). We generated an independent F2 mapping population between Heinz BG-1706 and LA1589 and carried out next-generation sequencing of pools of seedlings with phenotypes at the extremes of resistance or susceptibility. Qualitatively, highly resistant F2 individuals showed similar resistance as highly resistant LA1589 individuals, and highly susceptible F2 individuals showed similar susceptibility as Heinz BG-1706. We analyzed variants to identify those that were specific to the resistant pool and missing from the susceptible pool or the susceptible parent cultivar. This analysis enabled us to shortlist five candidates as having unique variants in the resistant pool (Table 4).


Table 4 | Candidate genes associated with resistance from IBL and GBS analysis.



Further characterization of resistance in S. pimpinellifolium LA1589 suggests that NLR-mediated ETI is unlikely to contribute to the resistance to Pst19. LA1589 seedlings supported about 1 log less bacterial growth than MM-PtoS, and LA1589 adults supported about 1.3 log less bacterial growth than MM-PtoS (Figures 1B, D). This difference is much smaller than typical 2-3 log difference observed when ETI is involved (Hassan et al., 2017). Importantly, we see similar resistance in both seedlings and adults, as we have previously observed in other accessions (Hassan et al., 2017). In addition, we did not observe an HR (Figure 3), which is commonly observed with ETI. While S. pimpinellifolium LA1589 carries the Pto/Prf locus that recognizes AvrPto and AvrPtoB (Figure 2A, it is not sufficient to confer resistance to Pst19 (Figure 2B). Consistent with this, the Pto/Prf locus is not located in the regions identified for Pst19 resistance in the IBLs (Tables 1, 2; Figure 4; Supplementary Table S5). In addition, previous work showed that AvrPtoB from Pst19 is not recognized in S. habrochaites (Bao et al., 2015), further supporting that the observed resistance is independent of Pto/Prf. We also confirmed that FLS2.1, FLS2.2 and FLS3 are not present in any of the delineated regions (Tables 1, 2; Figure 4; Supplementary Table S5). These data further support the presence of additional sources of Pst19 resistance in S. pimpinellifolium LA1589. Since S. pimpinellifolium was introgressed into many early tomato cultivars (Pilowsky and Zutra, 1982; Pitblado and MacNeill, 1983; Pedley and Martin, 2003), some resistance to Pst19 might already exist in breeding materials (Menda et al., 2014), which would expedite the introduction of new sources of resistance.

Our IBL screen identified specific chromosomal regions that were associated with reduced symptoms and lower bacterial growth (Table 2; Figures 4–6). These data demonstrate that multiple genes contribute to resistance to Pst19 (Figures 4–6), which is consistent with QDR. No IBLs were available that were homozygous for all resistance QTL identified here. IBLs that carry some but not all linked markers show more disease and smaller reductions in bacterial growth compared to the LA1589 parent (Figures 5, 6). It is important to note that the IBLs have only been genotyped at specific markers. Thus, even though different IBLs may carry the same homozygous LA1589 markers, they may contain different flanking genomic regions from S. pimpinellifolium. IBLs lacking all linked resistance markers (ie. LA4152) were as susceptible as the cultivar E-6203, with severe disease symptoms and high levels of bacterial growth (Figures 5, 6). This supports the contribution of the QTL to disease resistance. Interestingly, S. pimpinellifolium LA1589 was previously identified as having resistance to the P. syringae race 1 strain A9 (Thapa et al., 2015). However, the observed resistance to PstA9 was much weaker than the resistance we observed against Pst19 (Figure 1), and was not pursued. QDR is a powerful tool in protecting plants from infection, as it typically involves many genes of small to moderate effect. As a result, resistance mediated by QTL is typically harder for pathogens to overcome (Poland et al., 2009; French et al., 2016). QDR can involve genes with predicted roles in immunity, such as receptor-like kinases and NLRs, as well as genes with different molecular functions (Bao et al., 2015; Debieu et al., 2016; Gonzalez et al., 2017; Guo et al., 2020). Some QTL are associated with effector recognition, such as those involved in the recognition of HopAM1 (Iakovidis et al., 2016) or HopQ1-1 (Luo et al., 2017).

To gain greater resolution into the genes involved in resistance to Pst19 within the intervals defined by the IBL analysis, we coupled the IBL screen with a genotyping-by-sequencing screen on a separate F2 mapping population derived from S. pimpinellifolium LA1589, and Heinz, which is susceptible to Pst19 (Supplementary Figure S1). High-quality genome sequences are available for both Heinz and S. pimpinellifolium LA1589 (Sato et al., 2012; Wang et al., 2020; Takei et al., 2021). We screened ~1200 individuals for their resistance and susceptibility phenotypes, which did not segregate in a Mendelian manner (Table 3), consistent with the IBL analysis. This population is likely to have more recombination events than the IBLs, which can help identify genes of interest. By focusing on the regions identified by the IBLs and using custom bioinformatic pipelines, we were able to identify unique SNPs that were specific to the resistant pool of the F2 mapping population, but not present in Heinz, the susceptible pool of the F2 mapping population or susceptible S. pimpinellifolium accession LA2093 (Figure 7, Supplementary Table S1). For SNPs in Heinz genes, we identified S. pimpinellifolium homologs with high similarity by reciprocal best hit Blast. The S. pimpinellifolium genes in the strongly resistant pool had unique differences compared to Heinz or the highly susceptible pool.

Some of our candidate genes have predicted functions that have been shown to be involved in resistance (Table 4). qRpp1-6 contains one candidate gene: a SUMO-domain containing protein. Sumoylation contributes to disease progression and virulence activities of phytopathogenic bacteria, as well as immune responses against pathogens (Park et al., 2011). Mutants in Arabidopsis the SUMO E3 ligase, SIZ1, or SUMO genes, SUM1/2, have high levels of salicylic acid and constitutive expression of pathogenesis-related (PR genes) (Lee et al., 2007; van den Burg et al., 2010). qRpp1-8 contains four candidate genes: a protein phosphatase 2C (PP2C), a pectin acetylesterase, a copper chaperone for superoxide dismutase, and ribosomal protein L16. Some PP2Cs can regulate PTI and ETI responses to P. syringae (Widjaja et al., 2010; Giska and Martin, 2019; Sobol et al., 2022). A citrus pectin acetylesterase was found to be a negative regulator of defenses against Xanthomonas citri pv. citri (Li et al., 2020). Copper chaperone for superoxide dismutase proteins have been implicated in resistance against Magnaporthe orzyae, which causes rice blast, and in production of reactive oxygen species, which is associated with immune responses (Li et al., 2019). Ribosomal proteins have been associated with resistance to different pathogens, including non-host strains of Pseudomonas syringae in Nicotiana species and virulent strains of Pseudomonas syringe in Arabidopsis (Ramu et al., 2020; Son and Park, 2023). It is also possible that some of these genes are susceptibility factors which are targeted by the pathogen for enhanced virulence (Dangl et al., 2013; Schreiber et al., 2021a; Schreiber and Lewis, 2021). When susceptibility factors are disrupted, they can enhance plant resistance (Dangl et al., 2013; Schreiber et al., 2021b; Schreiber and Lewis, 2021).

A previous screen identified QTL on chromosomes 2 and 8 in S. habrochaites that contributed to the resistance against PstT1 (Bao et al., 2015), which is very similar to Pst19 (Kunkeaw et al., 2010). The QTL on chromosome 8 was not followed up on, however the QTL on chromosome 2 was narrowed to ~140 genes and one candidate gene is a receptor-like protein kinase (Bao et al., 2015). This RLK is distinct from the candidate genes we identified. Another study identified 3 QTL on chromosomes 1, 2 and 12 in S. habrochaites that contributed to resistance against a different race 1 strain, PstA9 (Thapa et al., 2015). No candidate genes were identified for these QTL.

The identification of new sources of disease resistance can help bolster plant resilience to infection. Combining classical genetics with next-generation sequencing and high-throughput seedling assays allowed us to identify genomic regions and candidate genes associated with resistance in wild tomato. QTL-seq approaches can expedite the identification of variants associated with phenotypes of interest in many agriculturally relevant crops (Takagi et al., 2013; Singh et al., 2022). Our data may be helpful for plant breeders in prioritizing loci for introgression and/or for replacement in susceptible varieties.
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Fruit color is an important qualitative trait that greatly influences the marketability of peppers. Fruit color can be divided into two categories. Green fruit color denotes commercial maturity, whereas ripe fruit indicates physiological maturity. Herein, segregation populations were created using the ‘D24’ with pale green in the green fruit stage, orange in the mature fruit stage, and ‘D47’ with green in the green fruit stage and red in the mature fruit stage. BSA-seq and genetic linkage map analysis revealed green fruit color was linked to (gyqtl1.1) on Chr1 and (gyqtl10.1) on Chr10, while mature fruit color was linked to Chr6. Using functional annotation, sequence, and expression analysis, we speculate that an SNP mutation in the CapGLK2 gene at the gyqtl10.1 interval could initiate premature termination of translation, thus yielding green to pale green fruits in D47. Conversely, the orange color in mature D24 fruits is due to the Indel-mediated premature termination of translation of the CapCCS gene. Our research offers a theoretical foundation for choosing different varieties of pepper fruit based on their color.
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1 Introduction

Peppers (Capsicum spp.), a member of the Solanaceae family, are extensively grown in many parts of the world. They can be either annual or limited perennial plants and are frequently cross-pollinated. There are five important cultivated species of pepper, namely C. annuum, C. frutescens, C. chinense, C. baccatum, and C. pubescens. Pepper fruit color is a key agronomic and economic trait, directly attracting the attention of consumers and breeders (Liu et al., 2022). Pepper fruits can be classified into two groups based on their developmental stages: green fruits, which reach the commercial maturity stage (25-40 DAF), and mature fruits, which get to the physiological maturity stage (40-65 DAF) (Wahyuni et al., 2011). The diverse pigments are responsible for the coloration of pepper fruits and are associated with peppers’ quality, nutritional content, health benefits, and flavor profile. These pigments have extensive use in food, medicine, and chemical industries (Alvarez-Parrilla et al., 2011; Wahyuni et al., 2013).

Pepper at the green fruit stage displays a wide range of colors. Chlorophyll is the primary pigment, whereas trace amounts of carotenoids, flavonoids, and other pigments are also determined at the green fruit stage (Liu et al., 2020). Previous research found that two quantitative trait loci (QTL), pc1 and pc10, respectively positioned on chromosomes 1 and 10, affect the color of premature fruit. The loss of function of the ARABIDOPSIS PSEUDO RESPONSE REGULATOR2-LIKE (APRR2-like) gene causes a drop in chlorophyll concentration, which in turn prompts the pepper fruits to turn white during the green fruit stage (Brand et al., 2012; Borovsky et al., 2019; Pan et al., 2013). BSA-seq revealed the LSD ONE LIKE1 (LOL1) gene as a key candidate for pc1, controlling chloroplast size and chlorophyll concentration (Borovsky et al., 2019). The GOLDEN LIKE 2 (GLK2), a prominent candidate gene for pc10.1, regulates chloroplast size, affecting the chlorophyll concentration of pepper peels (Brand et al., 2014). The CaPP2C35 (Capana10g001710) gene modulates exocarp chlorophyll accumulation to produce light-green ripe pepper fruits (Wu et al., 2022). Genetic linkage studies pinpointed the ly locus on Chr9 that controls the color of immature pepper fruit. The decreased carotenoid content in immature pepper fruits could be due to a nonsense mutation in the candidate gene of ly locus, APRR2 (Song et al., 2022).

The process of chloroplasts converting into chromoplasts during ripening is responsible for the color of ripe fruits. Carotenoids are synthesized and stored in chromoplasts. The accumulation of carotenoids leads to the development of orange, red, and yellow colors in ripe pepper fruits (Martí et al., 2009). Three loci, C1, C2, and Y, primarily regulate the color of peppers’ mature fruits (Hurtado-Hernandez and Smith, 1985; Kormos, 1960). Mutations or deletions in the CCS gene, co-segregated with the Y locus, cause yellow-green fruits that cannot produce capsorubin (a major biomolecule responsible for red pigmentation) (Popovsky and Paran, 2000; Lefebvre et al., 1998). Molecular markers using a segregating red and orange pepper population revealed that the PSY gene and the F2 phenotype co-segregated (Huh et al., 2001). The PRR2 gene was identified in a segregating yellow and white mature pepper fruit population. At the C1 locus, a nonsense mutation in the PRR2 gene was found to be linked to the color of the fruit (Jeong et al., 2020). Aside from the primary three loci, several genes can regulate the color of mature pepper fruit. For example, the PSY2 may compensate for the loss of PSY1, resulting in a yellow pepper fruit phenotype (Jang et al., 2020).

Recently, genome sequencing of numerous cultivated pepper cultivars has been performed as sequencing technology has improved and costs have decreased. It establishes a basis for researching genetic mapping, gene localization, cloning, and the production of molecular markers (Qin et al., 2014; Liao et al., 2022). The BSA-seq, in conjunction with molecular markers, has been extensively employed for genetic analysis and gene mapping in peppers. In this regard, an F2 segregating population of mature peppers with dark and light green fruit colors was generated (Song et al., 2022). Through BSA-seq and genetic mapping, they successfully mapped a novel interval on Chr9 and predicted four candidate genes.

This study constructed a genetic population by crossing two pepper varieties. One variety, D24 (female parent), has a pale green color at the green stage and an orange color at maturity. The other, D47 (male parent), has a green color at the green fruit stage and a red color at the mature stage. The physical and genetic intervals associated with pepper color traits, such as green and mature fruit colors, were mapped using BSA-seq. We then refined the mapping intervals and identified candidate genes regulating pepper fruit color. The findings of this study provide valuable references and a theoretical basis for breeding pepper varieties with desirable fruit colors.




2 Materials and methods



2.1 Plant materials

This study utilized high-inbred pepper cultivars D24 (C. annuum) and D47 (C. annuum) as plant materials. The green fruit of D24 peppers is pale green, and the mature fruit color is orange. On the other hand, the immature fruit of D47 peppers displayed a green color, whereas the mature fruit exhibited a red color. The F1 generation was obtained by crossing D24 as the maternal parent (P1) with D47 as the paternal parent (P2). Self-pollination of the F1 plants resulted in forming the F2 segregating population. Professor Weiping Diao’s research group at the Vegetable Research Institute of Jiangsu Academy of Agricultural Sciences provided all the plant materials used in this research. The plants were cultivated inside greenhouses at the Vegetable Base of South China Agricultural University (Supplementary Figure 1).




2.2 Phenotypic identification and genetic analysis

For each plant of P1, P2, F1, and F2, three or more green and ripe fruits were selected to determine the color of fruit skin using both visual assessment and spectrophotometric analysis. Visual assessment was conducted by human observation, while spectrophotometric analysis employed an automated color difference meter (CHROMA METER CR-400). Three equidistant points were measured along the equatorial surface of each fruit to obtain relevant color difference indices. The CIE Lab (Commission Internationale de I’Eclairage Lab* color space values) color system was utilized to quantify the color indices of the pepper fruit surface. The average value of each index was calculated as the measured value for subsequent analysis. Statistical analysis of the obtained results was performed using Microsoft Excel 2016.




2.3 Extraction and determination of pigments

We took three fruits from each plant that showed varying fruit colors in the F2 population. Pigments were extracted using the direct immersion method for plant tissues (Wellburn and Lichtenthaler, 1984). The absorbance values of the extraction solution were measured using a Cytation5 microplate reader. Chlorophyll and carotenoids were measured using the absorbance values. Three biological replicates were performed for each sample. The CORREL function in Microsoft Excel 2016 was employed to calculate the correlation coefficients between the color difference parameters (h, C, L, and E values) of the green and mature fruits in the F2 population and their corresponding chlorophyll and carotenoid contents. The T statistic was calculated using the SQRT function based on its formula. Finally, the T.INV function was used to determine the critical values of T at the 99% and 95% confidence levels. The significance level was determined by comparing the calculated T statistic with the critical T values.




2.4 BSA analysis of pepper fruit color

The D24 and D47 pepper varieties were chosen as parental pools in this experiment. After investigating and performing statistical analysis on the fruit color traits of the F2 population, two extreme pools were created. Each pool consisted of 30 plants displaying green colors, specifically green and pale green peppers, and another 30 plants exhibiting mature colors, including red and orange peppers. One young leaf of equal size was collected from each selected plant.

DNA extraction from the two parents and pools was done using the cetyl-trimethyl-ammonium-bromide (CTAB) method (Allen et al., 2006). Paired-end sequencing libraries with insert sizes of 350 bp were prepared for sequencing on the MGI-SEQ 2000 sequencing platform (MGI Tech Co., Ltd., Shenzhen, China) by Frasergen Biotechnology Co., Ltd. (Wuhan, China), resulting in pair-end sequence data (2×150 bp). Subsequently, the raw reads were subjected to cleaning using SOAPnuke (Chen et al., 2018), and the cleaned reads were aligned to the “CA59” pepper genome using BWA-mem (version 0.7.17) (Li and Durbin, 2009) and SAMtools (version 1.13) (Li et al., 2009). PCR duplicate reads were marked and filtered using the MarkDuplicates function of Picard v2.25.7 software (http://broadinstitute.github.io/picard). SNP calling and InDel calling were performed using BCFtools (version 1.12) (Li et al., 2009), followed by filtering with the parameter -e ‘%QUAL<10 || (RPBZ<0.1 && %QUAL<15) || (AC<2 && %QUAL<15) || MQ < 30 || MQSBZ <=0.1’. Variants were annotated using SnpEff (version 5.0) software (Cingolani et al., 2012). The SNP-index values of the two pools were obtained using the QTLseqr package (Mansfeld and Grumet, 2018) based on the method proposed by Takagi (Takagi et al., 2013). The Δ(SNP-index) was calculated by subtracting the SNP-index of the two pools. The average value of Δ(SNP-index) for each 4 Mb window with a 10 kb step size was determined. Thresholds of 95% and 99% confidence levels were chosen to identify potential QTL candidates by examining the distribution of Δ(SNP-index) on the chromosomes of the two pools. Regions above the confidence line with Δ(SNP-index) > 95% were marked as potential QTL candidates.




2.5 Screening of polymorphic InDel Markers and construction of genetic linkage map

InDel markers within the targeted regions obtained from BSA-seq were selected, and specific primers were designed using Primer Premier 5 software. The synthesis of primers was assigned to Beijing Qingsci Biotechnology Co., Ltd. (Supplementary Tables 1–4). Subsequently, PCR amplification was conducted on the InDel markers using D24 (P1), D47 (P2), and F1 plants as templates. Polymorphic InDel markers were identified through gel electrophoresis using a 3% agarose gel at 160 V voltage in the electrophoresis buffer. Gel bands were observed using a gel imaging system.

Polymorphic InDel markers were further identified, and their band distributions were analyzed in 259 F2 individuals. Combining the phenotypic data of the F2 population, a genetic linkage map controlling pepper fruit color was constructed using IciMapping software, with an LOD threshold of 5.0 to determine the presence of QTLs.




2.6 Functional annotation of candidate genes

Functional annotation of candidate genes was performed using the CDS sequences. The Diamond v2.0.9 (Buchfink et al., 2021) and BLAST v2.11 (Altschul et al., 1990) software aligned the CDS sequences against the NT, NR, and Swissprot databases. The gene descriptions from the alignment results were considered as the annotation information for the genes.




2.7 Cloning and expression analysis of CapCCS gene

The gene sequence of CapCCS and its flanking 200 bp sequences were extracted based on the “CA59” pepper reference genome (Liao et al., 2022). Specific primers were designed using Primer Premier 5 software (Supplementary Table 5), and the CapCCS gene was cloned with genomic DNA from D24 and D47 plants as templates.

Pepper peel samples were collected during the premature stage, commercial maturity, breaker, and physiological maturity stages of D24 and D47 plants. Three fruits were collected at each stage, and total RNA was extracted using the total RNA extraction kit from Shanghai Promega Biotech Co., Ltd. cDNA was synthesized using the HiScript®II Q RT SuperMix for qPCR (+gDNA wiper) reverse transcription kit from Jiangsu Novogene Bioinformatics Technology Co., Ltd. The cDNA was diluted to a concentration of 200 ng/μL, and specific primers for the CapCCS gene (Supplementary Table 6) were designed. The ubiquitin extension protein gene CA12g20490 was used as the internal reference gene, and fluorescence quantitative PCR was performed using the ChamQ Universal SYBR qPCR Master Mix from Jiangsu Novogene Bioinformatics Technology Co., Ltd.

The genes in the candidate interval were quantitatively analyzed using the transcriptome data of the existing D24 and D47 peels of the research group, and three biological replicates (unpublished) were taken from the pericarp of each parent. Heatmaps were generated using the TBtools software (Chen et al., 2020).




2.8 Cloning analysis of CapGLK2 gene

The gene sequence of CapGLK2 and its flanking 200 bp sequences were extracted based on the “CA59” pepper reference genome (Liao et al., 2022). Samples of pepper peel were taken from D24 and D47 plants at commercial maturity. Total RNA was isolated from three fruits collected at each stage using a kit from Shanghai Promega Biotech Co., Ltd. cDNA was synthesized using a HiScript®II Q RT SuperMix for qPCR (+gDNA wiper) reverse transcription kit from Jiangsu Novogene Bioinformatics Technology Co., Ltd. The cDNA was diluted to a concentration of 200 ng/μL to enhance the accuracy of SNP verification in the gene sequence. The CapGLK2-AD vector was created by the technique of homologous recombination, and the primers were produced utilizing the cloning web page (https://crm.vazyme.com/cetool/simple.html) provided by Nanjing Novozan Biotechnology Co., Ltd. (Supplementary Table 5). The cDNA obtained through reverse transcription was utilized as a template for PCR amplification. The resulting amplification product was then retrieved and ligated with the enzymatically digested AD vector. The resulting linkage product was transformed into Escherichia coli through heat shock DH5α culture. Subsequently, colony PCR and sequencing identification were performed to complete the process.




2.9 Statistical analysis

The statistical analyses were conducted using ANOVA in the IBM SPSS Statistics program for Windows, version 21.0 (IBM Corporation, Armonk, NY, USA). The data are presented in the form of the mean ± SD. Multiple mean differences are evaluated using Duncan’s multiple range tests with 5% probability. GraphPad Prism 8.0 (GraphPad Software, Inc., LA Jolla, CA, USA) was used for plotting.





3 Results



3.1 Genetic analysis of green fruit color in peppers

According to field investigations, the predominant fruit color in pepper peels is green to pale green. This is supported by the fact that the progeny of a cross between the pale green D24 (C. annuum, P1) and the green D47 (C. annuum, P2) are uniformly green in color (Figures 1A, B). The F2 population exhibited a spectrum of three distinct peel colors: pale green, greenish green, and yellowish green. The segregation pattern in 517 F2 individuals was analyzed using chi-square testing, which revealed a ratio of 12:3:1 for green to yellowish green to pale green fruit color. The P-value obtained was 0.38 > 0.05. This suggests the presence of dominant epistasis between two pairs of alleles that govern this trait (Figures 1C, D). These findings indicate that two sets of alleles control the color of pepper fruit with interacting effects. The dominant allele for green color supersedes the yellowish-green allele, and the yellowish-green allele supersedes the light green allele.




Figure 1 | Genetic pattern of the D24 × D47 combination of green and mature fruit color hybrids. (A) The genetic pattern of the green fruit color of the D24 × D47 hybrid combination. (B) The schematic diagram of the green fruit color of the hybrid combination. (C) The genetic pattern of the mature fruit color of the D24 × D47 hybrid combination. (D) The schematic diagram of the mature fruit color of the hybrid combination.



The chlorophyll content of fruits from P1, P2, F1, and F2 plants in each fruit color category was measured using direct immersion. In line with the phenotypic variations between the two parents, the average total chlorophyll content in P2 was 0.186 mg/g, about six times more than in P1 (0.032 mg/g) (Figure 2A). In the F2 population, green fruits had an average total chlorophyll content of 0.176 mg/g, yellowish green fruits 0.064 mg/g, and pale green fruits 0.009 mg/g. These values differentiated between the three categories of fruit color (Figure 2B), suggesting that visual grading could be used to classify the color of green fruit peel in peppers. The color difference values of green fruit from P1 (D24), P2 (D47), and their F1 and F2 generations were measured using a colorimeter. The four indicators of L, C, h, and ΔE were also evaluated. The color difference values of P1 (D24), P2 (D47), and their F1 and F2 generations were determined by colorimeter to analyze the four indexes of L, C, h, and ΔE. According to the data, the C value of F1 generation tilted toward the P1 (D24), while the L, h, and ΔE values showed relevance to P2 (D47) (Supplementary Table 7). Consistent with quantitative trait features, the results allow for the possibility of using measured values of the color difference index to conduct genetic studies of green and ripe pepper fruit coloration.




Figure 2 | Main pigment content and correlation index of color difference between green and mature fruits of F2 generation. (A) Parenting D24 and D47 and its hybrid F1 pepper in green fruit stage, chlorophyll content in the peel folding drawing. (B) The F2 Folding diagram of chlorophyll content in various graded fruits in the pepper. (C) A frequency distribution plot of C values of F2 with green fruit. The green columns in the figure represent the green fruit distribution; the light green columns represent the yellowish green fruit distribution; and the yellow plants represent the pale green distribution. The blue solid line is the fitted curve, and the black dashed line is the component distribution curve. (D) The statistical plot of carotenoid content in the colored pericarp of F2 peppers with mature fruit, Where * indicates significant differences at the 0.05 significance level. (E) A frequency distribution plot of h values of F2 with mature fruit. The red solid line is the fitted curve, and the black dashed line is the distribution curve of the components.



We calculated the correlation between the total chlorophyll content of F2-graded fruit color and L, C, h, and ΔE. The correlation coefficient between the C value and green fruit peel is the highest, followed by ΔE, L, and h values (Supplementary Table 8). The C value was used to draw the frequency distribution histogram of the color difference index related to the green fruit color of the F2 generation. A bimodal continuous distribution was shown in the histogram (Figure 2C). According to the typical genetic characteristics of plant quantitative traits, the green fruit color can be classified into two categories based on the valley between the two peaks. The large peak in this category represents the green peel, while the small peak represents the yellowish-green and pale-green peel. To further evaluate the C value of the green mature fruit of the D24 × D47 cross, the major gene and polygene F2 single-generation segregation model was utilized. According to the principle of minimizing the AIC value, SEA-F2 software was used to select the best model. The best model is 2MG-AD, a two-pair additive-dominant major gene model.




3.2 Genetic analysis of mature fruit color in peppers

By crossing the orange-ripe fruit of D24 with the red-ripe fruit of D47, the F1 progeny were uniformly red when they reached maturity. This indicates that the red fruit color dominates over the orange fruit color in pepper. Red to orange fruit color was found to be segregated in a 3:1 manner in 517 F2 individuals, with a P-value of 0.27 > 0.05. This suggests that a single pair of alleles controls the fruit color trait at the mature stage, with red being completely dominant over orange (Figures 1C, D). The carotenoid content in the pepper peel from the F2 individuals in each color group at the mature fruit color stage was determined using the direct immersion method. The results indicated that the average carotenoid content in orange and red fruits was 0.080 mg/g and 0.135 mg/g, respectively, with the red fruits exhibiting carotenoid levels twice as high as the orange fruits (Figure 2D). The disparity in carotenoid content effectively differentiated the two-color categories, confirming the practicality of employing visual grading for classifying pepper peel color during the ripening stage. A colorimeter was used to measure the L, C, h, and ΔE values of mature fruit color of P1 (D24), P2 (D47), and their F1 and F2 generations. After Duncun’s multiple comparisons, it was found that there were significant differences in the L, C, h, and ΔE values of the two parents. The measured values of L, C, h, and ΔE of the four indicators of mature fruit color in the F1 generation were significantly different. The average values are also significantly different between the two parents, and they are all biased toward the male parent of the red peel D47 (Supplementary Table 9), which is consistent with the characteristics of quantitative traits. Measuring the values of color difference indicators allows for the genetic study of mature pepper fruit color. Calculating the correlation between the total carotenoid content of F2-graded mature fruit color and L, C, h, and ΔE shows that the h value has the highest correlation coefficient with the peel of mature pepper fruits, followed by ΔE, L, and C value (Supplementary Table 10). The h value was utilized to construct the frequency distribution histogram of mature fruit color in the F2 generation. The histogram (Figure 2E) shows a bimodal continuous distribution. The ripe fruit color can be divided into two categories based on the peaks between the valleys. Among these, the orange peel is represented by the small peaks, and the big peaks represent the red peel. The separation between fruit colors is basically in line with the ratio of red: orange = 3:1, indicating that there may be the separation of a pair of major genes, and red versus orange is completely dominant, which is consistent with the results of Mendelian separation analysis.




3.3 Linkage analysis between green and mature fruit color

The genetic investigation of pepper peel color revealed that the green, yellowish, green, and pale green fruit color ratio is 12:3:1, respectively. The ratio of red and orange-yellow fruit color is 3:1 in the mature pepper fruit. The linkage between green and mature peppers was analyzed using the chi-square test to further understand the relationship between green and mature fruit color. There was a 3:1 pattern for the red-to-orange ripe fruit color ratio among the 375 plants that displayed green fruit color. Similarly, a 3:1 pattern was seen in red to orange ripe fruit color among the 109 plants with green fruits showing yellowish-green coloration. A 3:1 trend was seen in the red-to-orange ripe fruit color among the 33 green fruit plants, all with pale green coloration. Likewise, the fruit color at the green fruit color stage of the 377 plants bearing red-mature fruits follows the pattern of green: yellowish green: pale green = 12:3:1. Among the 140 plants with orange-mature fruit, the color of the fruit at green fruit color stage with the ratio of green: yellowish green: pale green = 12:3:1 was respectively observed (Supplementary Table 11). These results suggest that in the D24 × D47 cross, green and ripe fruit colors are inherited independently.




3.4 Preliminary mapping of genes associated with pepper fruit color

This investigation utilized whole-genome resequencing to uncover genetic loci responsible for the difference in fruit color between green and mature peppers. The parental lines, D24 and D47, were subjected to resequencing, along with four pooled populations of F2 individuals exhibiting premature (green and yellow) and mature (red and orange) fruit colors. The high-quality reads from D24, D47, green-immature (green), green-immature (yellow), red-mature, and orange-mature fruit pools were effectively aligned to the “CA59” reference genome, with mapping reads of 712,847,132, 722,405,104, 1,073,269,721, 1,133,524,293, 1,042,405,332, and 1,040,385,125, respectively. The resulting average sequencing depths were 34.17×, 34.63×, 51.45×, 54.34×, 49.97×, and 49.87×, correspondingly (Supplementary Table 12). These outcomes affirm the satisfactory quality of the sequencing data obtained from all samples, demonstrating a robust alignment efficiency to the “CA59” reference genome. This facilitates the subsequent identification of genetic variations and gene mapping for trait analysis.

The parental lines and an F2 population of green and pale green fruits were subjected to whole-genome resequencing using the reference genome of the “CA59” pepper. A total of 540.18 GB of sequencing data was generated. A comprehensive set of 26,581,892 SNPs was identified in the green pepper population. After rigorous quality control, 14,230,899 high-quality SNPs were selected for subsequent quantitative trait loci (QTL) analysis. By calculating the SNP-index values and Gprime values using the high-quality SNPs derived from the green and pale green pools and subsequently calculating the difference to obtain Δ(SNP-index) values, two peaks were observed on Chr10 and Chr1 in the Δ(SNP-index) distribution plot. The peak of Chr10 spanned from 7,799 bp to 203,707,926 bp, covering a length of 203.7 Mb and encompassing 1,782 predicted genes. The highest Gprime value within this region was observed at 5,833,414 bp, reaching 38.37. Consequently, this QTL was designated as gyqtl10.1. The peak of Chr1 spanned from 59,369 bp to 57,830,451 bp, with a length of 57.77 Mb containing 1,757 predicted genes. The highest Gprime value within this region was located at 15,671,853 bp, reaching 44.35. Hence, this QTL was named gyqtl1.1 (Figures 3A, C).




Figure 3 | Distribution of Δ (SNP-index) on the pepper chromosome. (A) Distribution of Δ(SNP-index) on the pepper chromosome in the green fruit stage. (B) Distribution of Δ(SNP-index) on the pepper chromosome in the mature fruit stage. (C) Distribution of G’value on chromosomes in green fruit color stage. (D) Distribution of G’value on chromosomes in mature fruit color stage, the red line is the threshold line.



The parental lines and an F2 population of red and orange fruits were subjected to whole-genome resequencing using the reference genome of “CA59” pepper. A total of 529.08 Gb of sequencing data was generated, enabling the detection of single nucleotide polymorphisms (SNPs) and short insertion-deletion mutations (InDels) within the population. A comprehensive set of 26,325,289 SNPs was identified in the mature pepper population. After rigorous quality control, 17,365,545 high-quality SNPs were selected for subsequent quantitative trait loci (QTL) analysis. By calculating the SNP-index values and Gprime values using the high-quality SNPs derived from the red and orange pools and subsequently calculating the difference to obtain Δ(SNP-index) values, a distinctive peak was observed on Chr6 in the Δ(SNP-index) distribution plot. This peak spanned from 84 bp to 502,680,735 bp, covering a length of 50.27 Mb and encompassing 1,950 predicted genes. The highest Gprime value within this region was observed at 5,833,414 bp, reaching 30.77. Consequently, this QTL was designated as roqtl6.1. A potential minor-effect peak was identified on Chr1, spanning from 209,584,520 bp to 253,781,004 bp, with a length of 44.2 Mb containing 541 predicted genes. The highest Gprime value within this region was located at 242,131,481 bp, reaching 6.0. Hence, this QTL was named roqtl1.1 (Figures 3B, D).




3.5 Construction of genetic linkage maps for pepper fruit color using InDel markers

In this study, the candidate intervals for green fruit color were initially located on Chr10 and 1. To further narrow the mapping intervals, two parental lines (D24 and D47), F1 progeny, and 259 F2 individuals were used as templates for deep re-sequencing. By exploiting the polymorphism nature of InDel markers in the F2 population, a genetic linkage map was constructed using IciMapping software. Thirteen polymorphic InDel markers were selected to construct the genetic linkage map on Chr1 (Supplementary Table 1). The total genetic distance of the constructed map was 78.13 cm, with the linkage interval between InDel141 and InDel134 corresponding to a physical distance of 2.75 Mb (14,372,013 bp-17,126,499 bp). The maximum LOD value was 15.29, and the phenotypic variance explained (PVE) of the identified QTL was 19.62%. Similarly, seventeen polymorphic InDel markers were chosen to construct the genetic linkage map on Chr10 (Supplementary Table 13). The total genetic distance covered by this map was 80.18 cm, with the linkage interval located between InDel107 and InDel110, corresponding to a physical distance of 3.38 Mb (8,249,029 bp-11,626,729 bp). The maximum LOD value obtained was 16.9089, and the PVE of this QTL was 22.09% (Supplementary Table 13; Figure 4A).




Figure 4 | Genetic linkage mapping of two fruit colors in pepper. (A) Genetic linkage mapping of mature fruit color. (B) Genetic linkage mapping of green fruit color.



The preliminary mapping intervals for mature fruit color in Capsicum were determined to be located on Chr6 and Chr1. For Chr1, five InDel markers were screened within the mapping interval, but no linkage was observed, indicating that Chr1 is not associated with mature fruit color in pepper. On the other hand, sixteen polymorphic InDel markers and one KASP marker were selected to construct the genetic linkage map on Chr6 (Supplementary Table 4). The total genetic distance covered by this map was 53.71 cm, with the linkage interval between InDel136 and KASP corresponding to a physical distance of 153.49 kb (9,563,662 bp-9,717,156 bp). The LOD value reached a maximum of 115.05, and the contribution rate of this QTL was 81.70% (Supplementary Table 14; Figure 4B).




3.6 Analysis of candidate genes for fruit color-related mapping intervals

Genetic linkage analysis was conducted to determine the intervals of genetic linkage associated with the characteristic. The gene function annotation results were produced by comparing the candidate genes within these intervals using Diamond and BLAST tools. The results showed that a total of 115 genes (116 transcripts) were found in the candidate region of chromosome gyqtl1.1 linked to pepper of which the NT database registered 113 genes (114 transcripts) and NR (Supplementary Table 15). Additionally, within the putative region of Chr10 gyqtl10.1 associated with green fruit; 87 genes were annotated as shown in Supplementary Table 16. It is worth noting that all 87 genes were successfully annotated in both the NR and NT databases. Based on gene function annotation and previously published related gene information, we have identified the GLK2 (Capann_59V1aChr10g003610) gene as a potential candidate gene in the linkage interval of Chr10 (Supplementary Table 17). This gene may play a crucial role in controlling the green peel color.

The CDS sequences of 17 candidate genes in the candidate region were aligned to NT, NR, and Swisprot databases for functional annotation using Diamond and BLAST software. The findings indicated that all genes within the roqtl6.1 candidate area of Chr6 in pepper are documented and included in Supplementary Table 18. A capsanthin/capsanthin synthetase gene, CapCCS (Capann_59V1aChr06g006200), was discovered by searching for known color-related pepper ripening genes. The difference in pepper ripening color features within this population may be primarily attributed to this gene (Supplementary Table 19). Previous research has indicated that three loci primarily regulate the variation in ripe fruit color in peppers. These loci are the C1 locus, which is located on Chr1 and encodes the PRR2 gene (Jeong et al., 2020); the C2 locus, which is on Chr4 and encodes the PSY1 gene (Huh et al., 2001); and the Y locus on chr6encoding the CCS gene (Lefebvre et al., 1998). Based on the findings, it was hypothesized that the CapCCS gene, present in the candidate interval on Chr6, could be the primary gene responsible for the variation in mature fruit color from red to orange or orange to red.




3.7 Sequence analysis of candidate gene CapGLK2 for green fruit color

The CapGLK2 gene is positioned on Chr10 between positions 9,177,688 bp and 9,185,257 bp. This gene consists of six exons with a coding length of 942 bp. Using genomic resequencing, we detected an SNP at position 448 bp within the coding region of CapGLK2 in the D24 parental line. The SNP resulted in a C to T base substitution. Our analysis using open reading frame (ORF) prediction on the altered coding sequence in the D24 parent revealed that this SNP causes CapGLK2 to produce a stop codon, which in turn causes the coding sequence to terminate prematurely. Notably, the premature transcriptional termination caused by the SNP could contribute to the pale green color phenotype seen in young pepper fruits (Figure 5A).




Figure 5 | Sequence analysis map of key candidate genes. (A) The sequence analysis of the key candidate gene CapGLK2 in gyqtl10.1. (B) The sequence analysis of the key candidate gene CapCCS in roqtl6.1. Ref indicates the reference genome of “CA59” chili peppers, and ref, D47, and D24 are the sequence variation diagrams of the candidate genes in the three materials, respectively. Ref indicates the reference genome of “CA59” chili peppers, and Ref, D47, and D24 are the nucleic acid variants of the candidate genes in these three materials. * denotes significance difference.



To further confirm the presence of the SNP mutation in the CapGLK2 gene sequence, we extracted genomic RNA from the green fruit of pepper lines D24 and D47 and used its cDNA as templates for PCR amplification. The PCR products were purified, sequenced, and aligned against the reference genome. We found that the CapGLK2 gene showed the same mutation as the above sequence analysis at 488bp between the CDS sequences of D47 and D24 (Figure 6). These findings provide further evidence supporting the role of the CapGLK2 gene as a key regulator of fruit color in pepper.




Figure 6 | Comparison of CDS sequences of CapGLK2 gene in D24 and D47. GLK2-D47 and GLK2-D24 are the CDS sequences of the CapGLK2 gene in the D47 and D24 materials, respectively.



Expression analysis showed that the CapGLK2 gene was not expressed during immature, breaker, and mature but displayed dominant expression at the green ripe stage. (Figure 7)




Figure 7 | Expression of CapGLK2 gene in different growth periods of pepper fruits The **** in the figure indicates a significant difference at the 0.01 significance level, i.e., a highly significant difference.






3.8 Cloning and expression analysis of CapCCS associated with mature fruit color

The CapCCS gene is located on Chr6 of the “CA59” pepper genome between positions 9,715,892 bp and 9,717,388 bp. Genomic resequencing revealed an InDel in the coding region of CapCCS in the D24 parent line at position 1,265 bp, deleting a single nucleotide C. In the D24, ORF prediction identified a frameshift mutation in the CapCCS gene, causing premature termination at 1,272 bp. Phenotypic analysis showed that the D24 parent line, with the InDel mutation, exhibited orange mature fruit color, while the D47 parent line and the reference genome CA59, lacking the InDel mutation, displayed red mature fruit color (Figure 5B). These findings suggest that the identified InDel may be responsible for the orange mature fruit color in D24.

To further confirm the presence of the InDel mutation in the CapCCS gene sequence, we extracted genomic DNA from the young leaves of pepper lines D24 and D47 and used them as templates for PCR amplification (Supplementary Figure 2). The PCR products were purified, sequenced, and aligned against the reference genome. We found that the DNA sequence of CapCCS of D47 was identical to that of CapCCS, the reference genome of “CA59” pepper with red color of mature fruit. Contrarily, the reference genome “CA59” and D47 of the pepper were compared to the DNA sequence of CapCCS of the orange-colored D24 pepper, showing unidentical result (Figure 8). These findings provide further evidence supporting the role of the CapCCS gene as a key regulator of fruit color in pepper.




Figure 8 | Nucleic acid sequence comparison of CapCCS gene in D24 and D47, and the reference genome CapCCS. CCS-ref is the nucleic acid sequence of the CapCCS gene in the reference genome “CA59” chili peppers, and CCS-D47 and CCS-D24 are the nucleic acid sequences of the CapCCS gene in the D47 and D24 materials, respectively.



Expression analysis showed that the CapCCS gene was not expressed during immature and commercial ripe stages but displayed dominant expression at the breaker stage. Expression analysis showed that Capann_59V1aChr06g006060 and Capann_59V1aChr06g006080 were not expressed during immature, green ripe, and breaker but displayed dominant expression at the mature stage (Figure 9).




Figure 9 | Expression of candidate genes during the breaker and mature stages of pepper fruits. (A) Expression of CapCCS gene during the breaker and mature stages of pepper fruits. (B) Expression of Capann_59V1aChr06g006060 gene during the breaker and mature stages of pepper fruits. (C) Expression of Capann_59V1aChr06g006080 gene during the breaker and mature stages of pepper fruits. The ** in the figure indicates a significant difference at the 0.01 significance level, i.e., a highly significant difference. * denotes significance difference.







4 Discussion

Chlorophyll is the main pigment responsible for peppers’ green fruit color. Still, other pigments, such as carotenoids and anthocyanins, can cause peppers’ fruits to turn purple (Liu et al., 2020) and black (Lightbourn et al., 2008), respectively. Segregation analysis conducted by using light yellow and green pepper materials suggested that the light-yellow color is controlled by a single recessive gene (Song et al., 2022). On the other hand, genetic analysis showed that a single locus dominant hereditary feature controls the light green color of green fruits (Wu et al., 2022). In this study, we employed a visual grading method to analyze fruit color as a qualitative trait, and our segregation analysis in the F2 population revealed a segregation ratio of green: yellowish green: pale green = 12:3:1, indicating that two pairs of alleles control fruit color in green fruit (Figures 1A, C). The green allele dominates epistatic effects over the yellowish-green allele. In contrast, yellowish green dominates the recessive pale green allele, suggesting two pairs of recessive homozygous genes regulate pale green peel characteristics.

The green fruit color in pepper is primarily regulated by the pc1 and pc10.1 loci, as revealed by genetic mapping studies (Brand et al., 2012; Borovsky et al., 2019). Previous studies identified CaGLK2 as a candidate gene at the pc10.1 locus, which controls natural variation in chlorophyll content and green fruit color by regulating chloroplast size (Brand et al., 2014). Genetic mapping using light green and green fruits identified CaPP2C35 (Capana10g001710) as a candidate gene involved in regulating the accumulation of chlorophyll content in the peel (Wu et al., 2022), thereby influencing the formation of light green fruits. In this study, we performed genetic mapping using pale green and green fruits and identified two candidate intervals, gyqtl1.1 and gyqtl10.1 (Figure 3). The gyqtl10.1 interval was located Chr10 between 8.25 Mb and 11.63 Mb, containing 87 genes. CapGLK2, a candidate gene for fruit color regulation, was found within this interval. Green fruit peel from D24 and D47 parents showed differential expression of the CapGLK2 gene. A pale green fruit peel from the D24 parent had an SNP that caused transcription to terminate prematurely due to the creation of a stop codon (Figure 5A). This data supports prior research suggesting CapGLK2 as a critical candidate gene in the gyqtl10.1 range (Brand et al., 2014). The gyqtl1.1 interval was located on Chr1 between 14.37 Mb and 17.13 Mb, containing 115 genes (Figure 4A, Supplementary Table 15). Given its proximity to previous studies (Borovsky et al., 2019; Wu et al., 2022), it is speculated that other genes influencing green fruit color in pepper may be present within the gyqtl1.1 interval, although further validation is required.

The mature fruit color includes red, orange, and yellow colors. It is widely believed that the genetic control of red and orange mature fruit color in peppers follows a simple Mendelian inheritance pattern (Huh et al., 2001; Kim et al., 2010). In this study, the F2segregating population of red-fruited (D47) and orange-fruited (D24) peppers was visually observed, and the ratio of red to orange fruits approximately followed a 3:1 segregation ratio, confirming the control of ripe fruit color in peppers by a single gene pair (Figures 1B, C). Hurtado-Hernandez and Smith proposed that mature fruit color in peppers is mainly controlled by three loci: C1, C2, and Y (Hurtado-Hernandez and Smith, 1985). Subsequent studies identified the PRR2 gene on Chr1 (Jeong et al., 2020; Lee et al., 2020) the PSY1 gene on Chr4 (Huh et al., 2001), and the CCS gene on Chr6 (Popovsky and Paran, 2000; Lefebvre et al., 1998) as the candidate genes for these three loci, respectively. PRR2 gene silencing produces white-colored ripe fruits (Jeong et al., 2020). In addition, the PSY1 gene encodes lycopene synthase involved in carotenoid synthesis, and the CCS gene is the pepper capsanthin-capsorubin synthase gene. In our study, through BSA-seq and constructing a genetic linkage map, we identified a region, roqtl6.1, associated with red and orange fruit colors (Figure 3). The physical position of this linked region is located on Chr6, spanning from 9,563,662 bp to 9,717,156 bp, with a size of 153.49 kb and containing 17 candidate genes that align with the Y locus. Functional annotation of these candidate genes revealed that the CCS gene, a candidate gene for the Y locus, is located within the roqtl6.1 linked region. Hence, we hypothesize that the CapCCS gene is the candidate gene responsible for determining mature fruit color.

The CCS gene is one of the key genes that regulate the color of mature peppers. Variations and deletions in the CCS gene can result in orange or yellow mature fruit color (Popovsky and Paran, 2000;Lefebvre et al., 1998). However, the loss of the CCS gene is not the sole cause of yellow fruit color. Having detected the presence of the CCS gene in yellow peppers, an 8 bp insertion at position 1,431 bp and a single base mutation at position 599 bp in the coding region of CCS resulted in premature termination of its transcription (Ha et al., 2007), leading to yellow mature fruit color. In our experiment, we found a deletion of a C base at position 1,265 bp in the coding region of the CapCCS gene in the yellow mature fruit of D24, resulting in premature termination of the CapCCS gene translation, (Figure 8). This deletion of the C base co-segregated with the yellow fruit phenotype. Furthermore, the promoter region of CapCCS was identical in the red mature fruit parent D47 and the yellow mature fruit parent D24. These findings suggest that the disparities in the red and orange mature fruit color within our experimental population are attributed to polymorphisms in the coding sequence of the CapCCS gene, resulting in premature termination of translation.




5 Conclusions

Our study determines the inheritance of green and mature pepper fruit colors independently. The green and pale green colors of premature pepper fruits are influenced by two quantitative trait loci (QTLs) located on Chr1 (gyqtl1.1) and Chr10 (gyqtl10.1), respectively. We have identified the CapGLK2 gene within the gyqtl10.1 region and suspect that an SNP mutation may cause the green to pale green fruits. Furthermore, in our experimental population, the color of mature pepper fruits is controlled by one pair of recessive alleles. The gene CapCCS involved is found within the potential region roqtl6.1 on Chr6. A single base deletion of a C at position 1,265 bp within the coding region of the CapCCS gene causes premature termination of translation, giving the mature fruits an orange color.
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Background

Gongju is recognized as one of the four traditional Chinese medicinal herbs, and its main constituents are chlorogenic acid (CGA) and its derivative material. CGA content in autooctoploid Gongju are considerably elevated compared with those in parental tetraploid Gongju at different flowering stages. However, the underlying molecular mechanisms governing the regulation CGA content remain poorly understood.





Methods

Therefore, we conducted integrated transcriptome and metabolome analyses of different flowering stages in autooctoploid and tetraploid Gongju to elucidate the underlying molecular mechanisms governing CGA biosynthesis.





Results

Transcriptome analysis showed that the number of differentially expressed genes in the budding stage (BS), early flowering stage (EF), and full flowering stage (FF) of tetraploid and octoploid Gongju were 3859, 11,211, and 6837, respectively. A total of 563, 466, and 394 differential accumulated metabolites were respectively identified between the bud stages of tetraploid and octoploid Gongju (4BS vs. 8BS), between the early flowering stages of tetraploid and octoploid Gongju (4EF vs. 8EF), and the full flowering stages of tetraploid and octoploid Gongju (4FF vs. 8FF) groups. The integrated analysis of transcriptomics and metabolomics revealed that the expression of pma6460 and mws0178, which are key enzymes involved in the CGA synthesis pathway, increased during the flowering stages of octoploid Gongju relative to that of tetraploid Gongju. The expression levels of CmHQT and CmC3H genes associated with CGA synthesis were higher in octoploid plants than in tetraploid plants at various flowering stages. To investigate the potential regulation of transcription factors involved in CGA synthesis, we analyzed the coexpression of CmC3H and CmHQT with CmMYBs and CmbHLHs. Results indicated that transcription factors, such as CmMYB12 (Cluster-30519.0), CmMYB26 (Cluster-75874.0), CmMYB5 (Cluster-94106.0), CmMYB1 (Cluster-71968.7), CmbHLH62 (Cluster-32024.1), CmbHLH75 (Cluster-62341.0), CmbHLH62 (Cluster-32024.8), CmbHLH75 (Cluster-60210.0), and CmbHLH16 (Cluster-90665.1) play a pivotal role in CGA synthesis regulation. The present study provides novel insights into the molecular mechanisms underlying CGA accumulation in autopolyploid Gongju.





Keywords: Gongju, transcriptome, metabolomic, chlorogenic acid, transcription factor




1 Introduction

Gongju is a perennial herb belonging to the Chrysanthemum family, exhibiting large flowers with wide petals and refreshing fragrance. Its dried capitulum contains phenolic acid, flavonoids, organic acids, volatile oils, amino acids, and other chemical components, possessing multifunctional properties encompassing not only ornamental value but also applications in tea preparation and medicinal practices. The chrysanthemum tea can be categorized into fetal chrysanthemum (budding stages) and flowering chrysanthemum (early flowering and full flowering stages), with varying levels of active substances at different stages of flowering. The quality of Gongju is primarily determined by the levels of chlorogenic acid (CGA), 3,5-O-dicafeoyl quinic acid (ICGA), and luteolin. However, Gongju cultivation mainly involves long-term propagation through branching, which reduces product quality and stress resistance. That is, CGA content is reduced.

CGA is a vital secondary metabolite widely distributed in various vegetables and fruit. Chrysanthemum, coffee, and honeysuckle exhibit high CGA content (Hu et al., 2009; Xia et al., 2019), and various crops, such as tomatoes, potatoes, peaches, and apples contain CGA (Chen et al., 2020b). Notably, CGA exhibits diverse biological activities, such as scavenging of free radicals and modulating blood pressure and lipid levels, and antibacterial and anti-inflammatory properties (Santana-Gálvez et al., 2017). Thus, CGA synthesis has been a focus of research. CGA biosynthesis proceeds through the phenylpropane metabolic pathway. Phenylalanine is initially oxidized to cinnamic acid by the enzyme phenylalanine ammonia-lyase (PAL), and cinnamic acid then undergoes three synthesis pathways (Su et al., 2022). Enzymes involved in CGA synthesis include cinnamate 4-hydroxylase (C4H), 4-hydroxycinnamoyl-CoA ligase (4CL), hydroxycinnamoyl-CoA shikimate/quinate hydroycinnamoyltransferase (HCT/HQT), and 4-coumarate3-hydroxylase (C3H) enzymes. HQT and C3H are considered rate-limiting enzymes (Figure 1A) (Payyavula et al., 2014). The expression of C3H and HQT exerts considerable effects on the biosynthesis of GCA in rice, apple, and other plant species (Zhang et al., 2018; Su et al., 2023; Wang et al., 2023).




Figure 1 | Profiles of DEGs and DAMs in CGA biosynthesis pathways of tetraploid and octoploid Gongju during flowering. (A) Chlorogenic acid anabolic pathway (B) DEGs: APL: Cluster-39849.10, Cluster-39849.7, Cluster-39849.6, Cluster-39849.1; Cluster-39849.0; C4H: Cluster-52575.0, Cluster-52575.1; 4CL: Cluster-71418.4, Cluster-58578.4, Cluster-77720.0, Cluster-35536.4, Cluster-93180.0, Cluster-33436.59; HQT: Cluster-37095.3, Cluster-37095.8, Cluster-37095.0, Cluster-37095.5, Cluster-70993.0; C3H: Cluster-67171.0, Cluster-54912.0; (C) DAMs: MWS20194: Cinnamic acid; pme1439: p-Coumaric acid; Lmfp101801: Caffeoylshikimic acid; pma6460: 4-O-p-Coumaroylquinic acid; mws0178: Chlorogenic acid.



The metabolic pathway of phenylalanine is regulated by multiple genes. Previous studies have demonstrated that the expression levels of MYB, bHLH, and WD transcription factors exert regulatory control over the synthesis of p-coumaric CoA and flavone (Yue et al., 2023). Notably, MYB and bHLH transcription factors play pivotal roles in the regulation of CGA synthesis. In carrot, potato, and Lonicera macranthoides, MYB1, MYB3, MYB5, and MYB15 act as transcriptional activators by binding to the promoters of PAL and 4CL genes, modulating the phenolic acid pathway and promoting the biosynthesis of CGA (Tuan et al., 2014; Bartley et al., 2016; Tang et al., 2021). The transcription factor TabHLH1 directly binds to the motifs of Ta4CLpro, resulting in a substantial increase in CGA content in the overexpressed TabHLH1 transgenes of Taraxacum antungense (Liu et al., 2021a). However, the molecular mechanisms regulating CGA synthesis in chrysanthemum remain poorly understood.

Polyploidy is prevalent in angiosperms and has been crucial for the formation, diversification, and evolution of plant species. According to chromosomal origin, polyploids can be classified into allopolyploids, which consist of chromosomes from different species, and autopolyploids, which comprise chromosomes from the same species. The induction of autopolyploidy is primarily achieved through the application of mutagens, such as colchicine, which effectively inhibits spindle filament formation and facilitates the process. Compared with their parents, autopolyploid plants exhibit an increase in secondary metabolite content and undergo morphological changes, demonstrating enhanced adaptability to extreme environments. An autopolyploid possesses a diverse range of characteristics that mainly affect dosage after genome doubling and epigenetic modification and ultimately lead to the differential expression of functional genes. The autopolyploid of Panicum virgatum L., Isatidis Radix, rose, and Cannabis sativa demonstrated the elevated synthesis of secondary metabolites and improved salinity tolerance in comparison with their respective parental species. These differences are attributable to the differential expression patterns of genes associated with these traits (Chen et al., 2020a; Zhang et al., 2021b; Tang et al., 2023). In our previous study, the successful induction of Gongju autooctoploid was achieved through colchicine treatment. Remarkably, the autoctoploid capitulum exhibited enhanced enlargement and increased CGA content compared with its parental plant. However, the literature available on the enhancement of CGA content in autooctoploid plant is limited. Therefore, in this study, we employed a combination of transcriptome and metabolome analyses to investigate the differentially expressed genes (DEGs) and differential accumulated metabolites (DAMs) between octoploid and tetraploid Gongju at various stages of flowering, and identified the key genes associated with CGA synthesis during different flowering stages of octoploid Gongju. Imultaneously, we screen for co-expressed transcription factors alongside CmHQT and CmC3H as pivotal genes.




2 Materials and methods



2.1 Plant materials

Gongju autooctoploid and its parental seedlings were propagated through cutting and subsequently cultivated in a greenhouse at Yanbian University Teaching Base in Yanji City, Jilin Province, China. The environmental conditions were as follows: temperature of 25–27°C, photoperiod of 14/10 h (light/dark), and relative humidity of 60%–70%. The uppermost flowers were collected and snap-frozen in liquid nitrogen during the budding, early flowering, and full flowering stages. One portion of each flower was utilized for transcriptome analysis, and another portion was subjected to desiccation for the analysis of secondary metabolites. Each treatment was performed with three biological replicates.




2.2 Quantification of CGA and ICGA content

The flowers of Gongju autooctoploid and its parent were collected at the budding stage (BS), early flowering (EF), and full flowering stages (FF). Subsequently, they were ground into powder and subjected to low-temperature drying. Each powder sample (0.25 g) was accurately weighed and transferred to a conical flask, and then 25 mL of chromatographic grade methanol solution (70%) was added. Ultrasonic treatment was performed for 40 min (120 w, 40 kHz). Afterward, the sample was subjected to filtration using a microporous filter membrane prior to determination. Standards for CGA and ICAA were provided by Solaibao Technology Co., LTD. CGA and ICGA were quantified using high-performance liquid chromatography (Agilent 1269) following the established chromatographic conditions as described in Yu et al. (2021).




2.3 Transcriptome analysis

Total RNA was extracted from the frozen samples with a Trans-Zol plant kit (TIANGEN, Beijing) according to the manufacturer’s instructions. RNA quality was assessed through agarose gel electrophoresis. mRNA was enriched from total RNA with oligo (dT). A Clontech SMARTer PCR cDNA synthesis kit (TaKaRa, Dalian, China) was used for first-strand cDNA synthesis. Library construction and transcriptome sequencing were commercially provided by Metware Co., Ltd. (www.metware.cn). cDNA libraries underwent high-throughput sequencing performed on the Illumina Hiseq 4000 platform. The filtering process was performed using Cutadap, and high-quality reads were obtained. The obtained clean reads were aligned to the reference genome (http://210.22.121.250:8880/asteraceae/homePage) with HISAT2. Gene expression levels were evaluated using fragments per kilobase million (FPKM) values. Genes exhibiting a p-value <0.05 and |log2FC| > 1 were pairwise compared for the identification of DEGs by DESeq2. GO and KEGG enrichment analyses were performed on the annotated DEGs using topGo and clusterprofiler packages, respectively. The transcriptome datasets have been deposited in the NCBI database under the accession number PRJNA1154322.




2.4 Metabolome profiling

To investigate variations in metabolites in the budding, early flowering, and full flowering stages of Gongju autooctoploidy, we performed metabolic analyses on the three biological replicates of each sample at each stage. The samples were dispatched to Metware Biotechnology Ltd. (Wuhan, China) for the comprehensive analysis of secondary metabolites. The freeze-dried flowers were pulverized using a mixer mill at 30 Hz for 2 minutes. Subsequently, 100 mg of the resulting powder was weighed and subjected to overnight extraction at 4°C with 10 mL of methanol (70% concentration). Then the sample extracts were analyzed using an LC-ESI-Q TRAP-MS/MS system. The differential metabolites were identified by maximizing the dissimilarities between the metabolites of two samples through orthogonal projections to latent structures-discriminant analysis (OPLS-DA). The variable importance in projection (VIP) obtained from the OPLS-DA model was employed for multivariate analysis and initial screening of differential metabolites. We selected metabolites with a VIP ≥0.8 and | Log 2 (fold change) | ≥0.48 as the differential metabolites for subsequent analysis.




2.5 Integrated transcriptomic and metabolomics analysis

The DEGs and DAMs were identified through comparisons between autooctoploid and tetraploid Gongju at various flowering stages. Each group had three biological replicates. Pearson correlation coefficients (PCCs) were calculated for the integration of the transcriptome and metabolome data at thresholds of >0.8 (PCC) and <0.05 (p-value). KEGG enrichment analysis was conducted according to the corresponding data DEGs and DAMs. Subsequently, a detailed investigation was performed on the metabolic pathway of CGA synthesis.




2.6 Weighed gene coexpression network analysis

To further investigate the crucial CmHQT (Cluster- 57865.0) and CmC3H (Cluster- 54912.0) genes involved in CGA synthesis, which are associated with the transcription factors CmMYBs and CmbHLHs, we constructed a weighted gene coexpression network with the R software WGCNA package. CmHQT or CmC3H were imported into WGCNA with CmMYBs and CmbHLHs, respectively, for the construction of coexpression modules. The expression correlation coefficients of the remaining genes were subsequently computed for the identification of an appropriate soft threshold for constructing gene networks with a scale-free topology model. Then, the modules containing CmHQT or CmH3C were identified, and their weight coefficients with CmbHLHs or CmMYBs were evaluated. The coexpression network was visualized using Cytoscape v3.8.0 at a threshold of 0.25.




2.7 Quantitative real-time PCR analysis

To validate the accuracy of transcriptome data, we conducted quantitative real-time PCR (qRT-PCR analysis) to assess the relative expression levels of diverse genes. A 20 μL reaction mixture comprising 10 μL of 2× SuperReal PreMix Plus (TIANGENG, China), each primer at a concentration of 10 µM, 0.4 μL of 50× ROX reference dye, 1 μL of cDNA template, and ddH2O was prepared. The specific primers were designed using Primer 5.0 software (Supplementary Table S1). Elongation factor I alpha (EF1α) and photosynthesis-related plastid gene representing photosystem I (PSAA) were considered the two reference genes for normalization (Wang et al., 2015). The relative expression levels of genes were analyzed using the 2−ΔΔct method. All data analyses were performed with three biological replicates. Statistical analysis for significant differences was conducted using Excel 2019 and SPSS Statistics 22.0 software.





3 Results



3.1 Quantification of CGA and ICGA in tetraploid and octoploid Gongju at different stages of flowering

In tetraploid Gongju, the CGA and ICGA content exhibited an initial increase followed by a subsequent decrease, reaching peak values during the early flowering stage (4.3 mg/g and 3.8 mg/g, respectively). However, the CGA content demonstrated considerable increase at the early and FF stages, and ICGA levels were particularly elevated during the EF stage in octoploid Gongju. The levels of CGA and ICGA in octoploid Gongju were considerably higher than those observed during the corresponding flowering stage in tetraploid Gongju (Figure 2).




Figure 2 | Quantification of CGA and ICGA in tetraploid and octoploid Gongju at various stages of the flowering process. (A) Different flowering periods of Gong octaploid. Budding stage (BS), early flowering stage (EF) and full flowering stage (FF). (B) Content of CGA and ICGA in tetraploid and octoploid Gongju. * shows a significant difference found at p≤ 0.05 and ** shows a significant difference found at p≤ 0.01 on the same flowering stage tested.






3.2 Identification, GO annotation, and GO enrichment of DEGs

Eighteen RNA-seq libraries (4BS-1, 4BS-2, 4BS-3, 4EF-1, 4EF-2, 4EF-3, 4FF-1, 4FF -2, 4FF-3, 8BS-1, 8BS-2, 8BS-3, 8EF-1, 8EF-2, 8EF-3, 8FF-1, 8FF-2, and 8FF-3) were constructed and sequenced in tetraploid and octoploid Gongju at various flowering stages. Overview and validation of RNA-seq findings were performed, as presented in Supplementary Table S2 and Supplementary Figure S1. The volcano plots revealed the identification of 3859 DEGs in the comparison between 4BS and 8BS, 2443 genes were upregulated, and 1416 genes were downregulated. The expression levels of 9726 genes were upregulated in the 8EF group, whereas the expression levels of 1485 genes were downregulated relative to those of the 4EF group. Meanwhile, we identified 6837 DEGs between the 4FF and 8FF groups, 3312 genes showed upregulated expression, and 3525 genes exhibited downregulated expression (Figure 3A). Gene ontology (GO) analysis was performed according to the DEGs identified through comparisons at the flowering stages of tetraploid and octoploid Gongju. In the comparison between 4FFB and 8FFB, between 4EF and 8EF, and between 4FF and 8FF, a total of 32, 39, and 32 GO terms were assigned to three fundamental categories: cellular component (CC), biological process (BP), and molecular function (MF). The number of DEGs involved in “transcription regulator activity,” “metabolic process,” and “regulation of biological process” were 2.81, 2.18; 2.76, 1.78; 2.71, 1.58 times higher in the comparisons between 4EF and 8EF, as well as between 4FF and 8FF, compared to those observed in the comparisons between 4BS and 8BS (Figure 3B and Supplementary Table S3). Two enriched terms in MF, including “unsaturated fatty acid biosynthetic process”, “unsaturated fatty acid metabolic process”, were shared across all comparisons. The “flavonoid metabolic process” enriched terms consisted of 38 genes, among which 30 exhibited upregulation in the 4FF vs. 8FF group (Supplementary Table S4). The Venn diagram revealed that 1201, 2571, and 885 DEGs were identified in the comparisons between 4BS and 8BS, between 4EF and 8EF, and between 4FF and 8FF. Additionally, a total of 589 DEGs were found to be common across all groups (Figure 3C).




Figure 3 | DEGs and GO enrichment in different flowering stage of tetraploid and octoploid Gongju. (A) Gene expression levels in volcano plots and the number of DEGs in the three comparison groups. The color red indicates upregulation, while green signifies downregulation, and gray represents no significant change. (B) GO functional classification of DEGs in the comparisons of 4BS vs 8BS, 4EF vs 8EF, 4FF vs 8FF. Only the top 7 terms in each core category are listed. (C) Venn diagram overlapping and differentially enriched GO terms obtained from the comparisons of 4BS vs 8BS, 4EF vs 8EF, 4FF vs 8FF.






3.3 KEGG pathway analysis of DEG

Based on the KEGG enrichment analysis, we identified 2210, 4439, and 4146 DEGs in the comparisons between 4BS and 8BS, between 4EF and 8EF, and between 4FF and 8FF, respectively. The DEGs exhibited enrichment in 27, 40, and 43 KEGG pathways, respectively (Supplementary Table S5). In the enriched pathways, these combinations included phenylpropanoid biosynthesis, flavonoid biosynthesis, flavone and flavonol biosynthesis, and isoflavonoid biosynthesis pathways. In the enriched pathways, these combinations included phenylpropanoid biosynthesis, flavonoid biosynthesis, flavone and flavonol biosynthesis, and isoflavonoid biosynthesis pathways. The CGA enzyme catalyzes the synthesis of precursors involved in the phenylalanine metabolic pathway. Within the phenylpropanoid synthesis pathway, a total of 69, 31, and 29 differentially expressed genes were identified in the comparison between 4BS and 8BS groups, as well as between 4EF and 8EF groups, and finally between 4FF and 8FF groups (Figure 4; Supplementary Table S5).




Figure 4 | KEGG enrichment analysis of DEGs in different flowering stage of tetraploid and octoploid Gongju. (A) 4BS vs 8BS, (B) 4EF vs 8EF, (C) 4FF vs 8FF. SB, Bud stage; EF, Early flowering stage; FF, Full flowering stage; 4 and 8, tetraploid and octoploid. The metabolic pathways exhibiting a higher number of differentially expressed genes were enumerated.






3.4 Metabolomic analysis of Gongju at different ploidy levels and flowering stages

To compare the disparity in secondary metabolites between tetraploid and octoploid Gongju at different stages of flowering, we conducted an analysis on metabolites. A preliminary understanding of the overall metabolome was obtained by conducting PCA on the dataset. The first principal component (PC1) accounted for 56.66% of the total variation, whereas the second principal component (PC2) explained 13.8% (Supplementary Figure S2). The samples were classified into six distinct groups, and the within-group repeatability was excellent. The obtained data held potential for further analysis. The analysis of DAMs revealed 563, 466, and 394 DAMs in the comparisons between 4BS and 8BS, between 4EF and 8EF, and between 4FF and 8FF, respectively (Supplementary Table S6). Venn diagram analysis revealed 63 DAMs, which were exclusively identified in the comparisons between 4BS and 8BS and between 4EF and 8EF. Moreover, 38 DAMs were exclusively found in the comparisons between 4BS and 8BS and between 4FF and 8FF. Lastly, a shared set of 29 DAMs was observed across all groups (Figure 5A). To gain further insights into the alterations in metabolic substance composition across different flowering stages, we standardized the DAM data and performed k-means clustering analysis. The DAMs exhibited seven distinct patterns of variation across the different flowering stages of Gongju and were categorized into subclasses 1–7. CGA and isochlorogenic acid and were categorized into subclasses 1 and 2. Cafeoyl quinic acid derivatives were categorized into subclasses 1, 3, 4, 5, and 7 (Figure 5B).




Figure 5 | Metabolomic analyses of various flowering stages in Gongju. (A) Venn diagram analysis, which comprised three comparison groups: 4BS vs 8BS, 4EF vs 8EF, and 4FF vs 8FF (B) The K means analysis of DAMs.






3.5 Combined analysis of DEMs and DEGs

The biosynthesis of bioactive compounds was comprehensively investigated between tetraploid and octoploid Gongju, resulting in the identification of 6837 DEGs and 117 DAMs in the comparison between 4BS and 8BS; 11,211 DEGs and 161 DAMs in the comparison between 4EF and 8EF; and 3859 DEGs and 201 DAMs in the comparison between 4FF and 8FF through integrated analysis (Supplementary Table S7). The nine-quadrant diagrams visually illustrate corresponding variations between DEGs and DAMs, suggesting the potential direct and indirect regulatory role of these DEGs in the alterations of corresponding metabolites (Figure 6A). Association analysis base on the KEGG database revealed considerable enrichment in interconnected DAMs and DEGs in 14 metabolic pathways in the comparison between 4BS and 8BS. In the comparisons between 4EF and 8EF and between 4FF and 8FF, enrichment was observed in 20 and 18 metabolic pathways (Supplementary Table S8). Additionally, the comparison between 4BS and 8BS revealed enriched pathways, including phenylpropanoid biosynthesis, tryptophan metabolism, arginine metabolism, phenylalanine metabolism, and phenylalanine, tyrosine, and tryptophan biosynthesis. The abundance of DEGs and DAMs involved in phenylpropanoid biosynthesis, arginine and proline metabolism, glutathione metabolism, tryptophan metabolism, and lysine degradation metabolic pathway were predominantly observed in the comparison between 4EF and 8EF. Phenylpropanoid biosynthesis, flavonoid biosynthesis, typtophan metabolism, cofactor biosynthesis, and cysteine methionine metabolism were enriched in the comparison between 4FF and 8FF. These findings suggested that these metabolic pathways serve as a means to enhance the availability of substances in octoploid Gongju (Figure 6B).




Figure 6 | Transcriptomic and metabolic integration analysis of tetraploid and octoploid Gongju during flowering. (A) Nine-quadrant diagrams. three comparison groups: 4BS vs 8BS, 4EF vs 8EF, and 4FF vs 8FF. (B) KEGG pathway enrichment diagram.






3.6 Profiles of DEGs and DAMs in CGA biosynthetic pathways

CGA is an important and effective component of Gongju and is mainly synthesized by the phenylalanine metabolic pathway. The contents of CGA (mws0178) and p-coumaroyl quinic acid (pma6460) in octoploid Gongju were 2.20, 1.4, 1.35, and 1.60, 1.35, 1.45 times higher than those in tetraploid Gongju at the budding, early flowering, and full flowering stages, respectively. Additionally, no obvious difference in p-coumaric acid (pme1439), cinnamic acid (MWS20194), and caffeoylshikimic acid (Lmfp101801) content was found between tetraploid and octoploid Gongju (Figure 1C). The corresponding genes involved in phenylalanine metabolism underwent considerable changes simultaneously. The expression levels of APL (Cluster-39849.10, Cluster-39849.7, and Cluster-39849.6), C4H (Cluster-52575.0), 4CL (Cluster-71418.4 and Cluster-58578.4), HQT (Cluster-37095.3 and Cluster-37095.8), and C3H (Cluster-67171.0) genes in octoploid plants were considerably higher than those observed in tetraploid during the corresponding flowering stage (Figure 1B). In addition, the expression levels of Cluster-37095.8 and Cluster-67171.0 in octoploid Gongju at the first flowering stage were 2.3 and 1.8 times higher, respectively, compared to those in tetraploid Gongju. The implication of this finding is that these genes play a pivotal role in the biosynthesis of CGAs in octoploid Gongju.




3.7 Analysis of gene correlation network

The genes CmC3H and CmHQT play crucial roles in the synthesis of CGA. To elucidate the regulation of CmC3H and CmHQT expression by upstream transcription factors, a correlation network analysis was performed on CmC3H and CmHQT along with 404 putative regulatory CmMYBs and 126 candidate CmbHLHs involved in CGA biosynthes. A hierarchical cluster tree was constructed for the establishment of the relationships of CmC3H and CmHQT with CmMYBs and those of CmC3H and CmHQT with CmbHLHs. We obtained four modules for the relationships of CmC3H and CmHQT with CmMYBs and those of CmC3H and CmHQT with CmbHLHs (Supplementary Figure S3). CmC3H with 72 CmMYBs and CmHQT with 43 CmMYBs exhibited positive correlations with the blue and brown modules, respectively. Moreover, CmC3H and 7 CmbHLHs and CmHQT with 32 CmbHLHs demonstrated positive correlations with the brown and turquoise modules, respectively. The top five correlations of CmC3H and CmHQT with CmbHLHs were Cluster-10644.0, Cluster-11143.0, Cluster-16599.0, Cluster-34912.0, and Cluster-53351.0 and Cluster-32024.1 (CmbHLH62), Cluster-60210.0 (CmbHLH75), Cluster-32024.8 (CmbHLH62), Cluster-62341.0 (CmbHLH75), and Cluster-90665.1 (CmbHLH16). The top five correlations of CmHQT with CmMYBs were identified as Cluster-94106.0 (CmMYB5), Cluster-75874.0 (CmMYB26), Cluster-59719.0 (CmMYB16), Cluster-30519.0 (CmMYB12), and Cluster-71968.7 (CmMYB1). Additionally, the top five correlations of CmC3H with CmMYBs included Cluster-26366.2 (CmMYB3R), Cluster-38227.0, Cluster-29428.0, Cluster-82527.0, and Cluster-60025.9 (CmMYB30) (Figure 7). The findings of this study suggested that these transcription factors play a crucial role in the synthesis of GCA.




Figure 7 | The co-expression analysis of transcription factors (CmbHLHs and CmMYBs) and genes CmC3H and CmHQT (A, B): CmC3H and CmHQT with CmMYBs, respectively. (C, D): CmC3H and CmHQT with CmbHLHs, respectively. Cluster- 57865.0: CmHQT; Cluster- 54912.0: CmH3C. Cluster-94106.0 (CmMYB5), Cluster-75874.0 (CmMYB26), Cluster-59719.0 (CmMYB16), Cluster-30519.0 (CmMYB12), and Cluster-71968.7 (CmMYB1); Cluster-26366.2 (CmMYB3R); Cluster-32024.1 (CmbHLH62), Cluster-60210.0 (CmbHLH75), Cluster-32024.8 (CmbHLH62), Cluster-62341.0 (CmbHLH75), and Cluster-90665.1 (CmbHLH16). The diameter of the circle was related to the weight coefficient, and the larger the diameter, the larger the weight coefficient.






3.8 qRT-PCR validation of selected genes

The accuracy of the transcriptome data was verified by randomly selecting 12 genes associated with carotenoid biosynthesis, ascorbate and aldarate metabolism, photosynthesis antenna proteins, starch and sucrose metabolism, and flavonoid biosynthesis for qRT-PCR validation. The relative expression levels of all the tested genes were consistent with the observed changing trend of FPKM values in the RNA-seq report during different flowering stages in tetraploid and octoploid Gongju (Figure 8). These findings provided compelling evidence of the robustness of the RNA-Seq report and subsequent data analysis.




Figure 8 | Verification of the expression patterns of RNA-seq results using qRT-PCR. The bar graphs present the results of the RNA-seq, and the line graphs present the qRT-PCR results. The scale on the right axis represents the relative expression level and the scale on the left axis represents the FPKM value. Data are means ± SD of three biological replicates. Cluster-43224.1 (Carotenoid cleavage dioxygenase), Cluster-10037.2 (LEAD-SENSITIVE I), Cluster-14798.37(Chlorophyll a-b binding protein 1D), Cluster-18031.14 (Granule-bound starch synthase 1), Cluster-33613.101 (Sucrose synthase isoform I), Cluster-22405.93 (Glutathione S-transferase DHAR2), Cluster-45832.0 (WRKY75), Cluster-51934.0 (HD-ZIP protein), Cluster-56668.0 (Flavone synthase II), Cluster-70333.3 (Soluble starch synthase I), Cluster-75691.4 (Isoflavone reductase), Cluster-83174.3 (Cold-regulated 47).







4 Discussion

Gongju, one of the four medicinal chrysanthemums, primarily contains CGA and ICGA. CGA exhibits anti-inflammatory and antibacterial properties and is found in a variety of medicinal plants. The integration of multi-omics approaches has gained considerable traction in elucidating the synthesis of CGA compounds in medicinal plants (Hao et al., 2021; Yuan et al., 2022). The synthesis of CGA primarily relies on phenylalanine, and three pathways have been identified. HCT catalyzes the formation of p-coumaroyl shikimic acid from p-coumaric-CoA and shikimic acid. p-Coumaroyl shikimic acid is subsequently converted into CGA through HQT and p-coumaroyl ester 3′–hydroxylase (C3H). This pathway is prevalent in CGA biosynthesis (known as the shikimate pathway), as observed in tobacco and strawberry (Chen et al., 2020b). The second pathway for the synthesis of p-coumaroyl quinic acid involves the utilization of p-coumaric-CoA and quinic acid and the subsequent catalytic formation of CGA through the action of p-coumaroylester 3′-hydroxylase C3H (known as the quinine pathway). Lastly, the synthesis of CGA occurs through the catalytic action of hydroxycinnamoyl D-glucose: quinate hydroxycinnamoyl transferase (HCGQT) on the substrate consisting of caffeoyl D-glucose and quinic acid (caffeoyl glucose pathway), and the biosynthesis of CGA through this pathway is infrequently observed in plants (Wen et al., 2022). The accumulation of C3H and HQT were observed in tetraploid and octoploid Gongju flowers, and the absence of HCGQT was noted (Figures 1B, C). This observation suggested that CGA synthesis primarily occurs via the shikimate and quinine pathways. The exclusive synthesis CGA was observed in the quinine and shikimate pathways in pear and Lonicera japonica (Wen et al., 2022; Guan et al., 2023). Cinnamic acid, p-coumaric acid, caffeoylshikimic acid, and 4-O-p-coumaroylquinic acid are essential prerequisites for CGA biosynthesis. In tetraploid Gongju, p-coumaric acid, 4-O-p-coumaroylquinic acid, and CGA accumulated more extensively during the early flowering and full flowering stages than in the budding stage. Furthermore, the levels p-coumaric acid and 4-O-p-coumaroylquinic acid observed at the full flowering stage exceeded those at the early flowering stage (Supplementary Figure S4A). The accumulation of cinnamic acid, p-coumaric acid, caffeoylshikimic acid, 4-O-p-coumaroylquinic acid, and CGA were significantly higher during the early flowering and full flowering stages than in the budding stage in octoploid plants. Additionally, CGA and 4-O-p-coumaroylquinic acid content were higher at full flowering stage than at the early flowering stage (Supplementary Figure S4B). These study suggested that the synthesis of CGA predominantly occurs during the early flowering and full flowering stages. The levels of CGA and 4-O-p-coumaroylquinic acid were higher in the ctaploid plants than in the tetraploid plants during the budding, early flowering, and full flowering stages, and the budding stage showed the most pronounced difference (Figure 1). This observation implied that the synthesis of CGA in octoploid plants precedes or occurs at a higher rate than in tetraploid plants.

Numerous genes are involved in the biosynthesis of CGA, including APL, C4H, 4CL, HQT, and C3H. In our study, we observed the high expression levels of CmAPL, Cm4CL, CmHQT, and CmC3H genes during the early flowering and full flowering stages compared with the budding stage in the tetraploid and octoploid plants (Supplementary Figure S4). The expression of HQT and C3H exhibits a positive correlation with CGA synthesis in numerous plant species (He et al., 2017; Wang et al., 2023b), and thus HQT and C3H are pivotal genes involved in the biosynthesis of CGA. The enzymatic assays demonstrated the effective catalytic activity of MaHQT4 in the biosynthesis of CGA (Zhao et al., 2019). Heterologous overexpression of HQT led to a significant increase in CGA content in tobacco (Chen et al., 2023). In tetraploid and octoploid plants, the expression levels of CmHQT (Cluster-57865.0), and CmC3H (Cluster-54912.0) were considerably higher during the first and full flowering stages than in the budding stage. Therefore, these genes were utilized in screening the upstream potential transcription factor.

MYB, bHLH, and WD40 transcription factors play pivotal roles in the regulation of CGA biosynthesis. Additionally, AP2/ERF, WRKY, and C2H2 transcription factors have been implicated in the modulation of CGA content (Bolhassani et al., 2021; Liu et al., 2021b; Guan et al., 2023). In this study, disparity in the number of transcription factors primarily lies in the distinct combinations of FF vs BS and those of EF vs BS in tetraploid and octoploid plants. Moreover, octoploids are more abundant than their corresponding tetraploid combinations. The number of transcription factors CmAP2/ERF, CmMBY, and CmbHLH ranked at the top in the FF vs BS and EF vs BS combinations (Supplementary Figure S5). Interestingly, variations in the quantity of CmMYB and CmbHLH across different flowers stages consistently corresponded to fluctuations in CGA content. Thus, CmMYB and CmbHLH may play a crucial role in the regulation of CmHQT and CmC3H gene expression, which are well-established as rate-limiting enzymes involved in CGA synthesis.

The coexpression analysis of the MYB family with CmC3H (Cluster-54912.0) and CmHQT (Cluster-57865.0) identified 115 genes, out of which the 10 genes (Cluster-94106.0, Cluster-75874.0, Cluster-59719.0, Cluster-30519.0 and Cluster-71968.7, Cluster-26366.2, Cluster-38227.0, Cluster-29428.0, Cluster-82527.0, Cluster-60025.9) were compared with the Arabidopsis MYB family for phylogenetic evolutionary tree analysis (Supplementary Figure S6). The Cluster-30519.0 is closely associated with AtMYB111/12/11 and belongs to a specific subclass. The transcription factors AtMYB111/12/11 have been implicated in the biosynthesis of flavonoids, and the overexpression of AtMYB11 and AtMYB12 in transgenic plants enhances the expression of structural genes involved in the phenylpropanoid pathway and promotes the accumulation of flavonols (Luo et al., 2008; Pandey et al., 2014). The analysis of leaf and petal tissues from transgenic plants revealed that AtMYB11 greatly enhances flavonol and CGA biosynthesis in tobacco by upregulating the expression of key biosynthetic genes (Pandey et al., 2015). Cluster-75874.0 (CmMYB26) and AtMYB26/67/55/50/61 were clustered into a subclass. The overexpression of AtMYB61 is implicated in this phenylpropanoide metabolic pathway, leading to an increase in lignin content (Newman et al., 2003). The transcription factor AtMYB26 plays a pivotal role in the regulation of floral organ development, and the disruption of AtMYB26 function leads to another dehiscence (Steiner-Lange et al., 2003). Cluster-94106.0 (CmMYB5) and AtMYB24/21 were included in the same subclass. The expression levels of AtMYB21 and AtMYB24 are significantly elevated in floral organs, and they are involved in the regulation flavonol accumulation in Arabidopsis anthers (Zhang et al., 2021a). Cluster-71968.7 (CmMYB1) and AtMYB7/4/3/32/8/6 were assigned to the same subclass. Arabidopsis thaliana AtMYB7, which is the closest homolog of AtMYB4, has been characterized as a repressor of the distinct branches of phenylpropanoid metabolism. Mutant plants lacking atmyb4 and exhibit reduced flavonol content (Jin, 2000; Fornalé et al., 2014). In the Cluster-60025.9 (CmMYB30) subclass, AtMYB30/31/60 actively contribute to the development of plant cuticle, enhancing plant tolerance to drought and other types of abiotic stress (Dubos et al., 2010; Simeoni et al., 2022). Clusters Cluster-59719.0 (CmMYB16), Cluster-26366.2 (CmMYB3R), Cluster-38227.0, Cluster-29428.0, and Cluster-82527.0 did not exhibit clustering patterns with the Arabidopsis MYB family. A bHLH TF family member Cluster-10644.0, Cluster-11143.0, Cluster-16599.0, Cluster-34912.0, Cluster-53351.0, Cluster-32024.1 (CmbHLH62), Cluster-60210.0 (CmbHLH75), Cluster-32024.8 (CmbHLH62), Cluster-62341.0 (CmbHLH75), and Cluster-90665(CmbHLH16) exhibit considerably high coexpression coefficients in association with CmCH3 and CmHQT (Figure 7). A phylogenetic tree with Arabidopsis bHLH family was constructed (Supplementary Figure S7). Cluster-32024.1 (CmbHLH62), Cluster-62341.0 (CmbHLH75), Cluster-32024.8 (CmbHLH62), Cluster-60210.0 (CmbHLH75), and AtbHLH31/44/48/49/58/50/60 were closely associated within a specific class. The transcription factors AtbHLH44/BEE1 (brassinosteroid-enhanced expression), AtbHLH50/BEE2, and AtbHLH58/BEE3 exhibit responsiveness to brassinosteroids, ABA, and other signaling molecules and are the positive regulators of flavonoid biosynthesis (Petridis et al., 2016; Liang et al., 2023). The homology between Cluster-90665.1 (CmbHLH16), AtbHLH26, and AtbHLH8 has been established, and the expression of AtbHLH8 and AtbHLH26 was induced by gibberellic acid and light signaling molecules. Furthermore, the overexpression of these genes in transgenic A. thaliana resulted in enhanced anthocyanin biosynthesis (Zhao et al., 2013; Wang et al., 2016). Through the fluorescence quantitative analysis of changes in the expression levels of CmMYB12 (Cluster-30519.0), CmMYB26 (Cluster-75874.0), CmMYB5 (Cluster-94106.0), CmMYB1 (Cluster-71968.7), CmbHLH62 (Cluster-32024.1), CmbHLH75 (Cluster-62341.0), CmbHLH62 (Cluster-32024.8), CmbHLH75 (Cluster-60210.0), and CmbHLH16 (Cluster-90665.1) at different flowering stages in Gongju (Supplementary Figure S8), we observed that these genes exhibited consistent expression trends with CmHQT (Cluster-57865.0) and CmC3H (Cluster-54912.0) genes, further indicating their role in CGA synthesis regulation.




5 Conclusions

The present study employed transcriptome and metabolome analyses to investigate the CGA content between tetraploid and octoploid Gongju at differences flowers stage. The initial findings revealed that the biosynthesis of chlorogenic acid in Gongju encompasses both the shikimate and quinine pathways. The higher chlorogenic acid content in octoploid Gongju compared to tetraploid Gongju can be attributed primarily to the elevated expression levels of CmHQT (Cluster-37095.3 and Cluster-37095.8) and CmC3H (Cluster-67171.0) genes. Furthermore, co-expression analysis revealed the involvement of transcription factors such as CmMYB (Cluster-30519.0, Cluster-75874.0, Cluster-94106.0, Cluster-71968.7) and CmbHLH (Cluster-32024.1, Cluster-62341.0, Cluster-32024.8, Cluster-62341.0, cluster-90665.1) in the regulation of chlorogenic acid synthesis between octoploid and tetraploid Gongju. Meanwhile, the verification of whether these transcription factors can bind to the structural genes CmHQT and CmC3H still necessitates further investigation.
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Supplementary Figure 2 | Metabolomic data principal component analysis. Budding stage (BS), early flowering stage (EF) and full flowering stage (FF). 4 and 8: tetraploid and octoploid.

Supplementary Figure 3 | Clustering dendrogram of DEGs, with dissimilarity based on the topological overlap, together with assigned module colors. (A) CmC3H and CmHQT with CmMYBs. (B) CmC3H and CmHQT with CmbHLHs.

Supplementary Figure 4 | DEGs and DAMs in CGA biosynthesis pathways were compared at different flowering stages of tetraploids (A), and octopoids (B), respectively. APL: Cluster-39849.10, Cluster-39849.7, Cluster-39849.6, Cluster-39849.1; Cluster-39849.0; C4H: Cluster-52575.0, Cluster-52575.1; 4CL: Cluster-71418.4, Cluster-58578.4, Cluster-77720.0, Cluster-35536.4, Cluster-93180.0, Cluster-33436.59; HQT: Cluster-57865.0, Cluster-81585.0, Cluster-37095.0, Cluster-37095.5, Cluster-70993.0; C3H: Cluster-67171.0, Cluster-54912.0; MWS20194: Cinnamic acid; pme1439: p-Coumaric acid; Lmfp101801: Caffeoylshikimic acid; pma6460: 4-O-p-Coumaroylquinic acid; mws0178: Chlorogenic acid.

Supplementary Figure 5 | Number of differential expression of transcription factors.

Supplementary Figure 6 | Unrooted phylogenetic tree of MYB between Gongju and A. thaliana. Gongju Cluster-94106.0 (CmMYB5), Cluster-75874.0 (CmMYB26), Cluster-59719.0 (CmMYB16), Cluster-30519.0 (CmMYB12) and Cluster-71968.7 (CmMYB1), Cluster-26366.2 (CmMYB3R), Cluster-38227.0, Cluster-29428.0, Cluster-82527.0, Cluster-60025.9); Arabidopsis thaliana (Tair).

Supplementary Figure 7 | Unrooted phylogenetic tree of bHLH between Gongju and A. thaliana. Gongju bHLHs Cluster-10644.0, Cluster-11143.0, Cluster-16599.0, Cluster-34912.0, Cluster-53351.0, Cluster-32024.1 (CmbHLH62), Cluster-60210.0 (CmbHLH75), Cluster-32024.8, Cluster-62341.0, and Cluster-90665 (CmbHLH16)); Arabidopsis thaliana (Tair).

Supplementary Figure 8 | Analysis of differentially expressed genes by qPCR. Cluster-90665.1(CmbHLH16), Cluster-62341.0 (CmbHLH75), Cluster-32024.8 (CmbHLH62), Cluster-32024.1 (CmbHLH62), Cluster-71968.7 (CmMYB1), Cluster-94106.0 (CmMYB5), Cluster-75874.0 (CmMYB26), Cluster-30519.0 (CmMYB12), Cluster-54912.0 (CmC3H), Cluster-57865.0 (CmHQT).
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Introduction

Chinese kale (Brassica oleracea var. alboglabra), is an annual herb belonging to the Brassica genus of Cruciferae, and is one of the famous specialty vegetables of southern China. Some varieties show bright green leaf (BGL) traits and have better commerciality. However, the genes responsible for this trait remain unidentified.





Methods

In this study, gene mapping was measured by BSR-Seq and molecular marker analysis. Gene expression analysis was performed qRT-PCR. Cloning and sequence analysis of candidate genes were also performed.





Results

Genetic analysis revealed that the bright green leaf trait is a dominant trait governed by a single pair of genes. BSR-seq and molecular marker validation mapped the candidate interval to about 1.5 Mb on chromosome C8. After expanding the BC1 population and analyzing recombinant individuals, the interval was refined to approximately 102 kb on chromosome C8 (50,787,908- 50,890,279 bp). There are 24 genes in this region, and after annotation and expression analysis, BolC8t52930H (BoCER1.C8), associated with wax synthesis, emerged as a key candidate for BoBGL. We cloned this gene from both parents, revealing significant differences in their promoter regions. A co-segregation primer was subsequently developed and validated in a segregated population, with results consistent with expectations.





Discussion

The gene BoCER1.C8 is a potential candidate for controlling the bright green leaf trait in Chinese kale, and its function needs to be validated next. Mapping and cloning this gene is crucial to understanding wax synthesis regulation and developing new bright green leafy varieties of Chinese kale.
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Introduction

Chinese kale (Brassica oleracea var. alboglabra, 2n=18), is an annual herb in the crucifer family. It is one of the famous specialty vegetables of South China. The main edible organs of Chinese kale are the tender, fleshy stalk and the tender leaves. The flesh is crisp, tender and sweet, rich in nutrients, and popular with consumers (Zeng et al., 2021; Zhao et al., 2021). Bright green Chinese kale, which features bright green and shiny leaves and stems, is a better-selling commodity than regular Chinese kale and is favored by consumers. However, the genes associated with the bright green leaf (BGL) properties of Chinese kale have not been mapped and cloned, since this an important trait, we would like to identify the genes controlling the trait, which will be useful for breeding.

Studies have shown that the appearance of bright green leaves is mostly caused by the reduction or loss of wax in the plant epidermis (Wang et al., 2023; Liu et al., 2017b). There have been significant recent advances in the study of wax-related genes and transport regulatory mechanisms in plants. Many genes involved in wax biosynthesis and metabolism have been cloned. These genes are involved in the three wax metabolism related processes of plant wax synthesis, transport processes, and regulatory pathways. The genes involved in wax biosynthesis include CER1, CER2, CER3, CER4, CER6, CER8, CER10, KCS1, KCS2, KCR1/KCR2, LACS2, FATB, MAH1, WAX2, etc (Lee and Suh, 2015, 2022). Genes such as CER5/ABCG12, PEC1/ABCG32 and WBC11 are involved in wax transport (McFarlane et al., 2010). Additionally, key regulatory genes like WIN1/SHN, MYB16, MYB30, MYB94, MYB96, MYB106, WRINKLED4, DEWAX, WAR3 and WAR4 have been highlighted in studies (Kannangara et al., 2007; Seo et al., 2011; Go et al., 2014; Bernard and Joubès, 2013; Lee and Suh, 2015, 2022).

In Brassica plants, most of the studies on wax synthesis and regulation focus on genetic analysis, and only a few wax-related genes are mapped or cloned. An example is BnaA.GL, a gene homologous to CER1 in Arabidopsis that is responsible for wax deficiency in B.napus, located at the end of chromosome A9 (Pu et al., 2013). The wax genes were located on chromosome A1 or A9, and the candidate genes included CER1 (Yang et al., 2022a), CER2 (Zhang et al., 2013; Li et al., 2023) and CER60 (Yang et al., 2022b). Fine mapping of some bright leaf genes in cabbage has also been reported. Candidate genes include CER1 homologous genes (Liu et al., 2017b; Ji et al., 2018); CER2 homologous genes (Han et al., 2021; Ji et al., 2021) and CER4 homologous gene (Liu et al., 2017a). Therefore, in general, there are few wax-related genes currently mapped and cloned in Brassica crops, which need to be further explored.

In this study, the bright green leaf mutant material ‘BGL’ of Chinese kale was used as the research object, which was crossed with the wild-type material to obtain the F1 and BC1 segregating population. Through bulk segregant analysis RNA sequencing (BSR-seq) and fine mapping, we identified the genes responsible for the bright green leaf trait. The establishment of co-segregated InDel markers will be helpful for molecular marker-assisted breeding of leaf type at seedling stage. This basic work will help to further analyze the wax synthesis regulation pathway of Chinese kale and the cultivation of new varieties of bright green leaf Chinese kale is of great significance.





Materials and methods




Plant materials and bulking for bright green leaf trait

The ‘BGL’ mutant (P1), characterized by its sterility and bright green leaves, was utilized as one parent, whereas the ‘WT’ parent (P2) exhibited fertility and a standard leaf phenotype (Figure 1). These two parental lines were crossed to produce the F1 hybrid generation (BGL×WT). Subsequently, Fifty F1 plants of bright green leaf type were used to obtain BC1F1 (F1×WT) generation. Leaf phenotypes of the F1 and BC1F1 generations were observed and recorded at the 7-leaf seedling stage. The bright green leaf bulk (Bulk-A) and the ordinary leaf bulk (Bulk-B) were selected from the BC1F1 generation based on leaf phenotype. An equal quantity of young leaves was promptly harvested, immediately placed in liquid nitrogen, and stored at -80°C for subsequent RNA extraction. The experimental materials were cultivated in a basic greenhouse at Gannan Normal University (N25°47′, E114°52′).




Figure 1 | Phenotype and wax content of the studied materials. (A) Parent P1 (BGL); (B) Parent P2 (WT); (C) Comparison of leaf phenotypes between the two parents, scale = 5cm; (D) Appearance of leaf surface of BGL by SEM; (E) Appearance of leaf surface of WT by SEM; (F) Total wax content of BGL and WT, **Represents p <0.01.







RNA extraction and sequencing

Total RNA was extracted utilizing the Trizol Reagent (Invitrogen Life Technologies) and subsequently quantified using both the NanoDrop spectrophotometer (Thermo Scientific) and the Qubit 4.0 fluorometer. Quality control was conducted employing the Agilent 2100/4200 system (Agilent Technologies). Equivalent amounts of purified RNA from each of the 30 samples in Bulk-A and Bulk-B were pooled for RNA library construction. The libraries were constructed following the manufacturer’s protocols, and sequencing was carried out on the HiSeq 4000 platform. Raw sequencing reads were subjected to quality control using Fastp software (version 0.19.7). Clean reads were subsequently aligned to the B. oleracea reference genome (Braol_HDEM_V1.0) using BWA software. The BoBGL locus was mapped using MMAPPR software (Hill et al., 2013), briefly, Bam files were processed with the mpileup tool from the SAMtools package to generate a pileup file, which organizes the data into a position-based format displaying sequenced bases at each location. Reads were filtered based on specified minimum base and mapping quality thresholds, and allele frequencies were calculated. The resulting data were then analyzed in R for signal processing and peak identification. R plots the Loess fits and lists SNPs enriched in the mutant pool (allele frequency >0.75, Euclidean distance >0.5). These SNPs are filtered for nonsynonymous variants using Alleler and gene annotations, with results exported to a file. MMAPPR uses these optimized default values. The association analysis was conducted using the Δ(SNP-index) method with the identified SNPs and InDels.





Determination of wax content

Mature leaves were utilized for the quantification of wax content. Leaves of appropriate size were immersed in 15 mL of chloroform for 30 seconds to extract the total epidermal wax mixture. Subsequently, 20 μg of n-tetracosane (C24) was added as an internal standard. The extract was then dried under a nitrogen (N2) stream to a volume of 1 mL and transferred to a pre-weighed and recorded gas chromatography (GC) vial. Following the evaporation of the remaining liquid under nitrogen, 100 μL of trimethylsilyl reagent was added, and the sample was derivatized in a 70°C incubator for 60 minutes. All wax samples were converted into trimethylsilyl derivatives, subsequently dried using nitrogen gas, and then weighed. The total quantity of cuticular wax was normalized to unit leaf surface area. The experiment was conducted with three biological replicates.





Scanning electron microscopy analysis

Fresh mature leaf tissue was collected and fixed using a 2.5% glutaraldehyde solution for 2-4 hours. Subsequently, the samples were rinsed three times with 0.1 M phosphate buffer (pH 7.0) and then treated with a 1% glutaric acid solution in 0.1 M phosphate buffer (pH 7.0) for 1-3 hours. This was followed by three additional rinses with 0.1 M phosphate buffer (pH 7.0). The samples were then subjected to a dehydration series using ethanol concentrations of 50%, 70%, 80%, 90%, 95%, and 100% (twice) for 15 minutes each. After dehydration, the samples were soaked in a 1:1 mixture of 100% ethanol and isoamyl acetate for 30 minutes, followed by an overnight soak in pure isoamyl acetate. The samples were subsequently dried and transferred to a preparative chamber for vacuum coating. The samples were photographed using a scanning electron microscope (SEM) system (FEI Quanta 450).





DNA extraction and molecular marker analysis

Genomic DNA was extracted from young leaves using the CTAB method and diluted to 50 ng/µL with 1× TE solution. The InDels in the candidate interval from BSR-seq were used to design markers to narrow down the BoBGL locus. Primers were designed utilizing Primer3 software, the sequences corresponding to the candidate intervals were extracted, with the product size specified to range from 180 to 350 bp, allowing for one mismatched base. Primers were synthesized by Wuhan Tianyi Huayu Gene Technology Co., Ltd (Wuhan, China). The 10 µL PCR mixture included 2 µL of template DNA (50 ng/µL), 5 µL of 2× FineTaq® PCR SuperMix, 0.5 µL of each primer (10 µM), and 2 µL of sterilized ddH2O. The PCR program was: 94°C for 5min; 9 cycles of 94°C for 30s, 60°C for 30s (decreasing by 0.5°C per cycle), 72°C for 30s; 30 cycles of 94°C for 30s, 55°C for 30s, 72°C for 30s; and a final elongation at 72°C for 10min. PCR products were then separated on 6% polyacrylamide gel electrophoresis (PAGE).





Identification and cloning of candidate genes

The DNA of 940 BC1F1 recessive plants was subjected to amplification using polymorphic primers, followed by the screening of recombinant plants. Subsequently, the genetic distance between the markers was determined, and a genetic map was constructed. Two markers proximal to the target site were identified. A physical map was then developed by utilizing the physical locations of these two markers on the B. oleracea reference genome (Braol_HDEM_V1.0) to delineate the candidate interval. Genes in the target intervals were annotated, and key ones were analyzed for expression via qRT-PCR. Specific primers for the BoBGL gene were used to amplify sequences from two parental lines, BGL and WT, using Primer5. The PCR products were cloned into the pMDTM19-T vector and transformed into DH5α cells. The candidate gene was then sequenced using the Sanger method. Subsequently, DNA sequencing reactions were conducted by Wuhan Tianyi Huayu Gene Technology Co., Ltd (Wuhan, China). The primer sequences utilized for the molecular markers in this study are detailed in Supplementary Table S1.






Results




A dominant gene controls the production of bright green leaf traits in this study

P1 is a plant with bright green leaves (Figure 1A), and P2 is a plant with ordinary leaves (Figure 1B), and the wax content is significantly reduced in P2 (Figure 1F). The leaf surface of the hybrid F1 plants is characterized by bright green leaves. For the BC1F1 (F1×WT) offspring, the number of ordinary leaves and bright green leaves is 1:1. Furthermore, the number of common leaves and bright green leaves in BC2F1 was also 1:1 (Table 1). It can be judged that the bright green leaf trait of cabbage is completely apparent inheritance controlled by a pair of alleles.


Table 1 | Genetic studies were conducted on the bright green leaf plants within various segregating populations.







The BoBGL gene is located on chromosome C8

The BoBGL locus was mapped using a mutation mapping pipeline for pooled RNA-seq (Hill et al., 2013). A total of 122,472,880 and 223,777,954 clean reads produced from the Bulk-A and Bulk-B RNA samples were mapped to the B. oleracea reference genome (Braol_HDEM_V1.0/, http://brassicadb.cn/#/Download/), respectively (Supplementary Table S1). Over 94% of the reads were mapped to unigenes, resulting in the discovery of 247,090 SNPs and 68,667 InDels between the two bulks. SNP-index was calculated according to the SNP of two progeny pools obtained by sequencing, which was used to map the gene of bright green leaf trait in Chinese kale. The Δ(SNP-index) of the two mixed pools was analyzed. The results showed that when the confidence level was 99%, the three regions C5, C7 and C8 distributed on the chromosome showed extremely significant peaks above the critical value level (Figure 2). The significant correlation intervals are: C5 (24.51-26.47Mb, ~1.96Mb), C7 (1.45-2.45Mb, ~1.00Mb), and C8 (49.36-51.42Mb, ~2.06Mb) (Table 2).




Figure 2 | The chromosome-wise distribution of ΔSNP index values. Chromosome names (C1-C8) on the x-axis and colored points representing each SNP locus’s ΔSNP-index value. The black line shows the fitted ΔSNP-index value, and the red line marks the significance threshold.




Table 2 | Candidate genomic regions identified by the BSR-Seq analysis.



Subsequently, we used the molecular marker method to further verify the candidate interval. Firstly, we examined the phenotypes (bright green leaves and ordinary leaves) of a BC1 segregating population containing 186 individuals. Secondly, we developed some InDel markers covering all candidate intervals. Genotyping of the 186 BC1 segregating plants was conducted with 9 pairs of polymorphic InDel markers (Supplementary Table S2), resulting in the creation of a genetic linkage map. The findings indicated that the gene responsible for the bright green leaf gene, BoGBL, was situated on chromosome C8 between markers INDEL109 and INDEL104 (Supplementary Figure S1), with positions on the reference genome at 49.43 Mb and 50.92 Mb, as shown in Figure 3A. Therefore, the bright green leaf gene BoGBL can be preliminarily located in about 1.5 Mb interval between 49.43Mb and 50.92Mb on chromosome C8 of B.oleracea.




Figure 3 | Mapping of the candidate gene controlling the bright green leaf trait. (A) BoBGL was initially located in the range of 49.88-50.92 Mb. (B) The positioning interval for the candidate region was narrowed using three InDel markers, and the flanking markers were Indel150 and Indel78. (C) The candidate interval contained 24 genes.







Fine-mapping of the BoBGL gene

In order to further narrow the candidate interval, combined with the results of preliminary mapping, 940 BC1 populations (all ordinary leaf type) were screened for recombinant plants based on flanking markers (INDEL109, INDEL104), and a total of 81 recombinant plants were obtained. At the same time, four polymorphic InDel markers were used to genotype 81 recombinant plants and finely map the bright green leaf gene BoBGL in B.oleracea. The BoBGL locus was more precisely identified to be within a 102-kb region on chromosome C8 of the B. oleracea reference genome, located between the markers INDEL150 (50 787 908bp) and INDEL78 (50 890 279bp) (Figure 3B; Supplementary Figure S1).





Identification of the candidate gene

According to the location of the BoBGL locus, there were 24 genes within these 102-kb region in the reference B. oleracea genome (Figure 3C). To identify the key candidates, we conducted gene annotation on 24 genes contained in this region. The results showed that among the 24 genes, only the candidate gene BolC8t52930H, named as BoCER1.C8, was related to the biosynthesis of plant cuticle wax (Table 3). The gene is highly homologous to the Arabidopsis wax synthesis-related gene AtCER1 (Table 3). In addition, qRT-PCR showed the gene BolC8t52930H was significantly differentially expressed in the two parents (Figure 4). In summary, the gene BolC8t52930H was identified as a key candidate gene for BoBGL.


Table 3 | The annotated genes in the candidate genomic regions associated with the bright green leaf trait.






Figure 4 | qRT-PCR validation of candidate gene. BolC8t52930H expression levels determined by qRT-PCR between BGL and WT. BoActin is used as an equal loading control. Error bars indicate standard errors from three biological replicates. ** denotes significant differences (p<0.01).







Gene cloning of BolC8t52930H

To confirm our speculation, we cloned the genomic sequence and coding sequence of BolC8t52930H from two parental plants. The findings indicated that the coding sequences in the parental organisms were completely consistent, so as the protein sequence, despite minor variations in their genomic sequences (Figure 5A; Supplementary Figure S2). We also cloned the promoter sequence of BolC8t52930H from about 3K before the onset codon from both parents. There are some differences between the two promoters in the range of -280bp to -1500bp, with the largest being -282bp to -325bp (Figure 5A). The interval of about 40bp is significantly different from the insertion and deletion, and the differences in other intervals are mainly SNPs (about 30 ones), and 4 gaps (Figure 5A; Supplementary Figure S2). In summary, there are significant sequence differences in promoter regions between the two parents, and therefore, we speculate that variations in the promoter region of BolC8t52930H may be responsible for the changes in gene expression in bright green leaf material.




Figure 5 | The structure of BolC8t52930H in the two parents and verification of co-segregation in BC1 generation. (A) Gene structure of BolC8t52930H and its mutation in BGL. Yellow boxes represent promoters, green boxes represent exons, black boxes between green boxes represent introns, green triangles indicate insert mutations, brown triangles indicate delete mutations, and dashed lines indicate SNP mutations. (B) The developed polymorphic InDel marker was used to analyze the co-segregation of BC1 genotypes.







The development of molecular markers for identifying bright green leaf genotypes

Next, we developed an polymorphic InDel marker using the sequence differences in the interval (-282bp to -325bp) with the largest difference in gene regions between parents to analyze whether BoBGL is co-segregated with bright green leaf traits. As we expected, the co-segregation analysis of 184 BC1 plants showed that their genotypes were completely co-segregated with their phenotypes, that is, bright green leaf individuals can amplify a 184bp fragment, while ordinary leaf individuals cannot (Figure 5B). Therefore, we developed a useful functional marker that can be used for marker-assisted selection of bright green leaf traits in B. oleracea.






Discussion

Bright green leaf Chinese kale has shiny leaves and stems that are more commercially viable than ordinary Chinese kale. This study revealed a monogenic inheritance pattern for the bright green leaf trait in Chinese kale. Through BSR-seq and fine mapping, we mapped the gene for the bright green leaf trait of Chinese kale to a 102-kb region of 50 787 908- 50 890 279 bp on the C8 chromosome of B.oleracea. There are 24 genes annotated in this region, of which only BolC8t52930H is related to wax synthesis. It is a homologous gene of AtCER1 in A.thaliana, so it is named BoCER1.C8. Gene expression analysis also confirmed that it showed strong differential expression between the two parents. Cloning BoCER1.C8 revealed notable variations in sequence between the parental strains in the promoter regions. Finally, we developed an InDel marker and used it to verify the co-segregation of BoCER1.C8 with bright green leaf traits. Finally, we concluded that BoCER1.C8 is the gene corresponding to the bright green leaf trait in Chinese kale.

Due to the quick advancement of high-throughput sequencing technology, BSR-seq has the potential to serve as a valuable resource for initial gene mapping. BSR-seq is a commonly utilized technique in various crops for quickly and cost-effectively mapping genes of interest in plants. For example, wheat (Shi et al., 2021; Wang et al., 2022), soybean (Huang et al., 2024), Sugarcane (Cheng et al., 2022; Wu et al., 2022), the Black Lemma (Liu et al., 2023), foxtail millet (Tian et al., 2022), etc. In this study, we used BSR-seq to quickly lock the gene BoBGL, which controls the bright leaf trait, in the interval of about 1.5-Mb on the C8 chromosome, and obtained a large number of inter-parental SNP and InDel variations for marker development. This strategy greatly improves the efficiency of locating genes of interest.

The generation of bright leaf traits is usually caused by the loss or reduction of wax. In Brassica plants, some bright color trait genes have been mapped or cloned, which are basically related to wax synthesis and regulation (Pu et al., 2013; Zhang et al., 2013; Liu et al., 2017c, 2017; Ji et al., 2021; Han et al., 2021; Yang et al., 2022b; Li et al., 2023; Wang et al., 2023). Several genes associated with bright leaf characteristics in B.oleracea have been identified through mapping or cloning, such as Bol018504 (CER1) (Liu et al., 2017b, 2017c; Ji et al., 2018), Bo1g039030 (BoCER2) (Ji et al., 2021; Han et al., 2021), Bol013612 (CER4) (Liu et al., 2017a), and Bol026949 (Wang et al., 2023). In the current study, the primary candidate gene was identified on the CER1 gene located on the C8 chromosome, a finding that aligns with several previous studies (Liu et al., 2017b, 2017c; Ji et al., 2018). However, our research proposes that the bright leaf trait in Chinese kale is regulated by a dominant gene, a contrast to other reports suggesting control by a recessive gene (Liu et al., 2017b, 2017c; Ji et al., 2018). Notably, a 2,722-bp insertion in the first intron of Bol018504 (CER1) in the glossy mutant was found to result in an alteration in the RNA splice site (Liu et al., 2017c). Furthermore, the fourth intron of BoCER1 in the glossy mutant was observed to incorporate a 252-bp insertion (Ji et al., 2018). In this study, we found some base variations in the promoter region, which may lead to dominant inheritance, but the specific mechanism is not clear. Dominance is a genetic interaction between alleles at a locus, often included in gene expression models based on molecular networks. It can occur at various integration levels, from allele-specific expression biases to organismal traits, involving diverse molecular interactions and physiological and developmental characteristics (Billiard et al., 2021). For this study, a possible mechanism is the trans-action of sRNA encoded by the flanking region of the dominant allele to induce transcriptional silencing of the recessive allele (Tarutani et al., 2010).

The gene CER1 is responsible for producing an enzyme that creates alkanes, potentially interacting with CER3 and various cytochrome b5 (CYTB5s) isoforms to facilitate the production of extremely long alkanes (Bernard et al., 2012; Pascal et al., 2019; Bourdenx et al., 2011). In Arabidopsis, the overexpression of the CER1 gene has been shown to enhance the biosynthesis of very long-chain alkanes (Bourdenx et al., 2011). The cer1-1 mutant, on the other hand, is distinguished by a pronounced reduction in the products of the alkane formation pathway, including alkanes, secondary alcohols, and ketones, with a concurrent increase in the corresponding aldehydes (Aarts et al., 1995). Furthermore, the role of CER1 in the synthesis of long-chain alkanes has been substantiated in other plant species as well, such as cucumber (Wang et al., 2015), rice (Ni et al., 2018), Brachypodium distachyon (Wu et al., 2019), and tomato (Wu et al., 2022). In Brassica species, CER1 was also proposed as the candidate gene for the glassy trait (Pu et al., 2013; Liu et al., 2017b, 2017c; Ji et al., 2018; Yang et al., 2022a). Specifically, in B.napus, the gene BnaA.GL has been precisely mapped to chromosome A09, with BnCER1 identified as the candidate gene (Pu et al., 2013). Furthermore, in B.rapa, the cuticular wax biosynthesis gene, BrWax2, was identified through map-based cloning, proposing Bra032670 (CER1) as the candidate gene (Yang et al., 2022a). In this study, we narrowed the interval to approximately 102-kb by fine mapping, including 24 candidate genes, including the CER1 gene. The level of expression of the CER1 gene was significantly reduced in the bright green leaf mutant. Sequence analysis also revealed a distinct sequence variation in the promoter region of the bright green leaf mutant, which may be responsible for the down-regulation of CER1 gene expression. Therefore, we believe that the CER1 gene is the target gene for the current status of the bright leaves of Chinese kale.





Conclusion

In conclusion, we identified a candidate gene, BolC8t52930H (BoCER1.C8), associated with the bright green leaf trait in Brassica oleracea on chromosome C8. This identification was achieved using a genetic linkage map constructed through the re-sequencing of a BC1 segregating population derived from hybridization and backcrossing with the wild type (WT). We subsequently cloned this gene from both parental lines, uncovering significant differences in their promoter regions. A co-segregation marker was then developed and validated within a segregating population, successfully yielding the anticipated results. Consequently, the gene BoCER1.C8 emerges as a potential candidate for regulating the bright green leaf trait in Chinese kale.
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Controlled environment agriculture (CEA) represents one of the fastest-growing sectors of horticulture. Production in controlled environments ranges from highly controlled indoor environments with 100% artificial lighting (vertical farms or plant factories) to high-tech greenhouses with or without supplemental lighting, to simpler greenhouses and high tunnels. Although food production occurs in the soil inside high tunnels, most CEA operations use various hydroponic systems to meet crop irrigation and fertility needs. The expansion of CEA offers promise as a tool for increasing food production in and near urban systems as these systems do not rely on arable agricultural land. In addition, CEA offers resilience to climate instability by growing inside protective structures. Products harvested from CEA systems tend to be of high quality, both internal and external, and are sought after by consumers. Currently, CEA producers rely on cultivars bred for production in open-field agriculture. Because of high energy and other production costs in CEA, only a limited number of food crops have proven themselves to be profitable to produce. One factor contributing to this situation may be a lack of optimized cultivars. Indoor growing operations offer opportunities for breeding cultivars that are ideal for these systems. To facilitate breeding these specialized cultivars, a wide range of tools are available for plant breeders to help speed this process and increase its efficiency. This review aims to cover breeding opportunities and needs for a wide range of horticultural crops either already being produced in CEA systems or with potential for CEA production. It also reviews many of the tools available to breeders including genomics-informed breeding, marker-assisted selection, precision breeding, high-throughput phenotyping, and potential sources of germplasm suitable for CEA breeding. The availability of published genomes and trait-linked molecular markers should enable rapid progress in the breeding of CEA-specific food crops that will help drive the growth of this industry.
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1 Introduction

Increased food production with higher nutritional content is required to feed the growing global human population, particularly in urban centers. Furthermore, the challenge to sustainably increase food and nutrition is exacerbated in the face of dynamic environmental and biotic threats because of a rapidly changing climate. Controlled environment agriculture (CEA) is a climate-resilient system that offers promise toward food security and production sustainability (Specht et al., 2014; O’Sullivan et al., 2019; Walsh et al., 2022). CEA has revolutionized horticultural production by enabling year-round cultivation, protection from adverse weather conditions, pests, and diseases, and precise control over environmental factors such as temperature, humidity, light, and CO2 levels (Shamshiri et al., 2018). Such control allows growers to optimize crop growth, quality, and yield while minimizing resource use (Kozai, 2013; Cowan et al., 2022; Gargaro et al., 2023). Rising as an alternative crop production system, CEA offers the potential to increase production per unit area and quality due to enhanced control of growing conditions (Nie and Zepeda, 2011; Coyle and Ellison, 2017; Ares et al., 2021). CEA comprises a wide array of controls in production facilities ranging from basic, such as plastic tunnels, advanced, such as greenhouses, to complex, such as vertical indoor farms (Mitchell, 2022). While some CE facilities like polytunnels and greenhouses have been around since the 19th century, technological innovations like indoor vertical farms are new additions and are continuously being optimized.

In the US, CEA production is currently represented by tomatoes (59%), fresh herbs (12%), cucumbers (7%), lettuce (6%), peppers (3%), strawberries (1%), and other unspecified crops (12%) (Dohlman et al., 2024). Initially, the focus of CEA farms was leafy greens and herbs because of their fitness and short production cycles. However, to serve a balanced diet, production of a diverse set of crops is needed. In some European and Asian countries, fruits and vegetables like leafy greens, melons, peppers, strawberries, tomatoes, and cucumbers are largely grown in CEs, and in the Americas, the production of cane and bramble fruits is expanding under high tunnels (Demchak, 2009; Cowan et al., 2022; Ayinde et al., 2024). The number of CEA operations doubled and reached 3,000 between 2009 to 2019 and production increased by 56% to 786 million pounds (Dohlman et al., 2024). In 2014, CEA production contributed $769 million to the US economy. However, increased competition from imports decreased the revenue to $626 million in 2019 (Dohlman et al., 2024).




2 Current challenges and opportunities

High capital and operational costs, high energy requirements, and limited crop diversity are the bottlenecks in the rapid expansion of CE production (Cowan et al., 2022; Dsouza et al., 2023). CEA facilities require significant capital investment, often taking 5–7 years to become profitable (Agrilyst, 2017). The startup costs of a vertical farm can range from $150 to $400 per 0.093 m2 (1 foot2) as compared to $50 to $150 for a greenhouse (Stein, 2021). The application of electronic sensors, mechanization, and robotic systems further incurs higher costs. Although higher costs could be compensated by increased productivity, yield, and high-quality produce fetching higher premiums, reducing energy consumption and incurred costs remain as major challenges.

The rapidly evolving production technologies, specialized inputs, and targeted consumer markets present opportunities to diversify crop production and maximize production efficiency relieving financial burden. The high startup costs are largely due to infrastructure, labor, and the energy needed for climate control and lighting. However, the development and adoption of supplementary technologies such as light-emitting diodes (LEDs), solar panels, and other advancements are gradually helping to reduce these costs (Teitel et al., 2012; Mohareb et al., 2017; van Iersel, 2017). With increasing investment, ongoing research is focused on enhancing crop yields, lowering operational expenses, and optimizing LED lighting for prolonged production, efficient nutrient uptake, and improved production platforms (Touliatos et al., 2016).

Despite research and technological advancements in crop production, challenges related to environmental impact, supply chain, and consumer interest prevail. The establishment of CEA facilities around communities increases awareness and improves food access (Sheng, 2018; Beacham et al., 2019; Stein, 2021), leading to increased consumer preference for CEA-produced crops (Ares et al., 2021). These facilities may reduce the transportation costs and carbon footprint associated with the supply chain (Sheng, 2018; Stein, 2021). Despite these benefits, CEA production is currently limited to leafy greens, tomatoes, cucumbers, and some berries. With technological advances and public–private interest, a wider range of crops can be anticipated. One of the important factors in crop diversification is the availability of CEA-optimized plant materials. Most of the currently produced cultivars have been bred for field-based agriculture. Cultivars developed for open fields may not account for the enclosed, limited space and lighting requirements observed in CEA. Therefore, there is a need to breed cultivars with unique crop characteristics that help plants thrive in these facilities. This review will discuss breeding strategies and programs on different crops suitable for CEA. We will first introduce the main breeding targets to discuss the progress made in commonly grown crops. We then debate the importance of next-generation sequencing technologies, precision breeding, and advanced phenotyping technologies and their use in breeding and present the prospects of diversifying the crops in CEA.




3 Breeding for CEA

Breeding for CEA can make a significant impact on food production as crop and cultivar choices drive the profitability of the farms. Crop adaptability and performance in CEA can differ significantly from field conditions (Gruda, 2005). Crop improvement for CEA is a novel field with unique challenges and requires the application of multidisciplinary approaches (Figure 1). Uniform optimal conditions for plant growth and development necessitate the development of cultivars tailored to CEA. A concept of one promising cultivar that could be potentially grown globally should attract the interest of seed companies. Optimal growing conditions and enhanced control should enable plant breeders to refocus on quality traits like taste, nutrition, and health benefits (Kreuger et al., 2018). In addition, CEA has been leveraged for speed breeding and support cultivar development in cereals (Alahmad et al., 2018), legumes (Peck et al., 2023), and vegetables (Gimeno-Páez et al., 2024), potentially becoming an integrated part of all breeding programs in the future. CEA benefits from multidisciplinary technology and breeding efforts are required not only to improve agronomic traits but also traits that allow applications of newer technology such as automation to evolve as an efficient and sustainable production system (Figure 2).




Figure 1 | Leveraging multidisciplinary technologies to improve crop cultivars for controlled environment agriculture.






Figure 2 | (A) Breeding priorities for CEA. (B) Targeted traits belonging to specific breeding priorities. This is a representative trait list, which may vary from program to program.



The goal of breeding is to predict and increase genetic gain over generations (time) to the available genetic variation, intensity, and accuracy of the selection for human, economic, and environmental benefit. The high initial investment and operating costs necessitate the development of highly productive and resource-efficient crops to ensure economic viability (Kozai, 2013). CEA has elucidated the need for genetic gains in traits that increase crop fitness driven by the growing conditions and apply to multiple crops. Because of variations in the CEA production system, trait importance in these systems differs accordingly. While not critical for single-tier systems like greenhouses and high tunnels, crop canopy is pivotal as small stature is sought to maximize space utilization in multi-tier production systems like indoor and vertical farms. In leafy greens, smaller canopies allow high-density planting and increase fitness in multi-tier systems. Similarly, shorter crop cycles maximize productivity, allowing multiple crop cycles in each space. CEA growers can produce 11–12 cycles of lettuce, as compared to 1–2 crop cycles grown per year in open fields (USEPA, 2007). The higher number of crop cycles helps to offset the production costs. One of the limitations of CEA is its high energy usage for temperature regulation and lighting. With high-density planting, meeting photosynthetic photon flux density parameters requires high-intensity lights. Therefore, breeding cultivars that perform well in low light can reduce energy usage, especially in the CEA systems relying on supplemental or complete electric lighting. Breeding for enhanced cold or heat tolerance could minimize energy use in cooler regions like northern Europe or warmer regions like the Southern US or the Middle East across all CEA production systems. Crop production in indoor and vertical farms relies on soilless systems, such as hydroponics to increase nutrient absorption, improve sanitation, and minimize diseases and pests. It is essential to breed plants that grow well in such systems to meet industry needs. Other traits for consideration in CEA breeding include adaptation to supplemental CO2, enhanced nutritional content, improved flavor, pollination efficiency, parthenocarpy, and resistance to prominent CE diseases and pests. A comprehensive depiction of breeding strategies for CEA is shown in Figure 3.




Figure 3 | Strategies, techniques and their applications in breeding crops for controlled environments.



Crop germplasm improved through years of field breeding can be harnessed to expedite cultivar development for CEA for traits like disease resistance, yield, and heat tolerance. Changes in breeding priorities in CEA require germplasm development for unique traits like adaptation to limited space, low light intensity, and fruit set. While a vigorous and deep root system is desired for lettuce in field production to develop crop resilience, readily available water and nutrients in CEA will benefit from the germplasm that allows flexibility to select for high-shoot biomass while maintaining an optimum root system. Similarly, year-round production in CEA will need germplasm to breed for dwarf tomato cultivars with shorter crop cycles. In addition, germplasm development for traits like fruit quality, novel ideotypes, light types and intensity, and soilless substrate culture are some of the traits that will need specialized germplasm development for CEA.




4 Major crops and their breeding targets for CEA



4.1 Lettuce

Lettuce (Lactuca sativa L.) is among the topmost cultivated crops in CEA for food production in the US (USDA-NASS, 2019). Lettuce has seven morphological types, namely, crisphead subdivided into Batavia and iceberg, butterhead including Boston and bibb, romaine or cos lettuce, Latin, and leaf or cutting lettuce, which are most common in field production worldwide (Ryder, 1999); however, in the US, the most popular types are crisphead, romaine, and leaf lettuce (USDA-NASS, 2022). More ancient types of lettuce include stem lettuce also known as “stalk” or “asparagus” lettuce and the oil seed type (Hayes, 2018). Traditionally, the crop has been improved for field adaptation (Hayes, 2018). While romaine and icebergs have been historically improved through breeding for head weight and morphology for field production, the most cultivated types in CEA are romaine, butterhead, and leaf lettuce and their subtypes. CE growers may require cultivars that offer novel morphological types than those grown in fields. A combination of leaf and crisphead lettuce commonly known as “crunchleaf” or “summercrisp” is currently desired by the industry.

Several key traits important for field production including high water- and nutrient-use efficiency (WUE and NUE) and resistance to biotic and abiotic stresses are also important in CEA (Sandoya, 2019). The CEA industry will benefit from lettuce cultivars improved for unique traits including nutritional value, new leaf shapes and colors, and the ability to adapt to new horticultural technologies including light use efficiency and mechanical harvesting. Variations in phylloquinone, tocopherols (alpha and gamma), and ascorbic acid (vitamin C) content in hydroponically grown lettuce demonstrate the opportunity to enhance metabolites beneficial for human health (Murray et al., 2023). Similarly, genetic variability within L. sativa for morphological traits like leaf shape, color, and texture can be utilized to develop cultivars for niche markets (Sandoya, 2019). Opportunities exist to create newer shapes and color variations from green to red that could be beneficial to CEA producers.

Major concerns for lettuce producers are diseases caused by plant pathogens. Most of the genetic studies in L. sativa and related species have been conducted for disease resistance. There is extensive germplasm testing either in a greenhouse (or lab-associated assay) or on the field for diseases such as downy mildew (DM) caused by Bremia lactucae. There are at least 51 genes and 15 QTLs controlling DM resistance (Parra et al., 2016). However, the fungus rapidly evolved overcoming host resistance into different races, of which 10 races are present in the US and 23 races are in the European Union (IBEB, 2024) while the B. lactucae race structure in other lettuce-producing regions of the world is unknown (Wu et al., 2018). The resistance to DM is widespread across several chromosomes in the lettuce genome and multiple germplasms of L. sativa and wild types of L. serriola and L. saligna (see Parra et al., 2016 for details). Further resistant loci were relatively recently identified in L. sativa (Parra et al., 2016; Simko et al., 2021). Other diseases including Fusarium wilt, Verticillium wilt, Sclerotinia drop, and Corky root rot are a concern to field producers due to their soil-borne nature (Raid and Sandoya-Miranda, 2024). It is expected that the pathogens causing these diseases, Fusarium oxysporum f. sp. lactucae, Verticillium dahliae, and Rizhorhapis suberifaciens, would be less problematic when the crop is produced hydroponically or in soilless substrates. However, a soilborne disease, Pythium wilt (Davis, 2018), has been reported on lettuce cultivated in CEA (Tsoukas et al., 2023). The disease has become problematic in fields and the pathogen has been identified and reclassified as Globisporangium uncilunatum (syn P. uncinulatum) (Slinski et al., 2024). Several of these soilborne pathogens are believed to be seed-borne. Further investigation on the survival of these pathogens from contaminated seeds on specific media (water, growing media including rockwool, vermiculite, etc.) can reveal the potential outbreaks of these pathogens.

While powdery mildew (PM) caused by Golonovinomyces cichoracearum is not a significant problem in the field except during conducive conditions, the disease is more problematic in greenhouses (Simko et al., 2014). The intent of year-round production in CEA creates the need for improved germplasm with resistance. There are few resistance sources for PM in the wild and cultivated lettuce, especially in butterhead lettuce (Lebeda, 1985, 1994; Lebeda et al., 2014; Simko et al., 2014). Resistance to other diseases concerning the CEA lettuce industry needs further investigation. There are no known sources of resistance against P. uncilunatum or any Pythium spp. and C. latucae-sativae (Raid, 2018). It remains unknown if F. oxysporum f. sp. lactucae, V. dahlia, or R. suberifaciens will cause disease outbreaks on lettuce in soilless media.

Lettuce is best adapted to temperatures below 28°C during the day and 23°C at night (Hayes, 2018). Higher temperatures could lead to early bolting and tipburn. Similarly, the crop suffers damage when exposed to longer periods of cold temperatures below 18°C during the day and 10°C, at night, respectively (Hayes, 2018). The rising temperatures across the globe are affecting both marketability and promoting physiological disorders (Lafta et al., 2017, 2021; Raid and Sandoya-Miranda, 2024). The need for cooling or heating of CEA operations results in increased production costs. The development of cold- and heat-tolerant cultivars is desired for both field and CEA production. Genetic variability has been identified within L. sativa for heat tolerance in romaine, butterhead, crisphead, and leaf lettuce (Lafta et al., 2017, 2021; Kreutz et al., 2021; Raid and Sandoya-Miranda, 2024). However, the genetics underlying the trait are yet to be identified. Further efforts are underway to identify germplasm that tolerate warmer temperatures in greenhouses to improve heat tolerance. Selection against bolting and tipburn is beneficial to both field and CEA lettuce production. While genetic variation is present for bolting (Rosental et al., 2021), tipburn, a physiological disorder, is partially controlled by a genetic component (Hayes, 2006; Macias-González et al., 2019) and needs further research.

For CEA, lettuce should be efficient in several factors including nutrient uptake and utilization. Lettuce cultivars with high WUE have been identified (Eriksen et al., 2016; Macias-González et al., 2021). Nitrogen and phosphorus uptake are known to be genetically controlled in lettuce (Macias-González et al., 2021; Kreutz et al., 2022). The genetics of WUE and nitrogen uptake are complex involving multiple loci distributed across the genome (Macias-González et al., 2021). It is important to note that these genetics are described for field lettuce and only phosphorus uptake has been investigated in hydroponic settings (Kreutz et al., 2023). Salinity is posing a concern in areas that are aquifer-dependent or close to saltwater. Salt intrusion into aquifers has affected the crop by higher salt levels in soils (Miceli et al., 2003). Lettuce cultivars tolerant to salinity could alleviate this problem (Xu and Mou, 2015; Eriksen et al., 2016) and could be used for saltwater-based aquaponics systems in CEA.

Most genetic studies in lettuce have been conducted using biparental mapping populations. There are few publicly available molecular markers for use in marker-assisted selection (MAS) specifically for disease resistance (Michelmore, 2018). These markers are limited to single locus inherited traits. Limited genome-wide association studies (GWAS), including resistance for bacterial leaf spot, DM, and shelf life, have been conducted using diverse germplasm sets (Sthapit Kandel et al., 2020; Kandel et al., 2022; Simko et al., 2022). As more phenotypic traits are mapped using GWAS populations, genomic selection (GS) will be employed to breed lettuce for polygenic traits.




4.2 Spinach

Spinach (Spinacia oleracea L.) is widely recognized for its exceptional nutritional profile. It is packed with essential vitamins (A, C, K, and folate), minerals (iron and calcium), antioxidants (lutein, zeaxanthin, and flavonoids), and dietary fiber (Drewnowski and Gomez-Carneros, 2000; USDA FoodData Central, 2024). Traditionally, spinach is grown in open fields in the US, predominantly in California (April to October) and Arizona (November to March). Growing consumer demand for nutritious foods, particularly leafy greens like spinach, has spurred advancements in cultivation methods. There is a growing shift towards year-round production in CEA to meet the demand while minimizing environmental impact (Garcia et al., 2023). Breeding spinach specifically for CEA has become vital to meet the growing shift. Key breeding objectives include optimizing yield, maintaining or enhancing the nutritional profile under controlled conditions, and developing varieties that meet consumer demands for health-promoting vegetables.



4.2.1 Growth and yield optimization

Maximizing growth rates is essential for improving turnover and productivity. Optimized light conditions are crucial for enhancing growth rates (Folta, 2019). Genetic studies have identified loci associated with growth rate, presenting potential targets for breeding programs (Joshi et al., 2022). Additionally, factors such as irradiance, nutrient solution temperature, and nutrient levels significantly affect spinach growth rates (Gent, 2017). Improving nitrogen use efficiency through genetic means could further enhance growth (Chan-Navarrete et al., 2016). Breeding efforts should focus on increasing yield potential by selecting traits such as increased leaf area, higher leaf-to-stem ratio, and reduced bolting.




4.2.2 Nutritional quality

Spinach shows variations in its nutritional composition across different accessions and cultivars. Studies have reported a wide range of concentrations for key nutrients such as nitrate (0.21–3.83 mg/g FW), oxalate (2.38–34.72 mg/g FW), vitamin C (ascorbic acid) (0.51–1.30 mg/g FW), and carotenoids (0.18–0.58 mg/g FW) (Wang et al., 2018a). Organic cultivation typically results in higher levels of ascorbic acid and flavonoids and lower nitrate content compared to conventional methods (Koh et al., 2012). Light intensity also impacts nutrient composition, with low light leading to decreased ascorbate and increased oxalate and nitrate levels (Proietti et al., 2004). Despite these insights, the genetic basis of vitamin C content is still poorly understood, with limited research utilizing association mapping (Rueda et al., 2021). Further genetic studies and breeding efforts are needed to elucidate the mechanisms behind ascorbic acid, mineral, and phytonutrient content, ultimately leading to varieties with enhanced nutritional value (Kim et al., 2018). Additionally, breeding for high levels of essential minerals like iron, magnesium, and calcium is crucial, and genetic markers associated with these mineral contents have been identified (Qin et al., 2017). Breeding programs aim to develop spinach cultivars with improved nutritional profiles by increasing vitamin C and carotenoids while reducing nitrate and oxalate accumulation (Wang et al., 2018a; Rashid et al., 2022). Research indicates that nitrate content varies significantly depending on genotype, environmental conditions, and fertilizer use (Abubaker et al., 2005; Wang et al., 2018a; Luetic et al., 2023). Therefore, selecting against nitrate accumulation is important to ensure safer consumption.




4.2.3 Leaf quality and consumer acceptance

Attributes such as dark green color, tender texture, and mild flavor are critical for consumer acceptance (Batziakas et al., 2019). Softer, more palatable leaves are essential for fresh consumption (Batziakas et al., 2019; Liu et al., 2021). Genetic mapping has identified markers linked to desirable leaf textural traits (Xu et al., 2017b; Liu et al., 2021). Furthermore, specific loci associated with leaf length, width, and petiole length important for determining leaf texture and tenderness have been identified and used in breeding (Liu et al., 2021).




4.2.4 Pest and disease resistance

Although CEs typically reduce the risk of pest infestations, diseases such as damping-off, caused by Pythium species, and fungal infections pose challenges in CEA, prompting breeding programs to emphasize genetic screening for disease resistance (Syu et al., 2024). Genetic host resistance is effective against common greenhouse diseases and pests (Kozai, 2013). Resistance to fungal pathogens, such as DM and leaf spot, is vital for maintaining high crop survival and yield. GWAS has identified single-nucleotide polymorphism (SNP) markers linked to resistance against significant pests and diseases (Bhattarai et al., 2021a). This includes resistance to Verticillium wilt caused by V. dahliae (Shi et al., 2016b), leaf spot caused by Stemphylium vesicarium and S. beticola (Shi et al., 2016a), anthracnose caused by Colletotrichum spinaciae (Awika et al., 2020), and white rust (Awika et al., 2019; Shi et al., 2022). Research on genetic bases of DM resistance has added valuable insights for resistant cultivar development (Bhattarai et al., 2020, 2021b, 2022b, 2022a, 2023).




4.2.5 Harvest and post-harvest qualities

Harvest and post-harvest qualities are critical for spinach cultivated in CEA, focusing on maintaining freshness, nutritional quality, and ease of harvesting. Genetic research has identified specific genes associated with enhanced post-harvest longevity in spinach, crucial for breeding varieties that remain fresh and nutritionally valuable over extended periods (Xu et al., 2017b). Traits such as easy leaf detachment and regrowth capabilities are vital for improving harvesting efficiency in CEA systems (Al-Kodmany, 2018; Beacham et al., 2019). Genetic markers linked to these traits enable breeders to develop spinach varieties that streamline harvesting processes enhancing crop management and productivity (Hirakawa et al., 2021).




4.2.6 Genomics and breeding advances

Recent advances in genomics, including genome assemblies, GWAS, and MAS, have revolutionized gene and quantitative trait locus (QTL) identification, trait selection, and cultivar development. These advancements have significantly improved the efficiency and precision of spinach breeding for CEA (Bhattarai et al., 2021a). Genome assemblies facilitate GWAS for traits such as disease resistance, bolting, and leaf morphology (Cai et al., 2021; Hirakawa et al., 2021; Bhattarai et al., 2022a, 2022b). MAS and GS methods further enhance breeding efficiency, particularly for DM resistance (Bhattarai et al., 2021a, 2022b, 2022a; Simko et al., 2021; Joshi et al., 2022; Shi et al., 2022). Genomic analyses also provide insights into spinach domestication, population structure, and sex chromosome evolution (Cai et al., 2021; Ma et al., 2022b). Resources like SpinachBase support spinach genomics research by offering genomic data and analytical tools (Collins et al., 2019). GWAS studies have analyzed spinach accessions to identify loci associated with nutritional elements and leaf traits, including texture (Ji et al., 2024). These studies provide valuable insights for breeding programs aiming to enhance leaf tenderness. The deep green color of spinach, indicative of its high nutritional value, is also a focus of genetic research (Sokolova and Solovyova, 2023). Some studies by Cai et al. (2018) have advanced the understanding of pathways regulating chlorophyll production in spinach. Targeting these genetic pathways could help develop cultivars with enhanced coloration.

These technologies have enabled the identification and incorporation of desirable traits, such as leaf texture, color, and flavor, into breeding programs, ensuring new varieties meet nutritional, agronomic, and market demands. Furthermore, genomic and molecular approaches show promise in addressing production challenges, such as biotic and abiotic stresses, and in providing improved breeding materials and strategies (Bhattarai et al., 2021a). Continued advancements in functional genomics will enhance our understanding of complex traits in spinach and accelerate the development of improved cultivars (Cai et al., 2021; Das et al., 2023; Tawfik, 2023; Ji et al., 2024). Integrating genomic insights and advanced breeding techniques is essential for developing varieties optimized for CEA systems. Continued research and innovation in this field will support sustainable spinach production, meet the growing demand for health-promoting vegetables, and address the challenges of modern agriculture.





4.3 Tomato

Tomato breeding has specialized based on the market, product type, and cultural requirements such as fresh market, processing, CEs, or home garden (McKenzie, 2014). For varietal development, unique breeding strategies are needed for specific growing conditions and market challenges. Breeding tomatoes for CEs is evolving to meet the demands of production facilities such as indoor farms, vertical farms, greenhouses, and their modified forms. Most single-tier CE farms currently grow indeterminate tomatoes that can grow for an extended period and determinate large-fruited tomatoes, with or without grafting. Introducing tomatoes to vertical farms is yet to be realized due to a lack of optimized cultivars. Kozai (2013) recommended plant height to be approximately 30 cm to optimize space and ensure multi-tier production in platforms established for leafy vegetables. Modifications in plant architecture, morphology, and size are implemented to develop dwarf plants that fit in CEA. Various genes—DWARF (D), SELF-PRUNING (sp), miniature (mnt), and Dumpy (dpy)—contribute to reducing plant stature (Bishop et al., 1996; Pnueli et al., 1998; Koka et al., 2000; Martí et al., 2006). Moreover, meristem traits such as side shoots and branching need optimization. Canopy reduction results in smaller fruit size and hence breeding efforts need to retain fruit size while selecting for decreased canopy. The development of dwarf tomatoes began with the release of Dwarf Champion and more recently with Micro-Tom (Livingston Seed Company, 1896; Scott and Harbaugh, 1989). While Micro-Tom was a concept product, Micro-Tina and Micro-Gemma were released with improved sweetness (Scott et al., 2000). Recently, the performance of dwarf cultivars was tested for plant growth, yield, and CEA fitness (Langenfeld and Bugbee, 2023). Extended greenhouse production times can be compensated by shorter crop cycles and increased planting density in vertical and indoor farms. Plant performance under hybrid or fully electric lighting needs consideration to develop new CEA varieties. CEs also offer opportunities for the implementation of robotics and automation. Therefore, developing traits granting process mechanization such as synchronous maturity and longer pedicels for harvesting ease is essential. Synchronous maturity is a polygenic trait predominantly used in the processing tomato industry for mechanical harvest (Lukyanenko, 1991). Golden 2-like 2 (GLK2) gene has been widely used in modern breeding programs to control uniform fruit ripening. Genes terminating flower (tmf) and jointless (j) reduce the number of flowers in the inflorescences of lateral shoots and can be used in maintaining the quality and yield of fruits in dwarf plants in CEs (Molinero-Rosales et al., 1999; MacAlister et al., 2012). Dwarf and early varieties help in spreading the risk over multiple cycles.

While some CEs use sunlight and supplemental electric light, indoor vertical farms solely rely on electric lighting. Focus on genes eid1 and lnk2 involved in the circadian clock could help in breeding plants for altered photoperiod to reduce energy costs (Müller et al., 2018). Plants with high phenotypic plasticity can help plants adapt to different light sources and production systems such as hydroponics, aeroponics, or aquaponics. Shoot architecture including leaf number, area, and angle determines light capture, photosynthesis, and transpiration but is highly influenced by the environment. Plant responses due to growing conditions could help develop breeding strategies to capitalize on these traits. Inflorescence branching caused by FALSIFLORA and other genes could be used for smaller fruit types like cherry and grape, while tmf mutants causing unbranched inflorescences are desirable for Roma and large-fruited tomatoes (Molinero-Rosales et al., 1999; MacAlister et al., 2012).

Besides the traits useful to crop optimization in CEA, several fruit traits pertaining to consumers are significant, such as fruit striping, skin texture, nutritional quality, flavor, shape, size, and aroma. Various studies have inventoried metabolites in tomato fruits as previously reviewed (Rothan et al., 2019). Purple tomatoes with increased anthocyanin content have been developed by combining the dominant allele Atv with Aft or Abg in “Indigo rose” and “Sun Black” cultivars (Ooe et al., 2016; Blando et al., 2019). Genetic engineering has been applied to enhance anthocyanin production using genes encoding R2R3-MYB, bHLH, and WDR factors (Zhang et al., 2019). Overexpression of S. lycopersicum Anthocyanin 1 (ANT1) and SlAN2 originating from S. chilense resulted in enhanced anthocyanin production (Sun et al., 2020). Furthermore, increased anthocyanins using two snapdragon Delila (Del) and Rosea (Ros1) genes delayed overripening and reduced susceptibility to a postharvest disease gray mold (Zhang et al., 2013). The level of anthocyanins produced by genetic engineering using Del and Ros1 is higher than conventionally bred purple tomatoes using atv and Aft (Baranski et al., 2024). Therefore, both traditional and biotechnological breeding could be applied to increase nutritional compounds (Ilic and Misso, 2012). These resources could be used to develop varieties with novelty in consumer-related traits to minimize market competition and generate price premiums.

A wide range of tomato fruit colors appeal to consumers and some colored pigments are known to prevent cardiovascular disease and potentially reduce obesity (Gammone et al., 2015). Tomato fruit color is a multigenic trait. The red color of tomato is due to all-trans-lycopene, naringenin chalcone (NarCh), and yellow skin (Zhu et al., 2018). Mutation in recessive yellow (y) disrupts NarCh deposition resulting in transparent skin and pink-colored fruits. Loss of function of PSY1 leads to yellow fruit, and mutations in CRTISO and IDI1 genes in tangerine (t) and fruit carotenoid-deficient 1 mutants resulted in overall carotenoid reduction, giving orange color (Isaacson et al., 2002; Pankratov et al., 2016). Accumulation of carotene due to lycopene β-cyclase and ϵ-cyclase encoded by CrtL-b and CrtL-e genes also confers an orange color in ripe tomato fruits (Ronen et al., 2000). Brown-colored tomato fruits have been attributed to an inability in chlorophyll degradation due to mutation in STAY-GREEN1 (SGR1) coupled with lycopene accumulation during ripening (Barry et al., 2008). Genetics of carotenoid production is reviewed by Baranski et al. (2024). While S. lycopersicum mostly produces red tomatoes, fruits of some S. cheesmanii were reported to be yellow, yellow-green, orange, and purple, fruits of S. pimpinellifolium were reported to be red, fruits of S. habrochaites, S. peruvianum, S. pennellii, and S. chmielewskii were described to stay green, and fruits of S. neorickii were reported to be pale green (Peralta et al., 2021). Crimson (ogc) gene, an alternative allele at Beta (β) locus, is widely used in fresh market breeding as it increases lycopene and provides deep red color in seed locules and pericarp. In addition to ogc, a dominant QTL (lyc12.1) from S. pimpinellifolium accession LA2093 increases lycopene by 50% to 70% without reducing β-carotene (Kinkade and Foolad, 2013). Recently, three color-related genes Phytoene Synthase 1 (PSY1), R2R3-MYB transcription factor (MYB12), and SGR1 were edited using multiplexed CRISPR-Cas9 to produce yellow, brown, pink, light yellow, pink-brown, yellow-green, and light green–green colors of fruits (Yang et al., 2022).

Tomato flavor is a fusion of sugars, acids, and numerous volatile organic compounds (VOCs). Selection for increased yield, fruit size, and disease resistance has impacted unintentional flavor loss in modern varieties (Folta and Klee, 2016). A breeding opportunity exists to revisit the lost flavor genes and leverage CEA produce for high-quality products (Figàs et al., 2015). The sources and genetics of tomato flavor have been previously studied (Pereira et al., 2021). Although not trivial, improvement in flavor could be achieved through manipulating VOCs without significantly impacting quality or yield with the help of automated phenotyping, SNP markers, and gene editing. While a clear understanding of flavor has not been established, several studies have discovered genomic regions and variants involved in flavor (Kuhalskaya et al., 2024). Genomic regions including genetic loci, candidate genes, and transcription factors (TFs) involved in flavor in tomato have also been reviewed (Kaur et al., 2023). These regions can be harnessed to develop specific flavors in novel varieties for CEA.




4.4 Pepper

Pepper (Capsicum annuum L.) breeding for CEA mainly emphasizes plant growth and architecture, adaptability to environmental factors (temperature, humidity, and light efficiency), enhanced fruit quality, tolerance to biotic stresses, yield and productivity, WUE, amenable pollination and fruit set, and phenotypic plasticity, among others (Hummer, 2021; Goldstein and Ehrenreich, 2021). Breeding peppers (sweet, hot, and specialty type) for CEA requires an integrated approach to incorporate the targeted traits tailored for specific growing conditions. Breeding for targeted traits involves conventional breeding methods as well as advanced biotechnology approaches including MAS and genome editing. The genetic control of plant architecture is important in CEA breeding and candidate genes like MADS-box protein and WUSCHEL-like genes (Capanan11g001832 and Capana00g000667) are linked to inflorescence architecture in pepper (Lv et al., 2019). A single-base mutation in the CaBRI1 results in a dwarf phenotype (Yang et al., 2020). The FASCICULATE (FA) gene primarily known for its effects on fruit clustering also influences plant architecture and branching patterns (Elitzur et al., 2009). These findings offer insights into plant architecture and trait variation for breeding for CEA.

Enhancement in pepper fruit quality attributes like vitamin and antioxidant content as well as uniform fruit size and shape may generate added value at the retail level (Rouphael et al., 2018). Several genes and markers have been identified to improve fruit quality. The Capsanthin-capsorubin synthase (CCS) gene is a critical component in carotenoid biosynthesis, particularly in the production of red pigments (Lefebvre et al., 1998). This gene is closely associated with the dominant y+ allele, which results in red fruit coloration while its absence or mutation leads to the recessive y allele resulting in yellow or orange fruits (Popovsky and Paran, 2000). Gene Capana01g004285, encoding the BREVIS RADIX (BRX) protein, was linked to the locule number that influences fruit quality (Ma et al., 2022a). Additionally, Capana10g002229 was proposed to encode a polygalacturonase as a strong candidate gene associated with the deciduous character of ripe fruit impacting fruit softening and abscission (Hu et al., 2023). Furthermore, GS was explored for predicting fruit length, shape, width, weight, and pericarp thickness in pepper highlighting the potential of Reproducing Kernel Hilbert Space (RKHS) as a method with high prediction accuracies (Hong et al., 2020).

Damping off, PM, and bacterial spot are major disease concerns while aphids, whiteflies, and spider mites are the main pest issues observed in pepper production (Messelink et al., 2020). Wild relatives of pepper are valuable sources of resistant genes (Devi et al., 2021). Additionally, species in Capsicum have mechanisms such as osmoprotectant production, autophagy, and involvement of TFs and plasma membrane proteins in stress tolerance with identified genes and QTLs contributing to biotic stress tolerance (Jaiswal et al., 2019; Parisi et al., 2020). Numerous studies have pinpointed genomic regions associated with Phytophthora resistance (Siddique et al., 2019; Kumar et al., 2022; Ro et al., 2022; Kaur et al., 2024). The utilization of these genetic resources and markers is crucial in developing resilient and high-yielding varieties.

Early and continuous fruit sets can increase pepper productivity in CEA (Gautam et al., 2024). Multi-locus models in diverse populations have revealed eight GBS-derived SNP markers linked to multiple traits, indicating shared genetic control between plant height, width, and yield components (Lozada et al., 2021). QTL analyses have shown high heritability and identified 24 QTLs related to physiological traits influencing yield with pleiotropic effects observed on specific linkage groups (Alimi et al., 2013).

Breeding pepper for CEA could benefit from improving stress resilience and WUE. In bell peppers, two linked QTLs on chromosome 10 control post-harvest fruit water loss (PWL), a trait closely related to WUE (Popovsky-Sarid et al., 2017). These efforts advance the identification of the underlying genes increasing selection efficiency to develop water-efficient and drought-tolerant varieties (Lee et al., 2018).

Solanaceous vegetables (tomato, pepper, and eggplant) often require external pollinators to enhance fruit set and yield; therefore, selection of desirable flower types is necessary to facilitate improved pollination (Schubert, 2017; Folta, 2019). C. annuum and C. chinense produce single and multiple flowers per node, respectively, and have been the focus of genetic investigations. A study on recombinant inbred lines (RILs) between C. annuum and C. chinense identified four QTLs on chromosomes 1, 2, 7, and 11 accounting for 65% of the phenotypic variation in multiple-flower-per-node trait with five candidate genes involved in shoot and flower meristem development (Kim et al., 2022). Transcriptome analysis of different developmental stages of flowers identified several differentially expressed genes (DEGs) involved in flower development, nectar biosynthesis, and nectary development (Deng et al., 2020). The first flower node (FFN) trait important for evaluating fruit earliness was studied using bulked segregant analysis (BSA) and specific-locus amplified fragment sequencing identifying 393 high-quality SNP markers and 10 candidate regions on chromosome 12 associated with FFN (Zhang et al., 2018b). Further QTL mapping identified two major QTLs, Ffn2.1 and Ffn2.2 located in linkage group 2, associated with FFN consisting of 59 candidate genes including three DEGs (Zhang et al., 2019). Six QTLs were identified in an interspecific population developed from C. chinense and C. annuum controlling flower number per node. A candidate gene, Capana02g000700, encoding the homeotic protein APETALA2, significantly associated with flowering time (Zhu et al., 2019). These studies collectively reveal genetic mechanisms controlling flower type and can be used in breeding programs to improve pepper yield.

Phenotypic plasticity plays an important role in regulating plant growth and development functions that are influenced by the growing environment; hence, breeders must include this trait in their CEA breeding strategy. Phenotypic plasticity in pepper is influenced by various genetic markers and environmental factors. Variability in morphological and biochemical traits observed in C. baccatum accessions can enhance fruit length, diameter, fresh mass, and antioxidant activity (Constantino et al., 2020). In wild C. annuum populations, genetic differences leading to adaptive phenotypic plasticity based on water and light availability have been observed. Phenotypic plasticity is essential for plant fitness and is influenced by natural selection and genetic drift with selection gradients varying based on resource availability (Romero-Higareda et al., 2022). The genetic basis of phenotypic traits in C. annuum has been further elucidated through QTL identification associated with domestication and agronomic traits. These QTLs highlight the genetic architecture underlying traits such as fruit form, seedlessness, and growth habit, providing insights into domestication and exploiting wild alleles for crop improvement (Lopez-Moreno et al., 2023). Additionally, the marker effect networks have been proposed as a novel method to identify genetic markers associated with environmental adaptability. This approach was demonstrated in maize and can be adapted in pepper to understand how different markers co-vary across environments providing insights into phenotypic plasticity and environmental modulation of the genome (Coletta et al., 2023). Together, these studies underscore the complex interplay between genetic markers, environmental factors, and phenotypic plasticity in pepper, enabling breeding and conservation efforts. By exploiting these genetic resources and molecular breeding techniques, future research can focus on optimizing plant architecture, enhancing yield, and improving overall adaptability in CEs. This targeted breeding approach can potentially revolutionize pepper cultivation in CEA, leading to more efficient and productive systems that meet the growing demand for sustainable and high-density crop production.




4.5 Cucurbits: cucumber, squash, and melon

Cucurbits such as cucumber (Cucumis sativus), melons (Cucumis melo), squash (Cucurbita spp.), and pumpkins are produced in fields, semi-controlled environments, and increasingly in CEs. For fruiting crops, a long harvesting season is highly desirable for CEA production. Most cucurbits display indeterminate vegetative growth when fruits are continuously removed (Loy, 2004). When not removed, fruits become dominant sinks for photosynthate, and this is accompanied by a slowing or cessation of vegetative growth (Valantin-Morison et al., 2006). Thus, crops with fruits harvested at an immature state like cucumber and summer squash will likely yield more in a CEA system than crops like pumpkin and melon that require full reproductive maturity. For CEA facilities to produce such fruits, niche markets will have to be developed that demand superior fruit quality as they will need to command a high price. Accompanying the increased quality, marketing efforts will be needed that allow for CEA-produced cucurbits to be differentiated in the marketplace via branding and labeling.

Cucurbits face a wide range of pest and disease pressures that can be avoided by growing them in CEs. Insect pests like the squash bug (Anasa tristis), squash vine borer (Melittia cucurbitae), and striped and spotted cucumber beetles (Acalymma spp.) can be excluded from cucurbits by using insect screening (Ingwell and Kaplan, 2019). This reduces both direct damage by insect pests and diseases that they transmit.

Among Cucurbitaceae, cucumber occupies the greatest CEA acreage currently (Pal, 2020). Published genomes and molecular markers are available for the major cucurbits to assist and accelerate breeding for CEA. Cucumber has a small genome with only seven chromosomes (Sun et al., 2006). Not only is it the most widely produced cucurbit in CEA, but also the crop with the most annotated genes. The cucumber genome was first sequenced in 2009 by Huang et al. Currently, three sequenced genomes have been published representing three of the major cultivar groups of cucumber. Approximately 22 QTLs have been mapped in cucumber including QTLs for important traits for CEA like fruit length, early flowering, parthenocarpy, gynoecy, and compact growth (Dey et al., 2023). Additionally, QTLs for important disease resistance traits have been mapped including for DM (Wang et al., 2016), PM (Nie et al., 2015; Xu et al., 2016), Fusarium wilt (Zhang et al., 2015), gummy stem blight (Liu et al., 2017), and cucumber mosaic virus (CMV) (Shi et al., 2018). Additionally, resistance to abiotic stresses such as low temperatures (Song et al., 2018), high temperatures (Dong et al., 2020), and salt stress also have mapped QTLs (Ahmad et al., 2023). Such extensive mapping and linked molecular markers should enable breeders to rapidly advance on breeding new cultivars especially well-suited for CEA.

Cucumber displays a wide range of flowering habits (Dhall et al., 2023). The development of gynoecious cucumber varieties is a major factor in the success of cucumber as a greenhouse crop. Three different loci are thought to affect sex expression in cucumber: F confers female flowers with incomplete dominance, m is a recessive allele that confers andromonoecy, and a confers androecy. The genotype of gynoecious varieties is thought to be MMFFA/a. A second locus has also been uncovered that confers gynoecy and is a recessive allele called gy. Because the femaleness conferred by gy is thought to be more stable than F, it is the gene most commonly found in gynoecious cucumber varieties (Dhall et al., 2023). Additionally, most cucumber cultivars used in greenhouse production are parthenocarpic. The Pc gene confers parthenocarpy in cucumber and is thought to be incompletely dominant. Genomics research with this trait has revealed great complexity including epistatisis and multiple chromosomal locations, and appears to be inherited quantitatively (Sun et al., 2006).

Although CEA systems can exclude many important insect pests, breeding cucumbers for disease resistance remains a major priority for breeders. Diseases like DM, PM, bacterial wilt, Fusarium wilt, CMV, and watermelon mosaic virus (WMV) can all present challenges for growers in CEs (Singh et al., 2017). Extensive molecular genetics work has revealed QTLs for resistance and breeders use MAS to guide their efforts in breeding resistance to these diseases.

Currently, most cucumber production in CEA systems takes place in greenhouses and high tunnels; however, cucumber is an emerging crop for vertical farms or PFALs (plant factories with artificial lights). Bush cultivars with greatly reduced internode length are available in cucumber and are the most suitable cultivars for vertical farms. Classical genetics studies identified seven genes that affect cucumber plant height and growth patterns, giving breeders the ability to tailor growth habits to a wide variety of growing environments (Naegele and Wehner, 2016). A recessive gene thought to impart a compact or dwarf habit and an associated molecular marker were identified and mapped by Li et al. (2011). This finding should guide breeders to develop compact cucumber cultivars (Li et al., 2011). Other important traits in cucumber breeding include freedom from bitterness, lack of spines on fruits, heterosis when making hybrids, flesh thickness, and yield (Dey et al., 2023).

Most modern cultivars of summer squash and zucchini have a bushy appearance with short internodes and a thickened central stem. Only one bush gene has been named, Bu, and is incompletely dominant to vine habit (bu). The recessive allele confers a vining habit with long internodes (Loy, 2013). However, the genetics behind the bush trait are likely not as simple as a single gene. Three QTLs associated with the bush phenotype in Cucurbita pepo were identified (Xiang et al., 2018) and QTLs for the bush trait had been previously mapped in C. maxima (Zhang et al., 2015). Lateral branching is also an important trait for breeding squash for CEA (Loy, 2004). Freedom from lateral branching is desirable as it promotes airflow and light penetration into the plant canopy, allowing for easy access to fruits for harvest. Greenhouse cultivars of summer squash should be single-stemmed with a semi-bush habit that enables trellising and utilization of the vertical space in modern greenhouses. The glabrous trait, conditioned by a single recessive gene (gl-2), is also highly desirable for CEA summer squash cultivars. This gene reduces scratching of fruits during the post-harvest period and eases skin irritation for CEA workers caused by trichomes found along stems and leaves of non-glabrous summer squash cultivars (Xiao and Loy, 2007).

A wide range of fruit shapes are available in summer squash including straightneck or marrow, crookneck, discoid or scallop, and round (Paris, 1996). Preferences for fruit shape in summer squash vary greatly. A wide range of colors is also available and range from dark green to light green/gray, yellow, bicolor, and white. Color expression is affected both by genes that impact rind color and by flesh color. Striping, conferred by the L1/L2 gene complex, is also a feature of some cultivars of zucchini and yellow straight and crookneck squash. The B gene causes precocious yellow pigmentation and is found in some varieties of yellow summer squash and yellow or golden zucchini (Shifriss, 1965, 1996). When heterozygous, the B gene is known for generating bicolor fruit as in the cultivar “Zephyr”, which is both bicolor and has the L1 allele for broad normal stripes. When homozygous, the B gene turns Cucurbita fruits uniformly yellow before anthesis. In addition to the use of Cucurbita pepo as summer squash, globally, other species may be harvested immature and eaten as summer squash as in the case of Korean summer squash cultivars of Cucurbita moschata, Italian Cucurbita moschata cultivars (cv. Trombocino) (Andres, 2004), and bush cultivars of Cucurbita maxima in South America (cv. Zapallito de tronco) (López-Anido et al., 2003). Interspecific hybrids of C. maxima × C. moschata are used as rootstocks for grafting crops like melon (Yarsi et al., 2012), used as winter squash (cv. Tetsakuboto) (Queiroga et al., 2017), and may have use as summer squash. Parthenocarpy in summer squash is a highly desirable trait for the development of cultivars suitable for CEA production. Several parthenocarpic cultivars (cv’s Whitaker, Parthenon, and Golden Glory) are in the marketplace, and breeding efforts are underway globally for the generation of new cultivars (Martínez et al., 2014; Tian et al., 2023). Although molecular breeding in summer squash is not as developed as in other cucurbits, its genome has been sequenced and is available to molecular breeders (Xanthopoulou et al., 2019). Major QTLs for traits such as growth habit, early flowering, leaf morphology, fruit size, and flesh color have already been molecularly mapped (Montero-Pau et al., 2016).

Fungal diseases like PM, caused by Podoshpaera xanthii and Golovinomyces orontii, pose a significant challenge for summer squash growers in CEA systems (Lebeda et al., 2024). Recently, Lebeda et al. (2024) reviewed the PM of cucurbits. Currently, only one resistant locus, a single, incompletely dominant gene called Pm-0, has been incorporated into commercial cultivars of summer squash. Molecular markers for this locus are available commercially for summer squash breeders (Holdsworth et al., 2016). Other resistant loci have been described in other Cucurbita species, like Cucurbita moschata, but are not yet available in commercial cultivars (Park et al., 2020; Alavilli et al., 2022). Other challenges for summer squash production in CEA include DM (Lebeda and Cohen, 2011) and Choaenophora fruit rots (Emmanuel et al., 2021).

CEA production of melons (C. melo), primarily cantaloupes also called muskmelons or rockmelons, continues to increase globally (Cantliffe and Vansickle, 2003). Like cucumber, melon plants display a wide variety of flowering habits and the availability of gynoecious lines and male sterile lines assist in its breeding (Hanafi, 2014; Kesh and Kaushik, 2021). Extensive genomic tools are available to melon breeders and many QTLs have been mapped to the melon genome. Melon breeding is facilitated by commercially available molecular markers for important traits such as Fusarium wilt, PM, WMV, and Zucchini yellow mosaic virus (ZYMV) resistance (Shahwar et al., 2023). Because many modern cultivars were bred for disease resistance and long shelf life, opportunities exist to breed for exceptional eating quality for CEA systems. Crops like cantaloupe vary greatly in quality when grown under field conditions leading to dissatisfaction among consumers (Farcuh et al., 2020). Advantages of CEA for melon production include reduced pest and disease pressure (Ingwell and Kaplan, 2019), reduced fruit cracking (Saltveit, 2016), and a reduction in risk from food-borne pathogens by avoiding melon to soil contact (EFSA Panel, 2014), a significant problem in field-based melon production. Additional traits that would help facilitate CEA melon production include parthenocarpy, a dwarf or compact plant stature, and fruiting along the main stem rather than fruiting along lateral branches as is typical of melon cultivars. In the US, cantaloupe, honeydew, and watermelon are the primary classes of melons available in most grocery stores. Specialty melons like Asian melons, casaba melons, Hami melons, casaba melons, Galia melons, and the horned melon (Momordica charantia), are becoming more popular and may offer opportunities for CEA production (Duncan and Ewing, 2015). Watermelon, Citrullus lanatus, is predominantly produced in open fields in the US, while countries like South Korea extensively use greenhouses for its production (Park and Cho, 2012).




4.6 Strawberry

Strawberry has drawn significant attention to CEA growers in the US as new findings demonstrate doubled yields as compared to field production (NIAB, 2022). Low height profile, high market value, wide demand, and high nutritional content make strawberries a suitable candidate for CEA (Hernández-Martínez et al., 2023). The lack of CE-tailored breeding efforts remains an obstacle to the wide application of CE strawberry farming (Hoffman and Shi, 2020). In some European countries, Canada, and Japan, strawberry greenhouse operations using supplemental lighting are standard and cultivars are selected for these settings. In the US, strawberry breeding for CEA needs to focus on selecting plants that perform well under two lighting systems, hybrid and electric lighting, hydroponic and substrate-based production, single and multi-tiered platforms, and resistance to prevalent diseases and pests.

Robotic and automated harvesting technology is being highly investigated in the CE strawberry industry. Breeding efforts need to be geared towards selecting traits supporting mechanical and automated harvesting. In vertical and greenhouse production, fruits hang from tabletop systems supporting automated harvesting. Improving traits like uniform long trusses, and larger and uniform shapes to generate better-displayed fruits can facilitate automation in harvesting (Diamanti et al., 2011). Cultivars like “Camarosa” and “Florida Elyana” are susceptible to yield loss due to misshapen fruits (Chandler et al., 2009; Ariza et al., 2012). Misshapen fruits can result from biological factors like unsuccessful pollination, abnormal carpel development, abiotic factors like rain damage, high temperature, and external factors like insect and disease damages (Chandler et al., 2009). Misshapen fruits can hinder proper recognition during mechanical harvest. Shape uniformity is a complex trait influenced by genetic and environmental factors, but improvements are possible through manipulation of the genetic component (Chandler et al., 2009; Whitaker et al., 2020). A QTL on chromosome 2B controlling fruit uniformity identified in a multi-parental mapping population can be harnessed to select against misshapen fruits and improve fruit uniformity (Li et al., 2020a). Selection of plants for evenly distributed carpels with better pollination abilities and heat tolerance can improve fruit quality in CEs. Breeding efforts in pursuit of parthenocarpy could assist in developing high-quality fruits in CEs where pollinations are suboptimal. Increased peduncle length can help the fruits hang below the canopy. However, the genetic architecture of traits like peduncle length and runner production are time-consuming and labor-intensive to quantify in large breeding sets and are not completely understood. Axillary meristems in strawberries can develop into either runners or inflorescence determining the fate of fruit yield. While runnering is highly desirable for nursery, high runner production during fruit production is undesirable as it incurs an increased cost for trimming and photosynthate translocation to runners compromising fruit yield. Identification of genetic control of flowering and runnering in cultivated strawberry is important to the industry and research (Whitaker et al., 2020). Thus, plant selection is critical for the optimized production of fruits and runners. Integrated research of selecting plants with reduced runnering under modified CE growing conditions along with automated removal of runnering can increase fruit yield. Accessions of diploid woodland strawberry F. vesca show variation from no to extreme runner production. Recessive mutations in the Runnering (R) locus cause runnerless plants (Brown and Wareing, 1965). A 9-bp deletion in the FveGA20ox4 is responsible for the runnerless phenotype (Hawkins et al., 2016). Even when FveGA20ox4 is mutated, a nonsense mutation in the DELLA protein encoded by FveRGA1 was found responsible for constitutive runnering (Caruana et al., 2018). The genetics of runnering is completely different in F. anannassa from F. vesca and is controlled by perpetual flowering and runnering (PFRU) (Gaston et al., 2013). However, the causal gene for runnering in F. anannassa is not known.

Strawberries are enjoyed by consumers for their flavor and nutritional benefits. While flavor preference is subjective, its components like sugar–acid balance, texture, aroma, and appearance can be improved through genetics and breeding. In addition to sugars and sugar–acid balance, breeding and selecting plants for high VOCs such as γ-D-galactone; 5-hepten-2-one, 6-methyl, and multiple medium-chain fatty acid esters can enhance fruit flavors and quality. Two QTLs on linkage group 6A controlling different esters production can be used to manipulate aroma strawberries (Fan et al., 2021). Breeding for enhanced VOCs has also been the focus of open-field strawberry breeding programs (Chambers et al., 2014). A negative correlation between soluble sugars and yield requires a need for their balance (Cockerton et al., 2021). Higher concentrations of VOCs enriching flavor and sweetness are observed in ripe fruits with shorter post-harvest shelf life. In field breeding, cultivars are bred for firm skin to withstand long-distance transit, reduce fruit damage during handling, and create a barrier for insects and diseases leaving behind cultivars with superior flavor but coupled with low firmness or disease susceptibility (Moya-León et al., 2019; Zacharaki et al., 2024). Breeding new cultivars with high flavors can capitalize on allowing fruits to ripen longer as these facilities are in or near consumers for CEA. A few QTLs have been reported for SSC; however, their presence and stability across breeding germplasms and environments are low (Gezan et al., 2017; Verma et al., 2017b; Natarajan et al., 2020). Similar growing environments across CEA can be leveraged to discover and use the genomic regions controlling SSC in selecting new cultivars. Furanones like furaneol and mesifurane are attributed to the sweet, caramel odor in strawberries (Ulrich et al., 1997). Genes quinone oxidoreductase (FaQR) and o-methyl transferase (FaOMT) on chromosomes 1C and 7D are evidenced to be involved in the production of furaneol and mesifurane, respectively (Barbey et al., 2021; Raab et al., 2006). Genes alcohol dehydrogenase (ADH), SAAT, and FaAAT2 are reported to confer ester production (Wolyn and Jelenkovic, 1990; Aharoni et al., 2004; Cumplido-Laso et al., 2012) The production of methyl anthranilate, providing grape aroma in strawberries, is modulated by two genes anthranilic acid methyl transferase (FanAAMT) and anthranilate synthase alpha subunit 1 (FaASa1) (Pillet et al., 2017; Barbey et al., 2021; Fan et al., 2022). Similarly, fatty acid desaturase 1 (FaFAD1) and three QTLs on LGVII-1 and 6B and 7B have been tagged to control two lactones, γ-decalactone and γ-dodecalactone, which confer peachy flavor (Sánchez-Sevilla et al., 2014; Oh et al., 2021; Rey-Serra et al., 2022). Linalool and nerolidol that provide floral and citrus-like aroma in strawberries were revealed to be modulated by nerolidol synthase 1 (FaNES1) located in chromosome 3C (Aharoni et al., 2004; Fan et al., 2022). Regulation of these genes by controlling the aromatic compound syntheses through marker-assisted breeding and precision breeding could help to develop consumer-desired flavors.

One of the most prevalent diseases in strawberry in CEA is PM. Characterization of pathogen races causing the disease in CEA in the US is needed. In field production, PM is caused by Podosphaera apahanis. Inheritance of PM resistance using natural infections in fields and greenhouse study revealed low disease rating correlations between two environments when disease pressure is low and high when the disease pressure is high (Nelson et al., 1995). Quantitative analysis revealed that non-additive dominance was more prominent than additive variance caused by two additive genes with one considerable epistatic gene causing susceptibility (Hsu et al., 2011). Four stable QTLs and a few transients have been observed in Hapil cultivar to confer PM resistance that could be further investigated for CE breeding (Cockerton et al., 2018). Additionally, three FveMLO and 12 FaMLO susceptibility genes have been identified that could serve as candidates for gene editing and improving host resistance to PM in strawberries (Tapia et al., 2021). Gray mold (Botrytis cinerea) could become a threat to CEA strawberry production. However, no known source of resistance has been identified and requires further investigation on host resistance (Petrasch et al., 2019).





5 Genome-informed breeding

The genome sequences of crops have enriched our understanding of fundamental crop biology and provided new opportunities for crop improvement. As a result, knowledge obtained from high-quality genomes and re-sequencing data of several CE-grown crops such as lettuce, spinach, tomato, strawberries, peppers, and cucumbers (Huang et al., 2009; Kim et al., 2014; Reyes-Chin-Wo et al., 2017; Xu et al., 2017a; Edger et al., 2019; Hosmani et al., 2019) is available to be used in breeding. Significant progress in enhancing genetic gain in major crops has been achieved using genomic resources in the past decades. However, these resources are lagging in crops with less economic importance. The availability of genomic information will help in cataloging genome-wide spatial and temporal gene expressions, linking functionality to uncharacterized genes, discovering and using epigenetic factors, and establishing genome-wide functional and biological data frameworks. Furthermore, RNA splicing variants, non-protein-coding genes, and regulatory sequences underlying complex traits could be elucidated. While the prediction of genetic merit using genome-based data in association with the phenotype is being achieved for additive effects, novel techniques are needed to incorporate heterosis and epigenetic factors in the equation, especially for complex traits for which phenotyping is the main limiting factor.

Genetic markers are a key aiding tool in selecting desired plants in crop breeding and identifying causal genes associated with phenotypes using unbiased genetic mapping approaches including QTL mapping and GWAS. The discovery of millions of SNPs with simultaneous automation of marker genotyping has markedly reduced the cost per marker, mainly SNPs. In CEA-grown crops, SNP arrays are developed and often improved for strawberries (Bassil et al., 2015; Verma et al., 2017a), tomato (Víquez-Zamora et al., 2013), and pepper (Hulse-Kemp et al., 2016). The availability of a vast number of SNP makers has also expedited QTL mapping with better power and resolution in crop genetics. Some of them have been translated into the development of diagnostic markers (complete linkage with target phenotypes) or allele-specific markers like Kompetitive allele-specific PCR (KASP) (He et al., 2014) tagging desired traits controlled by single or few loci for MAS (Collard and Mackill, 2008). Additionally, GS, an extension of MAS introduced in animal breeding, is an efficient breeder’s tool that reduces breeding cycles by estimating the genetic value of genotypes to select individuals as new parents in breeding programs using DNA markers as a mandatory component. Over the years, GS has been effectively used in cereals to improve yield (He et al., 2017), quality (Schmidt et al., 2016), and disease resistance (Herter et al., 2018).

The development of reference genome and sequence-based SNP discovery may expedite trait mapping with better power and resolution in CEA. In particular, experimental populations either from two parents or from multi-parents or an association panel comprising hundreds of genotypes could be genotyped with sequence-based genotyping methods like a reduced representation strategy offered by genotyping-by-sequencing (GBS) and Diversity Arrays Technology (DArT) or whole genome resequencing approach. These sequence data can then be aligned to the genome sequence and called several thousand to millions of SNP markers. Using statistical methods, QTL or GWAS scan finds associations between SNP markers and specific phenotypes for CEA. The reference genome also provides a base to contextualize the associated markers on the physical chromosomes and facilitate candidate gene discovery. Notably, the molecular basis of pleiotropic effects (Ramsay et al., 2011) might not have been understood well without the help of genome sequence. Furthermore, gene sequence knowledge is a precondition for cloning important genes, which is very time-consuming and labor-intensive. This situation has been greatly relieved with the generation of the genome sequence, especially in complex polyploid genomes (Athiyannan et al., 2022; Yu et al., 2022).

Genetic characterization of germplasm and genebank collections becomes a reality with the help of reference genomes and cost-effective genotyping platforms like GBS or DArT. In turn, we may mobilize diversity from a cold room to plant factories. The generation of genome sequencing in different genotypes of a species clearly showed that genomic structural variants (approximately >50 nt) including presence/absence and chromosomal rearrangements like inversions and translocations are also prevalent and play key roles in trait innovations and adaptations in plants (Gabur et al., 2018; Yuan et al., 2021). Thus, capturing sequence variants beyond SNPs is also important for a better understanding of genome-to-phenome relationships. Such variants may not be identified with only a single reference genome and, thus, multiple genomes representing different subpopulations or geography are required. This concern is being addressed in the concept of “Pangenome” referring to the entirety of sequence variations in a crop and its progenitor or collections of genomes from the primary gene pool (Jayakodi et al., 2021). Among CE crops, tomatoes have been studied extensively in the frame of pangenome. In 2019, the first tomato pangenome was built using resequencing data and revealed new genes missing in the first reference genome (Gao et al., 2019). Shortly after, 32 de novo tomato genome assemblies were generated to construct the second version of the pangenome (Zhou et al., 2022) that improved the sequence read mapping and allowed to capture missing heritability (Gao et al., 2019). In parallel, the tomato pangenome was further enhanced by long-read sequencing of 100 diverse genomes and demonstrated the role of structural variants in fruit weight and flavor (Alonge et al., 2020). Recently, a super-pangenome, integrating crop wild relatives, was constructed in tomatoes. Moreover, a pangenome for pepper was constructed using five genotypes and cataloged genomic structural variants (Liu et al., 2023). Similarly, a graph-based pangenome was developed for cucumber with 11 genomes and provided a variation map for breeding (Li et al., 2022). In strawberry, the first version used five diploid Fragaria species (Qiao et al., 2021) and described the fruit color variations. Explicitly, in a breeding population, the pangenome approach could be employed to generate genome assemblies of a set of founder lines to provide a graph-based haplotype map, called the Practical Haplotype Graph (PHG), representing the diversity in the breeding population. The progeny populations tend to be contained within the set of founder haplotypes and, hence, the PHG could be used to impute the missing sequence information in new progeny genotypes. As a result, this robust framework bestows breeders with accurate genotyping and running GS with multiple sequence-based genotyping platforms. Such PHG can be constructed for breeding germplasm specifically and allow the capturing of diverse genetic variants to facilitate CE crop breeding.

Epigenetic variation could be used as markers in crop breeding to improve crop performance and adaptation (Kakoulidou et al., 2021). Already, the heritable epigenetic variations underpinning important agronomic traits in various crop species have been discussed elsewhere (Gupta and Salgotra, 2022). Notably, the analysis of chromatin stats enabled the identification of functional genes and cis-regulatory elements (CREs) including promoters and enhancers. The cis-regulatory variants render a new source of allelic diversity for breeding (Rodríguez-Leal et al., 2017). For example, manipulation of cis-regulatory alleles in tomato provided quantitative variations for inflorescence traits (Rodríguez-Leal et al., 2017). Very recently, a new promotor editing system was established to efficiently introduce quantitative trait variation in crops (Zhou et al., 2023). However, identifying such cis-regulatory sequences is a key component to proceeding forward in this direction. Hence, various sequence-based assays including ATAC-Seq (the assay for transposase-accessible chromatin with high-throughput sequencing), chromatin immunoprecipitation sequencing (ChIP-seq), chromosome conformation sequencing (Hi-C), and methylation sequencing including bisulfite sequencing (Lister et al., 2008) and enzymatic conversion (Feng et al., 2020) methods have been developed for detecting chromatin accessibility, CREs including enhancers and promoters, TF binding sites, and methylation profiles. Analyzing and interpreting these datasets may enable the integration of epigenomic information into CEA breeding strategies. Gene expression changes allow a crop to produce different proteins, leading to differences in cell function. Therefore, the exploration of gene functions in CEA may facilitate the discovery of key genes. Collectively, combinations of these omics resources and analyses may provide a holistic view of phenotypic plasticity and trait expression under CEA. Genomic information can efficiently be translated with modern genome editing tools such as clustered regularly interspaced short palindromic repeats (CRISPR/Cas9) (Zaidi et al., 2020) also referred to as new breeding techniques.




6 Precision breeding

Advances in gene editing technologies have emerged as powerful tools for precision breeding in horticultural crops. Technologies such as TALENs (Transcription Activator-Like Effector Nucleases), ZFNs (Zinc Finger Nucleases), and CRISPR/Cas systems enable targeted trait modifications, optimizing crops for CEA (Karkute et al., 2017; Limera et al., 2017). Recent innovations in multiplexed genome editing offer greater precision in genetic modifications, reducing the likelihood of unintended effects (Mishra et al., 2021; Molla & Yang, 2020). Additionally, transgrafting offers an alternative precision breeding strategy by combining genetic engineering with traditional grafting methods (Limera et al., 2017). These technologies allow researchers to make precise changes to plant genomes, enhancing desired traits or removing undesirable ones.

The application of gene editing in horticulture has grown rapidly since the first successful genome editing in Brassica oleracea using TALEN (Sun et al., 2013), primarily using CRISPR systems (Xu et al., 2019). This surge in genome-editing studies (Table 1) reflects the pressing need to adapt crops to the unique conditions of CEA, addressing both current challenges and anticipated demands of next-generation indoor farms. As the CEA industry evolves, researchers are focusing on genes affecting development, metabolism, and stress responses in various horticultural crops to tailor key traits desired for CE-grown crops to the unique conditions of controlled environments. Several key traits are being tailored to the unique conditions of CEA to improve yield, quality, and resource use efficiency.


Table 1 | A list of publications on genome editing involved in controlled environment agriculture traits in horticultural crops.



Traits like compact plant architecture and rapid growth allow efficient use of vertical space and quicker crop cycles in CEA. CRISPR/Cas9 has been used to modify genes like Solyc12g038510, SELF-PRUNING (SP), PROCERA, and gibberellic acid inhibitory gene (GAI) in tomato; BolC.GA4.a (an ortholog of AtGA4) in cabbage (Brassica oleracea); and CsCYP85A1 in cucumber to achieve compact varieties (Lor et al., 2014; Lawrenson et al., 2015; Soyk et al., 2016; Li et al., 2018b; Wang et al., 2018b; Tomlinson et al., 2019). The DWARF 1 (DW1) and DWARF14 (DW14) genes in Arabidopsis have also been identified as potential targets for developing compact plants (Hong et al., 2003; Bennett et al., 2006). These genetic modifications increase plant fitness and allow frequent harvests in CEA thereby maximizing productivity.

Enhanced photosynthetic efficiency and artificial lighting utilization can potentially reduce energy consumption while maintaining or increasing yield, contributing to the economic viability of indoor farming operations. In tomato, a model crop for many CEA applications, editing of genes such as SBPase (Sedoheptulose-1,7-bisphosphatase), SlGLK2, and SlPIF4 (Phytochrome Interacting Factor 4) has yielded promising results. These modifications have led to enhanced photosynthetic activity and improved light response mechanisms (Powell et al., 2012; Ding et al., 2016; Rosado et al., 2016). Furthermore, overexpressing GLK genes and strategic manipulation of light signaling pathways have also shown significant potential in optimizing the response of plants to light in various crops, suggesting broad applicability in CEA crops (Powell et al., 2012; Wu et al., 2012; Nguyen et al., 2014; Kui et al., 2017; Kreslavski et al., 2020).

Efficient nutrient utilization is fundamental for CEA sustainability, reducing input costs and environmental impacts. Modifications to the StMYB44 gene in potato have shown promise in enhancing nutrient management efficiency. Similarly, in rapeseed, editing Fascilin-like arabinogalactan protein gene has yielded positive results in nutrient utilization (Kirchner et al., 2017; Zhou et al., 2018). While much of the pioneering work in this field has been conducted in cereal crops, the insights gained from these studies pose significant potential for application in horticultural species. Notable examples include the modifications of OsNRAMP5 and OsITPK6, involved in manganese and iron transport, and phosphorus utilization, respectively, in rice (Tang et al., 2017; Jiang et al., 2019). The successful translation of these findings to horticultural crops could revolutionize nutrient management in CEA systems.

The application of gene editing in developing pest and disease resistance is crucial for reducing pesticide use in CEA. In tomato, editing of the SlJAZ2 gene improved resistance to tomato yellow leaf curl virus (Ortigosa et al., 2019). For bacterial and fungal resistance, editing SlDMR6 in tomato conferred broad-spectrum bacterial resistance (de Thomazella et al., 2021). Targeting Solyc08g075770 in tomato and CaERF28 in chili pepper enhanced resistance to PM and Phytophthora capsici, respectively (Prihatna et al., 2019; Mishra et al., 2021). Moreover, multiplexed gene editing, an emerging trend, can facilitate gene pyramiding promising more robust and resilient crops for CEA.

CRISPR/Cas9 has been used to modify genes involved in various yield and quality-related traits. Editing ripening-related genes and ethylene response in tomato has improved fruit shelf life and quality (Yu et al., 2017; Wang et al., 2019). Recent work targeting the DNA methylation pathway showed delayed ripening and extended shelf life (Lang et al., 2017). Modification of steroidal glycoalkaloid metabolism in potato has enhanced tuber quality (Nakayasu et al., 2018). In tomato, editing of SlGAD2 and SlGAD3 genes increased γ-aminobutyric acid (GABA) content, enhancing both nutritional value and stress tolerance (Li et al., 2018a). Gene editing has been used to increase fruit size in strawberry (Abdullah et al., 2021) and tomato (Rodríguez-Leal et al., 2017). In cucumber, editing of CsWIP1 improved fruit yield and quality (Hu et al., 2019).

Precision breeding has revolutionized the enhancement of visual, sensory, and nutritional attributes in CEA-grown crops. Editing genes like SlMYB12 in tomato and DcCCD4 in carrot have modified fruit and root color (Klimek-Chodacka et al., 2018; Li et al., 2021). In lettuce, LsBBX11 editing altered anthocyanin accumulation, affecting leaf color (Park et al., 2019). Modification of genes like CrtR-b2 in tomato has altered fruit flavor (D’Ambrosio et al., 2018). In strawberry, FanF3H editing improved fruit flavor and aroma (Zhou et al., 2020). Nutritional enhancements include increased β-carotene in banana by targeting LCYϵ (Kaur et al., 2020), reduced anthocyanin in strawberry by editing MYB10 and CHS (Xing et al., 2018), and higher vitamin C content in lettuce by targeting LsGGP2 (Zhang et al., 2018a). Recent work in tomato has also increased lycopene content through SlMYB72 editing (Li et al., 2020b).

Current gene editing technologies often create insertions or deletions (indels) that result in loss-of-function mutations; future research should focus on gain of function by identifying and manipulating negative regulators of traits critical to CEA. Given the artificial lighting, targeting genes involved in photoreceptor signaling, circadian rhythms, and shade avoidance responses could lead to better adaptation to electric lighting. Genes controlling gravitropism, stem elongation, and leaf angle could be targeted to develop crops better suited for vertical farming systems. Identifying and modifying genes involved in thermotolerance could contribute to energy saving. Enhancing the nutritional content of CEA crops could add value and address specific dietary needs.




7 High-throughput phenotyping

Cutting-edge technologies in plant phenotyping have made significant progress in the ability to assess complex traits and physiological factors underpinning crop performances with high precision. Phenomics rely on imaging techniques able to detect the wavelengths generated by the interaction of plants with the electromagnetic light spectrum by measuring the percentage of energy reflected, absorbed, and transmitted in visible and short-wave infrared regions (Williams et al., 2018). The importance of high-throughput phenotyping (HTP) lies in its ability to non-destructively provide valuable insights into plant responses to changing environmental conditions. Plant shape and architecture can be depicted by using sensors detecting the light absorbed by leaf pigments in the visible range and infrared regions, by detecting multispectral and thermal signatures (Tripodi et al., 2022). Sensors allow inference of canopy structure, physiology, and health status of crops response to different growing conditions. Therefore, the advantage relies on dissecting any specific stresses and on quantifying the effect of environmental factors (Tripodi et al., 2018). Implementing automation for plant trait assessment enables researchers to identify stress-responsive genes and improve crop resilience and productivity. It also aids in the development of new crop varieties through MAS and QTL identification, leading to more efficient and targeted plant breeding (Crain et al., 2018). Another key advance of robotics for HTP is the capability to non-destructively assess plant traits efficiently monitoring the growth cycle over time by acquiring data continuously (Fahlgren et al., 2015). HTP in CEA allows a setup of the experiment guaranteeing its reproducibility and better controlling the effect of genotype and environment. However, drawbacks may occur because of the narrowed spectrum of environmental parameters to measure (Fahlgren et al., 2015).

Significant gains in precision and the ability to trace the growth process are made possible by indoor non-invasive phenotyping (e.g., root morphology and recording of diurnal transpiration profiles within days and across the lifetime). Accurate dissection of phenotypic characteristics and performance of plants is therefore possible, providing essential information for the development of resilient crop varieties that can thrive in the face of climate change and other environmental challenges (Langstroff et al., 2021). Dynamic and static approaches can be adopted to achieve accuracy in the assessment.

The main challenge of automated phenotyping is given by the massive amount of data generated by imaging and remote-sensing platforms requiring strategies that guarantee their archiving, access, and analysis. Artificial intelligence (AI) has the ability of sensing devices to automatically carry out analytical and data interpretation tasks through data mining and machine learning (ML). These approaches address the needs for robotics in agriculture (Bini et al., 2020). ML comprises modeling techniques capable of recognizing patterns in a dataset used for decision-making. However, the application of ML requires high-quality data for model training and appropriate software and hardware configuration for the extraction and analysis of elements from imaging, requiring supervision (Janiesch et al., 2021). In recent years, deep learning (DL) techniques have provided remarkable advancements in pre-processing techniques and learning algorithms with training models flexibly handling non-structured datasets (Janiesch et al., 2021; Tripodi et al., 2022). These approaches can help in increasing prediction and selection accuracy in CEA breeding.




8 Prospects—tree-bearing fruits and brambles

CEA production is predominantly limited to annual crops due to their small size, fast growth, and rapid harvest intervals. However, many high-value fruit and nut crops are woody perennials that are temperate such as cane fruits (blackberry, red raspberry, and black raspberry), vines (grapes, kiwi, and hops), brambles (blueberry), and tree fruits (stone fruit, pome fruit, citrus, pecan, etc.). Consequently, these plant species are generally not regarded as potential CEA crops due to their large size, requirements for dormancy, and seasonal production. The increasing threats of invasive pests, diseases, and climate change have placed even more pressure on perennial crop growers, prompting them to examine new production systems. Consequently, there has been a shift toward methods that reduce juvenility periods and increase planting densities via changes in horticultural and production practices. These have centered on the use of available genetics such as specialized rootstocks to reduce size and juvenility as well as protected production systems to minimize impacts of pests/diseases and adverse climate events. These changes highlight the importance of investing in future CEA production systems that have the potential to mitigate crop losses, minimize pesticide and chemical inputs, reduce water use, and increase fruit quality by eliminating the need for premature harvest and long-distance shipping, and providing year-round products to consumers.

The transformative potential of rootstocks to perennial crop production is best exemplified in apple. The availability of dwarfing and precocious rootstocks has globally shifted apple production from free-standing trees planted at low density (300–400 trees per acre) to high-density systems that sometimes exceed 3,000 trees per acre that can be grown as fruiting walls to enable automation (Campbell et al., 2023). The severe dwarfing capacity of apple rootstock leads to very slender trees that flower within 1–2 years of planting. Such trees can be placed as close as 18–24" inches apart on a trellis system and pruned to maintain a short planar production platform. While such orchards are significantly more expensive to create, they produce a faster return on investment, increase annual yields per acre, result in higher quality fruit due to better sun exposure, and are more effective in terms of pesticide applications. Although such rootstocks are not currently available for most other crops, it is likely that similar genetics may be available in the crop germplasm and numerous ongoing efforts are underway to identify and exploit them. Rootstocks have been shown to not only alter plant size and juvenility, but also induce changes to scion dormancy, chill requirement, bloom time, and growth habit (Fazio, 2021). Mobilizing these rootstock traits via breeding and/or biotechnology could result in specific crop adaptations that could overcome some of the critical impediments to CEA production.

Protected growing systems for perennial crops are becoming increasingly important for a variety of reasons. In cane berries, high tunnel production has become standard in California and Europe. Covered production minimizes impacts of pests/diseases, enables harvest while raining, and extends the production season. For primocane fruiting varieties (where the flowers produced are the current year’s growth), protected production has been shown to increase yields and minimize pesticide requirements as well as mitigate losses to weather events (Demchak, 2009; Rom et al., 2010; Yao, 2018; Cormier et al., 2020). In sweet cherry, protected production in high tunnels or greenhouses is growing in popularity around the world due to the high market value of fresh cherries and their significant production challenges. While investment costs are high, abiotic stresses are becoming increasingly problematic including unseasonable climate conditions such as frost or excessive rain during fruit development resulting in fruit cracking. Protected cherry growing systems rely on dwarfing rootstocks to maintain small tree size or by growing trees in smaller pots. Likewise, it has been shown that controlled environment production can increase cherry yields and result in larger fruit (Meland et al., 2019). In the case of citrus, HLB disease is threatening US and global production. The lack of genetic resistance along with increased abiotic stress factors and regional economic conditions has reduced citrus production in Florida to less than 10% of what it once was. Meanwhile, HLB has spread across Texas and continues to threaten the California industry. In Florida, some growers have begun developing protected production systems to prevent infection by the psyllid vector (Schumann et al., 2022). While expensive, such systems may be a requirement in the future to maintain US citrus production, and at the same time, they highlight the potential importance of CEA as a future alternative to conventional growing systems in such events where they become unsustainable.

In addition to fruit production, there is a growing role for CEA in nursery stock production. Currently, woody perennials are propagated through a variety of methods including rooting of cuttings, stool beds, grafting, and more recently via tissue culture. A significant challenge for nursery industries is producing high-quality plant materials that are free from pests or diseases. This is typically done under a protected growing system, a greenhouse, or, in the case of tissue culture, a CEA facility. CEA systems such as indoor farms could solve several key challenges. Many pathogens are spread by insect vectors that are incredibly difficult to control such as aphids, psyllids, thrips, or other pests that pose a persistent challenge to nursery propagation. Even if propagated in tissue culture, plant materials of sufficient size need to be grown out in a greenhouse or field prior to distribution. Second, CEA systems have the potential to improve woody plant quality and reduce juvenility through manipulation of temperature, day length, nutrition, and CO2 levels—becoming an enabling technology for high-density fruit growers to realize even faster returns on investment, particularly for crops in which precocity is not readily achieved through rootstocks or other horticultural practices. By automating production methods, CEA systems have the potential to produce elite, pathogen-free nursery stock for conventional growers much faster than current industry practices are capable of.

There are many opportunities to develop woody perennial germplasm specifically adapted for CEA systems. Mutants with altered dormancy, flowering time, juvenility, parthenocarpy, and growth habit (such as dwarfing) are abundant in perennial germplasm. Such traits are often incompatible with conventional field production and thus have not been used except for home gardens or as ornamentals. Traditionally, breeding these traits into perennial woody crops takes many decades or even centuries due to the long juvenility period and the need to incorporate numerous traits into a single variety such as growth/flowering habit, self-compatibility, dormancy and chill requirement, abiotic stress resilience, disease and pest resistance along with numerous pomological traits including fruit size, color, shape, pedicel properties for harvestability, firmness, flavor, ripening characteristics, and shelf life. However, it is safe to assume that breeding programs for CEA would be significantly faster. First, the requirements for abiotic stress resilience and disease resistance are significantly reduced. Second, separate breeding programs for rootstock and scion varieties may be unnecessary since the advantages of the root system may not be realized in soilless growth conditions. Likewise, the need for premature fruit harvest to enable long-term storage and packing for long-distance shipping is reduced. Lastly, CEA systems themselves enable the shortening of juvenility period and ensure more rapid breeding cycles with the absence of impacts from plant pests, diseases, and adverse weather events, not to mention consistent growth conditions that minimize variability in fruit quality.

In addition to conventional breeding, biotechnology offers tremendous opportunities to adapt woody perennial crops especially for CEA systems. Using either transgenic or gene-editing approaches, it is possible to alter traits that are otherwise genetically fixed in each species. Overexpression or mutation of key flowering regulators in plum, apple, citrus, grape, pear, and blueberry has shown to lead to temperate tree crops that lack dormancy requirements and flower continually (Endo et al., 2005; Flachowsky et al., 2011; Srinivasan et al., 2012; Song et al., 2019; Tomes et al., 2023). Plant size and shape can likewise be readily manipulated by altering genes associated with hormone responses or gravitropism to generate plants suited for a broad range of production systems (Waite and Dardick, 2021). The potential to shift carbohydrate partitioning into woody crops from wood (i.e., cellulose, hemicellulose, lignan, and lignin) to fruit in CEA production systems where significant structural support is not needed could, in theory, lead to improvements in productivity and fruit quality. Collectively, these technologies may allow us to re-imagine how many of our perennial crops are produced to achieve high-quality, year-round availability from CEA.




9 Conclusion

The future of CEA lies in the synergy between cutting-edge biological innovations and smart farming technologies. Focusing on the discussed trait targets and emphasizing fundamental research to identify key regulatory genes can pave the way to CEA breeding. This approach has the potential to significantly contribute to improving the economic viability of CEA operations and ultimately global food security, nutritional quality, and sustainable urban development. As CEA continues to evolve, the integration of plant breeding with advanced environmental control systems and AI-driven management practices promises to revolutionize urban agriculture. However, as these technologies progress, it will be crucial to address regulatory challenges, ensure public acceptance, and continue refining editing techniques to minimize off-target effects. The impact of CE production stands on three pillars of sustainability—economy, environment, and society—and could emerge as the “go to” farming system as open-field production grapples with a lack of agricultural lands, limited input supplies, and the effects of climate change. One challenge facing breeders for CEA is the high operating costs of maintaining sufficiently large areas for growing and selecting within large populations of segregating plants. Obtaining desirable phenotypes with multiple traits often requires growing large populations of plants. Fortunately, tools like MAS, CRISPR, and GS can greatly reduce the number of plants required by culling undesirable genotypes before their planting.

The breeding community aims to leverage the genome and phenome technologies to (1) develop species-specific genomic resources including well-annotated reference assemblies, and assessment of genetic diversity; (2) generate larger marker sets to conduct genome-enabled parentage and traceability; (3) develop HTP and automated phenotyping platforms to collect phenotypic and environmental data and integrate with genomic information; (4) develop models and algorithms for precise management of CE crop production such as nutrient management and lighting responses; and (5) apply genome-informed breeding with the application of gene editing to overexpress or mutate causal alleles to optimize genetic improvement. Most plant germplasms have been primarily developed and selected for open-field production. Therefore, the selection of plant materials based on phenomic and genomic information will increase breeding efficiency in building germplasm and cultivar development for CEA. While genome-informed breeding can facilitate the selection of germplasm for CEs, existing germplasm, especially wild relatives, can be used to harness traits, such as PM and white fly resistance, and heat and drought stress.

The application of omics approaches enables CEA breeding to respond to future problems and address emerging opportunities like plant-based production of nutraceutical compounds in CEs. Regulations on public release and consumption of genetically transformed and gene-edited crops for CEA production will also impact the industry, which needs to be addressed as new materials become available for CEA production. The USDA allows the food produced in CEs under hydroponic, aquaponic, and aeroponic systems to be labeled as organic through certification (USDA, 2018). While Europe does not consider hydroponics as an organic system yet, certified organic soilless production opens a new breeding avenue for CEs in the US. Breeding crops for CEA represents a strategic approach to optimizing production, addressing various challenges and opportunities unique to these environments.

As the CEA industry progresses, next-generation indoor farms are likely to focus on cultivating higher-value crops such as fruiting vegetables, nursery propagules, and plants producing nutraceuticals, medicines, and pharmaceuticals. While CEA systems for perennial woody fruits are not likely to emerge in the immediate future, the adoption of higher-density perennial crop-growing methods along with protected production systems highlights that some of these industries are already moving in that direction. Perennials that have a small harvest window and are fragile with a short shelf life could see significant investment in breeding and technologies for adoption. Integration of these high-value crops in CEA will require advanced precision breeding techniques to ensure trait optimization, crop viability, and marketability. Ultimately, consumers would benefit from having year-round access to normally seasonal fruits that are high quality, locally sourced, nutritious, and affordable. These advancements enable the development of crop varieties tailored to the unique conditions of CEA, contributing to more sustainable, efficient, and profitable production systems. Integrating these techniques with ongoing advancements will be crucial for developing high-quality, nutritious horticultural crops and enhancing global food security and sustainability.
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This study puts forward a machine vision-based prediction method to solve the problem regarding the measurement of traits in shiitake mushroom caps during the shiitake mushroom breeding process. It enables precise phenotyping through accurate image acquisition and analysis. In practical applications, this method improves the breeding process by rapidly and non-invasively assessing key traits such as the size and color of shiitake mushroom caps, which helps in efficiently screening strains and reducing human errors. Firstly, an edge detection model was established. This model is called KL-Dexined. It achieved an per-image best threshold (OIS) rate of 93.5%. Also, it reached an Optimal Dynamic Stabilization (ODS) rate of 96.3%. Moreover, its Average Precision (AP) was 97.1%. Secondly, the edge information detected by KL-Dexined was mapped onto the original image of shiitake mushroom caps, and using the OpenCV model,11 phenotypic key features including shiitake mushroom caps area, perimeter, and external rectangular length were obtained. Experimental results demonstrated that the R² between predicted values and true values was 0.97 with an RMSE as low as 0.049. After conducting correlation analysis between phenotypic features and shiitake mushroom caps weight, four most correlated phenotypic features were identified: Area, Perimeter, External rectangular width, and Long axis; they were divided into four groups based on their correlation rankings. Finally,M3 group using GWO_SVM algorithm achieved optimal performance among six mainstream machine learning models tested with an R²value of 0.97 and RMSE only at 0.038 when comparing predicted values with true values. Hence, this study provided guidance for predicting key traits in shiitake mushroom caps.
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1 Introduction

Shiitake mushroom have antimicrobial, antitumor, antiviral, anti-inflammatory and antioxidant properties (Ahmad et al., 2023). Global shiitake production accounts for nearly 22% of the total mushroom production (Kumar et al., 2022). China is the world’s largest producer, consumer and exporter of edible mushrooms (Li and Xu, 2022), in which the industrial production of shiitake mushrooms has shown a rapid growth, and the production of shiitake mushrooms in China will be about 12.9 million tons in 2021, which is more than 90%of the world’s total production (Wang et al., 2024). Shiitake breeding is the most important link in the whole shiitake industry chain, and the yield and quality of shiitake can be improved by selecting shiitake varieties with excellent genetic characteristics. Measuring key traits of shiitake mushroom caps is an important step in shiitake breeding, which helps to evaluate and select shiitake varieties with desirable characteristics (Zhang et al., 2022). And among them, shiitake mushroom caps weight trait is not an isolated trait characteristic, it is closely related to other key phenotypic traits such as shape, color, and texture. Therefore, it is very meaningful to carry out machine vision-based prediction of key traits in shiitake mushroom caps.

The prerequisite for accurately detecting key indicators of shiitake mushroom caps phenotypes is the accurate positioning of edges. Some edge detection methods based on traditional approaches have been found. Zhang et al. (2021) proposed an improved Canny algorithm, which utilizes the Sobel operator and approximation method to calculate gradient size and direction, and introduces an adaptive thresholding algorithm to determine the image threshold. This algorithm can effectively detect image edges without requiring threshold adjustment, with a detection time of only 1.231 ms. Chen et al. (2024) proposed an effective detector for small-size defects on fabric surfaces, which utilizes a trunk with attention mechanism to enhance the acquisition of location information regarding small-size defects. The FPN+PAN multiscale detection structure is used to effectively integrate feature information across different levels. The results show that the detection recall and accuracy in the public fabric dataset reach 0.56 and 0.842 respectively, while reducing false detection rate of small-size defects by 2.7% compared to other detectors. Gao et al. (2010) proposed a method that combines the Sobel edge detection operator with wavelet denoising to perform edge detection on images containing Gaussian noise. Compared to the traditional method based on a single detection operator, its effect on edge detection is more pronounced. In recent years, with the development of deep learning technology, edge detection methods based on deep learning have gradually become mainstream. Su et al. (2021) proposed PiDiNet, a simple and lightweight yet effective architecture for efficient edge detection. Extensive experiments were conducted on BSDS500, NYUD, and Multicue datasets, and the results demonstrated its efficient inference efficiency. Jie et al. (2024) introduced EdgeNAT, a Transformer-based single-stage edge detector with DiNAT as an encoder that can accurately and efficiently extract object boundaries and edge features. The algorithm exhibits good performance in both single-scale input and multi-scale input scenarios. Lin et al. (2023) designed MI-Net, a multi-level interactive contour detection model that combines convolutional neural network and self-attention mechanism by drawing inspiration from the effective mechanisms of biological vision systems for contour detection. Experiments conducted on public datasets demonstrate excellent performance of this method. However, neither traditional nor deep learning-based edge detection methods have been widely applied in shiitake mushroom caps analysis due to challenges posed by unstructured patterns on the surface of shiitake mushroom caps as well as background variations.

Regarding the prediction of shiitake mushroom caps weight, there are fewer research applications in this area at this stage, and some methods for weight prediction exist in other fields. He et al. (2023) proposed LiteHRNet (Lightweight High-Resolution Network), which applied their method using RGB-D images to estimate the live weight of sheep, resulting in a Mean Percentage Error (MAPE) of 14.605%. Wang et al. (2023) developed a machine vision-based technique to extract feature information from images of crab abdomen and back by pre-processing the images and combining them with genetic algorithm and back-propagation algorithm to construct a crab quality grading model with an accuracy of up to 92.7%. Mirbod et al. (2023) utilized stereoscopic cameras to convert segmented apple shapes into diameters, achieving mean absolute errors ranging from 1.1 to 4.2 mm, with a mean error of 4.8%compared to ground truth diameter measurements. He et al. (2023) proposed an improved YOLOv5 model that utilizes a coordinate attention module and a bounding box regression loss function to detect and accurately count pod targets on soybean plants. The mean squared error (MSE) for the estimation of the weight of a single pod was 0.00865, and the mean relative error for total weight estimation of all potted soybean plants was 0.122. In summary, 2D weight estimation methods are not effective in estimating the weight of shiitake mushroom caps due to the limited number of input terms, while 3D imaging-based weight estimation is not suitable for shiitake mushroom caps weight estimation due to the high cost of equipment and deployment difficulties.

In summary, this study proposes the use of machine vision to analyze the phenotypic information of shiitake mushroom caps and predict their weight based on key phenotypic data, aiming to achieve high-throughput and high-precision prediction of important traits. The main objectives of this study include three aspect.

	(1)Establishing a lightweight machine vision algorithm to efficiently capture the edge features of shiitake mushroom caps and evaluate its performance under red and green backgrounds;

	(2)Identifying the four most relevant phenotypic key features based on their correlation with the weight of shiitake mushroom caps;

	(3)Developing default input terms for efficient estimation of shiitake mushroom caps weight and accurately estimating it in real-time using a machine learning model specifically designed for shiitake mushrooms.



In “Section 2 Materials and Methods”, this study will focus on the construction of the experimental setup, the acquisition of data, and the composition of the algorithms. In “Section 3 Results”, this study will verify the feasibility of our approach through experiments, as well as validate the performance of the image algorithms and machine learning algorithms. In “Section 4 Discussion”, this study discuss and analyze the significant experimental findings from the trial. In “Section 5 Conclusions”, this study summarize the conclusions drawn from our experiments.




2 Materials and methods



2.1 Testing apparatus

The experimental site was located at the National Precision Agriculture Demonstration Base in Changping District, Beijing, China, at the coordinates of 116.46°E longitude and 40.18°N latitude. The data samples were provided by the Institute of Plant Protection of Beijing Academy of Agricultural and Forestry Sciences as well as the Institute of Edible Mushrooms of Shanghai Academy of Agricultural Sciences, and the sample variety was Jingxiang 118. The exterior of the device is shown in Figure 1, and the internal structure is shown in Figure 2. The image acquisition device consists of an interface (camera and host interface selected USB interface, model:USB3-1-4-2-5M-Z), box (DEEP/80CM×80CM×80CM), camera (model MV-S2UC2000GM with a resolution of 20 megapixels),lens(fixed-focus lens MV-LD-16-20M-B with a medium image element for high resolution global exposure), background plate (red/green), fill light (120W four-color light source lamp with a color temperature of 5500K),USB expansion port, host computer (11th Gen Intel (R) Core (TM) i5-11400F),monitor (LG), pressure sensor (Model:8101-300g with an accuracy levelof0.1g). The internal schematic diagram of the phenotype resolution device is shown in Figure 2. In this study, the objective distance between the lens and the subject was set to be 300mm, and the field of view was 230mm×150mm. This configuration allows for clearer acquisition of shiitake mushroom caps images.




Figure 1 | Photograph of the device.






Figure 2 | Schematic diagram of the interior of the phenotype resolution device.






2.2 Data



2.2.1 Image data

The box (DEEP/80CM×80CM×80CM) plays a crucial role in controlling image quality. It utilizes a surface light source to ensure the uniformity of illumination, which is essential for creating consistent lighting conditions across the object being photographed and avoiding potential distortions in the captured images. Additionally, the interior of the box is fully covered with reflective materials. This serves to reduce the interference caused by the light source as the reflected light is redirected in a more controlled way, minimizing unwanted reflections or glare that could otherwise degrade the image quality. Moreover, within this stable and controlled environment provided by the box, the exposure of the industrial camera can be adjusted. By setting the appropriate exposure, the camera is able to capture images with the right brightness, contrast, and clarity. Altogether, these measures within the box are vital for obtaining high-quality images that are necessary for accurate subsequent image analysis and the extraction of precise information related to the objects under examination. The photographs in Figure 3 depict shiitake mushroom caps captured under various background conditions between June 2024 and August 2024. The study utilized 686 shiitake mushroom caps from 10 batches of the shiitake variety Jingxiang 118. These samples were placed inside a camera box, with a designated region of interest (ROI) for image acquisition. Subsequently, the shiitake mushroom caps were photographed using an industrial camera’s snapshot method, employing a perpendicular angle of incidence and an image resolution of 2736 x 1836 pixels. Ultimately, a collection of 686 pictures was obtained for both red and green backgrounds, resulting in two datasets: Green-shiitake mushroom caps and Red-shiitake mushroom caps.




Figure 3 | Photographs of shiitake mushrooms in different background conditions. (A) Red-shiitake mushroom caps. (B) Green-shiitake mushroom caps.






2.2.2 Key traits of shiitake mushrooms caps

Based on the measurement outline of shiitake mushrooms from the Institute of Edible Mushrooms of the Shanghai Academy of Agricultural Sciences, the key trait characteristics of the collected shiitake mushroom cap samples were measured and analyzed in detail in this study (Deng et al., 2024). Table 1 lists the key trait indicators, measurement methods, units and measurement standards used in this study. These key trait indicators not only included the physical dimensions of shiitake mushrooms caps, but also covered the indicators of R, G and B channel colors and weights, in order to comprehensively assess various key trait characteristics of shiitake mushrooms caps. The external rectangular length and width of shiitake mushrooms caps were measured using vernier calipers in millimeters (mm).To ensure the accuracy and reproducibility of the data, three independent measurements of the length and width of each shiitake mushrooms cap were taken and averaged as the final result (Wang et al., 2018). Measurements of the circumference and long axis of shiitake mushrooms caps were also taken by manual vernier caliper method and followed the same method of averaging three measurements to ensure the accuracy of the data. The table also mentions the color parameters of the shiitake mushrooms caps including the mean values of the red (R), green (G) and blue (B) color channels as well as the grey scale mean values. The color parameters were extracted from the photographs of shiitake mushrooms caps by using image analysis software (Mindvision SDK for windows V2.1.10.185) and they reflect the characteristics of color distribution on the surface of shiitake mushrooms caps. The mean values of the color parameters help to understand the possible color variations of shiitake mushrooms caps under different cultivation conditions, which are eventually compared with them using standard color cards. Finally, the weight of shiitake mushrooms caps is an important index in this study, which can reflect the yield and growth of shiitake mushrooms caps, and a standard weight of 50g-200g was chosen to validate the values measured by the weight sensor (Seligman et al., 2023), as all the weights of shiitake mushrooms caps used in this study were within this range.


Table 1 | Key traits of shiitake mushrooms caps.







2.3 Method

In this study, the accurate edge detection algorithm is used to resolve the edge of shiitake mushroom caps and obtain their phenotypic information through the KL-DexiNed edge detection network. Simultaneously, a connection between weight and phenotypic information is established to compare the performance of different machine learning algorithms with various input group items. The model framework diagram is shown in Figure 4. Specifically, (1) pictures of shiitake mushroom caps are collected using phenotypic acquisition equipment, and an improved deep learning-based edge detection algorithm is employed to determine the scale indicators of their phenotypes; (2) weight estimation involves calculating default values based on shiitake mushroom caps phenotypic data and analyzing the correlation between these data and weight; (3) shiitake mushroom caps weight is estimated based on four highly relevant phenotypic traits, for which six mainstream machine learning algorithms were utilized to establish a weight estimation model for shiitake mushrooms. Finally, an optimal model was selected through analysis.




Figure 4 | General structure diagram.





2.3.1 KL-DexiNed algorithms



2.3.1.1 Data preprocessing

The image acquisition process was influenced by variations in the positioning of shiitake mushroom caps and contamination of the background paper (e.g., water stains),resulting in inevitable background interference, as well as light and shadow disturbances. Therefore, it is imperative to preprocess visible light images of shiitake mushroom caps (Tang et al., 2023) by primarily eliminating images with significant light and shadow influence, along with substantial background interference. In this study, shiitake mushroom cap samples were uniformly positioned under consistent light source intensity to experimentally validate the robustness and accuracy of edge algorithms across different background colors (Sharma et al., 2023). Subsequently, the background exhibiting higher accuracy will be selected as the fixed reference.




2.3.1.2 KL-DexiNed architecture

Compared with traditional edge detection algorithms such as the Sobel operator and the Canny operator, DexiNed (Soria et al., 2023) can eliminate noise interference and capture the real edge contours of objects more accurately. This is because it adopts a deep neural network structure and has learned rich edge feature patterns through a large amount of training data. Meanwhile, it is capable of handling complex edge structures. Therefore, it is used as the basic network for improvement. Considering the limitations of existing methods in detecting the edges of shiitake mushroom caps, this study proposes a KL-DexiNed network that combines DexiNed and K-means algorithms. The algorithmic framework diagram is presented in Figure 5. Table 2 provides a description of how the KL-DexiNed algorithm was applied for shiitake mushroom cap detection in this study.




Figure 5 | The network structure diagram of the shiitake mushroom cap edge detection based on KL-DexiNed.




Table 2 | KL-DexiNed Algorithm Pseudo-Code.



As depicted in Figure 5, DexiNed enables end-to-end training without relying on weighted initialization from a pre-trained object detection model, unlike most deep learning-based edge detectors. KL-DexiNed aligns with the network backbone of DexiNed, which consists of six blocks connected by standard convolutional layers of varying sizes. During our observation while detecting shiitake mushroom cap edges, we noticed that edge features computed in shallow layers were indistinct; however, certain shiitake mushroom caps exhibited distinct pattern lines due to moisture deficiency, significantly interfering with their edge detection. To enhance the edge features of shiitake mushroom caps in shallow areas, this study employs a KD tree (K-Dimensional Tree) to optimize the K-means algorithm (Ikotun et al., 2023). The KD tree is utilized for rapid selection of initial clustering centers by choosing leaf nodes as the starting points, thereby improving both convergence speed and cluster quality of the K-means algorithm. This forms the KD-Kmeans module. The color channel is set to 2 in order to differentiate between background and shiitake mushroom caps, enabling removal of most surface patterns on the caps while understanding pixel importance and feature mapping positions. For insertion position, this study incorporates a K-means algorithm judgment before the first two blocks to extract more meaningful edge features from shiitake mushroom caps and reduce data dimensionality. Additionally, an LBP-Semi-Gaussian Suppression module is introduced prior to block-2 feature fusion which applies local binary pattern (LBP) for texture information extraction by comparing pixel gray values with their surrounding neighbors. Furthermore, Semi-Gaussian Suppression is employed to suppress texture for smaller patterns on the surface of shiitake mushroom caps, reducing computational load while maintaining accuracy. Finally, based on a minimum threshold setting, detected edge features are mapped onto the original image to obtain an accurate representation of shiitake mushroom cap edges.




2.3.1.3 Size conversion factor

In this study, the test stand, shiitake mushroom cap, and standard ruler were positioned individually above the background paper. The camera lens was adjusted on the test stand to maintain a fixed distance of 270mm from the background paper. The ruler and shiitake mushroom cap were placed within the field of view area accordingly. Proportional conversion was applied to determine the scale value in relation to pixel number. To verify accuracy, scales of 5mm, 3mm, and 1mm were selected for calibration purposes. Ultimately, a conversion factor of 0.043 was derived to establish correspondence between pixel points and real sizes.





2.3.2 Weight prediction models

The machine learning approach for estimating the weight of shiitake mushroom caps based on their phenotypic features effectively reduces labor (by minimizing manual weighing) and cost (by eliminating pressure sensors). This addresses the challenge of achieving a small range of error in shiitake mushroom cap weights in real-time. To achieve this, six machine learning algorithms with low computational effort and high accuracy were selected:SVR (Rante et al., 2023), LSTM (Cahuantzi et al., 2023), LSTM (Cahuantzi et al., 2023), GWO_SVM (Yan et al., 2023), Optuna-LSTM (You, 2024), WOA_BiLSTM_attention (Gao, 2023), and BiLSTM (Imani, 2023). Additionally, the input items were categorized into four groups, namely M1, M2, M3, and M4 based on their relevance. Each group was sequentially reduced by one parameter with the lowest relevance before being fed into the six machine learning algorithms.




2.3.3 Evaluation methodology

For machine vision, this study compares the algorithmic edge detection results with manually drawn edges. And the algorithm is evaluated by Precision, Recall, ODS, OIS, average precision (AP), and execution rate, and F-of Precision and Recall. The specific formula is as follows:

 

 

 

For machine learning, in order to evaluate the reliability of the model, the coefficient of determination (R²), mean absolute error (MAE),root mean square error (RMSE), and mean square error (MSE) were used in this study to evaluate the estimation results. And One subset was selected as the test set, and the remaining 4 subsets (549 samples) were combined to form the training set. The model was trained on the training set and then evaluated on the test set. This process was repeated 5 times, with each subset serving as the test set exactly once. The final performance of the model was obtained by averaging the performance metrics including R², MAE, RMSE, MSE across these 5 iterations. This approach enabled us to comprehensively assess the generalization ability of our model and obtain a more reliable evaluation of its performance.

 

 

 

 

Where,   is the predicted value,   is the true value,   is the mean value. MAE can reflect the actual situation of the error of the predicted value. MSE is the expected value of the square of the difference between the model value and the observed value. RMSE is the arithmetic square root of MSE, the smaller the value the better the effect.R²is a commonly used metric for assessing the model fit goodness of fit in regression analysis.






3 Results



3.1 Edge algorithm performance

This study presents a comparative analysis of various edge detection algorithms for accurately detecting shiitake mushroom caps against red and green backgrounds. Figure 6 illustrates the results obtained from five different edge detection algorithms, namely Dexined, Canny (Choi and Ha, 2023), HED (Kumar, 2023), RCF (Liu et al., 2024), and KL-Dexined, when applied to images with red and green backgrounds. The analysis reveals significant variations among these algorithms in terms of edge detection accuracy, continuity of edges, and noise suppression capabilities. For the initial set of input data, shiitake mushrooms with diverse patterns and flat surfaces were selected to evaluate algorithm performance. Notably, the Dexined algorithm effectively suppresses background noise while preserving edge details using advanced image filtering and thresholding techniques; it demonstrates exceptional performance in detecting shiitake mushrooms against a green background. However, when dealing with a red background or complex patterned shiitake mushrooms specifically, the classical Canny algorithm exhibits superior noise suppression abilities while maintaining sensitivity towards edge information; it achieves high accuracy in detecting edges on green backgrounds but introduces more noise on red backgrounds where accurate edge detection becomes challenging. HED algorithm can provide more accurate edge localization when dealing with images with complex textures and high contrast edges, but it can provide more accurate edge localization in the red background. Provide more accurate edge localization, but its detection ability in low-contrast regions is insufficient. The RCF algorithm, on the other hand, is outstanding in terms of edge coherence, but may introduce some pseudo-edges in some cases, which is due to its overemphasis on the local features of the image. The KL-Dexined algorithm, which is the algorithm proposed in this study, combines the advantages of the above algorithms, and innovatively introduces a color clustering algorithm, which improves the robustness of the algorithm under different background conditions, and at the same time can reduce the interference of the surface texture of shiitake mushrooms caps on the detection algorithm. In Figure 6F, it can be seen that the KL-Dexined algorithm performs well in terms of both accuracy and continuity of edge detection, is not limited to changes in background color, and also achieves a better balance in terms of noise suppression, while experiments have proved that the green background has a higher robustness than the red background.




Figure 6 | Performance of individual algorithms in different contexts. (A) More and less folds on the surface of shiitake mushrooms (B) Canny (C) RCF (D) HED (E) Dexined (F) KL-Dexined (ours).



In order to further quantify the performance of each algorithm, this study employs a range of evaluation metrics such as ODS, OIS, AP, F-score, etc. Detailed quantitative statistical analysis and comparative results will be presented in subsequent sections.

Figure 7 illustrates a performance comparison of various edge detection networks on shiitake mushroom caps with red and green backgrounds, encompassing the prominent edge detection algorithms from Canny’s algorithm publication in 1986 to present. It thoroughly evaluates their ability to detect edges on shiitake mushroom caps under different backgrounds, as presented in Table 3. The performance metrics include ODS, OIS, and AP. On the Green-shiitake mushroom caps dataset, the Canny algorithm proposed in 1986 achieved an ODS of 0.803 and an OIS of 0.815, with an AP reaching 0.869, demonstrating its robust detection capability. However, on the Red-shiitake mushroom caps dataset, the performance of the Canny algorithm deteriorated significantly with an ODS and OIS of only 0.510 and 0.497 respectively, along with an AP value of merely 0.533; this can be attributed to the complexity of the background for detection as well as reflective situations encountered during analysis. The HED algorithm introduced at ICCV conference in 2015 exhibited slightly inferior robustness compared to Canny on Green-shiitake mushroom caps dataset achieving an ODS and OIS values of approximately 0.785 and 0.793 respectively along with AP value arounds at about.703.On the Red-shiitake mushroom caps dataset, the HED algorithm exhibits an ODS and OIS of 0.503 and 0.516, respectively, along with an AP of 0.525, indicating its adaptability in both red and green backgrounds; however, there is still room for improvement in performance. The RCF algorithm, presented at the CVPR conference in 2017, achieves an ODS and OIS of 0.761 and 0.771,as well as an AP of 0.756 on the Green-shiitake mushroom caps dataset, demonstrating similar but slightly reduced performance compared to HED on this specific dataset. On the Red-shiitake mushroom caps dataset, RCF maintains stability with an ODS and OIS of 0.509 and 0.518 respectively, accompanied by an AP of 0.523. The Dexined algorithm significantly improves performance on the Green-shiitake mushroom caps dataset with impressive values for ODS (0.856), OIS (0.875), and AP (0.885),highlighting its superiority in edge detection tasks. The Dexined algorithm also performs well on the Red-shiitake mushroom caps dataset with notable scores for ODS (0.813), OIS (0.836) and AP (0.855), further showcasing its ability to generalize across different contexts.




Figure 7 | Precision-Recall curves for different algorithms. (A) Precision-Recall curve of Green-shiitake mushroom caps. (B) Precision-Recall curve of Red-shiitake mushroom caps.




Table 3 | Performance comparison of different edge detection networks.



Finally, KL-Dexined achieved the highest ODS and OIS scores of 0.963 and 0.935, respectively, on the Green-shiitake mushroom caps dataset, along with an AP of 0.971, demonstrating superior performance in edge detection tasks. Moreover, our algorithm exhibited commendable results on the Red-shiitake mushroom caps dataset with ODS and OIS scores of 0.875 and 0.869,respectively, as well as an AP score of 0.881; these findings further validate the effectiveness and robustness of our proposed algorithm while also highlighting its suitability for shiitake mushroom cap detection when a green background is employed.




3.2 Predicted results for key phenotypic traits

According to the rules in Table 1, we calculated the key phenotypic real values of 686 shiitake mushrooms caps samples, and the data are shown in Table 4. Meanwhile, according to the results of KL-Dexined edge feature detection, in this study, we used OpenCV to draw the external rectangular box, center of mass, long and short axes, etc., which were inputted into the Green-shiitake mushroom caps dataset, and the results of 11 key phenotypic traits were obtained. The predicted values of the algorithm were compared with the real measurements after normalization, as shown in Figure 8, and the R²between the predicted values and the real values was obtained as 0.97, and the RMSE was 0.049, which proved experimentally that the algorithm of this study has the ability to predict the key phenotypic traits.


Table 4 | True values of phenotypic characteristics of shiitake mushrooms caps.






Figure 8 | Comparison of predicted and true values based on KL-Dexined edge feature detection algorithm.



At the same time, we quantitatively analyzed the measured phenotypic features to explore the differences between different phenotypic categories. For the external rectangular length, the average is 60.1, the maximum is 69.24, the minimum is 52.86, and the standard deviation is 4.65, with standard score ranging from a maximum of 1.98 to a minimum of - 1.55. For the external rectangular width, the average is 60.02, the maximum is 66.86, the minimum is 53.57, the standard deviation is 3.89, and the standard score ranges from 1.76 to - 1.66. The roundness has an average of 0.81, a maximum of 0.9, a minimum of 0.57, a standard deviation of 0.069, and its standard score ranges from 1.34 to - 3.38. The area has an average of 208.32, a maximum of 244.58, a minimum of 182.93, a standard deviation of 16.54, and the standard score ranges from 2.19 to - 1.54. The perimeter has an average of 2782.4, a maximum of 3351.2, a minimum of 2215.15, a standard deviation of 343.02, and the standard score ranges from 1.66 to - 1.65. The long axis has an average of 39.75, a maximum of 43.15, a minimum of 32.17, a standard deviation of 3.51, and the standard score ranges from 0.97 to - 2.16. The short axis has an average of 34.38, a maximum of 40.38, a minimum of 24.83, a standard deviation of 4.2, and the standard score ranges from 1.43 to - 2.27. The red mean has an average of 103.42, a maximum of 161.97, a minimum of 51.16, a standard deviation of 27.48, and the standard score ranges from 2.13 to - 1.90. The green mean has an average of 68.64, a maximum of 113.6, a minimum of 30.16, a standard deviation of 22.40, and the standard score ranges from 2.01 to - 1.72. The blue mean has an average of 41.91, a maximum of 74.33, a minimum of 19.13, a standard deviation of 15.37, and the standard score ranges from 2.11 to - 1.48. The greyscale mean has an average of 70.99, a maximum of 114.18, a minimum of 33.15, a standard deviation of 21.52, and the standard score ranges from 2.01 to - 1.76.

In summary, the data in the table provide key traits of shiitake mushrooms cap phenotypes, including color information and scale information. These statistical information are important for subsequent estimation of shiitake mushroom caps weight.




3.3 Correlation between weight and key phenotypes

In this study, to establish the relationship between phenotypic information and weight of shiitake mushrooms, we examined 11 phenotypic indicators of shiitake mushroom caps in correlation with weight (Figure 9). The obtained correlations ranked from highest to lowest as follows: Perimeter (0.91), Area (0.9), Gray scale mean (0.74), External rectangular width (0.63), Long axis (0.56),External rectangular length (0.51), Red channel intensity (0.3), Blue channel intensity (0.26), Green channel intensity (0.04). Two remaining indices exhibited correlations lower than 0.01 and were therefore excluded from consideration. Additionally, four parameter combinations were designed based on these correlations, as shown in Table 5, and inputted into various machine learning algorithms including WOA_BiLSTM_attention, SVR, BiLSTM, LSTM, GWO_SVM, and Optuna-LSTM for predicting the weight of shiitake mushroom caps.




Figure 9 | Analysis of the correlation between phenotypic indicators and weight of shiitake mushroom caps. (A) Perimeter (B) Area (C) Long axis (D) External rectangular length (E)  External rectangular width (F) Greyscale mean (G) Red mean (H) Green mean (I) Blue mean.




Table 5 | 4 different input combinations.






3.4 Weight prediction model performance

As can be seen from Figure 10, the R²of GWO_SVM model reaches the highest of 0.97 in the input M3 and M4 groups, and the R²of GWO_SVM in the M1 group with only one input term with the true value also reaches 0.96, which is obviously better than other machine learning algorithms. In terms of error, as shown in Table 6, it demonstrates the performance comparison of the six machine learning models under different input combinations in the three evaluation metrics of MSE, mean absolute error MAE and RMSE. With the reduction of input variables, the RMSE of each algorithm increases, while the MAE and MSE do not change significantly. The models selected for this study include LSTM, SVR, BiLSTM, WOA_BiLSTM_attention,Optuna_LSTM, and GWO_SVM. Under the M1 and M2 input combinations, all the models exhibit low error values, with SVR and GWO_SVM maintaining the lowest error levels in all the evaluative metrics, especially The performance of GWO_SVM on MAE and RMSE is especially outstanding, with 0.033 and 0.040, respectively. However, when the input combination is changed to M3,the performance of the BiLSTM model on RMSE slightly decreases to 0.056, while the WOA_BiLSTM_attention model maintains a lower error level. With the M4 input combination, the BiLSTM model has the highest error values with MSE, MAE and RMSE of 0.007, 0.063 and 0.080, respectively, while the GWO SVM again exhibits the lowest error values of 0.002, 0.032 and 0.039, respectively.




Figure 10 | Estimated weight of shiitake mushrooms caps with different phenotypic characterization inputs. (A) The performance of the LSTM algorithm when the input items are from the M1-M4 groups. (B) The performance of the Optuna_LSTM algorithm when the input items are from the M1-M4 groups. (C) The performance of the GWO_SVM algorithm when the input items are from the M1-M4 groups. (D) The performance of the SVR algorithm when the input items are from the M1-M4 groups. (E) The performance of the BILSTM algorithm when the input items are from the M1-M4 groups. (F) The performance of the WOA_BILSTM_attention algorithm when the input items are from the M1-M4 groups.




Table 6 | Performance comparison of 6 machine learning models with 4 input combinations.



It is worth noting that although LSTM and Optuna_LSTM exhibit higher error values in certain cases, they demonstrate reduced variability under diverse input combinations, indicating a degree of robustness. Furthermore, the GWO_SVM model consistently maintains a low error level across all input combinations, highlighting its exceptional adaptability and generalization to the input data. Notably, the GWO_SVM algorithm outperforms others when subjected to the M3 set of parameter inputs, achieving an impressive R² value of 0.97 between predicted and true values with a minimal error rate of only 0.038.It can be seen from Figure 11 that the loss situations of the training set and the testing set in the loss curve of GWO_SVM when the input item is from Group M3.




Figure 11 | The loss curve of GWO_SVM when the input item is from Group M3.







4 Discussion

In this study, a novel edge detection algorithm, KL-Dexined, was successfully developed, and considering that the accuracy of the algorithm may change under different backgrounds (Choi and Ha, 2023), this study verified its accuracy under different background conditions through a series of experiments. The algorithm in this study demonstrated high accuracy and continuity in the edge detection task of shiitake mushrooms caps on both red and green backgrounds, while achieving a good balance of noise suppression. Thanks to the introduction of the innovative color clustering technique in the algorithm, it not only improves the robustness of the algorithm under different background conditions, but also reduces the interference of the surface texture of shiitake mushrooms caps on the detection algorithm. In addition, this study explored the key phenotypic traits of shiitake mushrooms caps, including the length and width of the outer tangent rectangle, roundness, area, perimeter, long and short axes, etc., and predicted these traits using the edge features detected by the KL-Dexined algorithm. By analyzing the results in comparison with the ground-truth measurements, this study found that the correlation between the algorithm’s predicted values and the real values was very high, which indicated that the conjecture of this study (a positive correlation between the weight of the cap of shiitake mushrooms and the phenotype) was correct.

In terms of weight prediction, the highest correlation between perimeter, area, outer rectangle width and long axis of shiitake mushrooms caps and weight was found considering weight and key phenotypic traits. Based on these findings, four different parameter combinations were designed and machine learning models were used to validate the possibility of predicting the weight of shiitake mushrooms caps. The experimental results show that the GWO_SVM model performs best with M3 and M4 sets of parameter inputs, with an R²value of 0.97 between the predicted value and the true value, and a root mean square error (RMSE) of only 0.038, whereas, especially under the M4 group input, the LSTM family of algorithms had a relatively high error, with LSTM, BiLSTM, WOA_BiLSTM_attention, and Optuna_LSTM all having RMSE above 0.073, the reason for not having SVR,GWO_SVM algorithms perform well, which may be related to the size of the dataset in this study, and deep learning based machine learning methods do not take advantage of their advantages under small samples (Ammi et al., 2023).

Despite the remarkable results of this study, there are still some limitations. For example, the adaptability of the algorithm to different background conditions has not been fully validated. In addition, this study mainly focused on the phenotypic characterization of shiitake mushrooms caps, and the characterization of stems and segments has not been carried out. Future studies will be extended to the shiitake mushrooms’ stems as well as slices to further improve the generalization ability of the algorithm.




5 Conclusion

In this study, a machine vision-based and shiitake mushrooms cap weight prediction method is proposed, in which deep learning techniques, traditional OpenCV algorithms, and machine learning algorithms are used. In terms of scale detection, this study proposes the KL-DexiNed algorithm and compares it with other mainstream edge detection algorithms, and finally obtains the optimal threshold of the detected image (OIS) of 93.5%, the fixed contour threshold (ODS) of 96.3%, and the average precision (AP) of 97.1%, and maps it to the original image to obtain the edge map of shiitake mushrooms caps, and calculates the corresponding key based on the edge phenotypic metrics. In terms of phenotypic metrics to predict the weight, this study found the four phenotypic metrics with the highest correlation, which are area, perimeter, area, external rectangle width, and long axis. And divided into 4 groups to verify the effect of defaultization calculation on predicting the weight of shiitake mushrooms cap. Finally, we found that the GWO_SVM algorithm performs the best under the parameter inputs of M3 group, and its R² between predicted and true values is 0.97, while the RMSE is 0.038. It proves that our proposed phenotypic metrics estimation of shiitake mushrooms cap method is effective. Notably, the proposed method also represents a significant breakthrough in terms of practical application. It presents a machine vision-based rapid acquisition method for key traits of shiitake mushrooms caps, which can effectively reduce the workload of breeding personnel. Traditional manual measurement of shiitake mushrooms cap traits is time-consuming, labor-intensive and error-prone. By contrast, this method utilizes an automated image acquisition and intelligent analysis system, enabling rapid processing of multiple samples, accurate acquisition of multi-dimensional trait information and generation of reports. It substantially shortens the acquisition cycle, reduces human errors, allows breeding personnel to concentrate on core work, improves breeding efficiency and quality, and promotes the modernization of the shiitake mushrooms breeding industry. In the future, we will conduct research on the phenotypic indexes for shiitake mushrooms stems and slices.
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Soybean cyst nematode (SCN), Heterodera glycines, has become a significant threat in common bean (Phaseolus vulgaris) production, particularly in regions like the upper Midwest USA. Host genetic resistance offers an effective and environmentally friendly approach to managing SCN. This study aimed to conduct a genome-wide association study (GWAS) and genomic prediction for resistance to SCN HG Types 7 (race 6), 2.5.7 (race 5), and 1.3.6.7 (race 14) using 0.7 million whole-genome resequencing-generated SNPs in 354 USDA worldwide common bean germplasm accessions. Among these, 26 lines exhibited resistance to all three HG types, with a female index (FI) of less than 10. Four QTL regions on chromosomes (Chr) 2, 3, 6, and 10 were associated with resistance to HG Type 7; four regions on Chrs 2, 6, 9, and 11 were associated with resistance to HG Type 2.5.7; and three regions on Chrs 2, 6, and 10 were associated with resistance to HG Type 1.3.6.7. Cross-prediction revealed high prediction ability (PA) of 75% (r-value) for resistance to each of the three HG types. However, low PA was observed for SCN resistance through across-population prediction between the two domestications, Mesoamerican and Andean common bean accessions. Yet, using a population of mixed Mesoamerican and Andean accessions as a training set showed a high PA to predict either sub-population. This study provides SNP markers for marker-assisted selection and high PA for genomic selection in common bean molecular breeding, enabling the selection of lines and plants with high SCN resistance. Moreover, the study observed high PA for resistance among the three HG types. Interestingly, the most highly associated SNP markers and QTL for SCN resistance varied between the two domestications, and SCN resistance is more associated with the Mesoamerican domestication than the Andean domestication. This result suggests that resistance to SCN in common bean may be related to domestication rather than co-evolution with SCN.




Keywords: common bean, genomic prediction (GP), genomic selection (GS), genome-wide association study (GWAS), Heterodera glycines, Phaseolus vulgaris, single nucleotide





Introduction

The common bean (Phaseolus vulgaris L.) holds a vital role as the most important edible legume crop worldwide, surpassing the combined value of other food legumes like peas and chickpeas (Jain et al., 2016). Its high nutritional content makes it a crucial protein source for billions of people globally. In 2019, global production reached 28.9 million tons (Nadeem et al., 2021). While commonly harvested as dry beans, the crop is also grown as a green vegetable in many regions, known as green beans or snap beans.

The United States (US) is one of top producers in the world for common bean (Semba et al., 2021), with commercial production across 18 states, and in 2022 U.S. was the 7th largest dry bean producing country (Global Change Data Lab, 2022). The top five producing states, North Dakota, Michigan, Minnesota, Nebraska, and Idaho are responsible for a significant share of the country’s annual yield, planting 1.5 to 1.7 million acres and harvesting between 17.7 and 37.7 million tons of dry bean seeds (Shahbandeh, 2023).

The production of dry edible beans faces significant challenges from the soybean cyst nematode (SCN), particularly in regions where both soybean and bean crops are grown. SCN, scientifically known as Heterodera glycines Ichinohe (Tylenchida: Heteroderidae), is the most damaging pathogen affecting soybean (Glycine max (L.) Merr.), causing substantial yield losses in soybean-growing regions globally. In the U.S. alone, SCN is responsible for more soybean yield losses than any other pathogen (Allen et al., 2017; Bandara et al., 2020; Koenning and Wrather, 2010). Yield losses can exceed 40%, depending on factors such as SCN population density, soil characteristics, precipitation patterns, and the use of susceptible soybean varieties (Duan et al., 2009; Koenning and Wrather, 2010).

The top dry bean-producing states in the U.S., including North Dakota, Michigan, Nebraska, and Minnesota, which collectively contribute approximately 75% of the common bean production in the country (Shi et al., 2021), are also among the top ten soybean-producing states (Tylka and Marett, 2021). These regions have witnessed widespread dissemination of SCN (Tylka and Marett, 2021). Limited reports have documented damages inflicted by SCN on common bean through both field studies and greenhouse experiments (Noel et al., 1982; Poromarto et al., 2010; Trueman et al., 2022; Yan et al., 2017). Symptoms of SCN infection on common beans are similar to those on soybean, including stunting plants, yellowing leaves, reduced root mass, and discoloration of roots. The presence of cysts on roots is a sign of SCN infestation. As common bean is a suitable host for SCN, infections can lead to significant yield losses, often without obvious above-ground symptoms, making SCN a serious threat to common bean production (Poromarto and Nelson, 2009; Poromarto et al., 2010). Microplot experiments in North Dakota showed 27% to 56% dry bean yield loss depending on dry bean genotypes, environments and SCN population densities (Poromarto et al., 2010).

The use of host resistance is the most effective strategy for managing SCN in soybean. Over half of the soybean germplasm accessions in the United States have been evaluated for resistance to one or more SCN races (https://www.ars-grin.gov/). Extensive research and breeding efforts have resulted in the development of numerous SCN-resistant soybean cultivars, which are now widely planted across U.S. soybean fields.

Despite extensive research on the genetics of SCN resistance in soybean, only a few Quantitative Trait Loci (QTLs) harbor major genes that confer SCN resistance (Bent, 2022; Concibido et al., 2004; Grant et al., 2010; Guo et al., 2006; Mitchum, 2016). Among these, the rgh1 and Rhg4 QTLs have been extensively studied and are widely utilized in breeding commercial soybean cultivars (Bent, 2022; Mitchum, 2016). The rgh1 region, located on chromosome (Chr) 18 (linkage group G) in most known sources of SCN resistance, including Peking, PI 88788, and PI 437654, harbors critical genes responsible for SCN resistance (Guo et al., 2006; Kim et al., 2010; Lee et al., 2015). Copy number variations (CNV) in the rhg1 region affect resistance, with susceptible soybeans typically possessing one copy, while two or more copies confer resistance (Cook et al., 2012). The Rhg4 QTL, located on chromosome 8 (linkage group A2), encodes serine hydroxymethyltransferase (SHMT), also known as GmSNAP08 (Kandoth et al., 2017; Liu et al., 2012; Patil et al., 2019; Yu et al., 2016). There are two major types of SCN resistance: Peking-type and PI 88788-type, each governed by distinct genetic mechanisms involving combinations of CNVs in rhg1 and Rhg4. Recent studies have highlighted the role of additional QTLs, such as rhg2 on chromosome 11, in contributing to SCN resistance, particularly in combination with rhg1-a or Rhg4 (Basnet et al., 2022; Bent, 2022). Further QTLs, such as those on chromosome 10 in soybean line PI 567516C, have been identified, although the genetic mechanisms involved are still poorly understood. Interestingly, despite the presence of rhg1 in PI 567516C, it does not contribute detectable SCN resistance, suggesting other mechanisms are at play (Lian et al., 2014; Usovsky et al., 2021; Vuong et al., 2010). These findings underscore the complex genetic basis of SCN resistance in soybean and the need for further research to fully understand the mechanisms and apply them in breeding programs.

In common bean, research has demonstrated resistance to soybean cyst nematode (SCN) in certain accessions and cultivars. For instance, Smith and Young (2003) evaluated 20 common bean lines in greenhouse studies and observed that Mesoamerican genotypes displayed higher resistance to SCN compared to Andean genotypes. Similarly, in North Dakota, a total of 416 USDA core accessions of Phaseolus vulgaris were evaluated, and around 23% of them were highly resistant to SCN HG Type 0 (Jain et al., 2019; Poromarto et al., 2012). Wen et al. (2019) conducted a study in Illinois, evaluating 363 accessions from the same core collection and identified 16 accessions (around 4.4%) with high resistance to SCN HG Type 2.5.7. These findings provide a valuable foundation for breeding programs aimed at developing SCN-resistant common bean cultivars.

Several studies have identified genetic markers and candidate genes linked to SCN resistance in common bean, although research is less extensive compared to soybean. Jain et al. (2016) performed a transcriptome analysis comparing the SCN-resistant line PI 533561 and the susceptible line GTS-900, identifying differentially expressed genes involved in plant defense. These included genes encoding nucleotide-binding site leucine-rich repeat (NLR) proteins, WRKY transcription factors, pathogenesis-related (PR) proteins, and heat shock proteins, providing key molecular insights into SCN resistance. Additionally, Wen et al. (2019) conducted genome-wide association studies (GWAS) and discovered SNP markers on chromosome 1 associated with resistance to SCN HG Type 2.5.7, near a gene cluster orthologous to the rhg1 locus in soybean. Other resistance-related QTLs were found on chromosome 7. In further GWAS research, Jain et al. (2019) identified several QTLs related to resistance to SCN HG Type 0, spanning chromosomes 7, 8, 9, and 11. These findings provide a roadmap for understanding the genetic architecture of SCN resistance in common bean and facilitate marker-assisted selection (MAS) for breeding resistant cultivars.

A significant research project funded by the Minnesota Department of Agriculture (July 2017 to June 2020) evaluated common bean accessions for SCN resistance. Out of 315 USDA core accessions tested, 20 lines (~4.7%) exhibited resistance to SCN HG Type 0, with a female index (FI) ranging from 4.8 to 9.9, indicating reduced reproduction compared to susceptible soybean varieties (Shi et al., 2021). Subsequent GWAS analysis using the BARCBean6K_3 Infinium BeadChips identified 11 SNP markers strongly associated with resistance to SCN HG Type 0, distributed across chromosomes 4, 6, 7, 9, and 11. Further GWAS analysis extended to SCN resistance to HG Types 2.5.7 and 1.3.6.7, utilizing phenotypic data from Wen et al. (2019) and the same genotyping platform. This led to the identification of six SNP markers for HG Type 2.5.7 on chromosomes 1, 2, 3, and 7, and 12 SNP markers for HG Type 1.3.6.7 on chromosomes 1, 3, 6, 7, 9, 10, and 11 (Shi et al., 2021).

To further advance the identification of SCN-resistant lines, the screening initiative was expanded to include a broader collection of common bean germplasm from the USDA. An additional 840 lines were selected for preliminary screening, revealing significant variation in SCN resistance. Based on these findings and the core line evaluation by Shi et al. (2021), a panel of 354 purified lines was curated for further assessment of resistance to SCN HG Types 7, 2.5.7, and 1.3.6.7. This panel includes the 23 accessions with FI < 10 for HG Type 0 resistance, as identified by Shi et al. (2021). The objectives of this research are twofold: to identify additional SCN-resistant common bean germplasm and to explore the genetic mechanisms underpinning SCN resistance. These efforts aim to contribute to the development of resilient and productive common bean varieties, promoting food security and sustainability in bean production systems.





Materials and methods




Plant and nematode materials

A total of 354 common bean germplasm accessions were used in this study, sourced from the USDA GRIN collection. These accessions were collected from 46 countries, with a predominant focus on 10 countries, contributing 254 accessions (72.0% of the total). The major contributors were Mexico (62 accessions), Bulgaria (39), China (39), the United States (30), Turkey (20), India (17), Macedonia (14), Hungary (13), France (11), and the Netherlands (10) (Supplementary Table S1).

In addition, we included seven soybean SCN HG Type indicator lines: PI 548402 (Peking), PI 88788, PI 90763, PI 437654, PI 209332, PI 89772, and PI 548316 (Niblack et al., 2002), along with four SCN race differential lines: PI 548402 (Peking), PI 548982 (Pickett 71) or PI 548988 (Pickett), PI 88788, and PI 90763 (Riggs and Schmitt, 1988). Williams 82 (PI 518671) was included as a susceptible control. These lines were utilized to validate the virulence phenotypes of the SCN populations (Supplementary Table S2).

The 354 common bean accessions were evaluated for resistance against three SCN HG Types: 7 (race 6), 2.5.7 (race 5), and 1.3.6.7 (race 14) (Supplementary Table S2). These SCN populations were originally collected from fields in Swift County (2007), Waseca County (2007), and Murray County (1997), respectively, in Minnesota, USA. HG Type 7 was initially prevalent in Minnesota and the north central region, and it is avirulent to the major sources of SCN resistance soybean PI 88788 and Peking. With the use of SCN-resistant soybean cultivars for decades, most of SCN populations in the region have changed to HG Type 2.5.7 that can overcome the PI 88788 resistance. The frequency of occurrence of HG Type 1.3.6.7, which can overcome resistance from Peking, also has been increasing (Chen et al., 2010; Howland et al., 2018). Consequently, we chose these three HG Types for this study to capture a broad spectrum of resistance in common bean and identify genomic regions associated with resistance across different virulence profiles.





SCN resistance phenotyping

Since their collection, the SCN populations were maintained either in a greenhouse on susceptible soybean cultivars or stored at -20°C. Prior to the experiment, the nematode populations were cultured on the susceptible soybean cultivar ‘Sturdy’ for approximately 45 days. Inoculum eggs were prepared using the method described by Shi et al. (2021). The experiments were carried out in a growth room (Supplementary Figure S1), following a randomized complete block design (RCBD) with three replicates, using the same approach as previously described by Shi et al. (2021). Briefly, each replicate consisted of two common bean plants grown in two separate cone-tainers. Additionally, control soybean plants of ‘Williams 82’ were included in each replicate, with five plants in five separate cone-tainers. The cone-tainers were filled with autoclaved soil, which comprised 80% sand and 20% field clay loam soil. Subsequently, 4,000 SCN eggs were added to each cone-tainer, and one common bean or soybean seed was sown in each cone-tainer. The cone-tainers were arranged on a rack and maintained in the growth room for 35 days with the temperature set at 28°C and daily artificial lights of 16 h. Adequate soil moisture was maintained by applying water using a sprinkler irrigation system (Supplementary Figure S1). No fertilizer or pesticide was applied.

The cysts (females) developed on each plant were extracted and counted following the established procedures (Shi et al., 2021). To standardize the data across different tests, Female Index (FI), rather than cyst counts were used. Female Index for each plant was determined by comparing the number of SCN females on a line to the average number of females on five Williams 82 plants, using the formula: FI = (Number of females on a given plant) × 100/(Mean number of females on Williams 82) (Riggs and Schmitt, 1988). For this calculation, the FI for Williams 82 was set to 100.





Phenotypic data analysis

Phenotypic FI data were analyzed using analysis of variance (ANOVA) via the GLM procedure in JMP Genomics 7 (SAS Institute, Cary, NC). Descriptive statistics, including the mean, range, standard deviation (SD), standard error (SE), and coefficient of variation (CV) for FI, were calculated using the ‘Tabulate’ function. Pearson’s correlation coefficients (r) were computed to assess relationships between FI values for different SCN HG types, and the distribution of FI values was visualized using the ‘Distribution’ function in JMP Genomics 9.

Broad-sense heritability (H²) was estimated using the formula described by Holland et al. (2003) and Shi et al. (2021), where H² = σ²g/[σ²g + (σ²e/b)]. Here, σ²g represents the genetic variance, σ²e represents the residual variance, and b denotes the number of replicates. The estimates for σ²g and σ²e were calculated as [EMS(G) - Var(Residual)]/b and Var(Residual), respectively, based on values derived from the ANOVA table.





Genotyping

DNA was extracted from fresh bean leaves using the CTAB method, and the genomic DNA was randomly sheared into fragments of approximately 350 bp. Library construction was performed using the NEBNext® DNA Library Prep Kit according to the manufacturer’s instructions (Novogene, http://en.novogene.com/). The process included end repair, dA-tailing, ligation with NEBNext adapters, and PCR enrichment with P5 and indexed P7 oligos to obtain fragments between 300–500 bp. Purification and quality checks were conducted using a Qubit® 2.0 fluorometer for library concentration and the Agilent® 2100 bioanalyzer for insert size assessment. Quantitative real-time PCR (qPCR) was then used to confirm the effective concentration of each library. Libraries with insert sizes and effective concentrations above 2 nM were deemed suitable for Illumina® high-throughput sequencing.

Qualified DNA libraries were pooled based on effective concentrations and expected data output. Paired-end sequencing (PE150 bp reads) was performed on the Illumina® platform. The common bean genome reference Pvulgaris 442_v2.1, from the Phytozome website (https://genome.jgi.doe.gov/portal/pages/dynamicOrganismDownload.jsf?organism=Pvulgaris), was used for mapping short reads with the Burrows–Wheeler aligner software (BWA, 0.7.8-r455). BAM files were sorted and duplicate reads removed using SAMtools (0.1.19-44428cd), while Picard (v.1.111) was employed to merge BAM files for each sample. SNP and InDel detection and filtering were performed using GATK software (v.3.5), with annotation carried out via ANNOVAR.

A total of 24.4 million SNPs were identified across the 354 accessions on 11 chromosomes, ranging from 1.47 million SNPs on Chr 6 to 2.93 million SNPs on Chr 8. After applying filtering criteria—minor allele frequency >2%, missing allele rate (MAF) <10%, and heterozygosity rate <30%—0.7 million SNPs from whole-genome resequencing (WGR) were selected for further analyses in this study.





Genetic diversity and population structure analysis

A model-based clustering method implemented in the STRUCTURE 2.3.4 program (Pritchard et al., 2000) was employed to infer the population structure of the 354 common bean accessions based on 6,600 SNPs, with 600 SNPs randomly selected from each of the 11 common bean chromosomes. The burn-in period was set at 50,000 iterations, followed by 10,000 Markov Chain Monte Carlo iterations, utilizing an admixture model with correlated allele frequencies independent for each run (Lv et al., 2012). Ten runs were performed for each simulated value of K, ranging from 1 to 10. The statistical value delta K was calculated for each simulated K using the formula described by Evanno et al. (2005) to identify the optimal K capturing the major structure in the data. The optimal K was determined using Structure Harvester (Earl and Vonholdt, 2012) (http://taylor0.biology.ucla.edu/structureHarvester/, accessed in 2022 but now this site was closed on September 22, 2024). Subsequently, each common bean genotype was assigned to a cluster (Q) based on the probability determined by the software that the genotype belonged in the cluster, with a cut-off probability for assignment set at 0.50 or above. Finally, a bar plot with ‘Sort by Q’ was generated to visualize the population structure among the common bean genotypes (accessions) based on the optimum K.

Genetic diversity was further assessed, and phylogenetic trees were constructed using the 6,600 SNPs in MEGA 7 (Kumar et al., 2016) based on the Maximum Likelihood tree method with specific parameters as described previously (Shi et al., 2016, 2017).





Association analysis

GWAS were conducted following a two-step approach, as described by Shi et al. (2022) for spinach. In the first step, the BLINK (Bayesian-information and Linkage-disequilibrium Iteratively Nested Keyway) method was applied to a panel of 354 common bean accessions using 0.7 million SNPs. GWAS was performed separately for each chromosome, using phenotypic data from three SCN Female Index (FI) values: HG 2.5.7, HG 7, and HG1.3.6.7. BLINK identified 1,987 SNPs with a logarithm of odds (LOD) score [Here, we defined LOD = -log(P-value)] greater than 4.0, which were associated with resistance to one or more HG types.

In the second step, a set of 87,176 SNPs was used for GWAS, comprising the 1,987 associated SNPs from the first step and 85,367 additional randomly selected SNPs for PCA and kinship analysis. This step employed several models, including BLINK, fixed and random model circulating probability unification (FarmCPU), mixed linear model (MLM), and multiple-locus MLM (MLMM), using GAPIT 3. A t-test was also performed for all 87,176 SNPs in the panel of 354 accessions using Visual Basic in Microsoft Excel 2020.

The 354 accessions were divided into two sub-populations, Q1 and Q2, based on SNP data from GAPIT 3 (87,176 SNPs) or STRUCTURE 2 (6,600 SNPs). Q1 consisted of 202 accessions associated with Mesoamerican domestication, while Q2 comprised 152 accessions linked to Andean domestication. GWAS was then conducted separately for each sub-population using the four models, with 71,972 SNPs used for Q1 and 55,933 SNPs for Q2 after additional filtering.

Multiple GAPIT models were utilized to identify robust and consistent SNP markers associated with resistance to SCN HG Type 7, HG Type 2.5.7, and HG Type 1.3.6.7 in common bean. The significance threshold for associations was determined using Bonferroni correction of P-values with α = 0.05 (0.05/SNP number). LOD values of 6.24, 6.16, and 6.05 were used as significance thresholds for the full panel of 354 accessions, Q1, and Q2, respectively.

PCA and genetic diversity were also assessed using GAPIT 3, with PCA ranging from 2 to 10 components, and the neighbor-joining (NJ) method used to construct phylogenetic trees. NJ trees were generated for the entire panel of 354 accessions, Q1, and Q2, respectively.





Candidate gene prediction

Candidate genes associated with SCN resistance were identified within a 50 kb region flanking both sides of the significant SNPs, following the methodology described by Zhang et al. (2016a). These candidate genes were extracted from the reference annotation of the common bean genome, using the Pvulgaris 442_v2.1 assembly, which is available through the Phytozome website (https://genome.jgi.doe.gov/portal/pages/dynamicOrganismDownload.jsf?organism=Pvulgaris).





Genomic prediction for genomic selection of SCN resistance

In this study, ridge regression best linear unbiased prediction (RR-BLUP) was employed to predict genomic estimated breeding values (GEBV) in genomic prediction (GP). The analysis was conducted using the rrBLUP package (Endelman, 2011) in R software (Version 4.3.1, https://www.r-project.org/). RR-BLUP is widely regarded as a robust and accurate prediction method, with successful applications across a variety of crops and traits (Heslot et al., 2012; Jarquin et al., 2014; Zhang et al., 2016b). In addition, GP was performed using Bayesian models such as Bayes A (BA), Bayes B (BB), Bayes LASSO (BL), and Bayesian ridge regression (BRR), all implemented in the BGLR package. GEBV prediction was also carried out using genomic best linear unbiased prediction (gBLUP) and composite best linear unbiased prediction (cBLUP) in the GAPIT package. These approaches have been documented for their effectiveness in genomic selection (GS) in prior studies.

GP for SCN resistance was conducted across multiple panels and scenarios. Initially, GP was performed using 10 different randomly selected SNP sets, ranging from 20 to 10,000 SNPs, and two GWAS-derived SNP marker sets (20 and 71 markers, referred to as m20 and m71) for resistance to SCN HG Type 7 across three panels: the full set of 354 common bean accessions, Q1 (202 accessions), and Q2 (152 accessions). These predictions were evaluated using seven GP models (BA, BB, BL, BRR, cBLUP, gBLUP, and rrBLUP).

Next, GP was performed across nine folds (2-fold through 10-fold, with training and testing sets in different ratios) for resistance to three SCN HG types in the three panels, utilizing the rrBLUP model. GP was also conducted using nine SNP number sets (from 20 to 10,000 SNPs) in across-population prediction, comparing predictions from Q1 to Q2 or vice versa for resistance to the three SCN HG types.

Furthermore, GP was conducted with 11 combinations of across- and cross-population scenarios using all 87,176 SNPs or 10,000 SNPs in across-population prediction for resistance in the three panels (all 354 accessions, Q1, and Q2) across four GP models (maBLUP, cBLUP, gBLUP, and sBLUP) in GAPIT 3. Additionally, GP was carried out within the same SCN HG type or across different types using various SNP sets (ranging from 500 to 87,176 SNPs) across the four GP models in GAPIT3.

The correlation coefficient (r-value) was estimated among prediction values for SCN HG Types 7 (HG 7; race 6), 2.5.7 (HG 2.5.7; race 5), and 1.3.6.7 (HG 1.3.6.7; race 14) using different SNP sets. Lastly, genomic heritability (GH) was calculated for SCN resistance across the three panels using 10 randomly selected SNP sets (ranging from 20 to 10,000 SNPs) and the two GWAS-derived SNP sets (m20 and m71), estimated using rrBLUP.

The prediction accuracy of GS for SCN resistance was evaluated using the average Pearson’s correlation coefficient (r) between the GEBVs and the observed values in the validation sets. These sets were randomly generated 100 times, with the r value calculated for each iteration. The average r value across the iterations was then used to determine prediction accuracy, where higher r values indicated greater accuracy and efficiency in GS, reinforcing the reliability of GP for SCN resistance.






Results




SCN resistance evaluation

The reactions of common bean indicator lines (differential lines) to the soybean cyst nematode (SCN) populations are summarized in Supplementary Table S2. The susceptible control Williams 82 consistently exhibited over 280 average SCN females per plant across all experiments conducted for each of the three SCN HG types, indicating sufficient SCN reproduction for the study. Based on SCN HG type testing using the seven SCN indicators and race testing with the four SCN indicators the three populations were confirmed to be HG Type 7, HG Type 2.5.7, and HG Type 1.3.6.7 (Supplementary Table S2).

The Female Index (FI) values for HG Type 7 exhibited a wide range, from 1.1 for PI 417624 to 136.9 for W6 11340, with an average of 53.6, standard deviation (Std Dev) of 29.6, standard error (Std Err) of 1.6, and coefficient of variation (CV) of 52.2% (Supplementary Tables S1, S3). The distribution of FI values showed a near-normal distribution (Figure 1), suggesting significant variation in resistant reactions to SCN HG Type 7. Notably, 33 accessions demonstrated FI values < 10, indicating high resistance to HG Type 7. Among the top nine most resistant to HG Type 7 were W6 12201, PI 583570, PI 313733, PI 325750, PI 417657, PI 417624, PI 313444, PI 313445, and PI 313524, with FI values ≤ 3, while the two most susceptible accessions were W6 11340 with an FI of 136.9 and PI 198038 with an FI of 129.3 (Supplementary Table S1).




Figure 1 | Distribution of Female Index of SCN HG Type 7 (race 6) (A), HG Type 2.5.7 (race 5) (B), and HG Type 1.3.6.7 (race 14) (C) on 354 USDA common bean accessions, where x-axis presents female index (FI) and y-axis presents number of accessions.



The FI for HG Type 2.5.7 displayed a substantial range, spanning 108.9 from 0.9 for PI 430206 to 109.8 for PI 661865 (Supplementary Table S3; Figure 1), with an average of 36.6, Std Dev of 22.1, Std Err of 1.2, and CV of 60.6%. The distribution of FI values showed a near-normal distribution (Figure 1), indicating significant variation in resistant reactions to SCN HG Type 2.5.7. Notably, 57 accessions demonstrated FI values < 10, signifying their resistance to HG Type 2.5.7. Among these, eight accessions, namely PI 313709, PI 313733, PI 325750, PI 430206, PI 449410, PI 201354, PI 313444, and PI 313524, exhibited FI values < 2, indicating high resistance to HG Type 2.5.7. The two most susceptible accessions were PI 661865 with an FI of 109.8 and PI 661952 with an FI of 107.4 (Supplementary Table S1).

The FI for HG Type 1.3.6.7 exhibited a wide range (110.2) from 1.1 for PI 313524 to 111.3 for PI 302537, with an average of 29.1, Std Dev of 22.7, Std Err of 1.3, and CV of 77.8% (Supplementary Tables S1, S3). The distribution of FI values displayed a skew distribution (Figure 1), indicating significant variance in resistant reactions to HG Type 1.3.6.7. A total of 72 accessions demonstrated FI values < 10.0, signifying resistance to the HG Type 1.3.6.7. Among these, 11 accessions, namely PI 313709, PI 313733, PI 313328, PI 201354, PI 313445, PI 313470, PI 319684, PI 325614, PI 313524, and PI 608388 exhibited FI values ≤2, indicating high resistance to HG Type 1.3.6.7. The two most susceptible accessions were PI 302537 with an FI of 111.3 and PI 324688 with an FI of 101.6 (Supplementary Table S1). PI 355419.

The combined analysis of resistance to the three HG Types revealed that the most consistent susceptible accession was PI 661952 with a high FI > 90 (93 – 107) for all three HG Types. Conversely, eight accessions, namely PI 313733, PI 325750, PI 346960, PI 417657, PI 201354, PI313444, PI 313445, and PI 313524, displayed FI values < 5 for resistance to all three HG Types, indicating these accessions possess high and broad resistance across HG Types 0, 2.5.7, and 1.3.6.7 (Supplementary Table S1). Moreover, 26 common bean accessions demonstrated SCN resistance with FI values < 10.0 across all three HG Types (Table 1). The correlation coefficients were 0.71 between HG Type 7 and HG Type 2.5.7, 0.71 between HG Type 7 and HG Type 1.3.6.7, and 0.76 between HG Type 2.5.7 and HG Type 1.3.6.7 in the association panel of the 354 common bean accessions; indicating their common resistance to the three SCN HG Types (Supplementary Table S4). Additionally, the broad sense heritability was estimated to be 63.7%, 72.6%, and 84.4% for HG Type 7, HG Type 2.5.7, and HG Type 1.3.6.7, respectively (Supplementary Table S5), suggesting that the resistance to each of the three SCN HG Types is highly inheritable. ANOVA revealed significant variations among PI accessions for resistance to each of the three SCN HG types (P < 0.0001) (Supplementary Table S5), indicating variation among these common bean accessions.


Table 1 | List of the SNP markers associated with the resistance to HG Type 2.5.7 (race 5) based on Blink, FarmCPU, MLMM, and MLM, and a t-test.







Genetic diversity and population structure analysis

Two main population clusters, Q1 and Q2, were observed among the 354 accessions based on STRUCTURE 2.3.4 (Figures 2A–C; Supplementary Table S1). Q1 and Q2 consisted of 202 (57.1%) and 152 (42.9%) accessions, respectively (Supplementary Table S1). The phylogenetic trees also showed two main clusters or populations, consistent with the STRUCTURE results, indicating at least two distinct genetic populations within the panel. The GAPIT 3 tool confirmed the presence of two sub-populations (clusters) as the best fit (Supplementary Figures S3-2-S3-4 showing PCA = 2, 3, 4, and 5).




Figure 2 | Population structure analysis of an association panel consisting of 354 USDA GRIN common bean germplasm accessions: (A) Delta K values for varying numbers of populations (K) inferred through analysis conducted using STRUCTURE software. (B) Classification of the 354 common bean accessions into two populations using STRUCTURE Version 2.3.4. (C) Maximum Likelihood (ML) tree depicting the genetic relationships among the 354 common bean accessions, visualized using MEGA 7.



Further analysis of the Q1 sub-population (202 accessions) revealed three clusters (sub-populations) based on PCA and phylogenetic analysis when PCA = 2 to 10 in GAPIT 3, using 71,972 SNPs (Supplementary Figure S4). The Q2 sub-population (152 accessions) was divided into two clusters using 55,933 SNPs (Supplementary Figure S5).





Association analysis

In this study, four GWAS models, Blink, FarmCPU, MLMM, and MLM in GAPIT 3 along with a t-test for each SNP were used to conduct GWAS for resistance to three HG Types (0, 2.5.7, and 1.3.6.7) across three common bean panels: all (354 accessions), Q1 (202 accessions), and Q2 (152 accessions). SNPs with a LOD (–log10(p)) value greater than 6.24 for the all panel, 6.16 for Q1, and 6.05 for Q2 from at least one of the four models for resistance to one of the three HG Types were initially listed in Supplementary Tables S6-S8, respectively, as associated SNP markers for SCN resistance. Subsequently, we selected SNPs as reliable and feasible markers if either two or more models had LOD values greater than the threshold value (6.24 in all; 6.16 in Q1; and 6.05 in Q2), or if one model had a higher LOD value or several models had LOD values close to 5. These selected SNPs were then listed in Tables 1–3 for resistance to SCN HG Type 2.5.7, 7, and 1.3.6.7 (race 14), respectively. Additionally, SNP markers associated with resistance to either HG Type 7, 2.5.7, or 1.3.6.7 in two common bean panels (all plus Q1 or Q2) were compiled in Table 4. The multiple or single Manhattan plot and QQ plot for MLM, MLMM, FarmCPU, and BLINK models in GAPIT3 for resistance to the three SCN HG Types were visually represented in Figures 3–5 for the all panel; Supplementary Figures S6-S8 for Q1; and Supplementary Figures S9-S11 for Q2.


Table 2 | List of the SNP markers associated with the resistance to HG Type 7 (race 6) based on Blink, FarmCPU, MLMM, and MLM in GAPIT 3 and a t-test.




Table 3 | List of the SNP markers associated with the resistance to HG Type 1.3.6.7 (race14) based on Blink, FarmCPU, MLMM, and MLM, and a t-test.




Table 4 | List of seven SNP markers associated with the resistance to either HG Type 7 (race 6), 2.5.7 (race 5), or 1.3.6.7 (race14) in two common bean panels (all plus Q1 or Q2) based on Blink, FarmCPU, MLMM, and MLM, and a t-test.






Figure 3 | Multiple Manhattan plot (Left) and QQ plot (Right) comparing Symphysic MLM, MLMM, FarmCPU, and BLINK models in GAPIT3 for resistance to SCN HG Type 2.5.7 (Race 5) in an association panel consisting of 354 accessions: The Manhattan plot (left) illustrates common bean 11 chromosomes on the x-axis and LOD (-log(P-value)) values on the y-axis. The QQ plot (right) displays expected LOD (-log(P-value)) values on the x-axis and observed LOD (-log(P-value)) values on the y-axis.






Figure 4 | Multiple Manhattan plot (Left) and QQ plot (Right) comparing Symphysic MLM, MLMM, FarmCPU, and BLINK models in GAPIT3 for resistance to SCN HG Type 7 (Race 6) in an association panel consisting of 354 accessions: The Manhattan plot (left) displays common bean 11 chromosomes on the x-axis and LOD (-log(P-value)) values on the y-axis. The QQ plot (right) illustrates expected LOD (-log(P-value)) values on the x-axis and observed LOD (-log(P-value)) values on the y-axis.






Figure 5 | Distribution of Manhattan plots (left) and QQ-plots (right) of GWAS for resistance to SCN HG Type 1.3.6.7 (race 14) in the association panel consisted of 354 accessions based on MLMM and MLM in GAPIT3. For the Manhattan plot (Left), the x-axis presents the common bean 11 chromosomes and the y-axis for LOD (-log(P-value)) value. For the QQ-plot (right), the x-axis presents expected LOD (-log(P-value)) value and y-axis for observed LOD (-log(P-value)) value.







GWAS for SCN HG Type 2.5.7 (race 5) resistance

Based on the analysis using the four models (MLM, MLMM, FarmCPU, and BLINK) in GAPIT3, the multiple QQ plot distribution showed significant deviation from the expected distribution, indicating the presence of SNPs associated with resistance to the HG Type 2.5.7 in the “all” association panel (Figure 3 right). The multiple Manhattan plot, covering all tested 87,176 SNPs, revealed several dots (SNPs) with LOD values greater than 6.24, primarily located on Chrs 6, 9, and 11, suggesting the presence of SNPs associated with HG Type 2.5.7 resistance in the panel (Figure 3 left). Eleven SNPs were observed with LOD values >6.24 (threshold) in one or more models for resistance to HG Type 2.5.7 in the ‘all’ panel of 354 accessions, distributed across Chrs 3, 6, 7, 9, and 11 (Supplementary Table S6). Among these 11 SNPs, Chr06_30044825 and Chr06_30072683, located around 30 Mb on Chr 6 spanning a length of 28 Kb, exhibited LOD values >6.24 in two and three models, respectively. Similarly, Chr09_29866343 and Chr09_29870288, located around 29.87 Mb region on Chr 9 spanning only 4 kb, showed LOD values >6.24 in three and two models, respectively, with particularly high LOD values of around 34 in the t-test. Furthermore, Chr11_1206371, positioned at 1,206,371 bp on Chr 11, demonstrated LOD values >6.24 in FarmCPU and MLMM, and approximately 6.0 in BLINK and MLM (Table 1). These results suggests the existence of three QTLs in the SNP regions on Chrs 6, 9, and 11 for resistance to the Type 2.5.7 in the all panel of 354 accessions.

For the Q1 panel, the QQ plots displayed a notable deviation from the expected distributions (Supplementary Figure S6 right), indicating the presence of SNPs associated with resistance to HG Type 2.5.7. The Manhattan plots revealed multiple dots (SNPs) on Chrs 2 and 5 with LOD values exceeding 6.16 (threshold) in two or more models (Supplementary Figure S6 left), signifying the existence of SNPs associated with the resistance to HG Type 2.5.7. Eight SNPs were identified with LOD values >6.16 in one or more models for resistance to HG Type 2.5.7 in the Q1 panel comprising 202 accessions, distributed across Chrs 1, 2, 3, 5, and 9 (Supplementary Table S7). Among these 8 SNPs, Chr02_26871668, positioned at 26,871,668 bp on Chr 2, exhibited LOD values >6.16 in BLINK, FarmCPU, and MLMM, and 6.15 in MLM; while Chr09_28924508, located at 28,924,508 bp on Chr 9, displayed LOD values >6.16 in FarmCPU and 5.50 in BLINK (Table 1), suggesting the presence of two QTLs on Chrs 2 and 9 in the regions of these two SNPs for resistance to Type 2.5.7 in the Q1 panel of 202 accessions.

For the Q2 panel, the QQ plots exhibited a noticeable deviation from the expected distributions (Supplementary Figure S9 right half), indicating the presence of SNPs associated with resistance to HG Type 2.5.7. The Manhattan plots revealed several dots (SNPs) with LOD values exceeding 6.05 (Supplementary Figure S9 left), indicating the existence of SNPs associated with resistance to HG Type 2.5.7. Specifically, multiple SNPs on Chr 6 displayed LOD values >6.05 in two or more models (Supplementary Figure S9 left), suggesting the presence of stable SNP markers and QTLs for resistance to HG Type 2.5.7 on Chr 6. Five SNPs were identified with LOD values >6.05 (threshold) in one or more models for resistance to HG Type 2.5.7 in the Q2 panel distributed across Chrs 6, 9, and 11 (Supplementary Table S8). Among these five SNPs, Chr06_30044825, located at 30,044,825 bp on Chr 6, exhibited LOD values >6.05 in BLINK, FarmCPU, and MLMM, and 5.68 in MLM; while Chr11_1206371, located at 1,206,371 bp on Chr 11, displayed LOD values in FarmCPU and approximately 4 in the other three models (Table 1), suggesting the presence of a QTL on Chr 6 and 11 for resistance to HG Type 2.5.7 in the Q2 panel of 152 accessions.

The two SNP markers, Chr06_30044825 and Chr11_1206371, were identified as potential molecular markers associated with resistance to SCN HG Type 2.5.7 in both the all panel of 354 accessions and the Q2 panel of 152 accessions (Table 4). This confirmation suggests the presence of QTLs related to HG Type 2.5.7 resistance in the genomic regions on Chrs 6 and 11. These markers could serve as tools for marker-assisted selection in breeding programs aimed at improving resistance to HG Type 2.5.7 in common bean.





GWAS for SCN HG Type 7 (race 6) resistance

Based on the analysis using the MLM, MLMM, FarmCPU, and BLINK models in GAPIT3, the QQ plot distributions indicated a significant deviation from the expected distribution (Figure 4 right), suggesting the presence of SNPs associated with resistance to SCN HG Type 7 in the “all” association panel of 354 accessions. The multiple Manhattan plot displayed several dots (SNPs) with LOD values greater than 6.24 (Figure 4 left), predominantly located on Chr 2, indicating the presence of SNPs associated with HG Type 7 resistance in the panel.

Six SNPs were identified to have LOD scores greater than 6.24 in one or more models for resistance to HG Type 7 in the all panel of 354 accessions (Supplementary Table S6), distributed across Chrs 2, 3, 6, and 10. Notably, Chr02_47299285, located at 47,299,285 bp on Chr 2, exhibited LOD scores exceeding 6.24 in Blink and FarmCPU models. Chr03_1949907, located at 1,949,907 bp on Chr 3, displayed LOD scores exceeding 6.24 in FarmCPU, MLMM, and MLM. Chr06_18305803, positioned at 18,305,803 bp on Chr 6, showed LOD scores greater than 6.24 in FarmCPU and over 4.5 in Blink, MLMM, and MLM. Furthermore, Chr10_5036799, located at 5,036,799 bp on Chr 10, exhibited notably high LOD scores of 14.99 in Blink and 48.32 in the t-test (Table 2). These SNPs were selected as markers strongly associated with resistance to HG Type 7, indicating the presence of four potential QTLs in the respective SNP regions for resistance to HG Type 7 in the all panel of 354 accessions.

For the Q1 panel, the QQ plot distributions indicated a significant deviation from the expected distribution (Supplementary Figure S7 right), suggesting the presence of SNPs associated with resistance to SCN HG Type 7. The multiple Manhattan plot displayed several dots (SNPs) with LOD values greater than 6.16 (threshold) (Supplementary Figure S7 left), indicating the presence of SNPs associated with SCN race 6 resistance. Notably, SNPs on Chrs 2 and 10 exhibited LOD scores greater than 6.16 in two or more models (Supplementary Figure S7 left), suggesting the presence of stable SNP markers and QTL for resistance to SCN HG Type 7 on Chrs 2 and 10.

Six SNPs were identified to have LOD scores greater than 6.16 in one or more models for resistance to SCN HG Type 7 in the Q1 panel of 202 accessions (Supplementary Table S7), distributed across Chrs 2, 4, 10, and 11. Among these SNPs, Chr02_47299285, located at 47,299,285 bp on Chr 2, exhibited LOD scores exceeding 6.16 in MLMM in Q1 and was also selected as a marker in the all panel. Chr02_47306325, located at 47,306,325 bp on Chr 2, displayed LOD scores greater than 6.16 in Blink and FarmCPU models. Chr10_5036799, positioned at 5,036,799 bp on Chr 10, exhibited LOD scores exceeding 6.16 in Blink and FarmCPU and over 4.0 in MLMM and MLM. Furthermore, Chr10_5036799 had a notably high LOD value of 41.90 in the t-test. These findings suggest the presence of a QTL on Chr 2 in the region of two SNPs (Chr02_47299285 and Chr02_47306325) extending 7 Kb and another QTL in the 5 Mb region on Chr 10 for resistance to HG Type 7 in the Q1 panel of 202 accessions (Table 2).

For the Q2 panel, the QQ plot distributions showed a significant deviation from the expected distribution (Supplementary Figure S10 right), indicating the presence of SNPs associated with resistance to SCN HG Type 7. The multiple Manhattan plot displayed two dots (SNPs) with LOD values greater than 6.05 on Chrs 3 and 6 (Supplementary Figure S10 left), indicating the association of these SNPs with HG Type 7 resistance. Additionally, several SNPs on Chr 6 exhibited LOD scores greater than 6.05 in two or more models (Supplementary Figure S10 right), suggesting the presence of stable SNP markers and QTL for resistance to HG Type 2.5.7 on Chr 6.

Two SNPs were identified to have LOD scores greater than 6.05 in one or more model for resistance to SCN HG Type 7 in the Q2 panel of 152 accessions, located on Chrs 3 and 6 (Supplementary Table S8). Chr03_1949907, positioned at 1,949,907 bp on Chr 3, exhibited LOD scores exceeding 6.05 in FarmCPU and over 4.3 in the four models. Chr06_18293932, located at 18,293,932 bp on Chr 6, displayed LOD scores greater than 6.05 in FarmCPU and had a notably high LOD value of 18.40 in the t-test (Table 2). These findings suggest the presence of a QTL on Chrs 3 and 6 for resistance to HG Type 7 in the Q2 panel of 152 accessions.

The three SNPs, Chr02_47299285, Chr03_1949907, and Chr10_5036799, were identified as markers for two sets: ‘all and Q1’ or ‘all and Q2’ (Table 4), indicating the presence of QTL in the SNP regions on Chrs 2, 3, and 10 for resistance to race 6. This suggests that these SNPs could potentially serve as reliable markers for screening SCN resistance in both the entire panel and the Q1 or Q2 subpopulations.





GWAS for resistance to SCN HG Type 1.3.6.7 (race 14)

Based on the four models (MLM, MLMM, FarmCPU, and BLINK) in GAPIT3, the QQ plot distribution in these models between the observed vs expected LOD (-log10(p)) showed a large deviation from the expected distribution (Figure 5, MLMM and MLM models), indicating the presence of SNPs associated with resistance to SCN HG Type 1.3.6.7 in the “all” association panel consisting of 354 accessions. The Manhattan plots with all tested 87,176 SNPs revealed seven SNPs with LOD values greater than 6.24 (Figure 5), primarily located on Chrs 2, 6, and 10, indicating association with SCN resistance to the HG Type 1.3.6.7.

A total of 18 SNPs were observed to have LOD values exceeding 6.24 in one or more models for resistance to SCN HG Type 1.3.6.7 in the all panel of 354 accessions (Supplementary Table S6), distributed across Chrs 1, 2, 5, 6, 8, 9, and 10. Among these SNPs, Chr02_23518869 on Chr 2 exhibited LOD >6.24 in Blink and FarmCPU; one or both Chr06_30148782 and Chr06_30220067 SNPs, located on Chr 6 within an approximately 71 kb region, showed LOD >6.24 in FarmCPU, MLMM and MLM, with high LOD >20.0 in t-test; Chr10_39751933 and Chr10_39764207, situated around the 39.9 Mbp region on Chr 10, demonstrated LOD >6.24 in Blink and FarmCPU, respectively, with both showing high LOD >21.5 in t-test (Table 3). These SNPs were identified as markers strongly associated with resistance to HG Type 1.3.6.7, suggesting the presence of four QTLs in the SNP regions for resistance to HG Type 1.3.6.7 in the entire panel of 354 accessions.

For the Q1 panel, the QQ plot distributions between the observed and expected LOD values showed a significant deviation from the expected distribution (Supplementary Figure S8 right), indicating the presence of SNPs associated with resistance to SCN HG Type 1.3.6.7. In the multiple Manhattan plot, numerous dots (SNPs) exhibited LOD values exceeding 6.16 (threshold) (Supplementary Figure S8 left), indicating associations with resistance to the HG Type 1.3.6.7. Notably, SNPs located on Chrs 2 and 10 showed LOD values greater than 6.16 in two or more models (Supplementary Figure S8 left), suggesting stable SNP markers and QTL for resistance to SCN HG Type 1.3.6.7 on these chromosomes.

A total of nine SNPs were observed to have LOD values exceeding 6.16 in one or more models for resistance to SCN HG Type 1.3.6.7 in the Q1 panel of 202 accessions (Supplementary Table S7), distributed across Chrs 1, 2, 6, 9, and 10. Among these SNPs, Chr02_30212013, located at 30,212,013 bp on Chr 2, exhibited LOD values exceeding 6.16 in all four models, indicating a strong association. Similarly, Chr10_38987657, situated at 38,987,657 bp on Chr 10, showed LOD values exceeding 6.16 in Blink and FarmCPU models (Table 3). These results suggest the presence of QTL on Chrs 2 and 10 for resistance to SCN HG Type 1.3.6.7 in the Q1 panel of 202 accessions.

For the Q2 panel, the QQ plot distributions between the observed and expected LOD values showed a notable deviation from the expected distribution (Supplementary Figure S11 right), indicating the presence of SNPs associated with resistance to SCN HG Type 1.3.6.7. In the multiple Manhattan plots, few dots (SNPs) exhibited LOD values exceeding 6.05, mainly on Chr 6 (Supplementary Figure S11 left). However, several SNPs on Chr 6 showed LOD values exceeding 4.0 in the MLM model, indicating associations with resistance to the HG Type 1.3.6.7.

A total of seven SNPs were observed to have LOD values exceeding 6.05 in one or more models for resistance to HG Type 1.3.6.7 in the Q2 panel of 152 accessions (Supplementary Table S8), distributed across Chrs 2, 4, 6, 7, 8, 9, and 10. Notably, Chr06_30148782 and Chr06_30220067, located at 30,148,782 bp and 30,220,067 bp, respectively, on Chr 6, exhibited LOD values exceeding 6.24 in FarmCPU and MLM models for Chr06_30148782, as well as in MLMM and MLM models for Chr06_30220067, with both SNPs showing high LOD values exceeding 20.0 in t-tests (Table 3). These results suggest the presence of a QTL on Chr 6 for resistance to HG Type 1.3.6.7 in the Q2 panel, with both SNPs also selected as markers in the all set.

The selection of both SNPs, Chr06_30148782 and Chr06_30220067, as markers for both the all and Q2 sets (Table 4) further confirms the presence of QTL in the SNP region on Chr 6 for resistance to SCN HG Type 1.3.6.7. This suggests the robustness and reliability of these markers across different panels, emphasizing their potential utility in marker-assisted breeding programs aiming to enhance resistance to HG Type 1.3.6.7 in the common bean accessions.





Candidate gene(s) for SCN resistance

There were 138 genes (Supplementary Table S9) existed within the 50 Kb distance on either side of significant 20 SNP markers in Tables 1-3 based on the common bean genome reference Pvulgaris 442_v2.1 at Phytozome. Among the 138 genes, five were identified as disease resistance gene analogs (Supplementary Table S10). Phvul.002G126600 and Phvul.002G276900, which belong to the Leucine-rich repeat protein kinase family protein, were located on Chr 2 at the regions associated with HG Type 7 resistance in the Q1 panel. Additionally, Phvul.006G207000, another member of the Leucine-rich repeat protein kinase family protein, was situated on Chr 6 and linked to SNPs Chr06_30148782 and Chr06_30220067, associated with HG Type 1.3.6.7 in both the all and Q2 panels. Phvul.011G015300, identified as a P-loop containing nucleoside triphosphate hydrolases superfamily protein, was located near SNP Chr11_1206371 on Chr 11, correlated with HG Type 2.5.7 resistance in both all and Q2 panels. Finally, Phvul.011G173801, a NB-ARC domain-containing disease resistance protein on Chr 11, was linked to SNP Chr11_48336427 and associated with HG Type 7 resistance in the Q1 panel based on GWAS results.

For resistance to HG Type 2.5.7, six genes were identified: Phvul.002G126800, Phvul.006G205300, Phvul.006G205800, Phvul.009G196500, Phvul.011G015200, and Phvul.011G015300. These genes are located on Chrs 2, 6, 6, 9, 11, and 11, respectively, each within a distance of less than 5 kb from the associated SNP markers, namely Chr02_26871668, Chr06_30044825, Chr06_30072683, Chr09_29870288, and Chr11_1206371, indicating their potential involvement in HG Type 2.5.7 resistance (Table 5).


Table 5 | List of 18 disease resistance genes which are located at 5 Kb distances on upstream and dowmstream of the 15 of the 20 SNP markers in Tables 1–3 associated with the three SCN HG Types.



For resistance to SCN HG Type 7, four genes were identified: Phvul.002G304700, Phvul.002G304800, Phvul.003G020400, and Phvul.010G034600. These genes are located on Chrs 2, 2, 3, and 10, respectively, each within a distance of 5 kb from the associated SNP markers, namely Chr02_47299285, Chr02_47306325, Chr03_1949907, and Chr10_5036799, suggesting their potential involvement in race 6 resistance (Table 5).

For resistance to HG Type 1.3.6.7 (race 14), eight genes were identified: Phvul.002G109600, Phvul.002G149500, Phvul.006G206700, Phvul.006G206800, Phvul.006G207500, Phvul.006G207600, Phvul.010G113600, and Phvul.010G118300. These genes are located on Chrs 2, 2, 6, 6, 6, 6, 10, and 10, respectively, each within a distance of 5 kb from the associated SNP markers, namely Chr02_23518869, Chr02_30212013, Chr06_30148782, Chr06_30220067, Chr10_38987657, and Chr10_39751933, indicating their potential involvement in race 14 resistance (Table 5).





Genomic prediction for SCN resistance




Genomic prediction in SNP sets with different SNP numbers

GP was estimated with 12 SNP sets, including 10 different randomly selected SNP number sets and two GWAS-derived SNP marker sets, for resistance to the three HG Types across three panels, estimated by seven GP models (Supplementary Tables S11-S13, Supplementary Figures S12a, b, S13a, b, S14a, b).

For resistance to HG Type 2.5.7, the mean of GP estimated by 5 models ranged from 0.59 in r20 to 0.76 in r10000 among the 10 randomly selected SNP sets. The r-value increased when more SNP numbers were used, and the two GWAS-derived SNP marker sets (m20 and m71) exhibited very high mean r-values of 0.75 and 0.83, respectively, in the all panel of 354 common bean accessions (Supplementary Table S11, Figure 6, Supplementary Figures S12a, b), suggesting that GP was high and resistance to HG Type 2.5.7 could be effectively selected in common bean breeding through genomic selection. Similar results were observed in the Q1 and Q2 panels, although the mean r-values were slightly lower (Supplementary Table S11, Supplementary Figures S12a, b).




Figure 6 | Genomic prediction (r-value) of 10 different randomly selected SNP number sets from 20 SNPs to 10,000 SNPs plus two GWAS-derived SNP marker sets (20 and 71 markers - m20 and m71) in cross-prediction for the resistance to SCN HG Type 2.5.7 (race 5) in the “all” panel of the 354 common bean accessions estimated by seven GP models (BA, BB, BL, BRR, cBLUP, gBLUP, and rrBLUP).



For resistance to SCN HG Type 7, the mean of GP estimated by 5 models ranged from 0.59 in r20 to 0.74 in r1000, r2000, and r5000 among the 10 randomly selected SNP sets. The r-value increased when more SNP numbers were used from 20 to 1000 SNPs; with 1000 or more SNPs, the r-value remained similar at 0.73-0.74. The two GWAS-derived SNP marker sets (m20 and m71) exhibited very high mean r-values of 0.68 and 0.80, respectively, in the all panel of 354 common bean accessions (Supplementary Table S12, Figure 7, Supplementary Figures S13a, b), indicating that GP was high and resistance to HG Type 2.5.7 could be effectively selected in common bean breeding through genomic selection. Similar results were observed in Q1 with slightly higher values, but Q2 panels had slightly lower r-values (Supplementary Table S12, Supplementary Figures S13a, b).




Figure 7 | Genomic prediction (r-value) of 10 different randomly selected SNP number sets from 20 SNPs to 10,000 SNPs plus two GWAS-derived SNP marker sets (20 and 71 markers - m20 and m71) in cross-prediction for the resistance to SCN HG Type 7 (race 6) in the ‘all’ panel of the 354 common bean accessions estimated by seven GP models (BA, BB, BL, BRR, cBLUP, gBLUP, and rrBLUP).



For resistance to SCN HG Type 1.3.6.7, the mean of genomic prediction (GP) estimated by 5 models ranged from 0.68 in r20 to 0.81 in r10000 among the 10 SNP sets randomly selected. The r-value increased as more SNP numbers were used, and the two GWAS-derived SNP marker sets (m20 and m71) exhibited high mean r-values of 0.78 and 0.90, respectively, in the all panel of 354 common bean accessions (Supplementary Table S13, Figure 8, Supplementary Figures S14a, b). These findings suggest that GP was high, and the resistance to HG Type 1.3.6.7 can be effectively selected in common bean breeding through genomic selection. Similar results were observed in Q1 and Q2 panels, albeit with slightly lower mean r-values (Supplementary Table S13, Supplementary Figures S14a, b).




Figure 8 | Genomic prediction (r-value) of 10 different randomly selected SNP number sets from 20 SNPso 10,000 SNPs plus two GWAS-derived SNP marker sets (20 and 71 markers - m20 and m71) in cross-prediction for the resistance to SCN HG Type 1.3.6.7 (race 14) in the ‘all’ panel of the 354 common bean accessions estimated by seven GP models (BA, BB, BL, BRR, cBLUP, gBLUP, and rrBLUP).








Genomic prediction with different folds (training and testing panel ratio)

GP (r-value) was estimated in nine folds ranging from 2-fold (training set: testing = 1:1) to 10-fold (training set: testing = 9:1) in cross-prediction for the resistance to three HG Types: HG 7, HG 2.5.7, and HG 1.3.6.7 (race 14), across three panels: all 354 accessions, Q1 with 202 accessions, and Q2 with 152 accessions, estimated by rrBLUP (Supplementary Table S14, Supplementary Figure S15). The results indicated that (1) the r-value averaged 0.75 and ranged from 0.74 in 2-fold to 0.76 in 5-, 7-, 8-, and 9-fold in the all-panel; (2) in Q1, the r-value averaged 0.76 and ranged from 0.74 in 2-fold to 0.78 in 6-fold; (3) in Q2, the r-value averaged 0.54 and ranged from 0.51 in 2-fold to 0.56 in 7- and 8-fold; (4) the r-value remained consistent across all folds from 2- to 10-fold; (5) the r-value was similar across different HG Types, averaging 0.66, 0.67, and 0.72; (6) 2-fold had the smallest r-value but also the smallest standard error (SE) value; (7) as the fold increased, the SE also increased; (8) both all and Q1 panels exhibited similar r-values around 0.75, while Q2 had a lower r-value around 0.54 (Supplementary Table S14, Supplementary Figure S15), suggesting that all nine folds can be utilized in genomic selection for SCN resistance across the three HG Types in common bean.





Genomic prediction by across-population among common bean panels

GP (r-value) was estimated by rrBLUP across nine different randomly selected SNP number sets ranging from 20 SNPs to 10,000 SNPs in across-population prediction, either from Q1 (202 accessions) to Q2 (152 accessions) or from Q2 to Q1, for the resistance to the three HG Types (Supplementary Table S15; Figure 9). However, all GP values showed an r-value less than 0.4, indicating a low level of genetic accuracy.




Figure 9 | Genomic prediction (r-value) of nine different randomly selected SNP number sets from 20 SNPs to 10,000 SNPs in across-population prediction from Q1 (202 accessions) to Q2 (152 accessions) or from Q2 to Q1 for the resistance to SCN HG Type 1.3.6.7 (race 14) estimated by rrBLUP as an example.



For resistance to HG Type 2.5.7, all r-values in the 9 SNP sets were ≤0.11 for GP from Q1 to Q2; 8 r-values in the 9 SNP sets were ≤0.03 except for r = 0.33 in r200, and 7 were zero or below zero for GP from Q2 to Q1 (Supplementary Table S15). These results indicate that genomic selection will not be efficient for selecting HG Type 2.5.7 resistance through across-population prediction from Q1 to Q2 or Q2 to Q1.

For resistance to HG Type 7, the r-values were 0.27, -0.06, 0.14, 0.11, 0.01, 0.23, 0.27, 0.28, and 0.26 in r20, r50, r100, r200, r500, r1000, r2000, r5000, and r10000, respectively, showing r ≤ 0.28 in all nine SNP sets for GP from Q1 to Q2. Similarly, the r-values were 0.17, -0.10, -0.13, 0.24, -0.09, 0.10, 0.15, 0.25, and 0.15 in r20, r50, r100, r200, r500, r1000, r2000, r5000, and r10000, respectively, showing r ≤ 0.25 in all nine SNP sets for GP either from Q2 to Q1 or from Q2 to Q1 (Supplementary Table S15). These results indicate that genomic selection will not be highly efficient for selecting HG Type 7 resistance through across-population prediction from Q1 to Q2 or Q2 to Q1.

For resistance to HG Type 1.3.6.7, the r-values were 0.31, -0.03, 0.33, 0.08, 0.14, 0.26, 0.30, and 0.29 in r20, r50, r100, r200, r500, r1000, r2000, r5000, and r10000, respectively, showing r ≤ 0.28 in all nine SNP sets for GP from Q1 to Q2. Similarly, the r-values were 0.20, 0.05, 0.05, 0.24, 0.23, 0.08, 0.34, 0.32, and 0.38 in r20, r50, r100, r200, r500, r1000, r2000, r5000, and r10000, respectively, showing r ≤ 0.38 in all nine SNP sets for GP either from Q2 to Q1 or from Q2 to Q1 (Supplementary Table S15, Figure 9). These findings indicate that genomic selection will not be highly efficient for selecting HG Type 1.3.6.7 resistance through across-population prediction from Q1 to Q2 or Q2 to Q1. However, r ≥ 0.29 up to 0.38 were observed in r2000, r5000, and r10000 when 2000 SNPs were used, suggesting there are alleles for HG Type1.3.6.7 resistance in both sub-populations (Q1 and Q2) of the two domestic germplasm sets: Mesoamerican and Andean, and genomic selection will be less effective by across-prediction between the two sets.





Genomic prediction by across- and cross-population among common bean panels

The GP (r-value) of 11 GP pairs (combinations) of across- and cross-population were estimated using all 87,176 SNPs and 10,000 SNPs as SNP sets in across-population prediction in all panel, Q1, and Q2 for the resistance to the three HG Types estimated by four GP models, maBLUP, cBLUP, gBLUP, and sBLUP in GAPIT 3 (Supplementary Table S16; Figure 10), where (1) all:all = the all 354 common bean accessions as both training and testing sets; (2) Q1:Q1 = the 202 accessions of Q1 as both training and testing sets; (3) Q2:Q2 = the 152 accessions of Q2 as both training and testing sets; (4) r:r = randomly selected 50% accessions from all 354 accessions both training and testing sets; (5) all:Q1 = the all accessions as the training set and Q1 as the testing sets; (6) all:Q2 = the all accessions as the training set and Q2 as the testing sets; (7) All_r(1:1) = randomly selected 50% accessions from all 354 accessions as the training set and the left 50% of 177 accessions as the testing sets; (8) Q1_r(1:1) randomly selected 50% accessions from the 202 accessions of Q1 as the training set and the left 50% of 101 accessions as the testing sets; (9) Q2_r(1:1) = randomly selected 50% accessions from 152 accessions of Q2 as the training set and the left 50% of 76 accessions as the testing sets; (10) Q1:Q2 = the Q1 as the training set and Q2 as the testing sets; and (11) Q2:Q1 = the Q2 as the training set and Q1 as the testing sets. The cross-population predictions within the same population include above (1) all:all, (2) Q1:Q1, (3) Q2:Q2, and (4) r:r; the cross-population predictions from a large population to a sub-population within the large population include above (5) all:Q1 and (6) all:Q2; the cross-population predictions from half sub-population to another half within the population include (7) All_r(1:1), (8) Q1_r(1:1), and (9) Q2_r(1:1); and the across-population predictions from one population to another include (10) Q1:Q2 and (11) Q2:Q1.




Figure 10 | Genomic prediction (r-value) of 11 GP pairs (combinations) of across- and cross-population using 10,000 SNPs in across-population prediction all panel (354 accessions), Q1 (202 accessions), and Q2 (152 accessions) for the resistance to three SCN HG Types GH256 (race 5), GH7 (race 6), and HG 1.3.6.7 (race 14) estimated by maBLUP in GAPIT 3 as an example.



All cross-predictions showed high r values in both SNP sets (all_87176SNP and r1000) in each of the four GP models (maBLUP, cBLUP, gBLUP, and sBLUP) (Supplementary Table S16; Figure 10 as an example for maBLUP). The mean r-value of the nine sets of training:testing, all:all, Q1:Q1, Q2:Q2, r:r, all:Q1, all:Q2, All_r(1:1), Q1_r(1:1), and Q2_r(1:1) were 0.80, 0.83, 0.82, 0.74, 0.76, 0.67, 0.72, 0.71, and 0.57, respectively, in the all_87176SNP SNP set; 0.79, 0.83, 0.74, 0.72, 0.74, 0.65, 0.71, 0.67, and 0.58, respectively, in the r1000 SNP set; and 0.79, 0.83, 0.78, 0.73, 0.75, 0.66, 0.71, 0.69, and 0.57, respectively, in the combined two SNP sets (Supplementary Table S16; Figure 10). These results indicate that the r-value was high, ≥0.67, even >0.90 in many cases, except in Q2_r(1:1) where r=0.57 averaged, suggesting that genomic selection will be efficient through cross-prediction when selection is performed within the same population (all:all, Q1:Q1, Q2:Q2, r:r), from a large population to a sub-population within the large population (all:Q1 and all:Q2), and from one half sub-population to another half within the population [All_r(1:1), Q1_r(1:1), and Q2_r(1:1)] for SCN resistance in common bean.

The mean in all cross-prediction combined was 0.75, 0.76, and 0.70 for HG 7, HG 2.5.7, and HG 1.3.6.7, respectively, in the all_87176 SNP set; and 0.78, 0.68, and 0.69 for HG 7, HG 2.5.7, and HG 1.3.6.7, respectively, in the r1000 SNP set (Supplementary Table S16). The r-value was high, ≥0.68, for each of the three HG Types in both SNP sets, indicating that genomic selection will be efficient to select the resistance to each of the three HG Types by cross-prediction in common bean.

The mean r-value of the two sets of training:testing, Q1:Q2 and Q2:Q1, were 0.21 and 0.15 in the all_87176 SNP set; 0.26 and 0.20 in the r1000 SNP set; and 0.24 and 0.18 in the combined two SNP sets (Supplementary Table S16). These values indicate that the r-value was low, ≤0.26, and even zero or below zero were observed, such as for HG 2.5.7 in the all_87176 SNP set, where r = -0.32 and -0.36 in Q2:Q1 by cBLUP and gBLUP, respectively. This suggests that genomic selection will not be efficient through across-prediction between the two common bean populations, Q1 to Q2 or Q2 to Q1, for SCN resistance.

The mean r-value of the two across-prediction combined was 0.38, 0.04, and 0.13 for HG 7, HG 2.5.7, and HG 1.3.6.7, respectively, in the all_87176 SNP set; and 0.26, 0.21, and 0.23 for HG 7, HG 2.5.7, and HG 1.3.6.7, respectively, in the r1000 SNP set (Supplementary Table S16). These values indicate that the r-value was low, ≥0.26, for each of the three HG Types in both SNP sets, suggesting that genomic selection will have low efficiency in selecting the resistance to each of the three HG Types through across-prediction in common bean.

The mean r-values of the four GP models were 0.70, 0.48, 0.76, and 0.65 in the all_87176 SNP set; 0.69, 0.46, 0.77, and 0.59 in the r1000 SNP set; and 0.70, 0.47, 0.76, and 0.62 in the combined two SNP sets (Supplementary Table S16). These results indicate that the r-values were high, ≥0.59, for each of the three HG Types in maGLUP, gBLUP, and sBLUP, but the r-value was 0.47 in cBLUP. This suggests that genomic selection will be efficient in selecting the resistance to each of the three HG Types using each of the four GP models in common bean, with gBLUP exhibiting the highest efficiency, followed by maBLUP, sBLUP, and then cBLUP.





Genomic prediction for SCN resistance through different HG types

The genomic prediction (GP) was estimated for the SCN resistance to one HG Type, either HG 7, HG 2.5.7, or HG 1.3.6.7, from another HG Type FI data using five SNP sets (all_87176, r500, r1000, r5000, and r10000) and four GP models (maBLUP, gBLUP, cBLUP, and sBLUP) (Supplementary Table S17; Figure 11, maBLUP as an example).




Figure 11 | Genomic prediction (r-value) based the SCN FI in one SCN HG Type as training set to predict itself and other HG Types among the all panel (354 common bean accessions) estimated by maBLUP using all 87,176 SNPs an example for this figure.



The mean r-values were 0.77, 0.76, and 0.75 in the maBLUP model; 0.57, 0.66, and 0.47 in the cBLUP model; 0.82, 0.81, and 0.80 in the gBLUP model; and 0.78, 0.76, and 0.67 in the sBLUP model for resistance to HG 2.5.7, HG 7, and HG 1.3.6.7, respectively (Supplementary Table S17). These results indicate that the r-values were high for each of the three HG Types in three models, with r-values greater than or equal to 0.67, except for cBLUP, which had r-values greater than or equal to 0.47.

The mean r-values were 0.74, 0.71, 0.72, 0.76, and 0.73 for HG 2.5.7; 0.75, 0.73, 0.75, 0.76, and 0.75 for HG 7; 0.66, 0.65, 0.66, 0.71, and 0.68 for HG 1.3.6.7; and 0.72, 0.70, 0.71, 0.74, and 0.72 for the combined set in all.87176, r500, r1000, r5000, and r10000, respectively (Supplementary Table S17). These results indicate that high r-values were observed, with r-values greater than or equal to 0.65. This suggests that all SNP sets had high r-values and that a set with more SNPs had slightly higher r-values, although the difference was less than 5%. Therefore, it indicates that 500 or more SNPs can be used as a SNP set in genomic selection to select SCN resistance based on phenotypic data from one HG Type to another HG Type.

The mean r-values were 0.76, 0.73, 0.76, 0.78, and 0.77 for maBLUP; 0.57, 0.55, 0.56, 0.60, and 0.56 for cBLUP; 0.82, 0.79, 0.80, 0.81, and 0.82 for gBLUP; and 0.71, 0.71, 0.73, 0.78, and 0.75 for sBLUP in all.87176, r500, r1000, r5000, and r10000 SNP sets, respectively. The averaged r-values were 0.76, 0.57, 0.81, and 0.73 for maBLUP, cBLUP, gBLUP, and sBLUP, respectively (Supplementary Table S17). These results show that maBLUP, gBLUP, and sBLUP had high r-values with r ≥ 0.71, except for cBLUP with r ≥ 0.55. This indicates that all four models, except cBLUP, can be used for prediction to select SCN resistance based on phenotypic data from one HG Type to another one.

The correlation among the prediction values from the three HG Types, 2.5.7, 7, and 1.3.6.7, showed high r-values (Supplementary Table S18). In the maBLUP model, the lowest correlation was r = 0.69 between HG 7.prediction and HG 1.3.6.7.prediction in all.87176 SNP set, while the highest was r = 0.88 between HG 2.5.7.prediction and HG 7.prediction in r500 SNP set. In the cBLUP model, the lowest correlation was r = 0.55 between HG 7.prediction and HG 1.3.6.7.prediction in all.87176SNP SNP set, and the highest was r = 0.92 between HG 2.5.7.prediction and HG 1.3.6.7.prediction in r5000 SNP set. In the gBLUP model, all correlations were very high with r ≥ 0.81 between each pair in all five SNP sets. In the sBLUP model, the correlation was r = 0.69 between HG 7 and HG 1.3.6.7 in all five SNP sets, and r = 0.83 between HG 2.5.7 and HG 7, and between HG 2.5.7 and HG 1.3.6.7 (Supplementary Table S18), indicating that resistant FI to one HG Type can be predicted using the FI value in another HG Type through GS.





GWAS-derived SNP marker

The two GWAS-derived SNP marker sets, either m20 or m71, exhibited highest r-values (Supplementary Tables S11-S13; Supplementary Figures 12a, b, 13a, b, 14a, b; Figures 6-8). For HG Type 2.5.7 resistance, m20 showed r-values ≥ 0.77 in BA, BB, BRR, BL, and gBLUP models, except for r = 0.64 in rrBLUP and 0.66 in cBLUP in all.panel; ≥ 0.76 in all models except r = 0.51 in rrBLUP in Q1; and ≥ 0.72 in all models except r = 0.45 in rrBLUP in Q2. M71 exhibited high r-values across all seven GP models with r ≥ 0.71 in all, Q1, and Q2, even ≥ 0.85 in BA, BB, BRR, BL, and gBLUP models in all and Q1 panels (Supplementary Table S11, Supplementary Figures 12a, b). Similar r-values were observed for resistance to HG Type 7 and 1.3.6.7, with even higher r-values with r ≥ 0.91 for resistance to HG Type 1.3.6.7, exceeding 0.90 in BA, BB, BRR, BL, and gBLUP in all panel (Supplementary Tables S12, S13, Supplementary Figures 13a, b, 14a, b). These results indicate that GWAS-derived SNP markers can be effectively used to select resistance to either HG Type 7, 2.5.7, or 1.3.6.7 in common bean breeding through GS.





Genetic prediction using difference genomic models

Seven GP models (BA, BB, BRR, BL, rrBLUP, cBLUP, and gBLUP) were employed to estimate GP (r-values) for cross-population prediction (Supplementary Tables S11-S13, Supplementary Figures 12a, b, 13a, b, 14a, b; Figures 6-8); four models (maBLUP, cBLUP, gBLUP, and sBLUP) for both across- and cross-population prediction (Supplementary Tables S16, S17; Figure 12). Across all three panels (all, Q1, and Q2), all seven models demonstrated high r-values in each SNP set. BA, BB, BRR, BL, and gBLUP exhibited similar r-values, while rrBLUP and cBLUP showed slightly lower r-values (Supplementary Tables S11-S13). This suggests that the Bayesian models (BA, BB, BRR, or BL) and gBLUP are preferable for selecting SCN resistance in common bean through GS.




Figure 12 | Genomic prediction (r-value) among four GP models, maBLUP, cBLUP, gBLUP, and sBLUP cross three SCN HG Types, HG 7 (race 6), HG 2.5.7 (race 5) and HG1.3.6.7 (race 14) using GAPIT 3 tool using randomly selected 10,000 SNPs comparisons, averaged r-value from the 11 GP pairs (combinations) of across- and cross-population.







Genomic heritability

In this study, genomic heritability (GH) was estimated using the rrBLUP model for resistance to the three SCN HG Types: 7, 2.5.7, and 1.3.6.7, across 10 different randomly selected SNP number sets ranging from 20 SNPs to 10,000 SNPs, in addition to two GWAS-derived SNP marker sets (20 and 71 markers - m20 and m71). This estimation was conducted through cross-prediction in three panels: all 354 common bean accessions, Q1 with 202 accessions, and Q2 with 152 accessions (Supplementary Table S19, Supplementary Figure S16).

The mean genomic heritability (GH) was 36.5%, 39.7%, and 41.4% in the all panel (354 accessions); 53.3%, 51.2%, and 59.8% in Q1 (202 accessions); and 48.7%, 51.0%, and 59.5% in Q2 (152 accessions) for resistance to HG Types 2.5.7, 7, and 1.3.6.7, respectively, averaged from the 12 different SNP number sets in cross-prediction. The results indicated that GH was highest for resistance to HG Type 1.3.6.7 in all three panels, second for HG Type 7 in all and Q2 panels, but second for HG Type 2.5.7 only in Q1 (Supplementary Table S19). This suggests that GH was highest for HG Type 1.3.6.7, followed by HG Type 7, and lowest for HG Type 2.5.7.

In most cases, as more SNPs were selected as a set, higher genomic heritability (GH) was observed for resistance to each HG Type in each panel (Supplementary Table S19). After reaching 500 SNPs, GH was consistently over 50% in most cases, suggesting that using 500 or more SNPs as a set for genomic selection for SCN resistance in common bean is feasible. The GH observed in the GWAS-derived marker sets, either m20 or m71, was slightly higher than that of the same SNP number sets, either r20 or r71, but lower than those sets in most cases when 500 SNPs or more were randomly selected (Supplementary Table S19).





Genetic diversity and utilization of the SCN resistant germplasm accessions

Among the 78 resistant accessions with a cyst nematode index (FI) of less than 10.0 for one or more of the three HG Types (7, 2.5.7, and 1.3.6.7) (Supplementary Table S20, Supplementary Figure S17), 26 accessions exhibited FI values below 10.0 for resistance to all three HG Types (Table 6, Figure 13). The remaining 52 accessions either had FI values above 10.0 for resistance to one of the three HG Types or had missing SCN phenotypic data (Supplementary Table S20).

Among the 26 accessions exhibiting an FI < 10 for all three SCN HG Types, 25 of them are present in Q1, with only PI 415936 from Ecuador appearing in Q2 (Table 6, Figure 13). Within Q1, 24 accessions originated from Mexico, while one accession from the United States. This suggests that the primary source of resistance to multiple HG Types is predominantly found in Mexico.


Table 6 | Top 26 common bean accessions with SCN resistance FI <10.0 in three HG Types: HG Type 7 (race 6), HG Type 2.5.7 (race 5), and HG Type 1.3.6.7 (race 14).






Figure 13 | The phylogenetic tree created by the Maximum Likelihood (ML) method from MEGA 7 in 26 common bean germplasm accessions that were resistant to all three SCN HG Types 7, 2.5.7 and 1.3.6.7 with FI <10.



The 78 accessions were sourced from 15 countries, with the majority comprising 50 accessions from Mexico. Additionally, there were 6 accessions from Ecuador and 4 from Peru, with 2 accessions each from Bolivia, Colombia, Costa Rica, Guatemala, India, and the United States. Furthermore, there was 1 accession each from Bulgaria, Canada, China, El Salvador, Japan, and Turkey (Supplementary Table S20). This distribution indicates that the majority of SCN-resistant lines originate from Mexico (64.1%), followed by the Ecuador-Peru region (12.8%), with the remaining countries contributing to the remainder (23.1%, with each country accounting for 0.6% or 1.3%). Analyzing the phylogenetic tree (Supplementary Table S20, Supplementary Figure S17), two main clusters are apparent. Specifically, 47 out of the 50 accessions from Mexico are grouped within cluster Q1. Meanwhile, the 6 accessions from Ecuador, 4 from Peru, 2 from Bolivia and Guatemala, and 1 from India, Bulgaria, and Mexico each form part of cluster Q2. Notably, two accessions, PI 417622 and PI 417624 from Mexico, appear as outliers. In Q2, four accessions—PI 201018 and PI 343950 from Guatemala, PI 535395 from Mexico, and PI 361321 from India—are somewhat distant from the main cluster. Consequently, they are identified as outliers within Q2.






Discussion




Genome-wide association study and SNP marker identification for SCN resistance

In this study, a total of 40 SNPs were identified to be associated with SCN resistance (Supplementary Table S6) in the all-panel of 354 common bean accessions using 87,176 SNPs distributed across 11 chromosomes (Supplementary Figure S2). These 40 SNP markers exhibited a LOD (-log(P-value)) greater than 6.24, which is the Bonferroni threshold value for the all-panel, as determined by at least one of the five models used, alongside a t-test for resistance to one of the three SCN HG Types (Supplementary Table S6).

Furthermore, 24 SNPs were identified in the Q1 panel of 202 accessions using 71,972 SNPs, with a LOD greater than 6.16, the Bonferroni threshold value for the Q1 panel, detected by at least one of the five models, alongside a t-test for resistance to one of the three HG Types (Supplementary Table S7). Similarly, 15 SNPs were identified in the Q2 panel of 152 accessions using 55,933 SNPs, with a LOD greater than 6.05, the Bonferroni threshold value for the Q2 panel, detected by at least one of the five models, alongside a t-test for resistance to one of the three HG Types (Supplementary Table S8).

Combining all SNP markers from the three panels for resistance to the three SCN HG Types, specific SNPs were selected as molecular markers for resistance to each SCN HG Type in each of the three panels based on their high LOD values across GWAS models. A total of 71 SNPs were reported, with 20 of them selected as markers associated with resistance to one or more SCN HG Types across different common bean panels. This led to the identification of nine QTL regions located on Chrs 2, 2, 3, 6, 6, 9, 10, 10, and 11, respectively (Supplementary Tables S21a, b). Notably, differences were observed based on domestication, with certain QTLs being identified predominantly in specific sub-populations. Furthermore, the QTLs exhibited varying resistance to different HG Types (races), highlighting the complexity of SCN resistance in common bean across different genetic backgrounds (Supplementary Table S21).

The 71 SNPs reported in this study represent a novel contribution to understanding SCN resistance in common bean. However, several SNP regions have been previously identified by studies including Jain et al. (2019); Shi et al. (2021), and Wen et al. (2019). Supplementary Table S22 lists a total of 153 SNP markers, including the 71 from current study. Within this dataset, 17 SNP regions are found to have SNP markers reported within a <3 Mbp distance in previous studies. For instance, the SNP Chr02_30212013 identified for resistance to HG 1.3.6.7 in this study corresponds to SNP ss715639664_Chr02_30457681 reported by Jain et al. (2019) for resistance to HG Type 0, with a distance of 245,668 bp. This highlights the potential overlap and consistency in identifying genomic regions associated with SCN resistance across different studies using different SCN populations and HG Types.





Genomic prediction for genomic selection of SCN resistance

Genomic selection (GS) has been extensively explored across numerous crops, including maize, rice, soybean, and wheat, for diverse agronomic traits and stress tolerances (Albrecht et al., 2011; Battenfield et al., 2016; Bernardo, 1996; Duhnen et al., 2017; Heffner et al., 2011; Jarquin et al., 2016; Onogi et al., 2016; Piepho, 2009; Poland et al., 2012; Rutkoski et al., 2011; Shikha et al., 2017; Spindel et al., 2015; Technow et al., 2013; Xavier et al., 2016; Zhang et al., 2017). The estimation of genomic breeding values is pivotal in GS, with various approaches proposed, including BLUP methods (rrBLUP, maBLUP, cBLUP, gBLUP, sBLUP), and Bayesian methods (Bayes A, Bayes B, Bayes LASSO (BL), and Bayes ridge regression (BRR)). Assessment of selection prediction accuracy is commonly performed using Pearson’s correlation coefficient (r) between the genomic estimated breeding values (GEBV) and observed values for each trait in the validation (testing) set across different models.

In this study, genomic prediction (GP) was conducted across three common bean panels: the all.panel comprising 354 accessions, the Q1 (Mesoamerican) panel with 202 accessions, and the Q2 (Andean) panel comprising 152 accessions. Seven GP models (BA, BB, BRR, BL, rrBLUP, cBLUP, and gBLUP) were employed for cross-population prediction, while five models (maBLUP, cBLUP, gBLUP, sBLUP, and rrBLUP) were utilized for both across- and cross-population predictions. GP performance, measured by the r-value, was assessed across various SNP sets and training/testing ratios (fold) in cross-prediction. Additionally, GP was evaluated in across-prediction scenarios among the three panels (all, Q1, and Q2).

	GP estimation by different SNP set: The genomic prediction (GP) analysis was conducted using 12 SNP sets, comprising 10 different randomly selected SNP number sets and two sets derived from genome-wide association studies (GWAS) for resistance to the three SCN HG Types across three panels, employing seven GP models. Our findings revealed several key findings: Firstly, the correlation coefficient (r-value) increased with the inclusion of more SNPs in the SNP set, however, it had similar r-value when a SNP set had 500 or more SNPs, indicating a positive relationship between SNP number and prediction accuracy. Secondly, the r-value exhibited a similar trend across the three SCN HG Types, albeit with minor differences, suggesting consistent prediction accuracy regardless of HG Type. Thirdly, the r-value was consistently lower in Q2 compared to the all.panel and Q1, indicating potentially reduced prediction accuracy in this sub-population. Lastly, the r-value was notably lower when only 20 SNPs were randomly selected as a set (r20), indicating decreased prediction accuracy with a smaller number of SNPs. These findings align with previous studies by Shi et al. (2021) and Wen et al. (2019) on the similar trait of SCN resistance in common beans, as well as with other trait prediction analyses reported in the literature (Bhattarai et al., 2022, 2023; Ravelombola et al., 2021, 2019, 2020; Shi et al., 2021). Overall, our results contribute to understanding the factors influencing prediction accuracy in genomic selection and highlight the importance of SNP selection in enhancing prediction performance.

	Training/testing ratio (fold): Training/testing ratio (fold): GP (r-value) was estimated in nine folds from 2-fold (training set: testing = 1: 1) in cross-prediction for the resistance to three SCN HG Types, 7 (HG 7; race 6), 2,5,7 (HG 2.5.7; race 5), and 1.3.6.7 (HG 1.3.6.7; race 14) in three panels: all 354 common bean accessions, Q1 - 202 accessions, and Q2 - 152 accessions estimated by rrBLUP (Supplementary Table S14, Supplementary Figure S15). All folds from 2 to 10 had similar r-value in each of three common bean panels, all, Q1, or Q2, but Q2 had smaller r-value than other two due less size of the Q2 panel, showing either the size of training set or testing set would affect the GA. These findings also align with previous studies (Bhattarai et al., 2022, 2023; Ravelombola et al., 2021, 2019, 2020; Shi et al., 2022, 2021; Wen et al., 2019).

	Across population prediction: In this study, genomic prediction (GP) accuracy (r-value) was estimated using rrBLUP across different SNP number sets ranging from 20 to 10,000 SNPs. The prediction focused on across-population scenarios, either from the Mesoamerican (Q1; 202 accessions) to Andean (Q2; 152 accessions) common bean accessions, or vice versa, for resistance to three SCN HG Types: 2.5.7, 7, and 1.3.6.7 (Supplementary Table S15, Figure 9). The results revealed relatively low prediction accuracy in across-population prediction between the two subpopulations, suggesting distinct genetic backgrounds influencing SCN resistance. However, leveraging a mixed population as a training set demonstrated high prediction accuracy for either subpopulation, implying the potential of genomic selection (GS) for enhancing SCN resistance in common bean across diverse genetic backgrounds. In this study, negative PA was observed in some cases during across-population predictions from Q1 to Q2 or Q2 to Q1 (Supplementary Table S15), indicating challenges in accurately predicting SCN phenotypes. These results may underscore the need to refine models, incorporate additional markers, or account for environmental interactions to improve prediction accuracy. Despite the occurrence of negative PA, the GS framework remains valuable for identifying useful patterns to improve SCN tolerance.

	GWAS-derived SNP markers as the SNP set: In this study, we also evaluated genomic prediction (GP) using 20 (m20) and 71 SNP markers (m71) derived from genome-wide association studies (GWAS). Both sets of markers showed higher prediction accuracy (r-values) for resistance to all three SCN HG Types compared to other SNP sets. However, the m71 GWAS-derived SNP markers exhibited the highest GP accuracy, indicating the presence of multiple alleles with minor effects contributing to SCN resistance in common bean. This approach, combining marker-assisted selection (MAS) and genomic selection (GS), can be valuable in real-world breeding programs, despite potential biases in predictive ability when using SNP markers from the same GWAS panel (Shi et al., 2021). Similar approaches have been successfully applied in predicting genetic architecture for various traits in different crops, including wheat, soybean, and others (Ali et al., 2020; Qin et al., 2019; Ravelombola et al., 2021, 2019, 2020; Spindel et al., 2016; Zhang et al., 2016b). Therefore, employing MAS and GS through genomic estimated breeding values (GEBVs) using associated SNP markers holds promise for molecular breeding aimed at enhancing SCN resistance in common bean, as well as for improving other quantitative traits in diverse plant species.

	GP for different HG types: The genomic prediction (GP) analysis for SCN resistance across different HG Types (races) revealed several key findings. Despite variations in HG Types, the host common bean accessions did not exhibit distinct patterns that could distinguish between them, indicating a lack or little of differential host response to different SCN HG Types (races). High correlations were observed among the three races based on both phenotypic data and predicted genomic estimated breeding values (GEBV), suggesting a shared genetic basis for resistance across HG Types. Furthermore, the high genomic accuracy (GA) in predicting GEBV from one HG Type to another indicates the robustness of the resistance mechanisms against SCN evolution. Analysis of 78 resistant accessions (Supplementary Table S20) demonstrated that resistance to one HG Type often conferred resistance to others, with few instances of intermediate susceptibility. This supports the notion that SCN resistance may predate SCN pathogen stress and that gene-for-gene co-evolution may not be necessary for SCN resistance in common beans. Consistent with previous studies, accessions displayed varying degrees of resistance to different HG Types, with more robust resistance observed against HG123567 compared to HG 2.5.7. However, the correlation between HG 2.5.7 and HG123567 resistance, as reported by Wen et al. (2019), was relatively low (r=0.34), suggesting challenges in predicting GEBV between races based solely on SCN phenotypic data. These findings underscore the complexity of SCN resistance in common beans and highlight the need for further research to elucidate the underlying genetic mechanisms and optimize breeding strategies.







Genetic diversity, domestication, utilization of SCN resistant resources

Based on principal component analysis (PCA) and phylogenetic analysis, the 354 accessions were categorized into two clusters: Q1 representing Mesoamerican and Q2 representing Andean domestication. Within Q1, further subdivision resulted in three groups (g1, g2, and g3), while Q2 split into two groups (p1 and p2), resulting in a total of five sub-populations: Q1g1, Q1g2, Q1g3, Q2p1, and Q2p2 (Supplementary Table S1). Among the 78 accessions that were resistant to one or more HG Types, 52 accessions were in Q1g1 predominantly from Mexico, with minor representation from Guatemala, Colombia, and the United States; eight accessions in Q1g2, evenly distributed between Costa Rica and Mexico, with additional accessions from Canada, Colombia, El Salvador, and the United States; five accessions in Q1g3 with two originating from India and one each from China, Japan, and Turkey; and 13 accessions in Q2p1 with the majority from Ecuador, followed by representation from Peru, Bolivia, and Bulgaria (Supplementary Table S20). Notably, Q2p2 did not contain any accessions displaying SCN resistance with FI < 20, except for PI 165617, which exhibited a FI of 19.4, indicating resistance to HG 1.3.6.7. However, PI 165617 showed higher FIs of 48.6 for HG 7 and 30.7 for HG 2.5.7 resistance (Supplementary Table S1).

The phylogenetic analysis of 354 common bean germplasm accessions revealed two distinct sub-populations, Q1 and Q2, delineated by domestication into Mesoamerican and Andean origins, respectively. This differentiation was evident when analyzing both 6,600 randomly selected SNPs (Supplementary Figure S3-1) and 20 SNP markers associated with resistance to SCN HG Types 7, 2.5.7, or 1.3.6.7 (Supplementary Figure S18). Notably, within each sub-population, resistant accessions tended to cluster together, highlighting the presence of two distinct types of SCN-resistant resources (Supplementary Table S20). Further analysis of the most highly associated 13 SNP markers within QTL regions among the 78 SCN-resistant accessions reaffirmed this pattern, illustrating the existence of two distinct SCN-resistant resource pools based on Mesoamerican Q1 and Andean Q2 domestications (Supplementary Figure S19). Evidences have been shown that common bean originated in the Mesoamerica, and Andean gene pool originated through different migration events from the Mesoamerican populations (Bitocchi et al., 2012). It is likely that SCN originated along with the major host soybean in northern China, and the nematode was introduced to America in 19th and/or 20th century (Riggs, 2004). These findings suggest that SCN resistance may predate SCN pathogen stress in common beans and that resistance can evolve either in wild ancestry or in domestication without the necessity of a gene-for-gene interaction between the plant host and pathogen (PagÃ¡n and GarcÃ­a-Arenal, 2018). The reason for why there were more SCN-resistant accessions in Mesoamerican gene pool than in Andean gene pool is unclear, but it is possible that the resistance evolved through the different domestication processes between the two regions. The identification of these two SCN-resistant resource pools offers valuable insights for breeders seeking to enhance SCN resistance in common bean breeding programs, providing guidance on parent selection strategies.






Conclusion

In this study, we evaluated 354 USDA common bean germplasm accessions for resistance to SCN HG Types 7, 2.5.7, and 1.3.6.7 under controlled greenhouse conditions. Notably, 26 lines exhibited resistance to all three populations of different HG types, while 78 lines showed resistance to at least one HG type. We identified four QTL regions associated with resistance to each HG type, highlighting potential genetic targets for breeding programs. Our comprehensive genomic prediction (GP) analysis demonstrated the superior performance of Bayesian models (BA, BB, BRR, BL) and gBLUP in predicting SCN resistance. Despite observing low prediction accuracy (PA) across populations between Mesoamerican and Andean common bean accessions, using a mixed population as a training set showed high PA for predicting either sub-population. These findings underscore the potential of SNP markers for marker-assisted selection and genomic selection in common bean breeding programs, facilitating the identification of SCN-resistant lines and plants. Furthermore, we observed robust resistance mechanisms across the three HG types, with variations in highly associated SNP markers and QTL between domestications (Mesoamerican and Andean), suggesting pre-existing resistance to SCN. Our investigation into genomic heritability (GH) highlights the potential of larger SNP sets for reliable genomic selection in SCN resistance breeding programs. Additionally, genome-wide association study results identified specific SNP markers associated with SCN resistance across different bean panels and HG Types, offering valuable targets for marker-assisted selection and further genetic studies. Overall, our study significantly advances genomic selection strategies for enhancing SCN resistance in common bean, providing a promising approach to accelerate breeding efforts against this detrimental pest.
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Genotype 1w+3d 2w+3d 3w+3d

WT 83 114 118
Sh-13 122 100 62
Sh-36 68 55 94

SI-2 21 60 36
Sl-12 26 54 123

After storage at 2.5°C for 1 (‘1lw+3d’), 2 (‘2w+3d’) or 3 (‘3w+3d’) weeks, fruit were transferred
to 20°C for 3 days.
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Genotype 1w 1w+3d 2w 2w+3d 3w
WT 86 101 83 118 ‘ 118 120 120
Sh-13 69 126 126 85 ‘ 105 62 62
Sh-36 65 86 68 55 ‘ 55 56 94
SI-2 67 63 5 63 ‘ 63 36 36
sl-12 67 24 24 | 36 ‘ 54 60 127

Fruit were stored at 2.5°C for 1 (‘1w+3d’), 2 (‘2w+3d’) or 3 (‘3w+3d’) weeks, or followed by transfer to 20°C for 3 days.
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QTL Gene number* Annotation

ed by mapping t

qRppl-6 SPIMP06g0183860 SUMO-domain containing LA2093
qRppl-8 Spimp08g024080 Protein phosphatase 2C LA1589
qRppl-8 SPIMP08g0250550 Pectin acetylesterase LA2093
qRppl-8 Solyc08g079830 Copper chaperone for superoxide dismutase Heinz BG-1706
qRppl-8 Solyc05g045840 Ribosomal protein L16 Heinz BG-1706

'Gene numbers are in reference to the genome used in mapping, as shown in last column.
No candidate genes were identified for qRpp1-5.
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Phenotype @ Number of = Subcategory = Number of

plants plants
(percentage) (percentage)
Susceptible 966 (82%) Highly susceptible 233 (20%)
Susceptible ‘ 733 (62%)
Resistant 215 (18%) Strongly resistant 79 (6.7%)
Moderately 44 (3.7%)
resistant
Weakly resistant 92 (7.8%)
Total 1181 1181

Mendelian 3:1 segregation ratio rejected (Chi-squared test p<0.001).
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Chromosome  Delineated # of Loci in LA1589

markers
5 0-CT167 244 Spim05g005010-
Spim05g007440
6 0-TG178 586 Spim06g005010-
Spim06g010850
8 TG302-CT68 1027 Spim08g020700-
Spim08g030960
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Marker P-value
CT101** 5 0.04
TG441* 5 0.06
qRppl-6 CT216%* 6 0.03
qRpp1-8 TG201+** 8 0.006
CT265* 8 0.02

!Significance of markers determined using Wilcoxon Mann-Whitney test, ***p<0.01 highly
significant, **p<0.05 significant, *p<0.1 suggestive.
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Category Number of InDels

Upstream 77,639
Stop gain 122
Stop loss 38
Frameshift deletion 2,060
Exonic
Frameshift insertion 1,357
Non-frameshift deletion 1,552
Non-frameshift insertion 1,343
Intronic 97,808
Splicing 245
Downstream 58,873
Upstream/downstream 6,987
Intergenic 570,664
Insertion ‘ 398,001
Deletion 420,787
Total 818,788
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Chromosome

Trans ID Variant Pos. 5 Description
LOC107428904 ~ Nonsynonymous 1 34,789,744 G A G-type lectin S-receptor-like serine/threonine-protein kinase CES101
LOCI125419419  Nonsynonymous 1 37,809,384 T ot Autophagy-related protein 9-like
LOC107429678 Upstream 1 2,119,756 A T 60S ribosomal protein L7-2-like
LOC107410261 Upstream 1 2,800,834 T A Stress response protein nstl
LOC107410630 Upstream 1 4,282,464 C G Protein LIGHT-DEPENDENT SHORT HYPOCOTYLS 10-like
LOC107415626 Upstream 1 7,729,619 G A Probable 26S proteasome regulatory subunit 10B
LOC107415838 Upstream 1 9,506,661 C A Oligopeptide transporter 3
LOC107416052 Upstream 1 9,809,056 T A Probable galactinol-sucrose galactosyltransferase 2
LOC107416646 Upstream 1 10,062,515 (o T L10-interacting MYB domain-containing protein-like
LOC112492633 Upstream 1 12,282,277 c T Uncharacterized LOC11249263
LOC112492633 Upstream 1 12,282,344 A T Uncharacterized LOC11249263
LOC107427361 Upstream 1 31,195,702 K C 60S ribosomal protein L39
LOC107427319 Downstream 1 31,195,702 T C DEAD-box ATP-dependent RNA helicase 57
LOC107427897 Upstream 1 32,085,198 T G Uncharacterized LOC107427897
LOCI25421212 Upstream 1 32,521,722 G A Triphosphate tunnel metalloenzyme 3-like
LOCI125421212 Upstream 1 32,521,754 T [ Triphosphate tunnel metalloenzyme 3-like
LOC107434928 Upstream 1 33,891,909 o] A Methyl-CpG-binding domain-containing protein 11-like
LOC107434812 Upstream 1 34,246,119 A G Pentatricopeptide repeat-containing protein At5g66520-like
LOC125420706 Upstream 1 36,463,835 T € Secreted RXLR effector protein 161-like
LOC125420706 Upstream 1 36,464,517 T C Secreted RxLR effector protein 161-like
LOC125420706 Upstream 1 36,464,535 c fi Secreted RxLR effector protein 161-like
LOC125420706 Upstream 1 36,464,552 c T Secreted RXLR effector protein 161-like
LOC125420706 Upstream 1 36,464,609 c T Secreted RXLR effector protein 161-like
LOC125420706 Upstream 1 36,464,625 G A Secreted RXLR effector protein 161-like
LOC125420706 Upstream 1 36,464,640 C T Secreted RXLR effector protein 161-like
LOC125420708 Upstream 1 36466668 T c Grtype lectin S'“E‘; :’;’ﬁ:;;;‘;;“hmmm'*’mtEi“
LOCI125419419 Upstream 1 37,809,400 T [al Autophagy-related protein 9-like
LOC107431296 Downstream 1 37,809,400 4N [0} Oxysterol-binding protein-related protein 1C-like
LOC125419419 Upstream 1 37,809,925 A G Autophagy-related protein 9-like
LOC107431296 Downstream 1 37,809,925 A G Oxysterol-binding protein-related protein 1C-like
LOC107435351 Upstream 1 46,645,449 G A Protein OXIDATIVE STRESS 3 LIKE 2-like
LOC107429729 Upstream 10 24,836,424 (e} T Serpin-ZXA-like

LOC107429866 Upstream 11 3,879.679 A G Beta-adaptin-like protein C
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Trans ID

Variant

Chromosome
No.

Pos.

Description

L10-interacting MYB

LOC107416646  Upstream 1 10,062,550 = G domain-containing
protein-like
LOCI07416756  Upstream 1 10,130,840 = ATAAAAAATAAAAGAAAGAAGTTGTAATTAAC s Peptidyl-prolyl cis-trans
isomerase FKBP16-1
Uncharacterized
LOCI12492633 | Upstream 1 12,282,567 AAA - LoCt Laots
LOC107419709 | Upstream 1 13,411,848 = A Proteasome subunit alpha
type-2-A
LOC107418147 | Upstream 1 32,325,602 - TrrrG | Crstelnesichreceptoriike
protein kinase 44
LOCI07434932  Upstream 1 33,869,908 ATTTGCATT = GICA EntloH1 3 bt
glucosidase 11-like
Pentatricopeptide repeat-
LOC107434812 | Upstream 1 34,246,362 @ - containing protein
At5g66520-like
Pentatricopeptide repeat-
LOC107434812  Upstream 1 34,246,380 C N containing protein
At5g66520-like
Pentatricopeptide repeat-
LOC107434812 | Upstream 1 34,246,452 A - containing protein
At5g66520-like
LOCI07433024  Upstream 1 39,609,566 - rary | Celcumedependent protein
kinase 2
LOC107433077 = Upstream 1 39,634,711 = C Syntaxin-61
LOC107433077 | Upstream 1 39,634,759 A - Syntaxin-61
LOCI07404388  Upstream 1 45,148,484 TATTTT - UDP'EI“;;’SK:‘“S&"‘”
AP-1 complex subunit mu-
LOCI07418290  Upstream 5 9,505,773 - TG “’m"z e;fks“ SR
like
LOC107420246 | Upstream 6 6:409,038 - TGTG  Abscisic acid 8-hydroxylase 2
LOC107421064 | Upstream 6 11,024,545 TCTC - UDP-galactose transporter 1
LOC107423890 = Upstream 8 3,467,453 - TG Germin-like protein
LOCI25419526 | Upstream 12 12,839,536 - TA Loricrin-like
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Sample Clean base (bp) Q20 (%) GC content (%)
Small fruit pond 37,240,231,632 98.35 ‘ 94.25 34.67
Big fruit pond 24,741,180,842 98.22 94.33 353
JMS2 (9) 6,762,077,180 97.71 93.47 34.58
J5 () 6,620,859,326 97.7 93.47 355

Clean bases: The number of filtered bases in bp. Q20 (%) and Q30 (%): Proportion of bases with mass numbers greater than 20 and 30 to the total number of bases. GC content (%): The ratio of
the sum of the number of bases G and C to the total number of bases.
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Mapping Average Coverage at least Coverage at least

rate (%) depth (x) 1x (%) 4x (%)

Small

” 245,734,467 249,167,384 98.62 82.17 97.46 95.82
fruit pond

,Blg 163,730,612 166,566,052 983 5538 9595 94.05
fruit pond
JMS2 (?) 44,551,023 45,151,054 98.67 14.42 92.03 ‘ 86.32

15 (8) 43,631,130 44,209,662 98.69 14.37 91.89 ‘ 84.83

Mapped reads: Number of reads compared to the reference. Mapping rate: Comparison rate, the number of reads compared to the reference genome divided by the number of reads of valid
sequencing data. Coverage at least 1x/4x: Reference genome with at least 1/4 base coverage of loci as a proportion of the genome.
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Category Number of SNPs

Upstream 191,893
Stop gain 1,757
Stop loss 274
Exon
Synonymous 80,145
Non-synonymous 98,147
Intronic 357,677
Splicing 523
Downstream 180,087
Upstream/downstream 18,197
Intergenic 2,622,790
Transitions (Ts) 2,260,594
Transversions (Tv) 1,292,240
Ts/Tv 1,749
Total 3,552,834
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LiL4 ZFN Plant architecture Tomato Hilioti et al, 2016
Solyc12g038510 CRISPR Jointless and branching Tomato Soyk et al,, 2017
FRIGIDA TALEN Vernalization and flowering Cabbage Sun et al,, 2013
Photosynthetic Efficiency and Light Utilization
SBPase CRISPR Leaf senescence Tomato Ding et al, 2016
Nutrient Utilization Efficiency
StMYB44 CRISPR Phosphorus homeostasis Potato Zhou et al., 2018
FLAs CRISPR Phosphorus stress Rapeseed Kirchner et al, 2017
Pest and Disease Resistance
SyAZ2 CRISPR Resistance to bacterial speck Tomato Ortigosa et al., 2019
Solyc08g075770 CRISPR Fusarium wilt susceptibility Tomato Prihatna et al., 2019
Coat protein, from TYLCV CRISPR Resistant to yellow leaf curl virus Tomato Tashkandi et al., 2018
SiMlo1 CRISPR Powdery mildew resistance Tomato Nekrasov et al., 2017
Coilin gene CRISPR Resistant to biotic and abiotic agents Potato Khromov et al., 2018; Makhotenko
et al, 2019
WRKY11, WRKY70 CRISPR Enhanced biotic resistance Rapeseed Sun et al,, 2018
eIF4E CRISPR Enhanced viral resistance Cucumber Chandrasekaran et al., 2016
ALS CRISPR Increased herbicide resistance ‘Watermelon Tian et al,, 2018
CaERF28 CRISPR Anthracnose resistance Pepper Mishra et al., 2021
eIF4E CRISPR Virus resistance Melon Pechar et al,, 2022
SIMYC2 CRISPR Resistance to Botrytis cinerea Tomato Shu et al,, 2020
Yield and Product Quality
PL, PG2a, and TBG4 CRISPR Cell wall and firmness Tomato Wang et al,, 2018b
AP2a, NOR, FRUITFULL CRISPR Fruit development and ripening Tomato Wang et al,, 2019
SIEIN2, SIERFEL, SIARF2B, SIGRASS, CRISPR Ethylene response and Tomato Hu et al,, 2019
SIACS2, SIACS4 fruit development
SIDML2 CRISPR DNA methylation and fruit ripening Tomato Lang et al,, 2017
RIN CRISPR Ethylene and fruit ripening Tomato Ito et al., 2017
SIORRM4 CRISPR RNA editing and fruit ripening Tomato Yang et al,, 2017
ALC CRISPR Shelf life Tomato Yu et al, 2017
Solyc12g038510 CRISPR Jointless mutant, abscission Tomato Roldan et al,, 2017
LIL4 CRISPR Fruit metabolism during ripening Tomato Gago et al., 2017
SBEI, StvacINV22 TALEN Sugar metabolism Potato Ma et al,, 2019
FaGAST1 CRISPR Increased fruit size Strawberry Abdullah et al,, 2021
CmACO1 CRISPR Extends the shelf life Melon Nonaka et al,, 2023
FAD2 CRISPR Fatty acid metabolism Rapeseed Okuzaki et al., 2018
FAEIL CRISPR Reduced long-chain FA Camelina Ozseyhan et al,, 2018
CsDGATI, CsPDAT1 CRISPR Altered fatty acid content Camelina Aznar-Moreno and Durrett, 2017
FAD2 CRISPR Reduced levels of polyunsaturated Camelina Jiang et al,, 2017; Morineau et al., 2017
fatty acids
Visual, Sensory, and Nutritional Attributes
SIMYB12 CRISPR Pink tomato fruit color Tomato Deng et al., 2018
FvMYBI0, FyCHS CRISPR Anthocyanin biosynthesis Strawberry Xing et al., 2018
DcCCD4 CRISPR Different colored in carrots Carrot Li et al., 2021
F3H CRISPR Anthocyanin biosynthesis Carrot Klimek-Chodacka et al., 2018
F3H CRISPR Altered flower pigmentation ‘Wishbone Nishihara et al., 2018
flower
InDFR-B CRISPR Anthocyanin biosynthesis Petunia Watanabe et al, 2017
C3H, C4H, 4CL, CCR, IRX CRISPR Lignocellulose biosynthesis Orchid Kui et al., 2017
InCCD4 CRISPR Altered petal color Petunia Watanabe et al,, 2017
SmCPS1 CRISPR Tanshinone biosynthesis Red sage Li et al,, 2017
GGP1 CRISPR Vitamin C biosynthesis Tomato Li et al., 2018a
Psyl, CrtR-b2 CRISPR Carotenoid metabolism Tomato D’Ambrosio et al., 2018
Carotenoid isomerase, Psyl CRISPR Carotenoid metabolism Tomato (Dahan-Meir et al., 2018)
SGRI, Ble, LCY-E, -B1, -B2 CRISPR Increased lycopene content Tomato Li et al., 2018a
ANT1 CRISPR/ Anthocyanin biosynthesis Tomato (Cermak et al., 2015)

TALEN





OPS/images/fpls.2024.1524601/fpls-15-1524601-g003.jpg
* Facilitate selection and
generation advancement

* Reduce phenotypic evaluations

* Gene pyramiding

* Seeds/seedling evaluations

Screening genetic resources
* Qualitative trait introgression
e Create genetic diversity

 Trait characterization Conventional

breeding Marker-assisted

and breeding
quantitative

genetics

Controlled
Environment
Breeding

Genetic engineering
and

Genome-informed

- breeding
gene editing QTL mapping/GWAS
* Genomic selection

* RNAseg/proteomics/metabolomics
* Gene/allele and structural variants
discovery

Overexpression
* QGene silencing

* Secondary and tertiary gene transfer
* Qualitative and quantitative gene targets
* Functional characterization






OPS/images/fpls.2024.1524601/fpls-15-1524601-g002.jpg
Phenotypic
plasticity






OPS/images/fpls.2024.1524601/fpls-15-1524601-g001.jpg
Environment Germplasm

3 2
Genetic diversity

1 § Wild relatives
Phenomics =
r Elite breeding lines
SxE Genomics
'\ ((('))) /
> Genomics + ? E g
Sensors Gene expression Epigenetics
T T
- -
-ﬂ.&
b3 ‘bi
High-throughput
Automation 'ghem,y;’mg Crop Improvement for Pro(eomncs Melabolomlcs

Controlled Environments

43 o
n E GWAS QTL mapping

Modeling Breeding
Machine learning g

COnvemlonal
Breeding

& Genome-informed

= g Breedin
Genome Editing Genetic 9
Transformation






OPS/images/fpls.2024.1524601/crossmark.jpg
©

2

i

|





OPS/images/fpls.2024.1507968/table3.jpg
NO. Gene ID Position (bp) Function annotation Arabidopsis

thaliana
1 BolC8t52907H C8: 50786567-50789198 Zinc finger protein-like protein AT1G01930 -
2 BolC8t52908H | C8: 50789389-50790644 g’ﬁf:t‘:efe peptidyl-prolyl cis-trans fsomerase ATIG01940 CYPIS-1
3 BolC8t52909H | C8: 50791272-50795437 Armadillo repeat kinesin 2 ATIG01950 ARK2
4 BolC8t52910H = C8: 50795900-50802501 SEC7-like guanine nucleotide exchange Family protein AT3G43300 MIN7
5 BolC8t52911H = C8: 50803247-50803473 - - -
6 BolC8t52912H = C8: 50804262-50808395 Secretory 1A AT1G02010 SECIA
7 BolC8t52913H | C8: 50811598-50812374 C2H2-type zinc Finger Family protein ﬁggz;gg;’ -
8 BolC8t52914H = C8: 50816537-50818245 Squamosa promoter binding protein-like 8 ATI1G02065 SPL8
9 BolC8t52915H = C8: 50824869-50825378 Zinc ion-binding protein AT1G02070 -
10 BolC8t52916H | C8: 50838842-50851729 Transcription regulator AT1G02080 NOT1
11 BolC8t52917H = C8: 50858004-50858435 = 2 =
12 BolC8t52918H = C8: 50859445-50860089 = = =
13 BolC8t52919H = C8: 50861440-50862066 = - -
14 BolC8t52920H = C8: 50862682-50864763 Nucleic acid-binding%2C OB-Fold-like protein ATIG14800 -
15 BolC8t52921H | C8: 50868921-50870786 PIF1 helicase AT5G28780 =
16 BolC8t52922H = C8: 50871180-50871800 - - -
17 BolC8t52923H | C8: 50872749-50873249 Ethylene-responsive element binding Factor 13 AT2G44840 ERF13
18 BolC8t52924H | C8: 50874328-50875521 Proteasome component (PCI) domain protein AT1G02090 CSN7
19 ‘ BolC8t52925H = C8: 50875833-50878712 Leucine carboxyl methyltransferase AT1G02100 LCMT1
20 BolC8t52926H = C8: 50879522-50881195 RAS 5 AT1G02130 RA-5
21 BolC8t52927H = C8: 50881667-50882474 Mago nashi Family protein AT1G02140 MEE63
22 BolC8t52928H | C8: 50882684-50886297 Homolog of asparagine-linked glycosylation 12 ATIG02145 ALGI2
23 BolC8t52929H = C8: 50887446-50888010 - - -

24 BolC8t52930H = C8: 50889892-50894227 Fatty acid hydroxylase super Family AT1G02205 CER1
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Py 15 - 15 - -
P, 15 15 - - -
Fy 50 50 - .
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X2<10.05 (3.84) is considered as significant
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M3

M4

Algorithm MAE MSE
LSTM 0.002 0.036 0.042
SVR 0.002 0.035 0.042
BiLSTM 0.003 0.025 0.040
WOA_BIiLSTM_attention 0.002 0.027 0.041
Optuna_LSTM 0.003 0.042 0.051
GWO_SVM 0.002 0.033 0.040
LSTM 0.006 0.059 0.077
SVR 0.002 0.034 0.041
BiLSTM 0.002 0.030 0.041
‘WOA_BiLSTM_attention 0.002 0.026 0.039
Optuna_LSTM 0.006 0.062 0.074
GWO_SVM 0.002 0.033 0.041
LST™M 0.006 0.060 0.079
SVR 0.002 0.033 0.041
BiLSTM 0.003 0.043 0.056
‘WOA_BiLSTM_attention 0.003 0.041 0.053
Optuna_LSTM 0.006 0.062 0.075
GWO_SVM 0.002 0.033 0.038
LST™M 0.006 0.058 0.076
SVR 0.002 0.033 0.040
BiLSTM 0.007 0.063 0.080
‘WOA_BiLSTM_attention 0.005 0.058 0.073
Optuna_LSTM 0.005 0.062 0.074
GWO_SVM 0.002 0.032 0.039
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henotype category

Average

Minimum

Standard
deviation

Standard
Score
Maximum

Standard
Minimum

External rectangular length 60.1 69.24 52.86 4.65 1.98 -1.55
External rectangular width 60.02 66.86 53.57 3.89 1.76 -1.66
Roundness 0.81 0.9 0.57 0.069 1.34 -3.38

Area 208.32 244.58 182.93 16.54 2.19 -1.54

Perimeter 27824 3351.2 2215.15 343.02 1.66 -1.65

Long axis 39.75 43.15 3217 3.51 0.97 -2.16

Short axis 34.38 40.38 24.83 42 143 -2.27

Red mean 103.42 161.97 51.16 27.48 213 -1.90

Green mean 68.64 113.6 30.161 22.40 2.01 -1.72

Blue mean 4191 74.33 19.13 15.37 211 -1.48
Greyscale mean 70.99 114.18 33.15 21.52 2.01 -1.76
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CleanBase CleanQ20 CleanQ30 CleanData Conversion

RawReadsNum AdapterCleanBaseRate CleanReadsNum

Num Rate Rate (Gb) Rate
25-H 477995710 47.88% 473111408 34221305807 98.04% 95.00% 34.221 0.977301
4-H 467490740 66.68% 466251134 46678242359 97.72% 93.95% 46.678 0.983456
857 485553402 98.71% 485242920 71775076943 95.00% 87.75% ‘ 71775 0.994134
4Z 505715868 1 98.21% 505353272 74401645969 95.48% 88.76% 74.402 0.993022

AdapterCleanBaseRate: Utilize the software “cutadapt” for filtering raw data, which involves trimming adapter sequences, removing bases with quality scores less than 5 from the beginning and
end of sequences. Calculate the ratio of post-quality control bases to total bases in the raw data (CleanBase/RawBase). ConversionRate: During library construction, the evaluation of
transformation efficiency can be enhanced by incorporating a segment of non-methylated DNA sequence, such as the lambda sequence. Theoretically, post sodium bisulfite treatment, all cytosine
(C) sites should convert to thymine (T), resulting in 100% transformation efficiency. By quantifying the rate at which Cs in the lambda sequence convert to Ts (i.e., 1 — methylation rate), the
actual transformation efficiency of the library can be determined.
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Primer name

ACT-2 (internal control primers)
ARP

1AAH

SUS

ABI2

GA20x

Primer sequen

F(

CTCTCTCAGCACCTTCCAGCAG

TCCGTCTACGACTGGCTCTA

CCCTTCGGGCTGATATGGAC

AACGGTTTATGGAGGGCCAG

AGATGGGCCCTTTGGTTCAG

GTCCGCTTATCCTCGAAGGG

3 Primer sequence R (5

TAACAACCCAAACAAACAATCC

TTCACGAGTAGGACCACCGA
CCTTCCTCTGCGGGTTGAAA
TAGATTCGTTGTAGCCCCGC
CAAAACGTTTCCGCCCTTGT

AATCCCGGTGGTAGACCTGA
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Samplel ReadSum BaseSum GC (% N (%)

T 16999694 3433596623 50.27 0.01 98.75 100.00

T2 16265835 3285366091 50.07 0.01 98.78 100.00 93.54
T3 15645762 3160147874 4936 0.01 98.77 100.00 93.52
T4 15701026 3171292675 4958 0.01 98.80 100.00 93.61
T5 16011697 3234047704 4964 0.01 98.79 100.00 93.58
T6 15683182 3167681443 50.30 0.01 98.77 100.00 93.52
T12 13981216 2823955927 49.03 0.01 98.82 100.00 93.76
T13 14886624 3006832373 47.38 0.01 98.89 100.00 94.06
T14 14224023 2872983353 49.07 0.01 98.81 100.00 93.70
T15 14635771 2956134845 48.34 0.01 98.81 100.00 93.77
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Line_ID Pl Country Q1 Q2 2Cluster Race5Fl Race6 FI Racel4 Fl

PI313709_Mexico_Ql PI313709  Mexico 1 0 Q1 1.8 7.1 12
PI313733_Mexico_Ql PI313733  Mexico 1 0 Ql L1 2 L5
PI313749_Mexico_Ql1 PI313749  Mexico 1 0 Q1 33 9.9 2.1
PI313820_Mexico_Ql PI313820 = Mexico 0.998 = 0.002 Ql 24 5.5 2.1
PI325750_Mexico_Ql PI325750  Mexico 1 0 Q1 1.8 29 35
P1346960_Mexico_Q1 PI346960 = Mexico 1 0 Q1 37 35 3.5
P1430204_Mexico_Q1 PI1430204 = Mexico 1 0 Q1 4.9 55 2.1
P1430206_Mexico_Q1 PI1430206 = Mexico 0.998 = 0.002 Q1 0.9 9.4 3.9
PI319618_Mexico,Aguascalientes_Q1 PI319618 = Mexico, Aguascalientes = 0.999 = 0.001 Q1 4.6 7 33
PI312083_Mexico,FederalDistrict_Q1 PI312083 f::[;l):rca‘;bistricl 1 0 Q 14 7.7 77
PI313328_Mexico,Guanajuato_Ql PI313328 = Mexico,Guanajuato 1 0 Ql 33 7.5 1.6
PI417657_Mexico,Guanajuato_Q1 P1417657 = Mexico,Guanajuato 1 0 Q1 4 3 28
PI1201354_Mexico,Hidalgo_Q1 PI201354 | Mexico,Hidalgo 1 0 Q1 1.6 4.7 2
PI313440_Mexico,Mexico_Q1 PI313440  Mexico,Mexico 1 0 Q1 25 6.6 4.1
PI313444_Mexico,Mexico_Q1 PI313444 = Mexico,Mexico 1 0 Q1 1 27 23
PI313445_Mexico,Mexico_Q1 PI313445 = Mexico,Mexico 1 0 Q1 2 2.1 2
PI319684_Mexico,Michoacan_Q1 PI319684  Mexico,Michoacan 0974  0.026 Q1 58 L% § 1.6
PI417616_Mexico,Michoacan_Q1 P1417616 = Mexico,Michoacan 1 0 Q1 5 6.3 22
PI313473_Mexico,Morelos_Q1 PI313473 = Mexico,Morelos 1 0 Q1 3.8 8 2.8
PI313490_Mexico,Puebla_Q1 PI313490  Mexico,Puebla 1 0 Q1 3.1 5.1 24
PI313512_Mexico,Puebla_Q1 PI313512  Mexico,Puebla 1 0 Q1 9.1 35 46
PI325614_Mexico,Puebla_Q1 PI325614 =~ Mexico,Puebla 1 0 Q1 4.1 9.1 15
PI417725_Mexico,Puebla_Q1 PI417725  Mexico,Puebla 0922 0.078 Q1 9.9 4.7 3
PI313524_Mexico,Veracruz_Ql PI313524  Mexico,Veracruz 1 0 Q1 1.5 26 1.1
PI608388_UnitedStates,Nebraska_Q1 PI608388  UnitedStates, Nebraska = 0.999 = 0.001 | Q1 24 5.8 1.7

P1415936_Ecuador,Imbabura_Q2 P1415936  Ecuador,Imbabura 0.002 0998 Q2 4.3 5 21
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Gene_start Gene_end ‘ Pos From.gene. From.gene. SCN  GWAS.

Chr Gene-Readable-Description Distance

((79] (bp) (bp) Start (bp) Start (bP) race set
Phvul 002G126800 | 2 26863363 26873918 RECQ helicase 12 Chr02 26871668 2 26871668 8305 2250 ongene | races Q
Phwil006G205300 6 30043569 30044438 EXORDIUM like 2 Chi06 30044825 6 30044825 1256 387 <1kb nees | allQ2
Phvul 006G205800 6 30076072 30080766 methyl-CPG-binding domain 8 Chi6_30072683 6 30072683 3389 -8083 <akb races all
Phvul 009G196500 9 20873739 20877359 Co-chaperone GrpE family protein Chr09_29870288 9 29870288 3451 7071 <dkb races all
Phval011G0I5200 | 11 1202132 1204327 tonoplast intrinsic protein 5;1 <3Kb
Chrll_1206371 11 1206371 1239 2044 nees | allQ2

P-loop containing nucleoside triphosphate

Phwil011GOIS300 11 1205296 1211056 on gene
hydrolases superfamily protein
Mitochondrial ATP synthase subuni

Phvil002G304700 | 2 47200820 msiess ;‘r:':: AL ATR Frathase §obinl Chroz_47200285 2 47299285 8165 1629 <skb nees | alQl

Phvil002G304800 | 2 47299804 47303649 N-MYC downregulated-like 1 Chi02_47306325 2 47306325 6521 276 <3Kb races Q

Phvil003G020400 | 3 1947544 1952837 MMS ZWEI homologue 1 Chro3_1949907 | 3 1949907 263 2930 ongene | races al,Q2

Phvil010G034600 10 5037704 5018093 like heterachromatin protein (LHP1) Chri0_5036799 | 10 5036799 905 11294 <ikb nees  allQl
SAUR-like auxin-responsive ~

Phvil002G109600 | 2 23521662 23520504 : Chro2 23518869 2 23518869 2793 3675 kb raceld all
protein family

Phvil002G149500 | 2 30216646 30218163 DORNROSCHEN-like Chro2 30212013 2 30212013 4633 6150 <skb racel Q

Phwil 006G206700 6 30144607 30149315 CD2-binding protein-related 475 533 ongene | raceld @

Chro6_30148782 6 30148782

Phvul006G206800 6 30153391 30155718 pumilio 7 1609 9936 <skb raceld all
Bifunctional inhibitor/lipid-transfer

Phvil006G207500 | 6 30214988 30216876 protein/ seed storage 25 albumin 5079 3191 <ikb raceld all
superfamily protein Chr06_30220067 6 30220067

Phvul006G207600 | 6 30224677 30225373 DNAJike 20 4610 5306 <Skb | raceld @

Phvul010G113600 | 10 38985436 soouqy | UDP-Glycosyltransferase Chri0_38987657 10 38987657 221 3761 ongene | raceld Q@

superfamily protein

Phvul010G118300 10 39752572 39758271 CBL-interacting protein kinase 9 Chrl0_39751933 10 39751933 639 6338 <1kb raceld all
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Vulnerability index at individual environments

Genotypes Genotype Fruit 3 » S 5 2 3 > Category
code color RFDVSK: RFDVSK RFDVSK RFDVSK. CPCTK: JHK RFDVSS Overall
18 19 20 A 21 21 21 mean
1 DSG-6 G Dark green 444 459 430 490 496 320 059 385 R
2 DSG7 G2 Light green 301 341 326 277 ERt 089 026 239 R
3 DSG-29 G3 Dark green 741 889 7.70 867 752 443 102 652 R
4 DSGVRL-22 G4 Green 1074 nn 170 12.96 1052 428 195 9014 R
5 DSGVRL-23 G5 Dark green 1580 1590 13.70 15.52 1365 633 116 1215 R
6 DSGVRL-18 G6 Dark green 1926 1863 1984 19.90 1880 1070 365 1583 R
7 DSGVRL3 G7 Dark green 273 241 2043 2378 2117 19.83 576 19.44 R
3 DSGVRL-2 G8 Dark green 2295 2659 2326 2501 273 2180 606 2106 R
9 DSGVRL-4 G9 Dark green 2791 2674 2563 2911 2757 265 622 2369 R
10 DSG-43 G20 Dark green 5259 5407 5289 5289 5574 5512 1247 4797 MR
n DSG-31 G2 Light green 5496 5644 5837 5837 5649 5164 1481 5058 Ms
2 KSG-14 G29 Dark green 7230 7200 7081 7081 6920 5698 2869 6297 Ms
13 Pusa Sneha G35 Dark green 7452 7941 76,59 7817 5328 6002 1934 6305 Ms
1 CHSG-1 G39 Green 8389 8178 8074 8074 8340 7413 2522 7284 Ms
15 CHSG-2 G40 Green 8222 8341 8119 8119 8084 6966 3350 7314 Ms
16 JSLG-55 G4z Light green 8533 8130 8107 8107 8328 6747 2889 7392 Ms
7 PSG-9 Get6 Green 9052 9215 9081 9081 9116 6757 820 8165 s
18 DSG-55 G48 Light green 9467 9556 9196 9181 9496 8617 3100 8159 s
19 Pusa Supriya G49 Light green 9526 9630 9196 95.80 8565 772 2806 8154 s
2 Kaljgopit G50 Dark green 9659 9541 9630 9536 9659 7825 2993 8406 s
Hari Chikni

REDVSK-18, Research Farm of Division of Vegetable Science, IARI during the kharif season of 2018; REDVSK-19, Research Farm of Division of Vegetable Science, IARI during the kharif season of 2019; REDVSK-20, Research Farm of Division of Vegetable Science, IARI
during the kharif season of 2020; REDVSK-21, Research Farm of Division of Vegetable Science, IARI during the kharif season of 2021; CPCTK-21, Centre for Protected Cultivation Technology farm during the Kharif season of 2021; JHK-21, Jhalawar during the Kharif
scason of 2021; REDVSS-21, Rescarch Farm of Division of Vegetable Science, IARI during the spring-summer season of 2021; R, resistant; MR, moderately resistant; MS, moderately susceptible; S, susceptible.
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LOD (-log(P))

o Beneficial nbeneficial
MARZ e e s
BLINK FarmCPU  MLMM = =
70 065 1177 055 801 9.60 A G all
Chr06_30044825 6 30044825
144 1014 7.20 663 5.68 604 A G @
5
90 593 1081 886 601 1825 T /o] all
Chrl1_1206371 1 1206371
212 420 748 469 349 7.46 T c @
169 659 827 391 372 1775 A G all
Chr02_47299285 2 47299285
47 032 062 664 437 822 A G Qi
154 540 1001 685 631 1791 A G all
Chr03_1949907 3 1949907 6
346 489 622 489 439 7.48 G A Q@
211 1499 123 286 247 4832 A G all
Chrl0_5036799 10 5036799
351 787 7.35 609 4.06 4190 A G Q
90 0 684 005 1037 2004 T c all
Chr06_30148782 6 30148782
212 573 009 029 524 781 T c @
14
93 164 0 15.86 1037 2053 G T all
Chr06_30220067 6 30220067

219 0 009 626 524 7.96 G T @
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Source of variation

GEN 19 965132 607.62 <0001 27151 3378 <0001 1,054.14 1959 <0001 | 30918 10537 <0001 419 9695 <0001
REP 2 046 003 09715 2108 262 0.0758 4771 0.89 04141 141 048 06197 | 002 055 05781
ENV 3 1529569 962.67 <0001 36533 45.45 <0001 3,08632 57.36 <0001 S8L16 19807 <0001 8.10 187.14 <0001

GEN'ENV 57 363.85 2290 <0001 4591 571 <0001 388.08 721 <0001 3390 <0001 1155 041 949 <0001
Error 158 15889 8038 5381 2934 0.043

VI, vulnerability index; DEFEA, days to first female flower anthesis; AFW, average fruit weight (g)s

PP, number of fruits per plant; FYPP, fruit yield per plant (kg/plant).
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Chr06_30220067
Chrl0_39751933
Chrl0_39764207
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LOD (-log(P))

FarmCPU MLMM MLM

13.29 3.67 5.62
6.84 0.05 10.37
0 15.86 10.37
0.40 0.09 3.64
7.14 0.33 3.83
15.17 9.07 7.27
8.11 2.67 3.09
0.09 0.29 524
0.09 6.26 524

t-test
7.96
20.04
20.53
21.61
21.53
255
11.10
7.81

7.96

Beneficial
_allele

‘The bold signifies the significant LOD (-log(P)) value based on Bonferroni correction value of 6.24 in set:all; 6.16 in Q1; and 6.05 in Q2.
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Set

all
all

all

all
Q1
Q1
Q2
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LOD (-log(P))

Beneficial Unbeneficial

Pos Set
BLINK FarmCPU MLMM MLM t-test  -allele —allele

Chr02_47299285 2 47299285 46.9 6.59 8.27 394 372 17.75 A G all
Chr03_1949907 3 1949907 15.4 5.40 10.01 6.85 6.31 1791 A G all
Chr06_18305803 [ 6 18305803 ‘ 83 6.15 7.32 5.15 4.80 33.76 A T all
Chr10_5036799 10 ‘ 5036799 21.1 14.99 1.23 2.86 247 4832 A G all
Chr02_47299285 2 47299285 ‘ 247 0.32 0.62 6.64 437 822 A G Q1
Chr02_47306325 2 47306325 ‘ 242 11.44 8.97 0.29 4.28 9.14 G L Q1
Chr10_5036799 10 ‘ 5036799 35.1 7.87 7.35 6.09 4.06 41.90 A G Q1
Chr03_1949907 3 1949907 34.6 4.89 6.22 4.89 4.39 748 G A Q2
Chr06_18293932 6 ‘ 18293932 15.1 1.81 9.28 432 3.94 18.40 A C Q2
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LOD (-log(P))

Beneficial Unbeneficial

£ FarmCPU MLMM MLM t-test  -allele -allele >
Chr06_30044825 6 30044825 7.0 0.65 11.77 0.55 8.01 9.60 A G all
Chr06_30072683 6 30072683 6.8 9.15 1.86 11.42 8.60 9.16 e T all
Chr09_29866343 a 29866343 ‘ 374 1.27 14.49 894 6.73 34.89 A G all
Chr09_29870288 9 29870288 ‘ 379 9.45 0.15 0.17 6.50 35.23 c T all
Chrl1_1206371 11 1206371 9.0 5.93 10.81 8.86 6.01 18.25 ‘ i G all
Chr02_26871668 2 26871668 ‘ 3.0 15.16 8.93 7.85 6.15 3.07 [ K i A Q1
Chr09_28924508 9 28924508 9.6 5.50 9.13 337 297 3.34 T c Q1
Chr06_30044825 6 30044825 14.4 10.14 7.20 6.63 5.68 6.04 A G Q2
Chrl11_1206371 11 1206371 212 4.20 7.48 4.69 3.49 7.46 i % Q2
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Name Tissue State
Tapet
T1 aPe wiL Anthers remain closed in the morning
contain pollen
T2 Tapetum Anther was opening but not completely in
contain pollen the morning
T3 Tapetum Anther was opened completely in
contain pollen the morning
Tapet
T4 aPe um Anther closure initiated in the evening
contain pollen
s Tapetum Anther was closing but not completely in
contain pollen the evening
Tapet
T6 a[.) S Anther was closed completely in the evening
contain pollen
T7 aP chum Anther open in the first time
contain pollen
T12 Leaf Same plant with collected anther
T13 Petal Same plant with collected anther
T14 Sepal Same plant with collected anther
T15 Stigma Same plant with collected anther
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Experimental Treatment
methods duration
4-H Pollen Keep at 4°C 30 days
25-H Pollen ’ Keep at 25°C 30 days
4-7Z Seeds ‘ Keep at 4°C 30 days
85-Z Seeds ‘ Keep at —-85°C 30 days
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