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Editorial on the Research Topic 


Characterizing and improving traits for resilient crop development


Global food security is a major concern in the ongoing climate-changing scenario; therefore, developing resilient crop cultivars and hybrids is of high priority in this 21st Century to feed an ever-growing population with sufficient and nutritious food. In addition to major crops - rice, wheat, and maize -, it is important to explore orphan/native crops that have more nutritional value (Chaturvedi et al., 2022; Chaturvedi et al., 2023). Biotic stressors including fungi, bacteria, nematodes, insects, and viruses; and abiotic limiting conditions such as drought, heat, cold, salinity, flooding, and nutrient deficiency in soils, have been exacerbated due to climate change (Ghatak et al., 2017; Chaturvedi et al., 2021). Developing and utilizing multiple resilient crops is critical to achieving agricultural seed yields and ensuring food security under all environmental constraints. Raising high-yielding crops under environmental constraints has been daunting due to the low heritability of characters under selection. Identifying more traits of importance that can confer tolerance to various stressors, is the primary goal of scientists and breeders (Roychowdhury et al., 2020). Thus, our Research Topic “Characterizing and improving traits for resilient crop development” comprises 14 manuscripts that provide new insights into crop genetic resources, quantitative trait loci (QTL) mapping, genome-wide association studies (GWAS), haplotype analysis, multi-omics approaches, gene discovery, expression and functional characterization using advanced gene editing tools.

Plant diseases cause approximately 30% of yield losses in major crops every year (Gangurde et al.). Under the current climate scenario, many diseases are emerging, worsening crop sustainability in the coming decades (Chakraborty et al., 2014). GWAS have been used to effectively discover QTL associated with resistance to diseases in multiple crop species (Gangurde et al.). Gangurde et al. compiled and highlighted successful GWAS studies reported in the last two decades. Their study mainly focused on improving the power, resolution and efficiency of identifying marker-trait associations through the discovery of important disease resistance genes, major developments in association studies, statistical models and bioinformatic tools. Additionally, it was discussed the challenges and opportunities that GWAS provides for breeding crops. Recently, multi-omics and PANOMICS strategies have been extensively used to uncover genes for marker-assisted breeding (Weckwerth et al., 2020; Roychowdhury et al., 2023). Another review article by Jha et al. described the development of disease-resistant legumes from OMICS integration and plant breeding approaches. Legumes play a crucial role in higher nutrition and as a staple food for farmers in developing and underdeveloped nations. Viral diseases in grain legumes like soybean, mungbean, peanut, chickpea, etc. affect global grain legume production severely. Recently, abiotic stress tolerance in legumes has been evaluated using the OMICS approach (Pazhamala et al., 2020; Jan et al., 2022; Kudapa et al., 2023). The authors have discussed in their review how exploring naturally resistant grain legume genotypes within germplasm, landraces, and crop wild relatives could be a promising, economically viable, and eco-environmentally friendly solution to reduce yield losses (Jha et al.). In peanut or groundnut, foliar diseases (leaf spot and rust) caused by fungal pathogens frequently cause serious yield and quality loss. To incorporate resistance into high-yielding cultivars, Moretzsohn et al. used a wild-derived allotetraploid as a donor in their backcrossing scheme. Moretzsohn et al. used microsatellite markers for foreground and SNP genotyping for background selection and completed GWAS to identify QTL responsible for leaf spot and rust resistance. In such a way, they developed adapted peanut lines with high cultivated genome recovery, improved yield potential, and harbored the resistance QTL. Fusarium height blight (FHB) is a yield and quality-limiting disease of wheat (Boyles et al., 2023). Less FHB incidence has been observed in taller and later-maturity plants (Sari et al., 2020). Cabral et al. conducted a single-locus and multi-locus GWAS using an association mapping panel (AMP). Their study reported 17 quantitative trait nucleotides (QTNs) controlling FHB resistance concerning days to anthesis and plant height, and their corresponding candidate genes. These QTNs and linked SNP markers could be useful in selecting FHB-resistant lines with desired plant height and/or maturity in wheat.

When considering the breeding for tolerance to abiotic stressors, an important trait in wheat is the pre-harvest sprouting (PHS) resistance that causes significant yield losses and is highly influenced by the weather conditions. Considering the changing climate that we are experiencing nowadays; it is imperative to identify QTL controlling PHS. Patwa and Penning conducted a GWAS using a historically diverse set of soft winter wheat genotypes. They have reported 102 genomic regions encompassing 226 QTL controlling PHS, agronomic and flour quality traits. PHS trait-linked QTL has little overlaps with QTL associated with flour quality or agronomic traits, which suggests that it is possible to select PHS resistance without affecting important flour quality or agronomic traits in winter wheat (Patwa and Penning). Another major global cereal - rice production is being limited by various abiotic stressors. In rainfed conditions, rice is generally growing during monsoon and sometimes early flooding creates anoxic conditions in the rhizosphere and hinders coleoptile growth. Trehalose-6-phosphate phosphatase 7 (OsTPP7) is responsible for rice anaerobic germination and coleoptile elongation during flooding. In this context, Aung et al. evaluated 475 Korean rice accessions for coleoptile length under normal and flooded conditions to understand their genetic variation, population structure, evolutionary relationships, and functional haplotypes of OsTPP7. Most accessions displayed enhanced flooded coleoptile lengths. Haplotype analysis reveals the presence of three cultivated haplotypes showing significant differences in flooded coleoptile length. These findings are a valuable resource for future haplotype-based breeding strategies in rice. In another study, Sheela et al. reported that gene stacking or pyramiding of multiple stress-responsive genes allows rice cultivars to be tolerant to multiple limiting conditions such as moisture stress, salinity, aging, temperature, and oxidative stresses. Through in-planta transformation, stress-responsive genes including Pennisetum glaucum Heat Shock Factor 4 (PgHSF4), P. glaucum 47 (Pg47), Pea 68 (p68), and Pseudomonas Aldo Keto Reductase 1 (PsAKR1) were co-expressed in rice. The transgenic lines were validated through physio-biochemical traits like chlorophyll content, membrane stability, reactive oxygen species (ROS) accumulation, yield potential, temperature and oxidative stress, and stress-responsive expression of the aforesaid transgenes and stress-responsive genes – heat shock protein 70 (HSP70), superoxide dismutase (SOD), ascorbate peroxidase (APX), late embyogenic abundance 3 (LEA3), salt overlay sensitive 1 (SOS1), protein phosphatase 2C (PP2C) and proline 5 carboxylase (P5CS). This multigene combination can potentially improve tolerance to multiple abiotic stress conditions and pave the way for developing climate-resilient crops.

Other than the row crops and vegetables, breeding could be extended to other economically and medically important crops like sugar maple, cassava and patchouli. Sugar maple is an economically important tree species for its syrup and hardwood production, and the trees are highly vulnerable to drought conditions. Mulozi et al. characterized physiological and biochemical traits, where chlorophyll biosynthesis, lipid membrane damage, and osmolyte production play a crucial role in responding to drought. Additionally, genome-wide expression profiling using RNAseq allowed the identification of differentially expressed genes (DEGs) involved in stress-responsive pathways. This study provides an understanding of molecular, physiological, and biochemical drought-tolerant mechanisms in sugar maple. Cassava is one of the most important root crops in the world as a staple food crop (De Souza et al., 2017). It is characterized by the accumulation of starch in its root tissue. Pan et al. studied the properties of the 14-3-3 protein to characterize the structures and pathways involved in starch accumulation in cassava roots. High and low-starch-producing cultivars were studied in which Me14-3-3 genes were highly expressed in high-starch cultivars, while in the late stage of starch accumulation, Me14-3-3 genes were highly expressed in low-starch cultivars. Based on the transgenic over-expression in Arabidopsis and its functional validation in virus-induced gene silencing (VIGS) in the cassava leaves and roots, support the negative effect that Me14-3-3II has on starch accumulation. Patchouli is an important medicinal plant for patchouli propagation and oil yield. Warsi et al. studied this drought susceptible plant to establish a rapid and efficient in vitro regeneration method followed by agrobacterium-mediated transformation with ACC deaminase gene. For tissue culture, they used leaf, petiole, and transverse thin cell layer (tTCL) as explants. Some of the regenerated transgenic plants were drought resistance validated by physiological indicators, oxidative stress, and genes’ relative expression. These findings provided new opportunities for genetic manipulation to achieve drought-resistant patchouli plants for commercial cultivation.

For trait characterization, CRISPR-Cas mediated gene editing has become a useful tool to improve abiotic and biotic stress responses in vegetable crops such as tomatoes and cucumbers (Singh et al., 2020). Tran et al. created gene-edited variants lines of tomato through CRISPR multiplexing. They targeted salt stress negative regulator - hybrid proline-rich protein 1 (HyPRP1) with two functional domains - proline-rich domain (PRD) and eight cysteine-motif (8CM) removed. This loss of function makes tomato more salt (osmotic) tolerance with higher resistance to Pseudomonas syringae pv. tomato. However, such genetic changes increase the susceptibility to Fusarium wilt. Tek et al. used CRISPR-Cas9 in cucumber inbreed lines susceptible to powdery mildew caused by Podosphaera xanthii to knockout the CsaMLO function. CsaMLO is a negative regulator of powdery mildew disease, and via CRISPR modification on this locus, three mutant lines were generated - CsaMLO1, CsaMLO8, and CsaMLO11. These mutant lines were further validated through the accumulation of ROS as studied by Li et al. (2023) in wheat. The results suggest that the CsaMLO8 mutation governs pre-invasive resistance, whereas the other two double mutations give hypersensitive response-aided resistance to P. xanthii (Tek et al.). In addition, Fidan et al. used CRISPR to edit the elF4E gene in cucumber, which acts as a target for potyviruses like watermelon mosaic virus (WMV), papaya ringspot virus (PRSV) and zucchini yellow mosaic virus (ZYMV). They used two inbred lines and targeted 1st and 3rd exons of elF4E by using two guide RNAs (gRNA1 and gRNA2) to produce transgene-free plantlets. Further, the plantlets from each inbred line were crossed to produce F1 population to check the allelic effects of elF4E mutations. Any disease symptoms are not visualized in homozygous single and double mutants. Therefore these findings describe an effective route for mass production of viral-resistant cucumber to WMV, ZYMV, and PRSV. Translational biology in plant sciences is gaining momentum in crop breeding research in recent years. Son and Park highlighted the translation mechanisms modulated by biotic, hypoxia, heat, and drought stressors and provided a strategy to improve stress tolerance in crops by modulating translational regulation. Cap-dependent and internal ribosomal entry site (IRES)-dependent translation initiation mechanisms are activated during translation reprogramming in response to stress stimulus. Under any pathogenic attack, translational control for pattern-triggered immunity (PTI) and effector-triggered immunity (ETI) provide the major resistance signal in the plant.

The characterization and improvement of traits for resilient crop development must be of high priority in global efforts to address the challenges imposed by climatic change, increasing population, and food security concerns (Figure 1). The understanding of traits in crop species, whether related to stress tolerance, yield, disease resistance, or nutritional content, will allow to development of resilient crop varieties and hybrids. This Research Topic highlights the impact of advanced techniques in genomics, molecular biology, and breeding to unravel the genetic basis of traits but also create innovative strategies to enhance crop resilience.




Figure 1 | Different crop plants, traits of interest and various genomic tools for trait characterization lead to resilient crop development. The diagram was created using BioRender (https://biorender.com/) premium version.
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Climate change across the globe has an impact on the occurrence, prevalence, and severity of plant diseases. About 30% of yield losses in major crops are due to plant diseases; emerging diseases are likely to worsen the sustainable production in the coming years. Plant diseases have led to increased hunger and mass migration of human populations in the past, thus a serious threat to global food security. Equipping the modern varieties/hybrids with enhanced genetic resistance is the most economic, sustainable and environmentally friendly solution. Plant geneticists have done tremendous work in identifying stable resistance in primary genepools and many times other than primary genepools to breed resistant varieties in different major crops. Over the last two decades, the availability of crop and pathogen genomes due to advances in next generation sequencing technologies improved our understanding of trait genetics using different approaches. Genome-wide association studies have been effectively used to identify candidate genes and map loci associated with different diseases in crop plants. In this review, we highlight successful examples for the discovery of resistance genes to many important diseases. In addition, major developments in association studies, statistical models and bioinformatic tools that improve the power, resolution and the efficiency of identifying marker-trait associations. Overall this review provides comprehensive insights into the two decades of advances in GWAS studies and discusses the challenges and opportunities this research area provides for breeding resistant varieties.




Keywords: plant diseases, genome wide association studies, haplotypes, pangenomes, multi-parent populations, k-mers



Introduction

The incidence and severity of biotic and abiotic stresses have been increasing due to global climate change. Plant diseases have been serious threat to global food security as well as devastating in the history of mankind which led to famines and mass migration of humans. For instance, ancient Israelites migrated to Egypt due to incidence of wheat rust. Similarly, the ergot of rye, destroyed the armies of Peter the Great at Astrakhan in 1722, while the late blight of potatoes led to Irish famine (Goss et al., 2014). Potato blight laid waste the economy of Ireland in the 1840s, and led to migrations that changed the history of the New World. In 1943 brown spot disease (caused by Helminthosporium oryzae) resulted in the Bengal famine that took lives of millions of people (Islam, 2007). Frequent droughts, higher temperatures and other abiotic stresses cause biochemical and physiological changes in plants that increase their vulnerability to diseases and also led to emergence of new races or pathotypes. Coffee rust destroyed the coffee-trees of Ceylon in the 1880s and caused the economy of the England to be switched to tea-growing. Global yield losses in major crops due to plant disease is around 30% (Rizzo et al., 2021) and average yield losses in five globally important crops by plant pathogen estimates at a global level; rice (30.0%), wheat (21.5%), maize (22.5%), soybean (21.4%) and potato (17.2%) suggest that the highest losses are associated with resource-poor regions with growing populations (Savary et al., 2019). In other words, the resource-poor farmers have been most adversely affected by the yield loss which increased their debts making them more vulnerable to food, health and educational security.

Although conventional disease management strategies like chemical control have reduced the yield losses caused by plant pathogen, but the pesticide formulations lead to extreme deterioration of the soil and environment. Further, traditional breeding for disease resistance is time consuming and labor intensive (Deng et al., 2020). Over the last two decades, advances in genomics and next-generation sequencing technologies enabled the development of enormous genomic resources like genomes of crops (Michael and Jackson, 2013; Kress et al., 2022) as well as pathogens (Moller and Stukenbrock, 2017). Several efforts at the international level have been made to gain insight into the disease resistance mechanism in case of several pathogens in different major crop plants. Quantitative trait locus (QTL) mapping has been widely used for identifying the genomic regions/genes associated to disease resistance traits. Further, crop varieties with enhanced resistance to key diseases have been developed (Dodia et al., 2019; Gangurde et al., 2019; Mannur et al., 2019; Pandey et al., 2020; Roorkiwal et al., 2020; Gangurde et al., 2021). Nevertheless, QTLs detected using the linkage mapping approach are sometimes not deployable as large genomic regions associated with linkage drag or undesirable genes. Association mapping that overcomes the limitations of QTL mapping has been used in several crop plants (see Alseekh et al., 2021) and animal species (Sharma et al., 2015; Uffelmann et al., 2021) for fine mapping in identifying markers associated with the traits of interest. Although GWAS was started in animals, humans, and the perennial tree species, wherein it isn’t easy to have biparental kind of genetic populations, nevertheless, it gained momentum in most crop species. The last decade has also witnessed huge progress in testing new GWAS models to achieve better and more precise results, including the implementation significance level to check the false discovery rate (Weckwerth et al., 2020).

In this article, we comprehensively review the progress of candidate gene discovery for disease resistance in major crop plants. In addition, we also provide insights into the use of multi-parental mapping populations for establishing genome-wide association studies and the extreme phenotype genome-wide association study (XP-GWAS), which does not require genotyping of a large number of individuals, and which further reduces the cost, labor and time involved. The statistical basis of genome screening is the most important part of GWAS, as statistical tools are used to predict the correct association of outcomes by calculating a large amount of data. Power and resolution are the two important factors that can alter the genome-wide association. Power represents the ability to detect an association, and resolution regards the proximity of the association between a marker and quantitative trait locus (Mohammadi et al., 2020). In multiple-marker association, we have presented an alternative to the statistics of single-marker association. The combination of methods is the most desired approach, as multiple combinations of methods will discover more signals across the genome. Tools and software are the most important pillars for genome-wide association analysis, and some important tools and software will be discussed in this review. Additionally, we will focus on advances in GWAS analysis and the future outlook for association mapping.



Marker-trait associations (MTAs) and candidate gene discovery disease resistance in crops

Association mapping is widely used to check marker associations with a specific trait based on the difference in allele frequency across the genomes (Uffelmann et al., 2021). More precisely, it is a powerful tool for the genome-wide detection of genomic regions/candidate genes for complex traits over the time-consuming and imprecise QTL mapping approach. Detected genomic regions will provide information on unrelated individuals to elucidate the molecular basis of biotic and abiotic stress tolerance. Candidate genes identified by non-random association of alleles in GWAS can be used to accelerate breeding programs to develop new varieties. Researchers have done considerable work to make biotic and abiotic stress-tolerant varieties. GWAS requiring high-density genome-wide markers and SNPs based on next-generation sequencing have been widely used for dissecting complex agronomic traits and disease resistance loci in economically important crop plants (Ogura and Busch, 2015; Burghardt et al., 2017). In this review, we mainly focus on and demonstrate studies that have used GWAS approaches in various crops to understand disease resistance responses.



Maize

Maize (Zea mays) is one of the widely cultivated major crops across the globe. Despite wide investigations and availability of genome sequences, very few studies deployed candidate gene-based GWAS to identify candidate genes for disease resistance in maize. In the seminal study, 18 novel genes associated with head smut resistance were identified (Wang et al., 2012). ZmFBL41 gene encoding F-box protein that confirms resistance to sheath blight and banded leaves was reported using GWAS (Li et al., 2019a). Dwarf disease resistance in maize was investigated by integrating GWAS and linkage mapping, and candidate genes identified by GWAS include DRE-binding protein (GRMZM2G006745) and LRR receptor-like serine/threonine-protein kinase (GRMZM2G141288) (Zhao et al., 2022a). A total of 10 MTAs for gray leaf spot resistance explaining ~15.7% phenotypic variance were identified (Kibe et al., 2020). In total, 164 significant associations with 25 candidate genes identified for Fusarium verticillioides resistance (Stagnati et al., 2019). A total of 17 significantly associated haplotypes in genomic regions of important candidate genes Ht2, Ht3 and Htn1 were identified for Northern corn leaf blight resistance (Rashid et al., 2020). Fumonisin is a mycotoxin produced in maize kernals, 17 MTAs and important candidate genes associated with fumonisin resistance were identified (Samayoa et al., 2019) (Table 1).


Table 1 | Summary of MTAs or candidate genes identified for disease resistance in major crops.





Rice

Rice (Oryza sativa) is staple food for more than half of the global population, and second most important cereal after Maize. In the case of rice, fungal diseases like blast, sheath blight and sheath-rot, bacterial diseases like bacterial blight (BB) and the viral disease like rice tungro disease, are major diseases. GWAS approach has been deployed to identify and validate genomic regions for tolerance to BB (Jiang et al., 2021; Shu et al., 2021), bacterial leaf streak tolerance (Sattayachiti et al., 2020; Jiang et al., 2021), blast (Volante et al., 2020; Frontini et al., 2021). Among 56 important QTLs/genomic regions associated with different blast isolates, a single genomic region was designated as the Pik allele that confirms resistance to all three isolates (Li et al., 2019b). Fourteen marker trait associations (MTAs) for blast resistance were identified using both field and growth chamber screenings by evaluating 311 O. sativa accessions (Volante et al., 2020), however, three novel regions (BRF10, BRF11–2 and BRGC11–3) were identified that had no relationship with previously identified genes or QTLs. In rice, high nitrogen input levels are conducive to disease development, a phenomenon called nitrogen-induced susceptibility. Two important QTLs include NIS2 and RRobN1 were identified that may play an important role in the blast disease response to nitrogen fertilizer (Frontini et al., 2021). There are only a few reports about the identification of sheath blight (ShB) resistance QTLs using GWAS (Jia et al., 2012; Zhang et al., 2019a; Oreiro et al., 2020; Wang et al., 2021) (Table 1). A genomic region (qLN11 and qMLL11) controlling sheath blight resistance was investigated recently (Oreiro et al., 2020). Additionally, GWAS with 259 diverse rice varieties identified 653 significantly associated with ShB resistance and validated two important disease resistance proteins, RPM1 (OsRSR1) and protein kinase domain-containing protein (OsRLCK5) (Wang et al., 2021). Transgenic rice containing the overexpressed NH1 gene acquired high levels of resistance to Xanthomonas oryzae (Chern et al., 2005). This shows the importance of identifying and interrogating high-yielding varieties to better resist the disease. Rice panicle blast resistance gene, Pb2, encoding NLR Protein was reported recently (Yu et al., 2022)



Wheat

In the case of wheat (Triticum aestivum), genetic loci for disease resistance to yellow rust (Ledesma-Ramírez et al., 2019), stripe rust (Juliana et al., 2018; Jia et al., 2020; Muhammad et al., 2020) and Fusarium head blight have been reported using GWAS approach (Arruda et al., 2016; Wang et al., 2017; Hu et al., 2020; Zhu et al., 2020). Further, genetic loci associated with resistance to multiple diseases such as leaf rust, stripe rust, and tan spot were also identified (Juliana et al., 2018). Using pre-breeding lines Ledesma-Ramírez et al. (2019), reported 14 SNP loci associated with seven genomic regions for yellow rust resistance. Similarly, among 12 stable loci reported to be associated with yellow rust resistance, six loci were novel and six were same as reported earlier using QTL studies (Jia et al., 2020) (Table 1). Using 171 wheat cultivars, two syntenic loci, QFhb-4AL and QFhb-5DL, associated with Fusarium head blight resistance were reported (Hu et al., 2020). Using genotyping-by-sequencing SNPs, 10 MTAs Fusarium head blight resistance and few SNPs associated with Fhb1 on chromosome 3B were reported (Arruda et al., 2016). High-resolution SNP-based GWAS enabled identification of 19 stable genomic regions harboring 292 significant SNPs associated with adult-plant resistance and rapid identification of putative resistance genes and can be used to improve the efficiency of marker-assisted selection in wheat disease resistance breeding (Wu et al., 2021). Recently, stable and environment-specific QTLs for powdery mildew (PM) adult-plant resistance were identified on chromosomes 1A, 1B, 1D, 2B, 3B, 4A, 5A, 6A, and 6B for Septoria tritici blotch and 2A, 2D, 3A, 4B, 5A, 6B, 7A, and 7B (Alemu et al., 2021). Four novel QTLs strongly associated with different markers for barley yellow dwarfism in wheat were identified on different chromosomes (Choudhury et al., 2019).



Barley

In case of barley (Hordium vulgare), rusts and PM diseases that have a major effect on yield. Based on phenotyping of 431 European barley accessions for two seasons and genotyping using DArT-seq, 78 MTAs for PM and rusts adult plant resistance were reported (Czembor et al., 2022). In case of spot blotch resistance, 11 out of 20 genetic loci at the seedling and adult stages were associated with functional candidate genes. Most of the identified genomic regions seem to be enriched with some known important proteins associated with disease resistance, such as NBS-LRR, transcription factors and pathogenesis-related proteins (Visioni et al., 2020). Using multi-location phenotyping of 1,317 spring barley breeding lines from a commercial breeding program and genotyping using 9K SNP array, a QTL on chr. 4H associated with PM and ramularia resistance were reported (Tsai et al., 2020).



Sorghum

In case of sorghum (Sorghum bicolor) using association analysis genetic loci linked to various disease resistances including anthracnose, head smut, downy mildew, and target leaf spot, were reported (Cuevas et al., 2018; Samira et al., 2020; Ahn et al., 2021; Ahn et al., 2022 and Chaturvedi et al., 2022). Two SNPs on chromosome 9 that are linked to the Sb09g029260 gene, a member of the chalcone and stilbene synthase family were reported (Adeyanju et al., 2015). Genomic regions containing important genes like YELLOW SEED1 (Y1), a non-functioning pseudogene (Y2), and YELLOW SEED3 (Y3) were found to be associated with grain mold resistance (Nida et al., 2019). The defense mechanism against leaf spot disease in sorghum was clarified by GWAS analysis, which also identified two SNP loci linked to flg22 and the chitin response (Samira et al., 2020). In majority of the cases, it has been found that leucine-rich repeat (LRR) region resistance genes are responsible for signal transduction in plants towards activating defense genes and form major class of R genes. LRR proteins have enormous functions including signal transduction, protein-protein interactions, and cell adhesion. Some of these mechanisms are overlapping between responses due to insect and pathogen induced. For example, several LRR proteins were highlighted including other compounds involved in defense responses (Punnuri et al., 2022). This functional adaptability of LRR proteins derives from a conserved three-dimensional structure, a curved coil composed of repeating units of ~24 amino acid residues, that contains both conserved and variable regions.



Soybean

Yield in soybean (Glycine max) is adversely affected by a wide range of pathogens like fungi, bacteria, viruses, and nematodes. MTAs identified for various diseases are comprehensively reviewed recently by Ferreira and Marcelino-Guimarães (2022). GWAS identified a single locus on chromosome 2 strongly associated with tobacco ringspot virus sensitivity (Chang et al., 2016). A mapping study for stem rot disease resistance using genome-wide association study analysis was conducted and identified 44 QTLs for quantitative disease resistance (Rolling et al., 2020). A specific locus amplified fragment sequencing (SLAF-seq) approach was used to genotype for GWAS and identified seven genomic regions with major effects and nine novel regions with minor effects on Sclerotinia stem rot resistance (Sun et al., 2020). Many associated SNPs were identified that are tightly linked with previously reported SMV resistance loci, Rsv1, Rsv4, and Rsv5 (Che et al., 2020).



Peanut

Peanut (Arachis hypogaea) is an important oilseed crop with a large and complex genome, is one of the most nutritious food. A comprehensive GWAS study based on 300 genotypes peanut from 48 countries identified 1 MTA for Aspergillus flavus resistance, 6 MTAs for early leaf spot, 31 MTAs for groundnut rosette disease and 1 MTA identified for late leaf spot of peanut (Pandey et al., 2014). Early leaf spot (ELS) and late leaf spot (LLS) tomato spotted wilt virus (TSWV) are serious peanut diseases. In case of peanut, of 74 non-redundant genes identified as resistance genes, 12 candidate genes were in significant genomic regions including two candidate genes for both ELS and LLS, and other 10 candidate genes for ELS (Zhang et al., 2020). Similarly, a total of 22 non-redundant candidate genes were identified significantly associated with diseases, which include 18 candidate genes for TSWV, 3 candidate genes for both ELS and LLS, and 1 candidate gene for LLS, respectively (Zhang et al., 2019b). Most candidate genes in the associated regions are known to be involved in immunity and defense response. The QTLs and candidate genes obtained from this study will be useful to breed peanut for resistances to the diseases. Root-knot nematodes are also major problem in case of peanuts, 46 genetic loci with phenotypic variation explained (PVE) between 7.8% and 17% located on 12 different chromosomes underlying root-knot nematode resistance were determined by GWAS (Kumral, 2019). In GWAS of groundnut, a total of 60 significantly associated SNPs were identified with 16.87% to 31.70% phenotypic variation for resistance to Aspergillus flavus (Yu et al., 2020).



Brassica sps

In Canola (Brassica napus) using GWAS analysis, Rlm12 locus was reported to be associated with adult plant resistance to blackleg disease caused by Leptosphaeria maculans (Raman et al., 2016). Using Canadian and Chinese canola accessions, 32 and 13 SNPs loci distributed on chromosomes A03, A05, A08, A09, C01, C04, C05, and C07 that were tightly associated with blackleg resistance were reported (Fu et al., 2020). Recently, 133 SNPs associated with 123 loci for disease traits of sclerotinia stem rot were reported using GAPIT R package and GEMMA-MLM (Roy et al., 2021). Nine genomic regions were identified that showed a significant association with clubroot resistance by using GWAS of 472 accessions with Brassica 60K Infinium® SNP array (Li et al., 2016a). Similarly, three QTLs, DSRC4, DSRC6, and DSRC8, associated with Sclerotinia stem rot resistance were also reported (Wu et al., 2016).



Chickpea

Chickpea (Cicer arietinum L.) is second most important grain legume cultivated in more than 150 countries across the globe. Fusarium wilt, Ascochyta blight (AB), and Botrytis grey mould are major diseases that lead to yield losses in chickpea growing regions. Association mapping approach was extensively deployed in case of abiotic stress (Thudi et al., 2014; Varshney et al., 2019). Very few studies reported the genetic loci and candidate genes associated with resistance to AB resistance. For instance, 26 genomic regions on chromosomes Ca1, Ca4, and Ca6 associated with AB resistance can be used in chickpea breeding programs to enhance AB resistance using marker-assisted/genomic selection strategies (Raman et al., 2022). In addition, a 100 kb region (AB4.1) on chromosome 4 with 12 predicted genes (like NBS-LRR receptor-like kinase, wall-associated kinase, zinc finger protein, and serine/threonine protein kinases) significantly associated with AB resistance was reported (Li et al., 2017a). Recently, association mapping discovered 11 significant MTAs and seven candidate genes for pre-emergence damping-off resistance in chickpea (Agarwal et al., 2022).



Other key crops

In cotton (Gossypium hirsutum), genomic regions, NBS-LRR and enriched with resistance gene analog (RGA) clusters (RGA1 and RGA3) associated with two different strains causing wilt disease (Abdelraheem et al., 2020). While, 17 significant SNPs and 22 candidate genes associated with verticillium wilt resistance were predicted by haplotype block structure analysis (Li et al., 2017a). Similarly, for BB 11 genomic regions associated with 79 SNPs found on different chromosomes were reported (Elassbli et al., 2021). In case of potato (Solanum tuberosum), 16 QTLs associated with resistance to late blight were reported, with PVE between 13.7% and 50.9%. Of 15 candidate genes found in the study, ten for stem resistance and five for leaf resistance were reported (Juyo et al., 2019). In the case of tomato (Lycopersicum esculentum), eight genomic regions associated with bacterial wilt resistance and their corresponding QTLs (Bwr-4 and Bwr-12) explaining 8.36–18.28% PVE were identified (Nguyen et al., 2021). In case of common bean, the molecular basis of fusarium wilt resistance was elucidated; significant SNPs and candidate genes related to carboxy-terminal LRR and nucleotide-binding sites were reported (Paulino et al., 2021). In cassava, fourteen genomic regions were identified, among which a single region on chromosome no. 8 account for 30 to 66% of genetic resistance to mosaic disease resistance (Wolfe et al., 2016). A total of 29 MTAs on chromosome 10 and SIN_1019016 one of the candidate genes identified closely associated with phytophthora blight resistance in sesame (Asekova et al., 2021). Two genomic regions on chromosomes 2 and 9 of Setaria italica were significantly associated with blast disease resistance in foxtail millet (Li et al., 2021a). In vegetable and fruit crops the GWAS was very extensively used for candidate gene discovery and development of diagnostic markers. Diverse set of 566 apple accessions identified significant marker trait associations for fire blight of apple caused by Erwinia amylovora. A total of 23 and 38 MTAs significantly (p<.001) associated with shoot and blossom blight resistance, respectively (Thapa et al., 2021). GWAS based on 195 accessions and 145,456 genome-wide SNPs identified five SNPs and six candidate genes significantly associated with gummosis disease resistance in peach (Li et al., 2021b). In Brassica napus genome-wide association analysis based on association panel of 448 accessions genotyped with the Brassica 60K Infinium® SNP array identified 26 SNPs corresponding to three loci, DSRC4, DSRC6, and DSRC8 were associated with Sclerotinia stem rot resistance (Wu et al., 2016).



Statistical basis of genome screening

In mathematical terms, GWAS analysis consists a series of statistical testing, screening the genome with one marker at a time, one region at a time, or the whole genome at once. The hypotheses under evaluation consist of the null hypothesis (H0) and the alternative hypothesis (H1). Under H0, the marker under evaluation is not associated with the trait, whereas the alternative hypothesis rejects H0. The consensus metric of association is the p value, defined as the probability of observing the association informed by the data given that the null hypothesis is true. Thus, lower values support the rejection of H0. The preferred scale for p value is -log10(p value), so that stronger associations are displayed as higher values. The genome-wide plot where the markers are ordered according to their physical position on the x-axis with associations presented on the y-axis in terms of -log10 (p value) is referred to as the Manhattan plot.

When a single marker is tested, the target p value to assert an association is equal to or lower than α = 0.05, which allows spurious associations 5% of the time. However, genome-wide screening entails testing thousands to millions of markers, and consequently, there is an expectation of 5% false discoveries. To mitigate false positives, the significance threshold is adjusted to account for the multiple testing problem (m). A standard procedure is the Bonferroni correction, which consists of dividing α by the number of markers, creating a more stringent threshold to define an association. The Bonferroni threshold may be too stringent with sequence-level data involving millions of markers. A threshold relaxation is attained through an acceptable false discovery rate (FDR), referred to as Benjamini–Hochberg, which consists of dividing α by (1-FDR) × m. Other alternatives include replacing the total number of markers by the effective number of segments (m*), which accounts for marker collinearity associated with linkage disequilibrium.



Approach 1: Single-marker associations

Linear models represent the main framework to test marker-QTL associations on complex traits. At its simplest form, the linear model that defines the alternative hypothesis, ergo fitting a marker, is

	

where y is the vector of phenotypes, μ is the intercept, x is the vector containing the marker information, b is the marker effect, and e is the vector of residuals. The marker information is normally coded as {0,1,2} corresponding to {AA,Aa, aa} to capture the additive effect of an allele substitution. The null hypothesis model does not contain a marker term and is defined as

	

In both cases, the residuals are assumed to be normally and identically distributed as  . The likelihood and null and alternative models are defined by

	

where b is a vector of fixed effect coefficients, including the intercept and the marker, and V is the variance-covariance matrix, which for this simple model  . Adequate statistical testing is the likelihood ratio test (LRT) between null and alternative models. It contrasts the likelihood of the data with and without the marker in the model, hence measuring the improvement in data fit when the marker under evaluation is included in the model. The test is defined by

	

The p value is obtained from LRT from chi-squared density with the number of degrees of freedom (v) dictated by the difference in degrees of freedom from models H0 and H1; thus, LRT ~x2(v). For the simple case presented above that corresponds to one degree of freedom because there is one additional parameter in the alternative model, that is, the marker effect (b). When the single marker association jointly tests for additive and dominant effects, the LRT is tested with two degrees of freedom, which may reduce the statistical power.



Power and resolution

Two important factors influencing the outcome of the genome-wide association are the power and resolution of the analysis. Power corresponds to the ability to detect an association and resolution regarding the proximity of the association between the marker and quantitative trait locus (Mohammadi et al., 2020).

The influence of power on signal detection is known as the Beavis effect (Beavis, 1998; Xu, 2003). Power can be increased with (1) an increasing number of phenotypic observations; (2) the imputation of missing marker information (Xavier et al., 2016a), as it increases the number of marker observations; (3) a good experimental design that increases the genetic signal; and (4) the design of a recombinant population with higher minor allele frequency and SNP variance (Mohammadi et al., 2020).

The resolution is maximized with (1) at the marker density that captures all linkage blocks; (2) with a population that has enough diversity to display nucleotide segregation across the genome; and (3) sufficient recombination between segregant markers to enable the detection of the marker to the causative locus.



GWAS using structured populations

In genetics, structure is the term reserved to define the existence of stratifications in a population, where a subpopulation may differ with respect to its origin, evolutionary history, and allele frequency. Association studies in structured populations are likely to provide spurious results if the structure is not accounted for in the statistical model. Without a structure term, the model is incapable of differentiating a signal from a marker in LD to a QTL and a marker that displays higher frequency in subpopulations with higher (or lower) phenotypic means. The latter is the case when the marker tracks population structure instead of the true associations.

Key parametrizations of population structure include (1) model-based terms as derived from STRUCTURE software (Porras-Hurtado et al., 2013); (2) reduced dimensionality techniques such as principal components (Patterson et al., 2006); and (3) polygenic terms that describe the relationship among individuals (Kang et al., 2008; Xavier et al., 2016b). From those, model-based covariates and principal components are treated as fixed effects, whereas the polygenic term is random. Model-based terms are derived beforehand through clustering. Principal components are obtained from the single-value decomposition of the genotypic matrix as

	

where M is the genotypic matrix where rows are individuals and columns are markers, U is the matrix of orthogonal eigenvectors (U′U = I) that correspond to the principal components, D is a diagonal matrix with the eigenvalues, which inform how much variation of M is explained by each principal component, and S is the rotation matrix. The alternative model for genome-wide association containing either principal components or model-based covariates is commonly defined as

	

where y is the vector of phenotypes, X is the design matrix of fixed effects containing a vector of ones and the structure term (e.g., vectors of U), corresponding to the principal components or model-based covariates, b is a vector of fixed effect coefficients including the intercept and the regression coefficients of the structure term, m is the vector with marker genotype information, a is the allele substitution effect, and e is the vector of residuals.

Structure modeled by the polygenic term starts with constructing the relationship matrix G. There are various methods to build the G matrix, which may entail the use of marker information, pedigree information, or a combination of both (Aguilar et al., 2011), capturing additivity, dominance and epistasis (Xu, 2013). A common choice is the linear relationship derived from genomic information, popularly known for its applications in prediction as the GBLUP model (Habier et al., 2007; VanRaden, 2008), which is computed as

	

where the cross product of the genotypic information matrix (MM′) is normalized by the sum of allele variances under Hardy-Weinberg equilibrium, defined for the jth marker as Var(mj) = pj(1-pj). The genomic relationship matrix enters the genome-wide model as the covariance of the random term that describes the polygenic effect (u), which is assumed to be normally distributed as  . In prediction nomenclature, polygenic effects are referred to as genomic estimated breeding values (GEBV) and are the preferred metric for the selection of superior genotypes in breeding programs adept at genomic selection technology. The linear model for the alternative hypothesis is then defined by

	

where Z is the incidence matrix of individuals, and the joint variance of phenotype and random terms is defined as

	

where V is the variance-covariance matrix, defined as  . For models containing random terms other than the residuals, also known as mixed effect models, the restricted likelihood (Searle et al., 2009) function is a preferred metric over the regular likelihood for the LRT because it accounts for the degrees of freedom of the fixed effects. The restricted log likelihood is defined by

	

The restricted likelihood can also be attained as a pseudorandom model (Xu et al., 2009), where all terms are considered random and fixed effect terms are assumed to have variance equal to infinity  . This leads to a simpler formulation or the restricted likelihood as

	

where the matrix P is a replacement of V-1 that includes the fixed effects, as  , which equates to P = V-1 – V-1X(X′ V-1X)-1X′ V-1. The variance components needed to estimate V, namely,   and  , are estimated as the values that maximize the restricted likelihood, hence referred to as the restricted maximum likelihood estimates, or “REML”. The main algorithms for solving the variance components problem are the first derivative via Expectation-Maximization (Harville, 1977) and the second derivative approach through average information (Johnson and Thompson, 1995). However, when the variance components are re-estimated for every alternative model, specialized algorithms such as the efficient mixed model association EMMA (Kang et al., 2008) have gained popularity. For computational efficiency, it is a common practice to use the variance components estimated for the null model in the alternative model (Aulchenko et al., 2007; Kang et al., 2010; Zhou and Stephens, 2012).

In more recent years, p values have also been driven from a linear transformation of the polygenic term (Legarra et al., 2018; Aguilar et al., 2019). This is because marker effects can be estimated from the null model as

	

and the p values can be directly obtained from a statistic  , equivalent to EMMAX, with p values obtained as

	

Some combination of structure parametrizations has also been proposed. Zhang et al. (2010) proposed using principal components along with a compressed polygenic term, where G does not express the relationship among individuals but the relationship among clusters of individuals, aiming to depict the subpopulations. However, principal components should not be combined with the non-compressed polygenic term because both parametrizations carry redundant information because the principal components can also be estimated through the eigenvalue decomposition of the genomic relationship matrix as G = UD2U′.



Approach 2: Multiple-marker association

In this section, we present an alternative to the statistics of single marker association. These approaches are derived from methods originally proposed as prediction methods that can also serve to identify markers and genomic regions with strong associations with the trait of interest. These include the whole-genome regression methods in the Bayesian framework (Meuwissen et al., 2001) and machine learning methods (Nicholls et al., 2020).

Whole genome regression: Associations from whole genome regression are based on methods such as BayesCπ (Habier et al., 2011) to infer the associations (Colombani et al., 2013) using the posterior probability of the variable selection term or the Bayes factor (Fernando and Garrick, 2013). Whole-genome regression fit models with all markers at once and have a different setup for hypothesis testing. This does not require multiple testing corrections such as Bonferroni. The BayesCπ model is defined as

	

where y is the vector of phenotypes, μ is the intercept, M is the genotypic matrix where rows are individuals and columns are markers, a is the vector of allele substitution effect, δ is a vector of variable selection, and e is the vector of residuals. This model has the following probabilistic assumptions:

	

	

	

	

	

	

The parameters are estimated as the posterior mean from the Gibbs sampler (Habier et al., 2011; Xavier et al., 2016b). The association significance can be driven by δ as the probability of each marker being in the model. In addition to the association, GEBVs from this model are obtained as   and the heritability as

	

Machine learning with variable selection: Like the approach above, this is based on fitting all markers at once in a linear model, and the main techniques utilized from association are the least absolute shrinkage and selection operator (LASSO; Tibshirani, 1996) and elastic net (Zhou and Hastie, 2005). The linear model for these models consists of

	

with the same terms as the Bayesian whole genome regression, without δ. Conversely, the variable selection of LASSO and elastic net comes from the nature of the estimator of a. For the elastic net, the vector of effects is estimated to minimize the function

	

where LASSO assumes ψ = 1 and elastic nest assumes 0< ψ< 1. The regression coefficients are solved via coordinate descent (Friedman et al., 2010). The univariate solution for the jth marker is given as

	

where   is the vector of phenotypes conditional to all except the jth markers; thus,  . The value of Λ is found through k-fold cross-validation, aiming to minimize the mean square prediction error, and GEBVs can be computed as  . Unfortunately, LASSO and elastic net do not necessarily provide a probability of associations such as a p value or Bayes factor. Associations can be inferred directly from the estimated coefficients (Waldmann et al., 2013), and an empirical significance threshold can be estimated from permutations (Doerge and Churchill, 1996).

Machine learning with variable importance: Semi-parametric machine learning methods do not infer any direct relationship between markers and traits. However, a general metric of association referred to as “variable importance” can be utilized as an indirect metric that provides a degree of association without revealing the nature of the association (e.g., additive, dominant, epistatic). Measurements of variable importance can be generated for support vector regressions, random forests, gradient boosting machines, and neural networks. However, there is no gold standard method to measure variable importance across machine learning methods. The use of variable importance as a genome-wide association statistic often relies on an empirical significance threshold that can be estimated from permutations (Doerge and Churchill, 1996). Approaches to generate p values via permutation have also been proposed for some methods, such as random forest (Altmann et al., 2010).

Among the semi-parametric machine learning methods, the random forest algorithm (Breiman, 2001) is the most popular method for genome-wide association studies (Goldstein, 2011; Brieuc et al., 2018). Random forest consists of an average prediction from a series of classification and regression trees generated with random subsets of the parameter space from bootstrapped observations. Whereas decision trees are poor predictors, the collective of multiple small trees generated at random provides robust predictions. Random forest can be described by the model (Xavier, 2021)

	

where NT is the total number of trees and T(Mp∈P) is a function that represents a tree built with a random subset of markers (p ∈ P) from the genotypic matrix M whereas the number of trees NT is at times considered a tuning parameter, higher counts provide more stable measurements of variable importance. The common metric for variable importance in random forests is the mean decrease impurity, or simply “impurity”, which corresponds to the reduction in variance for regression problems and the Gini index for classification problems.



Approach 3: Combination of methods

Distinct GWAS approaches often provide different association results; hence, the deployment of various methods may lead to the discovery of more signals across the genome. Stronger signals are likely to be captured by multiple methods, whereas minor QTLs may be found by a specific methodology that best reflects the role of any given marker under the general architecture of the trait. Yang et al. (2018) performed genome-wide association using three types of single-marker association methods with different statistical assumptions to find the QTLs for kernel row number in corn. Going one step further, association analysis was performed deploying three distinct techniques, namely, single-marker analysis, Bayesian whole-genome regression and random forest, in the search for QTLs that control the variance components of soybeans (Xavier and Rainey, 2020). The use of multiple methods and parametrizations can be beneficial to studies seeking a multitude of signals to find consensus associations as well as alternative putative associations for follow-up investigations.



Statistical tools for GWAS analysis

Presence of population structure and genetic relatedness lead to detection of false positives in association studies. To overcome these limitations, general linear model (GLM) and mixed linear model (MLM) were used. MLM has been the most flexible and strong statistical tool for managing population structure and family relatedness (kinship; Yu et al., 2006). During recent past, several statistical tools/models evolved for addressing constraints for improving the accuracy, speed and power of detecting associations (Li et al., 2014). To improve the efficiency of solving MLM equations, many approaches have been introduced. For instance, efficient mixed-model association (EMMA) was the first of these to be designed, which enhanced computing speed by eliminating redundant matrix operations (Kang et al., 2008). Other methods like EMMA expedited (Kang et al., 2010) and population parameters previously determined (P3D) (Zhang et al., 2010), enhanced computational speed using approximation or using computational shortcuts in mixed model. Factored spectrally transformed linear mixed models (FaST-LMM) as well as genome-wide efficient mixed model analysis (GEMMA) (Lippert et al., 2011; Zhou and Stephens, 2012), both improved methods increase efficiency by rewriting the MLM’s likelihood function in a more evaluable format (Figure 1). Using clustering algorithms, an improved method termed the compressed MLM (CMLM) has been developed to cluster individuals into groups which improve the statistical power (Zhang et al., 2010). Further improvement in CMLM with higher statistical power was achieved through this enriched compressed MLM (ECMLM) method (Li et al., 2014). Multi-locus GWAS approaches outperform single-locus GWAS methods by using many markers in the model as variables at the same time. The multi-locus mixed model (MLMM) was the first multi-locus GWAS approaches. Bayesian information and LD iteratively nested keyway (BLINK) (Huang et al., 2018) and fixed and random model circulating probability unification (FarmCPU) (Liu et al., 2016), both are the multi-locus approaches that are based on MLMM methods. FarmCPU is consider the best multi locus GWAS approach and it controls both false positives and false negatives (Kaler et al., 2020). There are some challenges in the GWAS for polyploidy species (Garreta et al., 2021). To overcome these challenges only few software packages like GWASpoly and SHEsis (Rosyara et al., 2016; Shen et al., 2016) that accept only polyploidy genomic data were developed. In addition, to tackle these challenges, a multi GWAS tool is being developed that runs GWAS analysis for both diploid and tetraploid species simultaneously utilizing four software packages (Garreta et al., 2021). Development of improved model to reduce the challenges like population structure and relatedness is continuing to be an important research topic.




Figure 1 | Statistical tools and model developed during last two decades. The new models developed improved the statistical power, computational speed and accuracy of detecting candidate genes or genetic loci associated with trait of interest.





Advances in GWAS analysis

During recent past, different variants in associations studies have emerged that use halpotypes, extreme phenotypes, pangenomes, multiparent populations, k-mers, meta data and transcriptomes that improved the efficiency and power of identification of significant MTAs in crop species or animal systems (Figure 2). However only a few of these association approaches were used for identification of genetic loci and candidate genes associated with diseases. We presented an account of these approaches, deploying one or more of these approaches will further enhance the fine mapping of complex diseases in plants and help in resistance breeding.




Figure 2 | Summary of advances in association analysis. Different types of GWAS approaches are arranged in the chronological order, starting with GWAS based on halpotypes, extreme phenotypes, pangenomes, multi-parent populations, k-mers, meta data and transcriptomes. Key feature or major advantage of the approach is also mentioned.





Haplotype based GWAS

With availability of draft genomes and high to low coverage sequencing of several germplasm lines in different crops species, identification and use of superior haplotypes has been gaining importance in breeding climate smart crop varieties (Sinha et al., 2021; Varshney et al., 2021). Haplotypes are non-random association of alleles that inherit together and dissociation of haplotypes is low and mutation rate is very low in case of haplotypes. Hence haplotypes will be superior over SNPs for association studies (Qian et al., 2017). Association studies based on GWAS approach can overcome limitations associated with SNPs and boost the resolution of genomic mapping. Haplotype based GWAS has been successfully used in mapping agronomically important traits and abiotic stresses (Sehgal et al., 2020; Helal et al., 2021; Zhao et al., 2022b). Nevertheless, haplotype based GWAS was also deployed to identify candidate genes in some crop species. For instance, in case of wheat, a comparative GWAS analysis was conducted for leaf rust resistance based on SNPs and haplotypes and reported a greater number of associations using haplotypes (69 MTAs) compared to SNPs (25 MTAs) based GWAS. Further analysis using haplotypes identified more genomic regions and additional functional genes (Lr10 and Lr1) compare to SNPs based analysis (Liu et al., 2020). Therefore, haplotype based GWAS has potential that can be exploited for identification of genetic loci associated with key diseases in crop plants.



Extreme phenotype GWAS (XP-GWAS)

Association mapping uses historical recombinations to identify genetic loci or candidate genes associated with a complex trait, and provides maximum resolution than would be possible with similar sized mapping populations using association analysis (Alqudah et al., 2020). However, a major disadvantage in the case of QTL mapping and association studies is the need for extensive genotyping and phenotyping data, which can be costly for large populations. As a novel solution to this challenge, is extreme phenotypes based GWAS that does not require genotyping a large number of individuals (XP‐GWAS; Yang et al., 2015). Extreme phenotypes are a group of extremely resistant and susceptible lines for disease response that have been selected using a simple approach for determining disease symptoms. It mainly depends on the pool size, selection intensity, precision of phenotyping, genome-wide marker distribution, and read depth of the sequence, and these factors may affect the power of XP‐GWAS. In addition, it relies on variations in allele frequencies of markers in linkage disequilibrium with the QTL of interest in the pool. For each trait of interest, a new XP-GWAS experiment must be conducted, and it may identify fewer marker-trait associations than the conventional GWAS method because pooling introduces stochastic and uncertainties. XP-GWAS is very much beneficial in species for which there are no significant genotyping resources available, such as wild crops, orphan crops, and uncharacterized species (Yang et al., 2015). Extreme phenotypes can be used to determine QTLs and screen candidate genes quickly. Cui et al. (2021) conducted an experiment on XP‐GWAS and 145 trait-associated variants for kernel row number traits were identified in maize at a false discovery rate of 0.05. These identified associations are somewhat less than the number obtained (260) by the conventional GWAS approach, but this lacunae is counter balanced by a considerable reduction in the cost of genotyping (Yang et al., 2015). Extreme phenotypes bulk were used and identified genomic loci rp1 associated with resistance to goss’s wilt of maize (Hu et al., 2018). Novel pi21 haplotypes were identified, confirming resistance to rice blast disease, by using a combined approach of bulked segregant analysis and genome sequencing mapping (Liang et al., 2020). Combining the approach of extreme phenotypes with GWAS provides higher resolution with cost-effective candidate gene identification; additionally, it improves genomic information for particular traits.



Pan-GWAS

In addition, Pan-GWAS is an important and useful approach to identify the number and nature of the mutations encountered in the different species of the organisms. Using this approach, we can identify the ancestors or the source of the particular gene responsible for different resistance/tolerance action. Diverse collections of genes from the different sources/species conferring increased potential for accuracy allelic variants of these genes distinguish carriage from invasive strains. Gene locations identified from Pan-GWAS can tell us the information about even/random spreading of DNA sequences among the chromosomes (Gori et al., 2020; Gupta, 2021). Pan-GWAS is mostly used in the microbial study, as the genome of different strains of microorganism can be sequenced easily. Same approach can be used in the crop species, by using previously sequenced data present in the databases. Pan-GWAS approach can also be used in the disease resistance by identifying the nature and origin of the different disease strains of the microorganisms. Pan-GWAS analyzed 42 genes of Pantoea ananatis, among those 28 newly discovered genes that were not previously associated with pathogenicity in onion (Allium cepa) (Agarwal et al., 2021). More than 10 million SNPs, 99000 small indels and 16000 presence/absence variations as well as 17000 copy number variations were identified, containing leucine rich repeats, PPR repeats and disease resistance R genes possessing diverse biological functions in sorghum by re-sequencing two sweet and one grain inbred lines (Zheng et al., 2011). Scoary and Roary are the tools which are widely used for Pan-GWAS analysis. Scoary is a web-tool for scoring the associations between phenotypes and the components of pan-genome. The algorithm of the Scoary uses population stratification with the minimum potential assumptions of evolutionary processes and sorted genes by strength of trait association (Brynildsrud et al., 2016). Roary is a tool which is used to develop the large-scale pan genomes by identifying the core and accessory genes within the representative genome. It makes construction of the pan genome of thousands of prokaryote samples possible with the great accuracy (Page et al., 2015).



GWAS based on multiparent populations

Multiparent populations will have high power and resolution for fine mapping of disease resistance. MAGIC and NAM populations possess high genetic diversity, minimal population structure, large number of QTLs, and serve as sources of information for breeding and pre-breeding programs (Scott et al., 2020). Using MAGIC population developed from eight founder lines, genotypic and phenotypic interactions were found to be significant for Septoria tritici blotch (STB) and PM disease scores in wheat. The GWAS-assisted genomic prediction (GP) ranged within 0.53-0.75 for STB and 0.36-0.83 for PM. In case of rice, using disease resistance data of 144 MAGIC Plus lines and a total of 14,242 SNPs, 57 significant genomic regions with a −log10 (P value) ≥ 3.0 were reported. Of which, two major loci (qBLB11.1 and qBLB5.1), were identified for bacterial leaf blight (BLB) resistance and Pi5(t), Pi28(t), and Pi30(t) genes were identified for blast resistance (Descalsota et al., 2018). Downy mildew, caused by the oomycete Peronospora effuse has been fine mapped in case of spinach (Spinacia oleracea) and the most promising candidate genes Spo12784 and Spo12903 near the RPF1 locus were reported (Bhattarai et al., 2021).



Pan-MAGIC GWAS

The high-quality genomes enabled the identification of numerous complex variations that cannot be detected by simply mapping the short reads to a single genome and the graph-based genome offers a new platform to map short read data to determine the genetic variations at the pan-genome level (Rakocevic et al., 2019). Two MAGIC populations (i) a subset of 124 lines of the MAGIC population previously obtained by crossing eight tomato plants selected to include a wide range of genetic diversity and (ii) the GWAS diversity panel consisting of 136 accessions of small fruit tomato were used in the GWAS study to identify 25 QTLs interspersed across the genome responsible for tocopherol biosynthetic pathway that modulates salicylic acid accumulation against the basal resistance to Pseudomonas syringae in Arabidopsis. (Burgos et al., 2021). Similarly four multi-parent populations: I MAGIC (8 indica parents); MAGIC plus (8 indica parents with two additional rounds of 8-way F1 inter-crossing); japonica MAGIC (8 japonica parents); and Global MAGIC (16 parents - 8 indica and 8 japonica) were created to directly and indirectly employ the highly recombined lines in breeding programs, for studying the interactions of genome introgressions and chromosomal recombination and to fine map the QTLs for several characteristics (Bandillo et al., 2013) (Table 2). In Pan-MAGIC approach a reference genome developed by combining the accessory and core genome of founder parents can be used for variant calling and subsequent genome wide association studies. A multi-parent population combines several founders, therefore use of a single reference genome results in reference bias and there are possibilities of loosing the variants from accessory genome. Therefore, a Pan-genome developed from the founder parents of respective multi-parent population (NAM, MAGIC) can be used as a reference and variant calling, this approach can capture the alleles from each founder parent segregating in multi-parent populations.


Table 2 | Summary of multi-parent populations used for identifying MTAs for disease resistance in different crops.





Pan-NAM GWAS

NAM has huge possibility for studying quantitative traits and associated genomic regions used to speedy discovery of candidate genes and markers within the genome (Gangurde et al., 2019). Multiple NAM populations can be used for dissecting genetic control of different complex quantitative traits and associated genomic regions in different genome and individuals. Pan-NAM GWAS can be used to identify genetic contribution of the sub-genomes in the development of particular trait. Using HEB-25 NAM population, Pan-NAM GWAS allowed to interrogate 25 different wild barley genomes, giving a rich allelic diversity and the BC1S3 genetic structure. The choice of multiple NAM lines justified the strong QTL effects and the identification of multiple QTL hotspots (Sharma et al., 2018). To reveal the usefulness and power of this tool, two NAM populations, were used and two high-density SNP-based genetic maps were constructed with 3341 loci and 2668 loci. The QTL analysis identified 12 and 8 major effect QTLs but in case of GWAS analysis was identified 19 and 28 highly significant SNP trait associations (STAs) in NAM_Tifrunner. Eleven and seventeen STAs were identified in NAM_Florida-07 for pod weight and seed weight, respectively (Gangurde et al., 2020). Considerable overlaps between the QTL identified and grain size GWAS signals in rice and maize, and the orthologues genes for grain size from rice and maize, showed the common genetic architecture underlying these characters among these cereal crops (Tao et al., 2019).



GWAS using sequencing reads/k-mer

Association analysis has some limitation such as knowledge about reference genome for SNP calling (identified association in a region which is not in the reference genome is difficult), structural variants (Indel, copy number variations etc.) are ignored in GWAS studies and the rare variant associated with phenotype might be ignored. To overcome these limitations GWAS can be use sequences of nucleotide residues called it as k-mer, as a genotyping data (Rahma et al., 2018) to find the causal variant. It is an alignment free method for association studies. In maize k-mers were used in GWAS analysis for cob and kernel color traits and also identify associated k-mers efficiently (He et al., 2021). In another study k-mers based reference free GWAS analysis was conducted in soybean and identified four genomic loci for seed pigmentation (Kim et al., 2020). Collectively, it is suggested that, k-mers based GWAS may be an alternative approach for identifying genomic regions or genes for economically important traits like disease resistant.



Meta GWAS

Meta GWAS analysis is a method of utilizing the results of previous studies to improve the power and resolution of association increasing sample size and by examining more variants (Zeggini and Ioannidis, 2009). Statistical approaches like METAL can be used for analyzing the results from independent studies (Willer et al., 2010). Meta GWAS analysis has been used for dissecting complex traits in human (Xue et al., 2022) as well as in crop species (Zhao et al., 2019; Fikere et al., 2020; Shook et al., 2021). In term of canola, Meta-analysis was performed for identifying resistance genes to blackleg disease and identified 79 genomic regions associated with 674 SNPs that conferring potential resistance to disease, among these 53 regions were novel (Fikere et al., 2020). In case of soybean, Meta-GWAS analysis based on 76 independent studies enhanced statistical power for robust detection of loci associated with a broad range of trait.



Transcriptome based GWAS

Transcriptome based GWAS association approach investigates associations between genetically regulated gene expression and complex diseases or traits using the genes/transcripts. TWAS has gained popularity during last five years due to its ability to reduce multiple testing burden and has been extensively used in fine mapping different traits in humans. With the advent of single-cell sequencing, chromosome conformation capture, gene editing technologies, and multiplexing reporter assays, we are expecting a more comprehensive understanding of genomic regulation and genetically regulated genes underlying complex diseases and traits in the future. Recently, in cotton a combinatorial approach of GWAS, QTL-seq and transcriptome-wide association studies was used to discover candidate genes and developed KASP marker for verticillium wilt resistance in cotton (Zhao et al., 2021). 69 candidate genes related to plant hormones such as MAP kinase, a PR5-like receptor kinase, and heat shock proteins associated with Fusarium ear rot caused by Fusarium verticillioides were identified using GWAS and validated by comparing the transcriptomes (Yao et al., 2020). Transcriptome wide association analysis for southern rust of maize identified eQTLs on Chr2:231,271,050 one gene Zm00001d007424, and on Chr4:78,851,667 was identified as a cis-eQTL of three genes: Zm00001d050283, Zm00001d050284, and Zm00001d050293 (Sun et al., 2022). A transcription factor REPLUMLESS was identified contributes to both disease resistance against hemi-biotrophic bacterial pathogen Pseudomonas syringae and plant growth in Arabidopsis (Xu et al., 2022).



Future outlook

Identification of genetic loci or candidate genes is key to trait improvement in breeding programs (Figure 3). Rare variant, synthetic associations, small effects size, improving the choice of GWAS model, genetic heterogeneity and unexpected LD remain challenges to increase knowledge of complex traits (Cortes et al., 2021). Synthetic associations are one of the major problems that mislead GWAS results, non-associated SNPs also shows significant associations with trait of interest, allelic heterogeneity may be the major cause for this problem. Even if there is no allelic heterogeneity, rare alleles can also cause synthetic associations. In addition, amount of input data is one of the important factors that influence the statistical reliability of GWAS (Yan et al., 2018). Therefore, selection of appropriate GWAS programs according to input data is challenging and need to be standardized for improving reliability. Continuous efforts are being made by scientific community to improve the efficiency of the statistical models in detecting the loci or genes associated with key traits. Many new statistical models have been created to evaluate rare variants, by combining neighboring rare variants and examining their combined effect (Lee et al., 2014).




Figure 3 | Illustration of genome-wide associations studies to identify genes associated with disease resistance. The partially structured (NAM and MAGIC) and unstructured populations (germplasm lines, association panels) can be used for high throughput phenotyping and genotyping to perform high resolution association mapping with advance tools for genome wide association analysis (GWAS). The peaks identified in GWAS analysis can be used for identification of LD blocks. Each LD block includes one or few candidate genes associated with the trait can be used for validation or development of diagnostic markers for genomics associated breeding. The validated genes can be further used for identification of haplotypes for disease resistance or disease susceptibility.



Meta-GWAS has emerged as a major strategy of dissecting traits to improve the strength of single-marker GWAS and enables to find the most effective stable loci spanning space and time while eliminating false positives (Evangelou and Ioannidis, 2013). In addition, constructing haplotypes between nearby SNPs on a chromosome is another way to improve the power of GWAS (Sehgal et al., 2020). High accuracy of GWAS largely depends on selection of an appropriate statistical model to reduce false positive results. In general, there is no universal model which gives best GWAS result to dissect complex traits, but each model has its own advantages compared to other models and best suitable model for GWAS. It is good to use MLM approaches to scan individual SNPs in the genome as well as other multi-locus methods to scan the genome. In terms of additional identified genomic regions using multi-locus methods, these regions must examine if the genome-wide marker coverage was appropriate so that adequate estimation of polygenic effect of population structure and kinship. GWAS can explain about 30-40% phenotypic variation of a trait, the cause of rest 60% phenotypic variation can be achieve by metabolome wide association analysis (MWAS), protein wide association analysis (PWAS) and transcriptome wide association analysis (TWAS) (Weckwerth et al., 2020). Genome wide association studies based on the multi-parent populations should use a pan-genome as a reference developed from the core and accessory genomes of founder parents to avoid the reference bias. In PAN-NAM or PAN-MAGIC genome-wide association studies the diversity from all the parents can be captured, while, in GWAS based on single reference genome we can’t capture maximum allelic diversity.
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Powdery mildews (PM) are common and severe pathogen groups that threaten plants, and PM resistance is complex and polygenic in cucumbers. Previously mlo-based resistance was reported in various plants, including cucumber, with generated loss-of CsaMLO function mutants. However, mlo-based resistance in cucumber is also complex and involves additional mechanisms such as hypersensitive response (HR) and papillae formation. For this reason, we focused on determining the mlo-based powdery mildew resistance mechanism in cucumber. CRISPR/Cas9 was used in the present study to generate loss-of-function mutants for CsaMLO1, CsaMLO8, and CsaMLO11 of PM susceptible ADR27 cucumber inbred lines and CsaMLO mutants were obtained and validated. Trypan Blue and DAB staining were performed to detect Podosphaera xanthii germination/penetration rates and accumulation of Reactive Oxygen Species (ROS). Our results indicate that PM-susceptibility associated CsaMLOs in cucumber are negative regulators in different defense mechanisms against powdery mildew at early and late stages of infection. Further, the experiment results indicated that CsaMLO8 mutation-based resistance was associated with the pre-invasive response, while CsaMLO1 and CsaMLO11 could be negative regulators in the post-invasive defense response in cucumber against P. xanthii. Although the loss-of CsaMLO8 function confers the highest penetration resistance, CsaMLO1 and CsaMLO11 double mutations could be potential candidates for HR-based resistance against PM pathogen in cucumber. These results highlighted the crucial role of CRISPR/Cas9 to develop PM resistant cucumber cultivars, possessing strong pre-invasive defense with CsaMLO8 or post-invasive with CsaMLO1/CsaMLO11 mutations.
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Introduction

Podosphaera xanthii and Golovinomyces cichoracearum are the most common pathogens responsible for PM disease in cucumber (Cucumis sativus L.) Especially, P. xanthii is a serious pathogen in cucurbits, including C. sativus (Zitter et al., 1996). They are managed by fungicides in commercial agricultural production, but these chemicals affect human health and result in serious environmental problems (Xu et al., 2017). Also, PM pathogens could acquire resistance to fungicides with the excessive use of chemical fungicides which will be a more serious problem. Therefore, using PM-resistant cultivars is the most eco-friendly and durable management method for these pathogens. However, PM resistance is complex and polygenic and involves diverse plant defense mechanisms and signaling pathways (Nie et al., 2015). Generating PM-resistant cultivars with introgressed resistance (R) genes from wild form of cultivars is challenging for the breeders. Another concern is that the pathogen could overcome the resistance due to the mutations in avirulence genes even if the PM resistant cultivars are generated using long-term and tiresome backcrossing and inbreeding procedures.

Several susceptibility (S) genes were identified as an alternative for R-mediated resistance in the last decades, and it was supposed that the loss of S-gene function with controlled or naturally occurring mutations could confer durable and broad-spectrum resistance against various diseases in plants (de Almeida Engler et al., 2005). The proteins encoded by S-genes cause host recognition by the pathogen, defense suppression, and facilitate penetration (van Schie and Takken, 2014). These proteins are critical for disease caused by biotrophic pathogens such as PM and downy mildew because their vitality is directly associated with host interactions (Eckardt, 2002). MLOs are the most known S-genes responsible for PM-susceptibility in various plants. Barley mlo is one of the first identified genes associated with PM, and the loss of mlo function still confers the broad-spectrum and durable resistance against Blumeria graminis f.sp hordei (Bgh). Also, various research groups have reported mlo-mediated resistance in other plants such as Arabidopsis thaliana (Consonni et al., 2006), Triticum aestivum (Konishi et al., 2010), Solanum lycopersicum (Bai et al., 2008), Pisum sativum (Humphry et al., 2011), and Cucumis sativus (Berg et al., 2017) with phylogenetic analyses, and they revealed the fact that natural or controlled mutations on these homologs decrease PM susceptibility or confer higher resistance against PM (Jiwan et al., 2013; Zhou et al., 2013; Acevedo-Garcia et al., 2014).

mlo-based resistance contains different pathways and is associated with other defense mechanisms like R-gene-mediated PM resistance in various plants (Xu et al., 2019). For instance, papilla formation is a robust response against PM pathogens and is controlled by PENETRATION (PEN) and SNAREs VESICLE-ASSOCIATED MEM-BRANE PROTEINs (VAMPs) in A. thaliana (Assaad et al., 2004; Kwon et al., 2008; Böhlenius et al., 2010). The papilla formation is based on the accumulation of defense-related elements, such as cell-wall proteins, at the pathogen attack site (Schmelzer, 2002; Hückelhoven and Panstruga, 2011). This mechanism confers the resistance not only to PM but also to the avirulent/virulent fungi at the Microbe/Pathogen-Associated Molecular Pattern (M/PAMP) Triggered Immunity (PTI) stage, which is the host’s first layer defense response (De Wit et al., 2009). Membrane vesicles, reactive oxygen species (ROS), and phenolic compounds contribute to host cell wall reinforcement and prevent invasion (Kuhn et al., 2016). Callose is another significant compound for this pre-invasive response in plants (Ellinger and Voigt, 2014).

Hypersensitive reaction (HR) is another robust defense response against PM pathogens and occurs in Effector Triggered Immunity (ETI) as a known second layer defense response (Jones and Dangl, 2006). The intercellular branching of the PM pathogens is restricted by Programmed Cell Death (PCD) with recognition of the pathogen by host receptor proteins such as receptor-like kinase (RLK) and leucine rich repeat receptor like kinases (LRK). Phytohormones and ROS also contribute to the regulation of these defense responses to restrict pathogen growth (Micali et al., 2008; Takken and Goverse, 2012; Cao et al., 2014; Serrano et al., 2014).

R-gene-mediated PM resistance is multilayer like other pathogen resistance in the host. Different signaling pathways and proteins contribute to the regulation of defense response in plants (Kuhn et al., 2016). But how can we classify mlo-mediated resistance against PM pathogens? Recently, researchers classified the mlo-mediated resistance as a part of the non-host resistance (NHR) in A. thaliana. Because PEN proteins, the major compounds of NHR in A. thaliana against PM pathogens, are necessary for the AtMLO2-mediated resistance (Humphry et al., 2006; Appiano et al., 2015). Although mlo-mediated resistance is associated with NHR for this reason, the defense mechanism is still in ambiguity, particularly in cucumber.

C. sativus has thirteen CsaMLO genes, and three of these genes (CsaMLO1, CsaMLO8, and CsaMLO11) were classified in Clade V associated with PM-susceptibility in dicots. It has been reported that when CsaMLO1 and CsaMLO11 are minor genes for PM susceptibility, CsaMLO8 could be a major gene associated with PM susceptibility in cucumber. Also, till date there is no report on the naturally occurring mutation on CsaMLO1 or CsaMLO11 (Nie et al., 2015; Berg et al., 2015). Although several research groups have focused on understanding CsaMLO11/CsaMLO11 or CsaMLO8 mediated resistance in cucumber, the defense mechanism is still unclear. Moreover, CRISPR/Cas9 for knock-out CsaMLO1, CsaMLO8, and CsaMLO11 was suggested to determine mlo-mediated defense mechanism in cucumber (Berg et al., 2017).

We have previously determined the PM defense mechanism in cucumber using RT-PCR and found that callose-dependent cell-wall reinforcement was a more robust response than HR in our genotypes (Tek and Calis, 2022). Therefore, we presume that the major PM-susceptibility gene CsaMLO8 could be responsible for regulating cell wall modifications negatively at pre-invasion stage. Also, we want to emphasize on the effects of the loss of function for Clade V genes in cucumber, CsaMLO1, and CsaMLO11, in defense response. Because the loss-of CsaMLO function is effect is still not clear in cucumber even if there are single CsaMLO mutant studies reported. Therefore, we used various types of loss-of CsaMLO function mutants such as triple and double mutants to determine mlo-mediated defense mechanism in cucumber. The study was carried out to reveal contribution of the CsaMLO1, CsaMLO8, and CsaMLO11 mutations for pre or post invasive responses against P. xanthii. Loss of function cucumber mutants were developed to investigate defense mechanism such as penetration resistance at early stage of the infection or hypersensitive reaction in plants by using CRISPR/Cas9. Further, ROS (Reactive Oxygen Species) accumulation such as H2O2 (Hydrogen Peroxide) associated with plant defense system against different plant pathogens was investigated to classify defense response which linked Clade V CsaMLO mutations in cucumber.



Material and methods


gRNAs selection and vector transformation

Three gRNAs have been selected for the CsaMLO1, CsaMLO8, and CsaMLO11 by using CRISPR-GE (Xie et al., 2017) for Cas9 recognition in cucumber. The gRNAs were chosen from the third exon of CsaMLO1 (Cucsa.207280) and the first exon of CsaMLO8 (Cucsa.207280) and CsaMLO11 (Cucsa.190600) sequences from Phytozome v12 (Figure 1A). pDIRECT_23:CmYLCV_gRNA1_gRNA2_gRNA3 plasmid (Figure 1B) was assembled from the described Golden Gate Assembly (Čermák et al., 2017). CmYLCV, CSY_gRNA, REP_gRNA, and csy_term oligonucleotides (Supplementary Table 1) were used in PCR to amplify gRNAs and gRNA scaffolds for each gRNAs. High Fidelity Phusion Taq (Thermo) polymerase was used in reaction mixture according to the manufacturer protocol. PCR was conducted in; pre-denaturation at 98°C for 30 secs, 30 cycle; denaturation at 98°C for 10 secs, annealing at 65 °C for 30 secs, elongation at 72 °C for 15 secs, and final elongation at 72°C for 5 mins conditions to amplify gRNA:gRNA_scaffold and pDIRECT_23C was used as a template. 50 ng pDIRECT_23C (Supplementary Figure 1), 0.5 µl of diluted (ten times) PCR products, 0.5 µl SapI, 0.5 µl Esp3I, 1 µl T7 DNA ligase, 10 µl 2x T7 DNA ligase buffer, and 7 µl ddH2O were used in Golden Gate reactions. The ligation was completed in 10 cycles at 37°C for 5 minutes and 25°C for 10 minutes. PmeI and PmlI restriction enzymes were used to confirm the plasmid and transferred to E. coli DH5α (Supplementary Figure 2). The transformation plasmid was isolated from DH5α after validation with kanamycin (50mg/L) and ccdB selection. Transformation plasmid was transferred to electrocompetent Agrobacterium tumefaciens EHA105 by electroporation. PC primers (annealing at 57°C) were used in colony PCR to confirm transformation of EHA105.




Figure 1 | Specific gRNAs chosen from the coding site of Clade V CsaMLO (CDS) in cucumber and pDIRECT_23C plasmid. (A) gRNA1 for CsaMLO1, gRNA2 for CsaMLO8, and gRNA3 for CsaMLO11 were selected by using CRISPR-GE. (B) Selected gRNAs were amplified with PCR and cloned into pDIRECT_23C’s. Cestrum yellow leaf curling virus promoter (CmYLCV) was used for gRNAs expression and bialaphos phosphinothricin resistance (BlpR) was used to transgenic plant selection. Also, pDIRECT_23C contains Cauliflower Mosaic Virus 35S promoter (CaMV35) for Cas9.





Transformation and plant regeneration

Cotyledons of PM-susceptible cucumber line ADR27 were used as explants for A. tumefaciens EHA105-mediated transformation. The transformation and regeneration procedure were conducted as previously described (Zhang et al., 2017), with slight modifications. ADR27 inbred line’s seeds were kept in tap water for 2 hours and the seed coats were removed. Seed surfaces were sterilized using 75% ethanol for 30 seconds. Further, commercial bleach (3% sodium hypochlorite solution) was used also for sterilization for 15 minutes after the ethanol was drained out. After rinsing three times with deionized water and drying on sterile filter paper aseptically under laminar airflow cabinet, the seeds were placed in a petri dish containing plant germination medium (Murashige Skoog with 3% sucrose). Meanwhile, EHA-105 was incubated in Luria-Bertani (LB) broth containing 100 mg l-1 rifampicin and 50 mg l-1 kanamycin for 16-24 hours at 28°C and at 200 rpm. Bacterial cells were transferred to 50 ml of LB broth and incubated until the OD at 600 nm reached 0.6-0.8. After centrifugation at 4000 g for 10 minutes, the bacterial pellet was diluted in MS liquid to OD600 = 0.25. Cotyledon explants were taken from a germination medium using sterile forceps and were prepared for transformation using a sterile scalpel. Prepared explants were transferred to the EHA105-containing liquid MS, incubated for 15 minutes for agroinfiltration, and placed in a co-cultivation Medium (MS with 3% sucrose, 2 mg ml-1 BAP, 2 mg ml-1 ABA, and 200 μM acetosyringone) at 28°C for two days in the dark keeping the abaxial surface in contact with the culture medium. The explants were then transferred onto a shooting medium (MS with 3% sucrose, 2 mg ml-1 BAP, 2 mg ml-1 ABA, 150 mg l-1 Timentin) containing 1 mg ml-1 glufosinate-ammonium to select transformant plants. After 2-3 weeks of incubation at 25°C under 16-hour photoperiod, the resulting shoots were transferred to glass jars containing a rooting medium (MS with 3% sucrose, 150 mg l-1 timentin and 1 mg ml-1 glufosinate-ammonium). After 2-4 weeks, the rooted plants were transferred to pots containing wet compost, covered with a zip bag, and grown for 6-8 weeks at 25°C/18°C and 16 hours photoperiod.



Development of T1 plants

DNA was isolated from T0 plants using the GeneJET Genomic DNA Purification Kit, and transformation was confirmed by using Cas9 primers (Supplementary Table 1). After acclimatization, 0.1 M silver nitrate was sprayed on newly formed shoots to form male flowers for selfing. The transgenic T0 ADR27 male flowers, which opened on the same day, were crossed with female flowers. After the fruits ripened and matured, the T1 seeds were harvested, washed with 70% ethanol, dried, and stored at 4°C.



Analysis of mutations in T1 plants

The T1 seeds were germinated in pots containing wet compost. Genomic DNA was extracted from the T1 cotyledons using GeneJET Genomic DNA Purification Kit as per manufacturer’s instructions (Thermo Fisher, Scientific, USA). Meanwhile, WT-specific forward primers were designed from downstream and upstream of the PAM sequence in for CsaMLO1, CsaMLO8, and CsaMLO11. Reverse primers were designed from GC-rich regions of these genes with high-annealing temperatures to increase specificity. The method is previously described as an “annealing at critical temperature PCR” (ACT-PCR) by Wang and Wang, 2019. Critical temperatures were determined with the gradient-PCR (60°C to 72°C) by using DNA isolated from WT-ADR27. PCR was carried out under the following conditions: initial denaturation at 94°C for 2 minutes, denaturation at 94°C for 30 seconds, annealing at 68°C (for CsaMLO1 and CsaMLO11) and 65°C (for CsaMLO8) for 30 seconds, elongation at 72°C for 45 seconds; 30 cycle and final elongation at 72°C for 5 minutes to detect homozygous mutant. The PCR products were visualized after the agarose gel (1.5%) electrophoresis. The DNA from homozygous mutant plants that did not show amplification in the PCR using these primers could be attributed to the deletion or insertion mutation on the PAM sequence.



Determination of the CsaMLO mutation types

CsaMLO1, CsaMLO8, and CsaMLO11 gRNA targets of selected mutant plants accordingly ACT-PCR results were amplified with PCR by using the CsaMLO-Seq primers (Supplementary Table 1). PCR were carried out; pre-denutaration at 94°C for 5 mins; denaturation at 94°C for 1 min, annealing at 58°C for 45 secs, elongation at 72°C for 45 secs and final elongation at 72°C for 5 mins. The products were then run on 1.5% agarose gel using gel electrophoresis for confirmation. Finally, the amplicon was purified and sequenced using the Sanger method by Macrogen (Madrid, Spain). The T1 plants and WT ADR27 gRNA target sequences were evaluated with alignment of WT and mutant CsaMLO genes. Mutations were detected for each sequenced plant and are presented in Figure 2. The introns sequences were cleaned with reference CoDing Sequence (CDS) alignment. Cucsa.207280, Cucsa.308270, and Cucsa.190600 Phytozome reference sequences were used for CsaMLO1, CsaMLO8, and CsaMLO11 respectively. CDSs were converted to amino acid sequence in GeniousPrime (2021.2.2v) and protein sequences of mutant were aligned with WT-ADR27. Open Reading Frame (ORF) shifts and stop codon formations were determined according to the alignment result.




Figure 2 | Nucleotide sequence alignment of CsaMLOs. Clade V CsaMLOs of WT-ADR27 were aligned with the reference sequence to detect any genotypic differentiation, and the underlined nucleotides on the alignment shows the PCR primers for detection of homozygous mutants; (A) the sequence results indicated that 4-11 has deletion mutations on CsaMLO8 (2 bp) and CsaMLO11 (4 bp) even if there is no mutation on the CsaMLO1. Although 4-14 is triple mutant (2 bp del at CsaMLO8 and 4 bp del at CsaMLO11), there is substitution mutation on CsaMLO1 with 2 nucleotides change as “AA” rather than “GC” on the Cas9 cleavage site. 4-15 and 2-18 were determined as CsaMLO1del with 11 bp and 8 bp deletions as a result of NHEJ. Also 8 bp deletions were detected on 4-21’s CsaMLO1 and CsaMLO11; (B) The PCR products were observed to be non-mutant genotype in terms of CsaMLO. However, there was no amplification in PCR results of mutant, because of homozygous deletion or substitution on the primer binding sites.





Inoculation and evaluation of reactions against PM

P. xanthii conidiospores were harvested from the PM infected plants with a brush and suspended in distilled water to give 2x105 spore ml-1 and sprayed three times onto T1 mutant and susceptible WT ADR27 cucumber leaves. Ten days after the inoculation, leaf samples were taken from the PM inoculated WT and mutant plants, boiled in 96% ethanol to remove the chlorophyll, and then stained with trypan blue (250 µg ml-1). The development of conidiophores and conidiospores was examined under microscope (Leica DM500). Conidiospores were counted on five leaves for each plant within 100 spores at a 0.02 mm2 area for detection of spore germination and germination/penetration rates were compared between susceptible WT-ADR27 and mutants. Determination of ROS accumulation was carried out by staining leaves with DAB combined with Trypan Blue (Thordal-Christensen et al., 1997). For this, the PM-inoculated leaves were incubated for 6 hours in DAB (1%) solution and boiled in 96% ethanol. Leaves were evaluated and scored using a modified DR (Disease Reaction) scale where 0 indicates no fungal growth and 4 indicates dense fungal growth (Adam and Somerville, 1996).




Results


Plant regeneration and development of T1 mutants

After germination of ADR27 seeds, cotyledons were removed and used as explants for transformation using A. tumefaciens EHA 105 and were then transferred to co-cultivation medium. The explants were shifted to an MS medium containing 1 mg ml-1 glufosinate-ammonium for selection of transformants. The integration of T-DNA into plant genome was confirmed by PCR using Cas9 specific primers and 46 transgenic plants were regenerated at T0. Regeneration steps and T0 plants were given in Supplementary Figure 3. 96 T1 plants were also examined using ACT-PCR, and the result revealed that the mutation rates of the CsaMLO genes observed in the T1 generation were 25%, 2.08% and 19.79% for CsaMLO1, CsaMLO8, and CsaMLO11, respectively (Supplementary Table 2).



In/dels in mutants

CsaMLO1 did not amplify in PCR that was carried out with isolated DNA samples from 4-14, 4-15, 4-21, and 2-18 lines. CsaMLO8 was amplified when the T1 plants, excluding 4-11 and 4-14 were used in PCR. Also, CsaMLO11 did not amplify in 4-11, 4-14, and 4-21. The sequences of the gRNA’s target of these lines revealed that these lines have deletion and substitution mutations on the Cas9 cleavage site. 4-14 have 2 nucleotide substitution mutations on the upstream of the PAM motif. The deletion mutations were detected in the 4-15, 4-21, and 2-18 cucumber lines. The CsaMLO1 deletion mutations in mutant lines were relatively larger than the CsaMLO8 deletions. The small deletions (2 bp) are seen upstream of the PAM in the CsaMLO8 of 4-11 and 4-14 T1 plants. Deletions were also detected in the CsaMLO11 of 4-11, 4-14, and 4-21 T1 plants. The CsaMLO11 deletions are 4 and 8 bp, and the location of the deletions differed from the PAM motif of CsaMLO1. The position of deletions ranged from downstream of the PAM to upstream in CsaMLO1, but the deletion was detected only upstream of the PAM in CsaMLO11 (Figure 2).



Early stop codon formation and amino acid substitution

Most of the mutations occurred in different mutant plants caused early stop codon formation at the amino acid sequence except that in 4-14 mutant plant, two nucleotide mutations (GC to AA) in CsaMLO1 lead to alanine to asparagine change at the 137th amino acid as a result NHEJ (non-homologous end joining) after the Cas9 cleavage. The alanine was changed asparagine at the 137th amino acid of CsaMLO1 as a result NHEJ (non-homologous end joining) after the Cas9 cleavage. The stop codon formation was detected at the 140th amino acid of 4-21 and 2-18’s CsaMLO1 caused by 8 bp deletion, while the stop codon was also detected on 139th amino acid of 4-15’s CsaMLO1 caused by 11 bp deletion. The ORF shifts were detected on the CsaMLO8 mutants 4-11 and 4-14 at Cas9 cleavage site and stop codon formation was detected at the 33rd amino acid. ORF shift and stop codons also detected in CsaMLO11 as a result of NHEJ. The stop codons were at the 26th amino acid of 4-11 and 4-14 CsaMLO11, while stop codon formation appeared at 57th amino acid of 4-21’s CsaMLO11. 4-11 (CsaMLO8/11del), 4-14 (CsaMLO1A137N/CsaMLO8/11del), 4-15 (CsaMLO1del), 4-21 (CsaMLO1/11del), and 2-18 (CsaMLO1del) were determined as loss of function mutant (Figure 3).




Figure 3 | Amino acid alignment using sequences of mutants and WT plants. (A) When the deletions on the Cas9 cleavage (red arrow) cause stop codon formation on the 4-15’s CsaMLO1 139th amino acid; the stop codon formation was detected on 2-18 and 4-21 CsaMLO1’s 140th amino acid (3rd exon). The Alanine (A) was altered with Asparagine (N) at the 137th amino acid as a result of the NHEJ caused by Cas9 cleavage at the gRNA1 target. (B) 2 bp deletions cause the unexpected stop codon formation on the 33rd amino acid of CsaMLO8 in 4-11 and 4-14. The target site of gRNA2 was on the first exon for CsaMLO8 and the changed amino acid structures are at the Cas9 cleavage (10th aa) site for this gene. The early stop codon formation caused the loss-of CsaMLO8 function in 4-11 and 4-14. (C) The mutations seem to be responsible for the stop codon formation in CsaMLO11 and stop codon’s positions of 4-11 and 4-14’s CsaMLO11 closer to that gRNA3 than 4-15 and 2-18 CsaMLO11. However, ORF shifts are initiated at gRNA3 position in whole CsaMLO11del.





Evaluation of mutants for P. xanthii resistance

The P. xanthii was inoculated on 4-11 (CsaMLO8/11del), 4-14 (CsaMLO1A137N/CsaMLO8/11del), 4-15 (CsaMLO1del), 4-21 (CsaMLO1/11del), 2-18 (CsaMLO1del), and WT cucumber plants after the determination of the mutation and mutation types. After ten days of inoculation, inoculated five leaves were examined closely for inoculated WT and mutant plants to determine DR scores (Table 1). Further, leaves were also harvested from the WT and mutant plants, chlorophyll was removed, and staining was done with Trypan Blue. Typical PM symptoms were apparent on WT ADR27 leaves. 4-15 and 2-18 mutants showed fewer symptoms on the inoculated leaves. The PM symptoms on 4-21 and 4-11 plants were less severe than in CsaMLO1del plants. Furthermore, there were no symptoms on the 4-14 plant. The microscopic observation results confirmed that the conidiospores had germinated massively and developed many new spores on the WT ADR27 plant. However, no new conidiophores or conidiospores were observed on the inoculated CsaMLO8/11del and CsaMLO1A137N/CsamMLO8/11del (Figure 4). Low spore germination and limited mycelial growth was observed on the 4-11 and 4-14 plants.


Table 1 | DR scores at 10 dpi on different PM-inoculated leaves.






Figure 4 | Evaluation of the DR scores against PM and P. xanthi penetration/germination rates at ten-day post-inoculation. (A) DR scores of wild-type ADR27 and mutant plants were generated means of the inoculated five leaves for each genotypes at 10 dpi (Table 1) and same colors indicated that there is no difference for DR scores statistically according to standard deviation bar. The lowest DR scores were observed in 4-11 (CsaMLO8/11del) and 4-14 (CsaMLO1A137N/8/11del). The DR scores were statistically similar for 4-15 and 2-18 plants having CsaMLO1 mutation. 4-21 was determined as CsaMLO1/11 del mutant and the DR score was lower than CsaMLO1del even if higher DR score than 4-11 and 4-14. (B) The strong penetration resistance is defined in 4-11 and 4-14 plants having loss of CsaMLO8 function. Also, P. xanthii germination rate was lowest in these mutants. 4-15 and 2-18 (CsaMLO1del) penetration and germination rates were similar with the CsaMLO1/11del. Percentages of the germination and penetration rates were created according to average of germinated and penetrated spores’ numbers from each genotype’s five leaves.





ROS accumulation on CsaMLO8/11del and CsaMLO1 A137N/CsaMLO8/11del

Trypan blue staining revealed massive mesophyll cell death on ADR27 associated with PM infection. However, there were restricted death cells in 4-11 and 4-14 plants (Figure 5). The DAB and Trypan Blue combined staining also shows ROS accumulation on ADR27 and mutant plants. ROS accumulation was observed near the P. xanthii mycelium growth area of the leaves in both mutant and WT plants. Notably, on 4-14 mesophyll cells, the pathogen conidiospores that were unable to germinate were quite visible, even though there was no ROS accumulation and cell death. Combined staining also revealed that the mycelial growth was on wild-type ADR27 leaves, and ROS was accumulated in this growth area. The maximum ROS accumulation and P. xanthii development were on the WT ADR27 when compared with 4-11 and 4-14 (Figure 6).




Figure 5 | Powdery mildew symptoms and visualization of P. xanthii spores on WT/mutant leaves using Trypan Blue. (A) Powdery mildew symptoms on leaf surfaces of WT-ADR27 and CsaMLO mutants at 10 dpi. Typical symptoms could be seen on the WT leaves as a result massive propagation caused by P. xanthii after ten-days post inoculation. Restricted symptoms were detected on P. xanthii inoculated leaves of 4-15, 4-21, and 2-18 plants. Moreover, the hypersensitive response associated lesions were apparent on the leaves of CsaMLO1del and CsaMLO1/11del plants. However, no symptoms appeared on the leaves of 4-11 and 4-14 plants after ten days of inoculation. (B) The epidermal surface of WT-ADR27 was covered with P. xanthii conidiophore and conidiospores that was newly formed from inoculated spores. Also, massive cell deaths were observed on the leaf mesophyll as a result of pathogen activity apparent from the blue color. However only mycelial growth was detected on the leaves of 4-11 and 4-14 plants, even if there was restricted germination rate.






Figure 6 | Combined DAB and Trypan blue staining to determine ROS accumulation on leaves of inoculated WT and mutant plants at 10 dpi. Although susceptible WT-ADR27 had highest P. xanthi germination rate, ROS accumulation (black arrow) was found more frequently on the leaves of these plant as compared 4-11 and 4-14. ROS accumulation was also found in 4-11 and 4-14 which are CsaMLO8/11del and CsaMLO1A137N/8/11del mutants. However, ROS were accumulated in the P. xanthii mycelial growth site was detected in 4-11 and 4-14. Also, non-germinated spores (red arrow) were detected on mutant leaves on the contrary to WT.






Discussion

Podosphaera xanthii is one of the important pathogens responsible for powdery mildew, which is thought to be affecting more than ten thousand plant species worldwide. The PM caused by P. xanthii is the most common and severe disease in cucurbits, including C. sativus (Zitter et al., 1996). Understanding the PM defense mechanism is the first and critical step to develop PM resistant cultivars. However, the generation of resistant cultivars is challenging because PM resistance is controlled by several genes (polygenic in nature) and involves complex defense pathways (Chen et al., 2009).

Cell wall reinforcement and HR are strong responses against PM pathogens. Significantly callose-associated cell wall reinforcement is one of the robust basal defense mechanisms found in plants against incompatible plant-microbe interaction (Ahmed et al., 2016). M/PAMPs are recognized by host receptors such as PRR and trigger the PTI, the first line of defense in plants, a defense mechanism activated to restrict the infection. However, PTI pressures the pathogen for mutation on effectors, and only successful pathogens could overcome the first obstacle (Thordal-Christensen, 2003). For this reason, we need to find new resistance sources to generate new resistant cultivars. The new sources (R-genes) could confer resistance against successful pathogens (overcame the first line) that trigger the ETI, and a hypersensitive reaction generally occurs at this stage (Jones and Dangl, 2006). However, R-gene-mediated resistance is broken, and new pathogen strains could overcome the resistance in a short time with a mutation on avirulence genes. Therefore, NHR is strongly suggested against plant pathogens to solve this infinity loop because of it is durable and broad-spectrum resistance.

It has been suggested that S-gene mutation mediated resistance as a novel approach for developing resistant cultivars to control plant disease. One of the most recognized and first discovered S-gene is the barley mlo. Naturally occurring mutations on this gene confer broad-spectrum and durable resistance against many Bgh isolates (Jørgensen, 1992). Unfortunately, mlo-mediated resistance is as complex as R-mediated PM resistance in various plants, till date very little is known about the mlo-mediated defense mechanism in various plants (Acevedo-Garcia et al., 2014). However, it has been shown that a calmodulin-binding domain of barley mlo increases susceptibility to PM, particularly in barley. Furthermore, the MLO have seven transmembrane domains, and one of these (the calmodulin-binding domain) is responsible for calmodulin-binding. The function of this protein is to block the Ca+2 and calmodulin interaction. The Ca+2 signal plays an essential role in recognizing the host by the PM pathogen at the early stage of the infection (Kim et al., 2002).

Phylogenetic analyses and transcriptomic studies have been focused on revealing MLO gene families in cucumber. Differentially Expressed Genes (DEGs) were determined in the loss-of-function mutants in cucumber. However, mlo-mediated resistance is still poorly understood in cucumber because of different defense responses that could occur against PM pathogens in cucumber, contrary to other plant species (Berg et al., 2015; Nie et al., 2015). Contrary to the CsaMLO1 and CsaMLO11 mutants in cucumber, mutant cucumber for CsaMLO8 was found in nature. Further, using the latest gene-editing techniques was suggested to determine mlo-mediated resistance in cucumber by obtaining different loss-of-CsaMLO function mutants such as triple or double mutants (Berg et al., 2017). Therefore, CRISPR/Cas9 was used to generate triple (CsaMLO1A137N/CsaMLO8/11del), double (CsaMLO1/11del and CsaMLO8/11del), and single mutant (CsaMLO1del) cucumber lines and these lines were used in this study to determine mlo-based defense mechanisms in cucumber.

The T0 lines obtained after transformation were further tested with Cas9 primers to control T-DNA integration and 46 plants determined as transgenic. We screened the mutants which are obtained from transgenic T0 with a PCR-based approach (ACT-PCR) to determine homozygous mutants in T1 generations. The mutation rates in 96 T1 plants were 25%, 2.08% and 19.79% for CsaMLO1, CsaMLO8, and CsaMLO11 respectively. The PCR-based approach could be the reason for low mutation rates in T1 reactions because the method allows the detection of only homozygous mutant plants.

The deletions mutations were detected on the CsaMLO1 target sequence of 4-15 (11 del), 4-21 (8 del), and 2-18 (8 del), and detected deletions cause loss-of CsaMLO1 function due to the formation of the unexpected stop codon formation at 139th amino acid of 4-15’s CsaMLO1, and 140th amino acid of 4-21 and 2-18’s CsaMLO1. Interestingly, two nucleotide substitution mutations at the Cas9 cleavage site of 4-14’s CsaMLO1 caused amino acid substitution. The result is similar to amino acid substitution on barley, causing the previously reported loss-of-function mutation for barley’s mlo (Reinstädler et al., 2010). However, there was no difference between DR scores of 4-11 and 4-14 plants post PM inoculation. Two deletions were detected on CsaMLO8 of 4-11 and 4-14, hence, these deletions resulted in the stop codon formation at 33rd amino acid. Also, 4 and 8 bp deletions were seen on CsaMLO11 of 4-11, 4-14, and 4-21 lines. To sum up, we report for the first-time triple mutants 4-14 (CsaMLO1A137N/CsaMLO8/11del), double mutants 4-11 (CsaMLO8/11del), and 4-21 (CsaMLO1/11del) in cucumber lines using CRISPR/Cas9.

Although various research groups have generated CsaMLO8 mutant cucumber lines using different methods and DEGs were determined with transcriptomic approaches, but the underlying mechanism of mlo-mediated resistance in cucumber is still unclear. Therefore, we performed this study to reveal the defense mechanism involved in the mlo-mediated resistance in cucumber. In this study, we focused on the mlo-mediated resistance mechanism, and PM reactions of 4-11 (CsaMLO8/11del), 4-14 (CsaMLO1A137N/CsaMLO8/11del), 4-15 (CsaMLO1del), 4-21 (CsaMLO1/11del), and 2-18 (CsaMLO1 del) were evaluated post-inoculation. The results from the symptoms caused by PM on mutant plants indicated that the loss of CsaMLO8 function confers resistance against the PM. The results from the symptoms caused by PM on mutant plants indicated that the loss of CsaMLO8 function confers resistance against the PM. DR scores were lowest in 4-11 and 4-14, with 0.4 DR scores among mutant plants, there is no statistical difference in terms of DR scores between 4-15 and 2-18, which are single CsaMLO1del, and their DR scores were higher than CsaMLO1/11del 4-21’s DR score (0.8). The reason of the identical DR scores between 4-11 and 4-14 could associated with the early CsaMLO8 mutation-mediated response against PM or CsaMLO1 substitution mutation in 4-11 did not affect the resistance level in CsaMLO8del plants. Although, this result is not astonishing, the evaluation of the PM reactions shed light on the mlo-mediated defense mechanism in cucumber using the DAB and Trypan Blue staining.

Hypersensitive reaction-associated lesions were seen on the leaf surface 4-15 and 2-18 plants at ten days post-inoculation, and these lines also exhibited the least deletion mutations on CsaMLO1. Deletion mutations were also observed on CsaMLO1 and CsaMLO11 in 4-21. The PM symptoms were restricted with the HR in CsaMLO1del and CsaMLO1/11del. Although P. xanthii germination rate was higher than 4-11 and 4-14, our results have revealed that CsaMLO1 and CsaMLO11 could be negative regulators in post-invasive defense response against PM pathogen in cucumber. 4-11 and 4-14 plants recorded the lowest DR score after the PM inoculation, as expected, because of the CsaMLO8 function, a major susceptibility gene for PM. Interestingly, there was no HR observed on the adaxial leaf surface of 4-11 and 4-14 plants, and there appeared no symptoms even after ten days of inoculation. From the microscopic observation it was quite visible that attached ungerminated P. xanthii spores on epidermal cells were staining blue after Trypan blue assay. Only a few spores germinated, and only mycelial growth was detected under the cucumber leaf cells. To our surprise, accumulation of ROS was detected during DAB staining, even in the absence of HR. However, ROS such as H2O2 are not only associated with HR but have been reported to be linked with callose-dependent cell-wall reinforcement, known as papilla formation (Kuźniak and Urbaneki, 2000). The localized ROS accumulation was also detected on inoculated and non-germinated P. xanthii conidiospores. The DAB combined Trypan blue staining result indicated that accumulated ROS could be associated with PM-triggered cell-wall reinforcement in 4-11 and 4-14 plants, but the accumulated ROS did not reduce the PM infection rate in WT. The lower P. xanthii germination and restricted mycelial growth indicate that the CsaMLO8 could be a negative regulator in pre-invasive defense response. Previously, CsaMLO8 and callose interaction has been demonstrated. However, the loss-of-CsaMLO8 function provides strong penetration resistance in cucumbers at early stage of infection even if there are loss-of-function mutations on CsaMLO1 or CsaMLO11.

Finally, we can develop novel resistant cultivars by using state-of-the-art gene editing techniques without understanding the underlying mechanism of this type of resistance. However, we need to figure out the defense mechanism sourced by S-gene mutations in the plant to develop broad-spectrum and durable resistance. It is not possible that the pathogen can overcome the resistance provided by S-gene mutation because this resistance is similar to NHR, especially mlo-mediated resistance. However, it is difficult to claim that S-mediated resistance will not break in the near future. Therefore, investigating the defense mechanism with novel and diverse approaches could be effective for protecting agricultural production against yield and quality losses caused by plant pathogens.



Conclusion

Three types of mutants i.e., triple mutant 4-14 (CsaMLO1A137N/CsaMLO8/11del), double mutants 4-11 (CsaMLO8/11del) and 4-21 (CsaMLO1/CsaMLO11del), single mutants 4-15 and 2-18 (CsaMLO1del) were generated in this study using the CRISPR/Cas9. Loss-of Clade V functions with diverse combinations were investigated to determine mlo-mediated resistance in cucumber. The results revealed that CsaMLO1/CsaMLO11 mutations confer resistance with HR for post-invasive defense response. Loss of CsaMLO8 function conferred higher resistance than other mutants as described previously, but we report here for the first time, that CsaMLO8 is strongly associated with pre-invasive defense response even if there are other Clade V mutants such as in triple mutant. Hence, CRISPR/Cas9 could be used for the generation of PM-resistant cucumber cultivars, which have a strong pre-invasive defense with CsaMLO8 or post-invasive with CsaMLO1/CsaMLO11 mutations.



Data availability statement

Sequence data of the cucumber CsaMLO1 (Cusca.207280), CsaMLO8 (Cusca.308270), and CsaMLO11 (Cusca.190600) from Phytozome (https://phytozome.jgi.doe.gov/) has been used for selection of the gRNAs. CsaMLO sequences of the mutant and wild type were uploaded to NCBI GenBank (ON528937-ON528951); ON528941 for WT-CsaMLO1, ON528942 for 4-14’s CsaMLO1, ON528943 for 4-15’s CsaMLO1, ON528944 for 4-21’s CsaMLO1, ON528946 for 2-12’s CsaMLO1, ON528937 for WT-CsaMLO8, ON528938 for 4-11’s CsaMLO8, ON528940 for 4-14’s CsaMLO8, ON528948 for WT-CsaMLO11, ON528949 for 4-11’s CsaMLO11, ON528950 for 4-14’s CsaMLO11, and ON528951 for 4-21’s CsaMLO11.



Author contributions

Conceptualization: OC and SW. Data curation: MT, MS, and SC. Formal analysis: MT, MS, and SC. Funding acquisition: OC. Methodology: MT. Project administration: OC and HF. Resources: SW. Supervision: OC, HF. Writing – original draft: MT. Writing – review & editing: HF, SW. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by The Scientific Research Projects Coordination Unit of Akdeniz University (Project Number: FBA-2020-5344).



Acknowledgments

The authors thank to Prof. Dr. John G. Turner (Emeritus Professor, University of East Anglia, UK) for technical reading and suggestions on the manuscript. MS, and SW acknowledge the overseas fellowship grant award provided by SKAUST Kashmir, India.



Conflict of interest

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



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.1081506/full#supplementary-material



References

 Acevedo-Garcia, J., Kusch, S., and Panstruga, R. (2014). Magical mystery tour: MLO proteins in plant immunity and beyond. New Phytol. 204 (2), 273–281. doi: 10.1111/nph.12889

 Adam, L., and Somerville, S. C. (1996). Genetic characterization of five powdery mildew disease resistance loci in arabidopsis thaliana. Plant journal: Cell Mol. Biol. 9 (3), 341–356. doi: 10.1046/j.1365-313x.1996.09030341.x

 Ahmed, A. A., McLellan, H., Aguilar, G. B., Hein, I., Thordal-Christensen, H., and Birch, P. R. (2016). “Engineering barriers to infection by undermining pathogen effector function or by gaining effector recognition,” in Plant pathogen resistance biotechnology Ed.  D. B Collinge. Hoboken, New Jersey: John Wiley & Sons, Inc.  doi: 10.1002/9781118867716.ch2

 Appiano, M., Catalano, D., Santillán Martínez, M., Lotti, C., Zheng, Z., Visser, R. G., et al. (2015). Monocot and dicot MLO powdery mildew susceptibility factors are functionally conserved in spite of the evolution of class-specific molecular features. BMC Plant Biol. 15, 257. doi: 10.1186/s12870-015-0639-6

 Assaad, F. F., Qiu, J. L., Youngs, H., Ehrhardt, D., Zimmerli, L., Kalde, M., et al. (2004). The PEN1 syntaxin defines a novel cellular compartment upon fungal attack and is required for the timely assembly of papillae. Mol. Biol. Cell 15 (11), 5118–5129. doi: 10.1091/mbc.e04-02-0140

 Bai, Y., Pavan, S., Zheng, Z., Zappel, N. F., Reinstädler, A., Lotti, C., et al. (2008). Naturally occurring broad-spectrum powdery mildew resistance in a central American tomato accession is caused by loss of mlo function. Mol. Plant-Microbe interactions: MPMI 21 (1), 30–39. doi: 10.1094/MPMI-21-1-0030

 Berg, J. A., Appiano, M., Bijsterbosch, G., Visser, R., Schouten, H. J., and Bai, Y. (2017). Functional characterization of cucumber (Cucumis sativus l.) clade V MLO genes. BMC Plant Biol. 17 (1), 80. doi: 10.1186/s12870-017-1029-z. BioMed Central Ltd.: 80.

 Berg, J. A., Appiano, M., Santillán Martínez, M., Hermans, F. W., Vriezen, W. H., Visser, R. G., et al. (2015). A transposable element insertion in the susceptibility gene CsaMLO8 results in hypocotyl resistance to powdery mildew in cucumber. BMC Plant Biol. 15, 243. doi: 10.1186/s12870-015-0635-x

 Böhlenius, H., Mørch, S. M., Godfrey, D., Nielsen, M. E., and Thordal-Christensen, H. (2010). The multivesicular body-localized GTPase ARFA1b/1c is important for callose deposition and ROR2 syntaxin-dependent preinvasive basal defense in barley. Plant Cell 22 (11), 3831–3844. doi: 10.1105/tpc.110.078063

 Cao, Y., Liang, Y., Tanaka, K., Nguyen, C. T., Jedrzejczak, R. P., Joachimiak, A., et al. (2014). The kinase LYK5 is a major chitin receptor in arabidopsis and forms a chitin-induced complex with related kinase CERK1. eLife 3, e03766. doi: 10.7554/eLife.03766

 Čermák, T., Curtin, S. J., Gil-Humanes, J., Čegan, R., Kono, T. J. Y., Konečná, E., et al. (2017). A multipurpose toolkit to enable advanced genome engineering in plants. Plant Cell 29 (6), 1196–1217. doi: 10.1105/tpc.16.00922

 Chen, Z., Noir, S., Kwaaitaal, M., Hartmann, H. A., Wu, M. J., Mudgil, Y., et al. (2009). Two seven-transmembrane domain MILDEW RESISTANCE LOCUS O proteins cofunction in arabidopsis root thigmomorphogenesis. Plant Cell 21 (7), 1972–1991. doi: 10.1105/tpc.108.062653

 Consonni, C., Humphry, M. E., Hartmann, H. A., Livaja, M., Durner, J., Westphal, L., et al. (2006). Conserved requirement for a plant host cell protein in powdery mildew pathogenesis. Nat. Genet. 38 (6), 716–720. doi: 10.1038/ng1806

 de Almeida Engler, J., Favery, B., Engler, G., and Abad, P. (2005). Loss of susceptibility as an alternative for nematode resistance. Curr. Opin. Biotechnol. 16 (2), 112–117. doi: 10.1016/j.copbio.2005.01.009

 De Wit, P. J.G.M., Joosten, M. H.A.J., Thomma, B. H.P.J., and Ioannis, S. (2009). “Gene for gene models and beyond: The cladosporium fulvum-tomato pathosystem,” in The mycota (Berlin, Heidelberg: Springer). doi: 10.1007/978-3-540-87407-2_7

 Eckardt, N. A. (2002). Plant disease susceptibility genes? Plant Cell 14 (9), 1983–1986. doi: 10.1105/tpc.140910

 Ellinger, D., and Voigt, C. A. (2014). “Callose biosynthesis in arabidopsis with a focus on pathogen response: What we have learned within the last decade,” in Annals of botany, United Kingdom: Oxford University Press vol. 114. , 1349–1358. doi: 10.1093/AOB/MCU120

 Hückelhoven, R., and Panstruga, R. (2011). “Cell biology of the plant-powdery mildew interaction,” in Current opinion in plant biology, United Kingdom: Elsevier 14. 738–746. doi: 10.1016/J.PBI.2011.08.002

 Humphry, M., Consonni, C., and Panstruga, R. (2006). Mlo-based powdery mildew immunity: silver bullet or simply non-host resistance? Mol. Plant Pathol. 76, 605–610. doi: 10.1111/J.1364-3703.2006.00362.X

 Humphry, M., Reinstädler, A., Ivanov, S., Bisseling, T., and Panstruga, R. (2011). Durable broad-spectrum powdery mildew resistance in pea er1 plants is conferred by natural loss-of-function mutations in PsMLO1. Mol. Plant Pathol. 12 (9), 866–878. doi: 10.1111/j.1364-3703.2011.00718.x

 Jørgensen, I. H. (1992). Discovery, characterization and exploitation of mlo powdery mildew resistance in barley. Euphytica 63, 141–152. doi: 10.1007/BF00023919

 Jiwan, D., Roalson, E. H., Main, D., and Dhingra, A. (2013). Antisense expression of peach mildew resistance locus O (PpMlo1) gene confers cross-species resistance to powdery mildew in fragaria x ananassa. Transgenic Res. 22 (6), 1119–1131. doi: 10.1007/s11248-013-9715-6

 Jones, J. D., and Dangl, J. L. (2006). The plant immune system. Nature 444 (7117), 323–329. doi: 10.1038/nature05286

 Kim, M. C., Panstruga, R., Elliott, C., Müller, J., Devoto, A., Yoon, H. W., et al. (2002). Calmodulin interacts with MLO protein to regulate defence against mildew in barley. Nature 416 (6879), 447–451. doi: 10.1038/416447a

 Konishi, S., Sasakuma, T., and Sasanuma, T. (2010). Identification of novel mlo family members in wheat and their genetic characterization. Genes Genet. Syst. 85 (3), 167–175. doi: 10.1266/ggs.85.167

 Kuhn, H., Kwaaitaal, M., Kusch, S., Acevedo-Garcia, J., Wu, H., and Panstruga, R. (2016). Biotrophy at its best: Novel findings and unsolved mysteries of the arabidopsis-powdery mildew pathosystem. arabidopsis book 14, e0184. doi: 10.1199/tab.0184

 Kuźniak, E., and Urbaneki, H. (2000). “The involvement of hydrogen peroxide in plant responses to stresses,” in Acta physiologiae plantarum, vol. 22. (Polish Academy of Sciences, Kraków, Poland: Springer), 195–203. doi: 10.1007/S11738-000-0076-4

 Kwon, C., Neu, C., Pajonk, S., Yun, H. S., Lipka, U., Humphry, M., et al. (2008). Co-Option of a default secretory pathway for plant immune responses. Nature 451 (7180), 835–840. doi: 10.1038/nature06545

 Micali, C., Göllner, K., Humphry, M., Consonni, C., and Panstruga, R. (2008). The powdery mildew disease of arabidopsis: A paradigm for the interaction between plants and biotrophic fungi. arabidopsis book 6, e0115. doi: 10.1199/tab.0115

 Nie, J., Wang, Y., He, H., Guo, C., Zhu, W., Pan, J., et al. (2015). Loss-of-Function mutations in CsMLO1 confer durable powdery mildew resistance in cucumber (Cucumis sativus l.). Front. Plant Sci. 6. doi: 10.3389/fpls.2015.01155

 Reinstädler, A., Müller, J., Czembor, J. H., Piffanelli, P., and Panstruga, R. (2010). Novel induced mlo mutant alleles in combination with site-directed mutagenesis reveal functionally important domains in the heptahelical barley mlo protein. BMC Plant Biol. 10, 31. doi: 10.1186/1471-2229-10-31

 Schmelzer, E. (2002). Cell polarization, a crucial process in fungal defence. Trends Plant Sci. 7 (9), 411–415. doi: 10.1016/S1360-1385(02)02307-5

 Serrano, I., Gu, Y., Qi, D., Dubiella, U., and Innes, R. W. (2014). The arabidopsis EDR1 protein kinase negatively regulates the ATL1 E3 ubiquitin ligase to suppress cell death. Plant Cell 26 (11), 4532–4546. doi: 10.1105/tpc.114.131540

 Takken, F. L., and Goverse, A. (2012). How to build a pathogen detector: structural basis of NB-LRR function. Curr. Opin. Plant Biol. 15 (4), 375–384. doi: 10.1016/j.pbi.2012.05.001

 Tek, M. I., and Calis, O. (2022). “Mechanisms of resistance to powdery mildew in cucumber,” in Phytopathologia mediterranea, vol. 61. (Firenze University Press, Florence, Italy : Firenze University Press), 119–127. doi: 10.36253/PHYTO-13313

 Thordal-Christensen, H. (2003). “Fresh insights into processes of nonhost resistance,” in Current opinion in plant biology, vol. 6. (United Kingdom: Elsevier Ltd), 351–357. doi: 10.1016/S1369-5266(03)00063-3

 Thordal-Christensen, H., Zhang, Z., Wei, Y., and Collinge, D. B. (1997). Subcellular localization of H2O2 in plants. H2O2 accumulation in papillae and hypersensitive response during the barley-powdery mildew interaction. Plant J. 11, 1187–1194. doi: 10.1046/J.1365-313X.1997.11061187.X

 van Schie, C. C., and Takken, F. L. (2014). Susceptibility genes 101: how to be a good host. Annu. Rev. Phytopathol. 52, 551–581. doi: 10.1146/annurev-phyto-102313-045854

 Wang, C., and Wang, K. (2019). Rapid screening of CRISPR/Cas9-induced mutants using the ACT-PCR method. Methods Mol. Biol. (Clifton N.J.) 1917, 27–32. doi: 10.1007/978-1-4939-8991-1_2

 Xie, X., Ma, X., Zhu, Q., Zeng, D., Li, G., and Liu, Y. G. (2017). CRISPR-GE: A convenient software toolkit for CRISPR-based genome editing. Mol. Plant 10 (9), 1246–1249. doi: 10.1016/j.molp.2017.06.004

 Xu, X., Liu, X., Yan, Y., Wang, W., Gebretsadik, K., Qi, X., et al. (2019). “Comparative proteomic analysis of cucumber powdery mildew resistance between a single-segment substitution line and its recurrent parent,” in Horticulture research, vol. 6. (United Kingdom: Nature Publishing Group), 1–13. doi: 10.1038/s41438-019-0198-3

 Xu, Q., Xu, X., Shi, Y., Qi, X., and Chen, X. (2017). Elucidation of the molecular responses of a cucumber segment substitution line carrying Pm5.1 and its recurrent parent triggered by powdery mildew by comparative transcriptome profiling. BMC Genomics 18 (1), 21. doi: 10.1186/s12864-016-3438-z

 Zhang, Z., Li, X., Ma, S., Shan, N., Zhang, X., Sui, X., et al. (2017). “A protocol for agrobacterium-mediated transformation of cucumber (Cucumis sativus l.) from cotyledon explants,” in Protocol exchange (United Kingdom: Springer Nature). doi: 10.1038/protex.2017.107

 Zhou, S. J., Jing, Z., and Shi., J. L. (2013). Genome-wide identification, characterization, and expression analysis of the MLO gene family in cucumis sativus. Genet. Mol. Res. 12 (4), 6565–6578. doi: 10.4238/2013.December.11.8

 Zitter, T. A., Hopkins, D. L., and Thomas, C. E. (1996). Compendium of cucurbits diseases (Saint Paul: American Phytopathological Society).


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

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




REVIEW

published: 24 February 2023

doi: 10.3389/fpls.2023.1151587

[image: image2]


Plant translational reprogramming for stress resilience


Seungmin Son and Sang Ryeol Park *


National Institute of Agricultural Sciences, Rural Development Administration, Jeonju, Republic of Korea




Edited by: 

Palak Chaturvedi, University of Vienna, Austria

Reviewed by:
Rémy Merret, UMR5096 Laboratoire Génome et développement des plantes, France

Ritesh Kumar, Boyce Thompson Institute (BTI), United States

*Correspondence: 

Sang Ryeol Park
 srpark@korea.kr

Specialty section: 
 This article was submitted to Plant Biotechnology, a section of the journal Frontiers in Plant Science


Received: 26 January 2023

Accepted: 14 February 2023

Published: 24 February 2023

Citation:
Son S and Park SR (2023) Plant translational reprogramming for stress resilience. Front. Plant Sci. 14:1151587. doi: 10.3389/fpls.2023.1151587



Organisms regulate gene expression to produce essential proteins for numerous biological processes, from growth and development to stress responses. Transcription and translation are the major processes of gene expression. Plants evolved various transcription factors and transcriptome reprogramming mechanisms to dramatically modulate transcription in response to environmental cues. However, even the genome-wide modulation of a gene’s transcripts will not have a meaningful effect if the transcripts are not properly biosynthesized into proteins. Therefore, protein translation must also be carefully controlled. Biotic and abiotic stresses threaten global crop production, and these stresses are seriously deteriorating due to climate change. Several studies have demonstrated improved plant resistance to various stresses through modulation of protein translation regulation, which requires a deep understanding of translational control in response to environmental stresses. Here, we highlight the translation mechanisms modulated by biotic, hypoxia, heat, and drought stresses, which are becoming more serious due to climate change. This review provides a strategy to improve stress tolerance in crops by modulating translational regulation.
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Introduction

Genetic information is transmitted from DNA to proteins through messenger RNA (mRNA) (with certain exceptions—i.e., reverse transcription and prions) according to the central dogma first reported by Francis Crick (Koonin, 2012; Cobb, 2017). Therefore, the strict control of gene expression determines most biological processes, including growth, development, and stress responses. Gene expression occurs in stages, including transcription and translation, that are physically and functionally connected (Orphanides and Reinberg, 2002; Buccitelli and Selbach, 2020). Transcription and translation generally occur simultaneously in prokaryotes lacking membrane-bound organelles, but are spatially separated in eukaryotes. In eukaryotic cells, mRNA is transcribed in the nucleus and then moves to the cytoplasm where translation occurs. The translation mechanism is highly conserved and comprises three major stages: initiation, elongation, and termination (Kapp and Lorsch, 2004). In eukaryotes, translation initiation relies on cap-dependent and cap-independent pathways (Merrick, 2004; Shatsky et al., 2018). Translation is initiated by the assembly of the initiation complex, which consists of eukaryotic initiation factors (eIFs), ribosomes, and the initiator methionyl-transfer RNA (Met-tRNAiMet) on mRNA (Merrick and Pavitt, 2018). The initiation complex recognizes the initiation codon AUG via the anticodon of Met-tRNAiMet in the ribosomal peptidyl (P)-site. For translation elongation, amino acids are sequentially and continuously added at the P-site with the help of eukaryotic elongation factors (eEFs) from aminoacyl-tRNAs binding to the aminoacyl (A)-site of the ribosome, and translation terminates when a stop codon (UAG, UGA, or UAA) is located in the A-site and recognized by eukaryotic release factors (Dever et al., 2018).

Climate change is raising global temperatures and shifting regional climates toward greater extremes, including increased aridity in some areas and heavier rainfall in others. In addition, the environmental stresses exacerbated by climate change can impede plant immunity and provide favorable conditions for pathogens (Velasquez et al., 2018). Crop yield and food security are threatened by these increased stresses (Chaudhry and Sidhu, 2022; Son and Park, 2022b). Because plants cannot move to avoid stresses, adaptive changes resulting from alteration of gene expression play critical roles in their survival under extreme stress conditions, and the regulation of gene expression is more crucial to the survival of individuals in plants than in animals. Indeed, not only the numbers of transcription factors but also their rates of expansion are higher in plants (Riechmann et al., 2000; Shiu et al., 2005). Plant protein translation mechanisms are also modulated in response to various stresses (Spriggs et al., 2010; Echevarría-Zomeño et al., 2013; Zlotorynski, 2022). Therefore, investigating the translation mechanisms involved in stress tolerance and engineering them in important crops are essential for sustainable agriculture. Here, we summarize and discuss the translational mechanisms that are modulated by biotic and abiotic stresses.



Translation reprogramming in response to stress stimulus

The different steps in the translation process are coordinated to ensure survival and efficient use of cellular resources under stress conditions. Stimulus-mediated translational control can be classified into global and gene-specific processes, and its mechanisms are mainly associated with translation initiation and polysome association (Gebauer and Hentze, 2004; Sonenberg and Hinnebusch, 2009). In eukaryotes, stress-induced translational regulation generally results from inhibition of canonical protein biosynthesis driven by cap-dependent translation and induction of stress-associated protein biosynthesis driven by cap-independent translation (Holcik and Sonenberg, 2005; Liu and Qian, 2014). Plant translation processes such as initiation, elongation, and termination are highly conserved, and many components involved in translation mechanisms have been well described in previous reviews (Muench et al., 2012; Roy and Von Arnim, 2013; Browning and Bailey-Serres, 2015; Merchante et al., 2017). Therefore, this review focuses on translation regulation in response to biotic and abiotic stresses.

mRNA translation in eukaryotes is initiated through two different mechanisms, cap-dependent ribosome scanning and cap-independent internal ribosome entry, which are regulated by a stress stimulus (Figure 1). In non-stress conditions, most mRNAs are translated through the cap-dependent translation pathway. Transcribed nascent pre-mRNA is modified via 5′-m7GpppN capping, RNA splicing, and 3′ poly(A) addition, and structural mRNA features are important for their translation (Von Arnim et al., 2014; Sablok et al., 2017). In cap-dependent translation, the cap-binding complex eIF4F consisting of the cap-binding protein eIF4E, the scaffolding protein eIF4G, and the ATP-dependent RNA helicase eIF4A is assembled on the 5′-cap of mRNA, while the poly(A)-binding protein (PABP) interacts with the 3′-poly(A) tail of mRNA (Browning and Bailey-Serres, 2015). In plant, there is also an eIF isoform 4F (eIFiso4F) which consists of eIFiso4E, eIFiso4G, and eIF4A. Subsequently, eIF4F interacts with eIF4B, the eIF4A cofactor, and PABP via eIF4G, resulting in mRNA unwinding and circularization. The 43S pre-initiation complex (PIC), which is composed of the 40S ribosome subunit, eIFs (i.e., eIF1, eIF1A, eIF3, and eIF5), and the ternary complex eIF2 (consisting of α, β, and γ subunits)-GTP-Met-tRNAiMet, interacts with the eIF4F complex and forms the 48S PIC, which scans mRNA in the 5′-to-3′ direction to find an initiation codon. Upon detection of an initiation codon, eIFs, including eIF1 (which is necessary for the fidelity of initiation codon selection), and hydrolyzed eIF2-GDP are released, and eIF5B-GTP and the 60S ribosome subunit are recruited to form the translation-competent 80S ribosome (Browning and Bailey-Serres, 2015; Merchante et al., 2017).




Figure 1 | Cap-dependent and internal ribosomal entry site (IRES)-dependent translation initiation mechanisms. Under non-stress conditions, most mRNAs are translated through the cap-dependent translation pathway (top) in eukaryotes, including plants. The eukaryotic initiation factor 4F (eIF4F) complex, including the cap-binding protein eIF4E and the scaffolding protein eIF4G, is assembled on the 5′ cap of mRNA and recruits the 43S pre-initiation complex (PIC) to form the 48S PIC. The complex scans mRNA for an initiation codon. Finally, 60S ribosomes are recruited to form an 80S ribosome initiation complex, and mRNA translation is carried out in earnest. However, cap-dependent translation initiation is prevented under stress conditions. For example, eIF4E-binding protein (4E-BP) and phosphorylation of eIF2α inhibit the formation of eIF4F and the ternary complex, respectively, thereby suppressing cap-dependent translation (Richter and Sonenberg, 2005; Holcik, 2015). In plants lacking 4E-BP, cap-dependent translation is impaired by not only SNF1-related protein kinase 1 (SnRK1)-induced eIF4E and eIF isoform 4E (eIFiso4E) phosphorylation but also the interaction between Suppressor of the ABAR overexpressor 1 (SOAR1) and eIFiso4G (Bi et al., 2019; Bruns et al., 2019). Alternatively, the IRES-dependent translation pathway (bottom) is activated under stress conditions. In general, IRES trans-acting factors (ITAFs) mediate IRES-dependent translation in eukaryotes (Komar and Hatzoglou, 2011; Godet et al., 2019). However, this cellular mRNA translation mechanism is largely elusive in plants. Two mRNAs, maize Heat shock protein 101 (Hsp101) and Arabidopsis WUSCHEL (WUS), are reported to be translated by IRES-dependent translation under stress conditions (Dinkova et al., 2005; Cui et al., 2015b), and Cui et al. only identified Arabidopsis LA protein 1 (AtLa1) binding to the 5′ untranslated region of cellular mRNA as an IRES-dependent translation regulator.



Cap-dependent translation initiation is impaired under stress conditions. For example, in mammals, eIF4E-binding protein (4E-BP) interacts with eIF4E and prevents eIF4F formation by interfering with the binding of eIF4E and eIF4G (Richter and Sonenberg, 2005). Phosphorylation of eIF2α by multiple protein kinases (e.g., General control nondepressible 2 [GCN2]) is another mechanism that inhibits cap-dependent translation in mammals (Holcik, 2015; Hinnebusch et al., 2016). In response to a wide range of signals, stress-activated kinases phosphorylate the Ser51 of eIF2α, which inhibits ternary complex recycling by preventing the guanine nucleotide exchange factor eIF2B-mediated catalysis of GDP to GTP (Buchan and Parker, 2009). However, in plant, an orthologous genes of 4E-BP are absent (Hernandez et al., 2010). Although some proteins (e.g., Lipoxygenase 2, Basic transcription factor 3, Essential for potexvirus accumulation 1, and Conserved binding of eIF4E 1) have been identified as eIF4E- and/or eIFiso4E-binding proteins, their association with cap-dependent translation is unclear (Freire et al., 2000; Freire, 2005; Lázaro-Mixteco and Dinkova, 2012; Wu et al., 2017; Patrick et al., 2018). Even the plant eIF4E-interacting protein CERES has a positive effect on global translation, not a negative effect (Toribio et al., 2019). GCN2-eIF2α module is also controversial in plants (Wang et al., 2022). Alternatively, SNF1-related protein kinase 1 (SnRK1)-mediated eIF4E and eIFiso4E phosphorylation and the interaction of Suppressor of the ABAR overexpressor 1 (SOAR1), involved in abscisic acid signaling, with eIFiso4G inhibit cap-dependent translation initiation in plants (Bi et al., 2019; Bruns et al., 2019).

Although canonical cap-dependent translation is impeded by stress stimuli, selective mRNA translation is induced via noncanonical cap-dependent translation and cap-independent translation. eIF3d-mediated noncanonical cap-dependent translation was discovered in human cells (Lee et al., 2015; Lee et al., 2016). eIF3d, a subunit of eIF3, has cap-binding activity and induces the translation of specific mRNAs containing a stem-loop structure that inhibits the recruitment of eIF4F complex in their 5′ untranslated region (5′ UTR). Lamper et al. revealed the translation mechanism regulated by eIF3d for metabolic stress adaptation (Lamper et al., 2020). Under non-stress conditions, Casein kinase 2 (CK2) phosphorylates and inactivates eIF3d. Metabolic stresses, including glucose starvation, inhibit CK2-mediated phosphorylation of eIF3d, resulting in selective mRNA translation through cap-binding of eIF3d. In plant, Toribio et al. showed that CERES interacts with eIF4E, eIFiso4E, eIF4A, eIF3, and PABP and forms noncanonical translation initiation complex in which eIF4G or eIFiso4G is replaced by CERES (Toribio et al., 2019). They suggested the noncanonical complex supports translation initiation and regulates general translation positively when the energy and carbon supply are high. CERES is also involved in a defensive response to turnip mosaic virus regardless of its interaction with eIF4E and eIF4isoE (Toribio et al., 2021). However, the detailed mechanism of selective translation of capped mRNAs by noncanonical cap-dependent translation is unknown in plants.

Internal ribosomal entry site (IRES)-mediated cap-independent translation initiation was first discovered in viral RNA translation of picornavirus (Jackson et al., 1990) and is now recognized as an alternative translation mechanism that commonly occurs in eukaryotic cells under stress conditions (Spriggs et al., 2010; Yang and Wang, 2019). IRESs are frequently identified in cellular mRNAs of genes involved in stress responses and are subdivided into two types: Type I cellular IRESs harbor cis-regulatory elements that interact with IRES trans-acting factors (ITAFs) for ribosome recruitment (Komar and Hatzoglou, 2011; Godet et al., 2019), while Type II cellular IRESs have short cis elements that pair with 18S ribosomal RNA, a component of the 40S ribosomal subunit (Dresios et al., 2006). Since most cellular IRESs are Type I, ITAFs play a critical role in IRES-mediated translation. The mechanisms of IRES-dependent initiation are fairly well studied in animals but have been largely elusive in plants. Only a few studies have revealed the possibility of IRES-dependent translation in plants. Some plant viruses utilize IRES-dependent translation mechanisms for biosynthesis of proteins from their viral RNAs (Jaag et al., 2003; Dorokhov et al., 2006; Karetnikov and Lehto, 2007). In maize (Zea mays), the 5′ UTR of Heat shock protein 101 (HSP101) mRNA contains an IRES-like element, and its translation is increased via cap-independent translation during heat stress (Dinkova et al., 2005). In Arabidopsis (Arabidopsis thaliana), the conserved RNA-binding factor La protein 1 (La1) binds to the 5′ UTR of WUSCHEL (WUS) mRNA and improves its translation through IRES-dependent initiation under environmental hazard conditions (Cui et al., 2015b). However, further studies are needed to understand the mechanisms of IRES-dependent translation in plants.

Though translation control mechanisms in plants have been extensively studied, how this is regulated by various stresses is largely unknown. Here, we review the current knowledge of the translation mechanisms controlled by biotic, hypoxia, heat, and drought stresses in plants.



Translational control for pattern-triggered immunity

Severe crop losses caused by various pathogens (e.g., bacteria, fungi, and viruses) threaten global food and nutrition security. Therefore, it is necessary to increase plant innate immunity through effective approach such as translational regulation. Viruses use various strategies to regulate host translation mechanisms for protein synthesis (Jaafar and Kieft, 2019; Geng et al., 2021). Increasing plant antiviral immunity through manipulation of plant translation factors has been well described in previous reviews (Sanfacon, 2015; Hashimoto et al., 2016; Calil and Fontes, 2017; Zhao et al., 2020; Leonetti et al., 2021; Robertson et al., 2022). Therefore, herein, we focus on recent studies that demonstrate notable translation mechanisms associated with non-viral pathogens.

Plant immunity can be classified into pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI), also called pattern-triggered immunity, and effector-triggered immunity (ETI) depending on how pathogens are recognized by the plant (Tsuda and Katagiri, 2010; Faulkner and Robatzek, 2012; Naveed et al., 2020). Sensing of conserved pathogen signatures PAMP, also referred as microbe-associated molecular pattern, by pattern recognition receptors (PRRs) in the plant plasma membrane activates downstream signaling (e.g., Receptor-like cytoplasmic kinases [RLCKs], mitogen-activated protein kinases [MAPKs or MPKs], calcium ion, reactive oxygen species, phytohormones, and transcription factors), and induces PTI which is plant defense response at basal level (Bigeard et al., 2015; DeFalco and Zipfel, 2021). Well-known PRRs are the leucine-rich repeat receptor kinases such as Flagellin sensing 2 (FLS2) and the bacterial translation Elongation factor thermo unstable (EF-Tu) receptor (EFR). Sensing of the 22-amino-acid peptide derived from bacterial flagella, flg22, by FLS2 or the 18- and 26-amino-acid peptides derived from EF-Tu, elf18 and elf26, respectively, by EFR induces elicitor-dependent complex formation through binding with somatic embryogenesis receptor-like kinases (SERKs) such as Brassinosteroid insensitive-associated kinase 1 (BAK1)/SERK3 and BAK1-like 1 (BKK1)/SERK4 (Heese et al., 2007; Schulze et al., 2010; Roux et al., 2011; Sun et al., 2013). The elicitor-dependent complex activates downstream signaling by phosphorylating the RLCK Botrytis-induced kinase 1 (BIK1) and MAPKs, resulting in PTI-related resistance responses (Wang et al., 2020).

GCN2 is a conserved serine/threonine protein kinase that participates in stress signal transduction, including nutrient starvation and immune responses (Tsalikis et al., 2013; Lokdarshi and von Arnim, 2022). Since eIF2α phosphorylation results in a stable phosphor (P)-eIF2-GDP-eIF2B complex, GCN2-mediated eIF2α phosphorylation arrests global cellular mRNA translation but induces selective translation of stress-responsive mRNAs (e.g., GCN4 in yeast and Activating transcription factor 4 in mammals) harboring upstream open reading frames (uORFs) (Dever, 2002). In plants, GCN2 regulates biotic and abiotic stress responses and also stress-induced eIF2α phosphorylation (Liu et al., 2015; Terry et al., 2015; Lokdarshi and von Arnim, 2022). Izquierdo et al. suggested that GCN1 is important for translation regulation and innate immunity in plants, while GCN2 and eIF2α phosphorylation are not (Izquierdo et al., 2018). However, Liu et al. showed that the bacteria-activated GCN2-eIF2α module induces translation of the heat-shock factor-like transcription factor TL1-binding factor 1 (TBF1) mRNA and plant immunity (Liu et al., 2019). TBF1 is a key regulator of the plant growth-defense tradeoff. TBF1 binds to the TL1 cis element (GAAGAAGAA) and controls salicylic acid- and elf18-induced transcriptional reprogramming (Pajerowska-Mukhtar et al., 2012). Interestingly, TBF1 mRNA has two uORFs conferring negative effects on its translation. Pathogen challenge results in eIF2α phosphorylation and derepresses TBF1 mRNA translation (Pajerowska-Mukhtar et al., 2012). Therefore, the translationally regulated GCN2-eIF2α-TBF1 modules may play a key role in PTI (Figure 2).




Figure 2 | Pathogen-associated molecular pattern (PAMP)-induced translational reprogramming. PAMP-activated General control nondepressible 2 (GCN2) phosphorylates eukaryotic initiation factor 2α (eIF2α), leading to a stable eIF2-GDP-eIF2B complex in Arabidopsis. As a result, formation of the eIF2-GTP-Met-tRNAiMet ternary complex required for cap-dependent initiation is inhibited, while translation of defense-related mRNAs with upstream open reading frames (uORFs) conferring negative effects on translation is induced (Pajerowska-Mukhtar et al., 2012; Liu et al., 2019). Wang et al. demonstrated PAMP-mediated translational regulation mechanisms in Arabidopsis. General translation is arrested by PAMP-induced mRNA decapping and Mitogen-activated protein kinase 3 (MPK3)- and MPK6-mediated eIF4G phosphorylation (Wang et al., 2022). On the other hand, MPK3- and MPK6-mediated phosphorylation of the poly(A)-binding protein (PABP) and eIF isoform 4G (eIFiso4G) promotes PABP binding with the R-motif and eIFiso4G to drive PABP-eIFiso4G-mediated translation (Wang et al., 2022). As a result, general mRNA translation is repressed but translation of selective defense-related mRNAs is induced to promote the plant immune response (PAMP-triggered immunity, PTI).



Global translatome profiling using ribosome footprinting revealed that PTI triggers translational reprogramming to enhance plant immunity (Xu et al., 2017a). elf18 treatment increased the translational efficiency of 448 genes but decreased that of 389 genes in Arabidopsis. Interestingly, the R-motif, which consists almost exclusively of purines, is enriched on the 5′ UTR of the mRNAs, including TBF1 mRNA, whose translational efficiency is upregulated by elf18. MPK3, MPK6, and PABP is important for R-motif-mediated selective translation during PTI (Xu et al., 2017a). Processing bodies (P-bodies) also play an important role in PTI. P-bodies are cytoplasmic granules consisting of messenger ribonucleoprotein and are involved in translation arrest and mRNA decay (Decker and Parker, 2012; Maldonado-Bonilla, 2014). In eukaryotes, most mRNAs are degraded via the deadenylation-dependent mRNA decay pathway (Garneau et al., 2007). After deadenylation, mRNA is degraded immediately by 3′–5′ exonucleases in exosomes or decapped for later degradation by 5′–3′ exonucleases in P-bodies. In Arabidopsis, the decapping complex—involving mRNA-decapping enzyme Decapping protein 2 (DCP2), the co-activator DCP1, and the scaffold protein Varicose—is localized in P-bodies (Xu et al., 2006). However, PAMP-activated MPK3 and MPK6 phosphorylate DCP1, resulting in disassociation of DCP1 and DCP2 and rapid P-body disassembly within 15 to 30 minutes after flg22 treatment (Yu et al., 2019). Yu et al. suggested that phosphorylated DCP1 leads to mRNA degradation of negative regulators of plant immunity by 5′-to-3′ Exoribonuclease 4 (XRN4), an ortholog of yeast XRN1, and translation of defense-related mRNAs stored in P-body assemblies to promote the plant immune response.

Recently, the PTI-induced translational reprogramming mechanism was demonstrated in Arabidopsis (Figure 2). As global translation repression mechanism, elf18 induces DCP-complex-mediated mRNA decapping and MPK3- and MPK6-mediated eIF4G phosphorylation (Wang et al., 2022). These mechanisms compromise translation of mRNA related to growth and defense. However, for selective translation control during PTI, defense-related mRNAs containing the R-motif are translated through a PABP-eIFiso4G-mediated cap-independent pathway (Wang et al., 2022). During PTI, PAMP-activated MPK3 and MPK6 phosphorylate PABP and eIFiso4G using Receptor for activated C kinase 1 (RACK1) as a scaffold, which enhances PABP binding with the R-motif in mRNAs and with eIFiso4G, resulting in translation of defense-related mRNAs for innate immunity.



Translational control for effector-triggered immunity

Plant nucleotide-binding and leucine-rich repeat (NLR) proteins are classified into three groups (i.e., Toll/interleukin-1 receptor-like NLR, coiled coil NLR [CNL], and Resistance to powdery mildew 8-like NLR) based on their N-terminal domain and play various roles as sensors, helpers, and executors in ETI signaling (Son et al., 2021). Direct or indirect recognition of specific effectors (pathogen-secreted proteins that repress PTI and promote infection) by NLRs activates downstream signaling and triggers prolonged and robust ETI resistance responses (Cui et al., 2015a; Lolle et al., 2020).

Two CNLs, Resistance to Pseudomonas syringae pv. maculicola 1 (RPM1) and Resistance to P.syringae 2 (RPS2), are activated by post-translational modification of the plasma-membrane-localized RPM1-interacting protein (RIN4), which interacts with CNLs as well as P. syringae avirulence (Avr) effectors (e.g., AvrB, AvrRpm1, and AvrRpt2). In an incompatible interaction, AvrB and AvrRpm1 interact with RIN4, which is inactivated by the prolyl-peptidyl isomerase Rotamase cyclophilin 1, leading to RPM1-induced protein kinase-mediated RIN4 phosphorylation and RPM1 activation for ETI (Mackey et al., 2002; Liu et al., 2011; Li et al., 2014). On the other hand, the interaction of AvrRpt2 with RIN4 leads to RIN4 cleavage into AvrRpt2 cleavage products and activates RPS2 for ETI (Axtell and Staskawicz, 2003; Mackey et al., 2003; Takemoto and Jones, 2005).

Global translatome analysis revealed that RPM1- and RPS2-induced ETI are involved in translation reprogramming. Meteignier et al. showed that AvrRpm1-mediated RPM1 activation modulates the translational status of hundreds of mRNAs involved in growth-defense tradeoffs (Meteignier et al., 2017). RPM1 increases translation efficiency of defense-related mRNAs (e.g., BIG, Phosphorylcholine cytidylyltransferase 2 and Redox responsive transcription factor 1/Ethylene response factor 109) but decreases translation efficiency of mRNAs involved in growth and/or functioning as negative regulators of defense (e.g., Target of rapamycin [TOR], CBL-interacting protein kinase 5, and Homolog of BEE2 interacting with IBH 1). The TOR kinase is the conserved master regulator of the energy signaling pathway regulating growth and metabolism (Wullschleger et al., 2006). In mammals, TOR-mediated phosphorylation of 4E-BP1, Ribosomal protein S6 kinase (S6K), and La-related protein 1 has critical roles in mRNA translation (Yang et al., 2022). Although 4E-BPs remain elusive in plants, the TOR-S6K-ribosomal protein S6 (rpS6) pathway is conserved (Obomighie et al., 2021). Unlike most eukaryotes, which harbor two distinct TOR complexes, plants have only one TOR complex (TORC), consisting of TOR, Regulatory-associated protein of TOR (RAPTOR), and Lethal with sec thirteen protein 8 (LST8) (Maegawa et al., 2015). In Arabidopsis, light and auxin activate TOR-S6K-rpS6 modules to enhance translation (Schepetilnikov et al., 2013; Chen et al., 2018). In response to auxin, eIF3h phosphorylation by TOR-activated S6K1 enhances translation reinitiation of mRNAs with uORFs (Schepetilnikov et al., 2013). Furthermore, the TOR-S6K module phosphorylates MA3-domain-containing translation regulatory factor 1 (MRF1), which then interacts with eIF4A to enhance MRF1 ribosome association for mRNA translation (Lee et al., 2017). Therefore, RPM1-mediated TOR repression may be an important translational mechanism for the growth-defense tradeoff (Meteignier et al., 2017). AvrRpt2-mediated RPS2 activation also triggers translational regulation for ETI. Translational regulation by RPS2 differs from PTI-induced translational reprogramming (Yoo et al., 2020). RPS2-mediated ETI induces TBF1 translation later than PTI does, and is involved in targeted changes in active translation of specific mRNAs instead of general translation inhibition. In addition, unlike with PTI-induced translational regulation, there is a strong correlation between transcriptional and translational changes during RPS2-mediated ETI. There is overlap between RPS2-mediated and RPM1-mediated translational responses (Yoo et al., 2020). For example, 80% of upregulated and 75% of downregulated genes from the RPS2-mediated translational response overlapped with those of the RPM1-mediated translational response. Moreover, RPS2- and RPM1-mediated ETI contribute to metabolic dynamics via translational regulation (Meteignier et al., 2017; Yoo et al., 2020). Therefore, ETI-mediated translational regulation in metabolic pathways is important for plant immunity. However, the detailed mechanisms by which ETI regulates protein translation have not been elucidated.



Translation mechanisms regulated by hypoxia in plants

Hypoxia in plants is caused by flooding, submergence, and soil compaction, and its effect on modulating mRNA translation has been well studied. Hypoxia leads to energy deficiency in plant cells by inhibiting mitochondrial respiration, and plants must redistribute their energy reserves by restricting energy-consuming processes and inducing energy-conserving processes (Geigenberger, 2003; Fukao and Bailey-Serres, 2004; Bailey-Serres and Voesenek, 2008). Since mRNA translation uses an enormous amount of energy, it has to be modified under hypoxic conditions (Kafri et al., 2016; Chee et al., 2019).

In response to hypoxia, maize plants repress the translation of aerobic proteins and increase the translation of anaerobic proteins to confer flooding tolerance (Sachs et al., 1980; Sachs et al., 1996). Hypoxia-mediated selective translation induces protein biosynthesis of maize Alcohol dehydrogenase 1, and the 5′ and 3′ UTRs of its mRNA are necessary for its translation (Bailey-Serres and Dawe, 1996). In maize roots, hypoxia induces eIF4A and eIF4E phosphorylation (Webster et al., 1991; Manjunath et al., 1999), and quantitative analysis of ribosomal complexes in maize seedlings showed that translational machineries involved in initiation and elongation (i.e., eIF4E, eIF4A, eIF4B, and eEF2) are significantly more phosphorylated under oxygen deprivation (Szick-Miranda et al., 2003). In Arabidopsis, although the translation of most cellular mRNA is impaired by hypoxia due to reduced ribosome recruitment, polysome association of some stress-induced mRNAs containing a low GC nucleotide content in the 5′ UTR is increased (Branco-Price et al., 2005). Restriction of global translation in response to hypoxia is necessary for energy conservation (Branco-Price et al, 2008), and it is mainly regulated at the translation initiation level (Juntawong et al., 2014). In addition, hypoxia-induced Oligouridylate binding protein 1C binds mRNAs and forms protein-RNA complexes named stress granules, resulting in global translational arrest via mRNA sequestration (Lee et al., 2011; Sorenson and Bailey-Serres, 2014).

AMP-activated protein kinase (AMPK) is the evolutionarily conserved energy stress signaling master regulator controlling cellular energetic homeostasis in animals (Trefts and Shaw, 2021). AMPK inhibits mRNA translation in multiple steps by inhibiting TOR, eEF2, and RNA biding proteins (Liu and Chern, 2021). SnRK1 is the plant ortholog of AMPK and controls plant growth, stress tolerance, and metabolism to cope with constantly fluctuating environments (Baena-Gonzalez et al., 2007; Cho et al., 2012; Son et al., 2023). Although there is no clear evidence, some studies suggest that SnRK1-mediated TOR inhibition may occur via RAPTOR1B phosphorylation (Nietzsche et al., 2016; Nukarinen et al., 2016). Remarkably, SnRK1-mediated eIF4E and eIFiso4E phosphorylation attenuates general translation (Bruns et al., 2019). Furthermore, SnRK1 activity represses canonical protein biosynthesis without significantly changing transcript levels and protein stability (Son et al., 2022). However, under submergence conditions, SnRK1-mediated eIFiso4G1 phosphorylation confers translational enhancement of specific mRNAs, including those of core hypoxia-response genes (Cho et al., 2019). Therefore, SnRK1 plays a key role in global translational repression and specific mRNA translation under energy deficiency conditions (Figure 3). Moreover, ethylene regulates translational dynamics through both a noncanonical ethylene-signaling-activated GCN2-eIF2α module and canonical Ethylene insensitive 2-mediated ethylene signaling during submergence (Cho et al., 2022).




Figure 3 | SNF1-related protein kinase 1 (SnRK1)-mediated translational control under hypoxia. Hypoxia and submergence in plants induce energy starvation and activate SnRK1, which consists of an α catalytic subunit and two regulatory subunits, β and βγ. SnRK1 reduces anabolic processes, including protein biosynthesis, while inducing catabolic processes and stress tolerance. Since mRNA translation is an energy-consuming process, SnRK1 modulates mRNA translation. Under submergence conditions, SnRK1 phosphorylates eukaryotic initiation factor 4E (eIF4E) and eIF isoform 4E (eIFiso4E) to repress global mRNA translation (Bruns et al., 2019), whereas SnRK1-mediated eIFiso4G1 phosphorylation induces translation of mRNAs of hypoxia-response genes (Cho et al., 2019). The Target of rapamycin complex (TORC) consists of Target of rapamycin (TOR), Regulatory-associated protein of TOR (RAPTOR), and Lethal with sec thirteen protein 8 (LST8) and is a conserved master regulator of energy signaling, including protein biosynthesis. TOR-activated ribosomal protein S6 kinase (S6K) phosphorylates ribosomal protein S6 (rpS6), eukaryotic initiation factor 3h (eIF3h), and MA3-domain-containing translation regulatory factor 1 (MRF1) to promote mRNA translation (Schepetilnikov et al., 2013; Lee et al., 2017; Chen et al., 2018). The SnRK1 ortholog in mammals is AMP-activated protein kinase (AMPK). AMPK-mediated TORC inhibition is well established in mammals. However, although studies have suggested SnRK1-mediated TOR inhibition through RAPTOR1B phosphorylation (Nietzsche et al., 2016; Nukarinen et al., 2016), it remains obscure in plants.





Translation mechanisms regulated by heat and drought stress in plants

To help plants adapt and survive under elevated temperature, canonical protein translation is significantly suppressed, while the translation of HSPs, which prevent protein denaturation and aggregation typically via a chaperone, is induced (Key et al., 1981; Nover et al., 1989; Ndimba et al., 2005; Matsuura et al., 2010; Bita and Gerats, 2013). In carrot (Daucus carota), heat stress impedes translation initiation and hampers generation of the 5′ cap and 3′ poly(A) tail conferring mRNA translation (Gallie et al., 1995). eIF4A and eIF4B are phosphorylated during heat stress in wheat (Triticum aestivum), but eIF4F, eIFiso4F, eIF2α, eIF2β, and PABP are not (Gallie et al., 1997). In Arabidopsis, mRNA sequence features, such as the GC content of the 5′ UTR and cDNA length, are important elements conferring heat-induced selective mRNA translation (Yangueez et al., 2013). Under elevated temperature, Arabidopsis XRN4 degrades mRNAs encoding HSP70 binding proteins and hydrophobic N-terminal proteins in polysomes, triggering ribosome pausing (Merret et al., 2015). eIF5B contributes to the biosynthesis of stress-protective proteins under high temperature, and eIF5B is important for heat stress tolerance in Arabidopsis (Zhang et al., 2017). Moreover, Bonnot and Nagel showed that the circadian clock and heat stress interact to prioritize the translation of the mRNA pool in Arabidopsis (Bonnot and Nagel, 2021). Translation of heat- or abiotic-stress-related mRNAs, including HSP90-3, was significantly upregulated under high temperature. They also suggested that transcription factors, including Cycling DOF factor, MYB-related, and B-box families, play important roles in heat stress-mediated plant growth dynamics dependent on the circadian clock.

Dehydration also changes mRNA translational efficiencies in plants, including Arabidopsis, maize, and soybean (Glycine max) (Hsiao, 1970; Dhindsa and Cleland, 1975; Rhodes and Matsuda, 1976; Bensen et al., 1988; Hurkman and Tanaka, 1988; Mason et al., 1988; Valluri et al., 1989; Bray, 1990; Kawaguchi et al., 2003; Kawaguchi et al., 2004). In Arabidopsis, polysome association of 71% of 2,136 genes is significantly decreased under dehydration conditions (Kawaguchi et al., 2004), and mRNA sequence features (i.e., 5′-UTR GC content, initiation codon context, and ORF length) influence the dehydration-mediated differential mRNA translation (Kawaguchi and Bailey-Serres, 2005). Furthermore, translatome profiling revealed that mRNA sequence features as well as uORFs are important for dynamic translational changes under drought conditions in maize (Lei et al., 2015). In rice (Oryza sativa), more than 50% of the genes encoding ribosomal proteins (e.g., rpS4, rpS10, rpS18a, rpL6, rpL7, rpL23A, rpL24, and rpL31) are upregulated in response to drought, and overexpressing rpL23A confers rice drought tolerance (Moin et al., 2017). In addition, silencing of rpL14B decreases drought tolerance in cotton (Gossypium hirsutum) (Shiraku et al., 2021). However, although ribosomal proteins are abundant RNA-binding proteins involved in ribosome structure and protein biosynthesis, they also have additional functions (Warner and McIntosh, 2009). Therefore, it is not clear whether the drought effects associated with ribosomal proteins are related to mRNA translation.



uORF-mediated translational control for crop improvement

The development of stress-resilient crops is needed to cope with the environmental extremes caused by climate change and the increase in food demand due to world population expansion. General protein translation is significantly decreased under stressful conditions, while translation of specific stress-associated proteins is increased (Muench et al., 2012; Merchante et al., 2017). uORFs are a conserved structure found in 30–60% of eukaryotic transcripts, including plant transcripts, and are important for mRNA translation (Von Arnim et al., 2014; Chew et al., 2016). Most mRNAs of stress-related genes upregulated by a specific stress stimulus contain uORF sequences in plants (Ebina et al., 2015; Hayashi et al., 2017). Therefore, uORF-mediated translational control represents a promising method to improve the stress resilience of crops.

Engineering plants to express specific stress-responsive genes can enhanced stress resilience (Kamthan et al., 2016). However, it can also reduce plant growth and yield due to tradeoff effects (Gurr and Rushton, 2005; Huot et al., 2014; Waadt et al., 2022). These fitness costs can be resolved by uORF-mediated translational regulation. For example, Xu et al. developed a TBF1 cassette using the TBF1 promoter and two uORFs on TBF1 mRNA that conferred pathogen-inducible translational control to overcome the fitness costs of the plant immune response (Xu et al., 2017b). They showed that pTBF1:uORFs-driven expression of Arabidopsis Nonexpressor of pathogenesis-related genes 1, encoding a master regulator of salicylic-acid-mediated defense signaling that contributes to broad-spectrum resistance, increased rice resistance to the bacterial blight pathogen Xanthomonas oryzae pv. oryzae and the rice blast pathogen X. oryzae pv. oryzicola without fitness penalties. Therefore, developing uORF-based promoters triggering mRNA translation in response to a specific stress stimulus is an important strategy for improving crop stress resistance.

The development of the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated nuclease 9 (Cas9) technology was an innovation that allows efficient genome editing without the presence of transgenes or the regulatory issues associated with genetically modified crops (Son and Park, 2022a). Not only coding regions but also promoter regions regulating gene expression are good targets for genome editing for crop improvement (Hua et al., 2019). Since most uORFs inhibit mRNA translation via ribosome stalling, ribosome disassociation, uORF translation past the initiation codon, and mRNA decay, mutation of uORFs by CRISPR/Cas9 can change translation efficiency (Young and Wek, 2016; Um et al., 2021). Indeed, crop improvement through CRISPR/Cas9-mediated editing of uORFs regulating mRNA translation has been reported. Lettuce (Lactuca sativa) GDP-L-galactose phosphorylase 2 (LsGGP2) uORF editing enhanced ascorbic acid (vitamin C) contents and tolerance to oxidative stress in iceberg lettuce (Zhang et al., 2018). Mutation of GGP1 uORFs by CRISPR/Cas9 also increased the ascorbic acid content in wild tomato (Solanum pimpinellifolium) accession LA1589 and bacterial spot disease resistance (Li et al., 2018). Editing of the Phosphate 1 uORF induced root inorganic orthophosphate (Pi) accumulation and Pi deficiency tolerance in Arabidopsis (Reis et al., 2020). Strawberry (Fragaria vesca) S1-group basic leucine zipper protein 1.1 editing increased the sugar content (Xing et al., 2020). CRISPR/Cas9-mediated mutation of Heading date 2 delayed flowering time in rice (Liu et al., 2021). Previously, it was difficult to improve crop traits through uORF editing due to technical limitations, but more convenient methods are continuously being developed (Si et al., 2020). Therefore, uORF-mediated translational control is expected to become accessible to many scientists and contribute to stress resilience in crops.



Conclusions

Global climate change exacerbates abiotic and biotic stresses in crops, and improving crop stress resilience is essential for sustainable agriculture. Although advances in biotechnology, including CRISPR/Cas9 gene editing systems, have facilitated crop improvement, they require identification and characterization of genes and their regulatory networks. Since translational control is an efficient way to increase resistance to various stresses, it is essential to understand the mechanisms controlling protein biosynthesis. Numerous global translatome profiling technologies, such as polysome profiling, ribosome profiling, translating ribosome affinity purification, and 3′ ribosome-profiling sequencing, have been developed and utilized to study plant translation (Ingolia et al., 2009; Heiman et al., 2014; Mazzoni-Putman and Stepanova, 2018; Zhu et al., 2021) and have facilitated important advances in plant biology. Therefore, we have provided here an overview of the current understanding of protein translational control in response to pathogens, hypoxia, heat, and drought stresses in plants, and discussed a crop improvement strategy based on translational regulation through editing of uORFs. Though the translational control mechanisms involved in stress responses need further study, their exploration and application in crop breeding are important steps toward developing stress tolerant crop cultivars without fitness costs.
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CRISPR/Cas9 is one of the most robust technologies for plant breeding enabling precise and efficient modifications in a genome. This technology is being used for the manipulation of target genes in a host to develop resistance against the plant pathogens. Cucumis sativus elF4E is one of the target genes playing a key role in viral infection during interaction with potyvirus viral proteins genome linked (VPg). Nevertheless, the allelic and positional effect of elF4E mutations in C. sativus is to be clarified in elF4E-VPg interaction. In addition, there are entanglements in the massive production of pathogen-resistant cultivars suitable for commercial production using CRISPR/Cas9 technology. Therefore, we targeted different positions of the elF4E in G27 and G247 inbred lines, using specific gRNA1 and gRNA2 for the first and third exons, respectively, and 1,221 transgene-free plants were selected in segregated T1 generation, where 192 G27 and 79 G247 plants had the least mutation at Cas9 cleavage site of gRNA1 or gRNA2. Crossing was performed to see allelic effects of elfF4E mutations in F1 populations, which were homozygous and heterozygous single (elF4E_1DEL or elF4E_3DEL) and double (elF4E_1-3DEL) mutants. Disease symptoms of watermelon mosaic virus (WMV), papaya ringspot virus (PRSV), and zucchini yellow mosaic virus (ZYMV) were evaluated in both non-edited and edited F1 plants, and we did not observe any symptom in homozygous elF4E_1-3DEL and elF4E_1DEL mutants. However, homozygous elF4E_3DEL was positive in reverse transcription polymerase chain reaction (RT-PCR), even if there were no significant symptoms on the inoculated leaves. ELISA and qRT-PCR indicated lower viral accumulation in homozygous elF4E_3DEL than heterozygous and non-edited plants. Regeneration and transformation protocols were also optimized comprehensively for both the genotypes. The average number of shoots/100 explants was determined for both G27 and G247 as 13.6 and 18.0, respectively. We could not detect any distinguishing difference between the non-edited and edited F1 plants for yield and morphology. Our results demonstrate an effective route for mass production of viral resistant cultivars of cucumber to WMV, ZYMV, and PRSV. In this way, the pathogen-resistant cultivars could be generated to reduce the losses caused by these pathogens in cucumber production.
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Introduction

Plant viruses are responsible for economic losses to agriculture production worldwide, with over 1,500 viruses belonging to 26 families (Cao et al., 2020). Members of the Potyviridae family, which includes zucchini yellow mosaic virus (ZYMV), papaya ringspot virus (PRSV), and watermelon mosaic virus (WMV), are detrimental pathogens particularly to cucurbit crops including cucumber. Potyviruses are single-positive stranded RNA viruses with relatively larger genome size, typically around 10 kb, than other plant pathogenic viruses (Revers and Garcia, 2015). Although various precautions such as sanitation are being implemented to control viral diseases, using virus-resistant cultivars is the most effective method to control them. However, traditional breeding approaches are inadequate and time consuming for developing resistant cultivars. Most of the dominant resistance (R) genes confer resistance against fungal and bacterial plant pathogens, rather than viruses (Truniger and Aranda, 2009; Wang and Krishnaswamy, 2012). On the other hand, several factors in the plant could facilitate the infection and increase susceptibility within host–virus interactions (Diaz-Pendon et al., 2004).

Eukaryotic translation initiation factors (eIFs) such as elF4E and elF4G have been extensively studied for their role in host–virus interactions in various plant species over the past two decades. It has been established that elF4E plays a key role in determining a host’s susceptibility or resistance to pathogenic viruses, despite its primary function as a regulator of cellular translation (Wang and Krishnaswamy, 2012). elF4E is known as the “cap-binding protein” and interacts with mRNA’s 5’-terminal cap and nuclear protein (Sonenberg and Gingras, 1998; Sonenberg and Dever, 2003). However viral proteins (VPg) encoded by viruses interact with elF4E by binding covalently to the host’s mRNA 5’-terminal cap (Murphy et al., 1996). Multiple research groups have demonstrated that VPg-elF4E interaction is essential for potyvirus infection, and loss of elF4E function confers recessive resistance against potyviruses in the host (Wittmann et al., 1997; Léonard et al., 2000; Ruffel et al., 2002). Naturally occurring mutants for elF4E variants have also been identified in plants, such as the pvr2 allele in pepper, as well as controlled mutations that suppress elF4E function in plants (Ruffel et al., 2006).

Furthermore, identified elFs are not limited to pvr2 allele in pepper; many elFs and their interactions were characterized in various studies. Most of the characterized recessive genes associated with the host–virus interactions are responsible for encoding eIF4E, eIF4G, and their isoforms. For instance, pot-1 in tomato (Solanum lycopersicum), rym4, rym5, and rym6 in barley (Hordeum vulgare), and mo1 in lettuce (Lactuca sativa) were characterized as recessive genes encoding elF4E variants in plant–virus interactions (Nicaise et al., 2003; Kanyuka et al., 2005; Ruffel et al., 2006). The most critical characteristic of elF4E is responsible for susceptibility or resistance against viral pathogens, even if it contributes to cellular translation with its cellular translation function. Therefore, elF4E-mediated resistance is a valuable alternative to control plant viruses in agricultural production (Diaz-Pendon et al., 2004).

Developing new resistant cultivars through traditional breeding and introgression of resistance (R) genes from wild ancestors of commercial cultivars can be challenging, and pathogens can also overcome the R-gene–mediated resistance. Alternative approaches, such as using the loss of susceptibility (S) function mutants have been proposed to reduce host susceptibility. Some host proteins, known as S proteins, can increase infection rate and facilitate pathogen growth. Loss of S function can provide durable, broad-spectrum resistance in plants, because the viability of the obligate pathogens such as viruses depends on the host factors (de Almeida Engler et al., 2005; van Schie and Takken, 2014).

It has been demonstrated that homozygous elF4E mutations can confer resistance against potyviruses in various plant species. For example, deletion mutations in Arabidopsis thaliana elF4E and elF(iso)4E provide complete resistance to turnip mosaic virus (TuMV) without affecting plant vigor (Pyott et al., 2016). Induced deletion mutations in tobacco elF4E genes (elF4E1-S, elF4E1-T, elF4E2-S, and elF4E2-T) also conferred higher level of resistance to potato virus Y (PVY), another member of the potyvirus family (Le et al., 2022). Silencing of elF4E has shown broad-spectrum resistance against RNA viruses in tomato (Mazier et al., 2011), besides determining resistance to potyvirus in naturally occurring mutant plants for elF4E and eIF(iso)4E (Gómez et al., 2009). Additionally, cucumber vein yellowing virus (CVYV), ZYMV, and PRSV-resistant cucumber plants with homozygous substitutions and deletions in elF4E have been generated using CRISPR/Cas9 (Chandrasekaran et al., 2016).

The allelic and positional effects of elF4E mutations on potyvirus resistance remain unclear in C. sativus, despite previous reports of loss of elF4E function in various plants including cucumber. Additionally, the mass production of CRISPR/Cas9-edited plants resistant to plant pathogens has not been extensively studied. Therefore, we have conducted this study to investigate the positional and allelic effects of elF4E mutations in C. sativus and to demonstrate an effective method for generating pathogen-resistant mutant cultivars with CRISPR/Cas9, suitable for commercial use in agricultural production. We selected two inbred lines, G27 and G247, which were regenerated after transformation and determined their regeneration and transformation efficiencies based on the comprehensive optimization trials. Homozygous and heterozygous single and double non-transgenic mutants in T2 were used to determine the allelic and positional effects of elF4E mutations. We compared the F1 plants for agronomic value, morphology, and virus resistance. This allowed us to examine the loss of elF4E function in cucumber not only for potyvirus resistance but also for its effects on plant morphology and agronomic traits such as yield, fruit, and plant size.





Results




Transformation and regeneration protocol for G27 and G247 inbred lines

Comprehensive protocol optimization of regeneration and transformation was performed for both G27 and G247 genotypes, with 30 transformation experiments. The most optimal conditions for the transformation of G27 and G247 were determined using EHA105 strain of Agrobacterium tumefaciens, 1-day-old seedlings (plant age), cotyledons with proximal ends as the explant type, and 300 mg l-1 timentin antibiotic in medium to suppress bacterial growth. Additionally, 1.5 mg l-1 BAP (6- benzylaminopurine) and 1.0 mg l-1 ABA (abscisic acid) were found the most effective in inducing shoot growth for both genotypes without preculture. Under these optimized conditions, the average number of shoots per 100 explants was 13.6 for G27 and 18 for G247 genotypes (Supplementary Tables S1, S2). The transformation efficiency of G247 was higher than G27. Following the acclimatization stage, a total of 174 ex-vitro plants were transferred to a greenhouse (Figure 1). Meanwhile, PCR using Ag-CT0 primers was carried out for screening of 64 T0 plants to confirm T-DNA insertion into G27 and G247 inbred lines. Among these, 34 G27 and 22 G247 plants were found to be T-DNA positive and then we harvested T1 seeds from these plants.




Figure 1 | Plant regeneration from transformed cucumber cotyledon leaves. Cotyledon leaves are dissected into a base and two distal pieces (A). The cotyledons, their proximal ends, and hypocotyl pieces are incubated in co-culture medium with Agrobacterium tumefaciens EHA105 cells with pFGC-pcoCas9 plasmid T-DNA vector (B). Shoot formations from cotyledon leaves (C, D). In-vitro plants ready for acclimatization (E). Acclimatized cucumber regenerants (F). Growth of the cucumber plants 1 month after potting in the greenhouse (G).







CRISPR-induced mutations of G27 and G247 in T1 generation

The screening was performed in T1 population; 2,315 plants of G27 and 1,639 plants of G247 were T-DNA positive, while 751 of G27 and 470 of G247 were transgene free. The number of transgene-free plants was evaluated with the chi-square test, and results were fit with Mendelian segregation (Supplementary Table S3). A total of 357 T1 plants composed of 251 of G27 and 106 of G247 were also screened to detect homozygous or heterozygous mutant plants with PCR using MC1F/R and MC2F/R primers and digested with MvaI and PsuI restriction enzymes. The results indicated that 192 of G27 and 79 of G247 had the least mutation at Cas9 cleavage site of gRNA1 or gRNA2 position on elF4E. The total number of homozygous mutations to gRNA1 was 42 for G27 and 16 for G247, which were higher than the gRNA2 position. Most of the mutations were heterozygous at Cas9 cleavage site of gRNA2 in G27 and G247, and their number was 39 for G27 and 16 for G247. Furthermore, gRNA1 and gRNA2 positions of selected 40 transgene-free plants in G27 and G247 were amplified with MC1F/R and MC2F/R primers in PCR followed by the Sanger sequencing to determine insertion, deletion, and substitution caused by non-homologous end joining (NHEJ). The mutation types were determined at the gRNA1 position in 21 plants and the gRNA2 position in five plants, respectively. The largest deletions were detected in gRNA1 of G27-M98 with 5 bp deletion, and 1 bp deletion was the smallest in G27-M70. The most common deletions were 2 bp and were detected on G27-M36, G27-254, G27-M485, G247-M4464, and G247-M4591 for gRNA1. The deletions have appeared at gRNA2, and were maximum of 4 bp for G27-M36 and G247-M4464, and minimum of 2 bp for G27-MB7 and G247-M4591 (Supplementary Figure S2). Although there was no insertion mutation at the gRNA1 or gRNA2 cleavage site of Cas9 in sequenced T1 plants, 1 bp (C/T) transition mutation was detected on the gRNA1 position of G27-M98 (Supplementary Table S4).





F1 populations were generated to observe positional and allelic effects of mutations

T2 seeds were harvested from T1 G27 and G247 mutant plants, and selected T2 plants were used for crossing combinations to generate F1 populations (Table 1). The G27-M36 and G247-M4464 had 2 and 4 bp deletion at the Cas9 cleavage site of gRNA1 and gRNA2, respectively, and they were used to generate homozygous elF4E_1-3DEL F1 populations, while as G27-M36 was crossed with non-edited G247 to obtain heterozygous elF4E_1-3DEL F1 mutants. The G27-254 and G247-M4591 had 2 bp deletions at the gRNA1 site, so they were crossed to obtain homozygous elF4E_1DEL F1 plants, and G27-254 was used in crossing combinations with non-edited G247 for heterozygous elF4E_1DEL genotype. Similarly, G27-MB7 and G247-M398 that had two deletions at the gRNA2 position were used to generate homozygous elF4E_3DEL F1 populations, and G27-MB7 was crossed with non-edited G247 for heterozygous elF4E_3DEL. Their F1 genotypes were confirmed with MvaI and PsuI restriction enzymes after amplification of gRNA targets using PCR with MC1F/R and MC2F/R primers.


Table 1 | Crossing plots to generate different F1 genotypes.







Deletions causing amino acid alteration and stop codon formation in edited F1

The same genotypes of induced mutation type by Cas9 cleavage of elF4E have been selected for crossing plots to prevent chimerism in F1 populations (Table 1). Edited F1’s amino acid and nucleotide sequences of elF4E were aligned with non-edited F1 plants (Figure 2). However, there was no difference between the amino acid sequence of G27-M36 × G247-M4464 and G27-254 × G247-M4591, even if they are different type of mutants as well as double and single mutants according to nucleotide sequence, respectively. The alteration was started at the 80th amino acid of elF4E, which was the Cas9 cleavage site of gRNA1 for G27-M36 × G247-M4464 and G27-254 × G247-M4591. The stop-codon formation was detected at the 116th amino acid for G27-M36 × G247-M4464 and G27-254 × G247-M4591. Another single mutant F1 for the gRNA2 position of elF4E was generated with the crossing of G27-MB7 and G247-M398, which had 2 bp deletions. The deletion caused stop-codon formation at the 181st amino acid position, after the altered amino acids “IWAG” rather than “RSGQ” (Figure 2).




Figure 2 | Alignment of the amino acid sequences of non-edited and edited F1s. Red arrows indicate the Cas9-cleavage sites at the gRNA1 and gRNA2 (A). Alignment of the nucleotide and amino acids sequences of edited and non-edited lines with chromatogram data. G27-M36 × G247-M4464 and G27-254 × G247-M4591 amino acids sequences at gRNA2 positions were not given because of the early stop codon formation at the 122nd position of elF4E amino acid sequence (B).







Homozygous elF4E_1-3DEL, elF4E_1DEL, and elF4E_3DEL did not show symptoms associated with inoculated viruses

The leaves of generated F1 plants including control non-edited F1 plants and resistant plants were inoculated with WMV, ZYMV, and PRSV; each genotype was evaluated according to 0–5, 1–9, and 0–4 scales, respectively (Wai and Grumet, 1995; Guner et al., 2002; Palomares-Rius et al., 2011). The WMV and ZYMV symptoms appeared on non-edited F1 plants at 7 dpi, while PRSV symptoms were detected on leaves of non-edited F1 at 20 dpi. Evaluation of the virus symptoms of non-edited plants using different scales revealed: 4.60 for ZYMV (Figure 3), 7.68 for PRSV (Figure 4), and 3.84 for WMV (Figure 5). The results were similar with the heterozygous elF4E_1-3DEL, elF4E_1DEL, and elF4E_3DEL F1 plants. Their scores were WMV = 4.24, ZYMV = 6.64, and PRSV = 3.4 for heterozygous elF4E_1-3DEL; WMV = 4.24, ZYMV = 7.12, and PRSV = 3.24 for heterozygous elF4E_1DEL; WMV = 4.32, ZYMV = 7.28, and PRSV = 3.32 for heterozygous elF4E_3DEL. We did not find any resistance reaction in heterozygous mutations in these genotypes. However, the lowest scores were measured in homozygous mutants for elF4E_1-3DEL, elF4E_1DEL, and elF4E_3DEL. There were no symptoms in homozygous mutants elF4E_1-3DEL and elF4E_1DEL F1 plants for each inoculated virus, while as restricted small lesions associated with ZYMV were detected on 1-2 leaves of homozygous elF4E_3DEL F1s.




Figure 3 | Evaluation of zucchini yellow mosaic virus (ZYMV) inoculation in edited and non-edited F1 plants. Average scores of ZYMV-inoculated plants for non-edited F1s, homozygous mutants, and heterozygous mutants. The same column color indicates that there is no statistical difference between groups (A). ZYMV symptoms on homozygous elF4E_1-3DEL were absent, while restricted lesions were detected on 1-2 leaves of homozygous elF4E_3DEL, heterozygous elf4E_1DEL, and non-edited F1s displayed typical symptoms (B). ZYMV-associated symptoms on homozygous elF4E_1-3DEL and non-edited fruits (C). RT-PCR results showed that only homozygous elF4E_1-3DEL (lane 1) and homozygous elF4E_1DEL (lane 3) mutants were negative. However, homozygouelF4E_3DEL (lane 5) was positive in RT-PCR, similarly non-edited (lane 7), and heterozygous mutants (D).






Figure 4 | Evaluation of papaya ringspot virus (PRSV) resistance in edited and non-edited F1 plants. Disease scores on a 0–4 scale, the average scores were presented with standard deviation bars, and the same colors are indicating that there is no significant difference between evaluated groups (A). PRSV symptoms on leaves and fruit were seen on non-edited and heterozygous mutant leaves and fruits, while there were no symptoms on homozygous elF4E_1-3DEL, homozygous elF4E_1DEL, and homozygous elF4E_1-3DEL (B, C). Homozygous elF4E_1-3DEL (lane 1) and homozygous elF4E_1DEL (lane 3) were negative in RT-PCR, while others (lanes 2, 4, 6, and 7) including homozygous elF4E_3DEL (lane 5) were positive (D).






Figure 5 | Assessment of watermelon mosaic virus (WMV) inoculation in edited and non-edited F1 plants. Disease scores were rated according to the 0–5 scale, and the groups that have the same color column are indicating statistically indistinguishable in graphic (A). WMV symptoms on leaves were observed 12 days after inoculation, and typical symptoms were detected on non-edited F1 fruit (B, C). Homozygous elF4E_3DEL mutant (lane 5) was positive in RT-PCR, like heterozygous and non-edited F1s, even though there were no symptoms on homozygous elF4E_3DEL leaves or fruit. Homozygous elF4E_1-3DEL (lane 1) and homozygous elF4E_1DEL (lane 3) were negative according to RT-PCR (D).







Homozygous elF4E_1-3DEL and elF4E_1DEL plants that were negative in reverse transcription polymerase chain reaction and enzyme-linked immunosorbent assay

The leaves were harvested from inoculated F1 plants including edited as well as control non-edited plants, and the samples were purified and prepared for reverse transcription polymerase chain reaction (RT-PCR), quantitative RT-PCR (qRT-PCR), and enzyme-linked immunosorbent assay (ELISA). The results have shown that homozygous elF4E_1-3DEL and elF4E_1DEL plants were negative in RT-PCR, while other heterozygous and non-edited plants were positive for ZYMV (Figure 3), PRSV (Figure 4), and WMV (Figure 5). However, homozygous elF4E_3DEL was positive in RT-PCR, while they did not show any symptoms after the WMV, ZYMV, and PRSV inoculation. Viral loads were also evaluated with qRT-PCR and ELISA for inoculated non-edited and edited F1s. ELISA results were determined as positive for homozygous elF4E_3DEL, and only homozygous elF4E_1-3DEL and elF4E_1DEL plants were negative in ELISA. The absorbance values at 405 nm of WMV, ZYMV, and PRSV inoculated plants indicated that the viral load of homozygous elF4E_3DEL was less than heterozygous and non-edited F1s. We did not detect any viral loads in homozygous elF4E_1-3DEL and elF4E_1DEL plants according to qRT-PCR. However, relative ZYMV, WMV, and PRSV loads were higher in homozygous elF4E_3DEL than homozygous elF4E_1-3DEL and elF4E_1DEL plants, even if viral load of homozygous elF4E_3DEL was lower than heterozygous mutants and non-edited plants (Figure 6).




Figure 6 | Determination of viral accumulation in edited and non-edited F1 plants according to 2−ΔΔCT and absorbance at 405 nm, derived from quantitative reverse transcription polymerase chain reaction (qRT-PCR) and DAS-ELISA, respectively. There were no significant differences between the non-edited and heterozygous plants for viral accumulation for each inoculated virus. However, lower viral accumulation was detected in homozygous elF4E_3DEL relative to non-edited and heterozygous mutants. Also, the accumulation of each virus was higher in homozygous elF4E_3DEL than homozygous elF4E1_3DEL and homozygous elF4E1DEL (A). Absorbance values of samples were parallel to relative viral accumulation results derived from the qRT-PCR for edited and non-edited F1s (B).







Yield and morphological difference in edited and non-edited F1 plants

The edited F1s and non-edited F1 populations were compared for various morphological criteria including internode, plant, leaf, fruit lengths, yield, single fruit weight, and yield per plant. The homozygous elF4E_1-3DEL F1 (G27-M36 × G247-M4464) and non-edited F1 (G27-NE × G247-NE) were used for comparison at the harvesting period and measured criteria were given in Supplementary Table S5. There was no statistically significant difference (p = 0.05) in the compared groups in terms of internode, leaf, and fruit lengths according to Welch Two Sample t-test (Supplementary Table S6). We did not observe any yield penalties in homozygous elF4E_1-3DEL F1 (Figure 7).




Figure 7 | Comparison of morphological and yield characteristics between non-edited (G27-NE and G247-NE) and homozygous elF4E_1-3DEL (G27-M36 × G247-M4464) plants were given in graphs. No statistically significant differences were observed between the two populations according to Welch Two Sample t-test (p = 0.05). Boxplots are created using data, given in Supplementary Table S5.








Discussion

The climate crisis is having a significant impact on plant health and the spread of pathogens. Higher temperatures and changing weather patterns make plants more vulnerable to infections that can cause significant damage to THE crop and natural vegetation. Viral diseases can greatly reduce agricultural production, leading to economic losses and food insecurity. Using traditional breeding methods to develop virus-resistant plants is not sufficient in the face of rapidly evolving viruses and the challenges posed by the climate crisis. Classical methods can be time-consuming, imprecise, and limited in generating new disease-resistant cultivars. Thus, CRISPR/Cas9 and other gene-editing methods offer a solution to generate new resistant plants to viral, bacterial, and fungal pathogens (Karavolias et al., 2021).

In this study, we focused on the manipulation of elF4E-Vpg interaction, a key requirement for potyvirus infection in host plants, to generate the loss-of-elF4E function mutant for C. sativus. It has been reported that manipulation of the elF4E-Vpg interaction confers broad-spectrum potyvirus resistance in various plants, including cucumber (Chandrasekaran et al., 2016; Macovei et al., 2018; Gomez et al., 2019). Boosted potyvirus virus resistance was also reported in various plants using CRISPR/Cas9 and homozygous plants showed resistance after inoculation of tungro spherical virus in rice or cassava brown streak virus in cassava (Macovei et al., 2018; Gomez et al., 2019). Our aim was not only to investigate the resistance mediated by loss of elF4E function in cucumber but also to determine the positional and allelic effects of elF4E mutations in cucumber. To this end, we constructed two guide RNAs targeting exon 1 and exon 3 of C. sativus elF4E to generate different types of mutants. Homozygous elF4E_1-3DEL double mutants, homozygous elF4E_1DEL single mutant, and elF4E_3DEL single mutants were identified in the T1 generation from transgene-free plants, and T2 seeds harvested after self-crossing. We used the G27-M36, G247-M4464, G27-254, G247-M398, G247-M4591, G27-MB7, G27-NE, and G247-NE inbred lines in crossing experiments. Homozygous and heterozygous F1s were produced for double and single elF4E mutations. We followed the same path with previously reported research by Chandrasekaran et al. (2016) and the gRNA2 was different by only one bp than their study. However, their gRNA1 (exon 1 target) position did not hit our genotypes’ elF4E and when we blast in Pyhtozome, results hit with the Cucsa.300080. Hence, we have selected both gRNAs from the sequence of Cucsa.212630.

WMV, ZYMV, and PRSV were inoculated onto each F1 plants, including both edited and non-edited F1 genotypes, through both mechanical and aphid transmission. The virus symptoms indicated that homozygous elF4E_1-3DEL, elF4E_1DEL, and elF4E_3DEL mutants are resistant to WMV, ZYMV, and PRSV. Previously, elF4E-mediated resistance to ZYMV and PRSV is reported for mechanical inoculation and aphid-transmitted viruses in greenhouse conditions. However, elF4E-mediated WMV resistance was not reported in C. sativus. Homozygous elF4E_1-3DEL and homozygous elF4E_1DEL F1s showed resistance not only to mechanically inoculated viruses but also to aphid-transmitted ZYMV, WMV, and PRSV. While as the quite limited ZYMV and WMV symptoms were detected on homozygous elF4E_3DEL F1 plants, these symptoms were less severe than in non-edited F1s and other heterozygous single and double mutants for elF4E. Additionally, homozygous elF4E_3DEL mutant F1 plants are positive in RT-PCR, even though fewer viral symptoms were observed on their leaves. It could be clarified with the viral load of WMV, ZYMV, and PRSV. ELISA and qRT-PCR results showed that the relative viral loads in homozygous elF4E_3DEL were higher than in homozygous mutants, even if lower than in non-edited and heterozygous mutants.

The elF4E-binding domain of VPgs in potyviruses has been reported, and the function of this domain is thought to be responsible for potyvirus replication. Identification of elF4E function in lettuce has indicated elF4E interact with VPg or host and pathogen factors and their mechanisms could involve intracellular and cell-to-cell trafficking or encapsidation (German-Retana et al., 2008). Also, elF4E’s function was associated with the potyvirus cell-to-cell movement in pea and pepper (Gao et al., 2004). However, the binding target of VPg is not well understood in C. sativus, but we speculate that the specific target of VPg may be the second or third exon of elF4E. This is because mutations in the first exon that result in an amino acid alteration confer complete resistance, as indicated by negative results in RT-PCR and ELISA tests in these plants. These findings are consistent with those observed in homozygous elF4E_1-3DEL and elF4E_1DEL. However, heterozygous mutations in gRNA1 and gRNA2 locations did not result in resistance in F1 plants. These plants showed common symptoms upon inoculation with mechanically or aphid transmitted WMV, PRSV, and ZYMV, and the scores of these inoculated heterozygous mutants are not different from those of non-edited F1s. Also, WMV, ZYMV, and PRSV can multiply in the host even when mutations occur in the third exon of elF4E, as in homozygous elF4E_3DEL.

Furthermore, susceptibility was reduced in single elF4E_1DEL homozygous mutant F1s against WMV, ZYMV, and PRSV. qRT-PCR and ELISA results indicated that WMV, ZYMV, and PRSV cannot multiply in double elF4E_1-3DEL and single elF4E_1DEL mutant F1 plants, because there was no viral accumulation in elF4E_1-3DEL and single elF4E_1DEL. Although the viral loads and virus-associated symptoms were lower in homozygous elF4E_3DEL than heterozygous mutants and non-edited plants, the viral accumulations were detected for each virus with ELISA and qRT-PCR in homozygous elF4E_3DEL. The results strongly suggest that VPgs of potyviruses are associated with the first or second exon of the C. sativus elF4E. However, further experiments are required to determine the function of the elF4E protein and its functional domains in the cucumber for the understanding of the potyviruses-plant interactions.

Elongation factors are also called cap-binding proteins, because their regulator functions in cellular translation with the interaction of mRNA’s 5’-terminal cap and nuclear proteins (Sonenberg and Gingras, 1998; Sonenberg and Dever, 2003). However, the loss of elF4E function did not affect plant morphology or other yield characteristics in homozygous elF4E_1-3DEL. Welch Two Sample t-test showed that there was no significant difference between edited and non-edited F1 plants for plant length, leaf length, internode length, fruit length, yield per plant, and single fruit weight. Similarly, deletion mutations on elF4E and elF(iso)4E did not change plant vigor in Arabidopsis thaliana, besides deletions confer the resistance against TuMV (Pyott et al., 2016). Additionally, naturally occurring mutants for elF4E or elF(iso)4E were characterized for potyvirus resistance in various plants (Gómez et al., 2009). Studies on the function of elF4E are mostly related to its potyvirus interactions. Potyviruses have covalently bonded VPg at 5′ of their RNAs, rather than a 7-methylguanosine cap like in some eukaryotic and viral mRNAs. Therefore, elF4E or elF(iso)4E interaction is essential for VPg to avoid RNA silencing and translation or stabilization of viral structures (Saha and Mäkinen, 2020). The role of elF4E has also been reported for lettuce mosaic virus infection cycle in lettuce (Lactuca sativa), and it has been suggested that elF4E function could be different from cellular mRNA translation (German-Retana et al., 2008). Hence, controlled mutations to suppress the function of elF4E function with novel gene-editing methods could be a reliable and robust way to generate new potyvirus-resistant cultivars without yield penalties.

Although CRISPR/Cas9 technology has been demonstrated as a reliable means of precisely modifying plant genomes, there are technical challenges that must be addressed to use it for the commercial production of pathogen-resistant cultivars. It is important to consider both scientific knowledge and commercial production requirements to effectively utilize CRISPR-modified plants in agriculture. Regeneration steps are essential for developing gene-edited crops after the Agrobacterium-mediated or particle bombardment transformation. The regeneration process is one of the most entanglements for gene-editing methods for non-model plants (Shan et al., 2020), because efficient and successful regeneration is crucial for both transgenic studies and the production of gene-edited crops by using CRISPR. Poor regeneration and transformation rates can impede genetic transformation efforts (Tan et al., 2022). The regeneration rate is largely influenced by the genotype and various factors such as the source of explants, seedling stage (Chang et al., 2018), exogenous hormones (Tang et al., 2010; Tang et al., 2011; Hiroshi et al., 2016), Agrobacterium strains (Zheng, 2009), the pre-culture period (Wang et al., 2014), and selection markers (Li et al., 2014). Therefore, optimization of protocols for the G27 and G247 inbred lines was performed before attempting the transformation and regeneration of T0 plants. The most effective regeneration was observed in T29, with 33.01 and 33.68 shoots induced for G27 and G247, respectively.

The comparison of the transformation efficiency for Agrobacterium strains showed that EHA105-mediated transformation is more effective than LBA4404-mediated transformation in cotyledon and hypocotyl explants for both genotypes. Hypocotyl explants did not induce shoot growth in either LBA4404- or EHA105-mediated transformation in G27. The efficiency of various A. tumefaciens strains and explant sources has been reported, and efficiencies ranging were 0.89% to 21% for EHA105 and 0.5% to 4.8% for LBA4404. In this study, EHA105 was found to have a higher transformant shooting rate than LBA4404. The effect of seedling age on regeneration was also evaluated, and it was found that using 1-day-old seedlings’ cotyledons resulted in a higher number of regenerated shoots in both G27 and G247, compared with using 5-day-old seedlings. This finding is consistent with previous reports that younger cucumber explants lead to higher regeneration efficiency (Chang et al., 2018). The optimal concentration of ABA and BAP for shoot induction was found to be 1.5 mg l-1 of both ABA and BA for both G27 and G247. Liu et al. (2018) also found that a regeneration frequency of 96.7% was achieved using 1.5 mg l-1 BAP and 1.0 mg l-1 ABA in their genotypes (variety 9330). Following the optimization of transformation and regeneration, T0 plants were obtained and verified using PCR. T1 seeds were harvested from the regenerated transgenic plants, and T2 populations were generated from transgene-free T1 plants for each genotype. To avoid chimerism and heterozygosity in the F1 generation, plants from T2 G27 and G247 that have the same mutation at the gRNA target site were selected. These plants were self-crossed and crossed with another parental line to produce and store seeds of loss-of-function mutants. The G27-M36 and G247-M4464 inbred lines were used in crossing combinations, resulting in edited resistance F1 plants against WMV, ZYMV, and PRSV.

In conclusion, we have used CRISPR/Cas9 to reduce susceptibility in G27 and G247 cucumber inbred lines by suppressing elF4E gene, which is associated with potyviruses. The positional and allelic effects of the elF4E mutations were investigated in different heterozygous or homozygous and single or double mutants. We found that stop-codon formation at the second exon of elF4E and amino acid substitutions conferred complete resistance to WMV, PRSV, and ZYMV without any viral load. G27M36 and G247M4464, which have 4 and 2 bp deletion mutations at elF4E, were crossed to produce F1 plants. These edited F1 plants were compared with non-edited F1 plants, and no significant differences were observed in terms of yield, quality, or morphology. In addition, we have also optimized transformation and regeneration protocols for C. sativus G27 and G247 inbred lines for large-scale production of the edited plants. This study contributes the potential of using CRISPR/Cas9 to generate resistant plants with knockout susceptibility genes for suitable commercial agricultural production. This approach could be used to generate a variety of resistant cultivars to manage viral, fungal, and bacterial plant pathogens in future.





Materials and methods




Plant materials

G27 (♀) and G247 (♂) cucumber inbred lines were used in this study as plant material. The non-edited F1 plants had the following characteristics: plant length of 210–225 cm, internode length of 8–10 cm, leaf length of 30–32 cm, fruit length of 17–19 cm, and single fruit weight of 140–150 g. These plants were not resistant to ZYMV, WMV, and PRSV, as they did not possess specific R genes such as zym and wmv02245.





gRNAs and vector construction

C sativus elF4E–specific gRNA1 and gRNA2 were selected (Supplementary Figure S1) from the CRISPOR webtool (Concordet and Haeussler, 2018) and synthesized as oligonucleotides. These gRNAs were then individually consubstantiated in pTWIST Amp vector with the AtU6 promoter and scaffolds. XhoI : AtU6:gRNA1:scaffold-PacI and PacI : AtU6:gRNA2:scaffold:XbaI constructs were obtained using PCR to add the overhang of the restriction site. T4 DNA ligase was used to linearly ligate the two constructs, and then the reaction mixture was prepared with 1 µl of T4 DNA ligase, 2 µl of T4 DNA ligase buffer (10×), 12.5 µl of ddH2O, and 150-ng construct. The resulting ligated construct was assembled in the pFGC-pcoCas9 vector (Addgene: 52256) using restriction site cloning with XhoI and XbaI. The gRNA’s construct that was cloned into pFGC-pcoCas9 was confirmed with XhoI/XbaI restriction enzymes after T4 ligation. The cloned plasmid (Supplementary Figure S1) was then transferred to E. coli DH5α cells via heat shock, as previously described by Froger and Hall (2007). Transformant E. coli cells were selected on kanamycin (50 ng µl-1) containing Luria-Bertani Agar (LBA), and the plasmid was isolated from E. coli DH5α cells. The isolated plasmid was then transferred to Agrobacterium tumefaciens EHA105 electrocompetent cells using electroporation (Gene Pulser Xcell Electroporation System, BioRad, California, USA), and the cells were stored at -80°C after selection on kanamycin (50 ng µl-1), and rifampicin (15 ng µl-1) in LBA.





Transformation and regeneration

Optimization trials were conducted to optimize regeneration and transformation in G27 and G247. Specifically, 50 different culture media were tested for regeneration, and a medium consisting of MS + 1.5 mg l-1 BA + 1.5 mg l-1 ABA was selected (data not shown). For transformation, various factors including genotype, bacterial strain, seedling age, explant type, pre-culture, and antibiotic were optimized to maximize transformation efficiency. A total of 30 transformation optimization trials were performed for each genotype, resulting in the identification of optimal conditions for the final eight transformations (Supplementary Table S2).

To surface disinfect, the seeds of G27 and G247 were first immersed in 70% ethanol for 1 min, then treated with a solution of 15% commercial bleach containing 0.05% Tween 20 for 15 min. Following this, the seeds were rinsed three times. These seeds were then germinated in vitro on a medium composed of MS salts (Murashige and Skoog, 1962), Nitsch and Nitsch vitamins (Nitsch and Nitsch, 1969), 3% sucrose, and 0.7% agar (pH 5.8) in the dark at 28°C for 1 day. Cotyledon explants were obtained from 1-day-old germinated seedlings by cutting their proximal regions using a liquid regeneration medium (MS medium supplemented with 3% sucrose and 200 µM acetosyringone). Meanwhile, to establish bacterial colony cultures of the strain EHA105 carrying the pFGC-pcoCas9 plasmid of Agrobacterium tumafaciens, bacterial cells were streaked onto solid Luria Bertani (LB) medium (10 g l-1 NaCl, 5 g l-1 yeast extract, 10 g l-1 tryptophan, and 10 g l-1 agar) and incubated at 28°C overnight. To propagate the liquid bacterial culture, a single colony was taken from the bacterial culture using a loop and transferred to 50 ml of liquid LB medium containing 50 mg l-1 kanamycin. This liquid bacterial culture was incubated overnight at 28°C in a shaker at 200 rpm. The density of the incubated bacterial solution was measured using a spectrophotometer and adjusted to an optical density at 600 nm (OD600) of 0.5. Acetosyringone was added to the bacterial solution in LB medium at a concentration of 200 µM l-1, and the culture was incubated at 200 rpm for 3h to 4h. The explants were then transferred to the prepared EHA105 culture for 20 min and drained on sterile filter paper. Afterward, the explants were incubated in a co-culture medium (consisting of MS medium supplemented with 1 g l-1 MES, 1.5 mg l-1 BA, 1.5 mg l-1 ABA, 200 µM acetosyringone, 3% sucrose, and 7-g plant agar) for 3 days at 28°C. At the end of the 3-day co-culture period, the explants were transferred to a selection medium (consisting of MS medium supplemented with 1.5 mg l-1 BAP, 1.5 mg l-1 ABA, 1 mg l-1 phosphonitricine [PPT], 3% sucrose, and 7 g agar) and incubated at 26°C with a 16h photoperiod until shoot formation occurred. Also, mediums were supplemented with 300 mg l-1 timentin to remove EHA105 until acclimatization after the co-cultivation. The formed shoots were separated from the explants and placed in a shoot development medium (consisting of MS medium supplemented with 1 mg l-1 GA3, 100 mg l-1 timentin, 0.25 mg l-1 PPT, 3% sucrose, and 7 g plant agar) to promote elongation. Plantlets displaying healthy shoot growth were then rooted in a medium consisting of ½ MS medium containing 1 mg l-1 IBA, 50 mg l-1 timentin, 3% sucrose, and 7 g plant agar. After the acclimatization process, regenerated G27 and G247 were transferred to a greenhouse and their DNAs were extracted using CTAB method.





Identification of elF4E mutations

The positions of gRNA in the G27 and G247 plants were amplified using PCR and primers MC1F/R (521) and MC2F/R (451 bp). The PCR reaction was prepared using Dream Taq 2× Master Mix and carried out with pre-denaturation at 95°C for 2 min, 35 cycles of denaturation at 95°C for 20 s, annealing at 56°C for 30 s, and extension at 72°C for 1 min followed by a final extension at 72°C for 5 min. The Cas9 cleavage sites of the non-edited G27 and G247 elF4E’s gRNA1 and gRNA2 positions contain MvaI and PsuI restriction enzyme sites, respectively. These restriction enzymes were used to cut only the non-edited elF4E fragment and detect allelic mutations in T0, T1, and F1 generations. The restricted fragments were visualized on a 2% agarose gel after electrophoresis. The expected fragment sizes for non-edited plants were 293 and 228 bp for the elF4E-gRNA1 fragment and 295 and 156 bp for the elF4E-gRNA2 fragment, while the non-restricted fragments (521 bp for elF4E-gRNA1 and 451 bp for elF4E-gRNA2) were considered to putative mutants due to loss of the restriction site as a result of NHEJ after Cas9 cleavage. The gRNA targets of the mutant G27 and G247 plants were amplified using PCR and sequenced using the Sanger method. The resulting data were analyzed using Geneious Prime to identify mutations in the elF4E gene. The presence or absence of introns and potential changes in amino acid sequence were also analyzed. Homozygous mutants were selected from the T0 generation and self-pollinated to produce seeds. The presence of T-DNA was confirmed using PCR in the T1 generation, and transgene-free mutants were selected. Mutation analysis was also conducted in the F1 generation after crossing T2 G27 and G247 mutants.





Crossing plots

T2 seeds were obtained from homozygous mutant parental lines in the T1 generation that were free of transgenes. These seeds were germinated, and silver nitrate was applied to the apical meristems of both mutant G247 plants and non-edited G247 plants to induce male flower formation. Male flowers were collected, and their stamens were used to pollinate the pistils of female flowers from the mutant G27 plant. Both mutant and non-edited G247 lines were crossed with the mutant G27 line, with the different combinations indicated in Table 1. These crossing combinations were designed to produce F1 plants that were heterozygous or homozygous for the mutation, as well as F1 plants that were not edited. Seeds were harvested from these crosses and germinated for further analysis, including virus inoculation, mutation testing, and morphological characterization.





Virus inoculation

A phosphate buffer (pH 7.5) was prepared by mixing 2% potassium phosphate (K2HPO4), 0.1% sodium sulfite (Na2SO3), and 0.01% β-mercaptoethanol. This buffer was used to create an inoculum for ZYMV, WMV, and PRSV for F1 plants. The viruses were collected from infected cucumber plants in a greenhouse, ground in a 0.02 M phosphate buffer, and used to mechanically inoculate 20 plants, including five wild-type control F1 plants. The inoculation was carried out using a sponge pad soaked in the buffer solution containing the virus, and the inoculated plants were observed over time. Disease symptoms were evaluated at 7–10 days post-inoculation (dpi) for WMV and ZYMV and at 3 weeks post-inoculation for PRSV. Inoculated plants were scored using different scales: 0 to 4 (0 = no symptoms and 4 = severe mosaic on many leaves) for PRSV (Wai and Grumet, 1995), 1 to 9 (1 = no symptoms and 9 = plant dead) for ZYMV (Guner et al., 2018), and 0 to 5 (0 = no symptoms and 5 = severe mosaic and leaf distortion) for WMV (Palomares-Rius et al., 2011). Vector-transmission inoculation was carried out using Aphis gossypii, with approximately 8–10 aphids per plant (Gal-On et al., 1992).





Detection of inoculated viruses and viral loads

RT-PCR and qRT-PCR were performed to detect and quantify the accumulation of ZYMV, WMV, and PRSV in non-edited and mutant F1 plants. Total RNA was extracted from the leaf discs of the plants using a Total RNA Isolation Kit (Thermo Fisher Scientific, Karlsruhe, Germany) according to the manufacturer’s protocol. The purified RNA was diluted in nuclease-free water, and 1 ng of RNA was used in the RT-PCR reaction. The reaction mix was prepared with 1 µl of Verso Enzyme Mix, 25 µl of 2× 1-Step PCR ReddyMix, 2.5 µl of RT Enhancer, and 7 µl of nuclease-free water. ZYMV-CP-285F_LK/ZYMV-CP-782R_LK (498 bp), PRSV-F/R (~950 bp), and WMV-F/R (535 bp) were used to detect ZYMV, PRSV, and WMV, respectively, and their sequences are in Supplementary Table S7 (Valekunja et al., 2016; Kaldis et al., 2018; de Souza Aguiar et al., 2019). The RT-PCR was performed under the following conditions: cDNA synthesis at 50°C for 15 min, RT inactivation at 95°C for 2 min, 35 cycles (denaturation at 95°C for 20 s, annealing at 50°C [ZYMV], 52°C [WMV], and 58°C [PRSV] for 30 s, extension at 72°C for 1 min), and final extension at 72°C for 5 min. The RT-PCR products were analyzed by electrophoresis on an agarose gel (1.5%) and visualized using a UV transilluminator.

The detection of ZYMV, PRSV, and WMV in plant samples was performed using DAS-ELISA kits from Agdia, which contained IgG and conjugate antibodies, as well as positive and negative controls. A mixture of 100 ml of coating buffer and 1 µl of IgG antibodies was prepared according to the manufacturer’s instructions for a 1/100 dilution and distributed to the wells for a total of 10 samples. The mixture was incubated at 37°C for 4h, washed with washing buffer, and dried. Plant tissue samples for virus inoculation included six mutant plants, one wild-type plant, and positive and negative controls. According to the protocol, 100 mg of leaf tissue was taken from each virus-infected plant sample, crushed with 600 µl of extraction buffer in a mortar and pestle, and mixed with positive and negative controls from Agdia (Elkhart, Indiana, USA). One hundred of microliter of the crushed mixture was added to the wells and incubated in the refrigerator at 4°C overnight. The next day, after washing and drying with washing buffer, a mixture of conjugate buffer and antibody was prepared in the same proportions as the IgG antibodies and added to the wells. After incubating for 2h at 37°C, a mixture of PNP and substrate buffer was prepared, and 100 µl was added to the wells. The results were observed using an ELISA reader and samples, with an absorbance value at 405 nm greater than two times the negative control was considered positive and the results were recorded for statistical analysis. This process was repeated three times separately for each virus.

Isolated RNAs were used in qRT-PCR to determine the viral load for each genotype. The iTaq Universal SYBR Green One-Step Kit (Bio-Rad, California, USA) was used to prepare the reaction mixture according to the manufacturer’s protocol, and qRT-PCR primers were given in Supplementary Table S7. qRT-PCR was performed under the following conditions: cDNA synthesis at 50°C for 10 min, RT inactivation at 95°C for 1 min, 40 cycles of 95°C for 10 s, and 30°C for 60 s. All reactions were done with three replicates for each sample in CFX96 Touch (Bio-Rad). Relative viral accumulation was determined for each genotype using the 2−ΔΔCT method.





Statistical analyses and data visualization

The length of internodes, leaves, and fruits were measured in mature plants, and the number of fruits and fruit weight was also determined as yield criteria in mutant F1s (M36 × M4464) and non-edited F1 plants. Quantitative data were collected from 10 edited and non-edited F1 plants for each criterion (Supplementary Table S5). R version 4.2.2 was used for Welch Two Sample t-test and constitution of boxplots graphs with “ggplot2” package. “tidyverse”, “dplyr”, and “multcompView” packages were used for the quantification of viral accumulation determined by qRT-PCR and ELISA and data visualization. Evaluation of inoculated ZYMV, WMV, and PRSV symptoms data were performed in Microsoft Excel.
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Introduction

Fungal foliar diseases can severely affect the productivity of the peanut crop worldwide. Late leaf spot is the most frequent disease and a major problem of the crop in Brazil and many other tropical countries. Only partial resistance to fungal diseases has been found in cultivated peanut, but high resistances have been described on the secondary gene pool.





Methods

To overcome the known compatibility barriers for the use of wild species in peanut breeding programs, we used an induced allotetraploid (Arachis stenosperma × A. magna)4x, as a donor parent, in a successive backcrossing scheme with the high-yielding Brazilian cultivar IAC OL 4. We used microsatellite markers associated with late leaf spot and rust resistance for foreground selection and high-throughput SNP genotyping for background selection.





Results

With these tools, we developed agronomically adapted lines with high cultivated genome recovery, high-yield potential, and wild chromosome segments from both A. stenosperma and A. magna conferring high resistance to late leaf spot and rust. These segments include the four previously identified as having QTLs (quantitative trait loci) for resistance to both diseases, which could be confirmed here, and at least four additional QTLs identified by using mapping populations on four generations.





Discussion

The introgression germplasm developed here will extend the useful genetic diversity of the primary gene pool by providing novel wild resistance genes against these two destructive peanut diseases.
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Introduction

Cultivated peanut (Arachis hypogaea L.) is an important oilseed crop, grown throughout the tropics and sub-tropics. It is also widely used for human and animal consumption being a valuable source of dietary protein. Globally, 53.9 million tons of unshelled peanut were produced in 2021 in 32.7 million ha (FAOSTAT – Food and Agriculture Organization of the United Nations, 2022). Brazil only produced approximately 1.4% of this total; however, the crop is expanding in the country. In the last decade, the national production and the area planted increased 164% and 96%, respectively, reaching 746,700 tons of unshelled peanut harvested in 200,100 ha in the 2021/2022 season (CONAB - Companhia Nacional de Abastecimento, 2023). Peanut production in Brazil is highly concentrated in the state of São Paulo. In 2021/2022, São Paulo produced 692,700 tons of unshelled peanuts (approximately 90% of the Brazilian peanut production), of which more than 50% were shelled and processed for export (CONAB - Companhia Nacional de Abastecimento, 2023). Breeding programs are active in the country and releasing new cultivars to attend to this market. However, it is necessary to prepare this chain of production to be more competitive, especially through reducing costs of production, such as reducing dependence on fungicides.

The genus Arachis is native to South America. It contains 83 described species, assembled into nine taxonomic sections according to their morphology, geographical distribution, and cross-compatibility relationships (Krapovickas and Gregory, 1994; Valls and Simpson, 2005; Valls et al., 2013; Valls and Simpson, 2017; Seijo et al., 2021). Cultivated peanut belongs to section Arachis, which also includes 32 closely related wild species. Of these, 28 are diploid with x = 10 (2n=20), three species are diploid with x = 9 (2n=18), and A. hypogaea and A. monticola Krapov. & Rigoni are allotetraploids (2n=4x=40) with a genome formula AABB (Lavia et al., 2009; Stalker, 2017 and references therein; Seijo et al., 2021). Six genome types, A, B, D, F, K, and G, have been described for the diploid species in section Arachis, differing on the chromosome morphology, distribution patterns of heterochromatic bands and rDNA loci, and cross-compatibility (Smartt et al., 1978; Stalker, 1991; Fernandez and Krapovickas, 1994; Robledo and Seijo, 2010; Silvestri et al., 2015).

Arachis hypogaea has a narrow genetic base and is susceptible to various biotic stresses. Among them, fungal foliar diseases, especially late leaf spot (LLS) [Nothopassalora personata syn. Cercosporidium personatum (Berk. & M.A. Curtis) S.A. Khan & M. Kamal], early leaf spot (Passalora arachidicola syn. Cercospora arachidicola S. Hori), and rust (Puccinia arachidis Speg.), are widespread in most of the producing countries and severely affect productivity. Reductions of up to 70% in peanut yield caused by leaf spots have been described (Backman and Crawford, 1984; Singh et al., 2011; Coutinho and Suassuna, 2014). LLS is the most frequent disease and a major problem of the crop in Brazil. The disease starts at 45–50 days after germination and tends to progress until the end of the crop cycle. Fungus sporulation occurs on the abaxial surface of the leaves and disease symptoms appear approximately 10 days after infection (Shokes and Culbreath, 1997). The main symptom is the presence of round-shaped black lesions on the leaves, which reduces the foliar area and induces defoliation. This causes a reduction in photosynthesis and consequently decreases peanut productivity. Rust is a sporadic disease, but can be highly destructive. Initial symptoms are small yellow round lesions on both surfaces of the leaves, and subsequently, these lesions turn to reddish brown. Unlike LLS, rust-infected leaves tend to remain attached to the plant, which favors the pathogen multiplication and rapid spread of the disease (Moraes and Godoy, 1997). The main damage of rust is the reduction of foliar area available for photosynthesis. To control both diseases, multiple fungicide sprays are needed throughout the growing season, usually at intervals of up to 15 days, depending on weather conditions. Although several fungicides are available, their application significantly increases crop management costs and the risks of soil and environment contamination. Resistant varieties are considered the most efficient way to control these diseases. Few, and only moderate, resistance sources to fungal diseases have been found in A. hypogaea, but high resistance has been described for many Arachis wild species (reviewed by Stalker, 2017). Therefore, there is a growing need to improve peanut resistance to fungal foliar diseases by diversifying its genetic variability utilizing crop wild relatives.

Since most Arachis wild species are diploid and A. hypogaea is an allotetraploid, the introgression of useful wild genes into peanut is not a trivial task. To overcome this, interspecific induced allotetraploid plants have been developed (Burow et al., 2001; Fávero et al., 2006; Kumari et al., 2014; Leal-Bertioli et al., 2015b; Leal-Bertioli et al., 2017; Gao et al., 2021; Bertioli et al., 2021b). In this so-called tetraploid route (Simpson, 1991), species with A and B genomes are intercrossed and the resulting sterile hybrid (AB) is treated with colchicine to duplicate the chromosomes and restore fertility (AABB). The allotetraploid thus obtained can be crossed with A. hypogaea to produce fertile hybrids.

Specially for introgression of wild genes, marker-assisted backcrossing (MABC) is essential, as it enables a rapid recovery of the recurrent parent genome, the pyramiding of multiple useful genes into the same genotype, and considerable time saving (Frisch and Melchinger, 2005; Bharadwaj et al., 2022; Kim et al., 2022). Nevertheless, very few genomic segments of Arachis wild species containing genes of interest have been well-defined to date. Regarding resistance to biotic stresses, a few segments from the species A. cardenasii Krapov. & W.C.Greg. (A genome) with genes for resistance to root-knot nematode (RKN) (Chu et al., 2007), leaf spots, rust, and web blotch (Kolekar et al., 2016; Pandey et al., 2017b; Ahmad et al., 2020; Lamon et al., 2020; Bertioli et al., 2021a) were identified. By using marker-assisted selection, segments conferring RKN resistance were introgressed into released peanut cultivars (Chu et al., 2011; Simpson et al., 2013; Clevenger et al., 2017b). In addition, both by anonymous phenotypic and by marker selection, A. cardenasii-containing segments that confer resistance to leaf spots and rust have been introgressed into peanut in breeding programs worldwide (Varshney et al., 2014; Shasidhar et al., 2020; Godoy et al., 2022; Holbrook et al., 2022). The very large-scale anonymous contribution of A. cardenasii to the peanut crop was recently shown with high-throughput genotyping; 251 peanut lines and cultivars in 30 countries were found to have genetics from this wild species; in almost all cases, the breeders involved were unaware of the wild genetics (Bertioli et al., 2021a).

In previous studies, we identified wild genomic segments conferring resistance to LLS and to RKN in A. stenosperma Krapov. & W.C.Greg. (Leal-Bertioli et al., 2009, Leal-Bertioli et al., 2016; Ballén-Taborda et al., 2019), and a robust QTL (quantitative trait locus) for resistance to rust in A. magna Krapov., W.C.Greg. & C.E.Simpson (Leal-Bertioli et al., 2015a). Arachis stenosperma (A genome 2n=2x=20) is an annual plant, belongs to section Arachis, and is endemic to Brazil (Krapovickas and Gregory, 1994), where it was cultivated for food by native people (Simpson et al., 2001). Arachis magna (B genome, 2n=2x=20) is also annual, belongs to section Arachis, and has been collected in Brazil and Bolivia (Krapovickas and Gregory, 1994; Custódio et al., 2013). An induced allotetraploid (2n=4x=40) was previously developed using these species and found to be resistant to both rust and LLS (Fávero et al., 2015a; Michelotto et al., 2016; and unpublished data). In the present study, this induced allotetraploid was used as the donor parent in successive backcrossings with an elite Brazilian cultivar for the incorporation of wild resistance QTLs into cultivated peanut. We used molecular markers for the selection of plants containing the resistance QTLs with a lower proportion of wild chromosome segments for a faster recovery of the recurrent A. hypogaea genome. The plants obtained were assayed in the field each year, supporting the hypothesis that the selected chromosome regions of A. stenosperma and A. magna conferred resistance to otherwise susceptible plants. Furthermore, we identified additional QTLs controlling LLS and rust.





Material and methods




Plant material

The recurrent parent ‘IAC OL 4’ (A. hypogaea subsp. hypogaea var. hypogaea) is a commercial peanut cultivar developed by the Instituto Agronômico (IAC), Campinas, Brazil (Godoy et al., 2014). It is a high oleic runner cultivar widely grown in São Paulo state, highly yielding, but very susceptible to foliar diseases. The wild donor parent was the induced allotetraploid (A. magna K 30097 × A. stenosperma V 15076)4x (Fávero et al., 2015b), hereafter called MagSten. This induced allotetraploid and its diploid parents have high resistance to foliar fungal diseases (Michelotto et al., 2015, Michelotto et al., 2016). The diploid species were obtained from the Arachis Germplasm Collection, maintained at Embrapa Genetic Resources and Biotechnology (Brasília-DF, Brazil).





Marker-assisted backcrossing scheme

The first round of crosses was made in 2012 using ‘IAC OL 4’ as the female and MagSten as the male parent (Figure 1). True F1 hybrids were identified by microsatellite markers, grown in a greenhouse, and used as male parents on the first backcross with ‘IAC OL 4’. Using ‘IAC OL 4’ as a recurrent parent, generations were advanced to BC4 from 2013 to 2017/2018. On each backcross cycle, progenies were selected using microsatellite markers linked to known desirable QTLs, essentially as described by Moretzsohn et al. (2013). These included a QTL for rust resistance from A. magna K 30097 (on chromosome B08; Leal-Bertioli et al., 2015a) and four QTLs for LLS resistance, located on three chromosomes (A02, A06, and two segments on the middle of A04; Leal-Bertioli et al., 2009) (Supplementary file 1). These QTLs were identified in a different A. stenosperma accession (V 10309), but tentatively used on the accession V 15076 also highly resistant to fungal foliar diseases (Michelotto et al., 2015), and the one incorporated into MagSten. Most of the backcrossings and selfings were also accompanied by different SNP genotyping methods for monitoring the introgressed wild segments and for faster recovery of A. hypogaea genetic background. BC1F1 plants were genotyped with SNP markers dispersed through the 10 A-genome chromosomes using a 384 Illumina BeadXpress array (Supplementary file 1). The BC2 generation was not submitted to background selection. BC3F1 plants were genotyped with the first version of the Thermofisher SNP array (Axiom_Arachis 58k array) that assayed 58,233 SNP markers (Clevenger et al., 2017a; Pandey et al., 2017a), while BC3F2 to BC3F5, BC4F1, and BC4F2 plants were genotyped with the improved array version (Axiom_Arachis v.02) that assays 48,000 SNP markers (Korani et al., 2019). These populations were evaluated for resistance to fungal foliar diseases, pod weight, number of seeds per pod, and pod shape (cultivated, mixed or wild type) in field assays. Data on genotypic and field evaluation were used for the selection of progenies to be advanced to the next generation.




Figure 1 | Marker-assisted backcrossing schedule for introgressing chromosome segments from A. magna K 30097 and A. stenosperma V 15076 into the peanut cultivar IAC OL 4.







Field evaluations

Five field trials were conducted in the APTA (Agência Paulista de Tecnologia dos Agronegócios) experimental station in Pindorama, São Paulo State, located in the most important peanut-producing state of Brazil, using generations BC3F2, BC3F3, BC3F4, BC3F5, and BC4F2. Thirty seeds per selected family were planted in 15-m-long single-randomized row plots, using ‘IAC OL 3’ as susceptible control, and ‘IAC Caiapó’ and ‘IAC Sempre Verde’ as resistant checks. MagSten was also included in some of the trials. Field management followed standard technical recommendations for the crop, except for disease control as no fungicide was sprayed. At approximately 120 days after sowing, each plant was evaluated for LLS incidence using the grade scale ranging from “1” (no spots or defoliation) to “9” (many spots on the remaining leaves and a severe defoliation), according to Subrahmanyam et al. (1995), but including the 0.5 scores for intermediate aspects between adjacent integer scores. Rust is a sporadic disease and the incidence was low on four of the five assays. Therefore, it was evaluated using “1” for the presence and “0” for absence of rust lesions in leaves. On the BC4F2 field assay, rust incidence was moderate and the plants were evaluated using the 1–9 grade scale.





Mapping QTLs for rust and LLS resistance

Phenotypic and genotypic data obtained here were used not only for MABC, but also for QTL mapping. From BC1 to BC4, the progenies were submitted to a stringent foreground selection. Therefore, most selected plants had different combinations of the four wild chromosome segments of interest, in A02, A06, B08, and A04 (with two QTLs located closely to each other), some wild genomic segments not marker-selected (“linkage drag”) and a cultivated background on most of the chromosomes. Those populations are not ideal for QTL mapping, as the plants had been marker-selected and some wild chromosome segments had been lost on all the analyzed plants. However, they were used with this aim, as an additional test to validate the association of previous identified QTLs with disease resistances, since they were present in plants of the four populations. Loci homozygous for the cultivated alleles were discarded and the remaining loci were submitted to QTL analysis using the nonparametric interval mapping based on the Kruskal–Wallis test statistic, performed in R/qtl (Broman et al., 2003). The scanone function and the argument model=“np” were used for LLS resistance, and the argument model=“binary” was used for rust resistance. We also used the model=“np” for rust resistance in BC4F2, since the plants were evaluated using the 1–9 grade scale. To increase the reliability, GWAS (genome-wide association study) was conducted using the GAPIT and FarmCPU model in R. Kinship matrix was generated using whole-genome SNPs from Affymetrix data in TASSEL. Significance threshold was calculated based on FDR value at 0.05. The BC3F3 field assay was not included on QTL analyses and GWAS due to the low number of plants assayed.






Results




Marker-assisted development of advanced lines

The induced allotetraploid MagSten was used as a donor parent in crosses with ‘IAC OL 4’ (Figure 1). Thirteen true F1 hybrids identified by microsatellite markers were crossed with ‘IAC OL 4’. A total of 201 putative BC1F1 seeds were obtained, planted in greenhouses, and genotyped with microsatellite markers linked to the five QTLs for resistance to LLS and rust. For monitoring the percentages of genome donor in each progeny, we also genotyped the 201 plants with 384 SNPs dispersed through the 10 A-genome chromosomes developed for an A. duranensis × A. stenosperma cross based on EST (Expressed Sequence Tags) data (Supplementary file 1). This was the highest coverage genotyping method available for Arachis at that time (2014). A total of 118 SNPs were informative. The proportion of wild genome ranged from 9.1% to 40.8%, with an average of 22.7% on the 201 analyzed plants. Seventeen self-pollinated plants were discarded. Thirteen BC1F1 plants were selected based on the presence of at least four of the five resistance QTLs and smaller percentage of donor (wild) A genome, ranging from 12.7% to 25.9% on the selected 13 plants. The 13 BC1F1 plants were used as male parents in backcrosses with ‘IAC OL 4’ to produce the BC2 generation. In total, 210 putative BC2F1 plants were genotyped with the microsatellite markers linked to the five QTLs. Twenty-six plants were discarded as self-pollinations and 11 were selected based on the presence of at least three of the five desired QTLs and used as male parents in backcrosses with ‘IAC OL 4’. One hundred seventy-nine putative BC3F1 plants were obtained and genotyped with the same microsatellite markers. Sixty-one true BC3F1 plants were genotyped using the Thermofisher Axiom Arachis v.01 (Clevenger et al., 2017a; Pandey et al., 2017a). Twenty-nine plants, with low genome donor (ranging from 2.3% to 12.2%), were chosen and selfed to produce BC3F2 seeds. BC3F2 plants were tested in the field, as described below, and 10 plants with LLS scores below “3”, good pod production (over 100 g/plant, not shown), and cultivated-like pod shape were selected. Slices of 30 seeds from each of the 10 plants were genotyped with microsatellite markers linked to the resistance QTLs, and seven plants (BC3F4) were backcrossed with ‘IAC OL 4’ to’ produce the BC4 generation (Figure 1). Fifty-two seeds were obtained, planted in greenhouses, and genotyped with the Axiom chip. The 44 true BC4F1 plants were selfed to produce BC4F2 seeds. Besides BC3F2, field assays were conducted on BC3F3, BC3F4, BC3F5, and BC4F2 plants. Foliar disease resistance, pod traits, and SNP genotyping data were used for the selection of plants to be advanced by selfing to the next generation.





Field assays

Plants of five generations (BC3F2, BC3F3, BC3F4, BC3F5, and BC4F2) were assayed on the field for resistance to LLS and rust, pod shape, and pod production under disease pressure. ‘IAC Sempre Verde Caiapó’, and ‘IAC OL 3’, which are resistant, partly resistant, and susceptible to both diseases, respectively, were used as controls. All populations showed genetic variation for LLS resistance and pod weight (Tables 1 and 2).


Table 1 | Number of plants evaluated (n), LLS score range, and means of plants with introgressions from Arachis stenosperma and A. magna of generations BC3F2 to BC3F5, and BC4F2.




Table 2 | Number of plants evaluated (n), pod weight range per plant, and mean (g) of generations BC3F2, BC3F3, BC3F5, and BC4F2 of selected plants with introgressions from Arachis stenosperma and A. magna.



A total of 290 individuals of 10 of the 12 selected BC3F2 families (two of them produced few seeds) were evaluated in 2017/2018. For comparison, 141 individuals of seven BC3F2 families that did not carry any, or only a few, of the four wild genomic segments of interest were also included. LLS scores ranged from 1.5 to 8.0, averaging 6.0 within the 10 selected families (Table 1) and ranged from 3.0 to 8.5 with an average of 7.2 within the seven check families. MagSten, ‘IAC Sempre Verde’, ‘IAC Caiapó’, and ‘IAC OL 3’ plants averaged 1.1, 2.9, 6.3, and 7.9, respectively. Rust lesions were detected in 102 out of the 290 plants from the selected families (35.2%) and on 97 out of the 141 plants of the check families (68.9%). For the controls, rust lesions were found on 24 of the 42 ‘IAC Caiapó’, 15 of the 16 ‘IAC Sempre Verde’, and all the 34 ‘OL 3’ plants. No symptoms were observed on the six MagSten plants. Population pod weight ranged from 24.0 g to 521.0 g, with an average of 157.0 g (Table 2), higher than the recurrent parent ‘OL 3’ n-significantly different from ‘IAC Sempre Verde’ and ‘IAC Caiapó’. Twenty-five plants were selected based on LLS scores (below 4.5), no symptoms of rust, the presence of most of the desired wild genomic segments, individual pod production (above 100 g per plant), and pods as similar as possible to the Runner shape. These same traits were used for the selection of plants on subsequent generations, except the LLS resistance score that varied on each trial.

Seeds of the 25 BC3F2 plants were planted in 2018/2019. A severe drought impaired plant growth and only 72 BC3F3 plants were evaluated for LLS resistance. Average LLS scores of the 72 plants ranged from 2.0 to 7.5, with an average of 4.4 (Table 1). ‘IAC Sempre Verde’ and ‘IAC Caiapó’ averaged 1.6 and 4.9, respectively. Incidence of rust was very scarce and observed on only four plants (5.6%). Despite the severe drought, pod production was relatively high, numerically comparable to the other trials: pod weight ranged from 23.2 g to 456.7 g, with an average of 167.5 g (Table 2).

Ten plants with LLS scores lower than 3.0 and the other desirable traits were selected and their seeds were planted in the field. LLS scores of the resulting 474 BC3F4 plants ranged from 2.5 to 9.0, averaging 6.3 (Table 1). MagSten, ‘IAC Sempre Verde’, ‘IAC Caiapó’, and ‘IAC OL 3’ plants averaged 1.0, 3.1, 7.4, and 8.7, respectively. Rust lesions were detected in 54.2% of the BC3F4 plants, in 17% of the ‘IAC Sempre Verde’ plants, and in all ‘IAC Caiapó’ and ‘IAC OL 3’ plants. No rust lesions were observed on the MagSten plants.

Forty BC3F4 plants were selected for having LLS scores lower than 4.5 and the other desirable traits (in this case, individual production was not weighed, but assessed visually). Seeds were planted, and 141 BC3F5 plants reached maturity and were evaluated. LLS scores ranged from 1.0 to 6.0, with an average of 2.5 and only six plants (4.3%) showed some few rust lesions (Table 1). LLS scores for ‘IAC Sempre Verde’ and ‘IAC Caiapó’ plants averaged 2.0 and 5.8, respectively. Pod weight per plant ranged from 30.1 g to 417.2 g, with an average of 185.4 g (Table 2). A total of 66 plants with LLS scores lower than 2.0, no rust lesions, with the desired wild segments, and good yield and pod/kernel traits were selected to be advanced. One of these plants was scored as 2.0 for LLS resistance, the same as ‘IAC Sempre Verde’, the highly resistant check, but it was more productive (417.2 g against 377.1 g). In addition, two plants were more resistant to LLS (scored as 1.0), with production comparable to ‘Sempre Verde’ (Supplementary file 2). None of these three plants had rust lesions, while two of the six ‘Sempre Verde’ showed some lesions.

The BC4F2 generation was planted in the field in the 2019/2020 growing season for another round of genotypic and phenotypic selection for disease resistance, in a total of 258 plants. LLS scores ranged from 1.0 to 7.5, averaging 4.0. ‘IAC Sempre Verde’, ‘IAC Caiapó’, and ‘IAC OL 3’ plants averaged 1.4, 4.1, and 7.0, respectively. This season, rust incidence enabled us to score disease severity: Rust scores averaged 1.5, and varied from 1.0 to 5.0. ‘IAC Sempre Verde’, ‘IAC Caiapó’, and ‘IAC OL 3’ plants averaged 1.4, 1.5, and 2.0, respectively. Pod weight ranged from 11.6 g to 410.2 g, with an average of 142.1 g. With this evaluation and based on the presence of the wild segments of interest, 67 plants rating 1 to 3 and with the other desired traits were selected for future evaluation and selection. Two of these plants were as resistant to LLS as ‘IAC Sempre Verde’, and one plant yielded the same while the other produced considerably more than ‘Sempre Verde’ (311.8 g against 215.6 g) (Supplementary file 2). A summary of the results of these five field assays is shown in Figure 2.




Figure 2 | Minimum (blue), average (orange), and maximum (gray) LLS scores of 1,235 plants with introgressions from Arachis stenosperma and A. magna of generations BC3F2, BC3F3, BC3F4, BC3F5, and BC4F2, and average scores of the checks ‘IAC Sempre Verde’, ‘IAC Caiapó’, and ‘IAC OL’.







Mapping QTLs for LLS and rust resistance

A total of 1,204 plants of BC3F2, BC3F3, BC3F4, BC3F5, and BC4F2 generations were both field assayed and genotyped with the Thermofisher Axiom Array (Supplementary file 2). These data helped us on the selection of plants on each generation, but was also used for QTL mapping and to validate the association of previously identified QTLs with resistance against both diseases.

The skewness, kurtosis, and normality test by χ2, estimated with WinQTL Cartographer 2.5 (Wang et al., 2006), showed that the scores of LLS incidence on the four generations, as well as the rust resistance on BC4F2, were non-normally distributed (data not shown). We were unable to find any transformation of data that approximated the distributions to normality, and the nonparametric interval mapping was performed for QTL detection. The frequency distribution of plants according to their scores for LLS incidence showed bias toward susceptibility in the generations BC3F2 and BC3F4, and, in contrast, toward resistance on generations BC3F5 and BC4F2 (Figure 3). For rust severity (on BC4F2 only), the frequency distribution was strongly biased toward resistance, and 148 plants were evaluated as 1.0, and 87 as 2.0. Only 22 plants had scores ranging from 3.0 to 5.0. Pearson’s correlation between LLS scores and rust incidence was 0.624 for the 1,204 plants (not significant at 5% probability by the t-test). However, there was a clear tendency for plants more resistant to LLS to have fewer rust lesions (Supplementary file 2). The correlations between pod weight per plant and LLS scores and rust incidence were −0.177 and −0.106, respectively, both not significant at 5% probability by the t-test.




Figure 3 | Frequency distribution of LLS resistance in four populations derived from 'IAC OL 4' × MagSten crosses. ‘IAC Sempre Verde’ (resistant), ‘IAC Caiapó’ (partly resistant), and ‘IAC OL 3’ (susceptible) were used as controls, and their average scores were indicated by arrows. MSD is the minimum significant difference estimated by the Tukey test at 5% probability.



On the BC3F2 assay, with 406 genotyped plants, 1,133 loci were informative, since they were heterozygous or homozygous for the wild allele. These loci were scattered throughout the 20 chromosomes. Markers associated with LLS resistance were significantly (p < 0.01) mapped in all but four chromosomes (A05, A08, B04, and B10) using the nonparametric interval mapping (Supplementary file 3). The major QTLs, detected with higher LOD scores, were located on A02, B06, A10, A06, B01, and A04 in descending order of LOD scores (Table 3). Due to the small number of plants obtained, data from the BC3F3 population was not used for QTL mapping. For the BC3F4 plants, with 380 genotyped plants, 1,002 loci scattered through 18 chromosomes had wild alleles (all the 85 loci of chromosome A08 and the 66 loci of B02 informative in BC3F2 were homozygous for the cultivated allele). Loci linked to LLS resistance were significantly (p < 0.01) identified in 14 chromosomes (A01, A02, A03, A04, A06, A10, B01, B03, B05, B06, B07, B08, B09, and B10). The QTLs with higher LOD scores were located on B06, A04, A02, A06, A03, A10, and B01. For the 134 genotyped BC3F5 plants, 602 loci scattered through 15 chromosomes were informative. In addition to A08 and B02, which lost the wild segments in BC3F4, all the loci on the chromosomes A05, A07, and B04 were homozygous for the cultivated alleles. Loci associated with LLS resistance were significantly (p < 0.01) identified in all the remaining chromosomes, except B05 (Supplementary file 3). The major QTLs, detected with higher LOD scores were located on A02, B06, A03, B01, A04, A10, and A06 (Table 3). A total of 257 BC4F2 plants, belonging to four families, were evaluated in the field for LLS and rust resistance, in 2019/2020, using a 1–9 grade scale. On the BC4F2 generation, only nine chromosomes (A02, A04, A06, A10, B01, B03, B06, B08, and B10) still had some wild alleles on their 449 informative loci. Loci linked to LLS resistance were significantly (p < 0.01) identified in six chromosomes, B06, A10, A04, B01, A06 and B10, in descending order of LOD scores. Therefore, the significant and major QTLs detected on all the four generations were located on chromosomes A04, A06, A10, B01, and B06. In addition, QTLs were identified on A02 with high LOD scores in all but the BC4F2 generation (Table 3). These six chromosome segments were considered as having the major QTLs for LLS resistance. The effects of cultivated x wild alleles of the nearest SNP of each identified QTL for LLS resistance on these six segments are shown in Figure 4. Differences were significant for all loci, according to a Kruskal–Wallis test (p < 0.01 and *p < 0.05), and show that the wild alleles significantly decrease LLS scores for all loci. Some BC3F5 plants containing the resistance chromosome segments from the wild species are shown in Figure 5, as compared to ‘IAC OL 3’. Complete QTL mapping information for the four populations is shown in Supplementary file 3.


Table 3 | Quantitative trait loci identified for late leaf spot and rust resistance on populations of four generations (BC3F2, BC3F4, BC3F5 and BC4F2) derived from the cross ‘IAC OL 4’ × (A. magna K 30097 × A. stenosperma V 15076)4x using the non-parametric interval mapping in R/qtl and a significance level of 1%, except the four QTLs with an asterisk (*) that were identified at 5%.






Figure 4 | Boxplots showing the significant differences of LLS resistance scores between individuals homozygous for the cultivated (aa) and wild (bb) alleles, and heterozygous (ab) for the nearest loci of QTLs identified on chromosomes A02, A04, A06, A10, B01, and B06, on populations BC3F2, BC3F4, BC3F5, and BC4F2. Genotypes not observed are shown as x with a score of 0. No QTL was detected on the chromosome A02 on BC4F2.






Figure 5 | Field trial of BC3F5 plants descending from ‘IAC OL 4’ × (A. magna K30097 × A. stenosperma V15076)4x. Disease pressure was high and no fungicide sprays were applied. Field at the middle of the season. Mid row is the susceptible control ‘IAC OL 3’, highly affected by LLS, and left and right rows are BC3F5 plants with chromosome segments conferring disease resistance.



GWAS analysis did not identify any significant marker on populations BC3F5 and BC4F2, but showed some significant SNPs on BC3F2 and BC3F4, especially on chromosome B06 (Figure 6). The significant markers identified by QTL mapping and GWAS analysis on the chromosome B06 are also shown in Figure 6.




Figure 6 | (A) Manhattan plot representing the results of GWAS of LLS using SNPs obtained from Axiom data for BC3F2 and BC3F4 generations. Each dot represents an SNP. The green line represents significance threshold (FDR = 0.05). No significant SNPs were identified for BC3F5 and BC4F2. (B) Distribution of significant markers identified from QTL and GWAS analyses in chromosome B06 on populations BC3F2, BC3F4, BC3F5, and BC4F2. Colored boxes of markers represent significant SNPs/QTLs from the GWAS/QTL analyses for the different generations.



For rust, QTLs were identified on 16 chromosomes in BC3F2 (except A03, A05, B01, and B04), 8 chromosomes in BC3F4 (A01, A04, A10, B04, B07, B08, B09, and B10), and 6 chromosomes in BC3F5 (A02, A03, A06, B03, B07, and B08) at a 5% significance level (Supplementary file 3). Only two common QTLs were detected, located on chromosomes B07 and B08 (Table 3). No QTLs were detected on BC4F2.






Discussion

Arachis hypogaea, the cultivated peanut, has a very narrow genetic base and few sources of resistance to the major biotic and abiotic stresses that impair the crop productivity. This is especially true for the fungal foliar diseases, since no highly resistant genotype of pure cultivated peanut has been found to date. Crop wild relatives are the reservoir of many useful genes and highly resistant Arachis wild species and accessions have been identified (reviewed by Stalker, 2017). Despite this, the use of peanut relatives in crop improvement is still incipient and has been mainly hampered by the barriers of fertility due to the ploidy differences, the transfer of undesirable genes associated with the wild genes of interest (linkage drag), and the difficulties of monitoring the wild chromosomic segments being introgressed into the cultivars.

To overcome the ploidy difference, we developed an induced allotetraploid by crossing the diploid B genome species A. magna accession K 30097 with the diploid A genome A. stenosperma accession V 15076, both highly resistant to LLS, early leaf spot, and rust (Fávero et al., 2015b; Leal-Bertioli et al., 2015a; Michelotto et al., 2015). The resulting allotetraploid also showed high resistance to LLS, early leaf spot, and rust (Michelotto et al., 2016). We used a backcross approach followed by selfings. For the efficient introgression of the genes of interest, we also identified and used microsatellite markers associated with resistance to rust in A. magna K 30097 (Leal-Bertioli et al., 2015a) and LLS in A. stenosperma V 10309 (Leal-Bertioli et al., 2009). Although this is not the same accession used in MagSten, we tentatively used and validated the markers on V 15076, which was found to be more resistant to LLS than V 10309 by Michelotto et al. (2015). Finally, for tracking the introgressed wild chromosome segments and speeding the recovery of the cultivated genome, we took advantage of the recently developed Thermofisher Axiom Arachis Arrays v.01 and v.02 (Clevenger et al., 2017a; Pandey et al., 2017a; Korani et al., 2019). These tools greatly reduced the barriers for the use of Arachis wild relatives in the peanut breeding program. We developed advanced lines containing wild chromosome segments conferring high resistance to two fungal foliar diseases, rust, and LLS. In addition, preliminary results suggest that some of them are also high-yielding lines (Figure 7).




Figure 7 | Pod weight produced and LLS score of each of the 808 plants of generations BC3F2, BC3F3, BC3F5, and BC4F2 and the controls ‘IAC Sempre Verde’ (red) and ‘IAC OL 3’ (green). No fungicide was sprayed on the four field assays.



Among these lines, 31 were highly resistant to LLS and productive under unsprayed fungicide conditions, and 5 of them showed resistance and production (considering the production of individual plants) similar to or higher than ‘IAC Sempre Verde’. This cultivar was released in Brazil in 2019 and incorporates very strong LLS and rust resistance (Godoy et al., 2022). Under cultivation without fungicide control of foliar diseases, it produces 5,000 kg ha−1. ‘IAC Sempre Verde’ provides the first viable option for ‘Organic’ production in the high disease pressure peanut growing environments in Brazil. During the development of ‘IAC Sempre Verde’, we discovered that its disease-resistant parent IAC 69007 has A. cardenasii chromosome segments that confer resistance to fungal foliar diseases located in chromosomes A02 and A03. Further investigations revealed similar segments in disease-resistant cultivars used in 30 countries in the Americas, Africa, Asia, and Oceania (Bertioli et al., 2021a). We consider it likely that A. cardenasii has been the main, and perhaps the only source of high resistance to fungal foliar diseases used in peanut breeding programs worldwide. Additional sources of resistance to these diseases are thus essential for the development of new peanut cultivars to reduce the risk of resistance breakdown. In this work, we identified resistances to LLS and rust provided by A. stenosperma and A. magna located mostly on different chromosomal locations from the A. cardenasii segments, providing new sources of resistance. Although QTLs were also detected on chromosome A02 of A. stenosperma, on the bottom end of the chromosome (from 86 to 92 Mbp, Table 3), they seem to be located in different segments from those of A. cardenasii that were located on the top of the chromosome (122,410 pb to 4.4 Mbp), using both the same physical map and SNP array (Lamon et al., 2020). In addition, some lines had a higher number of pods per plant than elite cultivars, indicating putative yield superiority. This will be tested in further field trials in large areas, cultivated under the recommended control of diseases for the crop. Some lines would also be tested as additional options for ‘Organic’ production, since this is a growing demand from the market in Brazil, and, more importantly, for conventional farming with reduced sprays. Utilization of these promising lines derived from wild Arachis species in peanut breeding programs will assist in developing new disease-resistant cultivars with a broader genetic base. Selected lines are also being crossed to highly resistant A. cardenasii-containing chromosome segment lines for pyramiding resistant genes, aiming at even greater resistance and durability.

QTL mapping, using the nonparametric interval mapping and 1,177 plants of BC3F2, BC3F4, BC3F5, and BC4F2, showed that six common segments had loci significantly associated with LLS resistance, located on chromosomes A02, A04, A06, A10, B01, and B06 (Table 3, Figure 4). These chromosome segments include the three segments containing the QTLs for LLS resistance previously identified in A. stenosperma V 10309, in chromosomes A02, A04, and A06 (Leal-Bertioli et al., 2009). These results corroborated and provided additional lines of evidence for the presence of major QTLs on these three chromosomes. Therefore, both accessions of A. stenosperma (V 10309 and V 15076) seem to share these LLS resistance genes. Arachis stenosperma has a peculiar disjunct distribution in Central Brazil and along the Atlantic coast, separated by more than 1,000 km. It is well known that A. stenosperma was cultivated by local people in the past, who probably promoted its migration to the coast (Krapovickas and Gregory, 1994; Custódio et al., 2005). The accession V 10309 was collected in the Mato Grosso state (Central Brazil), while V 15076 was collected in Paraná state, on the Atlantic coast. Studies have shown that all accessions of A. stenosperma studied to date are very closely related genetically (Singh et al., 2004; Koppolu et al., 2010; Moretzsohn et al., 2013) and morphologically similar (Krapovickas and Gregory, 1994). Based on this, we were confident that they should share some of the resistance segments, as corroborated by the present study.

Our QTL analyses also identified three additional chromosome segments associated with LLS resistance, on chromosomes A10, B01, and especially on B06, which showed QTLs with the highest or one of the highest LOD scores on all the four populations (Table 3). GWAS also identified significant markers on B06, very close to the mapped QTLs (Figure 6), which corroborated that the end of chromosome B06 (from 130 Mbp to 134 Mbp) on the induced allotetraploid MagSten has QTLs for resistance to LLS. Loci on A03, B07, and B09 were significantly associated on the initial generations with high LOD scores, but the wild alleles were lost on the following generations, since we were not marker-selecting segments on these chromosomes. BC3F4 or BC3F5 plants containing these segments will be rescued and advanced on our breeding schedule, for pyramiding of resistance QTLs for a more durable resistance. In addition, and as expected, several minor QTLs were detected in different chromosomes and populations (Supplementary file 3). The presence of some minor QTLs will also be monitored on the next cycles of selection.

Out of the 31 high-yielding lines, highly resistant to LLS and probably to rust, 23 have wild alleles on all the main six segments with QTLs conferring resistance to LLS, while the remaining eight lines have four or five of them (Supplementary file 2). In contrast, the most susceptible plants to LLS, considering the 1,177 genotyped and phenotyped plants of the four generations, have very few, if any, of the resistance segments. These results strongly suggest that the six chromosome segments are associated with LLS resistance, although the exact location of the resistance genes within the segments is still unknown. Additional evidence for the identified wild resistance segments was the clear decreasing of LLS scores on the successive BC3 generations, which were advanced by using a stringent foreground selection (Figures 2, 3). The exception was BC3F4, which showed the higher minimum, average, and maximum disease values. In the 2018/2019 season, when the BC3F4 plants were evaluated, an early incidence of LLS occurred. Therefore, despite the plants being evaluated at approximately 120 days after sowing, as all the other generations, the disease damage was considerably higher than the other trials. Many ‘IAC OL 3’ plants were dead and LLS scores of 'IAC Sempre Verde' and ‘IAC Caiapó’ were higher than the values observed on the other seasons (Table 1).

Rust is a sporadic disease, and its incidence was very weak in the four BC3 field assays. Therefore, plants were evaluated by the presence (1) or absence (0) of rust lesions. In BC4F2, plants could be evaluated using the 1–9 grade scale. However, the incidence was only moderate and 228 out of 257 plants (88.7%) had scores lower than 2.0. Probably due to this low variation, no QTL was detected. On BC3, several QTLs were identified, but only two QTLs were significantly associated with all the three populations analyzed, using the nonparametric interval mapping and the argument model=“binary”, at p < 0.05 (Table 3). These QTLs were located on chromosomes B07 and B08. The segment on B07 was well defined, located within 114 and 116 Mbp, and the QTL with higher LOD scores on the three BC3 populations (Table 3; Supplementary file 3). The end of chromosome B08, where the QTL was identified on BC3F2 (at p < 0.01) coincides with the QTL previously identified for A. magna K 30097 on a diploid cross (Leal-Bertioli et al., 2015a). However, the QTLs were detected (at p < 0.05) close to 32 Mbp on BC3F4 and BC3F5. Therefore, the location of QTLs for rust resistance in A. magna still needs further investigation.

Very few QTLs for resistance to LLS or rust have been mapped in Arachis wild species. In contrast, a number of QTLs for resistance to both diseases have been mapped in cultivated peanut using A. hypogaea × A. hypogaea crosses, despite two out of the three sources of resistance used on these studies having wild species on their pedigrees. Using the A. cardenasii-derived GBPD4 as the source of resistance, the number of QTLs ranged from 4 to 28 for LLS resistance, and from 5 to 15 for rust resistance (Khedikar et al., 2010; Sujay et al., 2012; Kolekar et al., 2016). As expected, most of them are minor QTLs. However, two major and common QTL regions were detected, located on chromosomes A03 for LLS and rust resistance, and A02 for LLS resistance only. These two candidate genomic regions conferring resistance to LLS and rust have been validated and used on marker-assisted selection for developing foliar disease-resistant lines (Yeri and Bhat, 2016; Kolekar et al., 2017; Pandey et al., 2017b; Ahmad et al., 2020). It is now well established that both resistance regions came from A. cardenasii accession GKP 10017 (Bertioli et al., 2021a). QTL mapping studies using Tifrunner as the source of LLS resistance identified up to 22 QTLs, but three consistent QTLs, located on chromosomes A05, B03 and B05, were mapped and validated (Pandey et al., 2017c; Clevenger et al., 2018; Chu et al., 2019). Finally, a study using as the source of resistance the ICGV 86699 line, which is reported to be a derivative of A. batizocoi/A. duranensis × A. hypogaea “NC 2” crosses (Reddy et al., 1996), but which was found to have A. cardenasii segments from chromosomes A02 and A03 by Bertioli et al. (2021a), identified two major QTLs for LLS resistance on chromosomes B06 and A10 (Zhou et al., 2016). Therefore, from the six wild chromosome segments containing LLS resistance genes identified and introgressed into peanut here, only three were located on the same chromosomes of previously mapped QTLs: A02 from A. cardenasii, and A10 and B06, whose origin is unclear. At least the other three segments are new and have never been used by any breeding program. The co-localization or not of QTLs on chromosomes A02, A10, and B06 needs further investigation. For rust resistance, the present study provided additional lines of evidence for the presence of resistance genes on the chromosome B08. The two segments identified here (on chromosomes B07 and B08) do not coincide with the only other consistent QTL for rust resistance mapped to date, located on chromosome A03, from A. cardenasii.

Here, we showed the efficient introgression of wild segments with resistance genes against two important diseases into an elite high oleic peanut cultivar from the secondary gene pool. The approach used in this study provides a way to expand the genetic base of cultivated peanut by exploiting genetic variability present in wild species, as well as ensuring a continuous supply of new sources of resistance to different biotic and abiotic stresses. As an example, the accession V 15076 of A. stenosperma was collected in the pure sand of a beach, very close to the sea, where it was found growing vigorously and producing many flowers (Figure 8) and seeds. This accession may also have tolerance to salinity, drought, and heat, among other stresses. Therefore, the material produced in the present study might also be important for the development of climate-resilient plants. Finally, we showed that genetic limits of a complex trait such as yield were also overcome during the introgression of segments from crop wild relatives.




Figure 8 | The accession A. stenosperma V 15076 growing in the place where it was collected, in Caiobá Beach, Paraná state. Note the pure sand where the plants were growing vigorously and the very close proximity to the sea. The photo was taken during its collection and kindly provided by the collector José Valls.
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Sugar maple (Acer saccharum Marshall) is a temperate tree species in the northeastern parts of the United States and is economically important for its hardwood and syrup production. Sugar maple trees are highly vulnerable to changing climatic conditions, especially drought, so understanding the physiological, biochemical, and molecular responses is critical. The sugar maple saplings were subjected to drought stress for 7, 14, and 21 days and physiological data collected at 7, 14, and 21 days after stress (DAS) showed significantly reduced chlorophyll and Normalized Difference Vegetation Index with increasing drought stress time. The drought stress-induced biochemical changes revealed a higher accumulation of malondialdehyde, proline, and peroxidase activity in response to drought stress. Transcriptome analysis identified a total of 14,099 differentially expressed genes (DEGs); 328 were common among all stress periods. Among the DEGs, transcription factors (including NAC, HSF, ZFPs, GRFs, and ERF), chloroplast-related and stress-responsive genes such as peroxidases, membrane transporters, kinases, and protein detoxifiers were predominant. GO enrichment and KEGG pathway analysis revealed significantly enriched processes related to protein phosphorylation, transmembrane transport, nucleic acids, and metabolic, secondary metabolite biosynthesis pathways, circadian rhythm-plant, and carotenoid biosynthesis in response to drought stress. Time-series transcriptomic analysis revealed changes in gene regulation patterns in eight different clusters, and pathway analysis by individual clusters revealed a hub of stress-responsive pathways. In addition, qRT-PCR validation of selected DEGs revealed that the expression patterns were consistent with transcriptome analysis. The results from this study provide insights into the dynamics of physiological, biochemical, and gene responses to progressive drought stress and reveal the important stress-adaptive mechanisms of sugar maple saplings in response to drought stress.
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Introduction

Sugar maple (Acer saccharum Marshall) is a keystone tree species abundantly distributed in the northeastern forests of the United States and eastern Canada (Horsley et al., 2002). It is broadly known for its vibrant fall colors, syrup, and hardwood, and plays a vital role in its native ecosystems (Godman et al., 1990; Lucash et al., 2012). The maple industry contributed $147 million to the US economy in 2016 (Snyder et al., 2019). The United States was the second major producer of maple syrup worldwide, with a total production of ~4.24 million gallons in 2019. The state of Vermont produced more than 1.5 million gallons in 2021 and was the top maple syrup producer state in the United States. New York was the second leading producer, with a production of about 647 thousand gallons in 2021 (Shahbandeh, 2021). The global market value for maple syrup was at an all-time high of $1.24 billion in 2018 and is anticipated to increase by 2023 with a compound annual growth rate of 7% to $1.7 billion. Even though the United States is the second highest producer of maple syrup, it imports more than it produces each year. The import rate has increased over the past 40 years, from 607,000 in 1975 to 6.1 million in 2018. In 2018, the United States represented 50% ($182 million) of the world’s import value, with 100% of the imports coming from Canada1. The current demand for maple products worldwide and in the United States is increasing steadily (Farrel, 2021).

Drought being the inevitable factor, significantly affects the plant morphological, physiological, biochemical, and molecular features with an adverse influence on growth, photosynthetic capacity, membrane fluidity, and antioxidant machinery. At cellular and molecular levels, a significant effect of drought stress is seen on turgor pressure maintenance, membrane stability, sugar metabolism, respiration, interruption of metabolic and biochemical pathways, protein degradation, enzyme dysfunctions, induction of stress signaling, and sensitive genes (Farooq et al., 2009; McDowell, 2011). Plants cope with drought stress through various mechanisms, such as morphological by water mining with profound root systems, conservation by waxes, reduced leaf size, stay green nature, growth and development, and physiological mechanisms by maintaining the photosynthetic machinery, assimilate partitioning, stomatal regulation, turgor maintenance (Anjum et al., 2011; Sajeevan et al., 2017; Seleiman et al., 2021; Venkatesh et al., 2022). Biochemical mechanisms involved osmolyte and secondary metabolite production, enzymatic functions, maintenance of metabolic, protein, and lipid biosynthetic pathways, and molecular mechanisms involved in the maintenance of RNA and DNA synthesis and stress signaling, cascade, and regulatory genes expression, especially the stress-induced transcription factors, and stress-responsive downstream genes (Mickelbart et al., 2015; Kiranmai et al., 2018; Lokesh et al., 2019; Zhang et al., 2022).

Due to global climate change, the frequency and intensity of drought have continuously increased (Dai, 2013; Lima et al., 2015; Gugger et al., 2017). In plants, the ability to respond to increasing drought conditions will be particularly important if the current climate scenario continues (Gugger et al., 2017). Episodes of sugar maple decline have arisen sporadically since the early 1900s due to climate change. The major factors affecting decline include defoliation by insects, intense drought, elevated seasonal temperatures, winter freezing injury, and early autumn frosts (Horsley et al., 2000; Wong et al., 2009; Rogers et al., 2017; Oswald et al., 2018; Rogers, 2020). Severe and recurrent droughts are a significant threat to the productivity of sugar maple and account for unusual mortality in several states in the United States (Horsley et al., 2002; Oswald et al., 2018). Drought stress-induced changes were reported in crown growth, soluble sugars, net photosynthesis, leaf color, nutrient limitation during the autumn, and anthocyanin production in sugar maple plants (Schaberg et al., 2003; Wong et al., 2009). The drought stress in sugar maple trees reduces the chlorophyll content, and growth and induces early abscission of leaves (Carlson, 2009).

Although observational studies and reports have indicated that drought is one of the major factors responsible for sugar maple decline, no comprehensive physiological and genetic studies have been conducted to substantiate this theory (Harmon et al., 2017). Understanding the mechanisms involved in plants coping with drought stress has been a central topic in plant physiology for decades (Bray, 1997: Gugger et al., 2017; Hauer et al., 2021). Despite knowing the significant effect of drought stress on sugar maple survival, plant growth, and development, limited information is available on plant physiological processes, and the molecular mechanisms in response to drought stress remain unexplored. Hence, investigating the molecular mechanisms in response to drought stress in sugar maple offers a possibility for understanding stress adaptation mechanisms.

Next-generation sequencing has become a powerful platform to elucidate molecular mechanisms in many research fields due to its rapidity and cost-effectiveness (Gao et al., 2018; Callwood et al., 2021; McEvoy et al., 2022). The comprehensive data generated facilitates the development of genetic analyses and functional genomics studies between plant species, specifically for non-model plants and tree species (Kulkarni et al., 2021). Transcriptome studies are a powerful tool to provide valuable molecular and genetic information, including the discovery of molecular markers and novel candidate genes; insight into genetic networks, transcriptional and post-transcriptional regulation; and pathways involved in drought stress tolerance in many plant species (Aranda et al., 2012; Zhang et al., 2020; Song et al., 2022). Additionally, a meta-analysis of large transcriptomic datasets can reveal the key genetic resources responsible for complex tolerant traits, which are useful in crop improvement programs (Baldoni, 2022). In particular, global transcriptomic analysis has been widely used to understand drought stress response in various tree species, such as oak (Spieß et al., 2012; Gugger et al., 2017), pine (Fox et al., 2018), and beech (Müller et al., 2017).

The present study investigated the physiological, biochemical, and transcriptome changes of sugar maple to drought stress. Potential responsive genes were identified using RNAseq. This study describes the first genome-wide expression profiles of sugar maple in response to drought stress. The results from this study provide a comprehensive understanding of the molecular, physiological, and biochemical mechanisms of sugar maple plants in response to drought stress and help identify potential candidate genes for drought resistance, which can be used in sugar maple breeding programs for improving drought stress tolerance.





Materials and methods




Drought-stress experiments and sample collection

Sugar maple saplings were obtained from the Cold Stream Farms Nursery (Free Soil, MI, USA). The saplings were transplanted into medium-sized pots (15 cm deep) filled with peat moss and perlite. They were maintained under ambient environmental conditions, regularly watered, and fertilized for 12 months to establish and obtain sufficient biomass before undergoing drought stress. Then 28 uniform-sized saplings were transferred into the greenhouse and kept for one month for acclimatization. The conditions in the greenhouse were an average temperature of 28 ± 2°C with an average photoperiod of 14 h/day provided by natural sunlight. The plants were randomly divided into four groups: one control and three different drought stress treatments. Each group contained seven plants that were tagged with four different colored tags to indicate the four different treatments. Drought stress was imposed in May 2020. The control treatment plants were regularly irrigated every day with 500 ml water. For drought stress, a group of plants was left unwatered for 21 days (21 days after stress imposition [21DAS]), another group for 14 days (14DAS), and another group for 7 days (7DAS). The stress was imposed ahead of the corresponding number of days of treatment so that the experiments could be ended on the same day. Physiological measurements were taken, and leaf samples were collected at the same time at the end of the experiments. This sampling was based on the fact that all plants will undergo the same environmental and growth changes except for the water stress they receive. There were seven plants for each treatment, among them, three plants were utilized for biochemical analysis and four plant for RNAseq analysis for each treatment as biological replicates. The topmost fully expanded young fresh leaf samples were collected from the selected plants and were frozen in liquid nitrogen and stored at -80°C.





Soil volumetric water content measurements

The volumetric water content of the soil (moisture content in peat moss) was measured by using a hand-held FieldScout Time Domain Reflectometer (TDR) 100 Soil Moisture Meter (Spectrum Technologies, Aurora, IL, USA). Moisture content readings were taken in three different spots in the pot, and the final readings were the average of the three readings. The readings were taken from both control and drought stress pots (7, 14, and 21DAS) (Gebre & Earl, 2021).





Physiological and biochemical measurements

Physiological parameters were measured on three randomly selected leaves from each plant (one on the top, one in the center, and one at the lower base). For each leaf, measurements were taken three times on different spots of the leaf to obtain an average reading. These leaves were labeled, and the Normalized Difference Vegetation Index (NDVI) was measured similarly by using a handheld PolyPen RP 410 device (Qubit systems, Canada) (Wu et al., 2019). The chlorophyll index was measured by using the Soil and Plant Analysis Development (SPAD) metric (Konica Minolta, Japan) (Vennapusa et al., 2021).

Proline content was estimated according to the modified method (Vemanna et al., 2017; Siddique et al., 2018; Bissiwu et al., 2022) from Bates et al. (1973). The frozen leaf samples were ground by adding 500 μL of 3% sulfosalicylic acid in microcentrifuge tubes using a Fisher scientific bead mill 24. The samples were centrifuged for 5 min at 14,000 rpm by using a centrifuge (5417R, Eppendorf, Hamburg, Germany). Then, 100 μL supernatant was collected and added to the reaction mixture containing 100 μL of 3% sulfosalicylic acid, 200 μL glacial acetic acid, and 200 μL acidic ninhydrin and incubated at 96°C for 60 min. The reaction was terminated by keeping the samples on ice for 5 min; after cooling with 600 μL toluene added to the incubated samples and brief vortexing for 5 min for separating the samples, the upper aqueous phase of the 200-μL sample was used for spectrophotometer analysis. The absorbance was measured at 520 nm by using a 96-well microplate reader. The proline content in samples was determined with a standard curve using L-proline and calculated on a fresh weight basis and expressed as μg/g fresh weight (FW).

Malondialdehyde (MDA) content was estimated by using Lipid Peroxidation (MDA) Assay Kit (Munich, Germany). A homogenate of leaf samples (50 mg) was prepared in 500 μL MDA lysis buffer containing 3 μL butylated hydroxytoluene (BHT 100x). Samples were centrifuged at 13,000 rpm for 10 min to separate solid particles from the supernatant. A clear supernatant of 200 μL was added to 600 μL of the Thiobarbituric acid (TBA, 20%) solution and incubated at 95°C for 60 min to form the MDA-TBA adducts. Then the samples were cooled to room temperature in an ice bath for 10 min. Finally, 200 μL of the reaction mixture from plant samples, blank, and standards was transferred to 96-well plates for analysis, and absorbance of the supernatant was measured at 532 nm. Both standard and sample values were corrected by subtracting the blank value from all readings. The MDA concentration in treatment samples was estimated in µmoles/g FW with a standard curve plot according to guidelines given in the protocol.





Total RNA isolation, library preparation, poly-A selection, and HiSeq sequencing

Total RNA was isolated from leaf tissues of four biological replicates for each treatment by using Qiagen RNeasy plus a universal mini kit following the manufacturer’s instructions (Qiagen, Hilden, Germany). Total RNA was quantified using NanoDrop 2000C (Thermo Scientific, Waltham, MA, USA), and quality was checked using the Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA). The integrity (RIN) was studied using Bioanalyzer, Agilent TapeStation 4200 (Agilent Technologies, Palo Alto, CA, USA). RNAseq libraries were prepared using the NEBNext Ultra RNA Library Prep Kit for Illumina with the manufacturer’s guidelines (NEB, Ipswich, MA, USA). Briefly, mRNAs were initially enriched with Oligod (T) beads. Enriched mRNAs were fragmented for 15 min at 94°C. First- and second-strand cDNA was synthesized. cDNA fragments were end-repaired and adenylated at 3’ends, and universal adapters were ligated to cDNA fragments, followed by index addition and library enrichment by PCR with limited cycles. The sequencing library was validated on the Agilent TapeStation (Agilent Technologies, Palo Alto, CA, USA) and quantified by using the Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA) as well as by quantitative PCR (KAPA Biosystems, Wilmington, MA, USA). The sequencing libraries were clustered on three lanes of a flow cell, and the flow cell was loaded on the Illumina HiSeq instrument (4000) according to the manufacturer’s guidelines (Illumina. San Diego, CA, USA). The samples were sequenced by using a 2x150-bp paired-end configuration. Image analysis and base calling involved using HiSeq Control Software (HCS). Raw sequence data (.bcl files) generated from Illumina HiSeq were converted into fastq files using Illumina’s bcl2fastq 2.17 software (Illumina, USA).





De novo transcriptome assembly, read mapping, and sequence annotation

The adapters and low-quality sequencing reads (Q <30) were trimmed using Trimmomatic v.0.39 (Bolger and Giorgi, 2014; Natarajan et al., 2021). The quality-filtered reads were mapped to the reference de novo transcriptome generated with Trinity assembler and clustering with CD-HIT-EST using default parameters. The completeness and integrity of the de novo transcriptome assembly were assessed using Benchmarking Universal Single-Copy Orthologs (BUSCO) analysis and embryophyta_odb10 dataset (Simão et al., 2015). The read count table was created by using RSEM and Bowtie2. The differentially expressed genes (DEGs) among pair-wise stress treatment combinations were identified using the R package DESEq2 (Love et al., 2014). The minimum log 2-fold change = 1 and false discovery rate (FDR) cutoff 0.05 were used to filter the DEGs. Gene Annotation and Gene Ontology (GO) enrichment analyses were performed using the Omicsbox tool (https://www.biobam.com/omicsbox/). The unigenes were annotated against databases of NR, InterPro (UniProtKB/Swiss-Prot), COG, KOG, and CDD) Pathway mapping involved using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Natarajan et al., 2021) and the Pathview web tool (Luo et al., 2017). Time-series gene expression and co-expressed gene clusters with similar expression patterns across conditions were analyzed using maSigPro (Wan et al., 2017).





Quantitative real-time PCR

Quantitative real-time PCR (RT-qPCR) analysis was performed to validate the expression of DEGs identified in the RNAseq analysis. Total RNA for sugar maple leaves from all drought stress treatments and control samples was extracted using the Spectrum Plant Total RNA Kit (Sigma-Aldrich, St Louis, MO, USA). The RevertAid First Strand cDNA Synthesis Kit was used for cDNA synthesis (Thermo Scientific, Waltham, MA, USA). Primers for the selected genes were designed by Primer 3 software and custom-synthesized from IDT (Integrated DNA Technologies, Coralville, IA, USA). A list of the primers used for the validation is in Table S1. Quantitative gene expression analysis used the RT-qPCR system (Step Plus one, Applied Biosystems, Waltham, MA, USA). Four biological and three technical replicates were used for each treatment. The RT-qPCR reaction mixture contained 8 μL of Power track SYBR Green master mix (Applied Biosystems, Waltham, MA, USA), 2 μL of each of the forward and reverse primer (5 μM), and 20 ng template cDNA (2 μL) for a final volume of 14 μL. The RT-qPCR program was set at 95°C for 5 min, followed by 35 cycles of 95°C for 30 s and 60°C for 30 s. Relative gene expression was quantified by the 2-ΔΔCt method, and fold change in gene expression under stress conditions was calculated relative to control samples (Livak and Schmittgen, 2001; Vennapusa et al., 2020). The gene expression was normalized to the expression of B-tubulin and actin as the reference genes.





Estimation of peroxidase activity

The peroxidase activity (POD) was measured using the guaiacol peroxidase protocol (Cavalcanti et al., 2004). The frozen leaf material (1.0 g) was homogenized in 3 ml of ice-cold 100 mM potassium phosphate buffer with pH 6.8 containing 0.1 mM EDTA using mortar and pestle. The homogenate samples were allowed for 5 min and filtered through cheesecloth to remove the plant debris and centrifuged at 16 000 g for 15 min at 4˚C, and all the steps were carried out on the ice. The supernatant was used as a crude enzyme extract for the assay. The activity of the guaiacol peroxidase (POD) enzyme was determined by adding 25 µl of the crude enzyme extract to 2 ml of an assay buffer containing 50 mM K-phosphate buffer with pH 6.8, 20 mM guaiacol, and 20 mM H202. The assay samples were incubated at 30˚C for 10 min, and the reaction was stopped by adding 0.5 ml of 5% (v/v) H2SO4, and the absorbance was measured at 480 nm. One unit of POD was expressed as the change of 1.0 absorbance unit per ml enzymatic extract and defined as units of enzyme activity per g fresh weight per min (UA g-1 FW min-1).





Statistical analysis

One-way ANOVA was used to estimate the significant differences between drought stress treatments on various physiological and biochemical traits and gene expression studies (Pandian et al., 2020). The R package ggplot2 was used to generate bar graphs (Wickham and Wickham, 2007; Vennapusa et al., 2022). Fisher’s LSD test was used to separate the mean of significant treatments at P ≤ 0.05 by using the R package agricolae (de Mendiburu, 2020; Pandian et al., 2021).






Results

We investigated the physiological, biochemical, and molecular responses of sugar maple to drought stress. Transcriptome analysis was performed, and a de novo reference genome was assembled to identify DEGs between control and drought-stressed samples.




Morpho-physiological responses of sugar maple to drought stress

The drought stress effect on sugar maple was assessed by imposing drought stress for 7, 14, and 21 days. The control plant pots (watered every day) maintained a soil volumetric water content of 45%; 7-day stressed plant pots maintained a soil moisture content of about 29%, and 14- and 21-day stressed plant pots maintained a soil moisture content of about 17% (Figure S1). The control plants grew normally and maintained the stay-green nature, with the regeneration of young leaves (Figure S2). The 7-day drought-stressed plants showed relatively fewer yellow symptoms on leaves as compared with 14- and 21-day stressed plants. The plants exposed to 14 days of stress showed distinct yellowish symptoms and some necrotic spots as compared with 7-day stressed plants. The plants exposed to 21 days of stress showed severe yellow and necrotic symptoms with wilting and shoot meristem burning at the tips as compared with all other stress treatments (Figure S2).

The drought stress effect on chlorophyll content and photosynthesis in sugar maple was assessed with SPAD and NDVI measurements. All leaf-level physiological variables showed significant variation (p ≤ 0.05) with different times of drought stress exposure. The chlorophyll content represented by SPAD units showed a significant effect of drought stress. The control plants maintained a higher chlorophyll index, and a higher reduction was observed at 21DAS (22.7) compared to other stress treatments (7DAS [24.7] and 14DAS [23.7]; Figure 1A). The NDVI in the drought-subjected leaf samples was significantly affected by drought stress. The control plants maintained higher NDVI (0.55), and a decreasing trend was observed with increasing stress times (7DAS [0.50], 14DAS [0.48], and 21DAS [0.44]). Reduction in NDVI was significantly greater with 21 days of drought stress than with other stress times and in control plants (Figure 1B).




Figure 1 | Physiological and biochemical changes in sugar maple saplings in response to drought stress: Sugar maple plants were subjected to drought stress for 7, 14, and 21 days and data were analyzed by comparison with the control samples. (A) Chlorophyll index (SPAD), (B) NDVI, (C) MDA, and (D) proline content. Different alphabetic letters on top of the error bar graphs indicate statistically significant differences between the stress periods (p ≤ 0.05). SPAD: Soil and Plant Analysis Development; NDVI: Normalized Difference Vegetation Index; MDA: malondialdehyde.







Biochemical changes with drought stress

Biochemical profiling of leaves with drought stress treatments helps understand the stress responses and induced protective mechanisms in plants. We observed enhanced production of MDA in sugar maple with increasing drought stress time. The MDA content was significantly induced at 7DAS (1.14 µmoles/g FW) and showed an increasing trend with increasing stress time: 14DAS and 21DAS (1.39 and 1.71 µmoles/g FW, respectively) (Figure 1C). Among all the time points, control samples showed less MDA content (0.8 µmoles/g FW).

Therefore, we studied the accumulation of proline in sugar maple leaves in response to drought stress. Proline content showed an increasing trend with prolonged stress in sugar maple leaves. It was significantly higher at 21DAS (13.8 µmoles/g FW) than at other stress times (9.34 µmoles/g FW at 14DAS, and 7.35 µmoles/g FW at 7DAS) and control samples (4.79 µmoles/g FW) (Figure 1D).





De novo transcriptome assembly and annotation

The quality filtered paired-end reads from the control and treatment samples (7, 14, and 21DAS) were assembled de novo using Trinity assembler. The de novo assembly and further clustering produced 310, 981 transcripts which included 218, 885 unique longest open reading frame (ORF) transcripts. The average contig size was 1,177, and the contig N50 was 2115 (Table 1). The resulting unigenes were used as a reference transcriptome for further analysis of RNAseq data. The completeness and integrity of the de novo transcriptome assembly from sugar maple were assessed using BUSCO analysis and the embryophyta_odb10 dataset. Of the 1614 BUSCOs from the embryophyta orthologue groups, 89% were identified as complete BUSCOs in the sugar maple transcriptome assembly, indicating the high-quality reference transcriptome data set comparable with transcriptome assembly from land plants (Gault et al., 2018). The assembly also contained 81.8% of the single-copy BUSCOs and only 5.8% of the missing BUSCOs (Table 2). A total of 55,955 unigenes were successfully annotated using the NR database at NCBI and including InterPro (UniProtKB/Swiss-Prot), COG, KOG, and CDD databases provided high confidence annotation to a total of 75,959 unigenes (Table S2; Figure 2).


Table 1 | Summary of de novo transcriptome assembly.




Table 2 | Summary of BUSCO analysis.






Figure 2 | Venn diagram shows the annotation shared among NR, InterPro, CDD, COG, and KOG databases.







Summary of RNAseq and mapping

RNAseq was performed under drought stress to assess the global transcriptome profile of sugar maple leaf samples. RNAseq of 16 samples with the four treatments and four biological replicates under “irrigated control” or “drought stress treatment (7, 14, and 21DAS)” generated a total of 395,240,587 raw reads; 365,445,423 were identified as filtered reads (Table S3). These samples were clustered based on the gene expression and presented with a principal component analysis (PCA) plot in Figure S3. The filtered reads were aligned and mapped to the reference de novo transcriptome with an average mapping percentage of 92%. The summary of RNAseq reads and genome mapping are given in Table S3.





DEGs in response to drought stress

DEGs were determined between the control and the three different drought stress treatments in sugar maple leaf samples. The number of DEGs between the control and 7, 14, and 21DAS samples are shown in Table S4 and were filtered using log2 fold-change cutoff ≥ 1 and FDR <0.05. The number of total DEGs was greater between 7DAS and the control (9,936); most were downregulated (9,520). The number of total DEGs was lowest among 14DAS and the control (2,374), and more were upregulated (1,223) than downregulated genes (1,151). The total number of DEGs between 21DAS and the control was 4,456: 2,978 were upregulated and 1,478 downregulated (Table S4). The overall differential gene expression pattern and their variation under specific drought stress regimes are visualized with a PCA plots and volcano plot in Figures S3 and S4.

We used a pair-wise comparison of the DEGs from three different drought stress conditions to explore unique as well as common DEGs in response to drought stress in sugar maple (Figure 3). A total of 14,099 DEGs were identified during drought stress against the control samples: 328 genes were common between all three drought stress times, and 8480, 639, and 2,587 were unique at 7, 14, and 21DAS, respectively. The gene number shared between 7DAS and 14DAS was 470, and between 7DAS and 21DAS was 658. The number shared between 14DAS, and 21DAS was 883. Lists of significantly up- or downregulated DEGs among all drought stress treatments and their annotations are in Tables S5-S8.




Figure 3 | Venn diagram showing the number of DEGs obtained from different drought stress imposition periods in sugar maple.



Among the 328 DEGs common to all stress times, a large number were related to the chloroplast, protein kinases, membrane transporters, and protein detoxification. Many genes encoded stress-responsive transcription factors, such as NAC, HSF, ZFPs, RING-finger, YTH, HD-Zip, GRFs, and ERF, which are involved in alleviating drought stress in plants (Joshi et al., 2016). In addition, DEGs included stress-responsive genes involved in antioxidant activity (peroxidases, dehydrogenases, reductases, cytochrome P450, PAL), sugar metabolism, splicing, ubiquitination, hormonal, and signaling (Table S8).





GO assignments for functional classification of DEGs

We used GO enrichment analysis of 14,099 genes to identify the enriched biological processes and functions in the DEGs. GO enrichment analysis is used for understanding the regulation of DEGs under the three essential categories: biological process (BP), molecular function (MF), and cellular component (CC). The top 20 enriched GO terms under each category (BP, MF, and CC) at different stress periods are in Figure 4. GO enrichment analysis of DEGs from the three different drought stress periods revealed the functional categories activated under drought stress treatments. Under BP, the highest percentage of DEGs commonly enriched with all three drought stress treatments included protein phosphorylation (2.5-3.9%) and transmembrane transport (2.4-3.1%). Among MF, the highest percentage of DEGs commonly enriched was ATP (7-10%), DNA (2-2.4%), RNA (2.2-2.8%), metal ion (4.8-5.9%), and zinc ion binding (1.9-2.6%). Among CC, the highest percentage of DEGs commonly enriched was an integral component of the membrane (19.3-22.8%), nucleus (10.1-12.9%), cytoplasm (6-6.4%), and membrane (5-6.3%) processes. The overall list of the GO enrichment process is in Table S9.




Figure 4 | Top 20 enriched GO terms for the common DEGs in sugar maple leaf samples imposed to different drought stress periods (7, 14, and 21 days of drought stress). BP: biological process, CC: cellular component, and MF: molecular functions.







KEGG pathway enrichment analysis of DEGs

A total of 249 KEGG terms were assigned to the 14,099 DEGs from all drought stress experiments. Overall, 56 KEGG pathways were significantly enriched (FDR-adjusted P < 0.05) with different drought stress periods (7, 14, and 21 days). Both up- and downregulated DEGs were involved in the metabolic pathways and biosynthesis of secondary metabolites pathway under all drought stress regimes (Table 3). The number of pathways in upregulated DEGs was highest at 21DAS and lowest at 7DAS. The number of pathways in downregulated DEGs was highest at 7DAS and lowest at 14DAS. The other most enriched pathways in both up- and downregulated DEGs included carbon metabolism, protein processing in the endoplasmic reticulum, circadian rhythm-plant, carotenoid biosynthesis, carbon fixation in photosynthetic organisms, fatty acid degradation glycerolipid metabolism, biosynthesis of amino acids, and flavonoid biosynthesis pathways (Tables 3, S10).


Table 3 | KEGG pathway enrichment analysis of differentially expressed genes in response to drought stress in sugar maple.







Time series analysis of gene expression upon drought stress

The genes regulated under drought stress were clustered according to the expression ratios of drought stress samples to the control samples at each time point, which resulted in eight clusters based on their regulation pattern (Figure 5). The gene regulation in clusters 1 and 4 showed a downregulation pattern with increasing drought stress time, and the genes from four major clusters (2, 3, 5, and 7) showed an upregulation pattern. In cluster 6, the gene expression showed an increasing pattern at 7DAS, and with increasing stress periods at 14 and 21DAS, the expression showed a marked decrease. In cluster 8, the pattern of gene regulation was decreased at 7 to 14DAS and recovered with the increased regulation pattern at 21DAS. Eight major clusters, consisting of 1,317 genes, were classified into three groups: genes showing the upregulated pattern on drought stress (upregulated DEGs: clusters 2, 3, 5, and 7) and a downregulated pattern (downregulated DEGs: clusters 1 and 4) and a differential pattern (clusters 6 and 8), which contained 445,824 and 48 genes, respectively (Figure 5). We performed pathway enrichment analysis to identify significantly enriched stress pathway hubs individually from each of the five clusters. We identified 1, 4, and 9 significant KEGG pathways with FDR cutoff, P < 0.05 for clusters 2, 3, and 5 in the upregulated pattern and 12 and 18 pathways in clusters 1 and 4 in downregulated pattern, respectively. The significantly enriched pathways in clusters 2, 3, and 5 with the upregulated pattern are RNA degradation and transport, metabolic pathways, biosynthesis of secondary metabolites, Ascorbate and aldarate metabolism, porphyrin, and chlorophyll metabolism, circadian rhythm-plant, fatty acid degradation, and glycerolipid metabolism. The downregulated pattern that occurred in the cluster 1 and 4 showed the pathways such as carbon metabolism, carbon fixation in photosynthetic organisms, alanine, aspartate, and glutamate metabolism, metabolic pathways, biosynthesis of amino acids, biosynthesis of secondary metabolites, arginine biosynthesis, and glyoxylate and dicarboxylate metabolism (Table S11). Detailed cluster-wise information for all genes is in Table S11.




Figure 5 | Time-series gene expression analysis showing the expression pattern in eight different clusters upon different drought stress periods in sugar maple.







Validation of DEGs expression by qRT-PCR and enzyme assay

To confirm the reliability and validity of the RNAseq results in sugar maple, we randomly selected four genes (TRINITY_DN1230_c0_g1_i11, TRINITY_DN287_c0_g2_i28, TRINITY_DN172_c0_g2_i1, and TRINITY_DN1259_c0_g1_i3) from DEGs for the 7, 14, and 21DAS samples for qRT-PCR analysis. The expression of the selected genes was positively correlated with the RNAseq results. Even though the detected fold change expression do not exactly match, the selected genes showed the same trends of expression patterns. For example, the upregulation of the peroxidase P7-like gene (TRINITY_DN1230_c0_g1_i11) and downregulation of the 4-alpha-glucanotransferase, chloroplastic/amyloplastic gene (TRINITY_DN287_c0_g2_i28) was confirmed by both RNAseq and qRT-PCR. Overall, the qRT-PCR expression followed a similar expression pattern of DEGs, thus confirming the consistency of the transcriptome sequencing analysis (Figure 6).




Figure 6 | Validation of RNAseq data using quantitative real-time PCR. The expression of four selected genes was studied using qRT-PCR. Data are mean (SE) expressions from three biological replicates of sugar maple at each drought stress time. The β-tubulin and actin gene were used as an internal control for normalizing gene expression and fold change was calculated over the control.



In order to assess the protein level expression of one of the top 10 upregulated DEGs (peroxidase P7-like gene), the peroxidase enzyme assay was performed. The increase in enzyme activity with increasing stress periods showed the activity of enzyme results is directly proportional to the gene expression data. However, no significant differences were observed in the activity of enzymes between the 14 and 21 DAS (Figures 6; S5).






Discussion

Considering the increased demand for sugar maple and its multiple roles in providing ecosystem services across its range, understanding how sugar maple plants will be affected by climate change signifies the importance of handling our natural resources within the Anthropocene (Wolkovich and Cleland, 2014). This study describes the molecular mechanisms involved in the physiological and biochemical responses of sugar maple saplings to drought stress.




Morpho-physiological signatures in response to drought stress

Perennial trees signal their water deficit with several symptoms. The most common alterations in appearance are lighter green to yellow-green foliage, scorches around the leaf margins, leaf wilting, necrosis, and drooping (Li et al., 2015; Ball, 2021; Ribeyre et al., 2022). We observed similar symptoms in sugar maple upon drought stress in the present study; severe symptoms occurred with increased drought stress time (Figure S2). The physiological indexes of reduced chlorophyll and NDVI observed in sugar maple under drought stress were consistent with the results of other drought stress studies of crop and tree species (Silber et al., 2003; Hassan and Ali, 2014; Li et al., 2015; Kargar et al., 2017; Basal and Szabo, 2020; Bissiwu et al., 2022) (Figures 1A, B).





Biochemical responses of sugar maple to drought stress

MDA is an oxidative stress-induced product that acts as a biomolecular marker for cell membrane damage caused by lipid peroxidation injury in plants (Nisarga et al., 2017; Demirel et al., 2020). Its accumulation varies in response to drought stress depending on the length of stress exposure and stress intensity (Davey et al., 2005; Singh et al., 2017). Membrane lipid peroxidation also serves as an indicator of the prevalence of reactive oxygen species (ROS) and indicates the impact of stress on plant cell damage (Patel and Hemantaranjan, 2012; Nisarga et al., 2017; Zhang et al., 2021). We observed a marked increase in MDA level with increasing stress time in our sugar maple leaf samples (Figure 1C), which suggests that drought stress-induced oxidative stress caused lipid membrane damage in corroboration with prior reports.

The production of osmolytes like proline stabilizes membrane and protein structural damage under low leaf water potential conditions upon drought stress (Kiranmai et al., 2018). Osmolyte production varies according to stress severity, the length of stress exposure, and plant species (Anjum et al., 2011). Moreover, proline accumulation is a well-reported compatible osmolyte in plants in response to drought stress (Demirel et al., 2020). Our results showed higher levels of proline accumulation under drought stress conditions with prolonged stress in sugar maple (Figure 1D). Higher accumulation of proline in plants was involved in reducing photo-oxidative damage in chloroplast thylakoid membranes by scavenging and/or reducing ROS production (Verbruggen and Hermans, 2008; Kiranmai et al., 2018; Lokesh et al., 2019). Also, proline has been reported to stabilize and protect ROS scavenging enzymes and activate alternate detoxification pathways in plants upon exposure to various abiotic stresses (Ramu et al., 2016; Patykowski et al., 2018; Kijowska-Oberc et al., 2020; Nareshkumar et al., 2020). Therefore, induced proline content with increasing drought stress possibly acts as a direct antioxidant via the osmo-protecting mechanism as well as activating other antioxidant mechanisms.





Molecular mechanisms in response to drought stress

Elucidating the gene-level stress adaptive features to overcome adverse environmental conditions is vital to understand the molecular mechanisms in response to drought stress in sugar maple. In this study, we identified 14,099 potential DEGs in response to drought stress; 328 were commonly expressed during all three drought-stress periods (Figure 3; Table S5-S8).

A number of DEGs common to all three stress periods that were related to chloroplast and photosynthesis were more frequently downregulated than upregulated in sugar maple, and similar patterns of DEGs were reported in other plant species in response to drought stress (Haider et al., 2017). Also, these results agree with reduced photosynthetic parameters (Chaves et al., 2009; Li et al., 2020). Many common DEGs encode protein kinases, which play crucial roles in stress sensing and signal transduction (Priya et al., 2019; Yang et al., 2019; Chen et al., 2021). Membrane transporter genes were differentially expressed in common DEGs; these genes play a key role in response to drought stress by transporting signaling molecules, ions, or osmolytes (Jarzyniak and Jasiński, 2014). We found the downregulation of protein detoxification genes (multidrug and toxic compound extrusion [MATE] transporters). These enzymes regulate plant growth and development processes by transporting secondary metabolites, toxic cell compounds, and hormone regulation (Du et al., 2021; Wang et al., 2022).

Transcription factors play an important role in signal transduction pathways in plants during stress by regulating the expression of downstream target genes via specific binding to cis-acting elements. NAC, bZIP, MYB, HSF, GRFs and ERF, WRKY, DREB, and ERFs are well-known transcription factor families that are responsive to drought stress (Kiranmai et al., 2018; Lokesh et al., 2019; Yang et al., 2019). In this study, transcription factor genes including NAC, HSF, ZFPs, YTH, HD-Zip, GRFs, and ERF were commonly expressed under drought stress (Table S5-S8). Among the transcription factor genes identified as being differentially expressed in the present study, many are known to play a key role in drought tolerance (Alves et al., 2011; Omidbakhshfard et al., 2015; Zhu et al., 2019; Sun et al., 2020; Yao et al., 2021). Furthermore, a plethora of drought stress tolerance genes differentially expressed in sugar maple included peroxidases, ubiquitin, cytochrome P450, hormone, lipid, antioxidant, and sugar metabolism-related and other stress-responsive genes (Table S8).

The unavailability of water induces a wide range of physiological and biochemical changes in plants. These responses include regulation of the cellular process, metabolic functions, and maintenance of photosynthesis, respiration, and oxidative damage of the cellular components under stress conditions in plants (Shinozaki & Yamaguchi-Shinozaki, 2007; Gao et al., 2018). Similar responses were observed in the present study. We identified a number of DEGs involved in pathways such as protein phosphorylation, photosynthesis, chloroplast organization, and their integral parts of stroma and thylakoid membrane. This observation shows the effect of drought stress on chlorophyll synthesis or photosynthetic activities and transcript level responses as evidenced by the reduced physiological indices like chlorophyll index and NDVI with increasing drought stress. The higher percentage of DEGs from transmembrane transport, ATP binding, metal and zinc ion binding, and integral component of membrane pathways suggest the drought-induced effect on membrane damage and gene-level response to overcome the effects of stress. This finding is also evidenced by the increased lipid peroxidation of the membrane in sugar maple upon drought stress (Figure 1C and Table S8).

A high number of DEGs involved in protein phosphorylation, carbohydrate metabolic process, oxidoreductase activity, and cytoplasm suggests the cellular level response of the sugar maple to overcome the oxidative stress induced by increasing drought stress, which is also corroborated by the enhanced production of osmolytes (Figure 1D). GO terms enriched in processes such as ATP, DNA, and RNA binding, nucleus, DNA-binding transcription factor activity, nucleotide binding, nucleic acid binding, and mRNA binding suggests the stress-induced gene signaling and molecular level response in sugar maple to drought stress (Figure 4 and Table S9). Similar GO terms in response to drought stress were reported in other plant species as well as the expression of a high percentage of DEGs involved in photosynthesis, respiration, and oxidative damage (Estravis-Barcala et al., 2020; Sobreiro et al., 2021; Tahmasebi and Niazi, 2021).

Metabolic pathways and biosynthesis of secondary metabolites were the most commonly expressed pathways at 7, 14, and 21 days of drought stress and were significantly enriched both in up- and down-regulated DEGs. Other pathways such as carbon metabolism, circadian rhythm-plant, carotenoid biosynthesis, glycerolipid metabolism, and protein processing in the endoplasmic reticulum were significantly enriched, which suggests that these pathways were activated under drought stress. Induced and downregulated DEGs involved in metabolic pathways, carotenoid biosynthesis, circadian rhythm, carbon metabolism, porphyrin and chlorophyll metabolism, photosynthesis-antenna proteins, photosynthesis, and carbon fixation in photosynthetic organism pathways suggesting that the photosynthetic response copes with stress-induced damage on chlorophylls and other pigments, as evidenced by the reduced SPAD metric and NDVI in sugar maple (Table 3, Table S10). Significantly enriched DEGs in metabolic pathways, glycerolipid metabolism, fatty acid degradation, glycolysis/gluconeogenesis, and protein processing in the endoplasmic reticulum were upregulated possibly to protect the lipid membrane protein damage caused by the induced lipid peroxidation upon drought stress. Significantly enriched DEGs in metabolic pathways, biosynthesis of amino acids, biosynthesis of secondary metabolites, pentose phosphate pathway, starch and sucrose metabolism, fructose, and mannose metabolism pathways may induce osmolyte production for protecting cellular level damage in sugar maple in response to drought stress. DEGs enriched in flavonoid biosynthesis, folate biosynthesis, beta-alanine metabolism, and biosynthesis of secondary metabolite pathways suggest the activation of antioxidant machinery under drought stress in sugar maple.

In addition to nonenzymatic antioxidative machinery plants have developed various enzymatic antioxidative detoxification mechanisms in adoption to drought stress. Antioxidant enzymes such as peroxidase, ascorbate peroxidase, superoxide dismutase, and catalase play major roles in ROS scavenging molecules and minimize their levels under drought stress (Sharma and Zheng, 2019; Wei et al., 2019; Li et al., 2023). In our study, many DEGs related to antioxidative activity, peroxidases, and other detoxification enzymes like cytochrome P450 suggest the important role of enzymes in ROS scavenging in response to drought stress (Table S8). Significantly enhanced expression of peroxidase at both gene and protein (enzyme activity) levels suggests the substantial role of sugar maple in coping with drought stress (Table S8 and Figure S5). We found a gene (TRINITY_DN1230_c0_g1_i11g) that encodes peroxidase-like protein was significantly upregulated at all the drought stress periods (7, 14, and 21 DAS) and maintained enhanced enzyme activity suggesting that ROS scavenging system plays a key role in protecting the sugar maple from drought stress.

Time-series transcriptomic analysis allows for investigating the dynamic gene responses to drought stress and characterizing drought-responsive genes with respect to increasing drought stress and relevance to drought tolerance. Time-series gene expression analysis revealed different functional groups of genes regulated at 7, 14, and 21 days of drought (Table S11). Time series analysis was used in previous studies to understand the gene regulation patterns in response to drought stress in plants (He et al., 2020; Yi et al., 2022). Some plant physiological functions were suppressed, and a series of responses were activated to overcome the drought stress effects by complex gene regulatory and networks, as evidenced by global transcriptomic changes in eight clusters of regulation patterns we found in sugar maple (Table S11). Our results indicate that drought stress remarkably altered the expression of chlorophyll/photosynthesis-related and plant cell membrane and osmotic adjustment related genes to avoid cell damage in sugar maple. Overall, the results suggest that drought stress-induced changes in photosynthesis and cell membrane damage are possibly encountered by both enzymatic (peroxidase) and nonenzymatic antioxidant (proline) mechanisms in sugar maple saplings.






Conclusion

The present study reports for the first time the characterization of the global transcriptome of sugar maple in response to drought stress. A set of physiological and biochemical traits examined in this study showed distinct signatures upon drought stress, suggesting that changes in chlorophyll biosynthesis, lipid membrane damage, and osmolyte production play a pivotal role in determining the sugar maple response to the severity of drought stress. The 328 common DEGs identified under all three drought stress periods in sugar maple will be a potential source for understanding the drought-tolerant mechanisms. Genes related to chlorophyll and carotenoid biosynthesis, membrane, oxidative stress response, osmolytes, and secondary metabolite production related to antioxidant activity pathways were significantly enriched on GO and KEGG analyses. These genes may play important roles in sugar maple adaptation or tolerance to the oxidative stresses caused by drought. In addition, we demonstrated the time-series expression profiling of global genes in response to drought stress for three time periods and identified the stress-responsive pathways. Overall, the study results help in understanding the drought stress-responsive molecular mechanisms complemented by physiological and biochemical responses of sugar maple and expand this knowledge in other tree species.
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Grain legumes play a crucial role in human nutrition and as a staple crop for low-income farmers in developing and underdeveloped nations, contributing to overall food security and agroecosystem services. Viral diseases are major biotic stresses that severely challenge global grain legume production. In this review, we discuss how exploring naturally resistant grain legume genotypes within germplasm, landraces, and crop wild relatives could be used as promising, economically viable, and eco-environmentally friendly solution to reduce yield losses. Studies based on Mendelian and classical genetics have enhanced our understanding of key genetic determinants that govern resistance to various viral diseases in grain legumes. Recent advances in molecular marker technology and genomic resources have enabled us to identify genomic regions controlling viral disease resistance in various grain legumes using techniques such as QTL mapping, genome-wide association studies, whole-genome resequencing, pangenome and ‘omics’ approaches. These comprehensive genomic resources have expedited the adoption of genomics-assisted breeding for developing virus-resistant grain legumes. Concurrently, progress in functional genomics, especially transcriptomics, has helped unravel underlying candidate gene(s) and their roles in viral disease resistance in legumes. This review also examines the progress in genetic engineering-based strategies, including RNA interference, and the potential of synthetic biology techniques, such as synthetic promoters and synthetic transcription factors, for creating viral-resistant grain legumes. It also elaborates on the prospects and limitations of cutting-edge breeding technologies and emerging biotechnological tools (e.g., genomic selection, rapid generation advances, and CRISPR/Cas9-based genome editing tool) in developing virus-disease-resistant grain legumes to ensure global food security.
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Introduction

Grain legumes, rich in essential amino acids, vitamins, and minerals, are a crucial component of agroecosystems and vital for combating protein- and micronutrient-related malnutrition problems in the growing human population (Graham and Vance, 2003; Jha et al., 2022a). However, changing global climate trends have increased the incidence of various biotic and abiotic stresses, including viral diseases that cause significant yield losses in grain legumes worldwide. It has been estimated that plant viral diseases alone cause 50% of plant disease globally with economic losses measuring $30 billion annually (Hilaire et al., 2022). To address this challenge, researchers are developing sustainable and ecofriendly approaches to design the next generation of virus-disease-resistant grain legumes. Plants have sophisticated innate immune systems that respond to attacking viral pathogens using pattern-triggered immunity (PTI) and effector-triggered immunity (ETI) (Jones and Dangl, 2006). Mendelian-based genetic approaches initially helped uncover the major genetic determinants controlling these diseases in various legumes. Subsequently, molecular marker technologies facilitated the identification of causative virus-disease-resistant genomic regions/QTL in various grain legumes using biparental QTL analysis and genome-wide association studies (GWAS). Decoding various grain legume genome sequences enabled the discovery of novel single nucleotide sequence (SNP) markers for GWAS to explore marker-trait associations/haplotypes for disease resistance at the whole-genome level (for details see Ha and Lee, 2020). Whole-genome resequencing and the availability of pangenomes in various legumes and viruses offer novel opportunities to explore presence/absence variations, structural variations conferring viral disease resistance, and novel resistance (R) gene(s) and virulence gene(s) across the whole genome (Zhao et al., 2020; Jha et al., 2022b). These approaches also offer novel insights into the various effector molecules of virulent viruses to design virus-disease-resistant grain legumes. In addition, advances in functional genomics using RNA-seq-based transcriptome analysis technologies have enriched our understanding of possible candidate genes and regulatory non-coding RNAs attributing to resistance against various virus diseases with putative functions. In recent years, researchers have made progress in designing virus-resistant grain legumes using genetic-engineering-driven approaches, such as RNA interference (RNAi) and virus-induced gene silencing (VIGS) (Cruz and Aragão, 2014; Gao et al., 2015; Xun et al., 2019; Gao et al., 2020). Moreover, the benefits of emerging novel breeding approaches, such as rapid generation advancement protocol, genomic selection, and genome editing tools, could be harnessed for developing virus-resistant grain legumes. Thus, amalgamation of various ‘omics’ technologies with various novel breeding approaches could greatly benefit us designing future grain legumes cultivars with improved virus resistance (Weckwerth et al., 2020; Vahabi and Michailidis, 2022).





Viral diseases in soybean (Glycine max)

Soybean mosaic virus (SMV; genus Potyvirus, family Potyviridae) is one of the most devastating seed-borne viral diseases, causing severe yield and quality losses annually (Cho et al., 1977; Ma et al., 2002). As a vector, SMV is transmitted by soybean aphids (Aphis glycines) (Wang et al., 2006a). SMV also acts synergistically with bean pod mottle virus (BPMV) (genus Comovirus, family Comoviridae), decreasing yields by up to 85% (Ross, 1968). SMV virus particles contain a linear, positive sense, single-stranded RNA ~9.6 kb in length (Tolin, 1999). Cho and Goodman (1979); Cho and Goodman (1982) first established a classification system for grouping SMV isolates, reporting seven strain groups (G1–G7) based on the differential reactions of soybean cultivars conferring resistance to a common strain. In Japan, five main strains (A–E) of SMV isolates have been reported (Takahashi et al., 1963; Takahashi et al., 1980). In other studies, SMV was classified into 11 groups in South Korea (Cho et al., 1983; Seo et al., 2009) and 22 groups (SC1–SC22) in China (Guo et al., 2005; Moon et al., 2009; Li et al., 2010; Wang et al., 2013; for details see Usovsky et al., 2022). Stunted growth, mosaic leaf pattern, leaf curling, and seed coat mottling are the major symptoms of SMV (Bowers and Goodman, 1979; Tu, 1992) (see Table 1). Early mosaic symptoms appear 5–7 days after infection, and late mosaic symptoms appear 2–3 weeks after infection (Hill, 1999). Tobacco ringspot virus (TRSV), a single-stranded bipartite RNA virus, causes significant yield losses (25–100%) in soybean (Crittenden et al., 1966; Hartman and Domier, 2015), with stunted plant growth, dwarf and rolled leaflets, brownish, necrotic, and brittle buds, and bud death the major symptoms (Crittenden et al., 1966).


Table 1 | List of major viral diseases, their symptoms and yield losses in major grain legume crops.







Viral diseases in common bean (Phaseolus vulgaris)

Major viral diseases of common bean resulting in significant yield losses include bean common mosaic virus (BCMV), bean common mosaic necrosis virus (BCMNV), bean yellow mosaic virus (BYMV), clover yellow vein virus (ClYVV), cowpea aphid-borne mosaic virus (CABMV), and watermelon mosaic virus-2 (WMV-2), with ssRNA belonging to family Potyviridae and genus Potyvirus (for details see Meziadi et al., 2017), and bean golden yellow mosaic virus (BGYMV) and bean dwarf mosaic virus (BDMV), with ssDNA belonging to family Geminiviridae and genus Begomovirus (Seo et al., 2004). Eight pathogenicity groups in the BCMV complex have been reported (Drijfhout et al., 1978; Drijfhout and Morales, 2005; Feng et al., 2015). BCMV is predominant worldwide in all legume-cultivation areas (Drijfhout, 1978; McKern et al., 1992; Makkouk et al., 2012); however, BCMNV is restricted to Africa, Europe, and North and South America (Worrall et al., 2015). Yield losses due to BCMV and BCMNV infection range from 6–98% (Hagedorn and Inglis, 1986; Worrall et al., 2015). BCMV and BCMNV show similar symptoms, including mosaic, dwarfing, chlorosis, and leaf curling (Flores-Estévez et al., 2003). BYMV, another viral disease of common bean, produces leaf mosaic symptoms and 30–40% yield losses (Swenson, 1968; Hagedorn and Inglis, 1986). For CIYVV, the notable symptoms are yellow mosaic, malformation, and reduced plant size (Tracy et al., 1992) (see Table 1).

The main viruses in genus Begomovirus that cause serious yield losses in common bean are BGYMV, tomato yellow leaf curl virus (TYLCV), and BDMV (Blair and Morales, 2008). The main symptoms of BGYMV are intense yellowing, pod deformation, stunting, and flower or pod abortion, causing 40–100% yield losses (Morales and Anderson, 2001; Morales, 2006; Blair et al., 2007; Subramanya, 2013; Aragão and Faria, 2009). The characteristic symptoms of TYLCV are leaf thickening and crumpling (Hedesh et al., 2011), while those of BDMV are stunted plant growth and leaf mosaic and mottle symptoms (Seo et al., 2004).





Viral disease in pigeonpea

Pigeonpea sterility mosaic virus (PPSMV) belongs to genus Emaravirus, causing sterility mosaic disease in pigeonpea (Cajanus cajan), resulting in yield losses >US$300 million in India (Patil and Kumar, 2015). An eriophyid mite Aceria cajani transmits the disease (Patil and Kumar, 2015). The visual symptoms include bushy and pale green appearance, mosaic leaf mottling, reduced leaf size, and partial/complete failure or no formation of reproductive structures (Daspute et al., 2014; Patil and Kumar, 2015).





Viral diseases in mungbean (Vigna radiata)

Two species cause yellow mosaic disease—mungbean yellow mosaic virus (MYMV) and mungbean yellow mosaic India virus (MYMIV)—which significantly affect mungbean productivity (Tsai et al., 2013). MYMIV is a major yield constraint in mungbean in South and Southeast Asia (Selvi et al., 2006; Iqbal et al., 2011), causing up to 100% yield losses under congenial conditions (Bashir et al., 2006). MYMV and MYMIV are begomoviruses with genomes comprising circular single-stranded DNA-A and DNA-B components known as ‘legumoviruses’ (Ilyas et al., 2009). This disease is transmitted by white fly (Bemisia tabaci Genn.) (Nariani, 1960). The disease features bright yellow mosaic symptoms on infected leaves, with few flowers, yellow-spotted pods, and immature and deformed seeds causing up to 100% yield losses (Hussain et al., 2004; Malathi and John, 2009; Biswas et al., 2012; Akbar et al., 2019) (see Table 1).





Viral diseases in urdbean (Vigna mungo)

Yellow mosaic disease (YMD) caused by MYMIV (Mayo, 2005) is the most destructive viral disease of urdbean, causing significant yield losses (Singh, 1980). MYMIV belongs to the group Geminiviridae and is transmitted by whitefly (B. tabaci Genn.) (Nariani, 1960). The characteristic symptoms of YMD include scattered yellow chlorotic spots on leaves, which enlarge and coalesce, resulting in conspicuous systemic bright patches, with the leaves eventually turning yellow (Kundu and Pal, 2012). Infected plants exhibit stunted growth, delayed maturity, and reduced flower and pod numbers (Grewal, 1978). Urdbean leaf crinkle virus (ULCV) disease decreases yields by 35–81% depending on host genotype and infection condition (Bashir et al., 1991). ULCV is transmitted by seed and sap inoculation, with white fly and aphid insect pests acting as vectors (Beniwal and Bharathan, 1980). The characteristic symptoms of this disease are leaf crinkling, curling, puckering, rugosity, stunted plant growth, and deformed floral parts (Nene, 1972) (see Table 1).





Viral diseases in cowpea (Vigna unguiculata)

Twenty viruses have been reported in cowpea (Hampton et al., 1997; Lima et al., 2005); however, the major viruses causing yield limitations are (1) cowpea severe mosaic virus (CPSMV; family Comoviridae, genus Comovirus); (2) cowpea aphid-borne mosaic virus (CABMV; family Potyviridae, genus Potyvirus); (3) cucumber mosaic virus (CMV; family Bromoviridae, genus Cucumovirus); (4) cowpea golden mosaic virus (CGMV; family Geminiviridae, genus Begomovirus) (Lima et al., 2005). Leaf crinkling and severe mottling of newly emerging leaves are characteristic symptoms of CPSMV, with stunting in severe cases (Umaharan et al., 1997b). CABMV is a seed-borne disease causing 13–87% yield losses under field conditions (Bashir et al., 2002). Virus-infected seed provides the initial inoculum, with aphids contributing secondary spread of the disease (Bashir et al., 2002). The characteristic features of CMV-caused disease in cowpea are chlorosis, vein clearing, necrosis, leaf deformation, and mild to severe mosaic and mottle (Hughes et al., 2003) (see Table 1). For CGMV infection, plants show mosaic, mottling, necrosis, and stunting, with low seed production (Boukar et al., 2013).





Viral diseases in groundnut

The most notable viral diseases in groundnut are peanut bud necrosis virus (PBNV), tobacco streak virus (TSV), peanut mottle virus (PeMoV), and Indian peanut clump virus, causing significant yield losses (Radhakrishnan et al., 2016). PBNV, belonging to genus Tospovirus, is transmitted by Thrips palmi, causing 30–90% yield losses (Vemana et al., 2015). Necrosis of terminal buds is a characteristic feature of this disease (Radhakrishnan et al., 2016). Peanut stem necrosis disease, caused by TSV, belongs to genus Ilarvirus of family Bromoviridae (Prasada Rao et al., 2003). Characteristic symptoms of this disease are complete stem necrosis and necrotic lesions on terminal leaflets (Radhakrishnan et al., 2016).





Viral diseases in chickpea

Chickpea is susceptible to several viral diseases including chickpea stunt disease (CSD). It is an emerging concern, posing a serious challenge to chickpea production and causes up to 95% yield loss (Abraham and Vetten, 2022). Interestingly, two different pathogens, viz., Chickpea chlorotic stunt virus (CpCSV), a member of Polerovirus (Abraham and Vetten, 2022) and Chickpea chlorotic dwarf virus (CpCDV), a member of Mastrevirus, family Geminiviridae (Kanakala and Kuria, 2018) are found to be associated with this disease. Small leaves, discolotration and bushy stunted appearance are the major symptoms of this disease. Stunt [bean (pea) leaf roll virus] is an important viral disease in chickpea mostly prevalent in chickpea-growing regions across the world. Stunting and phloem browning are the most visible symptom of this disease, the leaflets of infected plants become yellow, brown or orange in color (Nene et al., 2012). Of the other viruses, cucumber mosaic virus (CMV) causes significant yield losses in chickpea, reportedly 45%, when CMV incidence reached 75% (Jones et al., 2008). CMV symptoms occur on shoots, pods, and seeds. CMV also decreases seed quality (Jones et al., 2008). Mosaic [alfalfa mosaic virus] is a minor viral disease primarily found in Algeria, India, Iran, and Morocco, which causes terminal bud chlorosis followed by necrosis (Nene et al., 2012). Necrosis, caused by lettuce necrotic yellow virus, is characterized by twisted main and axillary shoots and necrotic tip burn on leaves (Nene et al., 2012).





Plant genetic resources for developing virus-resistant legumes

Various approaches, from breeding and plant protection to integrated approaches, have been embraced to develop virus-resistant legume crops (Bag et al., 2014; Meziadi et al., 2017). For example, plant breeding is a viable and sustainable approach for identifying grain legume landraces, accessions, and breeding lines, requiring no chemical pesticides that adversely affect the environment (Jha et al., 2020). Further, equipping grain legume cultivars with virus-resistant gene(s) using pre-breeding approaches, backcross breeding, and other modern breeding tools could help design virus-resistant grain legumes.

Several resistance sources are available for soybean SMV, including PI 96983 (Kiihl and Hartwig, 1979; Chen et al., 1991), ‘Columbia’ (Ma et al., 2002), PI 88788 (Gunduz et al., 2004), L29 (Buss et al., 1999), and PI 486355 (Ma et al., 1995), along with several near-isogenic lines, including L96-1676, L96-1680, L96-1683, and L96-1687 carrying the Rsv1 resistance gene developed from Williams × Buffalo, V97-9001 and V97-9003 carrying the Rsv4 resistance gene developed from Essex × PI 486355, and L88-8431 and L88-8440 carrying the Rsv1-r resistance gene developed from Williams × Raiden (Wang et al., 2006b; for details, see Usovsky et al., 2022). In addition, soybean genotypes harboring the Rsv1Rsv3 gene conferring resistance against SMV include ‘Hourei’ (Gunduz et al., 2002), ‘OX670’ (Gunduz et al., 2001), ‘Tousan’ (Gunduz et al., 2002), ‘J05’ (Zheng et al., 2006), ‘Zao18’ (Liao et al., 2002), and ‘Jiodou1’ (Shi et al., 2008) (see Table 2). Likewise, the ‘8101’ genotype harboring the Rsv1Rsv3Rsv4 gene (Liao et al., 2011) could be used to pyramid various genes conferring resistance against SMV. Intending to transfer SMV resistance into high-yielding soybean genotypes, Kato et al. (2016) introgressed genes conferring resistance against Japanese strains SMV-C and D into ‘Fukuibuki’ from ‘Harosoy’ donor parents via backcross breeding.


Table 2 | Grain legume genotypes conferring resistance against various viral diseases.



The common bean genotype ‘Redlands Greenleaf C’ harbors the bc-1 resistance gene against BCMV (Drijfhout, 1978; Strausbaugh et al., 1999; Miklas et al., 2000). Other soybean genotypes confer resistance against combined BCMV/BCMNV, including ‘Olathe’ harboring the bc-u gene (Drijfhout, 1978; Strausbaugh et al., 1999; Miklas et al., 2000), ‘Nodak’ harboring the bc-12 gene (Drijfhout, 1978; Miklas et al., 2000), Michelite’ harboring the bc-2 gene (Drijfhout, 1978; Miklas et al., 2000), ‘N85120’ harboring the bc-22 gene (Drijfhout, 1978; Kelly et al., 1995), and ‘B85009’ harboring the bc-3 gene (Drijfhout, 1978; Mukeshimana et al., 2005). In addition, Hart and Griffiths (2013) reported that ‘Clipper’ and ‘Jolanda’ soybean genotypes harbor the cyv and desc genes, respectively, conferring resistance against ClYVV (see Table 2), while ‘A429’ or ‘9236-6’ harboring the bgm-1 gene (Urrea et al., 1996; Blair et al., 2007) and ‘DOR303’ harboring the bgm-2 gene (Velez et al., 1998) confer resistance against BGYMV.

A multilocation evaluation of mungbean genotypes across India explored the resistance source against MYMV. The mungbean line ‘NM 94’ was identified as resistant against MYMV in the eastern state of Odisha but only moderately resistant in the southern state of Tamil Nadu. The evaluation identified ‘ML 1628’ as a source of high resistance against MYMV (Nair et al., 2017). Basavaraj et al. (2019) screened 14 mungbean genotypes over three seasons for MYMV resistance, reporting five genotypes (AVMU 1698, AVMU 1699, AVMU 16100, AVMU 16101, and KPS) with resistance. A rigorous field screening of a diverse set of 344 urdbean genotypes was tested for YMV resistance under field conditions for two years (Bag et al., 2014). Eight resistant genotypes were tested further in a glasshouse, identifying IC144901 and IC001572 as highly resistant against YMV (Bag et al., 2014).

Ashfaq et al. (2007) screened 87 urdbean genotypes for ULCV resistance over two seasons under field conditions. Based on the disease severity index, nine genotypes (2cm-703, 90cm-015, 93cm-006, 94cm-019, 99cm-001, IAM 382-1, IAM382-9, IAM382-15, and IAM133) were highly resistant to this disease. Likewise, a field screening of 40 urdbean genotypes identified M-6206, IAM-382-15, IAM-133, and Mash-1 as ULCV resistant (Binyamin et al., 2011). Sravika et al. (2019) conducted a field screening of 107 mungbean genotypes, reporting RME-16-3, RME-16-12, MLT-GG R-16-007, and MLT-GG R-16-009 as highly resistant to ULCV in rabi-sown mungbean but no resistant genotypes in kharif-sown mungbean. Cowpea genotypes with resistance against blackeye cowpea mosaic virus and CABMV include TVu401, Tvu1453, and Tvu1948, and advanced breeding lines IT82D-885, IT28D-889, and IT82E-60 (Gumedzoe et al., 1998) (see Table 2).

Besides cultivated plant species, crop wild relatives (CWRs) are a valuable source of novel genes associated with biotic and abiotic stresses. Kumar et al. (2005) reported sterility mosaic disease (SMD) resistance in several pigeonpea accessions belonging to six CWRs, including C. albicans, C. platycarpus, C. cajanifolius, C. lineatus, C. scarabaeoides, and C. sericeus. Among them, 15 accessions, including ICP 15614, 15615, 15626, 15684, 15688, 15700, and 15701, had SMD resistance. Mallikarjuna et al. (2011) reported that lines derived from C. acutifolius and C. platycarpus exhibited resistance against pigeonpea SMD under field conditions. Similarly, resistance to MYMV was found in V. radiata var. sublobata Roxb. Verde., a progenitor of mungbean, with resistance genes transferred to commercial mungbean cultivars (Singh and Ahuja, 1977). In chickpea, C. echinospermum and other chickpea CWRs (Kahraman et al., 2017; Rajpal et al., 2023) have the potential to transfer viral disease resistance to cultivated species.





Genetics of viral disease resistance in legumes

Mendelian genetics provides preliminary information on the genetic resistance of viral diseases in grain legumes. Kiihl and Hartwig (1979) developed the gene symbol for controlling resistance against SMV-1 in soybean as Rsv Rsv (resistance), rsvt rsvt (partial resistance), and rsv rsv (susceptible). Eight allelic-dominant genes (Rsv1, Rsv1-y, Rsv1-m, Rsv1-t, Rsv1-k, Rsv1-s, Rsv1-r, and Rsv1-h) for SMV resistance have been reported at the most common locus, Rsv1 (Chen et al., 1991; Chen et al., 1994; Ma et al., 1995; Chen et al., 2001; Chen et al., 2002). The Rsv1 gene identified in PI 96983 was mapped to the soybean molecular linkage group ‘F’ (Yu et al., 1994; Yu et al., 1996). The Rsv2 gene derived from the Raiden cultivar and allelic to the Rsv1 locus was assigned a new gene symbol Rsv1-r (Chen et al., 2002). Subsequently, a new resistant gene Rsv3, independent of Rsv1 and Rsv2, was reported (Buzzell and Tu, 1989) and mapped to the molecular linkage group ‘B2’ (Jeong et al., 2002). Ma et al. (2002) shed further light on the genetic resistance of SMV, confirming the presence of two independent resistant R3 and R4 genes working in a complementary fashion in the soybean genotype ‘Columbia’. A new resistance gene independent of Rsv1 and Rsv3 was reported in PI 486355 and mapped on ‘D1b’ (Hayes et al., 2000). The presence of Rsv1 and Rsv3 in ‘OX670’ soybean cultivar conferring resistance to SMV-G1 through G7 was reported (Gunduz et al., 2001). Gunduz et al. (2004) identified resistance against SMV strains G1 and G7. A genetic analysis of resistance in PI 88788 revealed that a single, partially dominant gene controlled SMV-G1; however, the same gene was dominant for SMV-G7 (Gunduz et al., 2004). The authors also confirmed that the resistance gene in PI 88788 was independent of Rsv1 and Rsv3, and the dominant resistance gene in PI 88788 was allelic to the SMV-resistant gene at the Rsv4 locus in V94-5152. The Rsv4 gene contributed resistance to all SMV strains (SMV-G1 to SMV-G7) (Chen et al., 1993; Ma et al., 1995). Recently, Klepadlo et al. (2017) assigned a new gene symbol Rsv5 to the resistance gene in ‘York’ to substitute the old allele named Rsv1-y on chromosome 13. Subsequently, several other researchers advocated that a single dominant gene governed the genetic control of SMV resistance (Zheng et al., 2014; Ma et al., 2016; Karthikeyan et al., 2017; Rui et al., 2017; Karthikeyan et al., 2018; Wu et al., 2019; Jin et al., 2022; Liu et al., 2022a).

The inheritance of dominant resistance gene I controlling BCMV has been reported in common bean (Ali, 1950; Kyle et al., 1986), BCMNV resistance controlled by the I gene (Provvidenti, 1974), watermelon mosaic virus-2 resistance controlled by the Hsw and Wmv genes (Provvidenti, 1974), and BYMV controlled by the By-1 gene (Schroeder and Provvidenti, 1968). In contrast, resistance against BCMV and BCMNV is controlled by recessive bc-1, bc-u, bc-12, bc-2, bc-22, and bc-3 (Kelly et al., 1995; Strausbaugh et al., 1999; Miklas et al., 2000; Mukeshimana et al., 2005). Similarly, bgm-1 and bgm-2 recessive genes (Urrea et al., 1996; Velez et al., 1998) governed resistance against BGYMV and cyv and desc recessive genes (Hart and Griffiths, 2013) controlled ClYVV resistance. Monogenic (Bdm) and dominant resistance of BDMV were established by Seo et al. (2004) using disease reaction data from F1, F2, F3, and reciprocal crosses developed from Othello and Topcrop common bean genotypes.

Singh et al. (1983); Sharma et al. (1984), and Srinivas et al. (1997a); Srinivas et al. (1997b) offered initial insights into the genetic inheritance of SMD resistance in pigeonpea. An evaluation of F1 and F2 progenies developed from ICP 7035, ICP 7349, and ICP 8850 (resistant) parents and ICP 8863 (susceptible) parent crosses confirmed monogenic inheritance of disease resistance of two SMD isolates (Srinivas et al., 1997a). Subsequently, Nagaraj and Kulkarni (2004) reported that two genes governed SMD resistance based on F1, F2, BC1, and BC2 populations developed from crossing resistant (ICP 7035 and MAL 14) and susceptible (TTB 7, ICP 8863, and DBN1) parents. Likewise, Daspute et al. (2014) reported that two separate genes (SV1 and SV2) with inhibitory gene action controlled SMD inheritance.

Recessive inheritance of MYMIV resistance in mungbean has been reported (Khattak et al., 2000; Dhole and Reddy, 2012). Six crosses developed from resistant and susceptible parents and F1 and F2 populations revealed that two genes controlled MYMIV resistance, one of which was recessive (Dhole and Reddy, 2012).

Genetics resistance of MYMV in blackgram was analyzed in F1, F2, and backcross populations developed from Pant U-84 × UL-2 and UPU-2 × UL-2 (Singh, 1980), with the results indicating recessive and digenic resistance. The same resistance gene was validated against MYMV by analyzing F1, F2, and F3 developed from Pant U84 and UPU 2 resistant donors (Verma and Singh, 1986). Subsequently, Basak et al. (2005) reported recessive monogenic resistance of YMV based on phenotyping F1, F2, and F3 progenies derived from MYMV-tolerant T-9 × MYMV-susceptible T-9 genotype in response to the YMV reaction.





Molecular mechanisms involved in plant virus resistance

During viral pathogen attack, plants recruit two branches of the immune defense system to evade the pathogen-associated attack: molecular pattern-triggered immunity (PTI) and effector-triggered immunity (ETI) (Jones and Dangl, 2006). For PTI, pattern recognition receptors (PRRs) on the cell surface of host plants perceive the pathogen-associated molecular patterns (PAMPs) to initiate defense responses known as PRR-triggered immunity (Dodds and Rathjen, 2010; Thomma et al., 2011; Win et al., 2012; Jones et al., 2016; Langner et al., 2018). For ETI, intracellular nucleotide-binding domain and leucine-rich repeat-containing (NB-LRR) encoded by host disease resistance (R) genes inside cells recognize the viral effector, mediating viral growth and disease in host plants (Jones and Dangl, 2006) and initiating the NLR-mediated response known as ETI (vanderHoorn and Kamoun, 2008; Win et al., 2012; Langner et al., 2018). In PTI, following PAMP perception of the viral pathogen through host plant PRRs, plants mediate an influx of extracellular Ca2+ in the cytosol, activating downstream immune responses (Ranf et al., 2011; Nomura et al., 2012; Bigeard et al., 2015; Jiang and Ding 2022), inducing reactive oxygen species (Chinchilla et al., 2007; Zhang et al., 2007), and activating various MAP kinase cascades (Zipfel et al., 2006; Bethke et al., 2012) that initiate transcriptional reprogramming of various TFs, such as WRKYs (Mao et al., 2011; Zhang et al., 2012) and downstream disease resistance gene(s). Viral pathogens deploy effector molecules to overcome host-deployed PTI. Once the host plant nucleotide-binding (NB) and leucine-rich-repeat (LRR)-containing receptors recognize these effectors, plants initiate ETI (Jones and Dangl, 2006; Peng et al., 2018; Alhoraibi et al., 2019). The recognition of pathogenic effectors by host NLRs triggers a hypersensitive response that mediates programmed cell death (Gao et al., 2017). The complex molecular mechanisms of plant resistance against viral disease resistance remain elusive. Thus, further investigations are needed to decipher the complete circuit networks and plant signaling pathways involved in response to viral pathogen attack and the pathways and mechanisms of plant immune response.





QTL mapping for various virus-disease-resistant grain legumes

Biparental QTL mapping is an important molecular approach for improving our understanding of the genetic control of viral disease resistance in grain legumes. Several QTL contributing to various virus diseases in grain legumes have been identified (Blair et al., 2007; Zheng et al., 2014; Ma et al., 2016; Mathivathana et al., 2019) (Figure 1). The previous section mentioned the resistance gene(s) controlling SMV; subsequent biparental QTL mapping helped discover the QTL controlling resistance against various strains of SMV (Wang et al., 2011; Zheng et al., 2014; Ma et al., 2016; Karthikeyan et al., 2017; Rui et al., 2017; Liu et al., 2019). Wang et al. (2011) reported that a single dominant gene on chromosome 2 flanked by BARCSOYSSR_02_0610 and BARCSOYSSR_02_0616 governed the genetics of SMV (SC18) resistance in a Kefeng No.1 × Nannong 1138-2 population. Further, QRT-PCR analysis identified five candidate genes. A single dominant allele Rsv1-h controlled resistance against multiple SMV strains in soybean cultivar Suweon 97 (Ma et al., 2016), but its chromosomal position was not detected. Subsequently, Zheng et al. (2014) revealed that a single dominant gene RSC3Q existing on chromosome 13 flanked by BARCSOYSSR_13_1114 and BARCSOYSSR_13_1136 with five underlying candidate genes Glyma13g25730, 25750, 25950, 25970, and 26000 controlled the genetics of resistance of SMV SC3 based on F1, F2, and F2:3 populations developed from Qihuang 1× Nannong 1138-2. Likewise, Ma et al. (2016) reported that a single dominant gene controlled the genetics of SMV SC6-N and SC7-N strains from Suweon 97 × Williams 82. Further SSR marker analysis in the F2 population mapped Rsv1-h to 97.5 kb in the Rsv1 locus on chromosome 13, with eight possible candidate genes disclosed in this genomic region. Two important genes (Glyma13g184800 and Glyma13g184900) encoding CC-NBS-LRR proteins were identified as candidate genes for Rsv1-h (Ma et al., 2016). Similarly, a novel locus Rsc15 conferring SMV (SC15) was mapped to a 95 kb genomic region on chromosome 6 flanked by SSR_06_17 and BARCSOYSSR_06_0835 markers with candidate genes Glyma.06g182600, Glyma.06g175100 and Glyma.06g184400 encoding receptor-like kinase, and Glyma.06g182900 and Glyma.06g183500 encoding serine/threonine kinase (Rui et al., 2017). For SMV (strain SC5) resistance, a combined approach of Mendelian genetics, biparental QTL mapping, fine mapping, and functional genomics was used (Karthikeyan et al., 2017). Mendelian genetics indicated that the disease resistance was dominant and controlled by a single dominant gene. Phenotyping and high-density linkage mapping in 427 recombinant lines positioned the resistant genomic region on chromosome 2 within a 500 kb interval with 11 putative candidate gene(s) (Karthikeyan et al., 2017). Functional validation of these candidate genes indicated Glyma02g13495 as the most resistant gene against the SC5 strain (Karthikeyan et al., 2017). Likewise, Karthikeyan et al. (2018) conducted combined classical genetics and biparental QTL mapping to unearth the genetic determinant controlling SMV (strain SC20) resistance. The classical genetics-based study indicated that a single dominant gene governed SMV SC20 resistance. Linkage mapping analysis identified the resistance genomic region on chromosome 13 flanked by BARCSOYSSR_13_1099 and BARCSOYSSR_13_1185 markers (see Table 3). The genomic region was narrowed to 79 kb with seven potential candidate genes, of which Glyma.13G194700 and Glyma.13G195100, encoding Toll Interleukin Receptor-nucleotide-binding-leucine-rich repeat resistance proteins, were the most likely candidate genes contributing to resistance. On chromosome 13, a QTL Rsc18 controlling resistance against SMV strain SC18 was mapped to a 415.357 kb region with three underlying candidate genes: one NBS-LRR type gene and two serine/threonine protein type genes (Liu et al., 2022a).




Figure 1 | Multi-omics approaches for developing virus-resistant grain legumes. (A) Vectors like leaf hoppers, aphids, thrips, whiteflies, and eriophyid mites transmit five kinds of viruses, dsDNA, ssDNA, –ssRNA, +ssRNA, and dsRNA in grain legumes causing viral diseases such as soybean mosaic virus, cowpea mosaic virus, sterility mosaic disease, and rosette. (B) Approaches like genomics, transcriptomics, proteomics, metabolomics, and genome editing are used in different crops to develop resistance to viral diseases. Successful examples for each approach are in the boxes. Footnotes: ssDNA, Single-stranded DNA; ssRNA, Single-stranded RNA; PSMV, Pigeonpea sterility mosaic virus; SMV, Soybean mosaic virus; GRAV, Groundnut rosette assistor virus; CMV, Cucumber mosaic virus; MYMV, Mungbean yellow mosaic virus; BGMV, Bean golden mosaic virus; RNAi, RNA interference; ELISA, Enzyme-linked immunosorbent assay; UHPLC, Ultra-high performance liquid chromatography; NMR, Nuclear magnetic resonance spectroscopy; CRISPR-Cas, Clustered regularly interspaced short palindromic repeats-Cas; TALEN, Transcription activator-like effector nucleases.




Table 3 | List of QTL/gene(s) conferring resistance against various viral diseases in grain legumes.



Maroof et al. (2010) assessed two RIL-based mapping populations (D26 × Lee68 and V94-5152 × Lee68) to understand the molecular genetics of the Rsv 4 gene conferring SMV resistance. The soybean populations were genotyped with newly developed SSR and SNP markers from whole-genome shotgun sequencing, shortening the genetic interval containing Rsv4 to 0.7 cM and 1.3 cM in the V94-5152 × Lee68 and D26 × Lee68 mapping populations, respectively. The underlying candidate gene(s) encoded AGAMOUS-LIKE 28 TF and myb-like protein (Maroof et al., 2010). Subsequently, Ilut et al. (2016) fine-mapped this gene to a ~120 kb interval using a BC3F2 backcross population developed from Haman × Ilpumgeomjeong (see Table 3). Furthermore, haplotype analysis using SNP markers resolved the association signal to a ~94 kb region that contained two Rsv4 haplotypes. This Rsv4 locus was cloned via positional cloning, encoding an RNase H-family protein with dsRNA degradation (Ishibashi et al., 2019). Fine mapping of the genomic region within 186 kb flanked by SSR markers BS020610 and BS020620 on chromosome 2—conferring resistance against the SMV strain SC1 in the F2 population containing 218 individuals—identified 14 genes (Jin et al., 2022), of which the Rsv4 allele (designated Rsc1-DR) was accountable for resistance to SMV-SC1 (Jin et al., 2022). Likewise, cloning and functional analysis of MADS-box transcription factor GmCAL from soybean-resistant Kefeng-1 cultivar showed that overexpression of this gene conferred resistance against SMV-SC3, SMV-SC7, and SMV-SC8 in SMV-susceptible NN1138-2 soybean cultivar (Ren et al., 2022).

Lin et al. (2020) conducted genetic analysis in JD12 × HT F2 and recombinant inbred lines population to identify the QTL/genomic region controlling resistance against the novel recombinant SMV strain. They found that the resistant gene was dominant and governed by a single gene, with one QTL for resistance (qTsmv-13) and two QTL for tolerance (qTsmv-2 and qTsmv-3) against the novel recombinant SMV strain (see Table 3). Comparative analysis of known resistance genes indicated that qTsmv-13 and qTsmv-2 corresponded to Rsv1 and Rsv4, respectively. Map-based cloning of qTsmv-3 was delimited to 86 kb. Of the five identified candidate genes underlying the genomic region, Glyma.03G00550 (multidrug and toxic compound extrusion transporter gene) was a potential candidate gene for resistance against the disease. For combined resistance against SMV and BCMV in soybean, Wu et al. (2019) investigated the genetics of the gene controlling resistance against both diseases, reporting that a single dominant gene controlled each disease. Bulk segregation analysis indicated that the BCMV-resistance gene was linked to the SMV-resistant Rsv1 complex locus, with the SMV-resistant gene Rsv1-r flanked by BARCSOYSSR_13_1075 and BARCSOYSSR_13_1161 markers, and the BCMV-resistance gene flanked by BARCSOYSSR_13_1084 and BARCSOYSSR_13_1115 markers (Wu et al., 2019). Further, the authors narrowed the SMV- and BCMV-resistance genes to ~154.5 kb between two SNP markers (SNP-38 and SNP-50).

MYMIV is an important yield constraint in mungbean. To elucidate the QTL controlling MYMIV resistance in mungbean, an NM92 (MYMIV-tolerant cultivated line) × TC1966 RIL population was screened for MYMIV resistance under field conditions, with the population genotyped using RAPD, AFLP, SCAR, and CAP markers (Chen et al., 2012). Three QTL on LG9 (MYMIVr 9_6.4, MYMIVr 12.7, and MYMIVr 9_25) and MYMIVr 8_29.1 on LG8 contributed to MYMIV resistance (Chen et al., 2012) (see Table 3). MYMV is a major viral disease causing serious yield limitations in urdbean. Five QTL, including one major QTL qMYMV4-1 on chromosome 4, were identified in an interspecific cross Vigna radiata × V. umbellata using the genotyping-by-sequencing method and phenotyping the population under field conditions for two consecutive years (Mathivathana et al., 2019). Further, Subramaniyan et al. (2022) conducted phenotyping and QTL analysis of mapping population developed from MDU1× TU68 cross to uncover the genetic determinant/genomic region controlling MYMV resistance. Classical genetic analysis indicated inhibitory gene action with two genes controlling MYMV resistance, while QTL analysis suggested one major QTL qMYMVD_60 flanked by CEDG180 and CEDG116 marker at LG 10 controlling MYMV resistance (see Table 3). Recently, to introduce MYMIV resistance from Vigna umbellulata to urdbean, Dhaliwal et al. (2022) used a QTL-seq-based approach to identify qMYMIV6.1.1, a major QTL spanning 3.4 Mb on chromosome 6, contributing 70% phenotypic variation. Further, the authors elucidated three possible candidate genes (serine threonine kinase, UBE2D2, and BAK1/BRI1-ASSOCIATED RECEPTOR KINASE) underlying the identified genomic region.

BGYMV is an important disease causing significant yield losses in common bean. A SCAR marker SR2, linked to a bgm-1 resistance gene, was developed and mapped 7.8 cM from the resistance gene in a DOR476 × SEL1309 RIL population (Blair et al., 2007). The SR2 marker was located at the end of chromosome 5 in DOR364 × G19833 and BAT93 × Jalo EEP558 mapping populations. Notably, the bgm-1 resistance gene was closely related to the bc-1 resistance gene for BCMV (Blair et al., 2007). Thus, these genomic regions could be targeted for developing combined resistance against BGYMV and BCMV.





Genome-wide association study capturing viral-disease-resistant genomic regions across the whole genome

The GWAS approach using marker-trait associations and various statistical models could identify the underlying candidate gene(s)/QTL/genomic regions controlling viral disease resistance in various legumes, overcoming the limitations of biparental QTL mapping (Huang and Han, 2014) (Figure 1). For example, a comprehensive GWAS for TRSV in a set of 19,652 soybean genotypes using the SoySNP50K iSelect BeadChip detected a single locus associated with TRSV sensitivity on chromosome 2 and predicted two leucine-rich repeat receptor-like kinase genes Glyma02g13460 and Glyma02g13470 underlying the locus (Chang et al., 2016). Similarly, Liu et al. (2019) conducted GWAS in two soybean populations containing 409 and 199 genotypes in a SoySNP50K assay to unearth significant marker-trait associations for SMV seed transmission rate, seed coat mottling, and seed yield loss due to SMV infection. The study identified a single locus contributing to SMV seed transmission rate on chromosome 9, loci for seed coat mottling on chromosome 3, and a single locus for seed yield loss due to SMV infection on chromosome 3 (Liu et al., 2019). An earlier GWAS investigating SMV(SC7) resistance in 165 soybean genotypes identified three genes, homologous to WRKY72, eEF1Bβ, and RLP9, conferring disease resistance in Arabidopsis on chromosomes 1, 3, and 9, respectively (Che et al., 2017). Combined recombinant inbred line based linkage and GWAS analysis allowed deciphering a major QTL qSMV13 on chromosome 13 conferring resistance against SMV (SC3 and SC7) strain explaining 71% and 76% PV, respectively (Chu et al., 2021).

A GWAS of 182 common bean genotypes belonging to the Durango diversity panel in association with 1.26 million SNPs detected significant marker-trait associations for resistance against BCMNV isolates NL-8 and NL-3 on PV03 and PV05 chromosomes that corresponded to bc-1 and bc-u resistance gene loci, respectively, elucidating two candidate genes for bc-1 (Phvul.003G038700 and Phvul.003G038800) and one bZIP protein gene for bc-u (Phvul.005G124100) (Soler-Garzón et al., 2021). Further advances in GWAS models could help minimize population-structure-related problems.





Progress of functional genomics: discovery of candidate resistance gene(s) with putative functions

Functional genomics is a powerful approach for discovering candidate gene(s) related to various disease resistance with putative functions, including viral diseases in grain legumes. Recent advances in RNA-seq-based transcriptome sequencing have offered novel insights into the molecular mechanisms of disease resistance and identified possible candidate gene(s) conferring resistance against various viral diseases in grain legumes (Martin et al., 2016; Dasgupta et al., 2021).

Yuan et al. (2020) used transcriptomic analysis of R and S isogenic lines developed from Qihuang-1 Nannong 1138-2 × Soybean cv. Qihuang-1 subjected to SMV infection at 6, 20, and 48 h post-inoculation (hpi) to elucidate the underlying candidate gene(s) conferring SMV resistance. A further DEGs analysis revealed the downregulation of Glyma03g28650, Glyma19g31395, and Glyma11g33790 encoding calmodulin-like protein in S lines and upregulation of jasmonic acid repressor genes (TIFY/JAZ) and abscisic-acid-induced genes (PP2C3a) in R lines in response to SMV infection. Likewise, Chen et al. (2022) deciphered the role of genes related to phytohormone-mediated SMV resistance using RNA-seq-based transcriptome analysis in contrasting soybean genotypes, Kefeng-1 (resistant) and NN1138-2 (susceptible). Using DEGs and gene ontology analyses and the functional validation of candidate genes revealed the downregulation of Glyma.11G239000 and Glyma.18G018400, belonging to ethylene-insensitive 3/ethylene-insensitive3-like (EIN3/EIL) protein family, in NN1138-2. At 48 hpi, jasmonic acid repressor genes (TIFY/JAZ) and NPR1 involved in the salicylic acid signaling were downregulated in NN1138-2 but upregulated in Kefeng-1 (Chen et al., 2022).

Sun et al. (2022) investigated the role of abundant H2O2 production in regulating callose deposition on plasmodesmata, mediating the blockage of intercellular transport of SMV infection in soybean. Two genes regulated by H2O2 (GmSEOB and GmPAP27) conferred resistance against SMV by positively regulating callose accumulation in response to SMV infection at the transcriptomic and VIGS levels.

Dasgupta et al. (2021) performed RNA-seq-based transcriptome analysis of PMR-1 (resistant) and Pusa Vishal (susceptible) mungbean genotypes, elucidating the participatory role of WRKY, NAC, and MYB transcription factors in mediating YMV resistance. A DEGs analysis revealed that PMR-1 upregulated peroxidase, (S)-2-hydroxy-acid oxidase, and classes of lipoxygenase and downregulated oxidoreductase, 2OG-Fe(II) oxygenase family protein, 4-coumarate:CoA ligase like, and O-methyltransferase encoding genes in response to YMV. Further, the authors validated 11 defense-related transcripts contributing to YMV resistance. In another study, RNA-seq of mungbean elucidated the role of various DEGs related to TFs, hormone signaling, receptor-like kinases, serine/threonine protein kinases, defense, and pathogenesis in mediating MYMV resistance (Sudha et al., 2022) (Figure 1). In addition, qRT-PCR analysis was used to functionally validate select candidate DEGs related to MYMV defense mechanisms (Vradi08g04110, Vradi09g06830, Vradi04g07450, Vradi06g13520, Vradi06g11500, and Vradi01g04820).

A PCR-based suppression subtractive hybridization technique identified 345 candidate genes differentially expressed in response to MYMIV infection in urdbean, contributing various cellular functions mediating resistance against MYMIV, including Ca2+-mediated signaling, reactive oxygen species generation, phenylpropanoids, and ubiquitin-proteasomal pathways (Kundu et al., 2015). Further, Kundu et al. (2019) performed transcriptome analysis of two contrasting urdbean genotypes, VM84 (resistant) and T9 (susceptible), to decipher the gene(s) and molecular mechanisms mediating MYMV resistance. They discovered 2,158 and 1,679 DEGs from VM84 and T9 in response to MYMV infection, of which NB-LRR, WRKY33, ankyrin, argonaute, and NAC TFs exhibited upregulatory responses in MYMV-resistant VM84, indicating their role in conferring disease resistance.

A transcriptome analysis of a BCMV-susceptible common cultivar (Stringless green refugee) in response to two BCMV infection isolates revealed upregulation of genes related to receptor-like protein kinase, pathogenesis-related proteins, and oxidative-stress-related genes and downregulation of genes related to photosynthetic machinery (Martin et al., 2016). Among the various TF genes, NAC and WRKY_Zn families had increased expression, and Myb_related and bHLH families had reduced expression in response to BCMV infection (Martin et al., 2016), improving our understanding of various gene networks that mediate resistance against BCMV in common bean.

Evidence of non-coding RNAs, including miRNAs, siRNAs, and long non-coding regulating disease resistance, is well established in plants (Jha et al., 2021; Song et al., 2021). Patwa et al. (2021) uncovered 422 differentially expressed miRNAs responding to MYMIV infection in P. vulgaris. Validation of selected candidate miRNAs revealed their role in regulating various TFs involved in MYMIV resistance. Illustrations of non-coding RNAs conferring viral disease resistance are limited in grain legumes, requiring further studies on their molecular mechanisms and corresponding target gene(s) conferring viral disease resistance.





Genetic engineering approach for designing virus-disease-resistant grain legumes

Genetic engineering is a powerful option for developing virus-resistant grain legumes (Bonfim et al., 2007; Zhang et al., 2012; Aragão et al., 2013; de Paula et al., 2015) (Figure 1), especially when there are limited options for host plant resistance. Different functional genomic approaches spanning transgenic to non-transgenic technologies can be used to design virus-resistant plants. Transgenic technologies are the primary initiative for plant virus management, with success stories in papaya and cucurbits (Kreuze and Valkonen, 2017) but limited application in grain legumes. There are only a few examples of RNAi-mediated transgenic legumes developed for virus resistance, mainly in cowpea, common bean, and soybean, with pathogen-derived resistance (expressing the virus gene/genome) adopted. An RNAi strategy was used to manage cowpea severe mosaic virus and CABMV in transgenic cowpea expressing proteinase cofactor and coat protein for the respective viruses (Cruz and Aragão, 2014). Similarly, enhanced resistance in cowpea against multiple Begomovirus infections was achieved through the expression of AC2 and AC4 and fusion of AC2 and AC4 gene-based hairpin constructs (Kumar et al., 2017). Further, an RNAi strategy was used in soybean to confer resistance against multiple potyviruses. The first SMV-resistant transgenic soybean lines were developed by integrating an inverted repeat sequence of HC-Pro of SMV (Gao et al., 2015). Likewise, introducing a 248 bp inverted repeat of the replicase (nuclear inclusion b, Nib) gene from the SMV SC3 strain into soybean resulted in transgenic soybean plants with stable resistance against five strains of SMV (SC3, SC7, SC15, SC18, and a recombinant SMV), BCMV, and watermelon mosaic virus (WMV) (Yang et al., 2017). Inserting a 302 bp inverted repeat of the P3 cistron, isolated from SMV strain SC3 resulted in RNAi-mediated genetically engineered soybean lines with stable resistance against multiple virus strains of SMV, BCMV, and WMV (Yang et al., 2018). RNAi strategies have also been used to combat bean golden mosaic virus (BGMV) in common bean by silencing the rep (AC1) viral gene (Bonfim et al., 2007; Aragão et al., 2013; de Paula et al., 2015) and to prevent whitefly (Bamicia tabaci) infection by suppressing the ATPase (Bt-vATPase) gene in B. tabaci (Ferreira et al., 2022). Thus, pathogen-derived transgenic resistance can be achieved using an RNAi strategy to develop virus resistance in legumes (see Figure 2).




Figure 2 | Possible mechanisms for developing virus-resistant grain legumes using RNAi and genome editing technologies.



The host-derived strategy (targeting host-susceptible genes) is another option for transgenic resistance against plant viruses in grain legumes. This strategy can be used to silence the host eukaryotic translation initiation factor to prevent pathogen replication or overexpress resistance gene(s) and transcription factors (Chattopadhyay et al., 2019). The silencing of eukaryotic translation initiation factor 4E (eIF4E) in soybean via RNAi technology resulted in broad-spectrum resistance against multiple potyviruses, including SMV strains (SC3/7/15/18 and SMV-R), BCMV, and WMV (Gao et al., 2020). In contrast, overexpression of GmKR3 (TIR-NBS-LRR type R gene) in transgenic soybean showed high resistance against SMV, BCMV, WMV, and secovirus BPMV by mediating ABA signaling (Xun et al., 2019) (Table 4). Similarly, the overexpression of GmAKT2 in transgenic soybean significantly increased K+ concentrations and enhanced SMV resistance (Zhou et al., 2014). Further, metabolic engineering of susceptible soybean lines enhanced SMV resistance by overexpressing a cinnamyl alcohol dehydrogenase-coding GsCAD1 gene (Xun et al., 2022) and purple acid phosphatase encoding GmPAP2.1 gene (Widyasari et al., 2022).


Table 4 | List of transgenes conferring resistance against various viral diseases in grain legumes.



Non-transgenic approaches have become popular as they avoid time constraints and overcome transgenics-associated risks (Teli et al., 2020). Exogenous application of RNAi-inducing double-stranded RNA (dsRNA) molecules is an alternative approach to generating antiviral RNAi in plants (Mitter et al., 2017), especially when genetic transformation and regeneration are time-consuming. The successful delivery of dsRNA within host cells is crucial for executing RNAi-mediated plant defenses against viruses. In cowpea, the bioefficacy of dsRNAs targeting the potyviral nuclear inclusion b (NIb) protein and coat protein-encoding gene of BCMV was reported (Worrall et al., 2019). Similarly, direct foliar application of dsRNA derived from the full-length NSs gene of groundnut bud necrosis virus significantly reduced the virus infection in cowpea (Gupta et al., 2021). However, dsRNA delivery is an issue, particularly for field applications. Delivering dsRNA through layered double hydroxide nanoparticles prevented virus replication better than naked dsRNA as it facilitated the slow release of dsRNAs and long-term viral protection (Mitter et al., 2017). Furthermore, targeting vector transmission through exogenous dsRNA application could be an innovative option for developing a tailor-made bio-pesticide. In cowpea, bio-clay mediated application of dsRNA prevented aphid-mediated transmission of BCMV (Worrall et al., 2019). However, these strategies require testing under field conditions to predict possible environmental risks.

Likewise, genome editing has emerged as a versatile tool for designing viral-disease-resistant crop plants, including grain legumes (Langner et al., 2018), and overcoming public and scientific concerns related to the development end release of transgenic plants. Genome editing technologies have been used for genome engineering in many crop plants, but there is limited evidence in grain legumes (Gayen and Karmakar, 2021), except for cowpea (Ji et al., 2019; Juranić et al., 2020; Che et al., 2021), chickpea (Badhan et al., 2021), and soybean (Al Amin et al., 2019; Bao et al., 2019; Bao et al., 2020), due to hurdles related to in vitro gene transfer and poor regeneration (Bhowmik et al., 2021). Despite that, gene-editing technologies have opened up new opportunities for multiple trait improvement in grain legumes, especially for plant virus resistance. So far, CRISPR-Cas9-mediated genome editing has been used to manage different virus pathogens, including Merremia mosaic virus (Ali et al., 2016), tobacco rattle virus (Ali et al., 2015), beet necrotic yellow vein virus, pea early browning virus (Ali et al., 2018), tobacco mosaic virus (Cody et al., 2017), beet yellow dwarf virus (Liang et al., 2016), and TYLCV (Tashkandi et al., 2018). However, notable examples are only available for soybean and mungbean. CRISPR/Cas9-mediated multiplex gene-editing technology was used to increase isoflavone content for enhancing SMV resistance in soybean by editing two flavanone‐3‐hydroxylase genes (GmF3H1, GmF3H2) and one flavone synthase (GmFNSII-1) gene (Zhang et al., 2020). Thus, CRISPR/Cas-mediated metabolic engineering could be an option for virus resistance in legumes. Further, manipulation of host-susceptible factors, viz., eukaryotic translation initiation factor 4E (eIF4E), could help achieve potyvirus resistance in different legume crops. CRISPR/Cas9-mediated editing of virus genomes can also be used to protect plants from virus infection (see Figure 2). The CRISPR/Cas9 system with two guide RNA cassettes was used to edit the MYMV genome in mung bean, targeting the replicase enzyme (AC1) and coat protein (AV1) encoding genes (Talakayala et al., 2022). Such multiplex strategies assembling different gRNA cassettes for several viral genomes could be suitable for managing multiple plant viruses simultaneously.





Emerging breeding tools to design grain legumes with viral disease resistance

Genomics selection facilitates the selection of genotypes with high genetic merit by calculating the genomic-estimated breeding value of individuals based on various prediction models using genotypic and phenotypic information from the ‘training population’ (Meuwissen et al., 2001; Lorenz et al., 2011). Thus, this breeding tool can be used to select superior progenies or genotypes from large germplasm sets without needing phenotypic evaluation. For example, a genomic prediction model incorporating GAPIT and rrBLUP was used to predict TRSV sensitivity in soybean, with 140 soybean PIs used as the validation population and 557 soybean PIs used as the training population (Chang et al., 2016). An additional 55 soybean accessions were evaluated for TRSV sensitivity to assess the model’s prediction accuracy. The results revealed a correlation of 0.67 (P < 0.01) between actual and predicted severities of TRSV (Chang et al., 2016). More recently, a smart breeding scheme, ‘integrated genomic–enviromic prediction’, or an advanced form of genomic prediction constituting multi-omics data, big data, and artificial intelligence, was proposed for prediction-based crop redesign (Xu et al., 2022). This high throughput technology could open up avenues for designing viral-disease-resistant grain legumes.

‘Rapid generation advancement’ protocols have been developed in various crop plants, including grain legumes, shortening the breeding cycle and advancing mapping populations (Watson et al., 2018; Hickey et al., 2019). These protocols have optimized photoperiods, daylengths, and temperatures in soybean, cowpea, chickpea, and pigeon pea by growing them in regulated growth chambers (Samineni et al., 2019; Saxena et al., 2019; Fang et al., 2021; Edet and Ishii, 2022). Thus, harnessing the potential of this technique could help develop viral disease resistance in grain legumes.

Advances in next-generation sequencing-based approaches and bioinformatic analyses have facilitated the identification of target genomic regions conferring disease resistance in various crops, including grain legumes (Thudi et al., 2020; Gangurde et al., 2022). Further, these technologies have enabled WGRS of large-scale global germplasm and pangenome construction for various legumes, including soybean (Li et al., 2014), chickpea (Varshney et al., 2021), pigeon pea (Zhao et al., 2020), cowpea (Liang et al., 2022), and mungbean (Liu et al., 2022b). Thus, these genomic resources could help underpin novel presence/absence variations contributing to various viral-disease-resistance genes and pathogenesis genes for developing next-generation viral-disease-resistant grain legumes.

Furthermore, rapid developments in synthetic biology have enabled desirable crop designs. Synthetic biology approaches involve designing genetic circuits, synthetic promoters (SPs), and synthetic transcription factors (STFs) that facilitate the modification of crop plants by remodeling the gene/genome structure, reprogramming gene function, and engineering existing metabolic pathways (Liu and Stewart, 2016). Adequate advances have been made in designing SPs and STFs for regulating specific genes involved in multiple trait improvement in crop plants, including biotic and stress tolerance (Dey et al., 2015; Yasmeen et al., 2023). Synthetic promoters are designed rationally and constructed for specific binding to upstream motifs or native core promoter sites (Khan et al., 2023) so that external stimuli can regulate gene expression (Rushton et al., 2002). This strategy is mostly suitable for enhancing biotic stress tolerance when pathogen-inducible SPs can be employed against diverse pathogens (Khan et al., 2023), as exemplified against Ascochyta rabiei (Shokouhifar et al., 2019). Similarly, STFs can be constructed by fusing various DNA binding domains (DBDs) with an activator/repressor domain and nuclear localization signals for regulated gene expression in plants. Nowadays, synthetic DBDs based on C2H2 zinc-finger (ZF) proteins, transcription activator-like effectors (TALEs), and CRISPR/dCas9 can be designed easily for specific binding to promoter sequences of endogenous genes or transgenes (Liu and Stewart, 2016). These STFs, viz., ZF-TFs, TALE-TFs, and dCas9-TFs, can regulate endogenous genes or transgenes to confer defense against broad-spectrum pathogens such as plant viruses. Sometimes, SPs are not adequate for obtaining higher expression levels of transgenes. In such situations, SFs can be delivered with SPs to maximize gene expression at full strength and specificity. Hence, simultaneous expression of SPs with corresponding synthetic TFs is necessary for transgene activation in legumes targeted against plant viruses. Therefore, synthetic biology tools like SPs and STFs can provide tremendous advantages over their natural counterparts for designing legumes resistant to multiple viruses.

Likewise, to overcome transgenics-related issues, CRISPR/Cas9-based genome editing has emerged as a versatile tool for designing viral-disease-resistant crop plants, including grain legumes (Langner et al., 2018). Notable examples of viral diseases include Merremia mosaic virus (Ali et al., 2016), tobacco rattle virus (Ali et al., 2015), beet necrotic yellow vein virus, and pea early browning virus (Ali et al., 2018), tobacco mosaic virus (Cody et al., 2017), beet yellow dwarf virus (Liang et al., 2016), and TYLCV (Tashkandi et al., 2018). Similarly, a CRISPR/Cas9-mediated approach was used to manipulate single-stranded DNA-A of AC1 (rep protein) and AV1 (coat protein) for developing MYMV-resistant mungbean (Talakayala et al., 2022). However, the development of viral-resistant grain legumes using genome editing tools remains low. Hence, optimizing the transformation protocol and genome editing tools could help develop grain legumes with virus resistance.





Integration of “OMICS” technologies with plant breeding for uncovering the virus resistance gene(s)/QTLs and deciphering the complex gene networks of controlling virus resistance in grain legumes

To understand the molecular mechanism of plant - virus interaction, resistance mechanism and complex gene networks controlling virus resistance in plant including grain legume, a multi-layered scientific approach is needed (Fernie and Schauer, 2009; Weckwerth, 2011). Plant ‘omics’ encompassing genomics, transcriptomics, proteomics, metabolomics, epigenomics, and phenomics and genetic engineering including RNAi and synthetic biology in concert with classical and emerging plant breeding approaches could greatly assist in elucidating the candidate gene(s) conferring virus resistance along with their precise function (Fernie and Schauer, 2009; Weckwerth, 2011; Ghatak et al., 2017a, Ghatak et al., 2017b; Ghatak et al., 2018; Weckwerth et al., 2020).





Limitations of breeding and biotechnological tools for developing virus-resistant legumes

Plant breeding is a practical approach for developing virus-resistant grain legumes. However, transferring disease-resistant gene(s)/QTL is time-consuming, involving the hybridization and selection of disease-resistant plants. Marker-assisted plant breeding can sometimes support the process, but the poor associations between markers and traits make the markers ‘breeder unfriendly,’ which may not transfer well between populations. Biotechnological and molecular biological strategies for developing virus-resistant legumes also face limitations. The scarcity of genomic information for different legumes adds to the difficulty. As grain legumes are recalcitrant to transformation, a precise and robust protocol should be necessary to deliver the genome engineering machinery into germline cells for developing genome-edited plants (Zaidi et al., 2020). Currently, the delivery of CRISPR/Cas cassettes into plant cells occurs through Agrobacterium-mediated transformation, particle bombardment, or protoplast transfection strategy (Zaidi et al., 2020), all of which involve tedious tissue culture procedures. To bypass the complexity of plant tissue culture, plant virus-based vectors can be used for the successful delivery of CRISPR/Cas reagents, such as CRISPR/Cas proteins, guide RNA (gRNA), and ribonucleoproteins (RNP), into plant cells (Zhang et al., 2022). The virus‐inducible genome editing (VIGE) system based on plant virus vectors has been applied successfully for genome editing and antiviral breeding (Ji et al., 2018). VIGE is highly suitable for precise genome editing, minimizing ‘off-target mutations’ common in ‘normal’ genome editing (Hahn and Nekrasov, 2019). Off-target mutations are highly desirable when developing CRISPR/Cas9-based genome editing systems against plant DNA viruses infecting grain legumes.

The design of virus-resistant legumes via genome editing targets the virus genome by cleaving through CRISPR/Cas9, which can exert natural selection pressure on the virus population, leading to virus evolution through sequence variation in the virus genome and the emergence of recombinant virus species/strains (especially begomoviruses) resistant to Cas9 cleavage (Cao et al., 2020; Mushtaq et al., 2020). Further, knocking out host susceptibility factors, such as eIF4E, is a common practice for designing potyvirus-resistant plants, but the loss-of-function of the host factor may inhibit plant growth (Gauffier et al., 2016). This problem can be avoided by introducing point mutation (base editing) in the gene to prevent plant virus infection without impairing plant growth (Bastet et al., 2018). Furthermore, the CRISPR-Cas9 edited virus-resistant plant should be rigorously tested in the field under multiple environments to ensure durable resistance against plant viruses (Robertson et al., 2022). A proper regulatory framework should be established before the public release of genome-edited plants. Their classification as ‘GMOs (genetically modified organisms)’ or non-GMOs should also be clarified. Controversy and confusion persist around the GMO and non-GMO classification of genome-edited plants, which could be simply defined based on the presence or absence of foreign DNA. Usually, transgenic expression of the CRISPR-gRNA construct is needed for successful genome editing. However, avoiding transgenic approaches through the transient delivery of CRISPR/Cas and gRNA constructs via the VIGE system could make it possible to generate plant genomes free from foreign DNA. Finally, legumes are highly susceptible to infection by multiple viruses, often leading to co-infections. To combat this, a multiplexed CRISPR strategy could be used to design plants resistant to multiple viruses. However, the large construct size required could reduce the efficiency of this strategy. These limitations of biotechnological tools impede the development of virus-resistant legumes, highlighting the need for continued research to overcome these challenges and improve the efficiency of genome-editing techniques.





Outstanding questions stimulating further research in this area

Several outstanding questions remain regarding the development of virus-resistant legumes. The ever-emerging population of plant viruses poses a major challenge, as virus evolution and the emergence of new virus strains infecting legumes is constant. With the increasing host range of legume-infecting viruses and their co-infections, tackling the problem of emerging virus strains becomes even more difficult in the global warming and climate change scenario. The durability of host resistance is thus always in question. Further, the expression of plant resistance often results in energy loss and yield costs, which should be addressed through advanced breeding and biotechnological approaches.





Conclusion and future perspective

Global climate change has caused significant challenges for agroecosystems and global food security (Schmidhuber and Tubiello, 2007). The increasing incidence of various diseases, including viral disease, challenges grain legume yields. Moreover, the growing global human population, estimated to reach 9–10 billion by 2030, further pressures global food security (Pérez-Escamilla, 2017). Consequently, food production needs to double to sustainably meet the rising demand for food supply. Harnessing the global genetic diversity of grain legumes with resistance to various viral diseases is a promising and sustainable approach to developing climate-resilient grain legumes with improved viral disease resistance. Pre-breeding approaches and marker-assisted breeding schemes can help transfer gene(s)/QTL conferring resistance against viral diseases to high-yielding grain legumes. Unprecedented advances in sequencing technologies have enabled access to genomic information related to disease resistance and virulence gene(s)/genomic regions across the whole-genome level for designing virus-resistant crop plants. GWAS, WGRS, and pangenome approaches have further underpinned novel resistance R genes and effector encoding genes at the whole-genome level. Furthermore, functional genomics, including transcriptomics, has assisted in the discovery of novel candidate gene(s) conferring disease resistance and the molecular mechanisms of host plant disease resistance. Advances in genetic engineering techniques, such as RNAi technology, can be used to unravel virus-resistance gene function and design virus-resistant grain legume genotypes. However, progress is limited in legumes, which could be accelerated by applying powerful transgene-free, genome-editing technologies targeting viral genomes (e.g., replicase enzyme (AC1) and coat protein (AV1)-encoding genes) and the plant S gene accounting for viral disease development (Zaidi et al., 2020). Thus, integration of various ‘omics’technologies (Fernie and Schauer, 2009; Weckwerth, 2011; Ghatak et al., 2017a; Ghatak et al., 2017b; Ghatak et al., 2018; Weckwerth et al., 2020) and genetic engineering approaches including RNAi and synthetic biology with advanced plant breeding tools including speed breeding, genomic selection, ‘integrated genomic–enviromic prediction,’ and genome editing tools could help develop grain legumes with high viral disease resistance to meet the rising demand for food supply.
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Recently, CRISPR-Cas9-based genome editing has been widely used for plant breeding. In our previous report, a tomato gene encoding hybrid proline-rich protein 1 (HyPRP1), a negative regulator of salt stress responses, has been edited using a CRISPR-Cas9 multiplexing approach that resulted in precise eliminations of its functional domains, proline-rich domain (PRD) and eight cysteine-motif (8CM). We subsequently demonstrated that eliminating the PRD domain of HyPRP1 in tomatoes conferred the highest level of salinity tolerance. In this study, we characterized the edited lines under several abiotic and biotic stresses to examine the possibility of multiple stress tolerance. Our data reveal that the 8CM removal variants of HK and the KO alleles of both HK and 15T01 cultivars exhibited moderate heat stress tolerance. Similarly, plants carrying either the domains of the PRD removal variant (PR1v1) or 8CM removal variants (PR2v2 and PR2v3) showed better germination under osmosis stress (up to 200 mM mannitol) compared to the WT control. Moreover, the PR1v1 line continuously grew after 5 days of water cutoff. When the edited lines were challenged with pathogenic bacteria of Pseudomonas syringae pv. tomato (Pto) DC3000, the growth of the bacterium was significantly reduced by 2.0- to 2.5-fold compared to that in WT plants. However, the edited alleles enhanced susceptibility against Fusarium oxysporum f. sp. lycopersici, which causes fusarium wilt. CRISPR-Cas9-based precise domain editing of the SlHyPRP1 gene generated multi-stress-tolerant alleles that could be used as genetic materials for tomato breeding.




Keywords: CRISPR-Cas9, HyPRP1, abiotic stress, biotic stress, heat stress tolerance, multi-stress tolerance





Introduction

Genome editing (GE) technology using CRISPR-Cas nucleases has recently emerged as a revolutionary plant breeding technology and shows promise to the agriculture industry (Belhaj et al., 2013; Chen et al., 2019; Vu et al., 2022). CRISPR-Cas-based GE has been effectively applied for plant breeding at high precision levels (Chen et al., 2019). It has been successful in modifying tomato genomes and precision breeding to create new alleles, not including linkage drag (Zsögön et al., 2017; Li et al., 2018b; Zsögön et al., 2018; Vu et al., 2020a).

Recently, unforeseen climate changes have caused many biotic and abiotic stresses that negatively affect multiple aspects of tomato production, such as yield and quality, thereby threatening agriculture sustainability. Therefore, new tomato cultivars capable of biotic and abiotic stress tolerance are important subjects of breeding using GE technology. The application of CRISPR-Cas9 in tomato genome engineering obtained targeted mutations at four different loci. Subsequently, stable inheritance of the edited alleles in the next generations was observed through genotyping and phenotyping (Brooks et al., 2014). CRISPR-Cas-based targeted mutants of CLAVATA/WUS showed different ranges in tomato shoot meristem size (Fletcher, 2018). Moreover, CRISPR-Cas9 or/and CRISPR-Cas12a were employed to effectively edit genes for obtaining enhanced abiotic stress tolerance in various plant species such as rice and wheat (Shan et al., 2013; Shan et al., 2014; Endo et al., 2016; Osakabe et al., 2018), tomato (Brooks et al., 2014; Tran et al., 2020; Vu et al., 2020b), and apple (Malnoy et al., 2016; Nishitani et al., 2016; Osakabe et al., 2018; Charrier et al., 2019). In particular, they have been successfully applied to tomatoes for drought tolerance (Wang et al., 2017a; Li et al., 2019), salt tolerance (Tran et al., 2020; Vu et al., 2020b; Wang et al., 2021), and chilling and heat tolerance (Li et al., 2018a; Yin et al., 2018).

Proline-rich proteins (PRPs) are involved in cell-wall signaling, plant development, and stress responses (Kavi Kishor et al., 2015). Hybrid proline-rich proteins (HyPRPs) comprise an N-terminal hydrophobic signal peptide and two different domains: a repetitive proline-rich domain (PRD) in the N-terminus and a C-terminal 8-cysteine motif (8CM) domain. The conserved amino acid sequences from tomato HyPRP1 retrieval from an alignment with its homologs in various plant species (Yeom et al., 2012) are cell-wall glycoproteins enriched with proline and are also known to function as cell-wall structural proteins. In addition, HyPRP1 is a crucial gene of PRP and 8CM protein families that might play a critical role in multiple stress responses in tomatoes (Li et al., 2016). HyPRP1 was shown to have diverse functions for stress responses of different plant species. HyPRP1 functioned as a cell death positive regulator and a negative regulator of biotic stress defense in pepper (Capsicum annuum) and tobacco (Nicotiana benthamiana) (Yeom et al., 2012). In contrast, a report on cotton indicated that GbHyPRP1 plays a negative role in controlling cotton resistance to the vascular wilt disease caused by V. dahlia. The RNAi-mediated GbHyPRP1 silencing lines showed thicker and composition-altered cell walls and enhanced reactive oxygen species (ROS) accumulation, possibly resulting in enhanced cotton resistance to V. dahlia (Yang et al., 2018). Moreover, overexpression of a pigeon pea HyPRP (CcHyPRP) gene induced abiotic stress tolerance in yeast, Arabidopsis (Priyanka et al., 2010), and rice (Mellacheruvu et al., 2016). In tomatoes, SlHyPRP1 was shown to be negatively involved in multi-stress responses. RNAi-mediated SlHyPRP1 silencing resulted in enhanced stress (oxidative stress, dehydration, and salinity) tolerance without phenotypic alteration (Li et al., 2016).

In a previous report, we generated precisely edited alleles that included eliminating either the PRD or 8CM domains of the tomato HyPRP1 protein and completely deleting the domains (Tran et al., 2020). We showed that several alleles carrying PRD or 8CM or without PRD-8CM domains generated by multiplexed CRISPR-Cas9-based GE tools in two local tomato varieties conferred salinity tolerance. In this study, we report data showing multiple stress tolerance enabled by the SlHyPRP1-edited lines in extensive tests using biotic and abiotic stresses. Our data reveal the importance of HyPRP1 editing in breeding multiple stress-tolerant crops.





Results




Preparation of homozygous seeds carrying the SlHyPRP1-edited alleles

In our previous work (Tran et al., 2020), we used the multiplexed CRISPR-Cas9 approach to generate different truncated versions of SlHyPRP1 without either the domain or both (Figures S1, S2). Our data revealed the critical role of PRD as a negative regulator in salinity response. This study was designed to further characterize the precisely edited alleles (Supplementary Table S1) in response to other biotic and abiotic stresses for examining alleles that can confer multiple-stress tolerance. To do that, we harvested seeds of the lines that show homozygosity of the edited alleles. The inheritance of these edited alleles of HK and 15T01 cultivars in the next generation as homozygous genotypes was first validated (Supplementary Figures S3, S4), and the seeds of several plants among them were subsequently subjected to stress tolerance assessment.





SlHyPRP1-edited lines exhibited heat stress tolerance




PRD and complete KO lines exhibit heat stress tolerance in the HK variety

Heat stress causes the suppression of photosynthesis, leading to growth defects and reduced productivity (Fahad et al., 2017). Thus, the heat-tolerant trait is in great demand in crop plants. We initially treated the HyPRP-allele-carrying plants with high-temperature conditions as described by Yu et al. (2019) with minor modifications. We found that the lines carrying alleles missing either the 8CM (PR1) or PRD (PR2v2) domain exhibited moderate heat tolerance, while the KO (PR3v1 and PR3v4) lines exhibited strong heat tolerance (Figure 1A, Supplementary Figure S5). The PR1 line appeared tolerant to the treatment. However, the other treatments could not repeat the responses (Supplementary Figure S5), indicating that its associated allele could not be strong enough to provide a durable heat tolerance.




Figure 1 | Heat stress tolerance exhibited by the SlHyPRP1 precisely edited HK lines. (A) Plants before treatment and at 30 days post-recovery. Six-week-old seedlings were subjected to high-temperature conditions for 6 days (3 days at 42°C and then 3 days at 45°C) under 16 h light/8 h dark in the growth chamber. They were then moved to 25°C (16 h light/8 h dark) conditions for recovery. Photographs were taken at 1-month post-recovery. The names of plants/lines are denoted at the bottom of each panel. Scale bars: 2 cm. (B) Box plots showing relative transcript levels of SlHSP70 and SlHSFA1a of the heat-treated plants quantified by qRT-PCRs. Leaf tissues of the plants were collected at 0, 24, 48, and 72 h of heat treatment. Data were collected from six biological replicates. The multiple comparisons and illustrations of the relative expression levels were described in the Materials and methods section. The p-value is shown on the top of the compared boxes. The error bars indicate ± SEM. WT: wild-type HK cultivar; WT-like: segregated WT siblings of the edited plants; PR1: precise edited event PR1; PR1v1: PR1 variant; PR2v2: variant 2 of precise edited event PR2; PR2v3: variant 3 of precise edited event PR2; PR3v1: variant 1 of precise edited event PR3; PR3v4: variant 4 of precise edited event PR3.



Several genes (HSP70 and HSFA1a) commonly known to be involved in heat responses were analyzed at the transcriptional level from the heat-treated plants. HSP70 was shown to be one of the critical molecular chaperones in plants that help to maintain and restore protein homeostasis, which is necessary for plant survival under heat stress (Hahn et al., 2011), and HSFA1a is a marker for thermotolerance (Liu et al., 2013). Although the SlHSP70 relative expression level of precise PRD removal variant (PR1) and knockout (PR3v1) lines are significantly higher than that in WT before treatment, they are not very different during heat treatment (Figure 1B). Post-heat treatment, the SlHSP70 and SlHSFA1a relative expression levels are also not significantly different among the edited lines and WT, except the PR2v3 line that showed higher levels of SlHSP70 mRNAs at 24 h (p-value = 0.0326) and 72 h (p = 0.0229), respectively (Figure 1B). These data indicate that most of the edited alleles do not directly affect the transcription of the SlHSP70 and SlHSFA1a genes. In the case of the line PR2v3, enhancing SlHSFA1a mRNA levels at 24 h and 72 h might not be sufficient to elaborate its heat tolerance.

In addition, we also evaluate transcript levels of a ROS-scavenging enzyme (SlZn/CuSOD) during the heat treatments. Unexpectedly, there is no significant difference in the transcription of SlZn/CuSOD between all edited lines and the WT and WT-like controls before and after 72 h heat treatment (Supplementary Figure S6). Furthermore, ROS accumulation, including singlet oxygen ( ) and hydrogen peroxide (H2O2), detected using NBT and DAB staining in tomato leaves, respectively, was moderately reduced in most edited lines after heat treatment. In contrast, the ROS levels were enhanced in the WT and WT-like controls (Supplementary Figure S7). These data indicate that heat tolerance was partially achieved by the enhanced expression of SlHSP70 before heat treatment and efficient ROS scavenging in the edited plants during heat treatment (Supplementary Figure S7).





Complete KO lines of the 15T01 variety tolerated heat stress

To further determine whether the edited SlHyPRP1 lines obtained with the 15T01 variety also enhanced heat tolerance, 5-week-old plants (15T01 cultivar) of edited lines consisting of one precise PRD removal (PR1) and three knockout (PR3v3, PR3v6, and PR3v7) lines (Supplementary Table S1, Figure S4) were subjected to a shorter period of 42°C incubation for only 16 h. Accordingly, sampling for qRT-PCRs was done at 0, 1, 8, and 16 h. After 2-week recovery, lines (PR3v3 and PR3v7) carrying KO alleles exhibited significantly higher recovery rates than the WT control, indicating that they were heat-tolerant. In contrast, PR1 and PR3v6 lines are more heat-sensitive (Figure 2, Supplementary Figure S8). Again, in the 15T01 genetic background, the plants missing the PRD domain (PR1) showed similar heat responses to that of the HK. Unfortunately, we could not obtain the 8CM removal allele with the 15T01 variety and, hence, cannot conclude the role of that allele in the 15T01 background. These data also suggest that the milder heat treatment may be better for assessing the heat tolerance levels of the edited lines.




Figure 2 | Heat stress tolerance exhibited by the edited 15T01 lines. (A) Plants before treatment and at 30 days post-recovery. Five-week-old seedlings were subjected to a 42°C (16 h light/8 h dark) chamber for 16 h and then moved to 25°C (16 h light/8 h dark) in the culture room. Photographs were taken before treatment and at 2 weeks post-recovery. The name of plants/lines are denoted at the bottom of each panel. The horizontal lines indicate plants from the same, edited lines. Scale bars: 2 cm. (B) The growth rate represented by the stem volume of the edited lines was recorded at 7, 14, and 21 days post-recovery compared to the parental plants under heat stress. Data were collected in nine biological replicates. Statistical analysis is detailed in the method. The p-value is shown on the top of the compared boxes. The error bars are ± SEM. 15T01WT: wild-type 15T01 cultivar, PR1: precise edited event PR1, PR3v3: variant 3 of precise edited event PR3, PR3v6: variant 6 of precise edited event PR3, PR3v7: variant 6 of precise edited event PR3.



Similarly, SlHSP70 and SlHSFA1a transcript levels were also analyzed in these experiments. Before treatment, both SlHSP70 and SlHSFA1a relative expression levels of all edited lines and WT were similar (Figure 3A). However, the SlHSP70 relative expression in PR3v3 is significantly enhanced compared to that of WT at 1- and 16-h heat treatment (Figure 3A). The higher transcript levels seem to be also produced at 8 h (p ~ 0.07) but not significant as the variation was high among the replicates. This means the level of the SlHSP70 transcript was the highest at 1 h and reduced with time and still significantly higher compared to WT until 16 h after heat treatment. The transcript levels of SlHSFA1a of all edited lines and WT were not significantly different throughout the treatment (Figure 3A).




Figure 3 | Relative expression of genes related to heat stress responses. (A) Relative transcript levels of SlHSP70 and SlHSFA1a of the heat-treated 15T01 lines quantified by qRT-PCRs. (B) The relative transcript levels of SlCAT1 of the heat-treated 15T01 lines were quantified by qRT-PCRs. (C) Effects of the 15T01-based SlHyPRP1 edited lines on ROS production (NBT and DAB staining) under heat stress. Leaves of the heat-treated plants were collected before and after 16 h of the heat treatment and stained by the ROS-specific dyes. The top panel of each staining type represents leaves grown at 25°C before heat treatment, and the bottom panel represents leaves of the same plants treated at 42°C for 16 h. In (A, B), leaf tissues of the plants were collected at 0, 1, 8, and 16 h of heat treatment. Data were collected from nine biological replicates. Statistical analysis of the data and plotting follows the method description. The p-value is shown on the top of the compared boxes. 15T01WT: wild-type 15T01 cultivar, PR1: precise edited event PR1, PR3v3: variant 3 of precise edited event PR3, PR3v6: variant 6 of precise edited event PR3, PR3v7: variant 6 of precise edited event PR3. Scale bars: 1 cm.



Further assessment of the transcript levels of SlCu/ZnSOD and SlCAT1 before and during heat treatment also revealed no clear correlation between the transcriptional levels of the genes and heat responses except for the transcript of the SlCAT1 in the PR3v3 line (Figure 3B). The accumulation rates of H2O2 and   under heat stress in the tested plants were also revealed by NBT and DAB staining. The NBT data show similar accumulation rates of H2O2 among the tested plants. However, the DAB data exhibited a stronger ROS-scavenging activity in the edited lines than in the WT control (Figure 3C, Supplementary Figure S9).

These results indicated that the SlHyPRP1 knockout allele-carrying lines exhibited heat tolerance in both tomato varieties [Hongkwang (HK) and 15T01], although the tolerance might not strongly correlate with the transcriptional expression of the heat stress-responsive genes SlHSP70 and SlHSFA1a during stress treatments. The 15T01 KO line PR3v6 that did not show heat tolerance might be because of the extra a.a. at the C-terminal of the protein that negatively affects the heat responses of the line (Supplementary Figure S2).






Drought stress-tolerant performance of domain KO lines




The 8CM removal lines showed better germination under osmotic stress

The assessment of osmotic stress responses was conducted following Li and coworkers’ protocol with a minor modification (Li et al., 2016). The seeds of six edited lines (PR1, PR1v1, PR2v2, PR2v3, PR3v1, and PR3v4) from the HK variety were sowed on ½ MS medium with and without 200 mM of mannitol. Twelve days after seed sowing, the seeds of the 8CM removal lines (PR2v2 and PR2v3) germinated better than WT control seeds on the medium containing 200 mM of mannitol in stem and root length; meanwhile, there was a significantly lower germination rate in that of KO lines (PR3v1 and PR3v4) and the PRD removal line (PR1) (Supplementary Figures S10, S11). Moreover, although the PR1v1 line carrying the 8CM variant allele exhibited significantly lower biomass and stem length than WT, the edited plants showed much more root elongation than WT and the others (Supplementary Figures S10, S11).





The PRD removal line exhibited enhanced drought tolerance at the vegetative growth stage

To assess the edited lines’ ability to tolerate drought conditions, the plants were subjected to water cutoff for 5 days and recovered for 1 week. Only the PR1v1 (PRD removal variant) line was not wilted after drought exposure (Supplementary Figure S12). The PR2v3 plants appeared partially wilted. However, no significant variation in the recovery rate and the other growth parameters was observed between the edited lines and WT (Supplementary Figures S12, S13). The accumulation of ROS was also not different among most of the tested lines, except PR1v1 and PR2v3, with a slight reduction post-treatment (Supplementary Figure S14).






Expression of defense marker genes in SlHyPRP1-edited plants

The defense-related genes, NbPR1a, NbPR2, and NbSAR8.2, were downregulated in Nicotiana benthamiana (N. benthamiana) overexpressing pepper CaHyPRP1 or were upregulated in N. benthamiana silencing NbHyPRP1 (Yeom et al., 2012). Like NbHyPRP1-silenced plants, expression levels of salicylic acid (SA) marker genes, SlPR1 and SlPR2, were increased in overall SlHyPRP1-edited plants compared to wild-type HK (Figure 4). TomLoxD is involved in jasmonic acid (JA) biosynthesis (Hu et al., 2015). AtMYC2, a basic helix-loop-helix transcription factor, plays an important regulatory role in the MYC2 branch of the JA pathway (Dombrecht et al., 2007; Verhage et al., 2011). As shown in Figure 4, TomLoxD and SlMYC2 were upregulated in overall SlHyPRP1-edited plants, suggesting that both SA- and JA-dependent defense are upregulated in untreated SlHyPRP1-edited lines.




Figure 4 | Expression of defense marker genes in HK-based SlHyPRP1 edited lines. Relative mRNA expression of SA- and JA-related genes. The genes used for gene expression analysis refer to SlPR1 (Solyc09g007010.1), SlPR2 (Solyc01g008620.2), TomLoxD (Solyc03g122340.2), and SlMYC2 (Solyc08g076930). Gene expression levels of each gene were normalized with SlGAPDH (Solyc04g009030.2) and SlACT (Solyc04g011500.3.1) as an internal control. Gene expression was repeated once, respectively, with similar results. Error bars indicate standard deviation. The t-test was conducted for comparison (*p< 0.05, **p< 0.01).







Enhanced resistance to Pto DC3000 in the SlHyPRP1-edited HK

Silencing HyPRP1 in cotton enhanced resistance to Verticillium dahlia, a hemibiotrophic fungal pathogen (Yang et al., 2018). The increased susceptibility to virulent Pseudomonas syringae pv. tabaci is observed in N. benthamiana overexpressing pepper CaHyPRP1, but the disease development was the opposite in CaHyPRP1-silenced N. benthamiana (Yeom et al., 2012). To test whether the level of resistance to (hemi-) biotrophic virulent bacteria is altered in SlHyPRP1-edited lines, we challenged 6-week-old HK, PR1, PR1v1, PR2v, PR3v1, and PR3v4 with Pto DC3000 by partial dipping method. Interestingly, the growth of Pto DC3000 in PR1, PR2v2, and PR2v3 lines was significantly 10-fold reduced than that in wild type and bacterial growth in PR1v1, PR3v1, and PR3v4 was approximately twofold reduced than that in wild type on average (Figure 5). These results suggest that increased SA-pathway defense genes in SlHyPRP1-edited plants lead to resistance to the (hemi-) biotrophic pathogen Pto DC3000. Therefore, SlHyPRP1 negatively regulates the immune response against the (hemi-) biotrophic pathogen Pto DC3000, and the function of this protein is conserved in crops.




Figure 5 | Plant response to Pseudomonas syringae pv. tomato DC3000 in HK-based SlHyPRP1 edited lines. (A) Disease symptoms of parental HK, PR1, PR1v1-1, PR2v2-1, PR2v3-1, PR3v1-1, and PR3v4-1 dip-inoculated with Pto DC3000. Disease symptoms were evaluated at 3 DPI. (B) In planta, bacterial growth was measured in SlHyPRP1-edited plant lines 3 days after inoculation with Pto DC3000 at a 1 × 108 cfu/ml density. Values represent averages of cfu/cm2 leaf tissue from three replicas, and error bars denote standard deviation. Asterisks indicate that the growth of Pto DC3000 was statistically different between HK and PR1-2, PR2v2-1, and PR2v3-1 mutants (t-test,*p< 0.01). This experiment was performed twice with similar results.







Enhanced susceptibility to the necrotrophic fungal pathogens Fusarium oxysporum f. sp. lycopersici in the SlHyPRP1 precisely edited HK and 15T01 lines

To identify the role of HyPRP1 in Fusarium oxysporum f. sp. lycopersici (FOL)–plant interaction, the tomato wild-type cultivar HK and 15T01, and SlHyPRP1-edited lines (PR1, PR2, and PR3) were plug-inoculated with FOL. Six days after plug inoculation with FOL, overall SlHyPRP1-edited variants displayed increased disease symptoms compared to wild-type HK (Figure 6A). Lesion size in the SlHyPRP1-edited variants was more than two times larger than in wild-type HK (Figure 6B). Trypan blue staining of the inoculated leaves revealed that fungal hyphae were intensively developed in SlHyPRP1-edited variants (Figure 6C). To test the cultivar-dependent role of HyPRP1 to necrotroph, 15T01 cultivar background SlHyPRP1-edited variants (PR1-3, PR3v3-2, PR3v3-3, and PR3v6) were analyzed for the response to FOL. Consistent with the results in SlHyPRP1-edited HK, severe symptoms, such as enhanced chlorosis, highly extended fungal hyphae, and larger lesion size, were observed in SlHyPRP1-edited 15T01 variants (Figures 6D–F). Together, these results suggest that SlHyPRP1-edited variants increased susceptibility to FOL in at least two different tomato cultivars, and SlHyPRP1 plays a positive role in regulating the plant defense against necrotrophic fungal pathogens.




Figure 6 | Plant response to Fusarium oxysporum f. sp. lycopersici in HK- and 15T01-based SlHyPRP1 edited lines. Disease development was evaluated 6 days after FOL inoculation in HK-based (A–C) and 15T01-based (D–F) SlHyPRP1 edited lines. (A, D) Detached leaves from 6-week-old wild-type plants and SlHyPRP1 edited mutants grown in a 16-h light/8-h dark long-day photoperiod were inoculated with small plugs of FOL. Photographs were taken at 6 DPI. (B, E) Trypan blue staining in FOL-inoculated SlHyPRP1 lines. (C, F) Lesion size at 6 DPI in SlHyPRP1 edited lines. The experiment was repeated more than twice with similar results. The statistical analysis was performed using the t-test (*p< 0.02).








Discussion




Edited lines carrying variant alleles expressed heat stress tolerance

The unforeseeable climate changes, such as those generating heat waves throughout the world this summer, have been posing risks to global food production and, thus, the sustainability of agriculture (Shekhawat et al., 2022). Heat stress is becoming a critical target for crop improvement. In this study, we examine the heat stress tolerance of genome-edited lines carrying a different arrangement of SlHyPRP1 domains that were previously shown to tolerate saline treatments in germination and vegetative growth stages (Tran et al., 2020).

The reduced transcription of SlHyPRP1 during heat treatment may implicate that it plays a negative role in heat stress responses (Li et al., 2016). Therefore, we expect some of the SlHyPRP1-edited alleles to exhibit heat tolerance. Interestingly, all the heat-tolerated lines do not carry a functional 8CM motif, indicating that it negatively affects the heat responses of the tomato (Figures 1, 2). The 8CM domain was shown to mediate induced plant cell death in pepper and tobacco (Yeom et al., 2012). As the domain is highly conserved in plants (Li et al., 2016), the enhanced heat tolerance in the 8CM removal and KO lines might be due to reduced sensitivity to cell death. Moreover, it would be interesting to analyze the interaction between the domains and the regulated transcription factors associated with them. However, the prospective work may reach beyond the scope of this study.

HSP and HSFA1 proteins are the master regulator of heat responses (Hahn et al., 2011; Liu et al., 2013) and strictly control each other to activate a cascade of heat-inducible genes (Ohama et al., 2016; Tiwari et al., 2020). We selected SlHSP70 and SlHSFA1a as the marker genes for heat stress response analysis according to previous publications showing the relationships of heat-tolerant SlMAPK3-knocked out lines also generated by CRISPR-Cas9 (Yu et al., 2019) and the characterization of functional domains of CaHyPRP1 by Yeom and coworkers in 2012 (Yeom et al., 2012). Furthermore, HSP70 is one of the critical molecular chaperones in plants that help to maintain and restore protein homeostasis, which is necessary for plant survival under heat stress (Hahn et al., 2011). HSFA1a is an essential regulator for heat stress-induced gene expression and thermotolerance (Liu et al., 2013); however, its transcription is not heat stress-inducible and is accompanied by the HS-inducible HSF2 and HSFB1 (Lyck et al., 1997). In Arabidopsis, there is redundancy in functions among several HSFA1 proteins, including HSFA1a, HSFA1b, and HSFA1d (Hahn et al., 2011). Therefore, it is explainable that there was a very weak correlation between the activation of SlHSP70 and SlHSFA1a in the heat-tolerant edited lines. It is also possible that there are significant cross-talks between the SlHyPRP1 domains with heat-inducible proteins from the downstream of the SlHSP70 and SlHSFA1a cascade, such as HSP101/HSFA2, HSP100, HSFBs, DREB2A, and HSC70 (Ohama et al., 2017; Tiwari et al., 2020). Thus, deeper in silico analysis to identify heat-related marker genes and assess their transcript levels is required in further works to understand the underlying mechanism behind heat tolerance in the edited lines.

Heat stress often induces the overproduction of ROS. High ROS production in plant tissues can result in oxidative damage, affecting cell activity (Hasanuzzaman et al., 2014). Antioxidant enzymes, including SOD and CAT1, are crucial in ROS detoxification and may participate in thermal stress adaptation. Their strengths positively correlate with plant acquisition of heat tolerance (Tutar et al., 2017; Esposito et al., 2018). Therefore, we also evaluate Cu/ZnSOD transcript levels in edited lines of HK cultivar during the heat stress of this experiment but revealed a non-significant difference in all edited lines compared with WT before and after 72 h heat treatment (Supplementary Figure S6), possibly due to a very long sampling period. However, shorter data points in 15T01 background also revealed similar data on the transcript levels of the heat stress regulators and the ROS-scavenging genes, indicating the consistency of mechanism relating to HyPRP1-mediated heat responses in the background. Further works can be investigated to reveal the transcription of other ROS-scavenging markers, such as ascorbate peroxidase (APX) or peroxidase (POD) (Ohama et al., 2017; Yu et al., 2019), which might act redundantly in the edited lines.





Edited lines carrying variant alleles expressed drought stress tolerance

The drought stress response is another factor that negatively impacts crop yield (Farooq et al., 2009; Farooqi et al., 2020; Seleiman et al., 2021). Osmosis stress is a good marker for drought and salinity. Previously, we demonstrated that some of the SlHyPRP1-edited lines were salt-tolerant. In this study, the 8CM-deleted SlHyPRP1 allele-carrying plants grew better than WT in the osmosis conditions during the germination stage. In contrast, the PRD-deleted lines negatively affected the edited plants, indicating that either the polypeptides containing only the PRD domain and the signal peptide positively affect the osmotic tolerance of the plants, or the 8CM motif alone negatively affects the process. The PRD alone, when translocated to the plasma membrane zone, might positively enhance the osmosis stress responses. However, the data revealed from the drought treatment indicates different impacts of the edited alleles in the vegetative growth stage. Our data are quite different from the report of the RNAi-mediated SlHyPRP1 silencing approach (Li et al., 2016), possibly because of either the incomplete silencing of HyPRP1 or multiplicative silencing of homologous genes in RNAi lines. More work should be performed to understand the specific mechanism in regulating osmosis and drought responses by the SlHyPRP1 domains.





Edited lines carrying variant alleles oppositely regulated resistance to biotrophic and necrotrophic pathogens

SlHyPRP1-edited plants showed enhanced stress tolerance against salinity, high temperature, and osmosis/drought in previous and current studies. To identify the role of SlHyPRP1 in the plant resistance to pathogens, we applied two types of plant pathogens into SlHyPRP1-edited plants: Pto DC3000, a hemibiotrophic pathogenic bacterium, and FOL, a necrotrophic pathogenic fungus. First, bacterial growth levels of Pto DC3000 were lower in SlHyPRP1-edited plants than in wild-type plants (Figure 5). Second, two different cultivar background SlHyPRP1-edited plants are more susceptible to a necrotrophic fungal pathogen FOL than wild-type plants (Figure 6). Third, the basal expression levels of the SA-related and JA-related defense marker genes were upregulated in overall SlHyPRP1-edited plants (Figure 4).

The HyPRP family from different plant species has been known to respond to abiotic stresses, plant pathogens, and plant hormones (Huang et al., 2011; Yeom et al., 2012; Neto et al., 2013; Tan et al., 2013; Li et al., 2016; Yang et al., 2018; Banday et al., 2022). Plant resistance against biotrophic pathogens, which feed on living plant cells, is mediated by the SA signaling pathway, while resistance to necrotrophic pathogens, which kill host cells and utilize nutrients for their growth, is dependent on the JA and/or the ethylene signaling pathway (Glazebrook, 2005). The expression of pGbHyPRP1-GUS was increased in response to JA and ethylene but decreased by applying SA (Yang et al., 2018). Downregulation of cotton HyPRP1 revealed increased resistance against a hemibiotrophic fungal pathogen, V. dahlia, and overexpression of cotton HyPRP1 in Arabidopsis was more susceptible to it (Yang et al., 2018). The silencing of HyPRP1 in N. benthamiana resulted in increased resistance to P. syringae pv. tabacci and upregulated expression of SA-related defense marker genes, NbPR1a, NbPR2, and NbSAR8.2 (Yeom et al., 2012). Consistent with these reports, CRISPR-induced mutation in SlHyPRP1 elevated SA marker genes and conferred resistance to Pto DC3000 (Figure 5).

Oppositely, some PRPs and cell-wall proteins are involved in resistance to necrotrophic fungal pathogens. Recombinant protein of JsPRP1 (Juglans sigillata Dode PRP) conferred in vitro antifungal activity to Colletotrichum gloeosporioides, and JsPRP1 transgenic tobacco plants increased tolerance to C. gloeosporioides (Liu et al., 2018). In addition, the recombinant protein of EARLI1, one of the Arabidopsis HyPRP, inhibited the growth of fungal pathogens, necrotroph B. cinerea and F. oxysporum (Li et al., 2012). In Arabidopsis, overexpression of the extracellular plant proteins, polygalacturonase-inhibiting proteins (PGIP1 and PGIP2) that counteract with cell wall-degrading enzyme polygalacturonase secreted from fungi, led to enhanced resistance to B. cinerea (Ferrari et al., 2003). These results and our findings demonstrate that some HyPRP positively regulates plant response to a necrotrophic fungal pathogen (Figure 6). However, the role of SlHyPRP1 in interaction with necrotrophic fungal pathogen is unclear. Measurement of JA or expression of JA-responsive genes during necrotrophic fungal pathogen infection in SlHyPRP1-edited alleles will be of particular interest.

SlHyPRP1-edited plants revealed an opposite immune response against a hemibiotrophic bacterial pathogen and a necrotrophic fungal pathogen (Figures 5, 6). Mutations in genes such as BOTRYTIS-INDUCED KINASE1 (BIK1), Botrytis Susceptible 1 (BOS1), and SUPPRESSOR OF rps4-RLD1 (SRFR1) had an opposite phenotype against biotrophic and necrotrophic pathogens (Mengiste et al., 2003; Veronese et al., 2005; Son et al., 2021). Additionally, SA accumulation was increased in Arabidopsis atbik1 mutant (Veronese et al., 2005). The SA marker genes were upregulated in atsrfr1 and slsrfr1 mutants similar to SlHyPRP1-edited plants (Nguyen et al., 2016; Son et al., 2021). Therefore, enhanced resistance in SlHyPRP1-edited plants to hemibiotrophic Pto DC3000 likely results from the upregulation of SA pathways, which, in turn, suppress JA pathways to confer susceptibility to necrotrophic FOL. However, the function of SlHyPRP1 in SA-mediated defense is not validated. Accordingly, investigation of endogenous level of SA in SlHyPRP1-edited lines is further required. Consequently, precise GE mediated by the CRISPR-Cas system would have important implications for crop breeding and genetic engineering efforts to improve tolerance to abiotic stresses and pathogens.






Conclusions

CRISPR-Cas-based targeted mutagenesis is a revolutionary crop improvement technique that could help meet food production demand. The CRISPR-Cas technology is being engineered with negative stress response regulators to obtain improved crops capable of dealing with changes in growing conditions. The CRISPR-Cas9 was successfully applied in our previous study to obtain precisely edited alleles and their variants of the target gene, HyPRP1, a negative regulator of multi-stress responses. In this study, multi-stress-tolerant tomato plants have been successfully demonstrated. It is important to note that careful design in multi-domain gene editing is required to obtain the best result of CRISPR-driven breeding. New strategies considering domain activities after GE rather than producing a perfect loss of gene function could provide a broad spectrum of edited traits (Supplementary Table S2).

Overall, this study demonstrated that the CRISPR-Cas9 system is a powerful technology to edit multiple target sites in a single gene and generate precise GE in both the tomato genetic backgrounds (HK and 15T01), resulting in multi-stress tolerance. This can be easily extended to a broader range of crops for creating expected multiple traits pyramiding with elite alleles that function for stress-tolerant, high-quality, and high-yield crops.





Materials and methods




Heat test tolerance assay

The heat test protocol followed that of Yu et al. (2019) with minor modifications (Yu et al., 2019). Briefly, seedlings of similar size were selected to evaluate the heat stress tolerance of edited lines compared with WT and transformed WT-like plants. Six-week-old seedlings of Genome Editing Generation 3 (GE3)- and GE4-edited lines with WT and WT-like HK were tested at high temperatures for 9 days (3 days at 42°C and then 6 days at 45°C) in replicate #1; 6 days at 45°C in replicate #2; and 6 days (3 days at 42°C and then 3 days at 45°C) in replicate #3. Five-week-old seedlings of GE1- and GE2-edited lines with WT of 15T01 cultivar were placed at 42°C/42°C (day/night) in the growth chamber for 16 h. Young leaves from six stress-treated plants were collected at each time point (0, 1, 8, and 16 h for the 15T01 cultivar; 0, 24, 48, and 72 h for the HK cultivar) after heat treatment and flash-frozen in liquid nitrogen. All the experiments were conducted under 16-h light/8-h dark photoperiods, and then plants were moved to 25°C (16-h light/8-h dark) conditions for recovery in 1 month. Data were collected in triplicate during the testing and recovery stages after heat treatment.





Drought test tolerance assay




Drought stress tolerance in the germination stage

Homozygous edited lines and WT HK and WT-like seeds were sterilized and grown on ½ MSO medium for 4 days [3 days in the dark and 1 day in the light (16-h light and 8-h dark photoperiods)]. The germinated seeds on the fourth day were transferred into ½ MSO medium supplemented with different concentrations of mannitol consisting of 0 and 200 mM, pH 5.7. The fresh weight, stem length, and root length data were recorded on the 12th day after being subjected to mannitol.






Drought stress tolerance in the growth stage

Drought stress treatment was carried out according to Wang et al. (2017a) with minor modifications. Briefly, the seedlings of the same size were selected to evaluate the drought stress tolerance of edited lines compared with WT. The 6-week-old plants did not receive water for five consecutive days in the culture room under the same conditions and then were re-watered and photographed for a 1-week recovery. Young leaves from stress-treated plants were collected before and 5 days after removing water for RNA extraction. Retained water in soil, leaves, and plants was recorded on the fifth day after watering was stopped. Ten leaves of each plant, all the plants with roots, and soil were collected and recorded. The initial fresh weights were kept in a dry oven (60°C) for 24 h. Three biological replicates were conducted, and data were analyzed and collected during testing and when water supply was discontinued for drought stress treatment.





Histochemical detection of singlet oxygen O2- radical and hydroperoxide H2O2

Singlet oxygen O2− radical and H2O2 levels were revealed by NBT and DAB stainings, according to Ijaz et al. (2017). Briefly, fully expanded leaves on the second compound leaves were collected at 0 h before stress treatment and 72 h after heat treatment for the HK cultivar, 16 h after heat treatment for the 15T01 cultivar, and 5 days after drought treatment. The leaves were soaked in 1 mg/L NBT [using 50 mM sodium phosphate buffer (pH 7.5); the mixture of 16 ml of 1 M sodium phosphate monobasic (NaH2PO4) and 84 ml of 1 M sodium phosphate dibasic (Na2HPO4) solutions and 2 L volume was made using distilled water, and then adjusted to pH 7.5] and 1 mg/L DAB (pH 3.8) solution. After staining, the leaves were put in 95% ethanol and changed to ethanol 95% 1 and 2 days later until chlorophyll was removed entirely. Photographs were taken any time after that, and fresh 95% ethanol could be used during the photo process to avoid dried samples.





Bacterial and fungal pathogenesis assay

The growth assay using Pseudomonas syringae pv. tomato (Pto) DC3000 was performed as previously described (Son et al., 2021). Pto DC3000 containing the pML123 empty vector was grown in selective Pseudomonas agar plates at 28°C. Bacterial cells were suspended in water with 0.01% silwet at 1 × 108 CFU/ml. The leaves in 6-week-old tomato were dipped into a suspension of bacteria for 1 min and then placed in a plastic bag with high humidity to promote the growth of the bacteria on the leaf surface. Two leaf discs with a cork borer (No. 5) were collected and ground in 400 μl of 10 mM MgCl2, and suspensions were plated in serial dilutions on a selective Pseudomonas agar media (four replicas) at 3 days after dip inoculation.

FOL was plug-inoculated on the detached leaves as performed (Son et al., 2021). FOL grown on potato dextrose (#254920, BD Difco, Franklin Lakes, USA) were made into little pieces with a cork borer (No. 1). Small plugs were put on detached tomato leaves. Tomato leaves placed on black trays were covered with plastic wrap and incubated at 25°C (16 h light/8 h dark) for 6 days.





Trypan blue staining

Trypan blue staining was conducted as previously reported (Fernández-Bautista et al., 2016; Son et al., 2021). Tomato tissues infected with FOL were cut and submerged into trypan blue solution (1:1:1 = lactic acid:phenol:glycerol with a final concentration of 10 mg/ml of trypan blue). Then, they were incubated with gentle shaking for 1 h. Trypan blue solution and chlorophyll were removed gradually with 99%, 70%, and 50% ethanol.





RNA isolation, RT-PCR and qRT-PCR procedure, and data analysis




In abiotic treatment assays

Sample preparation and qRT-PCRs followed MIQE guidelines (Bustin et al., 2009). Total RNA was extracted with a miniprep kit (cat. no. 74104, Qiagen, USA). Total RNA concentration was checked using NanoDrop 2000 (Thermo Scientific, Waltham, MA, USA). First, cDNA strands were synthesized from 1 µg of total RNA to reverse transcription using the QuantiTect Reverse Transcription Kit and protocol (cat. no. 205311, Qiagen) and then cDNA was used for RT-PCR and qRT-PCR with intercalating dyes (KAPA SYBR FAST Universal, cat. No. KK4601, Sigma, USA) to detect products. Forward and reverse primers used for RT-PCR were designed to flank the signal peptide (SP) and 3’UTR: 5’-CAGTCgaagacaaAATGATGGAGTTCTCTAAGATAACTT CA CTTCTT-3’ and 5’-AACAATTCCACAAAGCCAAA-3’, respectively. At least two pairs of all primers (Supplementary Table S3) were tested for each target gene/cDNA to evaluate their efficiencies, and primer pairs with ~100% efficiency were ultimately used for qRT-PCR. A similar assessment was also applied to the internal genes to normalize the amplicon levels. Thermocycling for qRT-PCR was conducted with the Illumina Eco Real-Time PCR System (Illumina, USA) as follows: (1) 95°C for 3 min, followed by 40 cycles from step 2 to step 4 at (2) 95°C for 8 s, (3) 60°C for the 30 s, (4) 95°C for 15 s, (5) 55°C for 15 s, and (6) 95°C for 15 s. Analyses of amplicon levels were performed using the delta-delta Cq method (Livak and Schmittgen, 2001) with the internal gene/transcript of SlPDS. They were plotted using GraphPad Prism 9.0 or Excel software (Microsoft, USA), and SlPDS was used for normalization. The analysis was conducted in three biological replicates for assessing transcription of tomato oxidative-related gene superoxide dismutase SlCu/ZnSOD (Solyc01g067740.2.1), catalase SlCAT1 (Solyc12g094620.1.1), and the expression of heat shock protein related to gene SlHSP70 (Solyc11g020040.1) and transcription factor gene SlHSFA1a (Solyc08g005170). All qRT-PCR primer sequences are listed in Supplementary Table S3.





Defense-related gene analysis

Total RNA was isolated using RiboEx (#301-001, GeneAll, Seoul, South Korea) following the manufacturer’s instructions. The genomic DNA among 2 μg of total RNA was eliminated with a TURBO DNA-free kit (#AM1907, Invitrogen, Carlsbad, USA). ReverTra Ace-α-™ cDNA synthesis kit (FSK-101F, Toyobo, Osaka, Japan) was used for the synthesis of 1st cDNA following the company’s instructions with reported primers (Mira et al., 2016; Wang et al., 2017b) (Supplementary Table S3). Individual gene expression was normalized by the housekeeping genes SlACT and SlGAPDH. The PCR reactions were carried out on the CFX384 system (BioRad, Hercules, USA) using the IQ SYBR Green (#BR1708880, BioRad, Hercules, USA). The thermocycling program was 95°C for 2 min, 40 cycles (95°C for 5 s), and 60°C for 15 s.






Statistical analysis

Heat and drought test tolerant data were recorded from 6 to 18 biological replicates of three technical replicates, and the qRT-PCR data were analyzed and plotted using GraphPad Prism 9.0 software. The multiple comparisons of the relative expression levels were performed using an uncorrected Fisher’s LSD test with a threshold of p< 0.05.





Agronomical trait assessment

Morphology, plant height, and stem diameter growth in stress tolerance tests were compared to WT and WT-like.
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Soft winter wheat has been adapted to the north-central, north-western, and south-central United States over hundreds of years for optimal yield, height, heading date, and pathogen and pest resistance. Environmental factors like weather affect abiotic traits such as pre-harvest sprouting resistance. However, pre-harvest sprouting has rarely been a target for breeding. Owing to changing weather patterns from climate change, pre-harvest sprouting resistance is needed to prevent significant crop losses not only in the United States, but worldwide. Twenty-two traits including age of breeding line as well as agronomic, flour quality, and pre-harvest sprouting traits were studied in a population of 188 lines representing genetic diversity over 200 years of soft winter wheat breeding. Some traits were correlated with one another by principal components analysis and Pearson’s correlations. A genome-wide association study using 1,978 markers uncovered a total of 102 regions encompassing 226 quantitative trait nucleotides. Twenty-six regions overlapped multiple traits with common significant markers. Many of these traits were also found to be correlated by Pearson’s correlation and principal components analyses. Most pre-harvest sprouting regions were not co-located with agronomic traits and thus useful for crop improvement against climate change without affecting crop performance. Six different genome-wide association statistical models (GLM, MLM, MLMM, FarmCPU, BLINK, and SUPER) were utilized to search for reasonable models to analyze soft winter wheat populations with increased markers and/or breeding lines going forward. Some flour quality and agronomic traits seem to have been selected over time, but not pre-harvest sprouting. It appears possible to select for pre-harvest sprouting resistance without impacting flour quality or the agronomic value of soft winter wheat.
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1 Introduction

Soft winter wheat has been improved primarily for agronomic traits such as yield, heading date (HD), plant height (Hght), and resistance to pathogens and pests for hundreds of years (Hedden, 2003; Cavanagh et al., 2013; Ward et al., 2019). However, other trait improvements could increase long-term product success, such as improved grain or flour quality traits and resistance to pre-harvest sprouting (PHS). This is a weather-dependent abiotic stress affecting quality and marketability of grains around the world (Patwa and Penning, 2020). Alleles to improve traits not selected in modern varieties may exist in older breeding lines and await discovery. Marker-assisted selection could be used to improve wheat varieties. However, with increases in population and food demand requiring doubling of production, quality improvement cannot come at the expense of agronomic traits (Ray et al., 2013).

PHS, measured as grain soundness, occurs throughout the world and can damage wheat, rice, barley, maize, sorghum, and rye leading to yield losses of 10%–50% and up to 30% reduction in sale value (Patwa and Penning, 2020). It has become more prevalent in Africa, Australia, Canada, China, Europe, India, Japan, and the United States from climate change (Singh et al., 2021). PHS is caused by complex physiological and biochemical mechanisms including seed dormancy, abscisic acid concentration and sensitivity, alpha amylase activity (AA), differential water imbibition due to seed coat and spike morphology, humidity, and temperature (King and Richards, 1984; DePauw and McCaig, 1991; Yanagisawa et al., 2005; Chono et al., 2006; Patwa and Penning, 2020). However, less is known about the genetics of PHS resistance needed to produce markers meaning that marker development is difficult. Current knowledge of the genetic factors affecting PHS is limited and includes signaling genes such as TaPHS1/MOTHER OF FLOWERING TIME (MFT), MAP KINASE KINASE 3 (MKK3), and VIVIPAROUS 1 (VP1); genes involved in abscisic acid synthesis and degradation like 9-cis-epoxycarotenoid dioxygenase (HvNCED1) and ABA 8’-hydroxylase (HvCYP707A1); and the mutant ENHANCED RESPONSE TO ABA8 (ERA8) in white spring wheat (Nakamura and Toyama, 2001; Chono et al., 2006; Nakamura et al., 2011; Lin et al., 2016; Martinez et al., 2016; Torada et al., 2016; Vetch et al., 2019).

Flour quality traits are used to describe the complex physical changes that occur during baking. The impact of these traits can differ depending on the baked product. Water absorption from damaged starch, measured by sodium carbonate solvent retention capacity (NaSRC), and arabinoxylans, measured by sucrose solvent retention capacity (SucSRC), can lead to brittle products that take longer to bake (Souza et al., 2012). Higher gluten strength as measured by lactic acid solvent retention capacity (LASRC) or adjusted lactic acid solvent retention capacity (LAAdSRC) binds water during leavening to better hold dough together (dough strength) and is useful for rising pound cake or biscuits (Wilderjans et al., 2008; Ma and Baik, 2018). Increased flour protein content (FlProt) also increases dough strength although lower protein is desired by the baking industry for most soft winter wheat baked products besides crackers (Deng et al., 2021). All above-mentioned solvent retention capacity (SRC) measurements interact to affect water absorption in flour measured by water absorption solvent retention capacity (WatSRC) (Souza et al., 2012). Water absorption along with flour yield (FlYld) and softness equivalence (SftEqv) can impact milling and baking performance as well. SftEqv, SucSRC, and WatSRC have been previously correlated with whole wheat cookie diameter (CkDia). Measurement of CkDia after baking of cookie dough made from flour of different wheat varieties but of the same weight and shape estimates cookie spread during baking. Texture measured by cookie top grade (CkTpGr) and consistent spread are important to the baking industry for uniform products (Souza et al., 2011).

Several previous studies have defined PHS resistance or flour quality traits on nearly every chromosome, but most are of small effect and used modern breeding lines (Gao et al., 2013; Cabral et al., 2014; Lin et al., 2016). PHS and flour quality traits have infrequently been bred into soft winter wheat due to labor, cost, and the need for time-consuming analyses. One study not only improved PHS resistance by breeding a variety related to Tom Thumb into a more modern variety but also affected height (Bhatt et al., 1977). With the advent of marker-assisted selection in plant breeding, providing reliable trait-improving markers could allow flour quality and PHS resistance improvement while maintaining agronomically important qualities.

To study the effects of many traits, a population encompassing diversity of breeding lines from the early 1800s to the early 2000s was developed based on previous milling and baking performance using a long-flow Allis-Chalmers milling system by the USDA-Agricultural Research Service Soft Wheat Quality Lab. Included varieties represent variation in important crop traits when grown in eastern North America and were available for study (Souza et al., 2012). The population displayed similar structure and more variation than a much larger modern elite set of breeding lines (Cabrera et al., 2014). One factor apparent in the population structure of the diversity breeding lines was age of the release (Cabrera et al., 2014). Few studies in soft winter wheat have investigated the impact of selective breeding to genetic changes in such a diverse set of traits available in this population. The selection of yield in elite breeding lines may have inadvertently reduced overall diversity of important but untested quality traits (Cabrera et al., 2014). Wide values for many diverse traits in this population allowed discovery of chromosome regions for improvement and overlap with other traits. A completed sequence and sets of markers in wheat allowed for the performance of a genome-wide association study (GWAS) for trait mapping (IWGSC, 2014). The GAPIT3 platform contains several GWAS models with slightly varied assumptions and regression models that could impact the association of significant markers with a phenotype (Wang and Zhang, 2021). The population size of 188 with 1,978 markers provided an opportunity to test how different GWAS models would perform in a real population of soft winter wheat rather than a simulated population without a burdensome amount of computation.

The goal of this research was to find regions of the genome that could provide resistance to PHS, an important abiotic threat to wheat crops. Also, this study sought to determine if resistance to PHS may overlap with other important flour quality or agronomic traits. This would indicate if breeding efforts over the past ~200 years impacted previously unmeasured PHS and flour quality traits in pursuit of other traits such as yield, pests, and disease resistance. With the pressures of an increasing population requiring more food of higher quality at a time when climate change can cause disruptions in the food supply, it has become more important to protect against abiotic stresses such as PHS without impacting agronomic traits or flour quality in wheat.




2 Materials and methods



2.1 Plant material

Sixty grams of seed per plot for each of the 188 members of the historic diversity population described in Souza et al. (2012) and available individually (https://www.ars-grin.gov or http://wheatpedigree.net) as listed in Supplemental File S1 were planted in 3 m × 3 m plots of six rows across a plot to achieve a full block of plants with 0.6-m alleys between each 3 m × 3 m plot at Schaffter, Snyder, and/or King farms at Ohio State University. Two sets of plots were grown each year, one for artificial irrigation of the field and one left in the field and harvested after a natural rain event. Fields were grown in successive years until at least 3 years of data could be obtained as not every year featured a natural rain event within the harvest window. Fields were tilled and pre-dressed with 28 kg/hectare of nitrogen prior to planting in October of each year. Nitrogen was reapplied at 101 kg/hectare in April of each year followed by 1 L/hectare of Huskie broadleaf herbicide. A border of >6 m of wheat or rye was used as a buffer.

For irrigated PHS tests, plots were treated in the field with overhead sprinklers simulating 2.5–5.0 cm of rain for 2 days (Irr). A second set of plots was left in the field until a natural rain event (Nat) occurred (Sneller et al., 2010). Each whole plot was harvested by a Wintersteiger Classic combine (www.wintersteiger.com). For the artificial spike wetting test (Art), ~30 spikes were hand harvested from the non-irrigated plot at maturity (no green on the spikes) in brown paper bags. Spikes were dried in the bag at ~29˚C for 5 days, and then placed upright ~2.5 cm apart in Styrofoam blocks by their stems and subjected to 95% humidity in a growth chamber with half sodium/half metal halide lights at 200–300 μmol m−2 s−1 and 20˚C for 16 h and no lights and 15˚C for eight h. Spikes were soaked with water from a spray bottle every 12 h. After 3 days, spikes were dried in the greenhouse for 1–2 days, hand threshed, placed in heavy manila envelopes, and stored at −20˚C. All collected seeds were cleaned of debris by blowing air to remove the lighter chaff. All PHS treatments were performed for 3–4 years (harvested 2018–2021 for Art, 2019–2021 for Irr, and 2018, 2019, and 2022 for Nat).




2.2 Chemical and physical tests

Grain and flour quality tests for FlProt, test weight (TstWt), WatSRC, NaSRC, SucSRC, LASRC, LAAdSRC, SftEqv, FlYld, CkDia, and CkTpGr were performed on sound grain (not exposed to PHS) and calculated as described previously (Souza et al., 2012; Cabrera et al., 2015). Briefly, FlProt was determined by near-infrared reflectance on a Unity Spectra-Star 2200 (Columbia, MD), TstWt was determined by weight of 1,000 grains, all five SRCs were determined by American Association of Cereal Chemists (AACC) method 56-11.02 (AACC, 2010a), CkDia and CkTpGr were determined by AACC method 10-52.02 (AACC, 2010b), and FlYld and SftEqv were determined based on milling grain tempered to 15% moisture through a modified Brabender Quadramat Junior flour mill (Cabrera et al., 2015).

HD was recorded visually walking the field daily and recording the first day 50% of wheat spikes had fully emerged from the boot jack. Values were calculated by assigning the first date a variety emerged as day 1 and adding the appropriate number of days for each variety that emerged afterward. Hght was recorded in centimeters at maturity, except the first year collected in inches and converted to centimeters.

Soft winter wheat has been primarily bred for improvement of traits such as yield, height, heading days, or pathogen and pest resistance over ~200 years. Other traits may have been altered because they were located near genes for selected traits. To observe if PHS or flour quality traits may have been impacted, a comparative measure for how long ago the variety was released by breeders was developed. If this measure co-located with PHS or flour quality traits, it would indicate their inadvertent selection, especially if they also co-locate with agronomic traits. Age of breeding line (Age) was calculated by subtracting the release year of the line from 2020. Awnless or bearded (Awns) and red or white seed color (SdClr) was determined by visual observation and accession reports.

PHS treatments were tested for grain soundness by Falling Number (FN) and AA tests. Threshed and cleaned seeds were ground in a UDY Mill model 3010-014 with a 1-mm screen (www.udyone.com). FN was measured using a Perten Falling Number machine 100 or 1000 (www.perkinelmer.com) in 20 ml of water with grams of ground seeds based on moisture content per manufacturer’s manual Table III (Perten Instruments AB, 2016). Moisture content was measured using AACC method 44-16.01 (1999). The paste was vortexed in a Perten Shakematic (www.perkinelmer.com) for 15 s before placing in the Falling Number machine following AACC method 56-81.03 (1992). Alpha amylase activity was calculated following AACC method 22-02.01 (2002) with an alpha amylase assay kit (Ceralpha Method) by Megazyme (www.megazyme.com) with the following modification. Instead of 7 g of ground seeds in 40 ml of extraction solution in 50-ml tubes, 0.3 g of ground seeds was extracted in 2 ml of extraction solution in a 48-well format (Corning #P-5ML-48-C, www.corning.com). Absorbance was determined colorimetrically in a 96-well plate format (Fisherbrand #21377203, www.fishersci.com) using a BioTek plate reader (www.biotek.com) at 405 nm. Activity was calculated using the manufacturer’s standard method for wheat (www.megazyme.com).




2.3 Genetics and statistical analysis

Multiple years or locations of trait data, three for irrigated alpha amylase activity (IrrAA), irrigated Falling Number (IrrFN), natural alpha amylase activity (NatAA), natural Falling Number (NatFN), TstWt, CkDia, and CkTpGr, and four for artificial alpha amylase activity (ArtAA), artificial Falling Number (ArtFN), FlProt, FlYld, HD, Hght, LAAdSRC, LASRC, NaSRC, SftEqv, SucSRC, and WatSRC were combined into Best Linear Unbiased Predictors (BLUP) using R version 4.0.4 and metafor package version 2.4-0 for samples using means and standard deviations calculated in Microsoft Excel (Viechtbauer, 2010; R Core Team, 2022). Histograms for the BLUP of each trait were plotted using the Histogram data analysis tool in Microsoft Excel and a Shapiro–Wilk normality test was performed using the R command shapiro.test(trait) (R Core Team, 2022).

Principal components analysis (PCA) was performed using pcaMethods version 1.78.0 from Bioconducter version 3.10.1 and factoextra version 1.0.7 in R version 3.6.3 necessary to run the combination of tools (Stacklies et al., 2007; Huber et al., 2015; Kassambara and Mundt, 2020; R Core Team, 2022). Microsoft Excel was used to graph combinations of principal components (PCs) 1, 2, and 3. Pearson’s correlation coefficients and their associated p-values were calculated using the rcorr command from the Hmisc library in R version 3.63, copied into comma delimited files using the write.csv command and merged into one table in Microsoft Excel.

A GWAS was performed with GAPIT3 (GitHub version on 10/14/22 from www.zzlab.net) under R version 4.0.4 running in RStudio version 4.2.1 using six models: general linear model (GLM), mixed linear model (MLM), multiple loci mixed model (MLMM), fixed and random model circulating probability unification (FarmCPU), Bayesian-information and linkage-disequilibrium iteratively nested keyway (BLINK), and settlement of MLM under progressively exclusive relationship (SUPER) to discover any differences model type might play in locating significant markers for different phenotypes in a soft winter wheat population (Wang et al., 2014a; Tang et al., 2016; Wang and Zhang, 2021; R Core Team, 2022; RStudio Team, 2022). The markers were derived from the 9K iSelect single-nucleotide polymorphism (SNP) array by removing markers that could not be uniquely mapped to a single chromosome using five recombinant inbred line populations with parents in the GWAS population (Cavanagh et al., 2013; Cabrera et al., 2015). In addition to the stacked Manhattan plots and quartile–quartile (QQ) plots generated by GAPIT3, significant results from GAPIT3 for each trait region were reported using Bonferroni significance cutoffs calculated using an alpha of 0.05 divided by the number of markers per chromosome (Wang and Zhang, 2021; Hill et al., 2022). Locations of significant quantitative trait nucleotides (QTNs) were visualized using chromPlot in R with R script in File S2 (Orostica and Verdugo, 2016; R Core Team, 2022).





3 Results



3.1 Statistical analysis

Alpha amylase activity calculated in three separate years for a subset of 20 samples had a linear correlation of 0.98, 0.95, and 0.93 between the standard and modified protocol (data not shown). Means, standard deviations, and number of samples for each trait are in File S1 and histograms of each trait by year and BLUP are in File S5. Shapiro–Wilk test statistics and p-values for normality of all traits are listed in Supplemental Table S1. Relatedness of 22 agronomic, flour quality (on sound grain), and PHS traits was measured by Pearson’s correlation and PCA combining years or locations using BLUPs. R scripts are in File S2. Pearson’s correlations with a p-value < 0.001 were considered significant. FN traits negatively correlated with AA traits. Seed color and all PHS-related tests were significantly correlated with each other. All but IrrAA were correlated with TstWt. Some PHS measures such as ArtFN appeared slightly correlated with flour quality traits including WatSRC, LASRC, LAAdSRC, and SucSRC or CkTpGr. Only ArtFN appeared correlated with HD or Hght. Age (years since release) was positively correlated with Hght, FlProt, and HD, and negatively correlated with CkDia, CkTpGr, and SftEqv. SdClr was positively correlated with TstWt and most SRC and negatively correlated with HD, Hght, CkTpGr, and CkDia. Awns were uncorrelated with other traits. Flour protein was positively correlated with Hght and most SRCs and negatively correlated with other flour quality traits while most SRCs were positively correlated with each other and negatively correlated with other flour quality traits with significant correlations (p-value <0.001) of −0.24 to 0.94 (Table 1).


Table 1 | Pearson’s correlations of 22 soft winter wheat traits with significance across top and right correlations with p-values <0.001 in bold.



The first three PCs of all traits represented 31%, 18%, and 12% of variation, respectively, and were considered significant based on a plot of Eigenvalues and cumulative variance (Supplemental Figure S1).

The trait contribution biplot of PC1 vs. PC2 mirrored many of the Pearson’s correlation comparisons, accounting for the positive or negative correlation as grouped in quadrant or in opposite quadrant by PC1, PC2, or both axes. FN and SdClr were grouped together tightly and loosely with TstWt in quadrant 1. Alpha amylase activity measures were tightly grouped in quadrant 3 with HD loosely associated. Non-SRC flour quality traits except FlProt grouped loosely in quadrant 2. The SRCs grouped tightly in quadrant 4. Awns, FlProt, Hght, and Age were not well captured by the first two principal components and appeared separated from the main groups (Figure 1A). The trait contribution biplot of PC1 vs. PC3 showed similar groupings to PC1 vs. PC2 with the exception of CkDia and CkTpGr quality traits being more closely grouped with AA measures and many agronomic factors flipping to the positive PC3 axis (Figures 1A, B). The PC2 vs. PC3 trait contribution biplot revealed a strong grouping of Age, Hght, HD, and FlProt in quadrant 2, agreeing with Pearson’s correlations and the SRC grouping in quadrant 3 between AA measures (Figure 1C, Table 1).




Figure 1 | Principal components analysis for all 22 trait contributions. (A) Principal Component 1 vs. Principal Component 2. (B) Principal Component 1 vs. Principal Component 3. (C) Principal Component 2 vs. Principal Component 3. Quadrant numbers shown in corners. Gray arrows point to circles where labels would be too close to read. Age of breeding line (Age), Artificial alpha amylase activity (ArtAA), Artificial falling number (ArtFN), Awnless or bearded (Awns), Cookie Diameter (CkDia), Cookie top grade (CkTpGrd), Flour Protein (FlProt), Flour Yield (FlYld), Heading date (HD), Plant height (Hght), Irrigated alpha amylase activity (IrrAA), Irrigated falling number (IrrFN), Adjusted Lactic Acid SRC (LAAdSRC), Lactic Acid SRC (LASRC), Sodium Carbonate SRC (NaSRC), Natural alpha amylase activity (NatAA), Natural falling number (NatFN), red or white seed color (SdClr), Softness Equivalence (SftEqv), Sucrose SRC (SucSRC), test weight (TstWt), and Water SRC (WatSRC).






3.2 Genome-wide association study

A GWAS for 22 agronomic, flour quality, and PHS traits with combined locations/years by BLUP using six models (Blink, FarmCPU, GLM, MLM, MLMM, and SUPER) was performed in GAPIT3 to test for model performance over diverse traits in a moderate-sized soft winter wheat population. See the R script in File S2. File S3 contains BLUP estimated values. File S4 contains HAPMAP markers with 1,978 markers mapped uniquely to a single genome (A, B, or D) for the 188 genotypes. The analysis uncovered 226 significant QTNs at 102 genomic regions across all 21 chromosomes and four unassigned regions and included 40 markers with multiple significant traits at 26 regions. Figure 2 provides a visual representation of the QTN regions for all 22 traits while Table 2 provides detailed information of the QTN including approximate regions in centiMorgans (cM), largest effect on the trait, smallest p-value for significance, and which markers and models were significant (Supplemental Table S2). Figure 3 shows the stacked Manhattan plots for Age and IrrAA as examples of important traits showing only experiment-wise significant markers. Figure 3 shows several locations where multiple models have the same marker significant at a more stringent experiment-wise Bonferroni cutoff of p-value <0.01 for Age and locations on chromosomes 1A and 4A for IrrAA. The QQ plot for Age showed some deviation from expected values for the GLM beyond the points at the end associated with phenotypic differences while the QQ plot for IrrAA shows all models within expected values except potential markers associated with phenotypic differences (Figure 4). Manhattan and QQ plots generated by GAPIT3 for each trait not in the main article are available along with histograms of the BLUP trait values as File S5. Measured traits IrrFN, FlProt, WatSRC, SucSRC, LASRC, LAADSRC, SftEqv, FlYld, and CkDia were all normally distributed by the Shapiro–Wilk normality test. However, the majority of test statistics fit well into their quartile values, W > 0.9, except ArtAA and NatAA with a limited range of values; Age, which is heavily skewed to newer lines; and Awns and SdClr, which are binary by classification (Supplemental Table S1). For inclusion as a QTN, the marker for the trait had to be significant by a 0.05 Bonferroni cutoff for at least two of the six models (Supplemental Table S2).




Figure 2 | Regions of significant QTN for 22 traits. Circles are agronomic and physical traits, squares are pre-harvest sprouting, and triangles are flour quality. Gray bars surrounding symbols indicate a range of significant markers. Legend describes specific traits. Age of breeding line (Age), Artificial alpha amylase activity (ArtAA), Artificial falling number (ArtFN), Awnless or bearded (Awns), Cookie Diameter (CkDia), Cookie top grade (CkTpGrd), Flour Protein (FlProt), Flour Yield (FlYld), Heading date (HD), Plant height (Hght), Irrigated alpha amylase activity (IrrAA), Irrigated falling number (IrrFN), Adjusted Lactic Acid SRC (LAAdSRC), Lactic Acid SRC (LASRC), Sodium Carbonate SRC (NaSRC), Natural alpha amylase activity (NatAA), Natural falling number (NatFN), red or white seed color (SdClr), Softness Equivalence (SftEqv), Sucrose SRC (SucSRC), test weight (TstWt), and Water SRC (WatSRC).




Table 2 | All significant QTN regions including GWAS models and markers.






Figure 3 | Manhattan plots for genome-wide association of all six models, GLM, MLM, MLMM, FarmCPU, BLINK, and SUPER. Model names are shown on the right. Negative log 10 of p-value for each marker on a chromosome are colored dots. Red horizontal line is the default, more stringent experiment-wise Bonferroni significance threshold in GAPIT3 of alpha = 0.01. Dashed gray vertical lines indicate two models significant for the same marker, and solid gray vertical lines, three or more. (A) Age of breeding line (Age) shown with many very significant markers across several models. (B) Irrigated alpha amylase activity (IrrAA) shown with markers on chromosome 1A and 4A with multiple models showing strong significance.






Figure 4 | QQ plots for two genome-wide association traits. Colored circles represent the six different models (GLM, MLM, MLMM, FarmCPU, BLINK, and SUPER) tested for each trait. The red diagonal line indicates where observed and expected results would match. Gray shaded region is confidence interval and colored circles significantly above the line represent deviations that may be significantly associated with phenotype. (A) Age of breeding line (Age) shown with many potentially significant phenotype associations across several models but the majority of GLM appear too far above the line. (B) Irrigated alpha amylase activity (IrrAA) shown with fewer potentially strong significant associations to phenotype.



Five regions on chromosomes 1A, 5A, 6B, and 6D overlapped Age and agronomic or flour quality traits including Hght, HD, Awns, WatSRC, FlProt, CkDia, and CkTpGr and all but Hght and CkTpGr shared common markers with Age (Figure 2, Table 2). Quantitative trait nucleotide 1A-1, 80-81 estimated cM region with Age, FlProt, and Hght had p-values of 2 × 10−5 to 2 × 10−6. Quantitative trait nucleotide 5A-5, 99-109 estimated cM region with Age and FlProt had p-values of 5 × 10−5 to 3 × 10−9. Quantitative trait nucleotide 6B-4, 82 estimated cM region with Age and HD had p-values of 1 × 10−6 to 8 × 10−8. Quantitative trait nucleotide 6B-8, 150-151 estimated cM region with Age, CkDia, WatSRC, FlProt, Hght, and CkTpGr had p-values of 2 × 10−5 to 9 × 10−9. Quantitative trait nucleotide 6D-2, 10 estimated cM region with Age and Awns had p-values of 6 × 10−4 to 4 × 10−5. These regions indicated where potential trait changes over time observed by Pearson’s correlation and PCA may have occurred. For identical markers, the FlProt effect was in the same direction as Age three times, while HD and WatSRC, once. Conversely, Awns and CkDia effects were the opposite of Age where increased Age indicated older breeding lines (Table 2).

Regions of PHS were separate from other traits except for co-located or closely located groups to SdClr on chromosomes 2A and 4A or HD and ArtAA on chromosome 4D. Seed color is QTN 2A-1 at an estimated 83–115 cM and a p-value of 3 × 10−7 while SdClr and NatAA are QTN 2A-2 at an estimated 115 cM and p-values of 1 × 10−5 to 2 × 10−6. Quantitative trait nucleotide 4A-3 is at an estimated 122 cM and p-values of 2 × 10−5 to 5 × 10−5 while QTN 4A-4 is ArtAA, IrrAA, and IrrFN at an estimated 113 cM with p-values of 4 × 10−4 to 2 × 10−9. Quantitative trait nucleotide 4D-4 is at an estimated 53 cM that includes ArtAA and HD with p-values of 4 × 10−3 to 5 × 10−3. Multiple measures of PHS co-located on chromosomes 1A, 2D, 4A, 4B, and 6D. Quantitative trait nucleotide 1A-4 is at an estimated 76 cM for IrrAA and NatAA with p-values of 5 × 10−9 to 8 × 10−10. Quantitative trait nucleotide 2D-3 is at an estimated 90 cM for ArtAA and ArtFN with p-values of 2 × 10−3 to 6 × 10−4. Quantitative trait nucleotide 4A-4 is described above. Quantitative trait nucleotide 4B-3 is at an estimated 72 cM for ArtAA and ArtFN with p-values of 3 × 10−4 to 5 × 10−5. Quantitative trait nucleotide 6D-1 is at an estimated 49 cM for NatAA and NatFN with p-values of 1 × 10−4 to 7 × 10−7. Only one region on chromosome 4A (QTN 4A-4, described above) had an overlap between ArtAA and irrigated PHS measures while irrigated and natural PHS measures were more often co-located. Multiple flour quality traits co-located on chromosomes 1A, 1B, 1D, 2A, 2D, 3A, 5A, 6A, and 6B. Quantitative trait nucleotide 1A-5 was described above. Quantitative trait nucleotide 1A-8 is at an estimated 117 cM including WatSRC and NaSRC with p-values from 3 × 10−4 to 4 × 10−5. Quantitative trait nucleotide 1B-1 is at an estimated 24–27 cM including LASRC and LAAdSRC with p-values from 2 × 10−4 to 7 × 10−12. Quantitative trait nucleotide 1B-2 is at an estimated 30 cM including CkTpGr, FlYld, and SucSRC with p-values of 1 × 10−4 to 7 × 10−7. Quantitative trait nucleotide 1D-1 is at an estimated 14-21 cM including LASRC, LAAdSRC, and SucSRC with p-values of 1 × 10−4 to 8 × 10−5. Quantitative trait nucleotide 1D-2 is at an estimated 89 cM and includes LASRC and LAdSRC with p-values of 1 × 10−6 to 5 × 10−11. Quantitative trait nucleotide 2A-3 is at an estimated 170 cM and includes NaSRC and SucSRC with p-values of 8 × 10−5 to 6 × 10−6. Quantitative trait nucleotide 2D-1 is at an estimated 12 cM and includes FlYld and WatSRC with p-values of 1 × 10−3. Quantitative trait nucleotide 3A-2 is at an estimated 63–64 cM and includes CkTpGr, CkDia, and FlProt with p-values of 2 × 10−4 to 8 × 10−6. Quantitative trait nucleotide 3A-6 is at an estimated 123 cM including LAAdSRC, LASRC, and SdClr with p-values of 1 × 10−4 to 5 × 10−9. Quantitative trait nucleotide 5A-3 is at an estimated 150 cM and includes LAAdSRC and SftEqv with p-values of 1 × 10−5 to 5 × 10−6. Quantitative trait nucleotide 5A-6 is at an estimated 80 cM and includes CkDia, NaSRC, SucSRC, and WatSRC with p-values of 2 × 10−6 to 8 × 10−8. Quantitative trait nucleotide 6A-3 is at an estimated 89–90 cM and includes CkDia, CkTpGr, FlProt, and Hght with p-values of 1 × 10−4 to 6 × 10−8. Quantitative trait nucleotide 6A-5 is at an estimated 114 cM and includes CkDia, FlProt, Hght, and SucSRC with p-values of 1 × 10−5 to 9 × 10−6. Quantitative trait nucleotide 6B-6 is at an estimated 95–97 cM and includes NaSRC, WatSRC, CkTpGr, CkDia, and FlYld with p-values of 1 × 10−4 to 1 × 10−10. Quantitative trait nucleotide 6B-8 is described above with overlap in Age (Figure 2, Table 2).





4 Discussion

The 188-member population of historically diverse soft winter wheat breeding lines was chosen for increased marker and trait diversity compared to elite breeding lines to maximize trait differences in the population. It has a rich history of genetic diversity, which could contain useful genes for PHS and flour quality trait enhancement that may have been bred out of elite lines selected only for limited agronomic traits such as yield and a few resistance genes. Population structure is often quite evident in wheat including the present population, which was previously compared to a larger elite wheat breeding population. Using Structure v 2.2, Cabrera et al. (2014) found five subpopulations of the historic diversity lines compared to six in a larger set of 449 elite parent lines. Three of the 5 historic diversity sub-populations separated mostly by Age, reported as release year. Wright’s fixation index between sub-groups for the historic diversity lines ranged from 0.178 to 0.485 while they ranged from 0.212 to 0.408 for the elite population (Cabrera et al., 2014). Diversity between the historic and much larger elite line set was found to be similar, and the historic diversity population had moderate structure due to recent and historic breeding history as well as red versus white seed color (Cabrera et al., 2014).

PHS is most often measured by FN or AA (Vetch et al., 2019; Patwa and Penning, 2020). The developed micro assay for alpha amylase activity showed strong correlation to the original method in a subset of 20 samples tested in three separate years. Both AA and FN were used in this study although more QTNs were obtained using AA (11) than FN (4). PHS only occurs when conditions such as high humidity or extensive rainfall occur at spike maturity (Vetch et al., 2019; Patwa and Penning, 2020). In addition to waiting for the correct conditions to occur in the field, NatAA and NatFN, spikes were removed and subjected to the correct conditions in a growth chamber, ArtAA and ArtFN, or once all plants reached maturity, they were subjected to overhead water sprinklers to simulate rainfall, IrrAA and IrrFN. Sixty-five potential regions affecting PHS resistance and flour quality were found including a highly significant region for PHS resistance on chromosome 4A and multiple regions for flour quality on chromosomes 6A and 6B (Figure 2, Table 2). Another goal was to observe if selective breeding of a few traits might affect unselected traits in the same chromosomal region. PHS measures showed no correlation to Age by Pearson’s correlation, PCA, or GWAS overlapping only with HD on chromosome 4D at 455 MBP. Thus, PHS resistance does not appear selected over time and could be improved with minimal impact to agronomic traits while providing resistance to an abiotic stress related to climate change. Some PHS resistance has been tied to dormancy genes or areas, so it is not unusual for PHS measures and HD, which can be affected by dormancy, to be associated (Nakamura et al., 2011; Martinez et al., 2016; Torada et al., 2016). Shorter et al. (2005) found that maturity could impact PHS depending on when a rain event occurred. The relationship between seed dormancy, HD, and PHS resistance is complicated. The rice gene, Ghd7, has been linked to pleotropic effects including seed dormancy and HD as well as other effects through the ratio of gibberellins and abscisic acid (Hu et al., 2021). A previous study in rice found a short locus on chromosome 3 for HD, and seed dormancy could be separated into two loci: one for HD, Hd8, and one for seed dormancy, Sdr1, through fine mapping of recombination events within the region (Takeuchi et al., 2003). In barley, two different HvNCED genes that catalyze a key step in abscisic acid synthesis were found to be differentially expressed based on seed developmental age or water imbibition (Chono et al., 2006). Seed dormancy has been shown to have a large effect on PHS resistance but is not the only factor involved (DePauw and McCaig, 1991). Although the literature suggests and PCA indicated some association between HD and AA measures of PHS, only ArtAA was correlated significantly with HD by Pearson’s correlation and had a single co-localization in GWAS. Age was positively correlated with Hght, FlProt, and HD. Examination of trait positive or negative effects at individual markers in the GWAS indicated older breeding lines headed later and had higher flour protein content and greater water absorption but were less likely to have awns and had a smaller CkDia. Quantitative trait nucleotides 1A-5 and 6B-8 had Age, FlProt, and Hght co-localizations while 5A-5 had Age and FlProt co-localizations and 6B-4 had Age and HD co-localizations indicating regions that may have had two agronomic and one flour quality trait selected for over time. Quantitative trait nucleotide 6B-8 also had co-localizations of Age with WatSRC, CkDia, and CkTpGr, indicating the potential impact of other flour quality traits over time. Using Supplementary Data from Wang et al. (2014b), approximate regions in cM were calculated to compare with other studies. Five Hght QTN regions, 2B-1 (Ppd-B1), 3A-3 (qRht.3A), 4B-4 (Rht-B1), and 6A-3 and 6A-5 (Rht24), were 0.7–8.8 cM from other quantitative trait loci (QTL) studies of 410 European winter wheat varieties, a fine mapping set of 110 European winter wheat varieties, and four F2 mapping populations (Würschum et al., 2015; Zhou et al., 2016; Würschum et al., 2017). Markers are listed in Table 3. However, no regions were found on 1D, 2A, 2D, 4D, 5A, 5B, and 7D but additional QTN regions were found on 1A-5, 3D-4, 6B-8, 7A-6, and two unlinked markers. Differences could be attributed to population differences between US and European wheat varieties.


Table 3 | Matches to QTL regions previously found in other studies.



FN negatively correlated with AA by Pearson’s correlation and were at opposite quadrants in PCA. This was expected as higher alpha amylase activity breaks down more starch, reducing hot flour paste thickness and thus FN (Patwa and Penning, 2020). The correlation of TstWt and PHS resistance was observed in both PCA and Pearson’s tests. A near-significant TstWt at the same marker for GWAS models, MLM, MLMM, and GLM as PHS resistance on chromosome 1B at 382 million base pairs (MBPs) was observed (data not shown). Statistical significance has been reported between TstWt and PHS in another population (Ji et al., 2018). Seed color was strongly correlated with PHS measures and PCA indicated a tight positive link between FN and SdClr. Red seed color has been widely reported as significant to PHS resistance and a gene has been located (Lin et al., 2016; Ji et al., 2018; Patwa and Penning, 2020). No QTN for PHS and SdClr on chromosome 3A near MFT was found, but the study had few mostly related white seed color varieties. Detection would be difficult due to the low minor allele frequency and a strong population structure. A highly significant QTN for PHS was observed on chromosome 4A in the region of a known PHS resistance gene, MKK3 (Torada et al., 2016). A total of 36 QTNs at 25 regions related to PHS resistance were observed. The majority of PHS QTN regions were field events, both natural weathering (Nat) and by overhead irrigation (Irr), that were co-located and offer potential new targets to improve PHS including a highly significant QTN on chromosome 1A. None of the PHS regions overlapped with flour quality traits and only one overlapped with HD; thus, improvement of PHS may be obtained without impacting crop or baking performance. Artificial spike wetting (Art) had fewer QTNs and only one overlap on chromosome 4A at 604 MBP with field-treated samples (Irr or Nat). Converting regions to approximate cM, no exact marker matches were found in the literature, but five QTN regions were within 1 to 8 cM. 1A-4, 1B-3, and 4B-3 were compared to a GWAS of 469 club and soft white wheat germplasm from the Pacific Northwest (Martinez et al., 2018). Four QTN regions were observed within 0.3 to 11 cM of a GWAS with 198 elite Eastern US soft white winter wheat lines 1B3, 4A-4, 6D-1, and 7B-1 out of 11 regions (Kulwal et al., 2012). All close matches are listed in Table 3. Thus, population, method of association, and/or environment appeared to play a key role in locating PHS resistance, although some consistent regions were found.

High genetic variation in a number of flour quality traits including FlYld, FlProt, multiple SRCs, SftEqv, and measures of cookie quality has been previously suggested for this population, but these soft wheat lines have maintained relatively stable quality standards without large improvements (Souza et al., 2012). This study has revealed potential changes of flour protein over time, but it remains possible to improve many other flour quality traits utilizing this diverse population of historic breeding lines by finding and understanding the genes underlying flour quality traits. Soft wheat flour is used mostly for baked confections such as cookies and cakes. Depending on the end use of soft wheat flour, a higher or a lower FlProt may be desired. For baking powder biscuits and pound cake, a slightly higher FlProt can increase height (Wilderjans et al., 2008; Ma and Baik, 2018). Higher protein can increase the volume and reduce collapse in pound cake but decreases CkDia and cookie spread factor (Wilderjans et al., 2008; Souza et al., 2011). Co-located flour quality QTNs had expected positive and negative values when considering individual markers. Lower FlProt or gluten strength measured by LASRC and LAAdSRC is considered a positive trait for most soft winter wheat applications except crackers (Souza et al., 2012; Deng et al., 2021). Flour quality traits showed strong overlap among themselves by Pearson’s correlation, PCA, and GWAS, indicating high potential genetic overlap affecting these traits. Solvent retention capacity measures for flour quality were tightly grouped by PCA and were strongly positively correlated with co-localizations on chromosomes 1A, 1D, 2A, 5A, and 6B. This is not surprising considering the close associations of SRCs with overall water absorption (WatSRC) in baking performance (Souza et al., 2012). Similarly, SRCs, SftEqv, and FlProt were correlated, positively or negatively with CkDia and CkTpGr. Negative correlations of SRCs (WatSRC, NaSRC, SucSRC, and LASRC) with FlYld and cookie quality (CkDia and CkTpGr) have long been known but the underlying genes are not yet discovered (Guttieri and Souza, 2003). Multiple flour quality co-localizations occurred on chromosomes 1B, 2D, 3A, 5A, 6A, and 6B. Using a completely different marker set and different GWAS models for the population, overlap with eight QTL reported by Cabrera et al. (2015) was observed (QTN 1A-2, 1B-1, 1B-2, 1B-5, 3B-2, 3B-5, 6A-2, and 6B-6) and additional QTNs were found on 17 of 21 chromosomes (Tables 2, 3). These regions deserve closer investigation with additional populations, marker sets, and/or experiments to eventually isolate genes influencing these traits.

The A and B genomes were well covered with an average of 128 markers per chromosome except chromosome 4B with 55 markers where only one QTN was identified. The D genome had fewer markers per chromosome, averaging 24. Reduced sequence diversity may have been a factor. Single-nucleotide polymorphism markers placed on the D genome were about 20% of those on the A and B genomes for the iSelect SNP array due to lack of sequence differences (Cavanagh et al., 2013). While chromosome-level cutoffs were used as in Hill et al. (2022), most of the QTNs on the A and B genomes were significant at the much more restrictive experiment-wise Bonferroni cutoff while most on the D genome were not. Additional markers from single-nucleotide polymorphisms will be needed to populate the D genome and test available diversity, which should improve chromosome-wise significant regions to experiment-wise significance. Increased markers on the D genome would reduce false positives while potentially improving QTN detection with stronger p-values by having markers closer to the responsible region. This was observed in the A and B genomes at regions 1B-1, 3A-2, 3A-6, 3A-7, 4A-2, 5A-1, 6A-2, and 6B-2 where a more significant peak for a trait was detected along with a less significant outer marker for that same trait often with SUPER and GLM models forming the tail. However, it is impossible in a population of this size to definitively differentiate a less significant tail from two closely linked genes.

GAPIT3 allowed testing of multiple GWAS models. Nine traits were normally distributed by the Shapiro–Wilk test; however, the majority had near-normal-appearing bell curves by histogram and W test statistics > 0.9, indicating that most values for each trait fit in standard normal quartiles, except ArtAA and NatAA with a limited range of values; Age, which is heavily skewed to newer lines; and Awns and SdClr, which were either/or classifications and, thus, binary. The six models tested did not appear to show any abnormal calling of significant locations for SdClr, which, being binary (red or white) with the lowest W statistic and fewer white varieties, would have been the most susceptible to false positives. The detection of Age-related QTN across all models with the exception of MLM was also robust regardless of it being skewed more towards more recent breeding lines (less than 60 years since release) as fewer very old breeding lines are available. Single-locus tests such GLM, a naïve model without population correction, and MLM using VanRaden kinship were tested along with more recently released models. The GLM can be particularly prone to false positives as illustrated by the QQ plot for Age but false positives appear less likely with the QQ plot for IrrAA. The MLMM performs multiple locus tests and is an extension of MLM with the most significant marker fitted stepwise as a co-variate (Wang and Zhang, 2021). The FarmCPU model iterates back and forth with two models, an MLM with VanRaden kinship and a GLM without kinship, reported to be faster and provide higher statistical power (Wang and Zhang, 2021). The BLINK model replaces MLM in FarmCPU with Bayesian-information content (Wang and Zhang, 2021). The SUPER model assesses marker effects like GLM, optimizes a kinship model using maximum likelihood, and tests a third time with a kinship derived from markers not in linkage disequilibrium with the tested marker (Wang et al., 2014a; Wang and Zhang, 2021). The GLM as a naïve model lacking population structure correction overestimated QTN as has been reported previously (Larsson et al., 2013). The SUPER model also reported increased numbers of QTN but often near other QTNs for the same traits significant for multiple models. The MLM and MLMM gave very similar results but appeared to underestimate QTN. Similarly, BLINK, FarmCPU, and SUPER often located the same QTN but a different set from MLM/MLMM. Since QTN differences were found based on model selection, requiring agreement of at least two models boosts confidence in reported QTN. A much stronger case for significance can be made where all models agree. However, owing to the computational intensity of testing six models as more markers or individuals are added, selecting those with the widest differences may prove more efficient. In this population, MLMM, FarmCPU, and BLINK were the most obvious choices as they were the least computationally impactful and covered the most QTN differences with less likelihood for overestimation. The BLINK model was chosen over SUPER as it does not assume causal genes are distributed evenly, provides more diversity to the chosen models, and leads to less overestimation in this population (Wang and Zhang, 2021).




5 Conclusions

Breeding over time appeared to be a factor in some traits, most notably flour protein content, Hght, and HD. Since PHS-related traits had little overlap with others, several new regions were uncovered to increase resistance in wheat under adverse weather conditions brought about by climate change without impacting agronomic performance or flour quality. Flour quality traits showed much greater overlap both among themselves and with agronomic traits making improvement more challenging. Future research to increase marker density should better resolve QTN and improve detection in areas lacking sufficient coverage utilizing a smaller set of GWAS models.
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Fusarium head blight (FHB) is a highly destructive fungal disease of wheat to which host resistance is quantitatively inherited and largely influenced by the environment. Resistance to FHB has been associated with taller height and later maturity; however, a further understanding of these relationships is needed. An association mapping panel (AMP) of 192 predominantly Canadian spring wheat was genotyped with the wheat 90K single-nucleotide polymorphism (SNP) array. The AMP was assessed for FHB incidence (INC), severity (SEV) and index (IND), days to anthesis (DTA), and plant height (PLHT) between 2015 and 2017 at three Canadian FHB-inoculated nurseries. Seven multi-environment trial (MET) datasets were deployed in a genome-wide association study (GWAS) using a single-locus mixed linear model (MLM) and a multi-locus random SNP-effect mixed linear model (mrMLM). MLM detected four quantitative trait nucleotides (QTNs) for INC on chromosomes 2D and 3D and for SEV and IND on chromosome 3B. Further, mrMLM identified 291 QTNs: 50 (INC), 72 (SEV), 90 (IND), 41 (DTA), and 38 (PLHT). At two or more environments, 17 QTNs for FHB, DTA, and PLHT were detected. Of these 17, 12 QTNs were pleiotropic for FHB traits, DTA, and PLHT on chromosomes 1A, 1D, 2D, 3B, 5A, 6B, 7A, and 7B; two QTNs for DTA were detected on chromosomes 1B and 7A; and three PLHT QTNs were located on chromosomes 4B and 6B. The 1B DTA QTN and the three pleiotropic QTNs on chromosomes 1A, 3B, and 6B are potentially identical to corresponding quantitative trait loci (QTLs) in durum wheat. Further, the 3B pleiotropic QTN for FHB INC, SEV, and IND co-locates with TraesCS3B02G024900 within the Fhb1 region on chromosome 3B and is ~3 Mb from a cloned Fhb1 candidate gene TaHRC. While the PLHT QTN on chromosome 6B is putatively novel, the 1B DTA QTN co-locates with a disease resistance protein located ~10 Mb from a Flowering Locus T1-like gene TaFT3-B1, and the 7A DTA QTN is ~5 Mb away from a maturity QTL QMat.dms-7A.3 of another study. GWAS and QTN candidate genes enabled the characterization of FHB resistance in relation to DTA and PLHT. This approach should eventually generate additional and reliable trait-specific markers for breeding selection, in addition to providing useful information for FHB trait discovery.
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Introduction

Bread wheat (Triticum aestivum L.) is a hexaploid species (2n = 6x = 42; AABBDD) with a 17-gigabase-pair genome (Brenchley et al., 2012) and accounts for approximately 95% of the wheat grown worldwide (Dubcovsky and Dvorak, 2007; Shewry, 2009). Fusarium head blight (FHB) or scab of wheat is a yield- and quality-limiting disease caused primarily by the fungus Fusarium graminearum Schwabe [teleomorph Gibberella zeae (Schwein.) Petch]. Globally, FHB ranks second only to leaf rust as a disease responsible for the largest yield losses in wheat (Savary et al., 2019). FHB symptoms include premature bleached spikelets, discolored rachises, and white or pink Fusarium-damaged kernels (FDK), which weigh less than healthy kernels (McCartney et al., 2007). Fusarium-infected kernels contain a mycotoxin deoxynivalenol (DON), which is a contaminant in commercial foods and cattle feed and is toxic to humans and animals (Desjardins and Hohn, 1997; Gilbert and Tekauz, 2000; Fung and Clark, 2004).

Resistance to FHB has been classified into three main types: Type I (resistance to initial infection), Type II (resistance to spread within the spike), and Type III resistance to the accumulation of DON in infected kernels (Schroeder and Christensen, 1963; Mesterhazy, 1995; Parry et al., 1995). FHB severity (SEV) or Type II resistance quantitative trait loci (QTLs) on chromosome arms 3BS and 6BS were detected in the Chinese wheat cultivar Sumai 3 (Waldron et al., 1999; Anderson et al., 2001). Molecular markers for the 3BS QTL designated as Fhb1 (Bai et al., 1999; Waldron et al., 1999; Anderson et al., 2001; Zhou et al., 2002; Guo et al., 2003; Liu and Anderson, 2003a; Liu and Anderson, 2003b; Yang et al., 2003; Cuthbert et al., 2006; Liu et al., 2006; Pumphrey et al., 2007; Bernardo et al., 2012; Randhawa et al., 2013) and the 6BS QTL or Fhb2 (Cuthbert et al., 2007; Zhao et al., 2018) have been widely deployed toward the development of new FHB-tolerant cultivars in global wheat breeding programs. Further, Fhb4 (Xue et al., 2010) and Sumai 3-derived Fhb5 on chromosome 5AS (Xue et al., 2011) are two of the well-studied loci for FHB incidence (INC) or Type I resistance. Of the above four loci, Fhb1 is a major, stable locus estimated to confer an average reduction of 27% in FDK of spring wheat (Pumphrey et al., 2007). However, on its own, Fhb1 does not provide effective resistance to FHB (McMullen et al., 2012). Thus far, two candidate genes at the Fhb1 locus have been cloned: a pore-forming toxin-like (PFT) gene (Rawat et al., 2016) and a haplotype Clark histidine-rich calcium-binding (TaHRC) protein gene (Su et al., 2019).

Inverse correlations of FHB Type I and II resistances with plant height (PLHT) have been reported (Paillard et al., 2004; Schmolke et al., 2005). Further, increased FHB symptoms have been observed in genotypes carrying the reduced plant height genes, Rht1 (Rht-B1) on chromosome 4B (Gale et al., 1975), Rht2 (Rht-D1) on chromosome 4D (Gale and Marshall, 1976), or Rht8 on chromosome 2D (Hilton et al., 1999; Steiner et al., 2004; Miedaner and Voss, 2008; Srinivasachary et al., 2008; Srinivasachary et al., 2009; Mao et al., 2010). Regarding days to anthesis (DTA), McCartney et al. (2007) found that FHB resistance QTLs do not have major effects on anthesis date and suggested that improvements in FHB resistance could be achieved without adverse changes in DTA. Further, evaluation studies of FHB Type II resistance under field conditions have been undertaken using point inoculations, and back-pack and tractor-mounted sprays (Buerstmayr et al., 2002; Buerstmayr et al., 2003), mainly taking into consideration the environmental conditions around anthesis and rarely the effect of DTA per se. A recent study by Franco et al. (2021) used DTA as a covariate or source of variation in a prediction model for spring wheat FHB Type II resistance in several field environments and found DTA to explain 26% of the total phenotypic variation in FHB severity or Type II resistance.

Among approaches to identify FHB resistances, enhance breeding selection, and eventually limit losses, marker-assisted selection (MAS) is widely used (Bai and Shaner, 2004; Anderson, 2007; Miedaner and Korzun, 2012). Genome-wide association studies (GWASs) of FHB resistance (Buerstmayr et al., 2020), PLHT, and DTA can help detect trait-specific loci for the characterization of FHB in relation to PLHT and DTA (Sari et al., 2018; Sari et al., 2020). An understanding of the types of association (i.e., linkage or pleiotropy) between loci for FHB resistance and the said traits is essential in designing predictive markers for MAS (Sari et al., 2020). Quantitative trait nucleotides (QTNs) (Long and Langley, 1999) are polymorphic sites in genes corresponding to the QTLs and are responsible for variation in the trait phenotype (Mackay, 2001). When compared to linkage studies, GWAS has a greater power to detect associations between a QTN and the trait phenotype, even after correcting for multiple tests for association (Risch and Merikangas, 1996; Mackay, 2001). Multi-locus GWAS models (Wang et al., 2016a, Wang et al., 2016b) quantify the effects of multiple loci and are hence better suited for the analyses of quantitative traits when compared to single-locus models, which might often fail to detect small-effect loci influencing complex traits (Lan et al., 2020; Fernandes et al., 2022). The objectives of this study were to perform multi-locus GWAS analyses of a bread wheat association mapping panel (AMP) in order to a) detect QTNs that would help characterize FHB resistance, in relation to DTA and PLHT, and b) provide detail on physical locations of identified QTNs and their corresponding high-confidence candidate genes, as well as other proximal disease resistance, maturity, and PLHT genes.





Materials and methods




Plant material and multi-environment trials

An AMP comprising 192 predominantly Canadian spring wheat cultivars was assessed for FHB INC and SEV in multi-environment trials (METs) conducted between 2015 and 2017 at the three Agriculture and Agri-Food Canada (AAFC) FHB-inoculated nurseries near Morden (MDN) and Brandon (BDN) in Manitoba, and Ottawa (OWA) in Ontario, Canada. The panel comprised cultivar Sumai 3 with superior FHB resistance and its Canadian derivatives (AAC Brandon, AAC Elie, Cardale, and AC Carberry), derived from parents Alsen and ND744 (Zhu et al., 2019). However, both parents Alsen and ND744 are not part of the AMP. Further, the panel also comprised Brazilian cultivar Frontana, its derivative Neepawa, and Neepawa derivatives Stettler, Katepwa, and AC Barrie, in addition to 75 lines taken from registration trial collections of Canadian Western and Central Bread Wheat, Parkland, General Purpose, Hard White, and High Yielding Wheat (Supplementary Material 1). At all nursery sites, entries were replicated twice in a randomized complete block design (RCBD). A single dataset on INC, SEV, DTA, and PLHT was generated for each of the six environments (MDN 2015, MDN 2016, MDN 2017, BDN 2015, BDN 2016, and OWA 2017), with the exception of the MDN 2015 environment, which had two datasets. Hence, a total of seven MET datasets from six environments were utilized for the GWAS analyses. These included four datasets from MDN (MDN15-1, MDN15-2, MDN16, and MDN17), two from BDN (BDN15 and BDN16), and one from OWA (OWA17). The two MDN 2015 environment datasets (MDN15-1 and MDN15-2) on FHB INC and SEV were recorded a few days apart.





FHB inoculum and disease assessment

To facilitate the development of FHB disease symptoms, artificial inoculation with F. graminearum isolates was carried out at the MET nursery sites, as described in Ruan et al. (2020). Briefly, 2–3 weeks prior to heading or when early lines were at the four- to five-leaf stage, corn spawn inoculum containing a mixture of four F. graminearum isolates [HSW-15-39 (3-ADON), HSW-15-87 (3-ADON), and HSW-15-27 (15-ADON), and HSW-15-57 (15-ADON)] from Dr. Henriquez’s FHB culture collection was applied at AAFC’s Morden and Brandon FHB nurseries; the inoculum mixture was spread (8 g/m row) twice, 1 week apart. Plots were irrigated thrice a week using Cadman Irrigation travellers with Briggs booms at Morden and with an overhead irrigator system at Brandon. At the Ottawa nursery, F. graminearum inoculum was prepared at a 1:1 ratio mixture of corn and barley kernels inoculated with three isolates [DAOMC178148 (15-ADON chemotype), DAOMC212678 (15-ADON chemotype), and DAOMC232369 (3-ADON chemotype)] obtained from the Canadian Collection of Fungal Cultures at the Ottawa Research and Development Centre. The three isolates collected locally were chosen for their high DON-producing capacity. Inoculation with 12 g of fresh inoculum was performed twice, with the first application occurring when the earliest lines started stem elongation, before flag leaf emergence (approx. Zadoks stage 31–36), and again 2 weeks later. Plots were irrigated daily applying approximately 1.5 cm of rain equivalent with wedge drive impact sprinklers. At approximately 21 days post-anthesis, the proportion of infected spikes per row (INC) and the average infected spikelets per head (SEV) were assessed visually and recorded as a percentage on a 0–100 scale (Stack and McMullen, 1985). The FHB disease index (IND) value for a given genotype was deduced from its INC and SEV ratings using the formula INC × SEV/100 and expressed as a percentage. The MDN 2015 environment had two datasets (MDN15-1 and MDN15-2), each with INC and SEV ratings recorded a few days apart. PLHT and DTA were recorded only for the MDN 2015, 2016, and 2017 environments.





Statistical data analyses

Statistical analyses of FHB datasets were performed separately for each of the three trial locations at BDN, MDN, and OWA. With the use of the lme4 package (Bates et al., 2015) in R version 4.2.1 (R Development Core Team, 2019), best linear unbiased prediction (BLUP) values for INC, SEV, IND, DTA, and PLHT belonging to a single location, across multiple years, were fitted with a mixed linear model (M1) via the equation Yij = µ + Gi + Ej + GEij + eij, where Yij is the phenotypic trait values of genotype i in environment j, µ is the population mean, Gi is the effect of genotype i, Ej is the effect of environment (location-year) j, GEij is the G × E interaction between genotype i and environment j, and eij is the residual effect associated with genotype i in environment j. The restricted maximum likelihood (REML) method was used to determine variance components (VCs). VCs were used to obtain broad sense heritability (H2) estimates for individual traits in a given environment, where replication is nested within the environment, using the formula H2 = σ2G/(σ2G + σ2GY/y + σ2GL/l + σ2GYL/yl + σ2e/ply), where σ2G is the genetic variance; σ2GY is the variance of the Genotype × Year interaction; σ2GL and σ2GYL are the interaction variances of the Genotype × Location, and Genotype × Year × Location, respectively; and σ2e is the error variance. Further, y is the number of years in which trials were conducted, l is the number of trial locations, and p is the total number of replications per location. Three-year (2015–2017) data on PLHT and DTA from MDN were averaged separately and deployed in a correlation analysis with FHB traits for BDN and OWA environments. An analysis of variance (ANOVA) for FHB traits across environments was performed using the aov function of the dplyr package in R to determine the effects of genotype (G), environment (E), and genotype-by-environment (G × E) variances on FHB INC, SEV, and IND.





DNA extraction, genotyping, and data processing

Genomic DNA (gDNA) extraction from freeze-dried seedling leaves of the 192 cultivars was performed using a cetyltrimethylammonium bromide (CTAB)-based method. An automated AutoGen DNA isolation system (AutoGen, Holliston, MA, USA) and a Quant-iT™ PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific Inc., Bartlesville, OK, USA) were deployed to obtain final gDNA sample concentrations of 50 ng/μl for genotyping. The AMP was genotyped with the wheat 90K single-nucleotide polymorphism (SNP) Infinium® Beadchip (Wang et al., 2014). SNP call raw data were curated and imported into Genome Studio Software to filter SNP markers with greater than 20% missing data and minor allele frequency (MAF) of less than 5%. After filtering, an initial 9,084 SNPs were obtained, of which a total of 5,441 SNPs with corresponding International Wheat Genome Sequencing Consortium (IWGSC) RefSeq v1.0 physical map locations were used in this study.





Population structure, LD, kinship, and principal components

To infer the population genetic structure of the AMP, Structure® software (Pritchard et al., 2000) was deployed to determine the true number of clusters (K) or sub-populations within the AMP, using the Evanno method (Evanno et al., 2005). Run-parameters included length of burn-in iterations and Markov chain Monte Carlo (MCMC) simulations of 10,000 each, for K = 2–9 clusters, with 10 replications per value of K. Output from Structure was processed with the Structure Harvester® (Earl and VonHoldt, 2012) program and visualized on its website (https://taylor0.biology.ucla.edu/structureHarvester/). Structure Harvester uses an algorithm to execute the Evanno method, with a minimum of three sequential values of K and three replicates, and produces three plots, one of which uses a Delta K statistic to determine the number of K groups. To visualize relatedness or similarity among genotypes, a dimensionless Constellation plot depicting the hierarchical clustering patterns of the AMP was generated in JMP® Version 17 (SAS Institute Inc., Cary, NC, USA). In TASSEL (Trait Analysis by aSSociation, Evolution, and Linkage) 5 (Bradbury et al., 2007), a genotypic file in the HapMap format, with physical map locations for 5,441 SNP markers and their corresponding calls on 192 lines, was uploaded. The HapMap file was masked and subject to a linkage disequilibrium K-number neighbor imputation (LDKNNi) algorithm (Money et al., 2015) to replace missing calls and improve the overall accuracy of the data. Next, the genotypic, genotypic-masked, and genotypic-masked LDKNNi files were combined and evaluated for imputation accuracy.

LD decay, principal component analyses (PCAs), and relatedness or kinship analyses were estimated in TASSEL 5. An LD statistics output file from TASSEL 5 was imported to R to generate a scatter plot using the ggplot2 function. The scatter plot helped visualize and determine LD decay on a whole-genome basis. To estimate kinship, the HapMap genotype data file was uploaded to TASSEL 5 and processed to output a.csv kinship (K-matrix) file. For PCA, the HapMap, phenotypic data file, and a population structure Q-matrix file (from the Structure run) were uploaded to TASSEL 5 to generate a.csv PCA output file. Both PCA and kinship.csv files were used as input for the GWAS analyses.





GWAS analyses

To identify loci associated with FHB traits, DTA, and PLHT, GWAS was performed separately for all six individual environments. Both single-locus mixed linear model (MLM) and multi-locus random SNP effect-mixed linear model (mrMLM) were deployed to compare and validate marker–trait associations. Further, to assess the consistency or reproducibility of QTNs detected from a multi-locus GWAS of individual environments, a combined multi-locus GWAS analysis using entry trait means based on all six environments was performed. With the use of the GAPIT (Genome Association and Prediction Integrated Tool) 3 package (Lipka et al., 2012; Tang et al., 2016; Wang and Zhang, 2021) in R, datasets were fitted with a single-locus MLM. Next, datasets were analyzed with an mrMLM (Wang et al., 2016a; Wang et al., 2016b), also performed in R with the mrMLM v4.0.2 software, which integrates six methods for QTN detection (Zhang et al., 2020). These six methods include mrMLM (Wang et al., 2016), FASTmrMLM (Tamba and Zhang, 2018), FASTmrEMMA (Wen et al., 2018), pLARmEB (Zhang et al., 2017), pKWmEB (Ren et al., 2018), and ISIS EM-BLASSO (Tamba et al., 2017). For both models, kinship (K-matrix) and PCA or Q-matrix.csv files, along with HapMap and phenotypic data files, were used as input for the GWAS analyses. In the mrMLM method, QTNs with a limit of detection (LOD) score greater than 3 and appearing in two or more environments were considered statistically significant. However, in the single-locus MLM method, QTNs were considered statistically significant if they exceeded a more stringent threshold of −log10(p) = 5, which is based on a critical p-value (α = 0.05) subject to a Bonferroni correction of 0.05/n, where n is the number of SNP markers (He et al., 2019).





QTN nomenclature, physical mapping, and candidate gene identification

Statistically significant QTNs detected across all environments by single-locus MLM and multi-locus mrMLM methods were numbered from 1 to 291. In most cases, the same SNP was associated with one or more traits per environment, or across environments. Hence, to refer to all QTNs associated with a given trait or traits, as a single entity, the chromosomal location followed by QTN numbers is given in the QTN name. For example, QTN4B_144-226 is the collective QTN name, which represents two PLHT QTNs (144_Tdurum_contig42229_113 and 226_Tdurum_contig42229_113) detected on chromosome 4B.

The IWGSC reference genome RefSeq v1.0 was used for the physical positioning of QTNs and candidate genes detected from the GWAS analyses. The RefSeq v1.0 was preferred over RefSeq v2.0 and the current RefSeq v2.1 since it provided all QTN-associated candidate gene annotations. However, for better context, the current/new physical locations of updated candidate gene IDs (as per RefSeq v2.1) have also been provided in all MET dataset tables. For candidate gene detection, 90K SNP nucleotide sequences were subject to a nucleotide-BLAST (BLASTn) basic search with an expected threshold of 0.0001 (maximum E-value 10−4) on the online IWGSC RefSeq v2.1 database (https://urgi.versailles.inrae.fr/blast_iwgsc). High-confidence Traes gene IDs (as per RefSeq v1.0) were each searched in Ensemble Plants (http://plants.ensembl.org/index.html) and UniProt (https://www.uniprot.org/) databases to obtain their corresponding gene functional descriptions.






Results




Variation in FHB, DTA, and PLHT trait phenotypes

Among the seven MET datasets from the Brandon, Morden, and Ottawa nurseries (Supplementary Material 1), OWA17 had the highest mean FHB INC rating of 85.1%, followed by overall mean ratings of 78.9% at BDN and 68.8% at MDN (Table 1). For FHB SEV, the highest overall mean rating of 56.1% was observed at BDN, followed by 42.4% at MDN and a mean SEV rating of 41.2% for the OWA 2017 environment. Overall mean ratings for FHB IND were the highest (47.8%) at BDN, followed by 30.3% at MDN and 36% at OWA. Broad-sense heritability for FHB measurements ranged from 55% to 82% for INC, 56% to 83% for SEV, and 58% to 83% for IND. For the MDN 2015 (MDN15-1 dataset), MDN 2016, and MDN 2017 environments, the overall means for DTA was 72 days (ranging from 47 to 72 days) and 89.7 cm for PLHT (ranging from 44 to 121 cm). Across environments, broad-sense heritability (H2) observed for PLHT was 92% and 87% for DTA (Table 1).


Table 1 | Range, mean, standard deviation (SD), coefficient of variation (CV), and broad-sense heritability (H2) values for FHB incidence (INC), severity (SEV), index (IND), days to anthesis (DTA), and plant height (PLHT) from trial datasets of the AAFC nurseries at Ottawa (OWA), Brandon (BDN), and Morden (MDN) between 2015 and 2017.



In the three MDN environments (MDN 2015, 2016, and 2017), positive and highly significant correlations ranging from 0.24 to 0.97 were observed among FHB INC, SEV, and IND traits. Overall weak, inverse correlations were observed between INC and PLHT (−0.14 to −0.36), SEV and PLHT (−0.24), and IND and PLHT (−0.30). DTA had overall weak inverse correlations with INC and with IND (−0.23 to −0.43), as well as weak positive correlations (0.18 to 0.2) with SEV (Figure 1). For FHB traits at the two BDN environments (BDN 2015 and 2016), highly significant and strong correlations ranging between 0.75 and 0.98 were observed between IND, SEV, and IND. Overall, weak, inverse correlations were observed between IND and PLHT (−0.16), INC and DTA (−0.26 to −0.39), SEV and DTA (−0.27), and IND and DTA (−0.33). In the OWA 2017 environment, highly significant and moderate-to-strong correlations of 0.58–0.98 were observed between INC, SEV, and IND traits. Finally, weak inverse correlations were observed between INC and PLHT (−0.20), IND and PLHT (−0.15), INC and DTA (−0.20), SEV and DTA (−0.23), and IND and DTA (−0.23; Figure 1). An ANOVA performed across environments revealed significant effects of genotype (G), environment (E), and G × E interactions on FHB INC, SEV, and IND (Table 2).




Figure 1 | Correlation values and graphs generated from (A). Morden (MDN15-1, MDN16, MDN17); (B). Brandon (BDN15, BDN16) and (C). Ottawa (OWA17) datasets, depicting relationships between FHB incidence (INC), Severity (SEV), Index (IND), days to anthesis (DTA) and plant height (PLHT) traits recorded on 192 bread wheat genotypes of a GWAS panel.




Table 2 | An analysis of variance (ANOVA) for FHB incidence (INC), severity (SEV), and index (IND) traits across six environments of AAFC nurseries located at Morden (MDN) and Brandon (BDN) in Manitoba (MB) and Ottawa (OWA) in Ontario (ON) Canada, between 2015 and 2017.







SNP distribution, population structure, and LD decay

Imputation of missing calls in the HapMap genotypic data file with 5,441 SNP markers via the LDKNNi algorithm in TASSEL produced an imputation accuracy of approximately 93% (0.069 error rate). The largest number of SNP markers (2422) was distributed across the B genome, followed by the A genome with 1,978 and the D genome with 1,041. On a per-chromosome basis, the most number of SNP markers (551) was mapped to 2B, while 4D had the least number (43) of SNPs. The SNP marker distribution across 21 bread wheat chromosomes is given in an SNP density plot depicting the number of SNP markers within a 1-Mb window (Supplementary Figure 1).

A population genetic structure analysis with the Structure software revealed three clusters or sub-populations represented by red, blue, and green rectangular bars, among the 192 genotypes of the AMP, based on the highest Delta K value corresponding to K = 3 (Figure 2). This was validated by a dimensionless Constellation plot with three distinct clusters (red, blue, and green) generated in JMP® Version 17 (SAS Institute Inc., Cary, NC, USA) (Figure 3). LD is described here as the r2 of marker pairs versus the genetic distance in base pairs (bp) across the genome. In the association panel, LD decay below a threshold of 0.2 r2 was observed to occur at a physical distance of ~7.08 Mb (Supplementary Figure 2).




Figure 2 | A population genetic structure analysis performed with the Structure® software detected three clusters (red, blue and green) or sub-populations (K=3) in an association mapping panel (AMP) comprising 192 predominantly Canadian spring wheat cultivars (Left), and an output graph visualized in Structure Harvester depicting the highest Delta K values obtained for K=3 (Right).






Figure 3 | A dimensionless Constellation plot generated with JMP® Version 17 software, from hierarchical clustering of 192 predominantly Canadian spring wheats of an association mapping panel (AMP) genotyped with 5441 SNP markers. Three distinct clusters (red, blue, green) which correspond to the three sub-populations detected by Structure software (refer Figure 2), represent elite FHB tolerant cultivars of Asian and North American pedigree, in addition to Brazilian cultivar Frontana, its derivative Neepawa, and Neepawa derivatives Stettler, Katepwa, AC Barrie, besides 75 lines taken from Canadian Western Bread Wheat, Central Bread Wheat, Parkland Wheat, General Purpose Wheat, Hard White Wheat and High Yielding Wheat Registration trial collections.







GWAS analyses




Single-locus GWAS (MLM)

Single-locus MLM method revealed four statistically significant QTNs (−log10(p) > 5) for FHB INC on chromosomes 2D and 3D, and for SEV and IND on chromosome 3B, only from two MDN 2015 environment datasets (MDN15-1 and MDN15-2). The SEV and IND QTNs detected on chromosomes 3B in both datasets are identical and represented by SNP marker CAP7_c1576_371, which co-locates with TraesCS3B02G024900, which encodes a DEAD/DEAH box RNA helicase domain or TraesCS3B03G0056500 (3B:15817353..15827081) in RefSeq v2.1 (Figure 4). When all site years were considered, a total of 242 statistically significantly (p < 0.05) SNP markers explained 17%–26% of the phenotypic variance for INC, 264 SNPs explained 19%–35% of the variance for SEV, and 270 statistically significant SNP markers explained 23%–36% phenotypic variance for IND (Supplementary Material 2).




Figure 4 | A multiple symphysic Manhattan plot generated from a MDN15.1 dataset (Morden 2015 environment) by the single-locus Mixed Linear Model (MLM) GWAS method depicts four significant Quantitative Trait Nucleotide (QTN; within three red ellipses) for FHB Incidence (INC) on chromosomes 2D and 3D, and for FHB Severity (SEV) and FHB Index (INDEX) on chromosome 3B (Left); and their corresponding probability distributions given in a symphysic Quantile-Quantile (Q-Q) plot (Right). The green horizontal line represents the significance threshold cutoff (-log10 (p) = 5). Note: The SEV and IND QTN on chromosome 3B are located within the Fhb1 region, and are represented by SNP marker CAP7_c1576_371 which co-locates with gene TraesCS3B02G024900 encoding a DEAD/DEAH box RNA helicase.







Multi-locus GWAS (mrMLM)

In seven MET datasets from six environments, mrMLM v4.0.2 software detected a total of 291 statistically significant QTNs (LOD score >3) for INC, SEV, DTA, and PLHT, across nearly all chromosomes. In the environment-wise distribution of the 291 QTNs, 50 were for INC, 72 for SEV, 90 for IND, 41 for DTA, and 38 for PLHT, as given in Table 3. Physical locations, high-confidence candidate genes (as per RefSeq 1.0 and 2.1), LOD scores, and p-values of all QTNs are given in Supplementary Material 3. Of these 291, 17 QTNs for FHB traits (INC, SEV, and IND), DTA, and PLHT were detected in two or more environments at MDN and BDN between 2015 and 2017. Twelve of these 17 QTNs were pleiotropic for a combination of traits, i.e., INC, SEV, IND, DTA, or PLHT (Table 4). Further, combined multi-locus GWAS analyses using entry trait means based on all six environments detected a total of 79 statistically significant QTNs for FHB traits, DTA, and PLHT (Supplementary Material 4), 15 of which were identical to 15 of the 17 statistically significant QTNs detected at two or more environments. Of the 15 combined analysis QTNs, three were for INC (on chromosomes 2D, 5A, and 7b), three for SEV (on chromosomes 3B, 5A, and 7B), five for IND (on chromosomes 3B, 5A, 6B, 7A, and 7B), one for DTA (on chromosome 1B), and three for PLHT (on chromosomes 4B, 6B, and 7B). Further, three of these 15 QTNs were pleiotropic for FHB INC, SEV, and IND on chromosome 5A; SEV and IND on chromosome 3B; and FHB INC, SEV, IND, and PLHT on chromosome 7B (Table 4).


Table 3 | Environment-wise distribution of 291 quantitative trait nucleotides (QTNs) for FHB incidence (INC), severity (SEV), index (IND), days to anthesis (DTA), and plant height (PLHT) detected by the multi-locus random single-nucleotide polymorphism (SNP)–effect mixed linear model (mrMLM) genome-wide association study (GWAS) method in an association mapping panel (AMP) of 192 predominantly Canadian bread wheat genotypes using trait-data from six environments (seven datasets): Morden 2015 (MDN15-1 and MDN15-2), Brandon 2015 (BDN15), Brandon 2016 (BDN16), Morden 2016 (MDN16), and Morden 2017 (MDN17) in Manitoba and Ottawa 2017 (OWA17) in Ontario Canada.




Table 4 | Seventeen QTN for FHB incidence (INC), severity (SEV), index (IND), days to anthesis (DTA), and plant height (PLHT), their corresponding high-confidence candidate genes, physical locations (IWGSC RefSeq 1.0 and 2.1), limit of detection (LOD) scores, and explained percent phenotypic variances (R2) detected by single-locus mixed linear model (MLM) and multi-locus random single-nucleotide polymorphism (SNP)–effect mixed linear model (mrMLM) genome-wide association study (GWAS) methods with 2015-2017 multi-environment (MET) datasets from the FHB nurseries at Morden (MDN) and Brandon (BDN) in Manitoba (MB) Canada.








Pleiotropic QTN appearing in two or more environments

Of the 17 pleiotropic QTNs, 12 for INC, SEV, IND, DTA, or PLHT were detected in the MDN 2015, 2016, 2017, and BDN 2016 environments (Table 4). Seven of these 12 QTNs were pleiotropic for FHB INC, SEV, or IND; three were pleiotropic for INC and DTA; and two were pleiotropic for FHB traits (INC, SEV, or IND) and PLHT. Phenotypic variance (R2) for FHB traits of the seven pleiotropic QTNs ranged from 1.6% to 22.4% for INC, up to 49.1% for SEV, and from 3.4% to 34.1% for IND. The three pleiotropic QTNs for INC and DTA had R2 values ranging between 11.7% and 20.1% for DTA and up to 19% for INC. For the two QTNs pleiotropic for FHB traits and PLHT, R2 values ranged from 5.0% to 13.2% for INC, 5.6% to 22.7% for SEV, 2.0% to 30.6% for IND, and 6.1% to 11.7% for PLHT (Table 4).





Pleiotropic QTN co-located with high-confidence candidate genes

Of the 12 pleiotropic QTNs identified in this study, seven were detected for FHB traits, three for FHB INC and DTA, and two for FHB traits and PLHT. Candidate genes associated with each of these QTNs were obtained through a BLASTn search on the online IWGSC RefSeq v2.1 database. The physical locations of QTNs and their associated candidate genes, on all 21 wheat chromosomes, are depicted in Manhattan plots generated via the multi-locus mrMLM method (Figures 5–10 and Supplementary Figures 3-5).




Figure 5 | Manhattan plots depicting a pleiotropic Quantitative Trait Nucleotide (QTN), QTN3B_9-16-32-77-89-96-164-185 for FHB Incidence (INC), Severity (SEV) and Index (IND) on chromosome 3B, represented by SNP marker CAP7_c1576_371, coinciding with a DEAD/DEAH box RNA helicase gene (TraesCS3B02G024900), detected from Morden 2015 (MDN15-1 & MDN15-2 datasets) (top six plots) and Morden 2017 (MDN17 datasets) environments (bottom two plots) by the multi-locus random SNP-effect Mixed Linear Model (MrMLM) method deployed on an association mapping panel of 192 predominantly Canadian bread wheats. The horizontal black dotted line denotes the significance threshold (LOD=3), while pink dots above the threshold line represent QTN detected by more than one of the six multi-locus methods.






Figure 6 | Manhattan plots depicting a pleiotropic Quantitative Trait Nucleotide (QTN), QTN2D_7-31-162-184 for FHB Incidence (INC), Severity (SEV) and Index (IND) on chromosome 2D, represented by SNP marker wsnp_Ex_c6400_11123059, coinciding with a Ribosome biogenesis protein (TraesCS2D02G113600), detected from Morden 2015 (MDN15-1 dataset) (top) and Morden 2017 (MDN17 datasets) environments (center and bottom) by the multi-locus random SNP-effect Mixed Linear Model (MrMLM) method deployed on an association mapping panel of 192 predominantly Canadian bread wheats. The horizontal black dotted line denotes the significance threshold (LOD=3), while pink dots above the threshold line represent QTN detected by more than one of the six multi-locus methods.






Figure 7 | Manhattan plots depicting a pleiotropic Quantitative Trait Nucleotide (QTN) QTN5A_80-102-130-260 for FHB Incidence (INC) and Index (IND) on chromosome 5A, detected in MDN 2015 (MDN15-2 dataset), MDN 2016 and BDN 2016 environments by the multi-locus random SNP-effect Mixed Linear Model (mrMLM) method deployed on an association mapping panel of 192 predominantly Canadian bread wheats. QTN5A_80-102-130-260 is represented by SNP marker BS00000006_51 which co-locates with an Beta-amylase protein (TraesCS5A02G554200). The horizontal black dotted line denotes the significance threshold (LOD=3), while pink dots above the threshold line represent QTN detected by more than one of the six multi-locus methods.






Figure 8 | Manhattan plots depicting a pleiotropic Quantitative Trait Nucleotide (QTN) QTN6B_92-106-272 for FHB Severity (SEV) and Index (IND) on chromosome 6B, detected in MDN 2015 (MDN15-2 dataset) and BDN 2016 environments by the multi-locus random SNP-effect Mixed Linear Model (mrMLM) method deployed on an association mapping panel of 192 predominantly Canadian bread wheats. QTN6B_92-106-272 is represented by SNP marker BS00080544_51 which co-locates with an S-adenosylmethionine synthase protein (TraesCS6B02G197300). The horizontal black dotted line denotes the significance threshold (LOD=3), while pink dots above the threshold line represent QTN detected by more than one of the six multi-locus methods.






Figure 9 | Manhattan plots depicting two pleiotropic Quantitative Trait Nucleotide (QTN) for FHB Incidence (INC), Severity (SEV) and Index (IND) on chromosome 7A, detected in MDN 2015 (MDN15-1 dataset), BDN 2016 and MDN 2017 environments by the multi-locus random SNP-effect Mixed Linear Model (mrMLM) method deployed on an association mapping panel of 192 predominantly Canadian bread wheats. Plots (A–E): QTN7A_40-274-288-173-197 for SEV and IND is represented by SNP marker BS00014126_51 which co-locates with an Multiple organellar RNA editing factor 2 (TraesCS7A02G050200). Plots (B, C, E, F): QTN7A_200-266-273-287 for INC, SEV and IND is represented by SNP marker Ex_c24796_2499 which co-locates with an Actin-fragmin kinase catalytic domain-containing protein (TraesCS7A02G533600). The horizontal black dotted line denotes the significance threshold (LOD=3), while pink dots above the threshold line represent QTN detected by more than one of the six multi-locus methods.






Figure 10 | Manhattan plots depicting a pleiotropic Quantitative Trait Nucleotide (QTN) for FHB Incidence (INC) and Severity (SEV), QTN7B_26-267 on chromosome 7B, detected in MDN 2015 (MDN15-1 dataset) and BDN 2016 environments by the multi-locus random SNP-effect Mixed Linear Model (mrMLM) method deployed on an association mapping panel of 192 predominantly Canadian bread wheats. QTN7B_26-267 co-locates with a Photosystem II stability/assembly factor (TraesCS7B02G486500). The horizontal black dotted line denotes the significance threshold (LOD=3), while pink dots above the threshold line represent QTN detected by more than one of the six multi-locus methods.







Pleiotropic QTN for FHB traits

Seven of the 12 QTNs were pleiotropic for FHB INC, SEV, and IND (Figures 5–10). The first QTN, QTN3B_9-16-32-77-89-96-164-185, is located within the Fhb1 region on chromosome 3B, is associated with SNP marker CAP7_c1576_371 (positioned at 10.71 Mb), and co-locates with TraesCS3B02G024900, which encodes a DEAD/DEAH box RNA helicase domain (3B:15817353..15827081) in RefSeq v2.1 (Figure 5). The second pleiotropic QTN for FHB INC, SEV, and IND, QTN2D_7-31-162-184 is located at 62.96 Mb on chromosome 2D and co-locates with a ribosome biogenesis protein NSA2 homolog gene (2D:65431554..65434070) in RefSeq v2.1 (Figure 6). The third pleiotropic QTN (FHB INC, and IND) on chromosome 5A coincides with a beta-amylase protein gene (5A:710066497..710070348) in RefSeq v2.1 (Figure 7). The fourth pleiotropic QTN for FHB SEV and IND on chromosome 6BS, QTN6B_92-106-272, coincides with a S-adenosylmethionine synthase protein (6B:240608170..240610672) in RefSeq v2.1 (Figure 8). This QTN is located within the Fhb2 region (224.1–233.3 Mb; RefSeq v1.1) of chromosome 6B (Zhu et al., 2021). The fifth and sixth pleiotropic FHB trait QTNs on chromosome 7A correspond to a multiple organellar RNA editing factor 2 gene (7A:24246669..24250241; RefSeq v2.1) and an actin–fragmin kinase catalytic domain-containing protein gene (7A:717563958..717569590) in RefSeq v2.1 (Figure 9). Lastly, the seventh pleiotropic QTN (FHB SEV and IND) on chromosome 7B, QTN7B_26-267, co-locates with a Photosystem II stability/assembly factor (7B:754941324..754943778) in RefSeq v2.1 (Figure 10).





Pleiotropic QTN for FHB INC and DTA

Three QTNs were pleiotropic for FHB INC and DTA. The first on chromosome 1A, QTN1A_46-252, co-locates with an uncharacterized protein gene (1A:510051474..510054986) in RefSeq v2.1. The second, QTN1D_49-255, on chromosome 1D co-locates with a pentatricopeptide repeat-containing protein (1D:240672206..240673769) in RefSeq v2.1. The third FHB INC and DTA QTN on chromosome 6B, QTN6B_59-262, co-locates with an ATP synthase mitochondrial F1 complex assembly factor 1 (6B:567042315..567046184) in RefSeq v2.1 (Supplementary Figure 3).





Pleiotropic QTN for FHB traits and PLHT

Two pleiotropic QTNs for FHB traits and PLHT were detected. The first for FHB SEV, IND, and PLHT, QTN6B_70-169-194, located on chromosome 6B, is represented by SNP marker BS00104265_51 (645.66 Mb) and co-locates with a protein-coding gene (6B:653923276..653926026) in RefSeq v2.0 (Supplementary Figure 4). The second QTN for FHB INC, SEV, IND, and PLHT, QTN7B_13-45-83-94-108-154-176-201-276-291, on chromosome 7B coincides with MMS19 nucleotide excision repair protein (7B:677195719..677206408) in RefSeq v2.0 (Supplementary Figure 5).





Non-pleiotropic QTN appearing in two or more environments




Non-pleiotropic QTN for DTA

Two QTNs for DTA were detected from the MDN 2015 and 2017 environments. The first DTA QTN on chromosome 1B, QTN1B_48-206 (located at 563.67 Mb), explained 8.28%–46.28% of the phenotypic variance in DTA and co-locates with a disease resistance protein (1B:570333804..570337336) in RefSeq v2.1. The second QTN, QTN7A_61-219, on chromosome 7A (located at 675.23 Mb) explained 3.41%–13.96% of the phenotypic variance for DTA and co-locates with an uncharacterized protein (7A:679827145..679827600) in RefSeq v2.1 (Supplementary Figure 6).





Non-pleiotropic QTN for PLHT

For PLHT, three QTNs were detected in three environments (MDN 2015, MDN 2016, and MDN 2017), two of which were located on chromosome 4B and one on chromosome 6B. The first PLHT QTN on chromosome 4B, QTN4B_144-226, is located at 38.28 Mb and accounts for 17.8%–33.9% of the phenotypic variance in PLHT. This QTN is associated with a protein kinase domain-containing protein (4B:41016487..41020890) in RefSeq v2.1. The second 4B QTN, QTN4B_65-145-227, (located at 578.04 Mb), explained 3.94%–34.1% of the phenotypic variance and co-locates with a N-acetyltransferase domain-containing protein (4B:577090863..577094213) in RefSeq v2.1. The third PLHT QTN on chromosome 6B, QTN6B_151-229 (located at 8.78 Mb), accounted for 7.66%–43.58% of the phenotypic variance for PLHT and co-locates with an uncharacterized protein (6B:10687959..10689500) in RefSeq v2.1 (Supplementary Figure 7).







Discussion

This study detected pleiotropic QTNs for FHB resistance traits, DTA, and PLHT, as well as single-trait QTN (DTA and PLHT), for the characterization of FHB traits in relation to DTA and PLHT. Overall, highly significant and moderate-to-strong correlations were observed among FHB traits, which however shared weak inverse correlations with PLHT and with DTA. Broad-sense heritability (H2) values were lower for FHB traits when compared to PLHT and DTA. Multi-locus mrMLM detected a total of 291 statistically significant QTNs, 17 of which were detected at two or more environments of MDN and BDN. Twelve of these 17 QTNs were pleiotropic for INC, SEV, IND, DTA, or PLHT; two QTNs corresponded to DTA and three to PLHT. Consistency of the above results was backed by a separate combined six-environment multi-locus GWAS analyses. Among notable findings of this study are the detection of a pleiotropic QTN within the Fhb1 region on chromosome 3B, which is ~3 Mb from a cloned Fhb1 candidate gene TaHRC; a putatively novel PLHT QTN on chromosome 6B; a 1B DTA QTN located ~10 Mb from a Flowering Locus T1-like gene TaFT3-B1; and a DTA QTN on chromosome 7A, which is ~5 Mb from a maturity QTL QMat.dms-7A.3 of another study. Further, four of the 12 pleiotropic QTNs on chromosomes 1A, 1B, 3B, and 6B are potentially identical to corresponding QTLs in durum wheat. Upon validation of the above QTNs, their suitability for the downstream development of trait-specific markers for breeding selection will be assessed.

The identification of reliable and closely linked markers for MAS of quantitative traits like FHB (Steiner et al., 2017; Sari et al., 2020) is an important step in the development of FHB-resistant wheat cultivars. Several previous studies have deployed MAS for the detection, introgression, and stacking of FHB resistances, for example, the detection of a Qfhs.ifa-5A QTL on chromosome 5A (Buerstmayr et al., 2003), and introgression and stacking of FHB resistance QTL (Somers et al., 2005; Miedaner et al., 2006). Studies such as these have led to the development of diagnostic markers like UMN10 for Fhb1 (Liu et al., 2008; Schweiger et al., 2016). The following paragraphs discuss the significance of the identified FHB, DTA, and PLHT QTNs and their corresponding candidate genes in relation to pertinent findings from previous studies.




Pleiotropic QTN for FHB traits

Of the 12 pleiotropic QTNs detected in our study, seven were pleiotropic for FHB INC, SEV, and IND. The first of seven, QTN3B_9-16-32-77-89-96-164-185, for FHB INC, SEV, and IND, located at 10.71 Mb and within the Fhb1 region (7.6–13.9 Mb; Wu et al., 2019) on chromosome 3B, is positioned ~1 Mb away from a 3B.2 QTL (9.8 Mb) identified in a durum wheat GWAS by Ruan et al. (2020). This QTN coincides with a DEAD/DEAH box RNA helicase domain (Lasko et al., 1989) and is ~3 Mb away from a cloned Fhb1 candidate gene TaHRC (T. aestivum haplotype Clark histidine-rich calcium-binding protein; Su et al., 2019). The DEAD/DEAH box RNA helicase is involved in biotic and abiotic stress responses in wheat (Zhang et al., 2014; Hu et al., 2020), rice (Macovei et al., 2012), Arabidopsis (Kim et al., 2008), and tomato (Pandey et al., 2019). Zhang et al. (2014) cloned the wheat DEAD/DEAH box RNA helicase gene TaRH1 and reported it to be a positive regulator during the defense response to the stripe rust fungus Puccinia striiformis f. sp. tritici (Pst). Further, in a protein–protein interaction study, the DEAD/DEAH box RNA helicase protein PRH75, also located on chromosome 5BL, was identified as a key hub protein that is induced in response to the powdery mildew fungus Blumeria graminis f. sp. tritici (Bgt). Given its co-location with FHB trait QTN3B_9-16-32-77-89-96-164-185 and proximity to TaHRC gene (Su et al., 2019) within the Fhb1 region on chromosome 3B, TraesCS3B02G024900, which encodes a DEAD/DEAH box RNA helicase domain, could potentially be a candidate for the Fhb1 locus. The second pleiotropic QTN2D_7-31-162-184 for FHB INC, SEV, and IND, represented by SNP marker wsnp_Ex_c6400_11123059 (located at 62.96 Mb) on chromosome 2D, co-locates with a ribosome biogenesis protein NSA2 homolog (TraesCS2D02G113600). In a consensus genetic map by Bokore et al. (2020), SNP marker wsnp_Ex_c6400_11123059 representing the above QTN is located ~6 cM from SSR marker Xgwm484, which, along with marker Xgwm261, flanks the photoperiod sensitive gene Ppd-D1 on chromosome 2D (Gasperini et al., 2012). This genomic region on chromosome 2D also coincides with an anthesis date QTL QAnth.crc-2D mapped at ~37.1 cM in a Kenyon/86ISMN recombinant inbred line (RIL) population, which is likely the effect of Ppd-D1 (McCartney et al., 2016), and QLr.spa-2D.2, a QTL associated with leaf rust resistance in Canada and New Zealand, detected in a Stettler/Red Fife spring wheat population (Bokore et al., 2020).

The third pleiotropic QTN5A_80-102-130-260 for FHB INC and IND on chromosome 5A coincides with a beta-amylase protein gene. Beta-amylase activity is said to increase 10 days after anthesis (LaBerge and Marchylo, 1986). Its expression was reported to be upregulated in response to Fusarium culmorum and F. graminearum infection of emmer wheat grains (Eggert et al., 2011). The fourth QTN6B_92-106-272 for FHB SEV and IND co-locates with a S-adenosylmethionine (SAM) synthase protein located (224.1–233.3 Mb) within the Fhb2 region on chromosome 6B (Zhu et al., 2021). In response to inoculation with F. graminearum, the SAM protein was upregulated in resistant near-isogenic lines (NILs) carrying the Fhb1 locus and derived from an HC374/98B69*L47 cross (Gunnaiah et al., 2012). Further, a related SAM-dependent methyltransferase (TaSAM) protein was differentially expressed in microarray analyses comparing transcript accumulation in DON treated versus untreated lines derived from a CM82036/Remus cross, segregating for Fhb1 (Walter et al., 2008).

The fifth (QTN7A_40-274-288-173-197) pleiotropic FHB trait QTN on chromosome 7A corresponds to a multiple organellar RNA editing factor (MORF) 2 gene. MORF family proteins are involved in RNA editing (Benne et al., 1986) in the organelles of flowering plants (Takenaka et al., 2012). The first study of RNA editing or RNA/DNA difference (RDDs) in wheat, in response to F. graminearum infection, was carried out by Yang et al. (2022), using publicly available RNA-seq samples of four wheat genotypes, Nyubai, Wuhan 1, HC374, and Shaw. The sixth (QTN7A_200-266-273-287) pleiotropic FHB trait QTN, also on chromosome 7A, co-locates with an actin–fragmin kinase (AFK) catalytic domain-containing protein. AFK, an actin-binding protein kinase (Eichinger et al., 1996), along with actins and microtubules, is associated with the plant cytoskeleton (Staiger and Schliwa, 1987; Etienne-Manneville, 2004) and is most likely involved in biotic resistance mechanisms (Kobayashi et al., 1992; Takemoto et al., 2003; Takemoto and Hardham, 2004; Hardham, 2013).

Lastly, the seventh pleiotropic QTN (FHB SEV and IND) on chromosome 7B, QTN7B_26-267, co-locates with a Photosystem II (PSII) stability/assembly factor. PSII is bound by oxygen-evolving enhancer proteins (OEEs; Sugihara et al., 2000), which are essential for its oxygen-evolving activity and stability (Mizobuchi and Yamamoto, 1989) during abiotic and/or biotic stresses. Two of these proteins (OEE1 and OEE2) were upregulated in response to FHB inoculation of FHB-resistant wheat cultivar Wangshuibai and an FHB-resistant NIL derived from a Ning 7840/Clark backcross (Wang et al., 2005; Zhang et al., 2013).





Pleiotropic QTN for FHB INC and DTA

Three QTNs were pleiotropic for FHB INC and DTA. The first on chromosome 1A, QTN1A_46-252 (508.5 Mb), co-locates with an uncharacterized protein; in addition, it coincides with a durum wheat INC and SEV 1A.3 QTL interval (503–580 Mb) identified by Ruan et al. (2020). The second, QTN1D_49-255, on chromosome 1D co-locates with a pentatricopeptide repeat (PPR)-containing protein. PPR proteins (Aubourg et al., 2000; Small and Peeters, 2000) are required for the expression of several organellar genes mainly in the mitochondria or chloroplasts, where they modulate gene expression at the RNA level (Colcombet et al., 2013; Barkan and Small, 2014; Manna, 2015).

Further, the third, QTN6B_59-262 for FHB INC and DTA QTN on chromosome 6B, co-locates with an ATP synthase mitochondrial F1 complex assembly factor 1 protein, which most likely plays a role in the regulation of oxidative stress. Oxidative stress is reported to be induced in response to F. graminearum infection in wheat (Zhou et al., 2005; Golkari et al., 2007). Wheat mitochondrial phosphate transporter (MPT) encoding genes catalyze the oxidative phosphorylation of ADP to ATP (Takabatake et al., 1999) and are involved in the modulation of reactive oxygen species (ROS) and regulation of oxidative stress responses (Walter et al., 2008).





Pleiotropic QTN for FHB traits and PLHT

Among the two QTNs pleiotropic for FHB traits and PLHT, QTN6B_70-169-194 for SEV, IND, and PLHT on chromosome 6B co-locates with a protein-coding gene, inside a 585–707-Mb interval of a 6B.1 QTL for FHB resistance detected by Ruan et al. (2020) in a durum wheat panel. The second QTN for INC, SEV, IND, and PLHT, QTN7B_13-45-83-94-108-154-176-201-277-292 (670.3 Mb) on chromosome 7B, coincides with an MMS19 nucleotide excision repair protein. MMS proteins, among other genes, are involved in the excision repair of DNA damaged by ultraviolet (UV) light in plants (Witkin, 1969; Prakash and Prakash, 1977). As all of the above 12 pleiotropic QTN loci for FHB traits, DTA, and PLHT were detected in a globally diverse bread wheat panel, they could potentially be suitable for introgression into elite commercial lines with low FHB resistance, later maturity, or taller PLHT.





Non-pleiotropic QTN for DTA

Two QTNs for DTA were detected on chromosomes 1B and 7A from the MDN15 and MDN17 datasets. The QTN on chromosome 1B, QTN1B_48-206 (located at 563.67 Mb), co-locates with a disease resistance protein (570.33–570.337 Mb). It is ~8 Mb from a wheat FLOWERING LOCUS T 1-like gene (TaFT3-B1; Zikhali et al., 2017) positioned at 581.4 Mb (Luján Basile et al., 2019; Zhang et al., 2022) and falls within a 1B.1 QTL interval (544–581 Mb) region influencing DTA, PLHT, and FHB traits in durum wheat (Ruan et al., 2020). The second QTN on chromosome 7A, QTN7A_61-219 (675.23 Mb), co-locates with an uncharacterized protein located ~0.85 Mb (as per RefSeq v2.1) away from a maturity QTL QMat.dms-7A.3 (680.67–717.91 Mb in RefSeq v2.1) identified in a RIL population of a ‘Peace’ × ‘CDC Stanley’ cross (Semagn et al., 2021). The two DTA QTNs of our study are independent of those detected for FHB resistance traits. For example, the breeder could consider combining the identified FHB QTN loci with DTA loci, in a configuration that provides FHB resistance with desired maturity.





Non-pleiotropic QTN for PLHT

For PLHT, none of the QTNs detected in our study co-located with any of the commonly deployed reduced height (Rht) genes Rht-B1, Rht-D1, and Rht-8. Of the three QTN detected for PLHT, two were located on chromosome 4B, and one was located on chromosome 6B. The first on chromosome 4B, QTN4B_144-226 (located at 38.28 Mb), is associated with a protein kinase domain-containing protein, located at 10.15 Mb from the Rht-B1 the gene TraesCS4B02G043100 (4B:30861268..30863723 bp in RefSeq v2.1) represented by SNP Tdurum_contig27834_923 (30.86 Mb). Plant protein kinases catalyze the phosphorylation of proteins, some of which are associated with plant growth and development, disease resistance, and abiotic stresses (Tena et al., 2001; Nakagami et al., 2005). For example, in rice, OsMAPKKK5, a mitogen-activated protein kinase is reported to be a positive regulator of plant height and yield (Liu et al., 2019).

The second 4B QTN, QTN4B_65-145-227 (578.04 Mb), is associated with a N-acetyltransferase (NAT) domain-containing protein located within a ~30 Mb genomic region (569.2–599.6 Mb in RefSeq v2.1), which harbors genes regulating maturity and flower development (Semagn et al., 2021). NAT proteins are involved in the biosynthesis of melanin, which regulates plant growth and development (Murch et al., 2001; Murch and Saxena, 2002; Arnao and Hernández-Ruiz, 2014).

The third PLHT QTN on chromosome 6BS, QTN6B_151-229 (located at 8.78 Mb), is associated with an uncharacterized protein. High R2 values and LOD scores observed for QTN4B_65-145-227 (R2 = 17.8–33.96; LOD = 7.58–15.5) and QTN6B_151-229 (R2 = 7.6–43.58; LOD = 4.18–12.6) suggest that both QTNs could have a significant influence on PLHT. Several GWAS and QTL studies have reported physical locations of various PLHT QTLs and SNP markers on chromosome 6B (Li et al., 2018; Liu et al., 2018; Li et al., 2019; Luján Basile et al., 2019; Malik et al., 2019; Muhammad et al., 2021; Liu et al., 2022). The fact that the physical location of PLHT QTN6B_151-229 (8.78 Mb) on chromosome 6B of our study does not coincide with the physical locations of 6B QTL loci reported in the above studies suggests the novelty of the QTN6B_151-229 locus. Therefore, similar to FHB and DTA, breeders might consider recombining the above PLHT QTN and FHB QTN loci in elite lines that lack desirable FHB and PLHT traits and select for FHB-resistant lines with desired plant height and maturity suited to their respective geographical regions. For example, in Canada, recombining FHB resistance with PLHT and DTA would be most desirable in terms of developing FHB-resistant cultivars that are early maturing and semi-dwarf/short stature, making them less prone to lodging and hence beneficial from a yield standpoint. Taller lines have the added advantage of some level of escape from soil residue-borne FHB infection or Type I resistance (Mesterhazy, 1995; Miedaner, 1997; Hilton et al., 1999; Ma et al., 2000; Kolb et al., 2001; Steiner et al., 2004; Srinivasachary et al., 2008; Srinivasachary et al., 2009; Mao et al., 2010; Buerstmayr and Buerstmayr, 2015 and Buerstmayr and Buerstmayr, 2016). However, given the artificial soil inoculation with F. graminearum isolates at our nurseries, it would be necessary to determine if the identified pleiotropic (FHB and PLHT) and PLHT QTN are the results of true FHB resistance or disease escape/passive resistance of the taller lines (Mesterhazy, 1995; Klahr et al., 2007).

The detection of Fhb1 and Fhb2 would be expected given the presence of Sumai 3 in the AMP, alongside its Canadian derivatives (AAC Brandon, AAC Elie, Cardale, and AC Carberry), all originating from crosses of bridging parents Alsen and/or ND744 (Zhu et al., 2019). In addition to the statistically significant QTNs on chromosomes 1A, 1D, 2D, 3B, 5A, 6B, 7A, and 7B, detected from two or more environments, several single-environment QTNs explaining high phenotypic variances (i.e., R2 up to 36%) in INC, SEV, IND, DTA, or PLHT traits were detected. For example, 18 statistically significant QTNs for FHB traits were detected only in the OWA 2017 environment and not in the other two environments of MDN or BDN (Supplementary Material 3). All of these single-location QTNs have not been discussed here due to a lack of association with the main 17 QTNs of this study. However, genomic information on these QTNs will be useful for comparative mapping in other bread and durum wheat GWAS, in addition to bi-parental segregating population studies involving parental genotypes, which comprise our AMP.

Another interesting finding of this study might suggest the presence of potentially similar or identical QTLs for FHB, DTA, and/or other traits, in bread and durum wheat, given their proximal or near-identical genomic locations. Based on the results of a durum GWAS by Ruan et al. (2020), each of the four QTNs on chromosomes 1A, 1B, 3B, and 6B of this study shares a common location with their corresponding QTLs in durum wheat. These include QTN1A_46-252 (508.5 Mb) for INC and DTA on chromosome 1A, whose location coincides with an INC and SEV 1A.3 QTL interval (503–580 Mb) on chromosome 1A of durum wheat. The second, QTN1B_48-206 (563.67 Mb), for DTA falls within a 1B.1 QTL interval (544–581 Mb) influencing DTA, PLHT, and FHB traits in durum wheat and is located ~8 Mb from a wheat FLOWERING LOCUS T 1-like gene (TaFT3-B1). The third, QTN3B_9-16-32-77-89-96-164-185 (10.71 Mb), for FHB (INC, SEV, and IND), which was detected within the Fhb1 region on chromosome 3B, is located in close proximity to a 3B.2 (9.8 Mb) QTL of durum wheat. Finally, the fourth pleiotropic QTN6B_70-169-194 for SEV, IND, and PLHT on chromosome 6B of this study is located within a 585–707-Mb interval of a 6B.1 QTL for FHB resistance in durum wheat.






Conclusion

Given that FHB is a yield and quality-limiting disease of wheat, there is a constant need for reliable SNP markers to identify FHB-resistant genotypes. The 17 QTNs detected in this study are potentially significant from a breeding and cultivar improvement perspective. Among notable ones are the 3B QTN within the Fhb1 region, a 1B DTA QTN close to a Flowering Locus T1-like gene TaFT3-B1, a putatively novel 6B PLHT QTN, a 7A DTA QTN close to a maturity QTL QMat.dms-7A.3 of another study, and four pleiotropic QTNs, all potentially identical to their counterparts in durum wheat. Further assessment and validation of the identified QTNs are merited, for example, in bi-parental segregating or doubled-haploid populations tested across multiple environments. Once validated, the above QTN-derived KASP markers would provide breeders with options to deploy pleiotropic loci for FHB resistance and PLHT or recombine FHB resistance with PLHT and/or with DTA loci and select for FHB-resistant lines with desired maturity and height.
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Early season flooding is a major constraint in direct-seeded rice, as rice genotypes vary in their coleoptile length during anoxia. Trehalose-6-phosphate phosphatase 7 (OsTPP7, Os09g0369400) has been identified as the genetic determinant for anaerobic germination (AG) and coleoptile elongation during flooding. We evaluated the coleoptile length of a diverse rice panel under normal and flooded conditions and investigated the Korean rice collection of 475 accessions to understand its genetic variation, population genetics, evolutionary relationships, and haplotypes in the OsTPP7 gene. Most accessions displayed enhanced flooded coleoptile lengths, with the temperate japonica ecotype exhibiting the highest average values for normal and flooded conditions. Positive Tajima’s D values in indica, admixture, and tropical japonica ecotypes suggested balancing selection or population expansion. Haplotype analysis revealed 18 haplotypes, with three in cultivated accessions, 13 in the wild type, and two in both. Hap_1 was found mostly in japonica, while Hap-2 and Hap_3 were more prevalent in indica accessions. Further phenotypic performance of major haplotypes showed significant differences in flooded coleoptile length, flooding tolerance index, and shoot length between Hap_1 and Hap_2/3. These findings could be valuable for future selective rice breeding and the development of efficient haplotype-based breeding strategies for improving flood tolerance.




Keywords: rice, trehalose-6-phosphate phosphatase 7, anaerobic germination, genetics, haplotype diversity, haplotype-based breeding




1 Introduction

Rice (Oryza sativa L.) is a staple food crop predominantly cultivated and consumed in Asia and Africa and ranks as the world’s number one food crop (Anuonye et al., 2016). It provides nearly 50% of the daily caloric intake for consumers (Paul, 2020). Direct-seeded rice (DSR) is a popular cultivation method due to its low labor requirements and minimal water and energy consumption. Thus, it is an economical and environmentally friendly choice (Kumar and Ladha, 2011; Zhang et al., 2015). Despite the risk of low germination in DSR caused by soil flooding (Senapati et al., 2019), its cost-effectiveness and convenience have made it a widespread practice globally (Yang et al., 2019). However, modern rice varieties do not germinate well when submerged in water, due to the lack of coleoptile elongation and the negative impact of long periods of oxygen deprivation on root and shoot development (Magneschi and Perata, 2009). Excessive or prolonged flooding can therefore result in partial or complete submergence of seedlings, adversely affecting the germination and survival of rice seedlings (Ismail et al., 2012).

Among different abiotic stresses, flooding is one of the major constraints for rice production, especially in rainfed lowland areas, and it threatens global food security (Dar et al., 2017). Climate change has exacerbated this problem, as modern rice varieties are vulnerable to flooding (Panda and Barik, 2021). Approximately 22 million hectares of South and South-East Asia are unfavorably submerged each year, negatively impacting the livelihoods of over 100 million people (Singh et al., 2016). Around 15 million hectares of rainfed lowland areas are specifically impacted by short-term flash flooding leading to substantial production loss (Singh et al., 2017). Over 35% of the world’s rice acreage is flood prone, and much is in regions of Asia and Africa, where food insecurity is prevalent (Bailey-Serres et al., 2012; Dwivedi et al., 2016). Germination under flooding is known as “anaerobic germination” (AG), where seeds can germinate without oxygen or undergo hypoxia or anoxia. This results in poor or no germination, seedling death, and poor crop establishment (Septiningsih and Mackill, 2018). Thus AG tolerance is critical for developing direct-seeded rice, enabling robust seedling establishment through rapid and sustained coleoptile elongation in the flooded condition (Tnani et al., 2021). QTL mapping studies have identified coleoptile elongation as an indicator trait of the tolerance phenotype, with tolerant genotypes exhibiting faster coleoptile elongation under submergence (Ismail et al., 2009; Narsai et al., 2015). Conversely, sensitive genotypes are susceptible to slower coleoptile growth (Miro and Ismail, 2013). Therefore, coleoptile elongation is a key criterion for selecting AG-tolerant rice varieties.

Several research groups have identified QTLs and their stability for AG tolerance in rice (Baltazar et al., 2014; Hsu and Tung, 2015; Kim and Reinke, 2018; Ghosal et al., 2019; Yang et al., 2019; Jeong et al., 2020). One of the earliest reports was by Angaji et al., who found the QTL AG1 (anaerobic germination 1) on the japonica landrace, Khao Hlan On (Angaji et al., 2010). Later studies identified that the QTL AG1 is encoded by trehalose-6-phosphate phosphatase 7 (OsTPP7), which enhances rice’s AG tolerance (Kretzschmar et al., 2015). Another prominent QTL for AG tolerance, AG2 (qAG7.1), located on chromosome 7, was mapped using a population derived from IR42 and the indica variety Ma-Zhan Red (Septiningsih et al., 2013). Recently, it was narrowed down from 7 Mb to less than 0.7 Mb, revealing the presence of 27 genes within this region. However, the specific candidate gene conferring AG tolerance remains to be identified (Tnani et al., 2021). While several AG tolerance loci have been identified, only one QTL (AG1) located at the long arm of chromosome 9 has been fine-mapped, cloned, and functionally validated as OsTPP7 (Kretzschmar et al., 2015). OsTPP7 plays a crucial role in the metabolism of trehalose-6-phosphate (T6P), a key molecule that acts as an energy sensor, regulating resource allocation for anabolism or catabolism based on sucrose availability (Kretzschmar et al., 2015; Yu et al., 2021). By modulating the balance between T6P and sucrose, OsTPP7 influences the flux of carbohydrates from source tissues to sink tissues, thereby controlling starch mobilization through the activity of α-amylases (Paul, 2008; Yu et al., 2015; Gómez-Álvarez and Pucciariello, 2022). This fine-tuning of carbohydrate distribution by OsTPP7 facilitates sugar transport to the embryo and the germinal sheath, leading to successful germination, vigorous early seedling growth and influencing the regulation of coleoptile length (Magneschi and Perata, 2009; Kretzschmar et al., 2015; Yu et al., 2021). Under anaerobic stress, OsTPP7 increased the turnover of T6P, enhancing starch mobilization and driving the growth kinetics of the germinating embryo and the coleoptile elongation, which ultimately enhanced AG tolerance (Kretzschmar et al., 2015). Later, this gene was used in molecular breeding and introduced into popular high-yielding rice varieties, including IR64, to increase anaerobic germination tolerance (Toledo et al., 2015; Kim et al., 2019; Alam et al., 2020).

With the availability of NGS data, utilization of single nucleotide polymorphisms (SNPs) and insertions/deletions (InDels) has become increasingly important in population genetics, evolutionary analysis, association studies, and molecular breeding in rice (Guo et al., 2014; Kim et al., 2016; Kim et al., 2022). The primary quantitative trait of AG tolerance is associated with two genes, AG1 and AG2. A better understanding of the roles of these genes could help address the problem of flooding for AG in DSR. Researchers and breeders have utilized various strategies to identify useful genetic variations that arise through evolutionary changes in rice. Exploration of a germplasm collection is essential to understand the genetic history and diversity of particular traits, as well as to identifying valuable haplotypes that can be utilized in breeding programs (Khush, 1997; Abbai et al., 2019; Zhang et al., 2021).

Although the AG1 gene is known to have a significant role in rice breeding, there is still much to learn about its genetic variation, population genetics, and evolutionary relationships within species or populations. This lack of knowledge has limited our understanding of the functional genetic variations in OsTPP7 and their impact on AG tolerance. In order to address this gap, we analyzed 475 Korean rice accessions and conducted genetic and haplotypic analyses of OsTPP7 (Os09g0369400) and its genetic backgrounds. By understanding the population genetic structure and evolutionary relationships for OsTPP7 within and among populations, this study will be helpful in future breeding programs aimed at developing economically desirable rice varieties.




2 Materials and methods



2.1 Plant materials and experimental site

We used a core set of 475 accessions from the Korean World Rice Collection (KRICE), consisting of 421 cultivated and 54 wild accessions (Supplementary Table 1). The cultivated accessions, collected worldwide by the National Gene Bank of the Rural Development Administration, Republic of Korea, were classified into three varietal types: landrace, bred, and weedy (Maung et al., 2021a; Maung et al., 2021b; Phitaktansakul et al., 2022). These 421 cultivated rice accessions were further classified into six groups based on their ecotype: temperate japonica (279 accessions), tropical japonica (26 accessions), indica (102 accessions), aus (9 accessions), aromatic (2 accessions), and admixture (3 accessions) (Kim et al., 2007). We determined the ecotypes of the different rice accessions by utilizing whole-genome resequencing data (Phitaktansakul et al., 2022). The data was used to construct a neighbor-joining tree using PHYLIP software (Felsenstein, 2004). The resulting tree was then classified based on the previously reported ecotypes of known accessions. In addition, 54 wild rice accessions obtained from the International Rice Research Institute were included in the study (Supplementary Table 1). Weedy rice is an invasive and problematic type of rice that has evolved from de-domestication events from cultivated rice (He et al., 2017; Li et al., 2017). On the other hand, wild rice is a distinct species native to specific regions and is known for its unique grain characteristics (Roma-Burgos et al., 2021). All accessions were cultivated in an experimental field at the Plant Resources Department, Kongju National University (Yesan Campus), following standard crop management and cultural operations.




2.2 Screening for AG phenotypes

A total of 421 cultivated rice accessions were subjected to phenotypic screening for AG tolerance. To break dormancy, seeds from each accession were incubated at 30°C for one day, 48°C for three days, and then at 30°C for one day. After surface sterilization with a 1% sodium hypochlorite solution for 10 min, the seeds were washed with deionized distilled water thrice. Subsequently, the seeds were subjected to two treatments: normal germination (control) and flooded germination. Twenty-one days is a commonly used duration for AG evaluation under flooded soil conditions (Ismail et al., 2009; Ghosal et al., 2019; Kuya et al., 2019). However, in vitro studies have shown that this period can vary from 4-15 days depending on the purpose of investigation (Nghi et al., 2019; Islam et al., 2022; Thapa et al., 2022; Shanmugam et al., 2023). We selected a 14-day period to capture the period up to the emergence stage, which is crucial for evaluating seedling vigor and emergence, ultimately reflecting coleoptile elongation. Ten seeds of each accession were wrapped in wet absorbent filter paper for normal germination and placed in a plastic box for 14 days. For the flooded germination treatment, ten seeds from each accession were placed in a 15 ml conical tube filled with sterile water ensuring they were completely submerged, and incubated in the dark at 30°C for 14 days. The water levels of the absorbent filter paper and tubes were maintained throughout the experiment. The experiments were performed in triplicate (total 30 seeds) for both treatments, and the length of the coleoptiles was measured after 14 days of germination using an ordinary ruler. The flooding tolerance index (FTI) was calculated as the ratio of flooded coleoptile length (FCL) to normal coleoptile length (NCL). Analysis of variance (ANOVA) was performed using SPSS software to evaluate the effects of genotype and genotype × environment interactions on the trait of interest. Sources of variation were determined to assess the coefficient of variation (CV) and estimate the relationship between NCL and FCL.




2.3 Sequence alignment and variant calling

We utilized resequencing data from the Korean rice collection, which was generated using an Illumina HiSeq 2500 Sequencing System Platform. The cultivated Korean accessions were resequenced, with an average coverage depth of 13.5× (Supplementary Table 1). Among the cultivated accessions, 327 had depths greater than 10× (Supplementary Figure 1A). For wild accessions, the average sequencing depth was 72.2×, with a maximum depth of 143.6×, and 46 accessions had depths greater than 40× (Supplementary Figure 1B). The resequencing data underwent a series of processing steps, including data preparation, filtering, mapping, sorting, and variant calling. The raw data was provided in FastQ format, and missing values were removed using VCFtools (Danecek et al., 2011). BWA v0.7.15 and Samtools v1.3.1 were used to index and align the Nipponbare reference genome (IRGSP 1.0) (Li and Durbin, 2009; Li et al., 2009). Duplicate reads aligned at multiple locations were removed using PICARDv1.88 (Toolkit, 2019). Final alignment and variant calling were performed using GATK tools v4.0.1.2 (McKenna et al., 2010). The resulting variants were filtered with VCFtools to eliminate false-positive SNPs/InDels. Default settings were used for most of the software and tools employed in the analysis. The VCF file containing information of genetic variants was used to evaluate genetic variation in the OsTPP7 gene. The sequencing data of the OsTPP7 gene were deposited in the NCBI GenBank database with the accession numbers MZ682675-MZ683149 (Supplementary Table 1).




2.4 Principal component analysis and population structure

To assess the population structure among the different groups of rice accessions, we generated a PCA plot based on two principal components (PC1 and PC2) using TASSEL5 (Bradbury et al., 2007). The resulting variable components were visualized using the ggplot2 package in R (Wickham et al., 2016). Multidimensional scaling was employed to differentiate varietal groups (bred, weedy, landrace, and wild) based on various variables obtained from the VCF file for the OsTPP7 gene. We used VCFtools to convert the previously called variants into plink output using the PLINK analysis toolset (Purcell et al., 2007). This conversion generated a bed file, and two additional files (.bim and.fam format) were generated using a Python script. To investigate population structure, we utilized the FastStructure package tool (Raj et al., 2014). To explore population ancestry, we estimated the number of subpopulations ranging from 2 to 7. The admixed patterns of defined populations (i.e., population structure) were analyzed using average Q-values obtained from the Pophelper analytical tool (Francis, 2017) in RStudio.

To study the evolutionary relationship of the OsTPP7 gene among various plant species, we downloaded function-annotated protein sequences from 19 different species, available at (http://plants.ensembl.org/info/data/ftp/index.html) (Supplementary Table 2). These species included 12 wild rice species: Oryza barthii, Oryza glaberrima, Oryza longistaminata, Oryza glumipatula, Oryza nivara, Oryza rufipogon, Oryza sativa japonica, Oryza sativa indica, Oryza sativa japonica, aus, Oryza meridionalis, Oryza punctata, and Oryza brachyantha, six cereals and one dicot. We identified orthologous genes by running OrthoFinder v2.5.4 (Emms and Kelly, 2015) and generated a neighbor-joining tree using MEGA7 (Kumar et al., 2016).




2.5 Nucleotide diversity and evolutionary analysis

To analyze evolutionary patterns, we calculated nucleotide diversity (π), Tajima’s D, and population differentiation (FST) using VCFtools 0.1.13. First, we extracted variant files for the gene region of each group using VCFtools and compared them for both SNPs and InDels. Only sites with a minor allele frequency (MAF) greater than 0.05 and no missing data were included in the analysis. For nucleotide diversity and Tajima’s D tests (Tajima, 1989), we used a sliding window size of 1.0 kb and compared the results among the different groups of the 475 rice accessions. FST was also calculated using VCFtools v0.1.15, with a 500-bp slide window and 500-bp steps, to assess genetic differences among the groups.




2.6 Haplotype analysis

Furthermore, we performed a haplotype analysis on the OsTPP7 gene region to group its functional variations (SNPs and InDels). VCFtools was used to create a FASTA file from the VCF file, and sequences were aligned using MEGA7 (Kumar et al., 2016). The aligned sequences were then transformed to the nexus format before conducting haplotype analysis with DnaSP v6.12.03 (Rozas et al., 2017). We constructed a TCS haplotype network (Crandall et al., 2000) using the Population Analysis with Articulate Tree (PopART) v1.7 software (Leigh and Bryant, 2015). Additionally, we conducted haplotype analysis in the 3K_RG panel for the OsTPP7 gene. The sequence data for the 3K_RG panel was downloaded from the online database https://snp-seek.irri.org/_download.zul;jsessionid=79B65E769E27730C020C4C198AE67235 accessed on May 22, 2020, and haplotyping was performed without filtering the variants.




2.7 Statistical analysis

All statistical analyses were performed using R Statistical Software (version 4.2.3; R Foundation for Statistical Computing, Vienna, Austria). The results are presented as the mean ± standard error (SE). One-way ANOVA and Sheffe’s test were used to detect significant differences. Further statistical comparisons were conducted to determine the associations between the identified functional haplotypes and AG tolerance using the phenotypic data from the cultivated accessions. The major haplotypes were used for comparison, and the mean phenotype was calculated for each group of accessions carrying a similar haplotype. The difference between the means was compared by the Student’s t-test using the ‘t.test’ function in the R.





3 Results



3.1 Phenotypic variation for AG

The cultivated rice accessions from the Korean collection showed considerable variation in AG phenotyping, as summarized in Table 1. Under normal conditions, the NCL ranged from 0.42 cm to 3.85 cm, with a mean of 1.94 cm. Under flooded conditions, the FCL ranged from 0.69 cm to 5.37 cm, with a mean of 2.80 cm. Japonica accessions displayed higher coleoptile lengths (CLs) than indica accessions under both normal and flooded conditions. The average CLs for indica, temperate japonica, and tropical japonica ecotypes under normal germination were 1.92 cm, 2.07 cm, and 1.99 cm, respectively. These values increased in response to AG, resulting in average CLs of 2.26 cm, 3.02 cm, and 2.89 cm, respectively. Consequently, the FTI values were also higher in japonica compared to indica (Table 1).


Table 1 | Statistical analysis of rice coleoptile lengths from 421 cultivated rice accessions under normal and flooded conditions.



The ANOVA revealed that the interaction effect between genotype and environment strongly influenced coleoptile lengths (Table 1). Additionally, the genotypic effect was significant for all traits, while the environmental effect was not significant. The coefficient of variation (CV) for FTI was 46.23%, higher than that for NCL (30.02%) and FCL (32.42%). The standard deviation was also higher for FCL (0.90) compared to NCL and FTI (Table 1).

Furthermore, we categorized the distinct variations in coleoptile traits into four groups based on length: short (<1.5 cm), intermediate (1.5-2.5 cm), long (2.5-3.5 cm), and very long (> 3.5 cm) (Figure 1; Supplementary Figure 2). Interestingly, the number of accessions in the short and intermediate categories decreased, while the number in the long and very long categories increased under AG. Under normal conditions, 68 indica accessions were grouped in the intermediate category, but only 44 remained in that category under AG. Whereas the number of accessions in the long category increased from 10 to 36 under normal and AG conditions, respectively. Similar trends were observed for temperate japonica and tropical japonica accessions. While only three accessions had NCL >3.5 cm, 81 accessions showed very long FCL under AG (Figure 1).




Figure 1 | Classification of coleoptile lengths under normal (A) and flooded conditions (B). Numbers on the bars indicate total accessions. Te_J represents temperate japonica, and Tr_J represents tropical japonica.



Regarding the different ecotypes, no significant differences were found in NCL. However, significant variations were observed in FCL and FTI between the ecotypes. Notably, both temperate japonica and tropical japonica ecotypes exhibited significantly higher FCL and FTI values compared to the indica and aus ecotypes (Figure 2). These findings underscore the differential response of temperate japonica and tropical japonica ecotypes towards AG, as evidenced by their significantly higher FCL compared to the indica ecotypes.




Figure 2 | Variations in anaerobic germination (AG) tolerance traits among the ecotypes. (A) NCL, normal coleoptile length; (B) FCL, flooded coleoptile length; (C) FTI, flooding tolerance index; SEM error bars are displayed for each type; Te_J represents temperate japonica, and Tr_J represents tropical japonica. Different letters above each boxplot indicate significant differences among ecotypes according to Sheffe’s test (p < 0.05).






3.2 Genetic variation in OsTPP7 of the Korean rice collection

The OsTPP7 gene (Os09g0369400) is located on chromosome 9 at 12,251,875.12,254,061 (+ strand) and consists of seven exons with a length of 2186 bp. Table 2 presents the genetic variants, including SNPs, insertions (Ins), and deletions (Del), in the OsTPP7 gene region of the 475 rice accessions. Among the cultivated group, temperate japonica had 8 SNPs, followed by six SNPs in indica. In contrast, no genetic variation was observed in the aromatic group, which matches the Nipponbare reference sequence. A total of 163 genetic variations (53 Ins, 33 SNPs, and 23 Del) were identified in wild rice.


Table 2 | Summary of genetic variations in the OsTPP7 gene region of 475 accessions from the Korean rice collection.






3.3 Population structure analysis

The genetic composition of the Korean rice collection was further examined for OsTPP7 gene region using population structure and PCA (Figure 3). It was observed that the indica and japonica ecotypes exhibited a somewhat similar structure at K = 3, K = 4, and K = 7. Interestingly, the indica ecotype was divided into two clusters, representing temperate and tropical japonica, indicating a certain degree of genetic similarity between indica and one or both of these ecotypes in relation to the OsTPP7 gene. In contrast, wild rice exhibited a mixed structure that became more apparent with increasing K values (Figure 3A). Similarly, in the PCA, the wild rice accessions exhibited a scattered distribution (part a in Figure 3B), while some overlap was observed among the cultivated groups (part b in Figure 3B). Furthermore, PCA analysis based on varietal type also revealed a similar dispersion pattern for bred, landrace, weedy, and wild accessions (Supplementary Figure 3A).




Figure 3 | Population structure of 475 rice accessions based on the OsTPP7 gene. (A) Population structure clustering using K values ranging from 2 to 7; each color represents a cluster. (B) Principal component analysis (PCA) of cultivated and wild rice accessions. Circle a: distribution of wild accessions, and circle b: distribution of cultivated accessions.



Our analysis of orthologous genes revealed distinct sub-clades formed by all TPP gene members, with TPP7 genes clustered together with TPP6 (Supplementary Figure 4). Furthermore, in the PCA analysis, we observed clear differentiation of wild rice accessions from other ecotypes based on the first and second principal components (PC1 and PC2) (Figure 3B), which aligns with previous studies (Veasey et al., 2011; Huang et al., 2012). These findings suggest that wild rice may possess a larger genetic distance and a different genetic background, indicating a complex domestication history during the evolution of wild rice (Konishi et al., 2006; Choi et al., 2019).




3.4 Genetic differentiation for OsTPP7 in Korean rice collection

To assess the level of differentiation among the populations, we calculated fixation index (FST) values based on the OsTPP7 gene using weighted methods (Weir and Cockerham, 1984). The resulting statistics were then analyzed for pairwise comparisons (Table 3). The highest weighted average FST (0.533) was observed between the temperate japonica and wild groups, while the lowest was observed between the temperate japonica and aromatic groups (Table 3). Interestingly, the wild group showed a relatively closer genetic relationship to the aromatic and admixture groups.


Table 3 | Pairwise estimates of genetic differentiation (FST) values among the ecotypes for the OsTPP7 gene region.



For the indica group, the highest pairwise FST value was observed with wild type (0.271), followed by temperate japonica (0.261), while lower genetic differentiation was observed for the aromatic and admixture groups. The FST values between the tropical japonica and admixture groups (0.318) and between the temperate japonica and admixture groups (0.274) indicated a higher degree of genetic differentiation among the cultivated population (Table 3).

Regarding varietal types, FST values ranged from 0.003 (between bred and weedy) to 0.459 (between bred and wild). These results revealed that pairwise FST values between cultivated groups were lower than those involving the wild group, indicating a closer genetic relationship for OsTPP7 within the cultivated varietal types (Supplementary Figure 3B).




3.5 Genetic diversity, selection, and demographic history of OsTPP7 in Korean Rice collection

The nucleotide diversity (π) for the OsTPP7 gene was analyzed to evaluate the degree of polymorphism among different groups within the Korean rice collection. The results revealed that the wild group had the highest diversity, followed by admixture, indica, aus, temperate-japonica, and tropical-japonica groups (Figure 4A). On average, the nucleotide diversity was 0.00008 in tropical japonica and 0.00265 in wild rice (Figure 4B). Notably, the highest value of nucleotide diversity (0.00515) was observed at position 12,254,000 in the wild group, while the weedy group had the lowest value (0.00042) at the same position (Supplementary Figure 5A). When considering the mean nucleotide diversity values, the wild group had the highest value (0.00310), followed by landrace (0.00219), bred (0.00131), and weedy (0.00086) (Supplementary Figure 5B). The diversity of japonica in this gene region was lower than that of indica and other groups, supporting the hypothesis of selection for OsTPP7 during the domestication of japonica rice.




Figure 4 | Nucleotide diversity based on OsTPP7 across ecotypes of Korean rice collection. (A) Nucleotide diversity values with 1.0 kb sliding window. The highlighted cyan color shows the OsTPP7 gene region. (B) Box plots represent a comparison of mean nucleotide diversity among the ecotypes. Different letters above each boxplot indicate significant differences among ecotypes according to Sheffe’s test (p < 0.05). (C) Variation in SNP density among the ecotypes of Korean rice collection for OsTPP7 gene region.



To gain further insights into the presence of selection and/or demographic changes within the population, we analyzed Tajima’s D values for the OsTPP7 gene and assessed the differences between the expected and observed segregation numbers due to selection. Here, indica type showed a positive value (0.97190), followed by the admixture (0.6003) and tropical japonica (0.21739) ecotypes, while negative values were observed in temperate japonica, aus, and wild types (Figure 5). For varietal types, the average Tajima’s D values ranged from −0.94356 (wild) to 0.00020 (landrace), with only the landrace showing a positive value (0.00020) (Supplementary Figure 6). The positive Tajima’s D values observed in the indica, admixture, and tropical japonica ecotypes suggest the presence of balancing selection or population contraction. In contrast, the negative Tajima’s D values observed in the temperate japonica, aus, and wild types suggest a deficiency of intermediate-frequency variants, which could be due to purifying selection or population expansion.




Figure 5 | Tajima’s D analysis based on OsTPP7 in ecotypes of Korean rice collection. (A) Tajima’s D values among the ecotypes with a 1.0 kb sliding window. The highlighted cyan color indicates the OsTPP7 gene region. (B) Box plots comparing the mean Tajima’s D values among the ecotypes. Different letters above each boxplot indicate significant differences among ecotypes according to Sheffe’s test (p < 0.05).






3.6 Haplotype diversity analysis of OsTPP7 gene

In order to investigate the genetic diversity and relationships among different haplotypes of the OsTPP7 gene, a haplotype network was constructed (Figure 6A). A total of 92 polymorphic sites, including 34 SNPs and 58 InDels, were detected within the OsTPP7 genic region. These variations were distributed across different regions, with 23 sites in the exon region, 43 sites in introns, four sites in the 5′UTR, and 22 sites in the 3′UTR (Supplementary Table 3). The haplotype analysis revealed 18 distinct haplotypes, with three specific to cultivated accessions, 13 specific to wild accessions, and two present in both cultivated and wild accessions. The most common haplotype (Hap_1) was found in 395 rice accessions, including 362 cultivated and 33 wild accessions (Supplementary Table 4). Notably, among 305 japonica accessions, 300 were japonica accession into Hap_1, while Hap_2 and Hap_3 were predominated associated with indica accessions (Figure 6). A closely connected network was observed among the haplotypes of cultivated rice accessions, in which Hap_2, Hap_4, and Hap_5 were derived from the major haplotype, Hap_1, suggesting their close relationship (Supplementary Figure 7). Conversely, the wild rice haplotypes formed a network with varying degrees of mutational steps, clearly demonstrating a considerable genetic distance between cultivated and wild rice (Supplementary Figure 7).




Figure 6 | Gene structure and functional haplotypes of OsTPP7 (Os09g0369400) in 475 accessions. (A) The gene structure of the OsTPP7 gene was generated using Gene Structure Display Server (GSDS v2.0) program (http://gsds.gao-lab.org/). (B) Distribution of functional SNPs and haplotypes. Different SNPs are highlighted in yellow, insertions are highlighted in blue, and the dash (-) represents the same SNP. “Het” refers to “heterozygote,” and “C + W” refers to both cultivated and wild groups. The cyan color in chromosome position shows the functional SNPs.



Within the coding region of OsTPP7, we identified ten functional (non-synonymous) SNPs (referred to as fSNPs hereafter). One of these fSNPs was a C/A substitution at position 12,253,191 in exon 5, resulting in serine to arginine change found in Hap_2. This haplotype was present in 50 accessions, including 44 indica, one aus, two admixture, and three wild accessions. Another haplotype, Hap_3, was detected in six indica and four temperate japonica accessions. Hap_3 was characterized by a non-functional C/T SNP at position 12,252,673 in exon 3, a functional C/A SNP at position 12,253,191 in exon 5, and a 20-bp insertion in the 3’ UTR region. Additionally, Hap_5, found in one temperate japonica accession, had an fSNP G/A at position 12,252,716, causing a substitution from glycine to arginine in exon 3. The most prevalent haplotype, Hap_1, was present in temperate japonica (274 accessions), indica (52 accessions), aus (seven accessions), wild (33 accessions), admixture (one accession), tropical japonica (26 accessions), and aroma rice (two accessions) (Figure 6).

Among the wild group, haplotype analysis identified 15 haplotypes, nine of which contained fSNPs. Hap_10 had one heterozygote functional allele, while the remaining eight fSNPs (including one C/A, three G/A, two C/G, and two G/C) were unique to the wild type. Hap_9, present in three wild accessions, had two fSNPs (C/G and G/C), while Hap_18, found in two accessions, had a G/A fSNP causing a valine to methionine substitution in exon 4 (Figure 6).

Furthermore, we analyzed 3,000 rice genome (3K-RG) data to evaluate the OsTPP7 gene polymorphisms in a large number of accessions. A total of 112 haplotypes were identified, consisting of 105 polymorphisms, including 100 SNPs and 5 InDels. Among these, 72 SNPs were fSNPs located in the coding region, while the 5 InDels (two insertions and three deletions) were present in the intron and 3’ UTR (Supplementary Tables 5, 6). The primary haplotype Hap_1 was detected in 1,485 accessions, followed by Hap_2 in 1,107 accessions. Hap_2 was characterized by a C/A fSNP at position 12,253,191, causing a serine to arginine substitution in exon 5. Another major haplotype, Hap_5, was found in 223 accessions and featured the fSNP G/T at position 12,252,094 in exon 1. Hap_7 exhibited a 20 bp insertion in the 3’ UTR region and was characterized by the fSNP C/A at position 12,253,191 and the non-functional SNP C/T at position 12,252,673 (Supplementary Figure 8).




3.7 Association between OsTPP7 haplotypes and coleoptile length

Next, we evaluated the phenotypic performance of the major haplotypes, Hap_1, Hap_2, and Hap_3, across cultivated accessions (362 accessions in Hap_1, 47 accessions in Hap_2, and ten accessions in Hap_3) (Figures 7A–C). By conducting pairwise t-tests at a significance level of 0.05, we observed significant differences in FCL between Hap_1 and the other haplotypes, Hap_2, and Hap_3 (Figure 7B). For FTI, significant differences were observed between Hap_1 and Hap_2/Hap_3, although the significance levels were relatively lower compared to FCL (Figure 7C). Hap_2, an indica-specific haplotype with 44 indica accessions, displayed lower FCL and FTI values than Hap_1. However, there was no significant variation in NCL among the haplotypes (Figure 7A).




Figure 7 | The phenotypic effect of OsTPP7 haplotypes on AG traits. Boxplot shows the impact of haplotypes on NCL (A), FCL (B), and FTI (C) from a conical tube-based experiment. The boxplot also shows the impact of haplotypes on FCL (D), shoot length (E), and root length (F) from a tray-based experiment. All lengths are in cm. The significant difference between haplotypes was tested with p < 0.05 based on t-test statistics.



To further validate the findings from the conical tube experiment and provide additional evidence for the impact of OsTPP7 haplotypes on AG tolerance, we conducted a tray-based experiment for AG phenotyping. We randomly selected a total of 137 accessions from three major haplotypes, including Hap_1 (107 accessions), Hap_2 (23 accessions), and Hap_3 (six accessions). AG phenotyping was carried out based on the protocol of Septiningsih et al. (Septiningsih et al., 2013) (Supplementary Methods). The results revealed significant differences between Hap_1 and Hap_2/Hap_3 for FCL and shoot length (Supplementary Table 7; Figures 7D, E). These findings provide further support for the notion that allelic variations within OsTPP7 contribute to the phenotypic variation in coleoptile response to anaerobic germination rather than normal germination.





4 Discussion

The functional significance of the OsTPP7 gene, which is expressed during the early stages of coleoptile elongation and plays a role in AG tolerance, has been relatively understudied in rice. Early-season flooding poses a significant challenge in direct-seeded rice (DSR) as different rice genotypes exhibit varying coleoptile lengths during anoxia. Although rice is semi-aquatic and adapted to a wide range of hydrological conditions, it has a certain degree of tolerance to insufficient oxygen for AG and anaerobic seedling development. Under limited oxygen conditions, rice can use the starchy reserves available in the endosperm, and rice varieties expressing the TPP7 gene are more efficient at transporting sugars from the source (endosperm) to the sink (embryo and coleoptile) compared to other crops (Pucciariello, 2020). In order to sustain growth, rice seeds express the molecular signaling cascade involving the CIPK15-SnRK1A-MYBS1-αAmy pathway, which is responsible for mobilizing reserves and promoting growth (Kretzschmar et al., 2015). This pathway is initiated by the activation of CIPK15 (calcineurin b-like interacting protein kinase 15), which subsequently activates SnRK1 (sensor sucrose nonfermenting 1-related protein kinase 1), a regulatory kinase that governs the transcription factor MYBS1 (myeloblastosis sugar response complex 1). MYBS1 then translocates to the nucleus and binds to sugar-responsive elements on the promoters of α-amylases, particularly the predominant isoform α-amylase 3D (RAMY3D) (Lasanthi-Kudahettige et al., 2007; Lee et al., 2009). In this process, OsTPP7 plays a crucial role by disrupting the T6P/sucrose homeostasis and preventing the repression of the CIPK15-SnRK1A-MYBS1-αAmy pathway. By facilitating the activation of α-amylase expression in the embryo-coleoptiles, OsTPP7 contributes to effective coleoptile elongation and supports the growth and development of rice seedlings (Magneschi and Perata, 2009; Kretzschmar et al., 2015; Nghi et al., 2019; Yu et al., 2021). Using flooding-tolerant cultivars is the most suitable method to protect rice yields during prolonged flooding (Angaji et al., 2010). Tolerant rice cultivars exhibit rapid elongation of their coleoptiles, enabling seedlings to escape the anoxic environment and increasing their chances of survival (Yang et al., 2019). Japonica rice varieties have been observed to elongate their coleoptiles faster than indica varieties under flood conditions (Hsu and Tung, 2015). However, the full potential of local rice germplasms for germination and seedling development under flooded conditions remains largely untapped (Illangakoon et al., 2019).

Recognizing the significance of AG, we evaluated the coleoptile length of a diverse rice panel under normal and flooded conditions to assess their AG tolerance. Our findings indicated that most accessions showed enhanced coleoptile lengths under flooded conditions compared to normal conditions, with temperate japonica exhibiting the highest mean values for both NCL and FCL (Table 1). This indicates that temperate japonica has a flooding escape type of tolerance, which is consistent with previous studies highlighting its superior coleoptile elongation compared to other rice ecotypes (Kuya et al., 2019). Coleoptile elongation is considered as a major response to anaerobic stress, enabling direct sowing instead of transplanting and thereby improving the economic sustainability of rice cultivation. In this context, the qAG-9-2 QTL, which contains a functional TPP7 gene associated with coleoptile elongation, represents a promising avenue for improving flooding tolerance during germination (Kretzschmar et al., 2015). Despite its potential, limited research has explored the relationship between flooding tolerance and haplotypes of candidate genes in rice, particularly the OsTPP7 gene. Screening over 8,000 accessions from the International Rice Research Institute has revealed only a few genotypes with strong germination ability under flooding conditions, emphasizing the importance of exploring and harnessing the potential of local rice germplasms for germination and seedling development in flooded environments (Angaji et al., 2010).

The genetic diversity indices of the OsTPP7 gene reveal variation in nucleotide diversity and Tajima’s D values among rice ecotypes and varietal types (Figures 4, 5). The nucleotide diversity (π) analysis indicates that the wild group exhibited the highest diversity, followed by the admixture, indica, aus, temperate-japonica, and tropical-japonica ecotypes. This suggests distinct selection and purification for OsTPP7 among these ecotypes, with japonica exhibiting lower heterozygosity. This finding aligns with previous reports by Rashid and Zhao et al., who observed lower nucleotide diversity (π) in japonica than indica, but higher diversity in wild rice (Rashid et al., 2016). Among the varietal types, the highest nucleotide diversity (π) was observed in wild rice (Supplementary Figure 5), indicating the retention of rich ancestral genetic variation within the existing population (Yu et al., 2011; Deng et al., 2020). Lower nucleotide diversity (π) among the tested populations or samples may be attributed to inbreeding depression, increased genetic drift, and ineffective selection processes (Teixeira and Huber, 2021). The FST analysis of the OsTPP7 gene showed that two major varietal types, wild and bred, were isolated by the FST value 0.459, and there was a close genetic distance between the bred and weedy groups (0.003) (Supplementary Figure 3B). Significant genetic differentiation was identified among ecotypes based on the range of FST values (Table 3), with wild rice exhibiting higher genetic differentiation compared to other ecotypes (Melaku et al., 2013). The Tajima’s D analysis showed that indica, admixture, and tropical-japonica groups had positive values, while the temperate-japonica, aus, and wild types had negative values (Figure 5). The landrace group had a positive Tajima’s D value, suggesting it may have experienced balancing selection or population subdivision for the OsTPP7 gene. Ecotypes with negative Tajima’s D values are expected to have undergone purifying selection or selective sweeps on the OsTPP7 gene. Positive Tajima’s D values arise from an excess of intermediate frequency alleles and can result from population contraction or balancing selection (Tajima, 1989). Overall, these results suggest that different selection pressures and demographic events across different rice ecotypes and varietal types have influenced the genetic diversity of the OsTPP7 gene.

Haplotypes play a crucial role in both the imputation process and selection signature analysis, and their size is influenced by recombination events within a population (Mészáros et al., 2021). Identification and deployment of functional haplotypes in breeding programs have gained attention as a promising approach known as haplotype-based breeding (Bhat et al., 2021; Rana et al., 2022). In this study, we conducted a comprehensive haplotype analysis of the OsTPP7 gene and identified 18 haplotypes, including ten functional and eight non-functional haplotypes, based on 92 polymorphic sites within the genic region (Supplementary Table 3). Notably, we discovered a novel haplotype, Hap_2 (with fSNP C/A), which was detected in both the Korean rice collection (50 accessions) and the 3k_RG (1,107 accessions), highlighting its potential relevance for the future breeding of AG-tolerant rice. The lower FCL, FTI, and shoot length associated with Hap_2 in Korean rice accessions highlights its reduced AG tolerance (Figure 7). Although this haplotype may not be desirable for developing AG-tolerant rice varieties, it provides an opportunity to investigate the underlying mechanisms and genetic factors associated with anaerobic germination. In addition, we identified InDel haplotypes with a 20 bp insertion at 12,253,707 and a seven bp insertion at 12,253,933 in both the 475 Korean rice core and the 3K_RG. Supplementary Table 6 provides detailed information on the haplotypes and the corresponding accessions from the 3K_RG dataset.

Furthermore, we performed an association analysis between functional haplotypes and phenotypic variations to test their responses to coleoptile elongation. The major haplotypes exhibited significant differences in FCL, with Hap_1, which is identical to the AG-tolerant cultivar Nipponbare (Hsu and Tung, 2015), serving as the reference haplotype. Among the 305 japonica accessions, 300 harbored Hap_1, while 52 out of the 102 indica accessions shared the same haplotype (Figure 6B). Seven aus and two aromatic accessions also possessed Hap_1, while four temperate japonica accessions carried the indica-specific haplotype, Hap_2. Accessions with Hap_1 exhibited significantly higher FCL compared to Hap_2 and Hap_3 (Figures 7B, D). On the contrary, no significant associations were observed between haplotypes for NCL, indicating the independent genetic control of CL under normal and flood conditions (Figure 7A). The lower FCL values in the indica type suggest that it may have a quiescence flooding resistance type. Indica accessions carrying Hap_1 could be a valuable resource for improving anaerobic germination. Significant differences were also observed in shoot length between Hap_1 and Hap_2/3 (Figure 7E). The higher shoots length in Hap_1 may enhance trehalose accumulation in germinating coleoptiles, leading to the activation of α-AMYLASE (AMY) genes associated with endospermic starch catabolism and early elongation growth (Kretzschmar et al., 2015). At the same time, non-significant variations in root length (Figure 7F) suggest that rice can germinate anaerobically in flooded soils by prioritizing coleoptile and shoot elongation over the development of roots. However, the complex nature of the AG trait, which involves critical processes such as starch breakdown, glycolysis, fermentation, and various biochemical and metabolic processes, could account for subtle variations in FCL within haplotypes under flooded conditions (Singh et al., 2017; Ma et al., 2020). Further studies are warranted to gain a better understanding of AG tolerance and post-flood crop establishment. Efforts should be directed toward bridging the gap between AG-associated haplotypes and the breeding of direct-seeded rice (DSR) varieties




5 Conclusion

This study aimed to investigate the OsTPP7 (Os09g0369400) gene, which plays a critical role in rice anaerobic germination (AG) tolerance. To gain a better understanding of its gene function, we analyzed various diversity indices across different subpopulations of rice species, including haplotype diversity, nucleotide diversity, Tajima’s D, fixation index, population structure, and PCA. Through the genetic diversity and evolutionary analysis of OsTPP7, we gained insights into its domestication signature during gene evolution. The results revealed evidence of different directional selections, as indicated by positive and negative Tajima’s D values in cultivated rice, suggesting selective sweeps in this gene. A total of 18 haplotypes were identified in the Korean rice collection, of which three major haplotypes. Further phenotypic performance of major haplotypes showed significant differences in flooded coleoptile length, flooding tolerance index, and shoot length between Hap_1 and Hap_2/3. Specifically, the majority of japonica accessions belonging to Hap_1 exhibited higher AG tolerance compared to Hap_2/3, which were predominantly associated with indica accessions. The functional haplotypes identified in the Korean rice collection and 3K_RG data could be a valuable resource for haplotype-based breeding to improve anaerobic germination tolerance in rice. These findings provide valuable information for future selective rice breeding programs and develop more efficient and effective breeding strategies.
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Pogostemon cablin cultivation faces massive constraints because of its susceptability to drought stress that reduces patchouli propagation and oil yield. The present study has achieved an efficient and rapid direct regeneration system for the transgenic production of P. cablin using Agrobacterium-mediated genetic transformation. To establish an efficient regeneration protocol for fast in-vitro multiplication of patchouli plants, leaf, petiole, and transverse thin cell layer (tTCL) explants were used and inoculated on an MS medium supplemented with different combinations of phytohormones. A comparative study showed a maximum regeneration frequency of 93.30 ± 0.56% per explant was obtained from leaf segments on optimal MS medium fortified with 0.2mg/L BAP and 0.1mg/L NAA. Leaf and petiole explants took 25-35 days to regenerate while tTCL section showed regeneration in just 15-20 days on the same medium. Subsequently, productive genetic transformation protocol OD600 0.6, AS 200µM, 30mg/L kanamycin, and infection time 5 min. was standardized and best-suited explants were infected at optimum conditions from the Agrobacterium tumefaciens (LBA 4404) strain harboring ACC deaminase to generate transgenic P. cablin Benth. (CIM-Samarth) plants. The investigation suggested that the optimized protocol provides a maximum transformation frequency of 42 ± 1.9% in 15-20 days from tTCL. The transgenic plants were shifted to the greenhouse with a 52.0 ± 0.8% survival frequency. A molecular docking study confirmed significant binding affinity of ligand ACC with ACC deaminase at the catalytic site, and ligand interactions showed four H-bonds at the binding pocket with amino acids Cys-196, Val-198, Thr-199, and Gly-200 that validate gene relative expression in transgenic plants. Among all transgenic acclimatized greenhouse-grown patchouli plants, line PT4 showed improved drought resistance under severe water stress as its RWC was 71.7 ± 2.3% to 75.7 ± 2.1% which is greater than the RWC of the control plant, 58.30 ± 0.21%. Analysis of the other physiological indicators, H2O2, chlorophyll content, and ROS result support drought resistance ability. Our study concluded that the first report on P. cablin, tTCL direct regeneration, and standardized transformation protocol created a new opportunity for genetic manipulation to achieve drought-resistant patchouli plants for cultivation in all seasons at the commercial level.
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1 Introduction

The plant patchouli (Pogostemon cablin., family Lamiaceae); is an essential aromatic herb, native to tropical regions of Asia (Wang et al., 2019). Patchouli oil (PO) is commercially utilized in the perfumery, cosmetic, and aromatherapy industries worldwide. Besides being used in cosmetics, it is used as an antidepressant, antiphlogistic, antiseptic, aphrodisiac, astringent, diuretic, febrifuge, and fungicide (Miyazawa et al., 2000; Bunrathep et al., 2006). The major component of patchouli essential oil are patchoulene, caryophyllene, pogostol, guaiene, patchoulol, and α-patchoulene (Zhou et al., 2011; Liu et al., 2015). Patchoulol and α- patchoulene are responsible for maintaining the quality of PO (Ramya et al., 2013; Pandey et al., 2021). The potential application of PO in pharmacology and agriculture has led to an enormous global demand. The estimated global patchouli oil production is 800 tonnes/year, about 60% of which is produced by Indonesia (Tahir et al., 2019). Patchouli cultivation in India is approximately 600 ha, producing 20 tonnes of oil/annum (Choudhri et al., 2023).

Global climatic changes impose a wide range of stresses over crop cultivation and production (Chakraborty et al., 2014; Roychowdhury, 2014; Roychowdhury et al., 2020). The cultivation of shade-loving patchouli faces significant constraints due to its susceptibility to various biotic stresses (pests, fungi, viruses, and root-knot nematodes) and abiotic stresses (Singh et al., 2009; Bhau et al., 2016; Suhesti et al., 2022). In Southeast Asia, patchouli cultivation dominantly occurs in dry land therefore, P. cablin faces drought stress which limits its rapid growth and productivity (Suhesti et al., 2022). These stresses induce excess ethylene synthesis, resulting in senescence, abscission, and leaf yellowing ultimately reducing its essential oil yield (Glick, 2014). Until now, among all the major varieties of patchouli, none of them are showing improved drought tolerance capability. Consequently, preference has been given to developing varieties resistant/tolerant to drought stress with high biomass and better PO quality (Suhesti et al., 2022). Moreover, various conventional propagation methods cannot be practiced for genetic modification of P. cablin-resistant varieties because of the low transformation efficiency. Therefore, biotechnological applications could be successful in performing Agrobacterium tumefaciens- mediated genetic transformation with specific genes (Roychowdhury and Tah, 2013; Roychowdhury et al., 2023). The genetic manipulation provides a new dimension to develop superior patchouli drought resistant lines to meet the industrial demand of PO by cultivating in all seasons (Paul et al., 2012).

Recently, biotechnological techniques have been developed for microbial-plant interactions to utilize beneficial micro-biome characteristics for improving plant quantity and quality (Moon and Ali, 2022; Li et al., 2023a; Li et al., 2023b). One such technique is using ACC deaminase-PGPR for regenerative agriculture, which has shown to be highly advantageous (Glick, 2014; Han et al., 2021). During stress, plants produce excess ethylene called ‘stress ethylene’, which can impair primary metabolism (Singh et al., 2021). Drought stress compromises various physiological and metabolic pathways, resulting in stunted plant growth, interrupted photosynthesis, and abnormal metabolism leading to plant death (Hasanuzzaman et al., 2015; Anumalla et al., 2016; Zhang et al., 2018). As per the literature study, PGPRs that produce ACC deaminase have been found to reduce stress ethylene phytohormone levels under biotic and abiotic stresses (Penrose & Glick, 2003) by catalyzing ACC into α-ketobutyrate and ammonia (Li et al., 2019). It is reported by Glick (2014) that the transformation of the bacterial ACC deaminase gene supports reducing ethylene concentration and improving root permeability along with nitrate availability. Therefore, Agrobacterium-mediated genetic engineering is crucial for decreasing ethylene accumulation without affecting plant growth and development.

To genetically improve P. cablin, an efficient, fast, and highly reproducible regeneration system has been acquired in the present research to transform the ACC deaminase gene for large-scale cultivation in every season. Van (1973) developed the thin cell layer (TCL) technique, a low-cost, fast multiplication, and highly reproducible in-vitro propagation method for large-scale production of genetically stable plants. Either longitudinal (lTCL) or transverse (tTCL) section of ~0.1-5mm thin explants can be used for the propagation and preservation of various significant plants, including endangered ones (Rout et al., 2006; Singh et al., 2012; Zhao et al., 2007). Although regeneration and transformation protocols have been reported in P. cablin (Paul et al., 2010; Paul et al., 2012; Sugimura et al., 2005) from callus and direct regeneration from leaf disc, the transformation parameters were not well-concluded to provide better variety.

By keeping the detailed literature in mind, the present study demonstrates the establishment of an efficient direct regeneration system from leaf, petiole, and internodal transverse thin cell layer (tTCL) explants of patchouli to avoid somaclonal variation for large-scale multiplication in every season. The consequence of fast regeneration provides a smooth platform to address Agrobacterium tumefaciens-mediated genetic transformation with a construct harboring the ACC deaminase gene to analyse the tolerance level of acclimatized greenhouse-grown transgenic P. cablin plants against drought stress.




2 Materials and methods



2.1 Establishment of in vitro and direct regeneration protocols

Immature nodal explants were collected from 3-4 month old healthy patchouli plants (CIM-Samarth) cultivated by CSIR-CIMAP experimental farm itself, as shown in Figure 1A. The explants were washed with Tween20 (HiMedia, Maharashtra) and then rinsed with running tap water for 15-20 min. To sterilize the explants, they were treated with mercuric chloride (HgCl2, 0.1%) for 2-5 min. and then rinsed 2-3 times with sterile distilled water to remove any residual HgCl2. The sterilized explants were then transferred to full and half-strength MS medium (Murashige and Skoog, 1962) for in vitro plant establishment, as shown in Figures 1B, C. Further, the in vitro grown plants were taken as an opportunity to standardize the direct regeneration system using leaf, petiole, and internodal tTCL as explants (~0.1 to 1.0 cm in size). Eighteen explants of each type were inoculated onto MS medium containing various compositions of auxin (1-naphthaleneacetic acid- 0.01 mg/L to 1 mg/L) along with cytokinin (6-benzylaminopurine hydrochloride- 1 mg/L to 6 mg/L) for direct regeneration system (Table 1). The inoculated plates were maintained in the culture room at 25 ± 2°C with 16L-H: 8D-H photoperiods. After 45 days, the regenerated explants were shifted to full and half-strength MS medium for root induction (Figure 1G). The rooted plants were shifted to autoclaved sand for hardening, then after acclimatization plants were shifted to a mixture of soil and vermicompost (3:1) as shown in Figure 1H.




Figure 1 | Direct regeneration of Pogostemon cablin. (A) Source of P. cablin plant from CIMAP experimental farm. (B) Nodal explants were surface sterilized and shifted to half/full strength MS medium. (C) In vitro established rooted Patchouli plants. (D) Leaves and petioles were on regeneration medium (MS media supplemented with 0.2 mg/L BAP + 0.1 mg/L NAA). (E) Direct regeneration was observed from both explants. (F) Multiple shoots of a single explant and its microscopic view. (G) Regenerated shoots were shifted on MS medium for root induction. (H) Rooted plants were acclimatized in the greenhouse.




Table 1 | Response of different hormonal combinations to induce direct regeneration from petiole and leaf explants.






2.2 Histological analysis of transverse thin cell layer explants

The initial and regenerated explants were prepared for imaging under Leica Microsystem limited (Switzerland, version 2.1.0) and scanning electron microscope (SEM) to visualize histological information. Initially, explants were washed three times with deionized water to remove traces of agar, and then the transverse section was cut. The unprocessed samples were mounted on aluminum stubs using two-sided adhesive copper tape and placed in the SEM specimen chamber (FEI-Quanta 250). Images were taken in low vacuum mode using a large field detector (LFD) at a chamber pressure of 120 Pa. An accelerated voltage of 20 Kv and a working distance of 12.9 mm were used. Relatively low magnification (61X- 174X) was used to obtain the image, and the optimum spot size (4.0) was chosen to achieve better resolution.




2.3 Establishment of a genetic transformation using Agrobacterium tumefaciens

For selecting putative transgenic Pogostemon cablin plants containing the ACC deaminase gene, standardization of kanamycin concentration, acetosyringone concentration, optical density, and treatment time are prerequisites (Paul et al., 2012). Two constructs were used in this study for the genetic transformation of P. cablin, and both constructs were in A. tumefaciens strain LBA4404. One of the constructs contained a gene of interest, ACC deaminase, while the other was a pBI121 binary vector used as a control. The control vector carried the gusA/uidA reporter gene, controlled by constitutive promoter CaMV 35S and Tnos terminator. Moreover, each construct has a selection marker nptII.



2.3.1 Optimization of Kanamycin concentration for selection of transformants

For the efficient selection of putative transformants, kanamycin concentration was optimized. Excised untransformed explants were transferred to the regeneration medium 0.2mg/L BAP and 0.1mg/L NAA containing kanamycin concentration varies from 05 to 50mg/L for screening of transformants. After 30-45 days of inoculation, plates were screened for optimized kanamycin concentration (Figure 2A).




Figure 2 | Standardization of Agrobacterium-mediated genetic transformation protocol in Pogostemon cablin. (A) Optimization of kanamycin concentration for selection of regenerated transformants. (B) Effect of A. tumefaciens optical density on transient uidA expression of P. cablin. (C) Detection of optimum acetosyringone concentration on behalf of transient GUS expression. (D) Evaluation of optimum infection time to get maximum transformation frequency. The bars indicate mean ± SD.






2.3.2 Standardization of optical density, infection time, and acetosyringone concentration

The determination of optimum optical density was also checked to obtain the maximum transformation frequency in P. cablin. A single colony of A. tumefaciens strain LBA4404 with pBI121 vector was used as the inoculum in Yeast extract broth (YEB) as per Singh et al. (2017) to get optimal OD600. The bacterial cells were harvested at various OD (0.2-1.2) by centrifugation at 5000rpm for 10 min. at 4° C. The pellet was then re-suspended in a liquid MS medium. All OD ranges were used to infect all explants to detect the optimal OD of bacterial strain (Figure 2B). To standardize infection time; explants were infected with a pBI121 vector having optimal OD600 0.6 for a different time interval (5-25 min.) (Figure 2D). Activation of VirA gene is requisite to obtain the maximum Agrobacterium-mediated transformation frequency. Acetosyringone of different concentrations ranging from 50µM to 300µM, shown in Figure 2C, was added to the co-cultivation medium just before infection of the explants.




2.3.3 Co-cultivation, regeneration, and root induction in transgenic plants

The explants were treated with all the optimized parameters and inoculated onto MS medium for 24-72h of co-cultivation in the dark. Subsequently, the explants were shifted to a regeneration medium (as mentioned above) containing 30mg/L kanamycin and 250mg/L cefotaxime for selection of putative transformants and inhibition of A. tumefaciens overgrowth after co-cultivation, respectively. The regenerated putative transformants were transferred to half strength MS medium for root induction. Moreover, the rooted plants were then shifted to pots filled with a mixture of sand: soil (1:1) for hardening and acclimatization in the glass house, as depicted in Figures 3H, I, (Singh et al., 2017).




Figure 3 | Regeneration and development of putatively transformed P. cablin plants. (A, C) Agrobacterium-infected explants (leaves, petioles, and internodal tTCL) were inoculated onto a regeneration medium with a selection marker. (B) Direct regeneration of leaves and petiole explants after 25-30 days of inoculation on selection medium. (D) tTCL section showed regeneration after 15-20 days on kanamycin-containing media. (E) Microscopic view of regenerated shoots. (F, G) Putative shoots were shifted to a half-strength MS medium with a selection marker for root induction. (H, I) Rooted putative transgenic plants were shifted in the greenhouse for hardening and acclimatization. (J) Non-transformed leaf (control) (K) Transient GUS expression of patchouli leaf. (L, M) Stable GUS expression of regenerated shoots and leaf of P. cablin.







2.4 GUS histochemical assay

To validate transgenic plants, both transient and stable GUS expression was observed using the procedure described by Jefferson (1987). The leaf and petiole explants were dipped in a solution comprising 1mM X-Gluc, Thermo scientific (5-bromo-4-chloro-3-indolyl glucuronide), 0.1mM potassium ferrocyanide, 0.1mM potassium ferricyanide, 0.1M sodium phosphate buffer (pH 7.0), and 0.1% triton X-100 (HiMedia). The explants were then incubated at 37°C for 16h in the dark chamber or covered with aluminum foil (Khan et al., 2015). After incubation, the explants were washed with 70% ethanol until completely removing chlorophyll content and analyzed under the stereomicroscope for transient expression after ten days of infection, as shown in Figure 3K. In contrast, putative transgenic plants cultivated on the kanamycin-containing medium were checked for stable GUS expression after 8-10 weeks of infection (Figures 3L, M). The presence of blue color confirmed the expression of putative transgenic plants.




2.5 Molecular characterization of putative transgenic plants



2.5.1 Polymerase chain reaction

The twelve randomly selected putative transgenic plants were evaluated for integrating ACC deaminase and nptII genes amplification through polymerase chain reaction (PCR). The plants’ genomic DNA was isolated using the CTAB method. Quantification and purification of genomic DNA were evaluated for the PCR reaction. The primer sequences used for nptII and ACC deaminase gene amplification are presented in Table 2. The PCR reaction (Takara master mix) program for nptII gene amplification was as follows: 95°C for 5 min. as initial denaturation, 35 cycles of 95°C for the 30s as secondary denaturation, 53°C for 40s as annealing, and 72°C for 1 min. as elongation, and 72°C for 10 min. as a final extension. Subsequently, ACC deaminase amplification was performed, as reported by (Singh et al., 2021). The reaction performed for 25 µl reaction (50ng DNA, 10 pmole primers, 2X PCR buffer, and 1.25 unit of Taq DNA Polymerase, Takara) at 94°C for 5 min. as primary denaturation, 35 following cycles of 94°C for the 30s as secondary denaturation, 57°C for 30s as annealing, 72°C for 2 min. as elongation, and 72°C for 5 min. as a final extension. Both amplified products, nptII, and ACC deaminase, were analyzed in 0.8% (w/v) agarose gel prepared in 1X TAE buffer in the presence of 6 µl/100ml EtBr.


Table 2 | list of primers used in PCR and RT-PCR.






2.5.2 Gene expression analysis through real-time PCR

The relative expression of the ACC deaminase gene in PCR-positive lines was confirmed through RT-PCR. Total RNA was isolated from 7 transformed lines and one non-transformed plant (negative control) using TRI reagent® (Sigma). Quantification was performed by Nanodrop spectrophotometer ND1000. The cDNA was prepared using 5µg of total isolated RNA with Gene Sure First strand cDNA synthesis kit (Pure gene). RT-PCR-specific Primers for ACC deaminase and Actin (endogenous control) were designed using Primer3 software and are listed in Table 2. To perform RT-PCR, cDNA was diluted to 100-150 ng/µl, and 5pmol of forward and reverse primers were used. Moreover, the target gene’s relative expression was calculated by the 2-ΔΔCt method (Afroz et. al., 2022), and normalization of the target gene was done using the comparative Ct value of endogenous control.





2.6 Structure modeling and molecular docking

Currently, computational studies have been used extensively to understand the ligand-receptor interaction between ACC and ACC deaminase to mitigate abiotic stress (Suresh et al., 2022). The 3D structure was deduced by depositing ACC deaminase (Achromobacter xylosoxidance) primary protein sequence from the NCBI database (http://www.ncbi.nlm.nih.gov) (WP_013392321.1) in SWISS-MODEL (http://swissmodel.expasy.org/workspace). Further, the result was narrowed to get a representative model 1F2D for homology modeling, which has >98% query coverage and >59% identity. The best preliminary predicted model was processed for refinement by Galaxy refine (http://galaxy.seoklab.org/) server. Stereo-chemical properties of the build model were further analyzed using the PROCHECK tool in the SAVES server (http://nihserver.mbi.ucla.edu/SAVES/) based on the Ramachandran plot to know the quality of the built model (Laskowski et al., 1993). The model was further visualized by PyMOL (DeLano, 2002).

Molecular docking was performed using AutoDock tool version 4.2.6 (Perkin Elmer, Massachusetts, USA). The modeled structure was docked with ligand ACC (Figure 4B) (Compound CID: 535). Grid Box was modified to cover the binding pocket of ACC deaminase at center X = 35.964, center Y= 118.074, center Z= 15.704, and the number of points in all dimensions was 60A°. Genetic algorithm simulation was performed for 50 independent docked calculations. The docked conformation with the lowest energy was visualized by PyMOL version 2.4.0 and discovery studio version 21.1 to study interactions in active sites binding pockets (DeLano, 2002).




Figure 4 | Homology modeling and molecular docking. (A) 3D homology model of receptor ACC deaminase. (B) ACC ligand molecule (C) Molecular docking of receptor and ligand at the active site of target protein ACC deaminase. (D) PyMOL pictorial representation showed H-bonds interaction at the catalytic subunit. (E) 2D Docking- showed interaction of the ligand with amino acid present at the active site of target protein, green dots indicating conventional H-bonds. (F) Docking stable conformation at the binding pocket between ACC and ACC deaminase.






2.7 Drought stress treatments

To investigate the response of ACC deaminase expression, 2-3 months old 12 transgenic lines (PT4) and 12 non-transformed plants were selected to undergo drought stress in the glasshouse control environment. Three different watering conditions were prepared as per Yamasaki and Dillenburg (1999). Different setups were planned, i.e., sufficient water (15% soil moisture, 100ml distilled water on alternate days), modest water (12% soil moisture, 100ml distilled water on every fifth day), and extreme water stress (8% soil moisture, no water given until day20). Well-watered treatment was used as control. On the day 21 of the dehydration experiment, samples were collected for various morphological and physiological analyses.



2.7.1 Assessment of relative water and chlorophyll content

The third leaf of each plant (Control and transgenic) was used for analysis. To get relative water content (RWC), the fresh weight (FW) of leaves was taken. Afterward, the leaves were kept in water for 180 min. to obtain turgid weight (TW). The turgid leaves were then kept in the oven at 42°C for 30h, and dry weight (DW) was taken. The RWC was calculated by the formula RWC (%) = [(FW-DW)/(TW-DW)] X 100.

To calculate the amount of chlorophyll a and b, 100 mg of powder (crushed leaves in liq. N2) were kept overnight at 4°C in 10 ml of 80% acetone. The next day, samples of drought stress were centrifuged at 5000rpm, 4°C for 15 min. Then the supernatant was collected, and absorbance was checked at A663 and A645nm by using a spectrophotometer (Multiskan™ Go, Thermo Scientific) to measure chlorophylls as described by Arnon (1949).




2.7.2 Quantification of reactive oxygen species production

The severity of stress in treated and non-treated plants can be achieved by calculating the hydrogen peroxide production rate assay. To perform 100mg of leaf samples grounded in 0.1% Tri-chloroacetic acid (TCA) followed by centrifugation at 12000rpm, 20 min., 4°C. Further, a mixture of 400 µl supernatant, 400 µl of 10mM phosphate buffer (pH -7.2), and 800 µl of Potassium iodide was used to estimate absorbance at 390nm and compared with the standard curve of H2O2 (Singh et al., 2021). Moreover, hydrogen peroxide and superoxide were visualized on tested leaves by using 1mg/ml solution of 3, 3’-Diaminobenzidine (DAB) (pH-3.8) and nitro blue tetrazolium (NBT), respectively. Leaves in both solutions were kept overnight in light, and stained leaves were washed 3-4 times with 70% ethanol to remove chlorophyll content. Observe brown and blue spots in Figure 5 that appear due to the production of H2O2 and O2- respectively. Further, data were correlated with literature to evaluate drought tolerance rate in transgenic plants compared to control.




Figure 5 | Evaluation of ROS production in transgenic plants under drought stress (A-D) NBT stained wild-type patchouli leaves, indicating as the severity of dehydration stress has increased from 15-8% of soil moisture in pots; blue dots increased which represent amplified superoxide, as compared to (A1-D1) transgenic P. cablin leaves (E-H) DAB-stained leaves showed with increasing drought stress accumulation of H2O2 (brown spots) has enhanced in wild type as compared to (E1-H1) transgenic patchouli leaves.







2.8 Data analysis

All experiments were carried out in three biological replicates, and data were shown as mean ± S.D. Statistical studies were conducted using one-way ANOVA to analyze significant differences between means using IBM SPSS statistics 29.0 (SPSS Inc. USA). The one-way variance was performed using Duncan’s multiple range test at a significant value of p<0.05 (Duncan, 1955).





3 Results



3.1 Establishment of Direct regeneration system from petiole explants

In the present research leaf, petiole, and tTCL were used as explants for direct regeneration (Figure 1D) and compared for regenerative potential under various growth regulator treatments (Table 1). Different plant growth regulators (BAP and NAA) were used to supplement the MS medium for optimization of regeneration frequency in Pogostemon cablin. As per the data analysis, the increment in BAP concentrations from 0.1 to 1.0 mg/L showed that no. of shoots were gradually increasing. Subsequently, the role of NAA in different combinations with BAP was analyzed, and it is concluded that the addition of NAA increased no. of shoots per explant to 0.1 mg/L, further enhancement of NAA, leading to callus formation. Table 1 shows that maximum regeneration frequency was 88.30 ± 1.12%, 93.30 ± 0.56% per explant acquired from petiole and leaf, respectively, on MS medium supplemented with 0.2 mg/L BAP and 0.1 mg/L NAA without callus (Figures 1E, F). A comparative study revealed that the best direct shoot organogenesis observed from leaf explants which were 93.30 ± 0.56%. As per Figure 1G regenerated shoots with 6-8 leaves were shifted on a half-strength MS medium for root induction. Further rooted plantlets were shifted to pots containing a mixture of soil: vermicompost (3:1) for acclimatization in greenhouse conditions, showing a survival frequency of 66.0 ± 0.6% (Figure 1H).




3.2 Histological analysis of tTCL

The microanatomy information of transverse thin cell layer section of different stages (0, 5, 10, and 15 days) showed that as the cells move from initial to 5 days, cell size gradually changes from meristematic cells, different from nearby cells. Regeneration of cells was visualized at 10 days of inoculation from vascular cells, and subsequently, shoot buds were visualized at 15 days of inoculation (Figures 6B, C) as compared to the initial stage of the tTCL section (Figure 6A). As per analysis optimum regeneration was faster (15-20 days) than conventional explants (25-35 days). Further, multiple shoot meristem were developed into in-vitro plants.




Figure 6 | Microanatomy of P. cablin, tTCL internodal section and its direct regeneration at different stages on regeneration medium. (A-D) Microscopic view of tTCL section at different stages (0, 10, 15, and dead cells) of direct regeneration. (A0-D0) Scanning electron microscopic view of tTCL section of above mention stages. (A1-D1) SEM of the initially induced organogenesis with different time intervals (0, 10, 15 days - A1, B1, and C1 respectively) at 61x magnification and D1 showed dead cells at the same magnification. (A2–D2) Different developmental stages of emerging multiple shoot buds at 174x magnification.






3.3 Optimization of Kanamycin concentration for selection of putative transformants

Obtained data were analyzed based on inhibition of regeneration frequency, shoot number, and necrosis of shoot to optimize kanamycin concentration. Explants inoculated on a regeneration medium containing 5mg/L antibiotic dose showed maximum regeneration frequency (91.0 ± 0.05%) whereas, further increments in antibiotic concentration gradually decreased the regeneration. At 30mg/L, no regeneration from the explant was obtained (Figure 2A) whereas at 25mg/L few shoots buds were regenerated and most of them were gradually bleached after 3-4 weeks on the selection medium. Above 30mg/L, kanamycin indicated inhibition of shoot regeneration. These observations concluded that 30mg/L kanamycin concentration was optimum for selecting putatively transformed patchouli shoots on regeneration medium.




3.4 Evaluation of Agrobacterium tumefaciens optical density and infection time on transformation

The efficacy of bacterial OD was checked at various OD ranges (0.2-1.2) to get maximum transformation frequency. With the increase in (OD600) from 0.2 to 0.6, the efficacy of transient GUS expression was enhanced from 10.6 ± 0.8% to 88.3 ± 0.8% (Figure 2B) with fewer brownish explants. Earlier reports convey similar results where optimal transformation frequency was achieved from cell density 0.6-0.8 (Ribas et al., 2011; Singh et al., 2017). Further increment in optical cell density till 1.0 showed a decline in transient GUS expression, which indicate a decrease in transformation frequency (14.0 ± 1.0%) and 83.0 ± 0.1% explants turned brown.

The effect of infection time with Agrobacterium is another essential factor in the transformation efficiency. Hence, a range of time periods of 5-25 min. was assessed. As the time period increased from 0 to 5 minutes, transient GUS expression was increased and reached its maximum at 5 min. of incubation 61.3 ± 0.7%, as presented in Figure 2D. However, continuous increment in infection time leads to a decline in transformation frequency 5.6 ± 0.6% at 20 min. (Figure 2D). Earlier, Paul et al. (2012) analyzed that longer infection time can reduce transient GUS expression due to the death of explants.




3.5 Impact of acetosyringone concentration on transformation frequency

To enhance Agrobacterium-mediated transformation frequency, various acetosyringone (AS) concentration of 50µM-300µM was used in an Agrobacterium co-cultivation medium with pricking as an injury making explants more susceptible to infection. After a few days of infection, transient GUS expression of explants was analyzed that showed a gradual increment from 41.3 ± 0.5 to 89.3 ± 0.9 on the addition of AS from 50µM to 200µM respectively. As acetosyringone concentration was increased further from 200µM to 300µM, transient GUS expression declined to 30.3 ± 0.7 (Figure 2C). This result concluded that 200µM AS concentration is best for achieving maximum transformation frequency in P. cablin.




3.6 Regeneration and development of putative transformed explant

Transformation with Agrobacterium strain vector containing ACC deaminase and control was performed as per standardized protocol. Further, Putative transformed explants were inoculated after co-cultivation on regeneration media with optimized 30mg/L kanamycin and 250mg/L cefotaxime concentration for regeneration and allowed to regenerate for 25-35 days. Leaf and petiole explants took 25-35 days to regenerate, whereas tTCL explants took only 15-20 days (Figures 3A–E). Regeneration frequency was 46.10 ± 0.35% onto regeneration medium supplemented with kanamycin. Subsequently, regenerated shoots were subcultured five times to remove the chimera. Putative transformed shoots were placed onto root induction media supplemented with kanamycin for approximately 8-10 weeks to get rooted plants and shifted to the greenhouse for hardening and acclimatization (Figures 3F–I). During the hardening procedure survival rate of healthy rooted plants was 52.0 ± 0.8%.




3.7 GUS assay

Transient GUS Expression was analyzed after 5-6 days of infected explants, i.e., optimized infection time 15 min, co-cultivation, AS concentration 200µM, and OD600 0.5. GUS positive putative transformed explants were showing blue color. Moreover, stable gusA expression was also analyzed for transformed and non-transformed plants under the microscope after 8- 10 weeks. As illustrated in Figures 3J–M, leaves and petioles were blue.




3.8 Molecular Analysis of Transformed Pogostemon cablin Plants



3.8.1 PCR and RT-PCR amplification

The selection marker nptII gene-specific PCR product was analyzed through gel electrophoresis that showed the presence of the expected size of a single band (500bp) in Figure 7A. Further, a few healthy lines were analyzed for ACC deaminase gene integration into the genome of patchouli. The PCR products confirmed the integration of ‘ACCD’ (1017bp) in the above-mentioned line as presented in Figure 7B. Genomic DNA of wild-type patchouli plant was used as a negative control, and vector construct was used as the positive control. Quantitative PCR analysis showed actin and ACC deaminase gene transcripts in four of the PCR-confirmed transformed plants. Moreover, Figure 7C showed that line T4 has maximum relative expression.




Figure 7 | Molecular analysis of transformed P. cablin plants. (A) Genomic DNA was used to verify the presence of selection marker nptII gene (500bp PCR product, LD- 1kb+ ladder; - Ve –negative control; +Ve –positive control; N1-N12 are nptII positive transgenic lines). (B) Healthy transgenic lines were screened for ACC deaminase gene-specific PCR amplification to obtain 1017bp product on 1% agarose gel (LD- 1kb+ ladder; -Ve –negative control; +Ve –positive control; T1-T8 are ACC deaminase +ve transgenic lines). (C) RT-PCR analysis for relative expression of ACC deaminase gene in different transgenic P. cablin lines and actin gene was used for normalization of the template (WT- Wild type; VC- Vector control; PT- Patchouli transgenic lines). The bars indicate mean ± SD.







3.9 Homology modeling and docking validation

Successful in-vitro results were worth performing homology modeling and molecular docking studies. The 3D model of the target enzyme was prepared in Figure 4A, using SWISS-MODEL, by considering the best match ‘1f2d’ as a template (Schwede et al., 2003). The model protein was validated using different online servers, and quality was evaluated by Ramachandran plot of ACC deaminase (Figure 8) showed 94.6% (539) of amino acid residues resided in the most favorable region. The residue falling in generously favourable regions was 4.9% (28), and no residues 0.0% (0) were in additional favour, while only 0.5% (3) of residues were in unfavourable regions. As per Lovell (2003), these data were expected statistics. Afterward, the validated protein model was considered to carry out the docking procedure using the Autodock tool. Multiple docking poses were analyzed for optimal ligand-receptor complex, indicating the best scoring and lowest binding energy to get maximum binding affinity. Further best confirmation was used to visualize in discovery studio, and PyMOL for ligand interaction showed four hydrogen bonds between ACC and surrounding amino acids (Cys-196, Val-198, Thr-199, and Gly-200), indicating high binding affinity with receptor shown in Figures 4C–F.




Figure 8 | The 3D crystal structure of ACC deaminase was validated by using the online server PROCHECK. According to the Ramachandran plot, only 0.5% of residues fall in the disallowed region and 99.5% of residues come under the allowed region.






3.10 PcACC deaminase heterologous expression enhanced drought stress tolerance



3.10.1 Estimation of RWC and Chlorophyll content in transgenic lines

RWC is an indicator of plant water retention capacity; therefore, it works as an experiment to analyze drought stress tolerance (Naing et al., 2021). On the day 21 of the experiment, the RWC of pots having 15% soil moisture was 83.5 ± 0.4% in control and 84.9 ± 1.4% in transgenic one as compared to pots having 12% soil moisture (65.4 ± 2.3% control and 76.6 ± 3.8% Transgenic line). Whereas, transgenic plants had better RWC than control plants in modestly watered stress conditions. The pots containing only 8% soil moisture had an RWC of 71.7 ± 2.3% to 75.7 ± 2.1%, more significant than the RWC of the control plant, 58.30 ± 0.21% at severe stress conditions (Figure 9A).




Figure 9 | Validation of enhanced drought stress tolerance in transgenic patchouli plants, (A) at day 21 of the experiment, pots with only 8% soil moisture retained RWC 71.7 ± 2.3% to 75.7 ± 2.1% which is higher as compared to the RWC of control 58.3 ± 0.21%. (B) With the increase in water scarcity, the total chlorophyll content of control dropped to ~ 2.3 fold, although the transgenic line showed ~1.6 fold decrease as compared to the control. (C) WT showed a higher accumulation of H2O2 ~6.6 fold than transgenic plants ~5 fold. All experiments were performed in three biological replicates. Bars showed mean ± SD, statistical analysis was carried out using one-way ANOVA using Duncan’s multiple range test at a significance value of p<0.05.



Chlorophyll, a photosynthetic pigment has a significant role in the absorption of light energy during photosynthesis; therefore, any variation in chlorophyll content due to stress leads to a change in the photosynthetic system of plants. Under drought stress, the total chlorophyll content of control and transgenic lines showed a ~1.5-fold decrease in 12% soil moisture condition as compared to sufficient water treatment (used as control) in Figure 9B. As the severity of drought increased (8% soil moisture) chlorophyll content lessened to ~2.14-fold in wild type as compared to wild control plants. In contrast, the transgenic line showed a ~1.67-fold decrement in chlorophyll content as correlated to transgenic control. (Figure 9B). The finding evaluates, P. cablin transgenic plants have ~1.32-fold higher chlorophyll content in contrast to wild type to combat the drought stress under severe stress conditions.




3.10.2 Estimation of ROS (H2O2 and O2-) production under dehydration treatment

Analysis of H2O2 storage in plants was observed and found that as scarcity of water increases, ROS concentration elevated to ~6.6 fold in control and ~5 fold in transgenic lines as compared to well-watered plants (Figure 9C). DAB, used for histochemical investigation of P. cablin leaves revealed that ACC deaminase expressing transgenic lines were showing less amplified brown spots as compared to wild type under severe stress (Figures 5E–H, E1–H1). Another ROS (O2-) accumulation was detected by NBT solution by observing various ranges of blue spots based on soil moisture content in both wild and transgenic plants (Figures 5A-D, A1-D1). The result showed that transgenic lines expressing heterologous genes generate less O2 than the wild type, which combines with NBT and produces insoluble blue formazan.






4 Discussion

The commercial demand for patchouli has been increasing due to its tremendous aromatic and medicinal properties. However, the supply of patchouli oil, to meet this global demand, is mainly provided by Indonesia, which massively cultivates versatile patchouli varieties. P. cablin cultivars face drought stress while maintaining healthy patchouli plants, which limits its propagation rate. In this study, a transgenic patchouli drought-resistant variety has been developed that keeps the promise of maintaining propagation rate and yield under drought stress. For the development of transgenic plants an efficient and quick regeneration system was required hence a comprehensive analysis on the basis of culture media, explants, and the effect of different phytohormones was performed (Roychowdhury and Tah, 2011; Roychowdhury et al., 2012; Reddy et al., 2013). During this study plant growth hormone was optimized for better regeneration and explants were compared to achieve a higher multiplication rate under sterile conditions. In our findings, maximum direct shoot organogenesis was obtained from leaf explants on MS medium supplemented with 0.2 mg/L BAP and 0.1 mg/L NAA without callus (Figures 1E, F). As per the literature, P. cablin is commonly propagated through leaf discs like most herbaceous plants (Paul et al., 2010; Swamy and Sinniah, 2016). An analysis of previously documented studies, MS medium supplemented with BAP showed considerable efficacy in shoot regeneration but much less than meta-topolin (Lalthafamkimi et al., 2021; Kumaraswamy and Anuradha, 2010; Kukreja et al., 1990; Jin et al., 2014). Sun et al. (2009) have also reported that cytokinins are known for shoot organogenesis. However, Sales and Butardo (2014) revealed that PGRs BAP and NAA are significant causes of clonal variability among micro-propagated plants. The presence of NAA combination with BAP in MS medium has been reported to improve shoot induction frequency from petiole explant in Pelargonium graveolens (Singh et al., 2017) and Mentha piperita (Sarwar et al., 2009).

Van (1973) has introduced the thin cell layer (TCL) technique which is an economical, rapid, and thoroughly reproducible in-vitro propagation method for the up-scale production of genetically stable plants. The recent study is the first contribution to support in vitro multiplication of P. cablin using tTCL explants. The histological analysis of direct shoot regeneration using tTCL was validated to hold the strategy of rapid propagation (15-20 days) as compared to other explants (25-35 days) on a more suitable MS medium supplemented with 0.2 mg/L BAP and 0.1 mg/L NAA (Figures 6B, C) and half-strength MS medium was found to be efficient for rooting. Previously, as per Tripathi et al. (2018) report, it was observed that vascular zone cells have a high tendency to generate new shoot buds and the regeneration capacity of explants depends on nutrient transport across media to tTCL, which has more exposed cells on media as compared to conventional large-size explants. Similar studies have also been reported in Talinum triangulare, Bacteris gasipaes, and Dendrobium candidum (Steinmacher et al., 2007; Zhao et al., 2007; Swarna and Ravindhran, 2013). According to the literature, TCL explants have a more significant reproducing tendency than conventional explants (Da Silva and Dobránszki, 2015). Moreover, Raomai et al. (2015) observed that the developed rhizomes of endangered Paris polyphylla using tTCL basal stem explant showed significant enhancement of secondary metabolite production and mass propagation system.

Recent advancement in R&D technologies provides insight into microbial-plant interactions that help us to enhance crop yield and quality through vast biotechnological approaches such as genetic manipulation (Mamgain et al., 2013; Roychowdhury et al., 2013; Khan et al., 2014; Pathak et al., 2022). In a drought state, the plant produces stress ethylene that causes various physiological and metabolic damages in plants (Zhang et al., 2018). Literature confirmed that ACC deaminase has the capacity to reduce stress ethylene levels under abiotic stresses (Penrose and Glick, 2003) by degrading ACC into α-ketobutyrate and ammonia (Li et al., 2019). Generally, for the production of putative transgenic P. cablin plants having ACC deaminase gene, Agrobacterium-mediated genetic transformation protocol establishment is required for the highest transformation frequency. The present study revealed OD600 0.6, AS 200µM, 30mg/L kanamycin, and an infection time of 5 min. is optimum to achieve the maximum transformation rate (Figures 2A–D). Kanamycin, used as a selection marker, has been well studied to optimize its concentration for versatile crops. Earlier Paul et al. (2012) has been reported a lower 20mg/L and Sugimura et al. (2005) reported a higher 100mg/L concentration of kanamycin for indirect regenerated putative transformed shoot selection.

Hence, the plant has innate natural resistance against kanamycin; therefore, sensitivity towards kanamycin varies among plant tissues and species of plants (Colby and Meredith, 1990). In literature, other parameters such as bacterial optical density and infection time were studied for optimum heterologous transgene expression. Dutt and Grosser (2009) recommended maximum transformation frequency on lower optical cell density. Moreover, several studies have also suggested that higher OD600 values reduce transformation frequency (Saini and Jaiwal, 2007). In addition, similar studies were shown better transformation frequency in less than 30 min. in other plants (Khan et al., 2015; Benazir et al., 2013), unlike (Gupta and Rahman, 2015; Singh et al., 2017). From these observations, we can conclude that variation in infection time to get maximum transformation frequency depends on tissues, species, and plants.

Stachel et al. (1985), reported that AS is a potent phenolic signaling molecule that is generally secreted by wounded plant tissues and helps in the transfer of T-DNA from Ti- plasmid by inducing a signaling cascade of all Vir genes after binding to the VirA protein of bacterial cell. Though every plant has less than the threshold value of endogenous phenolic molecules for efficient transformation, the external addition of AS in the co-cultivation medium fulfills the demand for signaling molecules to obtain optimum transformation frequency. Our study reported 200µM AS limit was best suited for transgenic development whereas in other reports 150µM of AS is optimum for patchouli leaf transformation (Paul et al., 2012), Adverse effect on transformation frequency of plants has also been reported in other species with an increment of AS concentration (Subramanyam et al., 2013; Singh et al., 2017). The study showed optimized transformation protocol was able to produce putative transgenic patchouli plants harboring the ACC deaminse gene with durability 52.0 ± 0.8% (Figure 3I) after hardening and acclimatization. The putatively transformed CIM-Samarth lines were screened at first by PCR for the existence of transgene and selection marker (Figures 7A, B). Similar studies have also been reported in Ocimum gratissimum, Tagetes erecta, and Pelargonium graveolens (Gupta and Rahman, 2015; Khan et al., 2015; Singh et al., 2017). In this research, (Figure 7C) signifies that PT4 showed a high relative expression of ACC deaminase transgene among other best-propagating transgenic lines. The variation in transgene expression among transgenic lines could be due to the constitutive CaMV 35S promoter activity influenced by several regulatory systems (Benfey and Chua, 1990).

Sustainable results were significant in building a homology model of our target gene and checking in silico docking affinity of ligand ACC with receptor ACC deaminase. We found that the Ramachandran plot of the model (Figure 8) showed 94.6% (539) of amino acid residues fell in the most favorable region. Similar data that validate the build model have also been mentioned by Pramanik et al. (2017). The best conformation of our docking result revealed four H-bonds between ACC and surrounding amino acids Cys-196, Val-198, Thr-199, and Gly-200 of the receptor (Figures 4C-F) These studies were equivalent to other literature (Vijesh et al., 2013; Jasim et al., 2015). Additionally, as per Singh and Kashyap et al. (2012), few other amino acids that are conserved in other ACC deaminase sequences interact with ACC.

In this investigation, we have created a severe drought stress experiment where our best transgenic patchouli line PT4 confirmed by different molecular analyses was able to survive without compromising other physiological parameters such as RWC, chlorophyll content, and ROS production (Figures 9, 5). This result correlates with previous reports indicating that under-stress plants develop mechanisms to maintain water retention and transpiration rate ratio (Merah, 2001; Soltys-Kalina et al., 2016). Our study mentioned ~75% of RWC in the transgenic line as opposed to to the control plant’s ~58% in severe stress conditions. However, an earlier study of Pelargonium graveolens RWC of transgenic was 88% in severe stress (Singh et al., 2021). Additionally it has been analyzed that the result depends on various properties of plants such as plant age, species, growth condition, and pot size. Elevated RWC in transgenic lines after severe watered stress over control plants becomes significant in drought conditions. Chlorophyll, a photosynthetic pigment, has a significant role in photosynthesis therefore variation in chlorophyll content may damage the plant photosystem. In our result, chlorophyll content decreased to ~2.3 fold in WT compared to transgenic plants that showed a ~1.6 fold decrease. This denotes that suitable transgenic lines can deal with drought stress without hampering the photosynthetic system. Similar strategies by Afridi et al. (2019); Han et al. (2017), and Bahieldin et al. (2005) have also suggested the same relationship between chlorophyll content and the rate of photosynthesis. Literature surveys suggest, during various biochemical reactions, the ROS produced in different organelles has an important role in growth, development, and function as a defense system in abiotic stress. Moreover, if excess ROS cannot detoxify by antioxidants, it leads to oxidative stress (Apel and Hirt, 2004; Tripathy and Oelmüller, 2012), which causes versatile cellular damage and may even cause the death of the plant. In our finding, DAB and NBT histochemical analysis of transgenic P. cablin leaves were showing less magnified brown and blue spots respectively compared to WT under severe stress conditions (Figure 5) That indicated less ROS (H2O2, O2-) production in transgenic plants expressing ACC deaminase gene. Similar research has also been reported on Petunia hybrida and Pelargonium graveolens (Singh et al., 2021; Naing et al., 2022).




5 Conclusion

Our research is novel in establishing an efficient direct regeneration and genetic transformation protocol using tTCL in only 15-20 days, which effectively enhances Agrobacterium-mediated genetic transformation frequency in Pogostemon cablin. tTCL sections regenerated faster than leaf and petiole explants, which improves micropropagation by reducing transgenic development time. The comprehensive study is the first report of ACC deaminase integration into the genome for developing transgenic patchouli to deal with drought stress, one of the significant problems in the propagation of aromatic plant ‘patchouli’. There is no report on the physiological parameters RWC, H2O2, and chlorophyll content of transgenic patchouli to support improved drought tolerance than wild-type plants. In our work, an in-silico study revealed better ligand interaction with the active site amino acid of the receptor. The regeneration and transformation protocol provides a platform for reverse genetics and helps in the modulation of metabolic pathways to enhance secondary metabolites and PO yield. Furthermore, the heterologous expression of ACC deaminase will support the management of PO global demand and develop a superior drought-tolerant variety of P. cablin plants.
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Abiotic stresses such as drought, salinity, and heat stress significantly affect rice crop growth and production. Under uncertain climatic conditions, the concurrent multiple abiotic stresses at different stages of rice production became a major challenge for agriculture. Hence, improving rice’s multiple abiotic stress tolerance is essential to overcome unprecedented challenges under adverse environmental conditions. A significant challenge for rice breeding programs in improving abiotic stress tolerance involves multiple traits and their complexity. Multiple traits must be targeted to improve multiple stress tolerance in rice and uncover the mechanisms. With this hypothesis, in the present study gene stacking approach is used to integrate multiple traits involved in stress tolerance. The multigene transgenics co-expressing Pennisetum glaucum 47 (Pg47), Pea 68 (p68), Pennisetum glaucum Heat Shock Factor 4(PgHSF4), and Pseudomonas Aldo Keto Reductase 1 (PsAKR1) genes in the rice genotype (AC39020) were developed using the in-planta transformation method. The promising transgenic lines maintained higher yields under semi-irrigated aerobic cultivation (moisture stress). These 15 promising transgenic rice seedlings showed improved shoot and root growth traits under salinity, accelerating aging, temperature, and oxidative stress. They showed better physiological characteristics, such as chlorophyll content, membrane stability, and lower accumulation of reactive oxygen species, under multiple abiotic stresses than wild-type. Enhanced expression of transgenes and other stress-responsive downstream genes such as HSP70, SOD, APX, SOS, PP2C, and P5CS in transgenic lines suggest the possible molecular mechanism for imparting the abiotic stress tolerance. This study proved that multiple genes stacking as a novel strategy induce several mechanisms and responsible traits to overcome multiple abiotic stresses. This multigene combination can potentially improve tolerance to multiple abiotic stress conditions and pave the way for developing climate-resilient crops.
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Introduction

Climate change and its unpredictable consequences of environmental stress conditions have a significant negative impact on crop productivity, food security, and the global agricultural industry (Mickelbart et al., 2015; Varchney et al., 2018; Roychowdhury et al., 2020; Suprasanna, 2020). With the rapid changes in the climate and increasing population, there is a critical need to enhance agricultural production (Kumar et al., 2023). According to predictions, a 70% of increase in agricultural production is needed by 2050 to accomplish the needs of the expanding population and global challenge (Ortiz-Bobea et al., 2021; Swain et al., 2023). Major cereals such as rice, wheat, and maize are extremely vulnerable to various abiotic stresses, and the climate resilience of agriculture depends on the tolerance levels of the crop to multiple abiotic stresses that cause significant yield losses either individually or in combination (Rane et al., 2021; Roychowdhury et al., 2023). Among cereals, rice is an important food crop and is consumed by about three billion people all over the world (Roychowdhury et al., 2013). It is the staple food of the largest number of people in the world. In India, rice is cultivated round the year (in one or the other part of the country) in diverse ecologies spread over 44.6 million hectares with a production of 132 million tons and an average productivity of 2.96 tons per hectare (Samikshya, 2016). Changing climatic conditions allowing the rice to experience multiple abiotic stress at several stages of crop growth, thus aggravating the stress impact on crop establishment, development, and productivity by altering the physiological and biochemical functions (Roychowdhury et al., 2019; Manikanta et al., 2020). The simultaneous occurrence of multiple abiotic stresses effect is considerably higher in rice than individual stresses, which triggers yield loss and crop failure (Hasanuzzaman et al., 2015; Pandey et al., 2017). Several studies have reported the effect of abiotic stress on the phenology of rice crops, such as seed germination, seeding emergence, vegetative growth, flower and panicle growth, kernel filling, and yield (Jeyasri et al., 2021; Rui et al., 2022). In recent decades, several studies and rice crop improvement programs have focused on improving crop yield and quality under abiotic stress (Patra et al., 2020; Panda et al., 2021; Radha et al., 2023). However, less successful rates and little information are available on improving multiple stress tolerance in rice (Ali et al., 2022). Hence, crop improvement programs in rice need to be targeted to improve the multiple abiotic stress tolerance to overcome the adverse environmental conditions under climate change situations.

Plants handle abiotic stress through cellular level tolerance by maintaining metabolic homeostasis, cellular membrane stability, osmotic adjustments, management of oxidative stress, production of stress-responsive genes and proteins and secondary metabolites, and lipid reprogramming (Li et al., 2015; Nisarga et al., 2017; Kiranmai et al., 2018; Callwood et al., 2021; Mulozi et al., 2023). By altering the expression of many genes through complex signaling pathways, plants have developed adaptive mechanisms for abiotic stresses. Therefore, altering the genes that are involved in enhancing cellular level tolerance has been one of the approaches for developing crop plants with improved stress tolerance (Valliyodan and Nguyen, 2006). From this context, it is essential to improve the adaptation of rice to multiple abiotic stresses by targeting various traits to improve the cellular levels of tolerance, growth, and yield.

The existing evidence suggests that tolerant species have better mechanisms to survive stress, probably due to novel genes or functionally superior gene products compared to susceptible species (Ruthgrene et al., 2019). Pearl millet (Pennisetum glaucum L.) and Peanut (Arachis hypogea L.) have been reported for an inherent capacity to tolerate several abiotic stresses (Balasubramanium and Maheshwari, 1989; Geetha et al., 2009). Therefore, transferring genes or gene-regulating traits from tolerant species to susceptible species could improve crop stress tolerance, growth, and production. The events of central dogma possess proficient replication, transcription, and translation machinery. Several studies reported that, under stress conditions, transcription and translation are affected by altering the genes and gene products taking part in them (Fulda et al., 2010). Therefore, sustaining the regular transcription and translation mechanisms is essential under stressful conditions.

Several reports suggest that many RNA helicases and chaperones like HSPs (heat shock proteins) have improved protein turnover and stability under stress conditions (Krishna, 2004). The Heat Shock Factors (HSF) is a sequence-specific DNA binding protein that binds specifically to heat shock elements (HSE). HSFs have been identified as transcriptional regulators of heat shock genes, which encode heat shock proteins (HSPs) (Hasanuzzaman et al., 2013). HSP proteins play a crucial role in plant response to various abiotic stresses by maintaining protein homeostasis. Over-expression of HSFA1b provided tolerance to drought in Arabidopsis (Bechtold et al., 2013). High-level overexpression of the HsfA2 gene confers increased tolerance to heat stress but also to salt/osmotic stress (Ogawa et al., 2007). The expression of PgHSF4 in P. glaucum showed that the transcript level of PgHSF4 increased the most in response to heat stress within 30 minutes of exposure (Reddy et al., 2009). A study by Karthik et al. (2019) reported that the p68 RNA helicase is one of the prototypic members of the DEAD-box protein, which belongs to the most prominent family of RNA helicases with a molecular weight of 68 kDa protein. Tuteja and Tuteja (2004) reported that, since p68 has helicase activity, it plays an important role in the unwinding of dsRNA in both 3′–5′ and 5′–3′ directions. In a previous study, it was found that helicase enhances biological processes such as transcription and translation. It is also involved in stabilizing protein synthesis and is interacting with DNA-protein complexes to alter gene expression (Andrisani et al., 2022). In another study, it was reported that p68 provided tolerance to salinity stress by unwinding dsRNA formed under abiotic stress, and it facilitates the proper functioning of RNA metabolism (Ru et al., 2021). A recent study reported that p68 over-expressed tobacco, rice, and soybean showed tolerance to salinity stress (Tuteja et al., 2014; Karthik et al., 2019). Based on these scientific strategies, the present study focuses on maintaining RNA and protein stability to improve the translational process and protein folding mechanism under stress conditions. EIF4a is the DEAD-box RNA-stimulated helicase. It assists translation initiation by unwinding 5’UTR secondary structures (Tuteja et al., 2008). The gene Pg47 is another RNA helicase structurally and functionally similar to EIF4a RNA helicase (86% homology). This gene confirms a tolerance to salinity stress by removing the secondary structure formed in the t-RNA processing under stress conditions. EIF4a over-expressed Arabidopsis seedlings showed tolerance to salinity stress (Munoz and Castellano, 2012; Rao et al., 2017). Aldo-keto reductases (AKRs) are a family of NADH-dependent aldehyde and ketose reductase. It plays an important role in detoxifying the cytotoxic compounds of reactive carbonyl compounds such as malonaldehyde (MDA), methyl glyoxal (MG), Maillard products, and Amadori compounds), which are generated during abiotic stress conditions (Nareshkumar et al., 2020). Overexpression of Pseudomonas AKR1 (PsAKR1) in rice and tobacco showed improved tolerance and seed viability under salt stress and seed aging stress (Nisarga et al., 2017; Ramu et al., 2017). The over-expression of AKRs from different plant and microbial species showed improved tolerance to multiple abiotic stresses such as salt, heat, drought, heavy metals, and oxidative stress, and these enzymes were reported as multitasking soldiers for diverse role in plant metabolic and stress defense (Turóczy et al., 2011; Sengupta et al., 2015; Nareshkumar et al., 2020).

Abiotic stress tolerance is complex and requires multiple traits to acquire plant tolerance. Hence, improving the various traits in crops may enhance tolerance to multiple abiotic stresses (Roychowdhury and Tah, 2011). Genetic engineering is a promising technology to transfer a gene from one species to another. Although alteration of a single gene has successfully improved certain plant characteristics, manipulation of composite interactive metabolic pathways and important quantitative attributes require the co-expression of multiple genes (Vemanna et al., 2012). In previous studies, the validation of individual transgenes (PgHSF4, p68, Pg47, and PsAKR1) in the model system suggests these transgenes expression could enhance crop plants stress tolerance (Patil, 2015; Nisarga et al., 2017; Salimath and Udayakumar, 2017). However, there are no reports of the combined expression of these genes together in response to abiotic stresses and multiple stress tolerance. With this hypothesis, we attempted to know the combined effect of all four genes through simultaneous expression in response to multiple abiotic stress and improved traits. In the present study, three different transgenes from hardy crop species, viz, p68 from peanut and Pg47 and PgHSF4 (Heat Shock Transcription Factor 4) from Pennisetum glaucum, which are involved in maintaining RNA stability and translational processes and protein stability were co-expressed along with marker-free gene, PsAKR1 from Pseudomonas sp reported to involve in abiotic stress tolerance. The rice genotype AC39020 was reported to have superior characteristics of water mining, water use efficiency, and water conservation in response to drought (Vennapusa et al., 2015; Pushpa et al., 2023). The multigene-expressing rice lines were developed using the Agrobacterium-mediated in-planta transformation method, assessed the tolerance levels against multiple abiotic stresses, and characterized the physiological and molecular mechanisms responsible for tolerance and associated traits.





Materials and methods




Multiple gene vector construction and development of rice transgenics

The selected transgenes (PgHSF4, p68 and Pg47) in the present study were expressed under different promoters and terminators, the PgHSF4 gene was expressed under 2X35sCaMV35 (constitutive) promoter and Poly A terminator, and p68 was expressed under Ubiquitin (constitutive) promoter and terminator and Pg7 and PsAKR1 driven by the RBCS (constitutive) promoter and terminator. The single gene cassettes were cloned into entry vectors by restriction digestion. The PgHSF4 gene cassette expressing CaMV2x35S:HSF4 was cloned into a pGATEL1-L4 entry vector using Kpn I and Bam H I. The vector Ubi: p68 was digested with Hind III and Eco RI and cloned into the pGATER4-R3 entry vector. Similarly, the RBCS: Pg47 was digested with Asc I and Pac I and cloned into the pGATEL3-L2 entry vector. The multigene cassette was developed by subjecting the entry vectors to the binary vector pi12GW containing igrA (PsAKR1) as a marker-free gene through LR clonase reaction (Figure S1) (Vemanna et al., 2012; Vennapusa et al., 2022). The developed multigene cassette was transferred into the Agrobacterium. The multiple genes co-expressing PgHSF4, p68, and Pg47 cassette were transferred to rice cultivar AC39020 using Agrobacterium-mediated in-planta transformation to develop the transgenics (Vennapusa et al., 2022).

Physiological and molecular characterization of rice transgenic from T0 generation to T3 generation is depicted in Figure S2. In the T3 generation, to identify the promising transgenic lines, the plants were assessed for stress tolerance using salinity and accelerating aging stress treatment, and the identified lines were advanced to the T4 generation. In the T4 generation, selected transgenic lines of the T3 generation were screened again for stress tolerance by using salinity and accelerating aging stress to select the promising lines. Molecular characterization was carried out in selected transgenic lines, which showed higher tolerance to salinity, accelerated aging, and maintained higher productivity. In the T5 generation based on the molecular characterization and stress tolerance, 15 transgenic lines were identified, advanced to the next generations, and assessed to understand the physiological, and biochemical responses to the stress.





Abiotic stress impositions and evaluation of rice transgenics for stress tolerance




Seedling level salinity induction stress

The selected 15 T5 transgenic lines were subjected to NaCl stress by using the salinity induction response technique (Jayaprakash et al., 1998). One set of germinated seedlings (10 seedlings for each line) was sequentially exposed to the gradual induction treatment of 50, 100, and 200 mM NaCl for 3 h each and subsequently exposed to a lethal concentration of 350 mM NaCl for 48 h, and another set of seedlings (10 seedlings for each line) was directly exposed to lethal stress (350 mM). Later the stress was alleviated after 72 h, and seedlings growth was measured and expressed in centimeters (cm).





Accelerating aging stress

An accelerated aging protocol was employed to screen the transgenic lines (10 seedlings for each line) (Dennis, 2005; Nisarga et al., 2017), in which seeds were subjected to high temperatures (45°C) and humidity (100%). The seeds were exposed to accelerated aging at 100% RH and 45°C temperature for 8 days, and seedling growth was measured (cm).






Whole plant-level salinity stress imposition

In order to study the salinity stress response of transgenic plants, selected transgenic lines and wild-type plants were raised on sand media for 15 days. The 15-day-old seedlings were subjected to salinity stress using 300 mM NaCl containing half MS media for a week. After one week of stress imposition, one set of seedlings was used to measure the growth parameters, and another set of the seedling samples snap-frozen in liquid nitrogen was used for assessing the gene expression analysis.





Evaluation of growth and productivity under two regimes of irrigated aerobic conditions (moisture stress)

The T3 rice transgenic lines (103) were raised in nursery beds and after 25 days old seedlings were transplanted in the containment field facility (net house facility). The spacing maintained was 25×25 cm and each row had 12 plants. When the plants were 80 days old, one of the plots was subjected to moisture stress at the reproductive stage (MR-II) and another plot was maintained as a control (MR-I). Stress was imposed based on the actual water requirement of the crop which is derived based on the evapotranspiration values of the crop (ETcrop). ETcrop is arrived at based on the reference evapotranspiration (ET0) and crop coefficient (Kc) of a particular time/period. ETcrop was calculated by using the formula as described below,

	

	

The following growth and yield parameters were recorded at the time of harvest: a) a number of productive tillers, b) a number of filled seeds, c) yield, and d) total dry matter (above-ground biomass). Shoot dry weight was recorded by drying plant samples separated from roots and seeds at 70°C in a drying oven for 72 h expressed in grams. Grain weight was recorded by air drying, expressed in grams (Qiuyuan et al., 2022). Total dry matter (TDM-above-ground part) was calculated by combining grain and shoot dry weight, expressed in grams. Drought susceptible index (DSI) was calculated by using the below-mentioned formula,

	





Evaluation of rice transgenic lines through biochemical analysis




Measurement of malondialdehyde (MDA) accumulation by thiobarbituric acid (TBA) reactive substances (TBARS) assay

The MDA content was determined according to Nareshkumar et al. (2020) with minor modifications. The samples were collected and homogenized in 2 ml of 0.1% (w/v) trichloroacetic acid (TCA). The homogenate was centrifuged at 10,000 rpm for 5 min. 0.5 ml of supernatant was added to the solution containing 4% TCA (w/v) and 0.5% TBA (w/v). The mixture was heated at 95°C for 15 min, then cool down to room temperature, and centrifuged at 10,000 rpm for 5 min. The clear solution’s absorbance was recorded at 532 nm and corrected for non-specific turbidity by subtracting the absorbance at 600 nm.






Biochemical assessment for stress tolerance (NaCl stress) using excised leaf disc assay

The leaf samples of 65 days old plants were collected from NaCl-induced stress assay. The leaf discs were soaked in 300 mM NaCl for 2-3 days. After that, the leaf discs were washed twice with deionized water and used for the estimation of total chlorophyll content and membrane stability according to Arnon and Hoekstra methods, respectively (Arnon, 1949; Hoekstra et al., 2001).





Heat stress

Two days old germinated seedlings of transgenic lines and wildtype (10 seedlings in each line) were incubated in agar media and provided heat stress (55°C) for 3 h and then incubated under room temperature for 8 days (Yufang et al., 2021). After 8 days of incubation, seedlings growth (cm) and protein content was assessed as described below and also were used for expression study.





Total soluble protein quantification

The frozen leaf material from plants was ground in 100 mM Tris-HCl buffer (pH 7.8) containing 1 mM phenyl methyl sulfonyl fluoride (PMSF) and 5 mM benzamidine, and the solution was centrifuged at 12000 rpm for 10 min at 4°C. The supernatant was used for the quantification of protein. BSA standard curve was prepared (0.1-1.0 mg/ml) to estimate the protein concentration in the plant extract (Bradford, 1976).





Methyl viologen (MV) stress

Two days old germinated seedlings were subjected to MV-induced oxidative stress. Seedlings (10 seedlings in each line) were incubated in agar media containing 8 µM solution of MV for 8 days. After 8 days of stress treatment, seedlings survival and seedlings growth (cm) was assessed (Nareshkumar et al., 2020).





Nitro blue tetrazolium (NBT) staining assay

The extent of superoxide radicle production is determined with some modifications (Nareshkumar et al., 2015). One-week-old seedlings of both transgenic and wild-type were exposed to 300 mM NaCl stress for one day. Then the seedlings were immersed in a staining solution (2% NBT in 50 mM sodium phosphate buffer of pH 7.5) and incubated for 5 h till a blue color precipitate was observed from the clear staining solution. The extent of blue color staining formed was observed both in control and stressed seedlings.





Diaminobenzidine (DAB) staining assay

The extent of hydrogen peroxide (H2O2) production was assessed with some modification (Nareshkumar et al., 2015). The seedlings of control and stress-exposed samples (300 mM NaCl for 1 day) were immersed in a staining solution (2.5 mM DAB in 10 mM citrate buffer of pH 3.8, filter sterilized and added 0.1% (V/V) tween 20) taken in a test tube. The seedlings were incubated for 5 h under high humidity conditions till a brown precipitate was observed from a clear staining solution. The extent of brown color formed was observed both in control and stressed seedlings.





Evaluation of rice transgenic lines through molecular analysis




Extraction of plant genomic DNA

Genomic DNA was extracted from leaf tissue by using the CTAB method (Doyle and Doyle, 1990). PCR analysis was carried out using genomic DNA as a template for checking the integration of transgenes using both promoter and gene-specific primers (Table S1).





Isolation of total RNA

Total RNA was extracted from leaf tissues of both transgenic and wild-type using phenol–chloroform method with minor modifications (Datta et al., 1989; Vennapusa et al., 2020). The cDNA was synthesized by oligo (dT) primers using Moloney murine leukaemia virus reverse transcriptase (MMLV-RT; MBI Fermentas, Hanover, MD). Actin was used as an internal control for normalization (for the primer list, see Table S1). The PCR with SYBR dye and PCR conditions were 94°C for 5 min, 32-35 cycles of 94°C for 30s, 52–60°C for 30s, 72°C for 40s and a final extension of 72°C for 5 min. The expression profiles of PgHSF4, p68 and Pg47 genes were examined in the plants exposed to two different abiotic stress conditions (salinity and heat stress) with comparison to control conditions. Salinity stress was imposed by subjecting 15 days old seedlings to 300 mM NaCl treatment for 8 days. After 8 days of stress treatment, seedlings were kept 8 days of recovery and the leaf sample was collected on the 8th day of stress recovery for expression studies. For heat stress, two days germinated seedlings were exposed to heat stress (55°C for 3h) and then incubated for 8 days. After completion of the incubation period, the seedlings were used for expression analysis of transgenes.






Transgene DNA sequence analysis

PCR amplification of the PsAKR1 (igrA) gene was performed using genomic DNA. The PCR gene product amplified from genomic DNA isolated from transgenic leaf samples was resolved on 0.8 percent agarose gel. The fragments of interest were eluted and purified from the gel by using Gen Elute Gel Extraction Kit (Sigma Aldrich, USA). The purified PCR gene products were sequenced, and the obtained sequences were analyzed by CLASTALW and confirmed the integrated transgene sequences.





In-silico analysis of p68 and Pg47 gene-associated protein interactions and validation of gene expressions

Protein-protein interaction study was carried out using an online STRING 10 bio-analytical tool (http://string-db.org/).





Statistical analysis

ANOVA (Analysis of variance) was used to analyze the significant difference between control and stress conditions (Fisher, 1925). The level of significance used in the F-test and t-test was P = 0.05.






Results




Generation of transgenic rice plants

The multigene construct (PgHSF4, p68, and Pg47) was developed in the background of binary vector pi12GW which contains a selectable marker-free gene PsAKR1, which is resistant to glyphosate and other abiotic stresses (Vemanna et al., 2017; Vennapusa et al., 2022). The overall construct details are provided in Figure S1. The transgenic rice plants co-expressing PgHSF4, p68, and Pg47 were developed by Agrobacterium-mediated in-planta transformation. The putative T0 rice transformants were selected based on the selection screening with glyphosate and the putative transformants were advanced to the next generations. Details of the advancement of transformants to T1 and T2 generation and screening selection protocol are depicted in Figure S2. Further, functional characterizations of transgenics in T3 generation were carried out against abiotic stress to identify the promising lines with superior stress tolerance.





Advancement of multigene rice transgenics and identify the promising lines based on responses to various abiotic stresses

The level of stress tolerance in the T3 rice transgenics was investigated using a salinity induction response stress assay. The transgenic lines maintained high recovery growth compared to wildtype. However, there was a considerable variation in the response of transgenic lines to the salinity stress. The transgenic lines were categorized into two groups, the lines that maintained seedling growth up to 2-4 cm were grouped into moderately tolerant, and the lines that maintained seedling growth up to 4-6 cm were grouped as highly tolerant lines based on growth recovery after the stress imposition (Figures 1A, B). To assess the seedling vigor upon stress, the T3 transgenic lines were evaluated using another technique i.e, Accelerating aging. The transgenic lines maintained high seedling vigor and growth compared to wild-type upon accelerated aging. In response to accelerating aging, transgenic lines showed considerable variation, the transgenic lines, which maintained growth from 2-3 cm, were grouped into moderately tolerant (2-3 cm) and the seedlings that maintained growth from 3-5 cm were categorized as highly tolerant lines (3-5 cm) (Figures 1C, D). The highly tolerant lines based on both salinity stress and accelerating aging were selected and advanced to the next generation for further characterization.




Figure 1 | Screening of T3 putative transformants against different abiotic stresses. (A) Frequency distribution of rice transgenics based on root and shoot length for salinity stress response. (B) Photograph showing the salinity stress response of transgenic rice line (T-50). (C) Frequency distribution of rice transgenics based on root and shoot length for accelerated aging stress response. (D) Growth response of transgenic lines under accelerated aging stress. WT-wildtype, T-transgenic, C-Control, t- treated.







Evaluation of growth and productivity of T3 transgenic lines under two regimes of irrigated aerobic conditions (regime1-control, regime2- moisture deficit stress)

One hundred three lines of transgenic lines were raised in contained field conditions, and one set was subjected to moisture deficit stress at the time of flowering and compared with the wildtype lines. Stability in grain yield was estimated by the drought susceptibility index (DSI). DSI is one technique to detect drought resistance differences and quantify yield loss under moisture-stress situations. Besides low DSI value, another important criterion to identify the superior events is absolute productivity under stress. Therefore in the present study, both absolute productivity and DSI value were used to determine the promising transgenic lines which showed higher productivity under stress conditions. The study showed a strong negative correlation between DSI value and productivity under stress conditions (Figure S3). This signifies that the transgenic lines showed lower DSI values showed higher productivity under stress.

Based on the above-mentioned physiological stress assay and DSI value, 43 transgenic lines were selected and advanced to T4 generation. In the T4 generation, selected transgenic lines were stringently screened once again using salinity induction stress, accelerating aging stress, and evaluation under contained field conditions (Tables S2–S4). Based on these experiments (both physiological and molecular analysis), 15 superior tolerant transgenic lines were identified and advanced to the T5 generation. Further, the integration of all three genes in the tolerant lines was confirmed using PCR analysis.





Promising transgenic lines response to various abiotic stresses and molecular characterization




Response of T5 rice transgenic to salinity stress (350 mM NaCl) at the seedling level

As evaluated in the earlier generation, selected T5 generation transgenics were assessed to identify superior transgenic lines. Transgenic lines’ recovery growth was significantly higher than wild-type (Figure 2A). The increasing effect of salinity stress causes oxidative stress by increasing the production of reactive oxygen species. Apart from reactive oxygen radicle, MDA is one of the final products of the oxidation of polyunsaturated fatty acids. Therefore, MDA content was measured for both control and stressed samples to know the effect of salinity stress caused membrane damage. Out of 15 transgenic lines, five transgenic lines (T-25, T-50, T-210, T-220 and T-234) showed significantly lesser MDA content than wild-type (Figure 2B), and the correlation curve between the seedling growth and MDA content shows a negative correlation upon salinity induction treatment (Figure 2C). The result revealed that transgenic lines that maintained higher seedling growth (Root and shoot length) upon salinity stress showed a lesser percent increase in MDA content, indicating less accumulation of MDA in transgenics due to effective management of oxidative damage caused by the salinity stress compared to wild-type.




Figure 2 | Rice transgenic seedlings’ growth response under NaCl-induced stress. (A) Germinated seeds were placed on 50, 100, and 200 mM NaCl (Induction treatment) for three h and transferred into the 350 mM NaCl (lethal concentration). After three days of stress treatment, seedlings were placed for recovery and shoot, and root lengths were recorded. (B) MDA estimation from control and NaCl-stressed samples (induction treatment sample). (C) Correlation between the seedling’s growth and percent increase in MDA content over control. Bars indicate standard error of replication, an asterisk (*) indicates the significance at P=0.05.







Response of T5 rice transgenic to salinity stress (350 mM NaCl) in leaf disc assays at the whole plant level

The cellular level tolerance of the T5 rice transgenic plants was assessed using the leaf disc assay. The transgenic leaf discs showed less visible yellow color symptoms compared to wild-type plants (Figure 3A). Further, the extent of NaCl-induced salinity stress damage was assessed by estimating the total chlorophyll content and electrolyte leakage. Salinity stress significantly affected the total chlorophyll content. However, the amount of reduction was less in transgenics than in wild-type (Figure 3B), and this NaCl-induced salinity stress also causes an alteration in the cell membrane stability by increasing the leakage of electrolytes. Many transgenic lines showed a significantly lesser increase in electrolyte leakage over the control compared to the wild-type (Figure 3C). The results indicate that NaCl stress-caused impact was less on rice transgenic chlorophyll content and cell membrane stability compared to wild-type.




Figure 3 | Response of rice transgenics to NaCl stress upon excised leaf disc assays. Leaf discs from transgenic and wild-type plants were placed on 350 mM NaCl,. (A) Photograph was taken 72 h after exposure to NaCl treatment. (B) Percent reduction in chlorophyll content (C) Percent increase in electrolyte leakage. Bars indicate a standard error of three replications, and an asterisk (*) indicates the significance at P=0.05, WT-wild-type, 1 to 252- different transgenic lines.








Growth and yield analysis of selected rice transgenics and wildtype plants

T5 transgenic lines and wild type were raised in contained field conditions, the growth and yield parameters were assessed, and spikelet fertility was calculated by counting total number of filled and unfilled seeds. The wild-type and some transgenic lines were severely affected under moisture stress conditions and there is a marked reduction in spikelet fertility, resulting in substantially reduced productivity. However, the percent fertility is relatively high in transgenics compared to wild-type (Table 1). Consequently, an increase in total dry matter is observed in transgenic lines. Based on the response to abiotic stresses at seedling and whole plant levels, five transgenic lines (25, 50, 210, 220, and 234) were selected as superior lines for further studies to understand the mechanisms of abiotic stress tolerance.


Table 1 | Growth and productivity of T5 rice transgenics grown under contained field conditions.







Molecular characterization of T5 rice transgenics

Genomic DNA was isolated from both transgenic and wild-type plants. PCR amplification of genomic DNA was carried out by using Actin gene primers as an internal control and transgenes using gene-specific primers. The integration of the marker gene, PsAKR1 in transgenic plants was confirmed using gene-specific primers with the amplification of 593 bp product, PgHSF4 with the presence of 359 bp amplicon, Pg47, the 560 bp amplicon and p68 with the application of 400 bp product (Figure S4). Further, to reconfirm the stable gene integration of transgene PsAKR1, the PCR-amplified product from genomic DNA was sequenced and analyzed by CLASTALW to check the homology between the original cloned sequence and the PCR product sequence. The PCR product of PsAKR1gene amplified from the transgenic lines showed 93% sequence homology with the original cloned sequence (Figure S5). This result indicates the integration of gene construct in the transgenics lines.





Understanding the physiological, biochemical, and molecular basis for the improved multiple stress tolerance in selected promising transgenic lines under different abiotic stresses

To understand the stress tolerance levels and the basis for the tolerance, the selected five T5 transgenic lines were subjected to different abiotic stresses, such as heat stress and methyl viologen (MV). To assess the effect of MV-induced oxidative stress in these selected five transgenic lines, two-day-old germinated seedlings were subjected to MV (8 µm) stress. The extent of MV-induced stress was measured in terms of seedling growth and stress conditions. The transgenic lines maintained better seedling growth compared to wild-type upon MV stress (Figures 4A, B). In response to heat stress (55°C for 3 h), the transgenic lines showed better seedling growth compared to wild-type (Figures 5A, B), and the reduction in total protein content was less in transgenic compared to wild-type (Figure 5C).




Figure 4 | Multigene rice transgenics response to methyl induced viologen-induced oxidative stress. Two days germinated seedlings were placed on 0.6 µm methyl viologen for eight days. (A) shows the rice transgenic seedlings growth in response to methyl viologen stress. (B) Percent reduction in seedling growth of transgenics compared to wild type. WT- wild-type, 1 to 252-Transgenic lines. Error bars indicate the standard error of three replication.






Figure 5 | Response of multigene rice transgenics to heat stress. Two days-old germinated seedlings were subjected to heat stress for three h and then kept at room temperature for eight days. (A) Photograph showing the rice transgenics seedling growth response upon exposure to the heat stress. (B) Percent reduction in seedling growth over control, (C) Percent reduction in protein content over control. Error bars indicate the standard error of three replication, and the asterisk (*) indicates the significance at P=0.05.







Quantification of reactive oxygen species using histochemical assays

The quantification of O2- and H2O2 using NBT and DAB staining was assessed upon NaCl stress. One-week-old, both transgenic and wild-type seedlings of control and NaCl (300 mM) treatment were immersed in NBT and DAB solution. Under stress conditions, the wild type showed a higher accumulation of purple formazon compound than the transgenics. However, no significant differences were observed under the control conditions (Figure 6A). Similarly, when stressed seedlings were incubated in DAB staining solution, transgenic seedlings accumulated less H2O2, while deeper staining was observed in wild-type seedlings. However, under the control condition, there was no significant difference in the accumulation of dark brown colored compounds between wild-type and transgenics (Figure 6B).




Figure 6 | Quantification of reactive oxygen radicle using the histochemical assay. (A) One-week-old seedlings of wildtype and transgenic was incubated in 300 mM NaCl for 24 hours, seedlings were stained with NBT solution for quantification of superoxide radicles and (B) DAB solution staining for H2O2 quantification. WT-Wild-type, T50 and T210 – Transgenic lines.







Gene expression profiles in response to salinity and heat stresses

The expression of transgenes and downstream regulated genes in response to abiotic stress was investigated. Under both NaCl and heat stress, transgenics had maintained high transcript levels of all three genes, including PsAKR1 (Figures 7A, B). Among the transgenes, HSF4 transcript levels were found to be higher compared to the other two transgenes in heat-induced stress (Figure 7A). While in salinity stress, the p68 gene transcript level was higher compared to the other two genes (Figure 7B). However, expression of all these transgenes was not observed in wild-type. To understand the functional role of transgenes in abiotic stress tolerance, the expression profiles of the downstream/stress-responsive genes have been carried out. Under NaCl stress-showed a higher accumulation of HSP70, SOD, APX, SOS, and LEA3 transcripts in the transgenics compared to wild-type (Figure 7D). Reduced expression levels of PP2C and P5CS genes were found in the transgenics under both salinity and heat stress (Figures 7C, D).




Figure 7 | Expression analyses of multigene-expressing rice transgenic plants. (A) Semi-quantitative expression of transgenes under heat stress, (B) Gene expression profiles of transgenes under salinity stress, (C) Semi-quantitative expression analysis of downstream genes in multigene-expressing transgenics under heat stress conditions, and (D) Semi-quantitative expression analysis of downstream genes in multigene-expressing transgenics under salinity stress conditions. The cDNA was amplified with gene-specific primers, and actin was used as a housekeeping gene. WT – Wild-type, T-25 to T-234 – Transgenic lines.







Transgenes-protein interactions and validation of their internal expression in transgenic plants

Insilco analysis of p68 and Pg47 genes using protein-protein interaction studies was carried out to understand the unrevealing mechanism of the plants. Results showed that Pg47 and p68 are interacting with other proteins such as Zinc finger protein, eIF4E, eIF4G, eIF4F (Eukaryotic translation initiation factors), MA3 domain-containing proteins, and OsRNA helicases (Figure S6). To study the gene expression of these interacting proteins, semi-quantitative RT-PCR analysis was carried out in the transgenic lines along with wild type. The gene expression of all interacting proteins was higher in transgenic lines compared to wild-type (Figure S7). The result indicated that all these interacting proteins might be attributed to abiotic stress tolerance induced by the transgenes of p68 and Pg47.

All these results demonstrated that, transgenic lines showed improved tolerance to different abiotic stresses. Overview of the stress tolerance mechanisms in multigene-expressing plants is depicted in the Figure 8.




Figure 8 | Overview of the stress tolerance mechanisms in multigene-expressing plants. The proposed model of multiple abiotic stress tolerance in multigene rice transgenics expressing PgHSF4, p68, and Pg47 genes along with PsAKR1. WT-Wild-type, T-Transgenics, ROS- Reactive oxygen species, RCC- Reactive carbonyl compounds. Pictures were adopted from Google and Vector Stocks.








Discussion

Plant abiotic stress tolerance is a genetically complex and multigenic trait, hence transferring single gene or trait is not sufficient to achieve improved abiotic stress tolerance in the crops. Therefore, the gene stacking approach can consider a potential approach to engineering abiotic stress-tolerant crops by introducing multiple traits and manipulating several-stress tolerant and regulatory mechanisms. Pyramiding more than one transgene may offer more effective tolerance than one gene in transgenic crops (Vemanna et al., 2015; Venkatesh et al., 2019). Several earlier studies reported that the pyramiding of multiple genes in transgenic crops exhibited tolerance against different abiotic stress. Simultaneous expression of regulatory genes such as Heat Shock Transcription Factor (HSF4), Pea DNA helicase (PDH45), and Alfalfa zinc finger 1 (Alfin 1) in peanuts showed improved tolerance to drought stress (Vemanna et al., 2015). Co-expression of abiotic stress-responsive transcription Factors such as AtDREB2A, AtHB7, and AtABF3 delivered improved salinity and drought tolerance in peanuts (Pruthvi et al., 2014). Venkatesh et al., 2022 reported the pyramiding of multiple genes belonging to three different transcription factor families, MuMYB96, MuWRKY3, and MuNAC4, from a hardy crop horse gram (Macrotyloma uniflorum) showed improved drought stress tolerance by acquiring the water conservation, water mining, and cellular level tolerance traits in groundnut, and maintained sustained yield and physiological functions. Co-expression of eIF4A1 with NHX1 (Na +/H + antiporter), enhances tolerance to drought in sweet potato by improving ROS scavenging activity and by maintaining membrane integrity (Zhang et al., 2019). Likewise, in the present study, genes stacking (HSF4, p68 and Pg47) helped rice plants overcome several abiotic stresses such as salinity, moisture stress, heat and accelerating aging.

Tuteja et al. (2014) reported that over-expression of p68 in transgenic tobacco plants showed enhanced tolerances to salinity stress by scavenging of reactive oxygen species through antioxidant machinery. MDA is one of the reactive carbonyl compounds formed by the oxidation of polyunsaturated fatty acids under stress conditions. It is recently considered one of the indicators of the extent of stress experienced by plants (Nisarga et al., 2017). In our study, transgenic rice lines subjected to gradual salinity stress showed lower accumulation of MDA content compared to wild-type (Figures 2A, B). It indicates transgenics are effectively involved in the detoxification of cytotoxic compounds (HSF4, p68, Pg47 and PsAKR1). Previous studies also reported that the over-expression of PsAKR1 reduced the cytotoxicity caused by the salinity stress in tobacco transgenics (Vemanna et al., 2017).

Chlorophyll content and cell membrane stability are other important physiological traits, which are significantly affected by abiotic stress (Muhammad et al., 2019). Reduction in chlorophyll content and increase in electrolyte leakage are less in transgenics compared to wild-type (Figures 3B, C). The study’s result reveals that salinity tolerance in transgenic could be due to the over-expression of p68 and PsAKR1 genes. Therefore in the gene expression study, the transcript level of p68 is more under salinity stress compared to HSF4 and Pg47 (Figure 7B), and transgenic also showed an enhanced expression of scavenging enzymes (SOD, APX) compared to wildtype (Figure 7D). Therefore the obtained result predicted that transgenic showed improved tolerance by decreasing ROS production (Figures 6A, B) through antioxidant machinery.

Seed aging is a combined function of time, temperature, and moisture (Ellis and Roberts, 1981). This seed aging subsequently causes seed deterioration by affecting the viability and vigor of seeds (Ellis et al., 1982). Here artificially created accelerating aging stress causes less effect on transgenic compared to wild-type. The transgenic lines maintained high seedling growth compared to wild-type (Figures 1C, D). The marker-free gene containing the construct, PsAKR1 is possibly involved in nullifying the effect of accelerating aging. This PsAKR1 gene belongs to the Aldo ketoreductase (AKR) gene family, which is involved in the detoxification of the reactive carbonyl compounds generated under abiotic stresses (Kirankumar et al., 2016; Nisarga et al., 2017; Nareshkumar et al., 2020). Over-expression of the PsAKR1 gene in rice and tobacco seedlings showed improved seedling vigor and viability upon accelerating aging (Nisarga et al., 2017).

In addition to salinity stress, the transgenic rice seedlings also showed tolerance to heat stress (Figures 5A, B). The study by Qian et al., 2014) showed that overexpression of HSFA1 in Arabidopsis showed enhanced expression of HSFA1 and also downstream target gene i.e. HSPs under heat and oxidative stress. Heat shock proteins (HSPs), such as HSP90 and HSP70, act as molecular chaperones that facilitate the folding and inhibit their misfoldings under stress conditions (Mohamed and Al-whaibi, 2010; Nakai, 2010). In the present study, the transcript level of HSP was found more in transgenic rice plants compared to wild-type. The result of the study shows that the overexpression of the HSF4 gene in the transgenic rice could be the contributor to the increased level of HSP transcripts (Figure 7A), and it also might be responsible for regulating the increased expression of other downstream stress-responsive genes and protecting the protein functions by chaperon activity in transgenics (Figure 7C). Furthermore, methyl viologen-induced oxidative stress caused less effect on transgenic rice plants compared to wild-type (Figures 4A, B). The survival of seedlings against oxidative stress depends on the equilibrium between the generation and detoxification of ROS by a series of enzymatic and nonenzymatic mechanisms (Hendadura et al., 2017; Nareshkumar et al., 2020). According to earlier studies, the multi-transgenes used in our study might increase the transcript level of downstream genes, which are involved in switching on the ROS scavenging system under abiotic stress conditions (Kirankumar et al., 2016). Meng et al. (2016) reported that plant HSFs are the terminal components of a signal transduction chain mediating the expression of various abiotic stress-responsive genes. Another gene that has been used in our study, i.e. p68, showed an increased expression level of ROS scavenging enzymes (APX and SOD) in various crops like tobacco, rice, and soybean under salt stress (Tuteja et al., 2014; Karthik et al., 2019).

It is well known that whenever moisture stress in rice occurs at the reproductive stage, there will be a considerable reduction in yield since it affects panicle exertion and also induces spikelet sterility (Kamoshita et al., 2004; Ichsan et al., 2020). In our study, transgenic lines showed improved yield compared to wild-type (Table 1). It might be due to, transgenic lines having higher productive tillers compared to wild-type. Adaptation to moisture stress under field conditions can be achieved by improving CLT mechanisms besides improving traits associated with water relations. Co-expression of RNA helicase Pg47, Eukaryotic initiation factor 4E (eIF4E) and Heat shock transcription factor (PgHSF4) in rice showed improved growth and yield by playing a crucial role in removing mRNA secondary structure thereby hastens the translation process and also protect the proteins from degradation under stress condition (Patil thesis, 2015).

Since Pg47 and p68 RNA helicases act as functional proteins, which might be interacting with other factors to impart stress tolerance (Tuteja et al., 2014; Karthik et al., 2019). Therefore to find out the interacting proteins, the protein-protein interaction study was carried out with Pg47 and p68 genes. The present study found that Pg47 and p68 are interacting with other stress-responsive proteins such as Zinc finger protein, eIF4E, eIF4G, eIF4F (Eukaryotic translation initiation factors), MA3 domain-containing proteins, and OsRNA helicases (Figure S7). The present study results revealed that the interaction of transgenes and stress-responsive genes-related proteins at the molecular level, all these protein (stress-responsive) interactions might be attributed to stress tolerance by interacting with p68 and Pg47.





Conclusion

The results of the present study suggest that rice transgenics co-expressing PgHSF4, p68, Pg47 and PsAKR1 genes showed significantly improved abiotic stress tolerance in diverse physiological screens. In addition, the study also provided proof of concept that tolerance to semi-irrigated aerobic conditions can be achieved by co-expressing relevant stress-responsive genes in the background of a genotype with superior water relations. Pyramiding cellular level tolerance and water mining traits is a significant approach; contribute to enhanced adaptation and productivity under semi-irrigated aerobic conditions. As a whole, this study provided proof of concept that sustaining the physiological functions, effective management of cytotoxic compounds, and protein stability under stress is a relevant strategy, and these genes can be used as candidate genes for improving abiotic stress tolerance in crop plants. Finally, the multigene transgenics approach could be a potential option to pyramid multiple traits and achieve abiotic stress tolerance.
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The 14-3-3 protein family is a highly conservative member of the acid protein family and plays an important role in regulating a series of important biological activities and various signal transduction pathways. The role of 14-3-3 proteins in regulating starch accumulation still remains largely unknown. To investigate the properties of 14-3-3 proteins, the structures and functions involved in starch accumulation in storage roots were analyzed, and consequently, 16 Me14-3-3 genes were identified. Phylogenetic analysis revealed that Me14-3-3 family proteins are split into two groups (ε and non-ε). All Me14-3-3 proteins contain nine antiparallel α-helices. Me14-3-3s-GFP fusion protein was targeted exclusively to the nuclei and cytoplasm. In the early stage of starch accumulation in the storage root, Me14-3-3 genes were highly expressed in high-starch cultivars, while in the late stage of starch accumulation, Me14-3-3 genes were highly expressed in low-starch cultivars. Me14-3-3 I, II, V, and XVI had relatively high expression levels in the storage roots. The transgenic evidence from Me14-3-3II overexpression in Arabidopsis thaliana and the virus-induced gene silencing (VIGS) in cassava leaves and storage roots suggest that Me14-3-3II is involved in the negative regulation of starch accumulation. This study provides a new insight to understand the molecular mechanisms of starch accumulation linked with Me14-3-3 genes during cassava storage root development.
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Introduction

Cassava accumulates much starch in its storage root; it is one of the most important root crops in the world; and it is a staple food crop in tropical Africa (De Souza et al., 2017; Jia et al., 2011; An et al., 2019). The formation and development of storage roots are important factors that affect cassava yield. Tuberization of cassava roots can be divided into three stages, namely, the tuber initial stage, expanding stage, and maturity stage (Yao et al., 2014). Cassava microarray data showed that the glycolysis/gluconeogenesis pathway, starch and sucrose metabolism pathway, and pentose phosphate pathway might be involved in the development of storage roots. Comparative proteomics found that a total of 154 differentially expressed proteins were identified during cassava root tuberization (Sojikul et al., 2010) and were involved in starch and sucrose metabolisms. One of the Me14-3-3 proteins had a significant change in the level of expression and phosphorylation during the tuber expanding stage, and the gene encoding this protein was transferred to Arabidopsis, and the regulating function of starch accumulation was also verified (Wang et al., 2016).

14-3-3 proteins are specialized adapter proteins that regulate the activities of the phosphorylated target protein by protein–protein interactions (Yang et al., 2019; Zhao et al., 2021). In plants, 14-3-3 proteins are encoded by a gene family. The abundance of the 14-3-3 protein family in plants is different, and there are various expression patterns of different members in plant tissues. Plant 14-3-3 proteins can be divided into the ε and non- ε subgroups (Xu et al., 2016). A previous report showed that at least eight subtypes of 14-3-3 proteins were identified in rice, and their roles and expression patterns are very different in different tissues; for example, OsGF14b is abundant in roots, low in stems and leaves, and almost absent in seeds and glumes. OsGF14d and OsGF14g show similar expression patterns, with the highest expression in mature leaves and stems and low expression in seeds and glumes (Yao et al., 2007; Yashvardhini et al., 2017; Zhang et al., 2019). Recent studies demonstrated that 14-3-3 proteins in plants are involved in regulating plant development, stress responses, and metabolism (Ormancey et al., 2017). The biological functions of the plant 14-3-3 proteins are related to regulating the phosphorylation of the target proteins (Denison et al., 2011; Boer et al., 2013; Yang et al., 2019). In Arabidopsis, the x/ψ/κ 14-3-3 can interact with AGT3 and S-adenosine methionine synthetase that are involved in plant nutrition absorption, affecting plant life development (Ryoung et al., 2011). Some 14-3-3 proteins in plants play a very important role in response to environmental stresses, such as in tomatoes (Xu and Shi, 2006) and cotton (Sun et al., 2011). It has been reported that 14-3-3 proteins are also involved in the carbohydrate metabolism of crops, such as potatoes (Magdalena et al., 2005) and barley (Morris, 2010). In rice, a member of 14-3-3 protein GF14f interacts with enzymes in sucrose breakdown, starch synthesis, tricarboxylic acid (TCA) cycle, and glycolysis to negatively affect grain development and filling (Zhang et al., 2019).

However, the structures and subtypes of 14-3-3 proteins (Me14-3-3) in cassava are not well known. The expression levels of Me14-3-3 proteins in each development stage of cassava storage roots and their mechanisms in the processes of starch accumulation in storage roots are still unclear. In the present study, the structures and subtypes of Me14-3-3 proteins were analyzed, and the expression patterns and the subcellular locations of Me14-3-3 proteins in each stage of cassava storage root development were investigated. These results will provide a new clue to understanding the molecular mechanisms of carbohydrates and starch accumulation during cassava storage root development.





Materials and methods




Plant materials and growth conditions

Nicotiana benthamiana plants were grown in soil in a growth chamber at 26°C, 80% humidity, under a 16-h light/8-h dark cycle. The seedlings of N. benthamiana used for transient expression were grown for 6–7 weeks, which grew robustly and disease-free.

The two cassava cultivars SC6068 and SC5 were selected in the present study. Their starch content data were obtained from Ye (2017), SC6068 < SC5. The stem cuttings of SC6068 and SC5 were planted in the fields of the National Cassava Germplasm Repository (NCGR), Danzhou, China. The storage roots were classified into three stages, namely, the root initial stage (RIS; planting for 120 days), root expanding stage (RES; planting for 210 days), and root maturity stage (RMS; planting for 300 days). The storage roots of SC6068 and SC5 in the stages of RIS, RES, and RMS were collected for RNA extraction to analyze the differential expressions of Me 14-3-3 genes. The experiment was carried out in the Ministry of Agriculture and Rural Affairs Key Laboratory of Protection and Utilization of Cassava Germplasm Resources from April 2018 to April 2019. Each stage of the storage root of SC6068 and SC5 was used as one treatment, and each treatment included 10 plants. Three biological replicates were performed for each treatment. All samples were immediately frozen in liquid nitrogen upon collection and stored at −80°C.





Identification and sequence analysis of Me14-3-3 genes in cassava

Cassava 14-3-3 proteins were identified in the phytozome v10 database (using 14-3-3 as the keyword search on the website https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Mesculenta) (Goodstein et al., 2012). Me14-3-3 genes were amplified based on the search sequences to design primers by using Primer 5.0. These primer sequences are listed in Supplementary Table S4. The PCRs were carried out in a final volume of 50 µL, containing 1 µL of cDNA from different tissues, by following the manufacturer’s instructions of the Ex Taq DNA polymerase kit (Takara, Maebashi, Japan). The PCR cycling conditions were as follows: 3 min at 94°C, followed by 30 cycles of 94°C for 30 s, a range of annealing temperatures for different types of Me14-3-3s from 57°C to 63°C for 30 s, 72°C for 1 min, and a final extension of 10 min at 72°C. The PCR products were separated on 1% agarose gel and purified by an Axygen Purification kit (Axygen, Union City, CA, USA), cloned into pMD19-T vector (Takara, Japan), and sequenced (The Beijing Genomics Institute, Guangzhou, China). All of Me 14-3-3 genes were analyzed by using ORF finder (https://www.ncbi.nlm.nih.gov/orffinder/) software and the physicochemical properties of amino acids were analyzed by using the ProtParam tool (http://www.expasy.ch/tools/protparam.html) software.





Gene structure and phylogenetic tree analysis

Sequences of Me14-3-3 genes were obtained from the cassava database. The exon/intron organization of Me14-3-3 genes was identified by using the GSDS website (http://gsds2.cbi.pku.edu.cn) (Guo et al., 2007). The phylogenetic tree of the Me14-3-3 protein family was constructed by MEGA7.1 software using the neighbor-joining method with 1,000 bootstrap replicates (Tamura et al., 2011). Genes with 99% bootstrap values were determined to be sister–gene pairs. The known 14-3-3 protein sequences from soybean, Arabidopsis, and rice and other nine plants obtained from the National Center for Biotechnology Information (NCBI) database were used as query sequences when conducting a BLAST search against the public genomic database (http://phytozome.jgi.doe.gov/pz/portal.html). The accession numbers of 14-3-3 proteins from Arabidopsis, soybean, rice, and other eight plants are listed in Supplementary Table S3.





Cassava 14-3-3 gene family subcellular localization

Specific primers were designed with the Primer 5.0 software (Supplementary Table S4), and the specific target fragments of ME14-3-3 genes were amplified with the high-fidelity enzyme Prime STAR® Max DNA Polymerase and then inserted into the plasmid pCAMBIA1300-35S-GFP to pCAMBIA1300-35S-Me14-3-3-GFP as positive plasmids. The control plasmid pCAMBIA1300-35S-GFP and the positive plasmid pCAMBIA1300-35S-Me14-3-3-GFP were transferred into an Agrobacterium tumefaciens strain LBA4404 by the freeze–thaw method, respectively. The leaves of tobacco were infected with the transformed A. tumefaciens LBA4404 using the method described in Wu et al. (2010) and then photographed under a laser confocal microscope after 3 days. The excitation wavelength and emission length of blue fluorescent protein were 514 and 527 nm, respectively. The excitation wavelength of green fluorescent protein was 490 nm, and the emission length was 509 nm.





RNA isolation and qRT-PCR analysis

Total RNAs were extracted from frozen storage roots in the stages of RIS, RES, and RMS of cassava cultivars SC6068 (low starch content) and SC5 (high starch content) using Rneasy plant mini kits (Qiagen, Hilden, Germany). cDNAs were synthesized using a PrimeScript cDNA Synthesis kit (Takara, Japan). Quantitative RT-PCRs were performed on a CFX96 (Bio-Rad, Hercules, CA, USA) using the SYBR Green Supermix, and the primers are listed in Supplementary Table S4. The PCR cycling conditions were 95°C for 3 min and then followed by 40 cycles of 95°C for 10 s and 60°C for 30 s. After each PCR run, a dissociation curve of transgenic lines was generated to confirm the specificity of the product. Three biological replicates with three technical replicates were performed for each reaction. The relative expression levels of the target genes were assessed based on the 2−ΔΔCt method.





A cassava 14-3-3 gene overexpression in Arabidopsis thaliana

The coding region of 14-3-3II was isolated from cassava with primers listed in Supplementary Table S4. The 14-3-3II gene was subcloned into the P-super 1300+ vector between the XbaI and KpnI sites, resulting in a construct for overexpression of 14-3-3II gene under the control of the CaMV 35S promoter in plants. The construct was introduced into the A. tumefaciens strain GV3101 through electroporation. The A. thaliana ecotype Columbia (Col) was transformed via the floral dip method (Li et al., 2014). The Arabidopsis inflorescence was completely immersed in the infection solution and then removed after infection for 1 min. The infected Arabidopsis plants were placed in dark and moist boxes and removed for 24 h for continued light culture. Infected once every 2 days, after about five times, the newly growing inflorescence was removed. Once the fruit pods were full, the seeds were treated by drought, and then the seeds were collected. T3 homozygous Arabidopsis transgenic lines (1#, 3#, and 4#) were used for further experiments.





Virus-induced gene silencing of Me14-3-3II in cassava

Cassava SC5 and SC6068 were planted in the soil containing vermiculite and nutrient soil in equal ratios and grown in a greenhouse at 26°C–28°C and a 12-h light/12-h dark cycle. After 40 days, they were used for virus-induced gene silencing (VIGS). For vector construction, 300-bp Me14-3-3II DNA fragments were cloned into pCsCMV-NC as described by Tuo et al. (2021). The primers (14-3-3-vigs-F: agtggtctctgtccagtcctCAGGATATTGCAAATGCAGA; 14-3-3-vigs-R: ggtctcagcagaccacaagtTCACTGCTGTTCATCGGTGG) were provided by Tsingke Biotechnology Co., Ltd. (Beijing, China). The A. tumefaciens strain GV3101 was co-transformed using the recombinant plasmids and further cultured at 28°C before resuspension in 10 mM of MgCl2, 10 mM of MES, and 20 mM of acetosyringone. These preparations were injected into the cassava plants at the back of the leaves using a 1-mL syringe and allowed to grow in the greenhouse before further analyses (Yan et al., 2021). Twenty-one days after injection, the leaves of cassava were collected to detect the effects of VIGS on Me14-3-3II expression by qPCR. The same leaves were also used to analyze the contents of starch, sucrose, and glucose. Cassava SC5 and SC6068 Me14-3-3II-silenced seedlings were cultivated in the field located in the National Cassava Germplasm Bank, CATAS, and harvested after 4.5 months in the field.





Statistical analysis

SPSS 16.0 was used for statistical analysis. All data were expressed as the mean ± standard error (SE). All data were from three biological replications. The values with different letters are significant differences (p < 0.05) according to a one-way ANOVA.






Results




Identification and characterization of Me14-3-3 genes in cassava

A total of 16 genes from the Me14-3-3 family collected from the phytozome v10 database using the Pfam ID of 14-3-3 protein (PF00244) as keywords were obtained and cloned, and named Me14-3-3I to XVI. The Me14-3-3 gene reported by Wang et al. (2016) was named Me14-3-3 VII. Full-length coding sequences of the Me14-3-3 genes range from 396 bp (Me14-3-3II) to 795 bp (Me14-3-3VII, Me14-3-3VIII, and Me14-3-3XI). The sizes of the deduced Me14-3-3 proteins varied between 131 and 264 amino acids (aa), with an average of 247 aa. Their molecular weights (Mws) varied from 14.71 to 30.05 kDa, and the theoretical pI ranged from 4.57 to 4.98 (Table 1). Among the Me14-3-3 proteins, 12 members had an instability index greater than 40, and four members had an instability index less than 40, which indicates that most of the members are unstable proteins.


Table 1 | Characterization of the Me14-3-3 genes identified in the present study.



Alignment of all members of the Me14-3-3 proteins shows low similarity at the N-terminal amino acid sequence and higher identity at the C-terminus (Figure 1A). The entire Me14-3-3 family proteins showed 71.97% similarity. The C-terminus plays an important role in calcium binding and dimer formation (Brian et al., 2006). 14-3-3 proteins contain nine antiparallel α-helices (Gardino et al., 2006). Similarly, most Me14-3-3 proteins are composed of nine α-helices, while Me14-3-3II loses the α-helices of Me14-3-3I, II, III, IV, and part of V. Me14-3-3IV and Me14-3-3 VI lose the α-helices of Me14-3-3I, and part of II. The α-helices of 14-3-3I–IV are thought to be involved in dimerization (Aitken, 2006). Therefore, it can be speculated that the protein dimerization ability of Me14-3-3II, IV, and VI may be weaker. The α-helices of Me14-3-3I, II, III, IV, and VI show a little bit of similarity, while the α-helices of Me14-3-3V, VII, VIII, and IX have an extensive identity. This phenomenon was also found in other 14-3-3 proteins, such as 14-3-3 proteins from A. thaliana (Chung et al., 1999). The divergent termini may relate to functional divergence, which could give each protein its specific function by binding a range of possible target proteins.




Figure 1 | Alignment of the Me14-3-3 proteins and phylogenetic tree of 14-3-3 homologs. (A) Alignment of the Me14-3-3 proteins using the DNAMAN program. Dark-blue shading, pink shading, and light blue shading represent 100%, 75%, and 50% amino acid residue similarities, respectively. The I–IX domains of Me14-3-3 proteins are labeled to be the α-helices. The black box indicates the conserved phosphorylation sites in the Me14-3-3 proteins. (B) Phylogenetic trees of the 14-3-3 family proteins in nine plants constructed using the MEGA7.1 program. The red line separates the ϵ and non-ϵ groups.







Phylogenetic relationship of Me14-3-3 proteins

To investigate the phylogenetic relationships of Me14-3-3 proteins, a phylogenetic tree was constructed based on the full-length sequence alignments of 100 members of 14-3-3 proteins from cassava, Arabidopsis, rice, and other nine species. The gene names and locus IDs of these 14-3-3 proteins are listed in Supplementary Table S1. According to phylogenetic analysis, these 14-3-3 proteins are divided into two subfamilies (Figure 1B). According to previous reports, subfamilies are designated as the ϵ and non-ϵ groups (Xu et al., 2016). Seven Me14-3-3 proteins of Me14-3-3XVI, IX, XIV, VI, X, XI, and IV are located in the ϵ group in which Me14-3-3XVI and IX, Me14-3-3X, and VI have a close relationship. Nine Me14-3-3 proteins, namely, Me14-3-3V, I, III, XII, XIII, VIII, VII, II, and XV are located in the non-ϵ group, which are clustered into four subclasses. Most Me14-3-3 proteins have a close relationship with 14-3-3 proteins from Hevea brasiliensis, in which the two species belong to Euphorbiaceae.





Gene structures of Me14-3-3 genes

To further explore the relationships among the different types of Me14-3-3s, the gene structures (exon/intron organization) were analyzed according to the alignment analysis of the cloned sequences with genomic sequences from the cassava genome database. The results showed that members of the Me14-3-3 family were split into the ϵ and non-ϵ groups (Figure 2A). Most of the ϵ group genes are encoded by six exons, except for Me14-3-3VI (five exons) and Me14-3-3XI (seven exons), while all the non-ϵ group genes are encoded by four exons. Generally, the Me14-3-3 genes within a subclass have similar gene structures. Interestingly, Me14-3-3VI and Me14-3-3X, located in the same subclass, have different gene structures, for which Me14-3-3X is encoded by six exons, and its first intron is the longest intron among all the Me14-3-3s, while Me14-3-3VI is encoded by five exons.




Figure 2 | Exon–intron structures and expression analyses of the Me14-3-3 genes. (A) Exon–intron structures of the Me14-3-3 genes according to their phylogenetic relationships. An unrooted phylogenetic tree was constructed with 1,000 bootstraps based on the full-length sequences of Me14-3-3 genes. Exon–intron structure analyses of the Me14-3-3 genes were performed using the online tool GSDS. The lengths of the exons and introns of each Me14-3-3 gene are drawn to scale. (B) Expression analyses of the Me14-3-3 genes in different tissues of cassava cultivar TME 204. The heat map was created according to the log2-fragments per kilobase of transcript per million fragments mapped (FPKM) value of Me14-3-3s. Changes in gene expression are shown in color as the scale. OES, organized embryogenic structure; FEC, friable embryogenic callus; FR, fibrous root; SR, storage root; RAM, root apical meristem; SAM, shoot apical meristem.







Expression analyses of Me14-3-3 genes in various tissues of cassava plant

To study the expression of Me14-3-3 genes in different tissues, RNA-seq data from 11 tissues of cassava cultivar TME204 were analyzed (Wilson et al., 2017). These tissues include leaves, midveins, lateral buds, organized embryogenic structures, friable embryogenic calli (FECs), fibrous roots (FRs), storage roots (SRs), root apical meristems (RAMs), and shoot apical meristems (SAMs). Fragments per kilobase of transcript per million mapped reads (FPKM) values of the Me14-3-3 genes were used to generate a heat map (Figure 2B, Supplementary Table S2). Four genes (Me14-3-3IV, Me14-3-3IX, Me14-3-3XI, and Me14-3-3XV) have low expression levels across all the analyzed tissues, especially in which Me14-3-3IV and Me14-3-3XI are barely expressed. Me14-3-3II has high expression in most tissues. Some gene expressions are tissue specific. Me14-3-3XII and Me14-3-3XIII have relatively high expression levels in fibrous roots and root apical meristems in comparison with other tissues, in which these two genes may be involved in root development and nutrient uptake. Me14-3-3VI, Me14-3-3VII, and Me14-3-3VIII have relatively high expression levels in organized embryogenic structures (OESs), FECs, RAMs, and SAMs in comparison with other tissues, in which these genes may be related to cell division activity. Me14-3-3I, II, V, and XVI have relatively high expression levels in storage roots, in which these four genes may be involved in starch accumulation and storage root formation.





Expression analysis of Me14-3-3 genes in storage root of different cassava cultivars

To investigate the role of 14-3-3 genes during root development, their expression patterns in two cassava cultivars, namely, SC6068 (low starch content) and SC5 (high starch content), were determined using qRT-PCR. Storage roots in RIS, RES, and RMS were collected for testing. The results showed that the expressions of Me14-3-3 genes in the SC6068 cultivar are higher than those in SC5 during all development stages (Figure 3). In the SC5 cultivar, the expression levels of Me14-3-3 genes are the lowest at the RIS stage and gradually increased as the storage roots are expanding and accumulating more starch at RES and RMS stages. However, most Me14-3-3 genes in the SC6068 cultivar maintain high expression levels at RIS, RES, and RMS stages. Five genes, Me14-3-3II, V, VII, VIII, and XIII, showed higher expression levels than the rest of the Me14-3-3 members in all tested samples. According to these results, it can be speculated that some of the Me14-3-3 proteins may play an important role in cassava root tuberization and starch synthesis.




Figure 3 | Expression analysis of Me14-3-3s during starch accumulation in cassava storage roots. The mean fold changes of each gene between different stages of storage root development in the cassava cultivars of SC6068 and SC5 were used to calculate its log2-relative expression levels. Data are the mean ± SD of n = 3 biological experiments. RIS, root initial stage; RES, root expanding stage; RMS, root maturity stage.







Subcellular localization of Me14-3-3 proteins

Me14-3-3II, V, VII, VIII, and XIII were the most highly expressed genes across all storage root development stages. Further, exploring the subcellular localization of these Me14-3-3 proteins may be helpful to understand their functions. Therefore, the CDS sequences of these genes were fused to the GFP gene and expressed downstream of the 35S promoter. These constructs were transiently expressed in tobacco leaves and observed after 72 h. Subcellular localization results showed that Me14-3-3II, V, VII, VIII, and XIII proteins were localized in the nucleus, cytoplasm, and plasma membrane (Figure 4).




Figure 4 | Subcellular locations of the Me14-3-3s-GFP fused proteins in epidermal cells of tobacco leaves. Green fluorescent protein (GFP) fluorescence was observed using the green channel (488 nm). Bar = 50 μm.







Functional assessment of Me14-3-3II to starch accumulation in the leaves of A. thaliana

To assess the functions of Me14-3-3II responding to starch accumulation, overexpression of Me14-3-3II was transformed in A. thaliana ecotype Columbia (Col) via the floral dip method (Figure 5). The result showed that the contents of glucose and sucrose in the leaves of transgenic plants increased compared to those in wild-type (WT) plants (Figure 6). On the contrary, the starch content decreased in the leaves of transgenic plants (Figure 6), suggesting that Me14-3-3II is involved in the negative regulation of starch accumulation in A. thaliana.




Figure 5 | Phenotype and qRT-PCR validation of Arabidopsis. Me14-3-3II-overexpressing lines. (A) Expression levels of Me14-3-3II in wild-type plants and overexpressing lines. MeACTIN was the reference gene. Data are the mean ± SD of three independent assays. (B) Leaf number per plant in the WT and transgenic lines (1#, 3#, and 4#). Bar = 1 cm. WT, wild type.






Figure 6 | The WT and transgenic plants display different abilities. (A) Phenotype of the WT and selected transgenic lines (1#, 3#, and 4#) at the seedling stage. (B) Starch content of the WT and transgenic lines. (C) Sucrose content of the WT and transgenic lines. (D) Glucose content of the WT and transgenic lines. Data are the mean ± SD of three independent assays. * means the significant differences were determined by one-way ANOVA followed by Duncan’s multiple range test at p < 0.05. WT, wild type.







Functional assessment of Me14-3-3II to starch accumulation in cassava leaves and storage roots

To further verify the role of Me14-3-3II gene in starch accumulation in cassava, the expression of Me14-3-3II gene was inhibited by VIGS in cassava cultivars SC5 and SC6068 (Supplementary Figure S1; Figure 7A). The result showed that the contents of starch in Me14-3-3II-silenced (pTRV2-Me14-3-3II) SC5 and SC6068 leaves significantly increased compared to those of control (pTRV2) (Figure 7B). The contents of glucose and sucrose in both Me14-3-3II-silenced SC5 and SC6068 leaves also significantly increased with the exception of the sucrose content in Me14-3-3II-silenced SC5 #3 leaves compared to those in control (Figures 7C, D).




Figure 7 | Me14-3-3II gene is involved in the negative regulation of starch accumulation in cassava leaves. (A) Phenotypes of cassava SC5 and SC6068 plants performed with VIGS of Me14-3-3II; pTRV2 was used as control. Bar = 10 cm. (B) Starch contents of leaves collected from cassava SC5 and SC6068 Me14-3-3II-silenced and control. (C) Sucrose contents of leaves collected from cassava SC5 and SC6068 Me14-3-3II-silenced and control. (D) Glucose contents of leaves collected from cassava SC5 and SC6068 Me14-3-3II-silenced and control. Data are the mean ± SD of three independent assays. * means the significant differences were determined by one-way ANOVA followed by Duncan’s multiple range test at p < 0.05. VIGS, virus-induced gene silencing.



To test the effects of Me14-3-3II gene on cassava storage roots, cassava SC5 and SC6068 Me14-3-3II-silenced seedlings were cultivated in the field and harvested after 4.5 months in the field (Figure 8A). The results showed that the starch contents in Me14-3-3II-silenced (pTRV2-Me14-3-3II) SC5 and SC6068 storage roots significantly increased compared to those of control (pTRV2) (Figure 8B). The contents of glucose and sucrose in Me14-3-3II-silenced SC5 were not significantly different compared to those in control; however, the contents of glucose and sucrose in Me14-3-3II-silenced SC6068 significantly increased compared to those in control (Figures 8C, D). The Me14-3-3II-silenced results from VIGS in both cassava leaves and storage roots further indicated that Me14-3-3II is involved in the negative regulation of starch accumulation.




Figure 8 | Me14-3-3II gene is involved in the negative regulation of starch accumulation in cassava storage roots. (A) Phenotypes of cassava SC5 and SC6068 plants performed with VIGS of Me14-3-3II; pTRV2 was used as control. Bar = 10 cm. (B) Starch contents of storage roots collected from cassava SC5 and SC6068 Me14-3-3II-silenced and control. (C) Sucrose contents of storage roots collected from cassava SC5 and SC6068 Me14-3-3II-silenced and control. (D) Glucose contents of storage roots collected from cassava SC5 and SC6068 Me14-3-3II-silenced and control. Data are the mean ± SD of three independent assays. * means the significant differences were determined by one-way ANOVA followed by Duncan’s multiple range test at p < 0.05. VIGS, virus-induced gene silencing.








Discussion

The 14-3-3 protein plays a regulatory role in plant tricarboxylic acid cycle, glucose metabolism, shikimic acid synthesis, starch metabolism, root growth, and other physiological pathways by interacting with target proteins (Swatek et al., 2011; Gao et al., 2014; Zhang et al., 2019; Gao et al., 2021). When the repression of six 14-3-3 genes from potatoes was downregulated, nitrate and carbon fixation key enzymes from transgenic potato plants were activated and accelerated starch accumulation in the storage roots of transgenic plants (Żuk et al., 2003; Yu et al., 2016). Overexpression of a cassava 14-3-3 gene in A. thaliana confirmed that the older leaves of these transgenic plants contained higher sugar and starch contents than the wild-type leaves, suggesting that 14-3-3 proteins and their binding enzymes may play important roles in carbohydrate metabolism and starch accumulation during cassava root tuberization (Wang et al., 2016). A previous study showed that 15 different 14-3-3 genes (designated MeGRF1-15) were identified within the cassava genome. Based on evolutionary conservation and structural analyses, these cassava 14-3-3 proteins were grouped into the ϵ and non-ϵ clusters (Chang et al., 2020). In the present study, the prediction of the structure and function of cassava 14-3-3 proteins by bioinformatics shows that 16 cassava 14-3-3 proteins are structurally unstable and evolutionarily highly conserved hydrophilic protein families, in which the secondary structure of Me14-3-3 protein isomers is very similar. Compared with both sequences between MeGRF1-15 from Chang et al. (2020) and Me14-3-3I-XVI in the present study, we found 13 sequences that showed 100% similarity, while Me14-3-3IV and MeGRF15 displayed 90% similarity, and Me14-3-3XIV and MeGRF8 showed 99% similarity. However, Me14-3-3II did not have any similarity with the MeGRF family (Supplementary Table S3). Overexpression of Me14-3-3II in A. thaliana plants and VIGS of Me14-3-3II in cassava SC5 and SC6068 leaves and storage roots showed that Me14-3-3II was involved in the negative regulation of starch accumulation (Figures 6–8) in the present study. This result was opposite to that of Wang et al. (2016), indicating that 14-3-3 proteins have multiple functions, including playing important roles in cell signal transduction in response to starch accumulation.

As the main forms of carbohydrates, starch, glucose, and sucrose play a vital role in the balance and coordination of various carbohydrates (Li et al., 2022). Overexpression of Me14-3-3II in A. thaliana plants showed that leaf starch content decreased, but glucose and sucrose content increased. The VIGS of Me14-3-3II in SC5 and SC6068 indicated that along with the increased leaf starch content, so did the glucose in SC6068 and sucrose in SC6068 and SC5. However, when the starch content in SC6068 storage roots increased, the glucose and sucrose levels also rose, but the starch, glucose, and sucrose contents in SC5 storage roots did not have any changes. Starch is synthesized from ADP-glucose (ADPG), and in leaves, starch is synthesized in the chloroplasts, primarily in mesophyll cells. ADPG is made primarily in the cytosol, probably by sucrose synthase. However, there is disagreement about the subcellular compartmentation and pathway of ADPG synthesis. Fünfgeld et al. (2022) indicated that sucrose synthases are not involved in starch synthesis in Arabidopsis leaves. These results seemed to explain the reason that starch growth was not synchronized with that of glucose and sucrose in the present study.

By analyzing the subcellular localization process, it is inferred that Me14-3-3 protein is mainly distributed in the nucleus and cytoplasm, which is closely related to the function of 14-3-3 protein. From the results of phylogenetic tree analysis, there are two kinds of 14-3-3 genes in the ancestral genes of cassava. Most Me14-3-3 proteins have the typical nine domains; these protein structures are also found in other plants, such as in Medicago truncatula (Cheng et al., 2016), H. brasiliensis (Yang et al., 2014), tobacco (Chen et al., 2018), mulberry tree (Yan et al., 2015), and Populus (Tian et al., 2015). The tissue-specific expression patterns of Me14-3-3 could provide a basis for understanding their functions in cassava plant development. Our results showed that Me14-3-3 genes are widely expressed in various organs and tissues, such as leaves, midveins, lateral buds, OESs, FECs, FRs, SRs, RAMs, and SAMs. This suggests that these Me14-3-3 proteins in different organs and tissues may play a key role in cassava plants. The members of groups ϵ, Me14-3-3IV, and Me14-3-3XI with a close relationship have low expression levels in all tested samples. Two Mt14-3-3 gene members of Mt14-3-3b and Mt14-3-3j from M. truncatula were specifically induced by salicylic acid (SA) and jasmonic acid (JA) (Cheng et al., 2016). The highly expressed Me14-3-3 genes in tuber roots are Me14-3-3IV and Me14-3-3XI. It has been reported that 14-3-3 proteins from Arabidopsis regulated starch synthesis by the target starch synthase III family. Starch production in Arabidopsis leaves is limited through the inactivation of SSs by phosphorylation and 14-3-3 protein binding (Tetlow and Emes, 2015). The different-starch-content cassava cultivars (SC6068 and SC5) were used to explore the expression patterns of Me14-3-3s during tuber root development. Dramatically, Me14-3-3 genes were highly expressed in a low-starch-content cultivar (SC6068) compared to SC5 during RIS, RES, and RMS. Many sucrose metabolism and starch synthesis-related enzymes are involved in cassava tuber root development, such as invertase, sucrose synthase, starch synthase, and starch-branching enzyme (Swatek et al., 2011). It has been reported that 14-3-3 proteins negatively regulated the activity of these enzymes in other plants (Gao et al., 2014; Tetlow and Emes, 2015). Sucrose synthase activity was shown to be inhibited by exogenous 14-3-3 in a dosage-dependent manner (Morris, 2010). Proteins interacting specifically with 14-3-3 proteins were analyzed by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting. These assays showed that starch synthase I (SSI), starch synthase II (SSII), starch-branching enzyme IIa (SBEIIa), starch-branching enzyme IIb (SBEIIb), and ADP glucose pyrophosphorylase large subunit (SH2) interacted with 14-3-3 proteins (Song et al., 2009). Reduction of the subgroup of Arabidopsis 14-3-3 proteins by antisense technology resulted in a two- to fourfold increase in leaf starch accumulation (Sehnke et al., 2001). Therefore, we can speculate that 14-3-3 proteins may play a key role in regulating starch accumulation in cassava tuber roots. Ten 14-3-3 proteins from H. brasiliensis were targeted exclusively to the nucleus and cytoplasm (Yang et al., 2014). Similarly, Me14-3-3II, V, VII, VIII, and XIII proteins, which were highly expressed across all tuber root development stages, were localized to the nucleus and cytoplasm (Figure 6). How the Me14-3-3 proteins regulate starch accumulation during storage root development will be further investigated.





Conclusion

In this study, a genome-wide analysis of the 14-3-3 gene family was characterized with a particular focus on Me14-3-3II response to starch accumulation in cassava storage roots. A total of 16 Me14-3-3 genes were identified and characterized. Phylogenetic relationship, gene structures, subcellular localization, gene expression in various tissues, and different cassava cultivars of 14-3-3s were analyzed. Moreover, overexpression of Me14-3-3II in A. thaliana and VIGS in cassava analyses unveiled that Me14-3-3II genes may play a crucial role in the negative regulation of starch accumulation in cassava leaves and storage roots. Overall, the results provide new information for the improvement of cassava cultivars in increasing starch content through molecular breeding.
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Supplementary Table 1 | The gene names and locus IDs of these 14-3-3 proteins.


Supplementary Table 2 | Fragments per kilobase of transcript per million mapped reads (FPKM) values of the Me14-3-3 genes in 11 tissues of cassava cultivar TME204. The first worksheet was the FPKM values; the red color represented expression levels >150 folds; the yellow color showed that the expression levels were equal to 50–150 folds; and the green color meant expression levels <50 folds. The second worksheet was the log2FPFM values.


Supplementary Table 3 | The accession numbers of 14-3-3 proteins from cassava (M. esculenta), Arabidopsis (Arabidopsis thaliana), poplar (Populus trichocarpa), rice (Oryza sativa), alfalfa (Medicago truncatula), soybean (Glycine max), grass (Brachypodium distachyon), sorghum (Sorghum bicolor), and rubber (Hevea brasiliensis).


Supplementary Table 4 | Specific primer sequence of the Me14-3-3 genes.


Supplementary Figure 1 | Expression levels of Me14-3-3II in wild-type plants and cassava SC5 and SC6068 VIGS lines. Data are the mean ± SD of three independent assays.
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Complete and duplicated BUSCOs (D) 116 7.2%
Fragmented BUSCOs (F) 84 5.2%

Missing BUSCOs (M) 94 5.8%

Total BUSCO groups searched 1614
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Virus
species

Genus and
Family

Genome

Symptoms and losses

Common
bean

Cowpea

Chickpea

Mung

bean

Pigeonpea

Soybean

Urd bean

Alfalfa mosaic

virus

Bean common
mosaic virus

Bean dwarf
mosaic virus

Bean golden
yellow mosaic
virus

Bean yellow
mosaic virus

Clover yellow
vein virus

Tomato yellow
leaf curl virus

Blackeye
cowpea mosaic

virus

Cowpea golden
mosaic virus

Cowpea severe
mosaic virus

Cucumber

mosaic virus

Cucumber
mosaic virus
Chickpea
chlorotic stunt
virus

Chickpea
chlorotic dwarf
virus

Alfalfa mosaic

virus

Mungbean
yellow mosaic
India virus

Mungbean
yellow mosaic
virus

Pigeon pea
sterility mosaic
virus

Soybean mosaic
virus

Urdbean leaf
crinkle virus

Alfamovirus,
Bromoviridae

Potyvirus,
Potyviridae

Begomovirus,
Geminiviridae

Begomovirus,
Geminiviridae

Potyvirus,
Potyviridae

Potyvirus,
Potyviridae

Begomovirus,
Geminiviridae

Potyvirus,
Potyviridae

Begomovirus,
Geminiviridae

Potyvirus,
Potyviridae

Cucumovirus,
Bromoviridae

Cucumovirus,
Bromoviridae
Polerovirus,
Solemoviridae
Mastrevirus,
Geminiviridae
Alfamovirus,
Bromoviridae

Begomovirus,
Geminiviridae

Begomovirus,
Geminiviridae

Emaravirus,
Fimoviridae

Potyvirus,
Potyviridae

Uncharacterized

ssRNA

ssSRNA

ssDNA

ssDNA

sSRNA

ssRNA

ssDNA

sSRNA

ssDNA

ssRNA

ssRNA

sSRNA
ssSRNA
ssDNA
ssRNA

ssDNA
and
B-satellite

ssDNA

sSRNA

ssRNA

Mosaic symptoms, scattered bright yellow dots on leaves, deformed beans (Kaiser and Hannan, 1983)
Mosaic, dwarfing, chlorosis, leaf curling (Flores-Estevez et al., 2003)
Severe stunting and dwarfing, aborted flowers, distorted pods (Wilcox and Laviolette, 1968; Levy and

Tzfira, 2010)

Epidemics cause up to 100% crop losses (Galvez and Morales, 1989; Morales and Anderson, 2001)

Leaf mosaic symptoms and 30-40% yield losses (Swenson, 1968; Hagedorn and Inglis, 1986)

Yellow mosaic, malformation and reduced plant size (Tracy et al., 1992)

Leaf thickening and crumpling (Hedesh et al, 2011)

Reduced stem height and aboveground fresh weight (Fajinmi, 2019)

Causes mosaic, mottling, necrosis, and stunting, ultimately affecting seed production (Boukar et al.,
2013)

Severe mottling of newly emerging leaves and, in severe cases, stunting (Umaharan et al., 1997b)

Chlorosis, vein clearing, necrosis, deformed leaves, mild to severe mosaic and mottle symptoms
(Hughes et al., 2003)

CMV symptoms occur on shoots, pods, and seeds (Jones et al., 2008)

Small leaves, discoloration and bushy stunted appearance are the major symptom of this disease
(Kanakala and Kuria, 2018)

Chlorosis of the terminal bud followed by necrosis are the major symptoms (Nene et al., 2012)

Bright yellow mosaic symptoms on infected leaves, with few flowers, yellow-spotted pods with
immature and deformed seeds causing up to 100% yield losses (Hussain et al., 2004; Akbar et al,,
2019; Malathi and John, 2009; Biswas et al., 2012)

Bright yellow mosaic symptoms on leaves, with few flowers (Hussain et al., 2004; Akbar et al,, 2019).
Pods become yellow-spotted with deformed seed (Malathi and John, 2009).

Annual yield losses >US$300 million in India, stunted and bushy plants, smaller leaves with chlorotic
rings or mosaic symptoms and no reproductive part formation (Patil and Kumar, 2015).

Mosaic, dark green leaf areas with misshapen, discolored seed coat, stunted leaflets, necrosis (Gardner
and Kendrick, 1921)

Leaf crinkling, curling, puckering and rugosity, stunted plant growth, deformed floral parts (Nene,
1972).
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Crop Disease Refe e
Common Bean golden mosaic Aete 1/37, Aete 1/38, Aete 1/40, Rosinha G2/69, Pompeu and Kranz (1977); Velez et al. (1998); Bianchini (1999);
bean virus Carioca 99, 9236-6, 9245-94, MD 806, MD 807, MD Roman et al. (2004)
820, MD 829, MD 808, MD 821 and PR9556-171
Bean yellow mosaic P. coccineus ‘Kelvedon® ‘Marvel 3120-27" Schroeder and Provvidenti (1968)
virus
Bean yellow mosaic P. coccineus ‘B28S2C’ Dickson and Natti (1968); Hart and Griffiths (2015)
virus/clover yellow
vein virus
Bean pod mottle virus  ‘BAT93 Thomas and Zaumeyer (1950); Pflieger et al. (2014)
Bean dwarf mosaic Othello Seo et al. (2004)
virus
Mungbean yellow Anupam Patwa et al. (2020)
mosaic India virus
Tomato yellow leaf ‘GG12’ Monci et al. (2005)
curl virus
Cucumber mosaic “Othello’ Seo et al. (2006)
virus
Bean common mosaic  ‘Black Turtle-1” Ali (1950); Provvidenti (1974); Drijfhout et al. (1978); Kyle et al.
virus and bean (1986); Kyle and Provvidenti (1987)
common mosaic
necrosis virus
Cowpea Blackeye cowpea PI 441918, Pinkeye Purple Hull-BVR Gillaspie (2001)
mosaic virus
Bean common mosaic IT-98 K-1092-1 Ogunsola et al. (2021)
virus-blackeye cowpea
mosaic strain
Cucumber mosaic GC-86L-98 Gillaspie (2002)
virus and blackeye
cowpea mosaic virus
Cowpea mottle Vigna vexillata Ogundiwin et al. (2002)
carmovirus
Cowpea aphid-borne Purple Knuckle Hull-55, MNC-03-731C-21, and Lima et al. (2011)
mosaic virus CNCx284-66E
Southern bean mosaic 1T97K-1069-6 and IT04K-405-5 Ogunsola et al. (2021)
virus
Mungbean = Urdbean leaf crinkle VC-3960 (A-88), VC-3960 (A- 89), 98-CMH-016, Bashir et al. (2006)
virus NM-2, and BRM-195
Mungbean yellow NM 94, ML 1628 Nair et al. (2017)
mosaic disease
Yellow mosaic disease AVMU 1698, AVMU 1699, AVMU 16100, AVMU Nagaraj et al. (2019)
16101, and KPS 2
Urdbean leaf crinkle RME-16-3, RME-16-12, MLT-GG R-16-007, MLT-GG Sravika et al. (2019)
virus R-16-009, and COGG 1319
Pigeon Pigeon pea sterility ICPL 7035, ICP 15614, 15615, 15626, 15684, 15688, Saxena et al. (2004); Kumar et al. (2005); Sharma et al. (2012)
pea ‘mosaic 15700, 15701, 15725, 15734, 15736, 15737,
15740,15924, 15925, 15926, ICPs 6739, 8860, 11015,
13304, and 14819
Soybean Soybean mosaic virus P196983, 129, V94-5152, P1486355, V94-5152, Kiihl and Hartwig (1979); Buss et al. (Buss et al.,, 1997; Buss et al,
Columbia, Raiden soybean (PI 360844), PI 507389, PI 1999); Ma et al. (Ma et al., 1995; Ma et al., 2002; Ma et al., 2003);
96983, and PI 88788 Hayes et al. (2000); Chen et al. (2002); Gunduz et al. (2004); Wen
etal. (2013)
Yellow mosaic virus PS19, ]$9752, PK564, RKS18, Kalitur, RAUS5, PK1042, Das et al. (2017) ‘
PS1241, Shilajeet, MAUS71, PK1024, PK416, Alankar,
Bragg, Ankur, and PK262
Urdbean Urdbean leaf crinkle 2cm-703, 90cm-015, 93cm-006, 94cm-019, 99cm-001, Ashfaq et al. (2007)

virus

Mungbean yellow
mosaic disease

Urdbean leaf crinkle
virus

Mungbean yellow
mosaic India virus

1AM 382-1, IAM382-9, IAM382-15, and IAM133

Pant U-84, UPU-2, 1C144901, 1C001572, IC011613,
and 1C485638

M-6206, IAM-382-15, IAM-133, and Mash-1

VMR 84

Singh (1980); Verma and Singh (1986); Bag et al. (2014)

Binyamin et al. (2011)

Kundu and Pal (2012)
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Common  Bean = Gene be-u, be-1, be-12, be-2, be-22, - - - Feng et al. (2018)
bean common and be-3
mosaic
virus
DOR364 x G19833 be-1 SCAR - - Blair et al. (2007)
- be-u, be-1, be-2, and be-3 - - - Feng et al. (2018)
Bean - By-1and By-2 o - - Hart and
yellow Griffiths (2015);
mosaic Schroeder and
virus Provvidenti
(1968)
Bean Moncayo x Primo, RIL Bet, o = = Miklas et al.
dwarf’ (2009)
mosaic
virus
Bean PR9556-158 x PR9556-171, Bgp-1 (dominant gene) - - - Roman et al.
golden Fy, By, Fp3, F3y, and BCs (2004)
yellow
mosaic
virus
DOR364 x G19833 and bgm-1 SCAR Chr 05 Blair et al. (2007)
BAT93 x Jalo EEP558
DOR364 x XAN 176, RIL BGY4.1, BGY7.1, and BGY8.1; bgm-1  SNP Chr 03 = Soler-Garzon
DOR 476 x SEL 1309, RIL candidate gene etal. (2021)
Cowpea Cowpea Fy, B, BC,, BG, Three genes - - - Umaharan et al.
severe (19972)
mosaic
virus
Groundnut | Tomato Tifrunner x GT-C20, RIL 11 QTL SSR A04, 7-14 Pandey et al.
spotted AO1A09, (2017)
wilt virus B02, B04,
B10
SunOleic 97R x NC94022, 3 QTL SNP A01 37% Agarwal et al.
RIL(140) (2019)
Mung Mung Vigna radiata x V. umbellata | gMYMV4-1 SNP 1G4 10-20 Mathivathana
bean bean interspecific and RILs etal. (2019)
yellow
mosaic
virus
Vigna radiata NM92 x V. Three major and three minor QTL RAPD, LG9, LG8 22-59 Chen et al. (2013)
radiata ssp. sublobata SCAR, and LG7
TC1966, RILs CAPs and
SSR
NM10-12-1 x KPS2, RIL qYMIV1, gYMIV2, gYMIV4 and SSR - 6.2-22 Kitsanachandee
qYMIV5 etal. (2013)
Pigeon pea | Pigeon ICPL 20096 x ICPL 332 gSMDI1.1, gSMD10.1, gSMD3.1, SNP LG2, LG3, 52-343 Saxena et al.
pea (PRIL_B), ICPL 20097 x ICP gSMD7.1, gSMD11.2, gSMD11.3, 1G7, (2017)
sterility 8863 (PRIL_C) and F, (ICP qSMD11.4, gSMD2.1, gSMD2.2, LG10, and
mosaic 8863 x ICPL 87119) gSMD2.3, and gSMD10.1 LG11
BSMR 736 x ICP8863 SVIand SV2 - - - Daspute et al.
(2014)
ICP 8863 x ICPL 20097, TTB Six QTL including gSMD4 SSR LG7 247 Gnanesh et al.
7 x ICP 7035, F, (2011)
ICP 7035 x ICP 8863 and ICP  Single gene with three alleles - - - Srinivas et al.
7349 x ICP 8863 (1997a)
ICP 7035 x BDN1 and ICP Two genes - - - Srinivas et al.
7349 x BDN1, ICP7349 x (1997b)
LRG30 and ICP8850 x LRG30
ICPL 20096 x ICPL 332, RIL C. cajan_01839, C. cajan_07067, C. SNP LG2, LG8, = Singh et al.
cajan_15535, and C. cajan_01839 and LG11 (2016)
Soybean Soybean - Rsvl - Chr 13 Hayes et al.
mosaic (2004)
virus
- Rsv3 Chr 14 Suh et al. (2011)
- Rsv4 Chr 02 Gunduz et al.
(2004)
- Rev5 z Chr 13 Zheng et al.
(2005)
D26 x 168, Fa3; V94-5152 x Rsvd SSR Chr 02 - Maroof et al.
Lee68, RIL (2010)
JD12 x HT, RIL qTsmv-13, qTsmv-2, and qTsmv-3, SNP - - Lin et al. (2020)
Glyma.03G00550 and
Glyma.03G00570
Haman x Ilpumgeomjeong, Rsv4 SNP - Tlut et al. (2016)
Backcross
Suweon 97 x Williams 82, F, Rsvi-h locus, Glymal3g184800, and SSR Chr 13 Ma et al. (2016)
Glyma13g184900
Raiden x Williams 82, F, Glyma.13g184800 and SSR and Chr 13 Wu et al. (2019)
Glyma.13g184900 SNP
_ Rscl5, Glyma.06¢175100 and SSR Chr 06 - Rui et al. (2017)
Glyma.06g184400, Glyma.06g182900
and Glyma.06g183500
Kefeng No.1 x Nannong Rscl-DR SSR Chr 02 Jin et al. (2022)
11382, F,
Kefeng No.1 (resistant) x 15 genes SNP Chr 02 Yan et al. (2015)
Nannong 1138-2
Kefeng No.1 x Nannong Glyma02¢13310, 13320, 13400, SSR Chr 02 Wang et al.
1138-2, Fy, F,3, and RIL 13460, and 13470 (2011)
Qihuang-1 x NN1138-2, F,, Glyma.13G194700 and SSR Chr 13 Karthikeyan et al.
F, and RIL Glyma.13G195100 (2018)
Kefeng-1 x NN1138-2, F, F,, Glyma02g13495 SNP Karthikeyan et al.
RIL (2017)
Tobacco GWAS Two candidate LRR-RLK genes SNP Chr 02 - Chang et al.
ringspot (2016)
virus
Bean Raiden x Williams 82, F, Rsvl SSR and = Wu et al. (2019)
common SNP
mosaic
virus
Urdbean Mung MDU 1 x TU 68 gMYMVD_60 LG10 21 Subramaniyan
bean etal. (2022)
yellow
mosaic
virus
Pant U-84 x UL-2, F,, BC, Two recessive genes = = 5 Singh (1980)
UPU-2 x UL-2, E;, BC
T-9 (YMV-tolerant) x T-9 Monogenic _ - - Basak et al.
(YMV-susceptible), Fy, Fy, Fy (2005)
- YR4 and CYRI SSR - Maiti et al. (2011)
KUG253 x Mash114, RIL gMYMIVG6.1.1 KSAP Chr 06 70 Dhaliwal et al.

(2022)
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Function
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used

Reference

Common
bean

Cowpea

Soybean

Bean golden mosaic virus

Mungbean yellow mosaic India
virus

Soybean mosaic virus

Soybean mosaic virus, bean
common mosaic virus,
watermelon mosaic virus and
bean pod mottle virus

ACI

Rep gene

AC2, AC4

SMV- HC - Pro genes
Replicase

AGOI, AGO2, DCL1
and DCL2, and NBS-
LRR

Rsvl

SMV P3 cistron,
Ribonuclease gene
PACI, factor 4E and
GmKR3

Silencing of ACI gene rendered resistant
against the infecting virus

Conferred resistance against mungbean
yellow mosaic India virus

Resistant to soybean mosaic virus
Resistant to soybean mosaic virus

miR1507a, miR1507¢, miR482a,
miR168a, miR1515a control the
expression of AGOI, DCL1, DCL2, and
five NBS-LRR genes

Silencing of GmEDRI, GmEDSI,
GmJAR1, GmHSP90, and GmPAD4
caused loss of extreme resistance of Rsvl
gene

Resistant to all these viral diseases

RNAi-mediated

RNAi-mediated

RNAi-mediated

RNAi-mediated
RNAi-mediated

RNAi-mediated

Virus-induced
gene silencing

RNAi-mediated
and
Agrobacterium-
mediated

Bonfim et al. (2007);
Aragio et al. (2013)

de Paula et al. (2015)

Kumar et al. (2017)

Gao et al. (2015)
Yang et al. (2017)

Bao et al. (2018)

Zhang et al. (2012)

Yang etal. (Yang et al.,
2018; Yang et al., 2019);
Xun et al. (2019); Gao et al.
(2020)
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BG3F, BC3F, BGsFs BC4F,

Chromosome Segment (Mbp) Position LOD Position LOD Position LOD Position LOD
Late leaf spot
A02 86 -92 86.67 169 91.64 15.3 92.08 15.8 - -
A04 0-7 6.68 54 0.11 19.4 3.02 9.4 371 43
A06 93 - 110 109.39 128 107.41 118 104.39 ‘ 5.5 93.86* 32
A10 8-85 57.14 13.0 1293 13.0 84.67 6.0 7.98 44
BO1 0-2 143 %7 113 112 1.43 9.6 2.10% 37
B06 130 - 134 129.58 149 133.74 22.8 129.58 13.9 133.74 [ 6.6
Rust
B07 114-116 11449 7.0 114.49 43 11551 37 - -
B08 125/ 31 12547 6.9 31.74* 36 31.74* 28 - -

Chromosome segment and position, in Mbp, is based on BLAST similarity searches to the reference genomes of A. duranensis and A. ipaénsis (Bertioli et al., 2016). The symbol - means that no
QTL was identified.
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LLS range Sempre Verde

BC3F, 290 1.5-8.0 60 (1.5 "® 2.9(0.2)° 63 (07)°

BC:Fs 72 2.0-7.5 4.4 (L4P°A 16 (02)® 49 (0.8)* =
BC3F, 474 2.5-9.0 63 (1.5 " 3107 7.4 (03)"® 8.7 (0.4)*
BC,Fs 141 1.0-6.0 25 (1.0) A 2.0 (0.5 58 (0.9)" =
BC,F, 258 1.0-7.5 40 (1.4°° 1.4 (0.3)¢ 41012 7.0 (0.0*

Means followed by the same uppercase letter in rows and the same lowercase letter in columns are not significantly different by the Tukey test at 5% probability, performed by the R package
“agricolae” version 1.3.5 (Mendiburu, 2021).
Means (and standard deviation) of the checks TAC Sempre Verde’, TAC Caiap’, and ‘IAC OL 3’ are also shown. ‘OL 3’ plants of generations BC3F3 and BC3F5 were not evaluated.
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Generation Pod weight Pod weight ‘Sempre Verde’

range mean (SD)
BCsF, 290 24.0-521.0 157.0 (78.2)> A 2075 (715)* 194.6 (68.8)* 139.1 (79.7)®
BCFs 72 23.2-456.7 167.5 (105.8)™ A 3443 (169.4)* 2340 (71.7)* =
BC3Fs 141 30.1-417.2 185.4 (88.5) * 377.1 (913)® 170.0 (73.3)* -
BC,F, 258 11.6-410.2 142.1 (70.2)° 215.6 (80.4)" 145.3 (69.0)* 1944 (74.3)*

Means followed by the same uppercase letter in rows and the same lowercase letter in columns are not significantly different by the Tukey test at 5% probability, performed by the R package
“agricolae” version 1.3.5 (Mendiburu, 2021).

Means (and standard deviation) of the checks ‘IAC Sempre Verde’, ‘IAC Caiap®’, and ‘IAC OL 3” are also shown. Pod production of ‘OL 3’ in generations BC3F3 and BC3F5 was not evaluated.
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AA Alpha amylase activity

AACC American Association of Cereal Chemists

Age Age of breeding line

Art Antificial

ArAA Atificial alpha amylase activity

AREN Antificial Falling Number

Avns Awnless or bearded

BLINK Bayesian-information and linkage-disequilibrium iteratively

nested keyway

BLUP Best Linear Unbiased Predictors
CkDia Cookie diameter

CKTpGr Cookie top grade

EY centiMorgans

ERAS ENHANCED RESPONSE TO ABAS

FarmCPU fixed and random model circulating probability unification
HProt Flour protein

HYld Flour yield

BN Falling Number

GLM general linear model

GWAS ‘genome-wide association study

HD heading date

HVCYPIO7AL | ABA 8-hydroxylase

HYNCEDI 9-cis-epoxycarotenoid dioxygenase

Hght plant height

Irr Trrigated

IrrAA Irrigated alpha amylase activity

N Irrigated Falling Number

LAAGSRC  Adjusted lactic acid solvent retention capacity
LASRC Lactic acid solvent retention capacity

MBP million base pairs.

MFT TaPHS1/Mother of Flowering Time

MKK3 Map Kinase Kinase 3

MLM mixed linear model

MLMM multiple loci mixed model

NaSRC Sodium carbonate solvent retention capacity
Nat Natural weathering

NatAA Natural alpha amylase activity

NatbN Natural Falling Number

PHS pre-harvest sprouting

PC principal components

PCA principal components analysis

Q quartile-quartile

QrL quantitative trait loci

QIN quantitative trait nucleotides

sdclr seed color

SNP single-nucleotide polymorphism

SitEqy Softness Equivalence

SRC solvent retention capacity

SucSRC Sucrose solvent retention capacity

SUPER setdlement of MLM under progressively exclusive relationship
Tstwt test weight

vl VIVIPAROUS 1

WatsRC ‘Water solvent retention capacity.
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Tra QTN Marker n MBP oM’ ™ EEEE

PHS wsnp_JD_c2638_3555755 1A 442 NA® QPHS.wsu-1A.1 82 Martinez et al., 2018
PHS wsnp_Ra_c2895_5488879* 1A 462 76 QPHS.wsu-1A.1 82 Martinez et al., 2018
PHS wsnp_Ex_c30805_39678077 1B 382 39.4 QPHS.wsu-1B.1 31 Martinez et al., 2018
PHS wsnp_Ex_c30805_39678077 1B 382 39.4 WPt-666564 335 Kulwal et al., 2012
PHS wsnp_Ex_rep_c66324_64493429 4A 604 113 wPt-730913 93.1 Kulwal et al,, 2012
PHS wsnp_Ku_c17721_26864251 4B 573 72 QPHS.wsu-4B.2 73 Martinez et al., 2018
PHS wsnp_Ra_c4330_7871129 6D 67 49 cfd37.208 60 Kulwal et al., 2012
PHS wsnp_RFL_Contig1735_856501 7B 264 NA wPt-8283 46.5 Kulwal et al., 2012
PHS wsnp_CAP11_rep_c6622_3044459* 7B 328 46.8 wPt-8283 46.5 Kulwal et al.,, 2012
Height wsnp_Ex_c2388_4476302 2B 248 NA Ppd-Bl [ 18 Zhou et al., 2016
Height wsnp_Ex_c10961_17803258* 2B 8.5 16 Ppd-Bl1 18 Zhou et al., 2016
Height wsnp_Ex_c12850_20377830 3A 508 752 qRht.3A 75.9 | Wiirschum et al,, 2017
Height wsnp_Ku_c5566_9864771 4B 645 38.6 Rht-B1 47.8 | Wiirschum et al,, 2017
Height wsnp_Ra_c61979_62214892 6A 105 89.3 Rht24 93.7 | Wiirschum et al,, 2017
Height wsnp_Ex_c17692_26437459 6A 113 89.7 Rht24 93.7 | Wiirschum et al,, 2017
Height wsnp_Ra_c16745_25482384 6A 115 89.7 Rht24 93.7 | Wiirschum et al,, 2017
Height wsnp_Ex_c16480_24986490 6A 494 114 Rht24 93.7 | Wiirschum et al,, 2017
SftEqv wsnp_CAP11_c710_458019 1A 8 10.2 wPt-7541 2.5-7.9 Cabrera et al,, 2015
LASRC wsnp_Ku_c4911_8795151 1B 60 23.7 wPt-7094 9.0-27 Cabrera et al,, 2015
LASRC wsnp_Ku_c16938_25916279 1B 109 NA wPt-1684 35 Cabrera et al,, 2015
LASRC wsnp_Ex_c20975_30093113 1B 118 NA wPt-1684 35 Cabrera et al., 2015
LASRC wsnp_BE399980B_Ta_2_1* 1B 143 30 wPt-1684 35 Cabrera et al., 2015
NaSRC wsnp_JD_c2636_3554874 1B 563 NA wPt-2526 87.9-88.3 Cabrera et al., 2015
NaSRC wsnp_Ex_c22439_31632880* 1B 563 77.7 wPt-2526 87.9-88.3 Cabrera et al,, 2015
FlProt wsnp_Ex_rep_c66509_64775661* 3B 236 725 wPt-1940 68.6 Cabrera et al., 2015
FlProt wsnp_BE591466B_Ta_2_1 3B 259 NA wPt-1940 68.6 Cabrera et al., 2015
NaSRC wsnp_JD_c5643_6802088 3B 618 95.5 wPt-6785 85.9-87.4 Cabrera et al., 2015
NaSRC wsnp_JD_c5643_6802211 3B 618 96.7 wPt-6785 85.9-87.4 Cabrera et al., 2015
FlYld wsnp_Ex_rep_c68165_66935148 6A 13 255 wPt-8266 16 Cabrera et al,, 2015
FlYld wsnp_Ex_rep_c68165_66935041 6A 13 255 WPt-8266 16 Cabrera et al., 2015
FlYld wsnp_Ex_c3530_6459643 6A 13 25.5 wPt-8266 16 Cabrera et al., 2015
‘WatSRC wsnp_BE497701B_Ta_2_1 6B 595 99.5 wPt-5176 112-120 Cabrera et al., 2015

1: Calculated from Wang et al. (2014b).
# The significant marker was not available in Wang et al. (2014b).
*: Closest marker in Wang et al. (2014b) to calculate cM distance.
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Significant Models*

App. Smallest Largest
Chrom  Start  Stop | LoC (€M <005 <01 palue® - effect” Marker
1A-1 1A 3 3 3| Age G M S 3.90E-07 -22.74 wsnp_Ex_c12254_19575022
1A-2 1A 8 8 10 SftEqv B, G, S 1.07E-05 -2.81 wsnp_CAP11_c710_458019
1A-3 1A 301 301 68 Age B,F, G M, S 5.04E-08 -29.97 wsnp_BE497361A_Ta_1_1
1A-4 1A 443 443 76 IrrAA B, G, M, MM, § 4.68E-09 0.27 wsnp_JD_c2638_3555755
NatAA  B,F,G,M, MM, $ 8.27E-10 0.26 wsnp_JD_c2638_3555755
1A-5 1A 477 495 80-81 FlProt G S 1.81E-05 0.20 wsnp_Ex_c16592_25117132
Age EGS 1.96E-11 23.19 wsnp_Ex_c21336_30465618
FlProt G S 2.97E-06 0.21 wsnp_Ex_c21336_30465618
Hght B,EG,S 4.28E-06 -5.01 wsnp_Ra_c4664_8410628
1A-6 1A 501 501 90 Flyld B, G 2.16E-04 —0.45 wsnp_Ra_c3270_6136601
1A-7 1A 530 530 104 NatAA G M 2.22E-04 0.10 wsnp_Ex_c43228_49605281
1A-8 1A 542 542 117 WatSRC G S 4.45E-05 -0.67 wsnp_Ex_c28900_37982485
WatSRC G S 4.45E-05 0.67 wsnp_BE443588A_Ta_2_1
NaSRC F,G S 3.01E-04 -0.82 wsnp_Ex_c26688_35918122
WatSRC G S 2.83E-05 —0.68 wsnp_Ex_c26688_35918122
1B-1 1B 60 119 24-27 LASRC G S 1.93E-04 -3.74 wsnp_Ku_c4911_8795151
LAAdSRC B,F, G, M, MM, § 1.75E-10 6.91 wsnp_Ku_c16938_25916279
LASRC G, M, MM, § 8.54E-09 8.36 wsnp_Ku_c16938_25916279
LAAdSRC G, M, MM, § 9.52E-07 -6.90 wsnp_Ex_c20975_30093113
LASRC B, F, G, M, MM, § 6.99E-12 -8.36 wsnp_Ex_c20975_30093113a
1B-2 1B 143 144 30 CKTpGr GiS 1.32E-04 ~0.49 wsnp_BE399980B_Ta_2_1
FlYld G, MM, S M | 141E-05 -0.55 wsnp_BE399980B_Ta_2_1
SucSRC B, G F | 1.25E-05 2.00 wsnp_BE399980B_Ta_2_1
FIYld B,F, G, MM, S M | 6.92E-07 0.45 wsnp_Ku_c230_460618
1B-3 1B 382 382 39 NatAA GM 5.67E-05 -0.07 wsnp_Ex_c30805_39678077
1B-4 1B 464 464 48 Awns B, F 4.65E-06 -0.22 wsnp_Ex_rep_c67584_66224379
1B-5 1B 563 563 77 NaSRC B, F 4.50E-06 -0.59 wsnp_JD_c2636_3554874
1B-6 1B 646 646 111 SftEqv B, S 6.63E-08 -1.22 wsnp_CAP11_c1902_1022408
1D-1 1D 8 9 14-21 LAAdSRC G S 1.14E-04 -4.72 wsnp_Ex_c1085_2078944
LAAdSRC G S 1.55E-04 -4.90 wsnp_Ex_c1358_2600929
LASRC G S 1.21E-04 -5.57 wsnp_Ex_c1358_2600929
SucSRC G S 7.43E-05 -2.54 wsnp_Ex_c1358_2600929
LASRC G S 7.03E-05 6.84 wsnp_Ex_c1358_2601510
LAAdSRC G S 7.68E-05 517 wsnp_Ex_c1358_2602235
LASRC G S 6.08E-05 5.86 wsnp_Ex_c1358_2602235
SucSRC G S 3.96E-05 2.66 wsnp_Ex_c1358_2602235
1D-2 1D 408 408 89 LAAdSRC B, S 4.80E-11 —=5.16 wsnp_Ex_c1318_2520916
LASRC B, S 1.33E-06 3.99 wsnp_Ex_c6920_11929171
LASRC E S 1.78E-06 -3.56 wsnp_Ex_c57601_59245380
LAAdSRC E S 1.24E-07 4.37 wsnp_Ku_c5560_9853214
2A-1 2A 121 192 83-115 SdClr F, M, MM G 3.50E-07 0.51 wsnp_CAP12_c948_496702
2A-2 2A 192 192 115 NatAA B, F 1.67E-06 0.08 wsnp_Ex_c2536_4728768
SdClIr B,F,G,S M, MM 1.09E-05 -0.24 wsnp_Ex_c2536_4728768
2A-3 2A 714 714 170 NaSRC B, F, MM M 5.91E-06 -1.58 wsnp_JD_rep_c64440_41093162
SucSRC G, M, MM, § 7.54E-05 -3.64 wsnp_JD_rep_c64440_41093162
2A-4 2A 718 718 174 SdClr G, M, MM 4.30E-06 0.15 wsnp_BE445431A_Td_2_2
NaSRC B, F 2.11E-06 1.03 wsnp_BE445431A_Td_2_1
2A-5 2A 771 771 214 SucSRC B, F 2.67E-06 1.23 wsnp_Ex_rep_c108004_91402649
2B-1 2B 25 25 20 Hght B, F 4.67E-07 -2.82 wsnp_Ex_c2388_4476302
2B-2 2B 103 103 117 LAAdSRC B, S G 1.05E-07 -3.04 wsnp_Ex_c5239_9272511
2B-3 2B 147 147 106 SdCIr B, M, MM, § G 2.74E-05 —-0.45 wsnp_CAP12_rep_c4678_2134259
2B-4 2B 389 443 147-147 LAAdSRC EG,S 2.87E-06 =5.71 wsnp_Ex_c22693_31898036
LAAdSRC G, S 7.62E-06 -5.48 wsnp_Ex_c9133_15199135
LAAdSRC G, S 7.62E-06 —-5.48 wsnp_Ex_c21532_30680512
LAAdSRC G,S 7.62E-06 =5.48 wsnp_Ex_c36002_44045355
LAAdSRC G, S 7.31E-06 5.59 wsnp_Ex_c28243_37383894
2B-5 2B 579 579 163 Age G S 1.89E-05 15.15 wsnp_JD_rep_c67103_42432235
2D-1 2D 15 15 12 FlYld G S 1.30E-03 0.38 wsnp_CAP12_c455_248396
WatSRC G,S 1.23E-03 ~0.50 wsnp_CAP12_c455_248396
2D-2 2D 18 18 12 TstWt G, M, MM, § B,F 7.26E-04 0.76 wsnp_Ex_c1408_2704736
2D-3 2D 67 67 90 ArtAA | B,F, G, M, MM, $ 5.89E-04 ~0.04 wsnp_BM140538D_Ta_2_1
ArtFN B, F G, M, MM 1.91E-03 41.18 wsnp_BM140538D_Ta_2_1
2D-4 2D 81 81 101 NatAA B,F, G, M, MM, § 3.38E-05 0.03 wsnp_BE444144D_Ta_1_1
2D-5 2D 514 514 165 LAAdSRC G, S 6.02E-05 -5.24 wsnp_Ex_c26281_35525999
2D-6 2D 617 617 172 SdClr B, S 7.50E-04 NA wsnp_Ex_c21593_30744815
3A-1 3A 138 138 57 Hght G, S 2.25E-04 3.22 wsnp_Ex_c25653_34914467
3A-2 3A 424 505 63-64 CkTpGr G,S F 9.81E-05 0.38 wsnp_Ra_c19979_29215858
FlProt G,S 4.75E-05 -0.20 wsnp_Ra_c19979_29215858
CkDia G,S 1.67E-04 —0.18 wsnp_Ex_rep_c67349_65914945
CKTpGr B, G, S 7.57E-06 -0.35 wsnp_Ex_rep_c67349_65914945
FlProt B,FG,S 1.31E-06 0.23 wsnp_Ex_rep_c67349_65914945
CkDia B, G, S 4.41E-06 -0.25 wsnp_Ex_c3571_6530739
CkDia G,S 1.62E-05 -0.28 wsnp_BG263758A_Ta_1_1
FlProt G, S 1.73E-04 0.32 wsnp_BG263758A_Ta_1_1
3A-3 3A 508 508 76 Hght B,G, S 5.23E-06 5.05 wsnp_Ex_c12850_20377830
3A-4 3A 534 534 83 LASRC G,S 1.95E-05 4.20 wsnp_Ex_c15269_23491104
3A-5 3A 571 571 109 SftEqv B, S F,G 1.49E-05 -0.82 wsnp_Ex_rep_c66685_65003625
3A-6 3A 646 652 118-123 LAAdSRC B,F,G,S 5.35E-09 =5.11 wsnp_Ex_c18747_27625264
' ‘ LASRC B,EG S M, MM 9.15E-08 -5.70 wsnp_Ex_c18747_27625264
SdCIr E,G 5.11E-07 -0.12 wsnp_Ex_c18747_27625264
LAAdSRC G S 1.45E-04 3.82 wsnp_Ra_c16053_24607526
3A-7 3A 659 659 123 Awns B,EG,S 2.21E-07 0.12 wsnp_Ex_c14202_22145805
Awns G:S 1.09E-04 -0.11 wsnp_Ex_c14202_22145136
3A-8 3A 714 714 146 SdClr B,F,G,M, MM, § 5.13E-10 -0.17 wsnp_CAP8_c6939_3242530
3B-1 3B 60 60 61 WatSRC B,F, S 2.38E-05 0.42 wsnp_Ex_c2820_5215394
3B-2 3B 259 259 72 FlProt G S 1.31E-04 -0.21 wsnp_BE591466B_Ta_2_1
3B-3 3B 414 414 74 Flyld G S 2.17E-06 -12.32 wsnp_BE489326B_Ta_2_2
3B-4 3B 486 486 84 Age G S 1.62E-05 -12.32 wsnp_Ex_c14462_22457559
3B-5 3B 618 618 95 NaSRC B,F, G, MM, § M 1.07E-08 -0.85 wsnp_JD_c5643_6802088
NaSRC G, MM, § M 3.18E-05 -0.85 wsnp_JD_c5643_6802211
3D-1 3D 44 44 13 LAAdSRC B, S 1.44E-03 -2.42 wsnp_Ex_c4661_8344663
3D-2 3D 119 119 145 FlProt B,EG,S MM 4.95E-05 0.22 wsnp_JD_c12087_12411036
3D-3 3D 600 600 18 NaSRC B, F, G, MM, § M 2.95E-05 -0.51 wsnp_Ku_c13204_21105694
3D-4 3D 603 604 18 Hght G S 2.71E-04 -5.56 wsnp_Ra_c5433_9630495
Hght G S 1.68E-03 4.63 wsnp_Ra_c7174_12417331
Hght [ 7.00E-04 5.25 wsnp_BE444579D_Ta_2_1
Hght G S 1.68E-03 4.63 wsnp_BE444579D_Ta_2_2
Hght G S 2.71E-04 -5.56 wsnp_BE444579D_Ta_2_3
3D-5 3D 611 611 196 HD B, G M, MM 4.64E-04 -1.09 wsnp_Ku_c2249_4335279
4A-1 4A 30 30 182 Age G S 8.48E-07 -21.54 wsnp_CAP8_c1013_646748
4A-2 4A 102 116 151-156 LAAdSRC G S B 3.77E-05 4.29 wsnp_Ex_c6044_10590220
LAAdSRC G S 2.36E-05 4.59 wsnp_JD_c14769_14413046
LAAdSRC G S 1.55E-04 -5.28 wsnp_Ex_c35839_43909849
LAAdSRC G S 1.55E-04 5.28 wsnp_Ex_c14529_22547438
4A-3 4A 596 596 122 SdCIr B,F, G, M, MM, § 1.61E-05 0.14 wsnp_Ex_c21165_30292808
SdClIr G, M, MM 4.80E-05 -0.13 wsnp_Ex_c4068_7351806
SdClr G, M, MM 3.93E-05 0.14 wsnp_Ex_c17338_26018247
4A-4 4A 604 604 113 ArtAA B, F G, M, MM 3.92E-04 0.01 wsnp_Ex_rep_c66324_64493429
IrAA | B,F, G, M, MM, S 1.86E-09 0.04 wsnp_Ex_rep_c66324_64493429
IEN B, F, G, M, MM, $ 7.74E-05 ~13.76 wsnp_Ex_rep_c66324_64493429
4B-1 4B 13 13 15 SdClr F, G 1.36E-05 -0.07 wsnp_Ku_c7180_12403155
4B-2 4B 564 564 72 Age G S 5.87E-04 -10.71 wsnp_Ex_c30581_39482788
4B-3 4B 573 573 72 ArtAA B,F, G, M, MM, § 5.29E-05 0.06 wsnp_Ku_c17721_26864251
ArtFN B,F, G, M, MM, § 3.16E-04 —53.00 wsnp_Ku_c17721_26864251
4B-4 4B 645 672 39-125 Hght F,G 2.47E-05 -2.98 wsnp_Ex_c29867_38850724
Hght B, G S 7.15E-05 2.92 wsnp_Ku_c5566_9864771
Hght G, MM, § M 1.86E-04 -3.04 wsnp_JD_c9484_10319946
I 4D-1 4D [ 2 2 8 NatAA G M [ 2.15E-03 0.11 [ wsnp_Ex_c23850_33089300
4D-2 4D 455 455 53 ArtAA B, F, MM G M 4.72E-03 0.01 wsnp_BE497160D_Ta_2_1
HD G,S B | 3.53E-03 ~0.66 wsnp_BE497160D_Ta_2_1
5A-1 5A 52 66 153 SftEqv G, S 6.21E-05 113 wsnp_Ku_c1102_2211433
SftEqv GS 3.62E-05 -1.16 wsnp_Ra_rep_c105791_89683548
SftEqv G, S 5.19E-05 1.14 wsnp_Ex_rep_c67636_66293429
SftEqv G,S 5.19E-05 1.14 wsnp_JD_c7404_8500079
SftEqv GS 3.62E-05 -1.16 wsnp_Ex_c23509_32746909
5A-2 5A 104 109 150 SftEqv B,G, S 4.70E-06 -1.29 wsnp_Ex_c130_259533
5A-3 5A 109 109 150 LAAdSRC F G 1.42E-05 3.21 wsnp_Ra_c18459_27525981
SftEqv G, S 4.70E-06 1.29 wsnp_Ra_c18459_27525981
5A-4 5A 158 158 140 SftEqv B,FG,S 4.98E-06 1.30 wsnp_BE444644A_Ta 2_1
5A-5 SA 512 520 99-109 Age G S 3.53E-07 -14.07 wsnp_Ex_c49211_53875575
FlProt G, S 4.85E-05 -0.15 wsnp_Ex_c49211_53875575
Age B,G,S 2.57E-09 19.09 wsnp_Ex_c11322_18287597
FlProt B, FG,S 4.08E-07 0.21 wsnp_Ex_c11322_18287597
5A-6 5A 574 574 80 CkDia B,FG,S 8.07E-08 0.17 wsnp_RFL_Contig3739_3996324
NaSRC B, FG,S 2.89E-08 -0.81 wsnp_RFL_Contig3739_3996324
SucSRC B,F,G,S 1.62E-06 -2.08 wsnp_RFL_Contig3739_3996324
WatSRC B, G 1.63E-07 —0.69 wsnp_RFL_Contig3739_3996324
5A-7 S5A 634 637 46-47 Age B, MM 1.22E-04 ~14.84 wsnp_Ex_c16715_25264080
Age B, F, G, M, MM, S 1.96E-11 -17.59 wsnp_Ex_c1880_3545329
5A-8 5A 708 708 1 Awns F G 6.71E-05 0.12 wsnp_Ex_c2171_4072995
5B-1 5B 21 21 204 TstWt B, F, G MM 8.55E-05 0.51 wsnp_BE499835B_Ta_2_5
5D-1 5D 58 58 143 SdCIr G, M, MM 2.45E-04 0.45 wsnp_CAP7_c3386_1586636
5D-2 5D 342 342 126 SdCIr G, M, MM 2.45E-04 0.45 wsnp_Ex_c23358_32602488
SdCIr G, M, MM 2.94E-04 0.25 wsnp_Ex_c23358_32602315
6A-1 6A 4 4 1 LAAdSRC G, S 2.17E-04 -8.03 wsnp_RFL_Contig3512_3672726
LASRC G, S 2.09E-05 -9.82 wsnp_RFL_Contig3512_3672726
6A-2 6A 13 13 25 FlYld B,G,S F, M, MM 3.93E-06 -0.52 wsnp_Ex_rep_c68165_66935148
FlYld G, S F 3.31E-05 0.50 wsnp_Ex_rep_c68165_66935041
FlYld G, S F, MM 4.79E-05 -0.51 wsnp_Ex_c3530_6459643
6A-3 6A 105 115 89-90 CkDia G, S 2.80E-06 -0.18 wsnp_Ra_c61979_62214892
CKTpGr G, S F 1.15E-04 -0.29 wsnp_Ra_c61979_62214892
FlProt G S 2.17E-07 0.23 wsnp_Ra_c61979_62214892
Hght B,F,GS 1.99E-06 4.30 wsnp_Ra_c61979_62214892
CkDia B,FG,S 2.07E-07 0.18 wsnp_Ex_c17692_26437459
FlProt B,FG,S 2.28E-08 -0.24 wsnp_Ex_c17692_26437459
Hght G, S 3.25E-06 —4.21 wsnp_Ex_c17692_26437459
CkDia G, S 2.12E-06 0.18 wsnp_Ra_c16745_25482384
FlProt G, S 6.32E-08 -0.24 wsnp_Ra_c16745_25482384
Hght G, S 3.25E-06 -4.21 wsnp_Ra_c16745_25482384
6A-4 6A 448 448 98 FlProt G, S 7.54E-06 0.22 wsnp_BF202329A_Ta_2_2
FlProt G,S 7.54E-06 0.22 wsnp_BM134512A_Ta_2 2
6A-5 6A 494 494 114 CkDia G, S 1.17E-05 =021 wsnp_Ex_c16480_24986490
FlProt G, S 9.45E-06 0.23 wsnp_Ex_c16480_24986490
Hght G, S 6.07E-05 4.24 wsnp_Ex_c16480_24986490
SucSRC B, F, G 2.03E-07 2.56 wsnp_Ex_c16480_24986490
6B-1 6B 9 9 1 LASRC G, S 2.79E-05 -9.96 wsnp_Ku_c4446_8062906
6B-2 6B 13 13 5 TstWt B,F,G MM | 240E-04 112 wsnp_CD453605B_Ta_2_6
6B-3 6B 27 27 22 WatSRC F,G, S 6.24E-05 0.72 wsnp_Ra_c20409_29673950
6B-4 6B 471 471 82 Age B, F, G, M, MM, S 8.18E-08 2118 wsnp_Ra_c14498_22667649
HD B, G ES 1.03E-06 1.07 wsnp_Ra_c14498_22667649
6B-5 6B 515 515 83 Age B, F, G, M, MM, S 7.68E-13 —47.17 wsnp_BM134512B_Ta_2_1
6B-6 6B 576 599 95-97 NaSRC B,FG,S MM 1.35E-10 -0.99 wsnp_CAP11_c166_172556
WatSRC B, G S 5.87E-06 -0.58 wsnp_CAP11_c166_172556
CkTpGr B,FG,S 1.22E-05 -0.48 wsnp_BE490147B_Ta_2_1
Flyld B,F,G 1.77E-05 -0.77 wsnp_BE490147B_Ta_2_1
WatSRC G, M, MM 1.87E-06 1.15 wsnp_BE490147B_Ta_2_1
CKTpGr F,G, S 3.75E-05 —-0.48 wsnp_BE496986B_Ta_2_2
Flyld F,G 4.31E-05 -0.77 wsnp_BE496986B_Ta_2_2
WatSRC G, M, MM 1.87E-06 115 wsnp_BE496986B_Ta_2_2
CKTpGr G, S 3.75E-05 -048 wsnp_BE497701B_Ta_2_1
FIYld F, G 4.31E-05 -0.77 wsnp_BE497701B_Ta_2_1
WatSRC G, M, MM 1.87E-06 1.15 wsnp_BE497701B_Ta_2_1
CkDia E,G 4.70E-05 -0.24 wsnp_Ex_c23010_32232119
CkTpGr G, S F 1.06E-04 -0.45 wsnp_Ex_c23010_32232119
WatSRC G, S M, MM 3.47E-06 L12 wsnp_Ex_c23010_32232119
6B-7 6B 695 695 100 Awns B, F, G, M, MM, S 1.76E-10 0.26 wsnp_Ex_c8963_14948293
6B-8 6B 709 712 150-151 Age G, S 2.77E-05 -16.64 wsnp_CAP11_c949_571671
CkDia B, G 1.88E-06 0.20 wsnp_CAP11_c949_571671
WatSRC B, G, MM, S M 8.64E-09 ~0.89 wsnp_CAP11_c949_571671
FlProt G, S 1.43E-06 022 wsnp_Ex_c54772_57527387
Hght GS 4.00E-05 -2.81 wsnp_Ex_c54772_57528275
FlProt G, S 1.63E-06 022 wsnp_Ex_rep_c83634_77351566
CkTpGr B, F, G 4.06E-05 0.28 wsnp_RFL_Contig3211_3221207
FlProt G, S 5.19E-06 —-0.18 wsnp_RFL_Contig3211_3221207
Hght G, S 2.00E-05 -3.19 wsnp_RFL_Contig3211_3221207
6D-1 6D 67 67 49 NatAA B,G,M, S 5.44E-05 0.03 wsnp_Ra_c4330_7871129
NatFN B, F, G, M, MM 3.66E-04 -19.81 wsnp_Ra_c4330_7871129
NatAA B, F, G, M, MM, § 6.78E-06 0.03 wsnp_Ex_c1249_2399894
NatFN B,F, G, M, MM 1.26E-04 -21.22 wsnp_Ex_c1249_2399894
6D-2 6D 459 459 10 Age ES 6.36E-04 6.38 wsnp_Ex_c30754_39633791
Awns F, G, MM, § 3.71E-05 -0.15 wsnp_Ex_c30754_39633791
6D-3 6D 469 469 151 HD G, MM M 5.50E-04 -1.87 wsnp_CAP7_c1735_859744
7A-1 7A 77 78 45 Awns G, S 3.55E-05 0.11 wsnp_CAP11_c1182_686503
Awns B,F, G M, MM 2.50E-09 0.14 wsnp_Ex_c41150_48040078
7A-2 7A 169 169 66 LAAdSRC B, F 1.49E-04 =597 wsnp_BE498209A_Ta_2_1
7A-3 7A 182 211 66 Age EG,S 2.08E-07 22.58 wsnp_Ex_c21068_30195276
Age B,FG,S 2.04E-07 54.82 wsnp_BE591002A_Ta_2_3
7A-4 7A 594 594 100 SftEqv EG S 3.67E-05 -1.64 wsnp_Ex_c19214_28132186
7A-5 7A 676 676 134 Age G, S 6.84E-05 -12.09 wsnp_CAP7_c1321_664478
Age EG,S 1.05E-04 11.76 wsnp_CAP7_c1321_664480
7A-6 7A 717 717 171 Hght B,G,S 1.13E-06 -3.18 wsnp_Ra_c7112_12318340
7B-1 7B 264 264 47 ArtAA B, F, MM G M, S 1.75E-04 0.05 wsnp_RFL_Contig1735_856501
7B-2 7B 471 471 58 SdClIr M, MM G 245E-04 -0.45 wsnp_BE398417B_Ta_2_1
7B-3 7B 570 571 66 Awns G M, MM, S 1.99E-06 0.22 wsnp_BF483648B_Ta_2_1
Awns G, M, MM, S 1.99E-06 0.22 wsnp_Ex_c15458_23737002
Awns G, M, MM, § 1.99E-06 -0.22 wsnp_Ku_c21412_31166369
7B-4 7B 644 644 90 SucSRC G, S 2.79E-05 -1.69 wsnp_Ex_c10500_17163956
SucSRC G, S 2.79E-05 ~1.69 wsnp_Ku_c854_1768346
SucSRC B, G F 2.75E-05 -1.58 wsnp_Ex_c3309_6096114
SucSRC G, S 2.79E-05 -1.69 wsnp_Ku_c854_1768062
7D-1 7D 614 614 3 LASRC G, S 1.48E-03 828 wsnp_JD_c5853_7011562
Un-1 Un 24 24 = LASRC B ES 5.24E-06 -2.84 wsnp_Ex_c1668_3168723
Un-2 Un 57 57 - Hght G, M, MM S 1.00E-03 -13.38 wsnp_BF482269B_Ta_1_1
Un-3 Un 87 87 - Age B, F, G, M, MM 3.03E-08 -18.99 wsnp_Ex_c758_1488368
Un-4 Un 222 222 - FlProt G, S 2.39E-05 0.21 wsnp_Ex_c7316_12552186
Hght G S 1.31E-04 343 wsnp_Ex_c7316_12552186

: MBP, Mega base pairs.

: Approximate genetic distances in ¢M from Wang et al. (2014b) Table S6, if available.

: For descriptions, see Table 1.

: Models significant for Bonferroni threshold by chromosome in Table S1 for indicated alpha where: B = Blink, F = FarmCPU, G = GLM, M = MLM, MM = MLMM, S = SUPER.
: Most significant p-value for all models, bold indicates experiment-wise significance considering all markers.

: Greatest potential change in trait value predicted by GAPIT3 models except SUPER and BLINK, which did not report effect.
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Total No. of variations

Ecotypes No. of Accessions
Temperate japonica 8 2 3 279
Tropical japonica 1 0 0 26
Indica 6 3 3 102 |
Cultivated rice

Aus D, 3 2 9

Aromatic 0 0 0 2

Admixture 5 2 3 3

Oryza rufipogon 1 1 0 3

Wild rice Oryza nivara 5 3 2 3
Other wild rice 27 49 ‘ 21 48

SNPs, Single Nucleotide Polymorphisms, Ins, insertion, Del, deletion, and Other wild rice, a group of wild rice accessions excluding Oryza rufipogon and Oryza nivara.
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Source of variables

Indica
Temperate japonica

Tropical japonica

N

(cl
1.92 (0.45-3.11)
207 (0.42-3.85)

1.99 (0.50-2.74)

226 (0.69-3.59)
3.02 (1.11-5.37)

2.89 (1.24-4.63)

FTI

1.30 (0.29-4.57)
1.56 (0.41-6.61)

1.59 (0.71-3.95)

Admixture 2.13 (1.82-2.49) 2.84 (2.42-3.08) 1.37 (0.97-1.70)
Aromatic 1.93 (1.54-2.32) 226 (1.92-2.60) 1.26 (0.83-1.68)
Aus 2.17 (1.75-2.84) 1.26 (1.00-2.29) 0.59 (0.45-1.31)
Mean + SE 2.03 + 0.029 2.80 £ 0.044 1.48 £ 0.033
Range 0.42-3.85 0.69-5.37 0.29-6.61
Std. Deviation 0.54 0.84 0.62
CV % 30.02 3242 46.23
GxE - ot wox
Genotype . wox wox
Environment " " "

NCL, normal coleoptile length; FCL, flooded coleoptile length;
genotype by environment and *** = p < 0.0001 and ns, non-

FTI, flooding tolerance index; Values in parenthesis indicate a range; + SE, standard error; CV, coefficient of variation; G x E,
nificant difference.
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Line numbers Grain yield (g/plant) i (g/plant) Spikelet fertility (%)

T-1 55.24* 5.67 109.20% 92.64*
T-25 46.84 6.00 92.07 90.54*
T-28 45.54 5.89 9277 92.54*
T-30 56.34% 5.56 108.60* 92.23*
T-39 51.56 5.78 102.70 90.62*
T-41 45.78 5.33 93.11 97.31*
T-50 44.78 5.44 9733 92.24*
T-54 45.60 6.56 104.00* 92.93*
T-89 46.00 5.56 92.00 90.64*
T-108 4743 4.44 95.21 91.74*
T-130 5331 5.67 107.50* 88.57
T-132 50.89 5.33 99.67 92.72*
T-135 51.54 522 96.43 90.80*
T-139 50.10 6.00 104.30% 94.17*
T-210 46.39 5.67 90.94 80.41
T-220 49.33 5.44 98.56 85.70
T-232 49.28 5.00 103.90* 88.21*
T-234 4520 4.78 98.09 91.28*
T-252 49.22 6.22 93.22 97.07%
T(Average) 48.97 5.56 98.93 91.18
T(Range) 44.7-56.3 4.4-6.5 90.9-109.2 80.4-97.3
‘WT(Average) 38.93 4.36 78.80 81.00
‘WT(Range) 34.4-45.6 3.7-48 70.4-87.6 78.3-83.9
CD (0.05) 15.25 2.75 24.71 55

Bold value = indicates average and range of transgenic and wild type.*= indicates significance at P=0.05.
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Maize

Rice

Wheat

Cotton

Tomato

Cowpea

Founder parents

One eight-way cross was made and was randomly mated
up to six generations to develop 672 highly homozygous RILs

Eight indica parents selected from the Asian indica
pool and are intercrossed to produce 1328 S; lines

Eight founder lines were intercrossed to derive eight-way crosses and then selfed to obtain F8 generations to get 2100
AlLs (advanced intercross lines). At S; 200 AILs and Sg-Sg 340 AILs randomly chosen for screening

144 MAGIC Plus lines

391 MAGIC indica rice accessions

Eight winter wheat cultivars were intercrossed to generate 394 Fgg RILs

Eight elite winter wheat founder lines were intercrossed up to three generations and then selfed multiple times to
generate 1000 RILs

12 founder lines were intercrossed up to F; through SSD and produced 1500

Eight tomato founder lines were crossed to develop 400 G10 stable lines through SSD methods

Eight selected founder parents were intercrossed to (eight-way crosses derived from 6 pedigree funnels) produce 305
MAGIC Fg RILs

Traits

Corn borers

Blast and bacterial
blight

Bacterial leaf streak
and bacterial blight

Blast and bacterial
leaf blight

Blast and stripe rust

Powdery mildew

Leaf blotch and
glum blotch

Disease and pest
resistance genes
Several resistance
genes

Biotic and abiotic
stresses

Reference

Jimenez-
Galindo et al.
(2019)
Bandillo et al.
(2013)

Bossa-Castro
etal. (2018)

Descalsota et al.
(2018)

Satturu et al.
(2020)

Stadlmeier et al.
(2018)

Lin et al. (2020)

Li et al. (2016b)

Campanelli
etal. (2019)

Huynh et al.
(2018)
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Cucsa 207280 TTCCGGCGGAGTTTGGOCGOTGOGCCAGGAGAGGA
WT CsaMLO1 TTCCGGCGGAGTTTGECCACTGCEECAGGAGAGGA
Cucsa.308270 TGTGGAACAGAGCAGCGTACT TTGGAAGATACCTCA
WT CsaMLOB TGTGGAACAGAGCAGCGTACTTCCAAGATACCTCA

Cucsa. 190600 TCCTTGGAAGAGACGCCGACATGEECCETCGCCEE
WT CsaMLO11 TCCTTGGAAGAGACGCCGACATGGGCCGTCGECGE

411
CsaMLOg8d®!/11%!
WT CsaMLO1 TTCCGGCGGAGTTTGGCCGCTGCCGEAGGAGAGGA
411 CsaMLO1 TTCCGGCGGAGTTTGGCCGCTGCGGEAGGAGAGGA
WT CsaMLO8 TGTGGAACAGAGCAGCGTACTTTGCAAGATACCTCA
411 CsaMLOB TGTGGAACAGAGCAGCG . .CTTTCGAAGATACCTCA (2)

WT CsaMLO11 TCCTTGGAAGAGACGCCGACATGGGCCGTCRCCGC
|4-11 CsaMLO11 TCCTTGGAAGAGACG. .. .. CATGCGCCGTCGECRE (4)

414
CsaMLO1AS™N/CsaMLO8/114!
WT CsaMLO1 TTCCGGCGGAGTTTGGCOGCTGCCCCAGGAGAGGA
414 CsaMLO1 TTCCGGCGGAGTTTGGCCAATGCGGCAGGAGAGGA
WT CsaMLOB TGTGGAACAGAGCAGCGTACTTTGGAAGATACCTCA
414 CsaMLOB TGTGGAACAGAGCAGCE. .CTTTGGAAGATACCTCA (2)

WT CsaMLO11 TCCTTGGAAGAGACGCCGACATGGGCCGTCCCGE
414 CsaMLO11 TCCTTGGAAGAGACG. . ... CATCCCCCGTCGOCEE (4)

415
CsaMLO1%!
WT CsaMLO1 TTCCGGCGGAGTTTGGCCGCTGCRGEAGGAGAGGA
4-15 CsaMLO1 TTCCGGCGGAGTTTGECCG. GAGGA (-11)|
WT CsaMLOB TGTGGAACAGAGCAGCGTACTTTGGAAGATACCTCA
4-15 CsaMLOB TGTGGAACAGAGCAGCGTACTTTGGAAGATACCTCA

WT CsaMLO11 TCCTTGGAAGAGACGCCGACATGGGCCGTCGOCGE
1415 CsaMLO11 TCCTTGGAAGAGACGCCGACATGGGCCGTCGOCGE

4-21
CsaMLO1/114!

WT CsaMLO1 TTCCGGCGGAGTTTGGCCGCTGCEGEAGGAGAGGA

421 CsaMLO1 TTCCGGCGGAGTTTGGCCGC. GAGAGGA (-8)
WT CsaMLOB TGTGGAACAGAGCAGCGTACTTTGGAAGATACCTCA
421 CsaMLOB TGTGGAACAGAGCAGCGTACTT GGAAGATACCTCA
WT CsaMLO11 TCCTTGGAAGAGACGCCGACATGGGCCETCRECEE

421 CsaMLO11 TCCTTGGAAGAGACG GGCCGTCGCCGE (8)

218
CsaMLO1%!
WT CsaMLO1 TTCCGGCGGAGTTTGGCCGCTGCGGEAGGAGAGGA
218 CsaMLO1 TTCCGGCGGAGTTTGRCCAC, GAGAGGA (-8)
WT CsaMLOB TGTGGAACAGAGCAGCGTACTT I GCGAAGATACCTCA
218 CsaMLO8 TGTGGAACAGAGCAGCGTACTTTGCAAGATACCTCA

WT CsaMLO11 TCCTTGGAAGAGACGCCGACATGACCGTCECCEE
[2-18 CsaMLO11 TCCTTGGAAGAGACGCCGACATCGECCGTCGOCGE
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Crop

Maize

Rice

Wheat

Barley

Sorghum

Soyabean

Peanut

Brassica
napus

Chickpea

Cotton
Potato
Tomato

Common
bean

Cassava

Peach

Disease

Head smut
Northern corn leaf blight
Leaf and sheath blight
Rough dwarf
Gray leaf spot (GLS)
Fusarium verticillioides

Northern corn leaf blight

Fumonisin resistance
Bacterial leaf blight

Bacterial leaf streak

Blast

Sheath blight

Yellow rust

Stripe rust

Leaf rust, tan spot and yellow rust

Fusarium head blight

Spot blotch
Barley yellow dwarf virus
Downy mildew
Target leaf spot

Anthracnose

Grain mold
Tobacco ringspot virus
Stem rot disease
Sclerotinia stem rot

Soybean mosaic virus
Early leaf spot, late leaf spot and tomato
spotted wilt

Root-knot nematodes

Aspergillus flavus

Leptosphaeria maculans

Clubroot

Sclerotinia stem rot

Ascochyta blight

Pythium ultimum

Verticillium wilt and Fusarium wilt
Verticillium wilt

Phytophthora infestans

Bacterial wilt

Fusarium wilt

Cassava mosaic
Cassava mosaic

Gummosis

Panel size

144
999
318
292
410
265
419

256
285

259

895
421
895
236
151
234

331

355

217
563
299
240
259
419
94
240
333,313
273
170
171
240
261
335
368
456
335
359

242, 163 and
159

635
19652
478
185
219

120

161
99

179

585
243
427
448

69

251
165
184

376
299
150

191

205

6128
5130 clones
195

PVE, Percent phenotypic variation explained; MTA, marker-trait associations.

Candidate gene/QTL/MTAs

18 MTAs
22 (12 + 10) MTAs
28 (ZmFBL41)
22 MTAs
10 MTAs
164 MTAs, 25 candidate genes

17 haplotypes, Ht2, Ht3 and Htnl
genes

17 MTAs
GPX079_6-1 to 4
qPX0339/349_9-1 and
qPX0339/349_11-1,
qPX079/112/341_12-1
58 candidate genes,

LOC_0s07g02560 and
LOC_0s07g02570

77 loci
13 QTLs
7 loci
12 QTLs
21 MTAs
56 QTLs, Pikx
14 MTAs

3 QTLs, NIS1, RRobN1 NIS2 and
NIS3

127 MTAs

10 MTAs
134, 562, and 75 MTAs
qSB-3 and qSB-6
qLN1128 qMLL1114
1396 loci, 653 genes
7 QTLs
31 MTAs
12 MTAs
36 (12 + 14+10) MTAs
10 MTAs
9 MTAs
88 MTAs
5 MTAs
23+15 QTLs
36 MTAs
16 genetic variants
f1g22 and Chitin
3 MTAs
16 MTAs
4 (8 + 0 + 16) MTAs

KAFIRIN and LEA3
2 chromosome
44 MTAs
16 QTN
24 MTAs

87 (18 + 28 + 41) MTAs

46 MTAs
60 MTAs

694 MTAs (RIm12)

59 MTAs
79 MTAs

25 resistance gene analogs
9 MTAs

26 MTAs to DSRC4, DSRC6 and
DSRCS8 loci

100 kb region (AB4.1) on
chromosome 4

26 MTAs
30 MTAs
11 MTAs, 7 candidate genes

28 (15 + 13) MTAs
17 MTAs
16 QTLs

8 MTAs
11 significant SNPs
One major QTL

3 MTAs
5 MTAs

PVE
(%)

3-9
2-3

15.7

11-29

4-30

74

30

25.5-
336

10.1-24.1
7.8-17

16.8-
317

2.9-234

4.2-6.5
6.14

11.4-25.9

11-45

13.7-50.9

8.3-18.2

Reference

Wang et al. (2012)
Ding et al. (2015)
Li et al. (2019a)
Zhao et al. (2022a)
Kibe et al., 2020
Stagnati et al,, 2019
Rashid et al., 2020

Samayoa et al., 2019
Dilla-Ermita et al. (2017)

Shu et al. (2021)

Jiang et al. (2021)

Lu et al. (2020)
Sattayachiti et al. (2020)
Wang et al. (2015)

Li et al. (2019b)
Volante et al. (2020)

Frontini et al. (2021)

Lu et al. (2019)

Jia et al. (2012)
Zhang et al. (2019a)
Chen et al. (2019)
Oreiro et al. (2020)
Wang et al. (2021)
Ledesma-Ramirez et al. (2019)
Muhammad et al. (2020)
Jia et al. (2020)
Juliana et al. (2018)
Arruda et al. (2016)
Wang et al. (2017)
Hu et al. (2020)
Zhu et al. (2020)
Visioni et al. (2020)
Choudhury et al. (2019)
Rashid et al. (2018)
Samira et al. (2020)
Cuevas et al. (2018)
Prom et al. (2019)

Ahn et al,, 2019; Ahn et al,, 2021 and Ahn
et al, 2022

Nida et al. (2019)
Chang et al. (2016)
Rolling et al. (2020)

Sun et al. (2020)

Che et al. (2020)

Zhang et al. (2019b)

Kumral (2019)
Yu et al. (2020)

Raman et al. (2016)

Raman et al. (2020)
Fikere et al. (2020)
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Primer sequence (from 5’ - 3")

Accession
number

nptll F-AAGATGGATTGCACGCAGGT
R-
TCAGAAGAACTCGTCAAGAAGGC

PcACCD F-
ATGGATCTGCAACGCTTTCCCC
R- TTATCCGTTGCGGTAGAG

AF485783

WP_013392321

PcActin F- TCCCTCATGCAATCCTTCGT KP676600
R- CCTCACAATTTCCCGCTCTG
PcACCD (RT- F- CTATTCGGACGCGGTCTACG WP_013392321

PCR) R- GAAGCCGATGTCGAAACCCT

F - Forward, R - Reverse.
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Media composition
(MS + Hormones mg/L)

MS

1.0 BAP + 0.1 NAA

1.0 BAP + 0.5 NAA

1.5 BAP + 0.1 NAA

1.5 BAP + 0.5 NAA

2.0 BAP + 0.1 NAA

0.1 BAP + 0.1 NAA

0.2 BAP + 0.1 NAA

0.3 BAP + 0.1INAA

0.4 BAP + 0.1 NAA

0.5 BAP + 0.1 NAA

0.6 BAP + 0.1 NAA

0.7 BAP + 0.1 NAA

0.8 BAP + 0.1 NAA

0.9 BAP + 0.1 NAA

Petiole

No. of Shoots

00

230 + 057" ¢*
1.60 + 0.58" ¢*
460 £ 1.10° ¢
1.60 + 0.60" ¢*
0.0 c+++

1930 £ 1.15°
33.60 + 1.52' ¢
27.60 + 1.53" ¢
24,60 + 1,518 ¢*
19.30 + 115" ¢
1160 + 0.50° ¢***
830 + 1.52¢ ¢+
330 +0.50% ¢*

1.60 + 0.57% ¢*

Explants used

Regeneration
frequency*(%)

0.00
10.00 + 0.57°
21.60 + 058"
33.30 + 1.009¢
26.60 = 0.50°¢
0

71.60 + 1.10%
88.30 + 1128
76.60 + 0545
55.00 + 0.40°
38.30 £ 0.52
26.60 = 1.20°¢
16.60 + 1.52°>¢
16.60 + 0.49™

5.00 + 058

Leaf

No. of Shoots

0.0

| 560 £ 0.80° "
150 +0.54° ¢
1.80 +0.75% ¢**

| 060 +051°
0.0 c+++

15.10 + L.16%
37.30 + 163 ¢
26.00 + 178" ¢
18.60 + 1508 ¢*
15.00 + 209" ¢**
1350 £ 1.20° ¢
10.30 + 0514 ¢***
8.50 + 0.50° c*

6.60 = 0.81° ¢*

Regeneration
frequency*(%)

0.00
33.30 £ 1.00°"
10.00 + 057"
16.70 + 090"
5.00 + 050"

0

66.70 = 1.108"
9330 + 0.56'
76.70 + 0.55"
55.00 + 0.58%
43.30 + 0.57
38.30 £ 1.15%"
38.30 £ 0.50%"
26.70 + 0.53"%

21.70 + 0.49°>%

Values shows mean + SD. Means followed by the same letters (a, b, ¢, d, ¢, f, g h, i) within column do not differ significantly at p < 0.05 according to Duncan’s multiple range test 0.0 = No
response on MS medium, c-= Direct regeneration without callus, ¢+ = Direct regeneration with little callus, c++ = Shoot regeneration with more callus, c+++ = Maximum callus, ¢*= callus hard

and brown.

Regeneration frequency (%) = no. of explants regenerated/ Total no. of explants inoculated x 100.
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ORF length  Amino acid length

Gene name Locus ID Mw (kDa) Pl Instability index (
((e9)] (aa)

Mel14-3-31 Manes.18G060900 762 253 28.61 4.78 4132
Mel14-3-311 Manes.18G065000 396 131 1471 4.57 34.88
Mel14-3-3111 Manes.12G127800 759 252 285 475 4227
Mel4-3-31V Manes.01G028600 711 236 26.82 4.88 47.00
Mel4-3-3V Manes.02G146600 762 253 2849 4.72 3924
Mel4-3-3VI Manes.18G066900 699 232 2624 4.98 I 46.63
Mel14-3-3VII Manes.01G108700 795 264 29.83 475 47.84
Mel14-3-3VIII Manes.02G067200 795 264 29.8 4.79 50.39
Mel4-3-3IX Manes.01G133100 777 258 29.27 4.84 36.44
Mel4-3-3X Manes.02G151900 762 253 2897 4.77 53.53
Mel4-3-3XI Manes.05G108900 795 264 30.05 4.89 47.32
Mel14-3-3XIT Manes.10G104500 783 260 29.35 477 I 47.80
Mel4-3-3XIII Manes.07G035100 786 261 2945 4.76 4532
Mel4-3-3XIV Manes.15G093600 783 260 29.61 4.85 46.03
Mel4-3-3XV Manes.02G149900 780 259 2931 472 47.79

Mel14-3-3XVI Manes.02G091000 777 258 2922 472 3791
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