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Introduction: Sclerotinia sclerotiorum is a necrotrophic fungal pathogen causing disease and economic loss on numerous crop plants. This fungus has a broad host range and can infect over 400 plant species, including important oilseed crops such as soybean, canola, and sunflower. S. sclerotiorum isolates vary in aggressiveness of lesion formation on plant tissues. However, the genetic basis for this variation remains to be determined. The aims of this study were to evaluate a diverse collection of S. sclerotiorum isolates collected from numerous hosts and U.S. states for aggressiveness of stem lesion formation on sunflower, to evaluate the population characteristics, and to identify loci associated with isolate aggressiveness using genome-wide association mapping.

Methods: A total of 219 S. sclerotiorum isolates were evaluated for stem lesion formation on two sunflower inbred lines and genotyped using genotyping-by-sequencing. DNA markers were used to assess population differentiation across hosts, regions, and climatic conditions and to perform a genome-wide association study of isolate aggressiveness.

Results and discussion: We observed a broad range of aggressiveness for lesion formation on sunflower stems, and only a moderate correlation between aggressiveness on the two lines. Population genetic evaluations revealed differentiation between populations from warmer climate regions compared to cooler regions. Finally, a genome-wide association study of isolate aggressiveness identified three loci significantly associated with aggressiveness on sunflower. Functional characterization of candidate genes at these loci will likely improve our understanding of the virulence strategies used by this pathogen to cause disease on a wide array of agriculturally important host plants.
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Introduction

The ascomycete Sclerotinia sclerotiorum (Lib.) de Bary is a necrotrophic fungal pathogen infecting over 400 plant sciences, including agriculturally important crops like sunflower, canola, and common bean (Boland and Hall, 1994; Bolton et al., 2006; Derbyshire et al., 2022). Diseases caused by S. sclerotiorum significantly impact sunflower production in the Northern Great Plains region of the United States, typically causing annual losses estimated at over 1% of total production and resulting in millions of dollars of economic losses (Heffer Link and Johnson, 2007; Markell et al., 2015; Harveson et al., 2016). Moreover, these losses can be much higher in years where weather conditions favor disease development. S. sclerotiorum can infect sunflower plants at any growth stage and causes three distinct diseases; basal stalk rot (also known as Sclerotinia wilt), mid-stalk rot, and head rot (Markell et al., 2015; Harveson et al., 2016). Basal stalk rot and head rot are persistent, economically significant diseases impacting U.S. sunflower production, while mid-stalk rot is observed sporadically and is generally regarded as less economically damaging (Markell et al., 2015; Harveson et al., 2016). Yield losses of 10%–20% due to head rot are typical in most years. However, in years where environmental conditions favor disease, losses of up to 80% have been reported (Harveson et al., 2016; Gulya et al., 2019). Additionally, head rot further impacts sunflower production by reducing seed oil content by 10% to 15% (Gulya et al., 2019). S. sclerotiorum produces resting structures referred to as sclerotia that contaminate soil and can remain viable for many years, complicating disease management practices (Bolton et al., 2006). Additionally, chemical control of basal stalk rot and head rot is generally ineffective and sunflower hybrids with complete resistance or even high levels of resistance to these diseases are not available (Qi et al., 2016; Seiler et al., 2017). Breeding for sunflower lines and hybrids with improved resistance is considered the most effective and economical avenue for controlling sunflower diseases caused by S. sclerotiorum (Qi et al., 2016). Progress is being made to identify diverse sources of resistance alleles and map genetic loci contributing to sunflower resistance against S. sclerotiorum (Davar et al., 2010; Amouzadeh et al., 2013; Talukder et al., 2016; Seiler et al., 2017; Zubrzycki et al., 2017; Filippi et al., 2020; Talukder et al., 2021, 2022a,b). However, resistance breeding alone may not be a durable solution. Historically, resistant varieties have suffered resistance breakdown, sometimes within a short period of time (Brown, 1995). Often, release of a novel resistant variety leads to its extensive monoculture, thereby exerting strong selection pressure on the local pathogen population (McDonald and Linde, 2002). Substantial selection pressure induces the pathogen to evolve to better adapt against resistant cultivars. Thus, understanding the evolutionary potential of a spreading pathogen population, its genetic structure, and genetic components involved in pathogenicity may help breeders design rational breeding schemes to achieve durable resistance (McDonald and Linde, 2002; Kamvar et al., 2017). Isolates of S. sclerotiorum have been reported to vary considerably in numerous traits related to growth and development as well as pathogenicity. This includes variation in rates of in vitro hyphal growth, pigmentation of mycelia, size and number of sclerotia formed, and aggressiveness in causing lesions on host plants (Otto-Hanson et al., 2011; Attanayake et al., 2012; Rather et al., 2022). Consequently, a comprehensive understanding of isolate diversity for this pathogen is important to facilitate resistance breeding efforts.

Over the past 20 years, several studies have applied population genetic approaches to evaluate the genetic diversity of S. sclerotiorum isolates collected from specific plant species or a specific location (Kohli et al., 1992; Cubeta et al., 1997; Atallah et al., 2004; Winton et al., 2006; Wu and Subbarao, 2006; Malvarez et al., 2007). Additionally, a small number of studies have evaluated more extensive isolate collections from multiple host and locations in the U.S. (Carbone and Kohn, 2001; Attanayake et al., 2014; Aldrich-Wolfe et al., 2015; Kamvar et al., 2017). Many of these genetic characterization studies employed a macroscopic assay to identify mycelial compatibility groups (MCGs) believed to represent groupings that identify clonal lineages or closely related isolates (Carbone et al., 1999; Aldrich-Wolfe et al., 2015). Various approaches and markers systems have been used to characterize genetic relatedness among S. sclerotiorum isolates including DNA fingerprinting (Cubeta et al., 1997; Malvarez et al., 2007), sequence analysis of rDNA [internal transcribed spacer (ITS) region] and protein-coding genes [elongation factor 1 alpha (EF-1α, 350 bp), calmodulin (CAL, 500 bp), chitin synthase 1 (CHS), actin (ACT,) and ras protein (RAS)] (Carbone and Kohn, 2001; Malvarez et al., 2007), and polymorphic microsatellite markers (Atallah et al., 2004; Attanayake et al., 2014; Aldrich-Wolfe et al., 2015; Kamvar et al., 2017). Several studies used both macroscopic and molecular marker assays to report the genetic diversity of S. sclerotiorum isolates (Attanayake et al., 2014; Aldrich-Wolfe et al., 2015; Kamvar et al., 2017). Although mycelial compatibility is genetically controlled, studies have shown conflicting evidence for the correlation between MCGs and neutral genetic markers (Schafer and Kohn, 2006; Aldrich-Wolfe et al., 2015; Kamvar et al., 2017). However, population genetic studies carried out by these independent research groups have improved understanding of the genetic diversity of S. sclerotiorum in the U.S. Aldrich-Wolfe et al. (2015) analyzed MCGs and microsatellite haplotypes of 145 pathogen isolates collected from multiple hosts to report a lack of host-specific barriers to gene flow for S. sclerotiorum across the North Central region of the U.S. Upon analyzing 156 S. sclerotiorum isolates collected from soybean grower fields and white mold screening nurseries across multiple U.S. states and four countries, Kamvar and colleagues recommended breeders to continue multi-site screening of new soybean varieties to account for genetic and phenotypic variation observed among S. sclerotiorum populations across the U.S. (Kamvar et al., 2017).

One limitation of past population studies focused on S. sclerotiorum is the use of relatively small numbers of molecular markers. Ideally, population genetic studies will utilize large numbers of diagnostic molecular markers distributed across the entire genome. Recent advancements in next-generation sequencing (NGS) and chromosome level reference genome assemblies have enhanced the accurate detection of single nucleotide polymorphisms (SNP), a type of frequently occurring genetic marker. Restriction enzyme-based genotyping-by-sequencing (GBS) has revolutionized the ability to obtain low-cost and high-density SNP markers from complex plant and pathogen species (Elshire et al., 2011; Poland et al., 2012; Leboldus et al., 2015). GBS utilizes restriction enzymes to target sequencing to a subset of the genome, thereby reducing genomic complexity and cost of sequencing. GBS has been successfully utilized in many genetic and genomic studies, including population and phylogenetic studies as well as genome-wide association mapping studies for plant-pathogenic fungi (Leboldus et al., 2015; Gao et al., 2016; Aoun et al., 2020).

The availability of a more extensive set of diagnostic SNPs generated by sequencing-based approaches also provides a resource for performing genome-wide association studies (GWAS) to map loci affecting a trait of interest. GWAS has been utilized extensively to study plant resistance to pathogens. Additionally, efforts are now being made to explore pathogenicity using GWAS with natural pathogen populations (Bartoli and Roux, 2017; Sánchez-Vallet et al., 2018; Shakouka et al., 2022). In this study, we utilized GBS to genotype a large and diverse collection of S. sclerotiorum isolates. Major objectives of the study were to: (1) evaluate aggressiveness of diverse S. sclerotiorum isolates in causing stem lesions on two sunflower inbred lines; (2) assess the population characteristics of a collection of S. sclerotiorum isolates from multiple host plants collected throughout the U.S. using SNP markers derived from GBS; and (3) conduct a genome-wide association study to identify loci associated with isolate aggressiveness on sunflower stems.



Materials and methods


Sclerotinia sclerotiorum isolates

A total of 219 S. sclerotiorum isolates were used in this study. Isolates were collected from 27 U.S. states and 25 host plants. Additionally, four isolates collected in Argentina and a single isolate each collected in Canada and Tasmania were included. Sampling was conducted by collecting sclerotia from diseased plant tissue. Isolates designated BN and JS were kindly provided by Dr. Berlin Nelson (Department of Plant Pathology, North Dakota State University, Fargo, ND) and Dr. James Steadman (Department of Plant Pathology, University of Nebraska, Lincoln, NE), respectively. Subsets of these isolates have been described in previous studies (Otto-Hanson et al., 2011; Aldrich-Wolfe et al., 2015). Detailed information for isolates used in this study is presented in Supplementary Table S1.



Inoculum preparation

For all inoculum preparation, initial cultures of S. sclerotiorum isolates were produced by plating a single sclerotium on potato dextrose agar (PDA) followed by incubation at 22°C. To prepare inoculum for sunflower stem inoculations, initial PDA cultures were grown for 4 days and a 5 mm plug was subsequently excised from the edge of the growing colony using a cork borer and transferred mycelium-side down to a new plate of minimal media agar [25 mM NaOH, 22 mM DL-Malic Acid, 25 mM NH4NO3, 0.08 mM MgSO4, 39% agar (Guo and Stotz, 2007)]. Isolates were then grown on minimal media agar for 24 h at 22°C. Twelve 7 mm diameter circular sterile filter paper discs (Whatman #2) were subsequently placed around the growing edge of the colony to allow the fungus to colonize the discs and minimal media agar plates were incubated for an additional 24 h at 22°C. Colonized filter paper discs were used as inoculum for sunflower stem inoculations described below. S. sclerotiorum-infested millet seed inoculum for sunflower basal stalk rot inoculations was prepared as described previously (Underwood et al., 2021). Briefly, white proso millet seed (1.45 kg) was soaked for 16 h in 3 liters of water in metal trays, then strained. Three hundred milliliters of water were added, and trays were covered with foil and autoclaved twice with 25 min exposure times, stirring between autoclave cycles. After cooling, autoclaved millet was inoculated with PDA bearing mycelium of the selected S. sclerotiorum isolate by cutting up four 90 mm PDA plates of actively growing culture and stirring into the autoclaved millet. Inoculated millet was incubated for 3 days at 22°C, stirred under aseptic conditions, and incubated for an additional 3 days. Millet inoculum was then dried for 5 days at 30°C and stored at 4°C prior to use as inoculum for basal stalk rot inoculations described below.



Sunflower stem lesion aggressiveness evaluations

S. sclerotiorum isolates were evaluated for aggressiveness in causing stem lesions on two sunflower inbred lines, HA 207 and HA 441 (Stafford and Thompson, 1983; Miller and Gulya, 2006). Inbred line HA 207 was developed for resistance to charcoal rot caused by Macrophomina phaseolina and development of this line involved a cross with a wild Helianthus annuus accession (Stafford and Thompson, 1983). Inbred line HA 441 was developed for improved resistance to Sclerotinia head rot (Miller and Gulya, 2006). For all evaluations, plants were sown in 24-position cell-packs (cell dimensions 5.7 cm × 7.6 cm) filled with potting mix (Sunshine SB 100B, SunGro Horticulture, Bellevue, WA, United States) and grown in a greenhouse at 22 ± 3°C with supplemental lighting to provide a 16 h photoperiod. Six-weeks-old plants were inoculated by placing a filter paper inoculum disc on the stem midway between the second and third internodes and affixing with laboratory film. Stem lesion lengths were measured using digital calipers at 8 days post-inoculation (dpi). Isolate evaluations on both inbred lines were carried out in α-lattice designs in which each isolate was inoculated onto 30 plants of each sunflower inbred line.



Sunflower basal stalk rot disease evaluations

Comparisons of sunflower basal stalk rot disease caused by selected S. sclerotiorum isolates collected from cool or warm climates were conducted on moderately susceptible inbred line HA 89 and moderately resistant line RHA 801 (Roath et al., 1981; Underwood et al., 2021). Plants were sown in 32-position sheet pots (6.58 cm width × 6.58 cm length × 7.62 cm depth) and grown in the greenhouse for 5 weeks at 25 ± 3°C. Plants were inoculated by removing the root mass from the pot and placing 0.38 g millet inoculum in the bottom of the pot prior to replacing the root mass. Inoculated plants were subsequently grown at elevated temperature, 30 ± 3°C, and monitored daily for plant death due to basal stalk rot for 28 days as described previously (Underwood et al., 2021). The experimental design for each experiment was a randomized complete block design consisting of 12 blocks in which each isolate-inbred line combination was replicated 12 times and the entire experiment was repeated three times.



In vitro growth of Sclerotinia sclerotiorum isolates

In vitro growth rates for 23 selected S. sclerotiorum isolates on PDA medium were determined at 22°C and 30°C. For each isolate, a starter culture was initiated by plating a single sclerotia on PDA and incubating at 22°C for 4 days. Plugs of 5 mm in diameter were cut from the growing edge of the colony and a single plug was transferred to each of 6 new PDA plates for each isolate. Three plates per isolate were incubated at 22°C and the remaining three plates were incubated at 30°C. After 48 h of incubation, colony diameters were measured for each plate using digital calipers and mean colony diameters across the three replicated plates from each incubation temperature were used to calculate the percent growth inhibition observed at the elevated temperature of 30°C for each isolate.



Sclerotinia sclerotiorum isolate genotyping

Mycelial tissue for 227 S. sclerotiorum isolates was collected by growing isolates on PDA plates overlaid with a polyethersulfone filter disc (Millipore Sigma, Burlington, MA, United States) and subsequently scraping mycelium from the filter. Mycelial samples were freeze dried and 20 mg freeze dried mycelial tissue was ground to powder using a Mixer Mill MM400 (Retsch, Haan, Germany) with 2.8 mm steel grinding beads (OPS Diagnostics, Lebanon, NJ, United States). Genomic DNA was isolated from ground mycelial tissue using a Genejet Plant DNA isolation kit (Thermo Scientific, Waltham, MA, United States) according to the manufacturer’s protocol. DNA yields were quantified using a Qubit 3.0 fluorometer (Thermo Scientific, Waltham, MA, United States) and integrity was assessed by electrophoresis on 1% agarose gel. Genotyping by sequencing (GBS) was carried out by LGC Genomics (Hoddesdon, United Kingdom). GBS reads were aligned to the S. sclerotiorum isolate 1980 reference genome using the BWA-MEM algorithm of the Burrows-Wheeler Aligner and variants were called using the Genome Analysis Toolkit yielding an initial dataset containing 132,838 variants across 227 S. sclerotiorum isolates (Li and Durbin, 2009; McKenna et al., 2010; Derbyshire et al., 2017). The dataset was filtered using bcftools to remove isolates with high levels of missing data and retain variants with <30% missing data and a minimum minor allele frequency of 5% (Danecek et al., 2021). A filtered dataset of 1937 SNP variants across 219 S. sclerotiorum isolates was obtained for association analysis. This dataset was further filtered for phylogenetic analyses to retain only variants with <10% missing data resulting in a dataset containing 1,325 SNPs across 219 S. sclerotiorum isolates.



Statistical analyses

Stem lesion lengths on HA 207 and HA 441 from α-lattice experiments were analyzed using a linear mixed model implemented in SAS version 9.4 with replicate and block (nested within replicate) considered as random effects. Significant differences among least square means for isolate lesion lengths were determined using Tukey’s post-hoc test at p < 0.05 (Tukey, 1949). Pearson’s correlation for isolate lesion lengths on the two inbred lines was assessed using SAS PROC CORR. Time to plant death data for basal stalk rot disease evaluations were analyzed using a generalized linear mixed model implemented in SAS PROC GLIMMIX with block and replicate considered as random effects and Tukey’s post-hoc test was used to separate means at p < 0.05. Data for percent growth inhibition of 23 selected isolates at 30°C were analyzed using a generalized linear mixed model with beta distribution and means were separated using Tukey’s post-hoc test at p < 0.05.



Population analyses

To examine the genetic relationships among S. sclerotiorum isolates, a maximum likelihood phylogenetic tree was constructed with the software package RAxML version 8.0 using the GTRGAMMA model with ascertainment bias correction (ASC_GTRGAMMA) and 1,000 bootstrap analyses to obtain branch support (Stamatakis, 2014). The Interactive Tree of Life tool, iTOL,1 was used to visualize and annotate the maximum likelihood tree with information about host and location of collection as well as heatmaps of stem lesion aggressiveness on sunflower inbred lines HA 207 and HA 441. To assess the structure of S. sclerotiorum populations collected within the U.S., we used a model-free approach, discriminant analysis of principal components (DAPC), as implemented in the R package adegenet version 2.1.7 (Jombart, 2008; Jombart et al., 2010). The number of principal components retained for analysis was determined based on the cross-validation method. Populations were defined based on a hierarchical structure of Climate:Region:State:Host. Five regions, Northwest, Northeast, North Central, Southwest, and Southeast, were defined based on U.S. states from which the isolates were collected. Warm and cool climates were defined based on USDA plant hardiness zones, with cool climate corresponding to zones 1–6 and warm climate corresponding to zones 7 and above. This delineation defines isolates collected from areas with an average annual minimum winter temperature of above (warm) or below (cool) 0°C. Hierarchical levels with fewer than three isolates were excluded from DAPC analyses. Analysis of molecular variance (AMOVA) was performed on clone-corrected data to partition genetic variance at different levels of the hierarchy using the R package poppr version 2.9.3 (Kamvar et al., 2014, 2015). Statistical significance for differentiation at each hierarchical level was assessed based on 1,000 permutations. To determine the degree of genetic differentiation between isolates collected from different states or hosts, we calculated Gst (Nei, 1973) and G’st (Hedrick, 2005) using the R package vcfR version 1.13.0 (Knaus and Grünwald, 2017).



Genome-wide association analyses

Least square means of stem lesion lengths observed for S. sclerotiorum isolates inoculated on sunflower inbred lines HA 207 and HA 441 were used with the SNP dataset containing 1937 variants to conduct a genome-wide association study for variants associated with aggressiveness using the BLINK algorithm in the R package GAPIT version 3 with population structure correction based on three principal components (Wang and Zhang, 2021). Manhattan plots and quantile-quantile plots were generated using the R package qqman version 0.1.8 (Turner, 2018). Genome-wide significance thresholds for association were determined using both the Bonferroni correction and the SimpleM method (Gao et al., 2008). Candidate genes were determined based on the S. sclerotiorum isolate 1980 reference assembly (Derbyshire et al., 2017). Candidate genes within 20 kb of an associated marker were examined using homology searches with BLASTx against the NCBI non-redundant database to determine putative functional annotations.



Secretome and effector prediction

To determine if candidate genes associated with S. sclerotiorum aggressiveness are putative secreted effector proteins, predicted protein sequences from the S. sclerotiorum isolate 1980 reference genome assembly were analyzed using Secretool to define the predicted secretome (Cortázar et al., 2014). S. sclerotiorum proteins predicted to be secreted were subsequently evaluated using EffectorP version 3.0 to predict candidate apoplastic and cytoplasmic effector proteins (Sperschneider and Dodds, 2022).




Results


Diversity in aggressiveness of Sclerotinia sclerotiorum isolates on stem tissue of two sunflower inbred lines

A total of 219 isolates of S. sclerotiorum collected from diverse locations primarily within the U.S. and from 25 different susceptible host plant species were evaluated for aggressiveness on two sunflower inbred lines. Aggressiveness was determined by measuring lesion lengths at 8 dpi after inoculation on stems. Inbred lines HA 441 and HA 207 exhibit moderate and high levels, respectively, of quantitative resistance to basal stalk rot, a root-initiated disease caused by S. sclerotiorum (Underwood et al., 2021). However, the response of these inbred lines to stem inoculation was not known prior to this study. Significant differences (p < 0.001) in aggressiveness of isolates were observed on both inbred lines. and continuous distributions of lesion lengths were observed for both lines (Figures 1A,B). Mean stem lesion lengths on inbred line HA 207 ranged from approximately 13 mm to over 80 mm with an overall mean for all isolates of 51.02 mm (Figures 1A,B and Supplementary Table S1). Inbred line HA 441 appeared more susceptible to stem lesion formation, with an overall mean for all isolates of 83.55 mm and mean lesion lengths for individual isolates ranging from 20 mm to 132 mm. Mean lesion lengths for isolates on the two inbred lines were moderately and significantly (p < 0.001) correlated, with Pearson’s correlation of 0.324 (Figure 1C). These results indicate considerable diversity among the S. sclerotiorum isolates for aggressiveness in causing stem lesions on sunflower.
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FIGURE 1
 Aggressiveness of Sclerotinia sclerotiorum isolates on two sunflower inbred lines. (A) Distribution of lesion lengths for 217 isolates inoculated on inbred line HA 207. (B) Distribution of lesion lengths for 207 isolates inoculated on inbred line HA 441. (C) Scatter plot of correlation for isolate lesion lengths on HA 207 and HA 441.




Population differentiation assessed using single nucleotide polymorphism markers

The 219 S. sclerotiorum isolates were genotyped using GBS and 1,325 SNP markers were used to construct a maximum likelihood phylogenetic tree for initial evaluation of genetic relationships among isolates (Figure 2). The phylogenetic tree indicated that isolates were not grouped by host or U.S. state of collection. Four isolates collected from sunflower in Argentina clustered together and were distinct from U.S. isolates. Isolates comprising a large clonal lineage encompassing 53 of the 219 isolates were collected over a wide geographic region including 13 U.S. states across the Northwest, Northeast, Midwest, and North Central regions and collected from 9 different host plant species (Figure 2). To further investigate potential genetic differentiation among S. sclerotiorum populations, isolates were assigned to populations based on a hierarchy of Climate:Region:State:Host. Regions were defined as Northwest, Northeast, Midwest, North Central, Southeast, and Southwest based on geographic locations of U.S. states. Climates were defined as cool and warm based on USDA plant hardiness zones (see Materials and methods for details). We subsequently performed discriminant analysis of principal components (DAPC) for each level of the hierarchy. Grouping isolates by host of collection did not reveal clear differentiation based on host, though isolates collected from vegetable plants such as lettuce, cabbage, and tomato appeared somewhat distinct from isolates collected from field crops such as sunflower and soybean (Figure 3A). Similarly, isolate groupings by U.S. state of collection were not clearly differentiated. However, isolates collected from southern and coastal states appeared partially distinct from isolates collected from more northern and central states (Figure 3B). This trend was more apparent when isolates were grouped by region, with isolates collected from the Southwest and Southeast regions of the U.S. clustering apart, though not completely distinctly, from the northern and central regions (Figure 3C). The observation that isolates from warmer regions appeared to exhibit some degree of genetic differentiation from those collected from cooler regions prompted us to group isolates into warm and cool groupings based on USDA plant hardiness zones, as cool climate comprised of zones with average annual minimum winter temperatures below 0°F and warm climate comprised of zones with average annual minimum winter temperatures above 0°F. DAPC analysis of grouping by climate suggested some degree of differentiation based on collection in warm or cool areas (Figure 3D). AMOVA was subsequently conducted to assess population differentiation at different levels of the hierarchical assignments. Significant differentiation (p < 0.001) was observed between populations at the climate level, accounting for 19.54% of the observed variation (Table 1). No significant differentiation was observed between regions within climate, between states within regions, or between hosts within state (Table 1). Finally, we evaluated pairwise genetic distances among isolates between U.S. states and hosts of collection and including isolates collected in Argentina. As anticipated, pairwise Gst estimates indicated the most differentiation between isolates collected in Argentina compared to those collected in U.S. states (Supplementary Table S2). Pairwise comparisons among isolates collected from different U.S. states reinforced results obtained by DAPC analyses, where isolates collected from states in the Southeast and Southwest of the U.S. exhibited higher Gst values when compared with states from other regions (Supplementary Table S2). The lowest genetic differentiation was observed between Michigan and Minnesota (Gst = 0.00; G’st = 0.01). In comparison, the highest levels of genetic differentiation observed in comparison between U.S. states were between Iowa and Arizona (Gst = 0.46; G’st = 0.73) and Iowa and North Carolina (Gst = 0.46; G’st = 0.71). Similarly, pairwise Gst estimates were calculated to assess the presence or absence of host-specific gene flow barriers between isolates (Aldrich-Wolfe et al., 2015). Again, consistent with DAPC analyses, isolates collected from the vegetable crops lettuce, cabbage, and tomato exhibited moderately high differentiation in comparisons with isolates collected from field crops such as soybean, canola, and sunflower (Supplementary Table S3). The most closely related populations were observed between sunflower and soybean (Gst = 0.01; G’st = 0.02), and the most strongly differentiated populations were observed between soybean and lettuce (Gst = 0.29; G’st = 0.55).
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FIGURE 2
 Maximum-likelihood phylogenetic tree for 219 S. sclerotiorum isolates inferred by RAxML using 1,325 SNP markers. The outer ring indicates the location from which isolates were collected. The second and third rings represent heatmaps for aggressiveness of isolates on sunflower inbred lines HA 207 and HA 441, respectively. Color-coded shading of isolate names indicates the host plant from which the isolate was collected.
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FIGURE 3
 Scatterplots of discriminant analysis of principal components (DAPC) for S. sclerotiorum populations assigned by collection host plant (A), state (B), region (C), or climate (D). In panels (A–C), DAPC was performed using 10 principal components and two discriminant functions. In panel (D), DAPC was performed using 10 principal components and a single discriminant function. In panels (A–C), dots represent individual isolates and ellipses indicate the area spanned by 66% of the data for a given population. Climates are defined by USDA plant hardiness zones with cool climate corresponding to zones 1–6 and warm climate corresponding to zones 7 and above.




TABLE 1 Analysis of molecular variance (AMOVA) comparing Sclerotinia sclerotiorum populations within a hierarchy of Climate/Region/State/Host using clone-corrected data.
[image: Table1]



Aggressiveness of populations assigned by U.S. state and host of collection

To evaluate potential differences in aggressiveness among isolates collected from different U.S. states, we compared mean lesion lengths on stem tissues of sunflower inbred lines HA 207 and HA 441 for isolates grouped by state of collection. Significant differences in aggressiveness were observed among isolates from different states (Figure 4A). On HA 207, isolates from Arizona and California were the most aggressive in causing stem lesions while isolates from Colorado were the least aggressive. On HA 441, isolates from California and Georgia were the most aggressive and isolates from Washington were the least aggressive. Additionally, we conducted a similar analysis grouping isolates by host of collection. In general, differences in aggressiveness were less pronounced when isolates were grouped by host (Figure 4B). Significant differences were observed for mean lesion lengths on HA 207, with isolates collected from lettuce exhibiting the largest lesion lengths and isolates from soybean and tomato causing smaller lesions. In contrast, no significant differences in mean lesion lengths for isolates grouped by host of collection were observed on HA 441 (Figure 4B).
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FIGURE 4
 Aggressiveness of S. sclerotiorum isolates collected from different states (A) and hosts (B) on stems of sunflower inbred lines HA 207 and HA 441. Stem lesion lengths were measured at 8 days post-inoculation. Means indicated by the same letter are not significantly different according to analysis with a linear mixed model and Tukey’s post-hoc test (p < 0.05). Error bars indicate SEM.




Effects of elevated temperature on in vitro growth and aggressiveness in causing sunflower basal stalk rot

Overall, our assessments of population differentiation suggested differentiation between isolates collected in states or regions with warmer climate conditions compared to those collected from areas with cooler climates. We speculated that isolates collected from warmer climates may have increased heat tolerance, resulting in improved in vitro growth at elevated temperatures or increased ability to cause disease at higher temperatures. To evaluate these possibilities, we compared in vitro growth of 20 isolates collected from areas falling within USDA plant hardiness zones 7 and above to growth of three isolates collected from areas falling within USDA plant hardiness zones 1–6. Additionally, we compared aggressiveness in causing basal stalk rot disease on two sunflower inbred lines for six warm climate isolates and two cool climate isolates. Effects of elevated temperature on in vitro growth were assessed by growing replicated PDA plates for each isolate at either the typical growth temperature of 22°C or the elevated temperature of 30°C and determining the degree of inhibition of radial colony expansion caused by the higher temperature for each isolate. Significant differences in mean growth inhibition at 30°C were observed among the isolates evaluated (Figure 5A). However, we did not observe any evident trend toward improved in vitro growth of warm climate isolates compared to cool climate isolates. Both isolate BN280, exhibiting the least growth inhibition at 30°C, and isolate BN293, exhibiting the most growth inhibition at 30°C were collected from warm climate states (South Carolina and North Carolina, respectively; Figure 5A and Supplementary Table S1). All in vitro growth experiments were repeated three times with similar results. Comparison of isolate aggressiveness in causing basal stalk rot on the moderately resistant sunflower inbred line RHA 801 or the moderately susceptible line HA 89 at the elevated temperature of 30°C also revealed significant differences among isolates, but no evident trend toward higher aggressiveness of warm climate isolates at the elevated temperature (Figure 5B). None of the warm climate isolates were significantly more aggressive in causing basal stalk rot than both cool climate isolates on either tested sunflower inbred line. Overall, we found no clear evidence for improved ability of warm climate isolates to grow or cause disease at elevated temperature.
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FIGURE 5
 Effects of elevated temperature on in vitro growth and in planta aggressiveness of selected S. sclerotiorum isolates. (A) In vitro growth inhibition of S. sclerotiorum isolates collected from cool (white bars) or warm (gray bars) climates when grown on potato dextrose agar at 30°C compared to 22°C. Growth inhibition is expressed as % inhibition of mycelial expansion at 30°C compared to growth at 22°C. Means indicated by the same letter are not significantly different according to analysis with a linear mixed model and Tukey’s post-hoc test (p < 0.05). (B) Aggressiveness of isolates collected from cool (white bars) or warm (gray bars) climates in causing basal stalk rot disease on susceptible sunflower inbred line HA 89 (left) or partially resistant line RHA 801 (right) at 30°C. Aggressiveness is indicated as mean days to plant death from basal stalk rot. Means indicated by the same letter are not significantly different according to analysis with a generalized linear mixed model and Tukey’s post-hoc test (p < 0.05). Note that lower values for mean days to plant death indicated higher isolate aggressiveness in causing basal stalk rot. In both panels, error bars indicate SEM.




Genome-wide association study of aggressiveness on sunflower stem tissue

We carried out a genome-wide association study (GWAS) to identify loci contributing to S. sclerotiorum aggressiveness using a marker set of 1937 SNPs and mean stem lesion length data for isolates inoculated on sunflower inbred lines HA 207 and HA 441. For aggressiveness on HA 207, two significant associations were identified, one each on chromosomes 7 and 13 (Figure 6A; Supplementary Figure S1A). Using aggressiveness data on HA 441, a single significant association was identified on chromosome 1 (Figure 6B; Supplementary Figure S1B). To identify potential candidate genes associated with aggressiveness, we performed homology searches for predicted genes within a 20 kb window around each associated marker based on the isolate 1980 reference genome assembly. A total of eight candidate genes were identified for the association with aggressiveness on HA 441 found on chromosome 1, including a putative cytochrome P450 with homology to pisatin demethylase and a putative MFS sugar transporter (Table 2). Eight candidate genes were identified for the association with aggressiveness on HA 207 found on chromosome 7, including a predicted kinase, a putative transcription factor, and two genes predicted to encode oligopeptide transporters (Table 2). Finally, six candidate genes were identified for the association with aggressiveness on HA 207 found on chromosome 13, including a predicted galactokinase and two genes encoding putative glycosyltransferases (Table 2). To determine if any of the identified candidate genes prospectively contributing to aggressiveness are potential effectors proteins, we used EffectorP version 3.0 (Sperschneider and Dodds, 2022) to predict candidate apoplastic and cytoplasmic effectors based on the predicted secretome. A single candidate gene on chromosome 13 with homology to glycosyltranferases encodes a protein that was predicted to be secreted and identified by EffectorP as a potential cytoplasmic effector (Table 3).
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FIGURE 6
 Manhattan plots of genome-wide association for aggressiveness of 219 S. sclerotiorum isolates in causing stem lesions on sunflower inbred lines HA 207 (A) or HA 441 (B) using 1937 SNP markers. Solid lines indicate genome-wide significance thresholds with Bonferroni multiple comparison correction and dashed lines indicate genome-wide significance thresholds determined using the SimpleM method.




TABLE 2 Candidate genes at loci associated with S. sclerotiorum isolate aggressiveness on sunflower inbred lines HA 207 and HA 441 discovered by genome-wide association mapping.
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TABLE 3 Secretion and effector predictions for candidate genes at loci associated with S. sclerotiorum isolate aggressiveness on sunflower inbred lines HA 207 and HA 441.
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Discussion

S. sclerotiorum causes disease and economic loss on many crop plants and is particularly damaging to agriculture in the North Central U.S., where conditions are often favorable for disease development. This pathogen causes several important diseases on cultivated sunflower that are among the most economically impactful diseases affecting U.S. sunflower production (Markell et al., 2015; Harveson et al., 2016). Resistance to S. sclerotiorum is quantitative and controlled by many genes in sunflower and other crop hosts. Identifying aggressive isolates that are representative of the pathogen genetic diversity and understanding population structure are important for breeding efforts to improve sunflower resistance to diseases caused by S. sclerotiorum. Additionally, an in depth understanding of the mechanisms through which the pathogen causes disease can aide efforts to improve host resistance and potentially lead to novel disease control strategies. Thus, the goals of this study were to utilize a diverse collection of S. sclerotiorum isolates spanning 27 states throughout the U.S. and 25 different host plants to characterize isolate aggressiveness in causing stem lesions on two sunflower inbred lines, investigate population characteristics using SNP markers derived from GBS, and conduct GWAS to identify loci associated with isolate aggressiveness.

Assessment of isolate lesion formation on sunflower stems revealed a broad range of aggressiveness among the studied isolates and identified isolates that were highly aggressive on one or both sunflower inbred lines used for evaluations. Variation in S. sclerotiorum isolate aggressiveness has been reported previously on numerous crop hosts, including sunflower (Ekins et al., 2007; Otto-Hanson et al., 2011; Taylor et al., 2015; Denton-Giles et al., 2018; Yu et al., 2020; Rather et al., 2022). We observed only a modest correlation between isolate aggressiveness on the two sunflower inbred lines, consistent with observations of genotype-isolate interactions for S. sclerotiorum isolates evaluated on crop hosts such as soybean, canola, and sunflower (Davar et al., 2011; Ge et al., 2012; Willbur et al., 2017; Buchwaldt et al., 2022). Resistance to S. sclerotiorum is quantitative rather than governed by single, dominant resistance genes characteristic of gene-for-gene interactions commonly observed in plant interactions with biotrophic pathogens. Consequently, S. sclerotiorum populations are not generally regarded to exhibit race structure, though one prior study reported delineation of pathotypes based on differential aggressiveness of Australian S. sclerotiorum isolates on eight Brassica napus and Brassica juncea accessions (Ge et al., 2012). Collectively, these results highlight the need to evaluate germplasm resources and breeding materials with multiple isolates to adequately account for pathogenic diversity and provide information about isolate aggressiveness and genetic relatedness that will be useful in selecting isolates for future germplasm evaluations.

In this study, we identified isolates that were aggressive in causing stem lesions on two sunflower inbred lines. However, S. sclerotiorum causes several distinct diseases on sunflower, including head rot involving infection of the sunflower capitulum (floral head) and basal stalk rot involving infection of sunflower root tissues (Markell et al., 2015; Harveson et al., 2016). Sunflower resistance to S. sclerotiorum is likely to be tissue specific based on lack of correlation between head rot and basal stalk rot resistance (Talukder et al., 2014). Thus, it is not clear if S. sclerotiorum isolates that are highly aggressive in causing stem lesions will also be aggressive on head or root tissues of sunflower and additional research may be required to identify isolates suitable for resistance screening to these forms of sunflower disease.

We used GBS to genotype our isolate collection to facilitate assessment of population characteristics and genome-wide association analysis of aggressiveness. Previous studies of S. sclerotiorum populations using DNA markers have generally been conducted with modest numbers of simple sequence repeat (microsatellite) markers, typically ranging from 8–16 markers evaluated (Atallah et al., 2004; Attanayake et al., 2014; Aldrich-Wolfe et al., 2015; Kamvar et al., 2017; Yu et al., 2020). In this study, we sought to evaluate potential genetic differentiation among S. sclerotiorum isolates collected from different regions and hosts within the U.S. using a larger number of SNP markers. Our results indicated significant differentiation between isolates collected from southern and coastal regions of the U.S. with warmer climates compared to those collected from northern and central states with colder winters. In a study of 366 S. sclerotiorum isolates collected from dry edible bean across 11 U.S. states and Mexico and genotyped using 11 microsatellite markers, Kamvar and colleagues noted a similar pattern of differentiation, broadly grouping isolates into those collected from coastal regions, the midwestern U.S., and Mexico (Kamvar et al., 2017). Whether this genetic differentiation is a direct result of adaptations to temperature or other climatic factors or is instead an indirect consequence of adaptations related to factors such as different cropping systems and host plants or year-round availability of hosts in warmer climates remains unclear. Several previous studies have noted genetic differentiation between regions with distinct climate conditions, and, in some cases, higher genetic variation in populations sourced from tropical or sub-tropical regions compared to temperate regions (Carbone and Kohn, 2001; Attanayake et al., 2013; Lehner and Mizubuti, 2017). The continuous availability of host plants, allowing for more reproductive cycles in tropical and sub-tropical regions has been put forth as one potential explanation for these observations (Carbone and Kohn, 2001; Attanayake et al., 2013). However, a subsequent study comparing isolates from a temperate climate region in the U.S. to those of a tropical climate region in Brazil did not observe evidence of higher levels of genetic variation in the tropical population (Lehner et al., 2017). We considered the possibility that genetically differentiated isolates from warmer regions may be better adapted for growth or plant infection at higher temperatures. However, we did not find evidence to support this notion, as isolates collected from warmer regions did not show any clear trend toward faster in vitro growth or more severe plant infection at elevated temperature compared to isolates collected from cooler climate regions. Additional research will be required to determine if warm climate isolates possess specific adaptations for this environment, such as improved survival or germination of sclerotia at higher temperatures or other climate-related adaptations.

We utilized data for isolate aggressiveness on stem tissues of two sunflower inbred lines along with SNP marker data to conduct a genome-wide association study for discovery of loci influencing aggressiveness. Knowledge of the virulence factors employed by S. sclerotiorum to cause disease on its wide range of host plants is limited and the factors contributing to variation in isolate aggressiveness are not known. Oxalic acid is regarded as a major virulence factor for this pathogen and the role of oxalic acid in S. sclerotiorum virulence has been studied extensively [reviewed in Xu et al. (2018)]. Additionally, several studies have noted weak to moderate correlations between oxalic acid production and isolate aggressiveness (Li et al., 2008; Willbur et al., 2017; Gill et al., 2021). A relatively small number of effector proteins have been characterized up to this point [reviewed in Derbyshire et al. (2022) and Xu et al. (2018)]. In general, most of these studies have identified putative effectors using assays for necrosis-inducing activity on host plants, mutagenesis of S. sclerotiorum, or bioinformatic prediction of candidate effectors, often combined with identification of genes differentially regulated during infection (Bashi et al., 2010; Guyon et al., 2014; Lyu et al., 2016; Yu et al., 2016; Westrick et al., 2019; Tang et al., 2020; Fan et al., 2021; Gupta et al., 2022; Wei et al., 2022; Newman et al., 2023). No procedures for making crosses between isolates have been developed, precluding the use of bi-parental mapping approaches to identify genetic loci influencing aggressiveness. To circumvent this limitation, GWAS represents an alternative strategy for mapping loci influencing virulence or aggressiveness, and this approach has been successfully used to identify candidate virulence factors in other phytopathogenic fungi (Gao et al., 2016; Sánchez-Vallet et al., 2018; Shakouka et al., 2022). Here, we used GWAS to identify two loci associated with aggressiveness for stem lesion formation sunflower inbred line HA 207 and one locus associated with aggressiveness on inbred line HA 441. Several interesting candidate genes were identified near the associated markers. These include a predicted cytochrome P450 with similarity to pisatin demethylase from Fusarium species, an enzyme involved in detoxification of the pea phytoalexin pisatin (Maloney and VanEtten, 1994; Coleman et al., 2011; Milani et al., 2012). Interestingly, this candidate gene was previously observed to be upregulated during infection of B. napus, and the authors suggested a potential role in detoxification of host defensive metabolites (Allan et al., 2019). Considering the predicted functional annotation, proximity to a marker associated with aggressiveness, and prior observations of differential expression during infection, the gene encoding this predicted P450 enzyme is a strong candidate virulence factor that likely warrants additional functional characterization. We also identified a putative glycosyltransferase that was predicted to be a secreted effector protein in analysis of the S. sclerotiorum predicted secretome using the EffectorP machine learning tool (Cortázar et al., 2014; Sperschneider and Dodds, 2022). It should be noted that our GWAS used a modest number of SNP markers discovered using GBS. Higher density genotyping by whole-genome resequencing of the isolates may facilitate the discovery of additional loci associated with aggressiveness. Another potential explanation for identification of only a small number of significant loci associated with aggressiveness is that this trait is controlled by many genes with effect sizes too small to detect by GWAS or requiring a larger association mapping population. In future studies, it will be interesting to evaluate aggressiveness of isolate collections such as the one described here on multiple hosts and tissue types to determine if overlapping or distinct loci influence aggressiveness on different plant hosts and tissues. The degree to which individual S. sclerotiorum isolates or clonal lineages are better adapted to a specific host or hosts remains unclear and evaluating aggressiveness of isolates from large collections on multiple hosts should aid in addressing this question. Future functional characterization of candidate genes identified by this study using marker-replacement mutagenesis and other tools will likely improve our understanding of the strategies used by this pathogen to cause disease on a broad range of economically important host plants. Additionally, identification of S. sclerotiorum genes important for aggressiveness or virulence may facilitate targeting of these genes through biotechnological approaches such as host-induced gene silencing or spray-induced gene silencing to improve disease management.
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