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The availability of effective weed management tools against waterhemp (Amaranthus tuberculatus) is crucial to maintain profitable production of snap bean (Phaseolus vulgaris L.). Preemergence herbicides enable the crop to gain a size advantage over the weed, but the few preemergence herbicides registered in snap bean have poor control of waterhemp. Sulfentrazone, a protoporphyrinogen oxidase (PPO) -inhibiting herbicide, provides significant control of waterhemp and other problematic weeds. However, crop tolerance to the herbicide is poorly known. To quantify snap bean tolerance to sulfentrazone and investigate the underlying tolerance mechanism(s), a genome-wide association mapping study was conducted using field-collected data on a snap bean diversity panel. Response to a preemergence application of sulfentrazone was measured using plant population density and shoot biomass variables. High levels of crop tolerance were found in several entries including Bush Romano 71, Navarro, and Flamata. Snap bean tolerance to sulfentrazone is associated with multiple genomic regions, indicating the trait is likely a non-target site resistance (NTSR). Seed size is partially responsible for the tolerance, thus the genetic factors conditioning sulfentrazone tolerance are likely a combination of those driven indirectly by seed size/weight and those acting directly on the metabolism of the herbicide or ameliorating its damage. In this study, several cytochrome P450 and ABC transporter genes were localized in associated genomic regions. Alleles conditioning snap bean tolerance to sulfentrazone identified in the diversity panel shed light on herbicide metabolism and could be used in snap bean improvement.
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Introduction

Weed contamination of the packed product in mechanically harvested snap bean (Phaseolus vulgaris) is a major challenge for snap bean producers. This is exacerbated when waterhemp (Amaranthus tuberculatus) is present, as the easily broken stem pieces are difficult to distinguish from the snap bean pods. Waterhemp is the most common and troublesome weed in North American crop production systems (Van and Wychen, 2016) due to its high fecundity, discontinuous emergence pattern, rapid growth rate, and resistance to multiple herbicide modes of action. Unlike major crops such as soybean (Glycine max (L.) Merr.), transgenic herbicide resistance is not available for snap bean production and chemistries suitable for use on snap bean are limited. Expanding availability and use of herbicides from different modes of action allows herbicide rotation to improve weed control and delay herbicide resistance in weed populations (Gage et al., 2019).

Sulfentrazone effectively controls waterhemp and multiple other broadleaf weeds (United Phosphorous, 2017). Sulfentrazone is available for use in grain soybean and conditionally labeled for dry pea, cowpeas, and lima beans; however, it is not labeled for use in snap bean. One hurdle to registering an herbicide on a new crop is the unknown level of crop tolerance to the proposed herbicide. The extent of naturally occurring tolerance to sulfentrazone in snap bean cultivars and its genetic basis are unknown.

Sulfentrazone belongs to the group of protoporphyrinogen oxidase (PPO)-inhibiting herbicides (Dayan and Duke, 2010). Protoporphyrinogen IX oxidase (EC 1.3.3.4) is an oxygen-dependent enzyme essential for the biosynthesis of chlorophyll, catalyzing the oxidation of protoporphyrinogen IX to protoporphyrin IX (Poulson and Polglase, 1975). When PPO is inhibited, its substrate is exported to the cytoplasm, where it is oxidized into protoporphyrin IX. In the presence of light, protoporphyrin IX produces reactive oxygen species (ROS). Accumulation of ROS results in the degradation of lipids and proteins, loss of chlorophyll and carotenoids, and disruption of cell membranes (Maurya, 2020; Nagano, 1999).

Plants exhibit tolerance to herbicides through several mechanisms. They can be broadly divided into Target-Site and Non-Target-Site resistance (TSR and NTSR, respectively). Target site resistance results from mutations in genes encoding the protein targets, which changes the binding of the herbicides to the target protein or from increased gene number or expression (Gaines et al., 2020). Target site resistance to PPO inhibitors has been reported in a at least five plant species (Patzoldt et al., 2006; Lee et al., 2008; Rousonelos et al., 2012; Giacomini et al., 2017; Bi et al., 2020; Mendes et al., 2020). There are two isoforms of PPO encoded by two nuclear genes targeted by PPO inhibitors, plastid PPO1 and mitochondrial PPO2 (Lermontova et al., 1997). Most reported target site mutations conferring tolerance to PPO inhibitors are in PPO2 (Patzoldt et al., 2006; Dayan et al., 2017; Giacomini et al., 2017; Rangani et al., 2019), with only one reported instance of target site mutation in PPO1 (Bi et al., 2020).

Non-target-site resistance to herbicides results from altering one or more physiological processes, including absorption, translocation, sequestration, and metabolism. These processes provide defense against a wide range of xenobiotic compounds. Metabolic tolerance to xenobiotics can be mediated by detoxification of the molecule and by amelioration of its effects in the cell. The current model for xenobiotic detoxification involves detection and signaling, transformation and transport, and compartmentalization (Edwards et al., 2011; Cavé-Radet et al., 2020). Genes involved in metabolism of xenobiotics (the “xenome”) also function in multiple biopathways of naturally occurring secondary compounds.

Sulfentrazone-induced ROS production results in oxidative stress. The oxidative stress phenomenon accompanies nearly all stresses in plants (Demidchik, 2015); therefore, plants have developed mechanisms to sense and ameliorate it. Networks linking respiration, photosynthesis, plant hormones, antioxidant enzymes, antioxidant compounds and chaperone proteins protect the cells against oxidation (Lee et al., 2000; Yamauchi et al., 2012; Luhua et al., 2013; Sah et al., 2016; Mahmood and Dunwell, 2020; Maurya, 2020; Dumanović et al., 2021). Those same mechanisms may play a role in tolerance to sulfentrazone.

The mechanisms of NTSR are more complex to decipher than TSR and can impart cross-resistance to herbicides with different modes of action (Jugulam and Shyam, 2019). Tolerance to PPO inhibitors in different plant species due to NTSR has been reported (Jugulam and Shyam, 2019). Rapid metabolism of the herbicide and differential tolerance to peroxidative stress are postulated to be the basis of the tolerance to sulfentrazone exhibited by soybean cultivars (Dayan et al., 1997; Hulting et al., 2001). Understanding the mechanisms and genetic basis of NTSR is essential for both the management of the evolution of weed herbicide resistance (Délye, 2012) and to assist the breeding of crops with tolerance to specific herbicides.

One successful approach to study traits without a known genetic structure is the genome-wide association study (GWAS). This approach involves scanning the genome of a species to identify markers with peak statistical associations with one or more traits of interest. (Manolio, 2010). In general, a GWAS is capable of identifying genomic regions that are likely to contain loci of moderate- to large effect (Lipka et al., 2015; Delfini et al., 2021).

In this study, we used a snap bean diversity panel combined with a GWAS approach to investigate the genetic basis of sulfentrazone tolerance. We hypothesize that the response of snap bean to sulfentrazone is genetically controlled. The objectives were to 1) determine the extent to which sulfentrazone tolerance exists in snap bean, 2) dissect the genetic architecture of sulfentrazone tolerance, and 3) identify genomic regions associated with snap bean tolerance to sulfentrazone.



Materials and Methods


Germplasm

A subset of the SNap bean Association Panel (SNAP) comprising 277 genotypes was used in this study (Hart et al., 2015). The panel represents the diversity of snap beans grown in the US over the last century, including bush and pole growth habits, fresh and processing markets, numerous pod sieve classes, and variations of several other traits (Supplemental Table 1).

The original SNAP population was genotyped using Genotyping by Sequencing (GBS) at the Cornell University Institute of Biotechnology Genomic Diversity Facility. Barcode of raw Illumina sequence reads was trimmed off and aligned to the reference Andean G19833 Phaseolus vulgaris v2.1 genome sequence (https://phytozome-next.jgi.doe.gov/info/Pvulgaris_v2_1) using Bowtie2 v2.4.1 (Langmead and Salzberg, 2012). The alignments in BAM format were sorted by SAMtools v1.9 (Li et al., 2009).

SNP discovery and genotype calling were conducted using NGSEP v3.3.0 (Next Generation Sequencing Experience Platform) pipeline (Perea et al., 2016) with G19833 Phaseolus vulgaris v2.1 as the reference genome (Schmutz et al., 2014). Maximum base quality score was set to 30, and the quality minimum was set to 40 for reporting a variant. All SNP markers detected with less than 50% missing values and a minor allele frequency (MAF) of at least 0.05 were retained to perform imputation with ImputeVCF module into NGSEP, which is a reimplementation of the Hidden Markov Model (HMM) implemented in the package fastPHASE (Scheet and Stephens, 2006). Annotation of variants was performed using the command Annotate by NGSEP. A total of 20,619 SNP was included in the analysis.



Field Experiment

A field experiment was conducted at the University of Illinois Vegetable Crop Farm near Urbana, IL, in 2019 and 2020. A different field was used each year. The soil was a Flanagan silt loam (fine, smectitic, mesic Aquic Argiudolls) averaging 3.5% organic matter and a pH of 5.9. The preceding crop was soybean. Two passes of a field cultivator equipped with rolling baskets were used to prepare the seedbed. Experiments were planted on June 27 and June 18 in 2019 and 2020, respectively.

The experimental design was a strip plot with three blocks (replications). Each block consisted of vertical strips of an herbicide treatment factor and horizontal strips of a genotype treatment factor (horizontal strips orthogonal to vertical strips). Herbicide treatment plots received one of two levels within 24 hours after planting: sulfentrazone at 860 g a.i. ha-1 or a nontreated control. The sulfentrazone rate, a two times recommended use rate in soybean for soil at the location, was chosen to represent an overlap of the highest possible practical rate for maximum weed control. Moreover, preliminary dose-response trials identified sulfentrazone at 860 g a.i. ha-1 would discriminate between sulfentrazone tolerant and susceptible genotypes (M. Williams, personal observation).

Genotype treatment plots consisted of single rows (76-cm spacing) of individual genotypes transecting both herbicide treatment strips. Each genotype by herbicide subplot was 2.4 m in length planted with 30 seeds to a depth of 2.5 cm.

Because the weather forecast on the day of herbicide application in 2020 indicated no rain was expected for the next ten days, 1.3 cm of water was applied with an overhead sprinkler irrigation system to incorporate the herbicide. At the time of crop emergence, an additional 0.6 cm of water was applied to loosen the soil and avoid seedling mortality from soil crusting.



Greenhouse Experiment

We used the phenotypic data from both years to select genotypes with contrasting response to sulfentrazone, and for which sufficient remnant seed was available. Navarro (highly tolerant) and Goldmine (sensitive) were selected. Seeds were separated using screens to obtain bulks of the largest and smallest 25% for each genotype. This procedure created four seed categories through combination of genotype and seed size class: Goldmine Extra-Small (GS), Goldmine Extra-large (GL), Navarro Extra-Small (NS) and Navarro Extra-Large (NL). We determined the average 100-seed weight for each category by taking four random samples of 100 seeds from the bulks. The screen sizes and average 100-seed weight of each of the categories are shown in Supplemental Table 2.

Seeds were germinated on moist paper towels for 5 days at 27°C before planting. Only seeds with an emerged radicle between 5 to 10 mm were used. Seeds were sown in 22cm x 22cm x 5cm (Length x Width x Height) flats filled with a soil:sand:perlite:Berger BM2 gemination mix in proportions 1:1:1:3. An eight-seed row of each seed category was planted per flat. The order of the seeds categories within each flat was randomized. After planting, flats were watered to soil saturation and drained by gravity. Herbicide treatments were applied one day after planting.

Treatments consisted of sulfentrazone applications at rates of 0, 430, 860, 1,720 and 3440 g a.i. ha-1 (i.e. 0, 1, 2, 4, 8X the recommended dose for soybean). Applications were made using a compressed air research sprayer (DeVries Manufacturing, Hollandale, MN) fitted with a TeeJet 80 015 EVS nozzle (TeeJet Technologies, Wheaton, IL) calibrated to deliver 185 L ha−1 at 275 kPa. Four flats were assigned to each treatment. Following application, plants were placed on greenhouse benches in four blocks, with each treatment present in a block in a randomized order. Thus, the design was a randomized complete block with four replications.

Greenhouse conditions were maintained at 28/22°C Day/night with a 16:8 h photoperiod. Natural sunlight was supplemented with mercury halide lamps to provide 800 µmol m−2 s−1 photon flux at the plant canopy. Flats were watered manually as needed.



Data Collection


Field Experiment

Prior to planting, seed weight (Seed Wt) was taken from a random sample of 100 seeds per genotype. The 100-seed weight of seed lots of both years were averaged to represent the seed weight of each genotype. The 100-seed weight was used as a proxy measurement of seed size (e.g. Giles, 1990; Roy et al., 1996; Navarro et al., 2018).

Three measures of snap bean response to sulfentrazone were determined three weeks after planting. Seedlings were counted to determine plant density (PD). This measure reflects a combination of germination and seedling establishment. At the same time, individual plant shoot biomass was determined. Three plants were randomly selected from each subplot and cut at the soil surface. Shoots were dried until constant weight to determine biomass plant-1 (BP). This measure gives an estimate of seedling growth. Since sulfentrazone appeared to affect both the emergence and growth of the crop, a cumulative measure of snap bean response was determined. Snap bean total plant biomass m-2 (TPB) was calculated by multiplying the number of plants per m2 in the plot by biomass plant-1. Traits measured in treated plots are indicated by the subscript ‘sulfen’ (e.g., PDsulfen), while those measured in control plots are indicated by subscript ‘control’ (e.g., PDcontrol). The level of tolerance of the genotypes to sulfentrazone was calculated from the above measures by expressing the values of the traits in the treated plots as percentage of the values in the control plots (e.g., Traitsulfen/Traitcontrol). Tolerance traits were named PDperc, BPperc and TPBperc.

Daily rainfall and temperature were obtained from a weather station located within 1 km of the experiments (Illinois State Water Survey, Champaign, IL). Growing degree days (GDD) were calculated using a base temperature of 7 C.



Greenhouse Experiment

Assessment of plant response in the greenhouse experiment was completed two weeks after planting. Plant density (PD) was measured by counting the number of emerged seedlings of each treatment. All seedlings were cut at the soil surface for each treatment and dried at 60°C. Average dry biomass per plant (BP) was obtained by dividing the total dry biomass of seedlings by the number of seedlings. The relative response of PD and PB (PDperc and BPperc, respectively) to sulfentrazone treatments was calculated by dividing the PD or BP value of each treatment by the control (PD or BP value at 0X dose) within each block.




Data Analysis


Field Experiment

Plant density, BP, and TPB were analyzed by ANOVA using the aov() function in R studio using the following model:

	

where Yijlk is the trait value of the plot in the kth block in the lth year, with the ith genotype for the jth treatment. µ is the overall mean of the experiment, Gi is the main effect of the ith genotype, Tj is main effect of the jth treatment, Yl is the main effect of the lth year, (GY)il is the interaction effect between the ith genotype and the lth year, B(Y)k(l) is the effect of the kth block nested within the lth year and εijlk in the error term associated with plot in the kth block in the lth year with the ith genotype that received the jth treatment. All effects were declared significant at α=0.05.

Broad-sense heritability for PD, BP and TPB was calculated as function of variance components, as described in Holland et al., 2002. Variance components were obtained by fitting a linear model with the lm() function using the model above. Chip-based heritability was automatically calculated by the program GAPIT (Lipka et al., 2012), as implemented in the HAPPI-GWAS package (Slaten et al., 2020). For traits PDperc, BPperc and TPBperc, variance components were obtained using the model:

	

Pearson correlation analysis between morphological crop characteristics and tolerance to sulfentrazone was conducted in SYSTAT 13 (SYSTAT Software Inc., San Jose, CA). Correlations were subjected to Bonferroni corrections to account for multiple testing (Neter et al., 1996). Pearson correlations between traits and across years were calculated using the procedures cor and Rcorr of package Hmisc (R studio). Data were visualized using the package Corrplot.



Greenhouse experiment

Analysis of variance was performed for PDper and BPperc using the following model:

	

where Yiwjk is the trait value of the row with the wth seed size class of the ith genotype, located in the kth block for the jth treatment dose. µ is the overall mean of the experiment, Gi is the main effect of the ith genotype, Sw is the main effect of the wth seed size level, Tj is the main effect of the jth year, (GS)iw is the interaction of the ith genotype and jth treatment, (GT)ij is the two way interaction effect between the ith genotype and the jth treatment, Bk is the main effect of the kth block and εiwjk is the random error term associated with the row in the kth block in the jth year with the wth seed size of the ith genotype.

Dose-response curves for each seed category were calculated using a Weibull model to fit the PDperc and BPperc values observed over the herbicide treatment levels. The model used was the four-parameter Weibull-1:

	

where y is the PD or BP as percentage of nontreated control at the x dose of the herbicide. The parameters c and d are the lower and upper horizontal asymptotes, respectively. The parameter b is proportional to the slope of the dose–response curve at the dose e, and parameter e is the inflection point of the dose–response curve.

Analyses were carried out in R studio. Function lm() was used to fit the linear model and Anova() function from the car package was used to calculate analysis of variance. As the data was balanced, Type II ANOVA was used. Function drm() of the package drc with the non-linear function W1.4 was used to calculate the dose-response curves (Ritz et al., 2015). Parameter c was fixed to 0. Effective doses to achieve 50% reduction for PDperc (lethal dose 50% = LD50) and BPperc (growth reduction 50% = RG50) were estimated from the dose-response curves using the function ED(). All effects were declared significant at α=0.05.




Data Preparation and GWAS Analysis

Normality of the data was assessed using the R rstatix package, Shapiro_test(). Box-Cox transformation was applied when necessary (Box and Cox, 1964). Lambda values for each trait were calculated using the function boxcox() of the MASS package (R studio). For traits with negative effect values, a constant was added to the data to allow for calculation of Lambda, and the transformation was applied to the raw values. Transformed datasets were used to calculate the best linear unbiased predictions (BLUPs) to reduce the environmental influence. BLUPs were determined for the tolerance traits using the function lmer() of the lme4 package, with genotype and block as random effects in the model for the individual year analysis, and genotype, year, genotype by year interaction and block within year as random effects for the join analysis. The conditional means of the genotypes was extracted using the function ranef () of the lm4 package.

The best linear unbiased predictions were used as input for HAPPI-GWAS and MrMLM programs. The degree of correlation with population structure varies according to the trait; therefore, forward model selection using the Bayesian information criterion (BIC) was used to determine the optimal number of principal components (PCAs) to include in the GWAS models for each trait. The optimal number of PCA for inclusion in the model was two PCA for BPcontrol (2020) and Seed Wt. For all other trait/year combinations, no PCA were included in the model. The analysis was run independently for each year, and jointly for both years.

As a correlation for seed weight and tolerance traits was observed in the field experiments, and the seed weight effect was confirmed in the greenhouse experiment, GWAS analysis was conducted with and without Seed Wt as covariate to detect tolerance-associated loci independent of the effect of Seed Wt.

The statistical model used in the GWAS was the unified mixed linear model (MLM; Yu et al., 2006), as implemented in HAPPI-GWAS, which was fitted at each SNP. The Benjamini and Hochberg (1995) procedure was used to control from multiple testing at a genome-wide false discovery rate of 5%. The kinship matrix was automatically calculated by GAPIT using the VanRaden method (VanRaden, 2008). The analysis was also performed using multi-locus random-SNP-effect models mrMLM, FASmrEMMA, pLARmEB, and pKWmEB from the MrMLM package (Zhang et al., 2020) to further validate the SNPs identified with the MLM model. Associations were considered significant if the FDR adjusted p-value was ≤ 0.1 for the MLM model, or by logarithm of the odds score of 3 for the MrMLM package. Description of the effects of significant SNPs were based on the results of the MLM model, with an indication as to whether the multi-locus random SNP-effect models also identified the SNP. While the determination of the significant SNPs was done with the transformed data, determination of the allelic effect was based on the raw data for ease of interpretation.



Haploblock Analysis

The extent of linkage disequilibrium surrounding the identified SNPs was determined using the option extractHaplotype (Barrett et al., 2004) in HAPPI-GWAS, with a window size of 1000kb. Input gene annotation file was downloaded from Phytozome 13 (Phaseolus vulgaris v2.1, DOE-JGI, and USDA-NIFA, http://phytozome.jgi.doe.gov/). Genes contained within haploblocks were identified with the searchGenes option.



Concordance With Previously Identified Genomic Regions

A literature search was conducted for QTL or GWAS studies for related traits to those of this study in P. vulgaris, G. max, M. truncatula, and other legumes. Traits included 100-seed weight, germination and seedling vigor traits under normal and stress conditions, biomass accumulation, and plant height. Genomic synteny and gene homology was used to compare the segments and genes from literature and the intervals identified in this study.



Candidate Genes Putative Function

The functional annotations of the genes present in the GWAS intervals were downloaded from the Phytozome 13 database using the Biomart tool (https://phytozome-next.jgi.doe.gov/biomart/martview/11d06b77024149363ecfbd4a86929773). Putative function, experimental evidence, and phenotype of mutants for the Arabidopsis homologs of the Phaseolus genes were obtain from the Tair database (Arabidopsis.org).




Results


Environmental Conditions

While growing degree days from planting to three weeks later were relatively similar across years, water supply was different. The experiment in 2020 had about 30% more water than in 2019 (Figure 1). These differences were most pronounced during crop emergence, 4 to 7 days after planting, driven by rainfall a few days after the irrigation event.




Figure 1 | Cumulative water supply (rainfall + irrigation, (A) and growing degree days (B) three weeks after planting in 2019 and 2020 in a field trial near Urbana, IL. Circles markers: 2019. Square markers: 2020.





Distribution of Traits in the Association Panel

Phenotypic values were evaluated by year to analyze their distribution. Normality tests failed to reject the assumption of normality for Seed Wt. Traits PDcontrol, BPcontrol, and TPBcontrol presented slight deviations from the normal distribution in both years. Traits PDsulfen, BPsulfen, TPBsulfen, and their values relative to the nontreated control (PDperc, BPperc, and TPBperc) were skewed to the right, reflecting the sensitivity of most entries to sulfentrazone. For all traits, the values in 2020 were lower than those in 2019, suggesting that the 2020 environment was less favorable for crop growth. The greater water supply in 2020 likely contributed to greater herbicide bioavailability, compared to 2019. Analysis of variance confirmed the effect of genotype, treatment, and year. The effect of environment on the genotype response is evident in the significant genotype by year interactions (Table 1).


Table 1 | Significance (P) of main effects of snap bean genotype (G) and herbicide treatment (H), year (Y) and their interaction (GxH) on crop response in the field experiment.





Correlation of Traits Across Years

Despite year-to-year variation, all traits were positively correlated across years (Figure 2). The strength of the relationship was higher for traits in the control (r = 0.97, 0,77, and 0.62 for Seed Wt, PDcontrol, and BPcontrol respectively), medium for traits that measured absolute values in the sulfentrazone treatment (r = 0.60, and 0.61 for PDsulfen and BPsulfen, respectively) and lower for relative measures of herbicide tolerance (r = 0.50 and 0.35 for PDperc and BPperc, respectively). It is possible that environment had a higher effect on herbicide tolerance traits than on other plant traits. Indeed, it is known that in soybean, the response of cultivars to sulfentrazone applied preemergence is influenced by soil moisture (Swantek et al., 1998). Wetter growing conditions may have increased injury in partially tolerant genotypes in 2020 compared to 2019, resulting in lower correlations between years.




Figure 2 | Correlations among traits across years. The color and size of the circle depict the strength of the relationship. Only correlations with p ≤0.05 are shown.





Correlation Among Traits

Morphological characteristics, apart from Seed Wt, were not correlated with tolerance to sulfentrazone (Supplemental Table 3). Seed Wt had a positive correlation with all PD and BP measures except for PDcontrol (Figure 2). The strength of the relationship was highest for BP related variables (r = 0.72 for BPcontrol, r=0.63 for BPsulfen, and r=0.33 for BPperc). PD variables had a correlation of r= 0.32 for PDsulfen and r=0.37 for PDperc. PD measures under herbicide treatment (PDsulfen and PDperc) and BP measures under herbicide treatment (BPsulfen and BPperc) were positively correlated in both years. In contrast, PDcontrol and BPcontrol were not significantly correlated with each other. This may suggest that genetic factors driving germination and growth in the control treatment are primarily independent from each other, while common genetic factors may influence germination and growth in the sulfentrazone treatment. Positive correlations between the traits in both the control and sulfentrazone treatment suggest seedling vigor contributes to sulfentrazone tolerance.



Response of Snap Bean Genotypes to Sulfentrazone

Genotypes exhibited varying degrees of sensitivity to sulfentrazone, with differences observed in both plant density and biomass. As such, some genotypes were considered highly tolerant, some had an intermediate response, and the majority were sensitive. The ten most tolerant and sensitive genotypes are shown in Tables 2, 3, respectively.


Table 2 | List of snap bean genotypes in the SNAP diversity panel most tolerant to sulfentrazone.




Table 3 | List of snap bean genotypes in the SNAP diversity panel most sensitive to sulfentrazone.





Trait Heritability

The broad-based heritability and the portion of the phenotypic variation that can be explained by the genotyped genetic markers (chip-based heritability) of the traits is shown in Table 4. Broad based heritability was higher than the proportion explained by the significant markers for all traits, indicating incomplete identification of the genomic regions controlling the trait.


Table 4 | Estimated heritability as percentage of total variability observed.





Greenhouse Experiments on the Effects of Seed Size and Genotype on Tolerance Traits

All main effects were statistically significant, indicating that at least for the tested genotypes, both seed size and genotypes influence the tolerance to sulfentrazone over a wide range of doses (Table 5).


Table 5 | Significance of main effects of snap bean genotype (G), seed size (S) and herbicide dose (H), Block (B) and their interactions on response variables for genotypes Goldmine and Navarro and extra-large and extra small seed size classes.



Dose-response was influenced by genotype and seed size (Figure 3). Genotype Navarro and seed size extra-large within genotype, were the least injured across a range of sulfentrazone doses. LD50 values were calculated to be 3,477 (NL), 2,997 (NS), 2,085 (GL) and 1,071 (GS) g sulfentrazone ha-1 (Supplemental Table 4). Calculated extra-large seed to extra-small seed (L/S) LD50 ratio for Goldmine was 1.95, indicating that for the genotype Goldmine, it requires double the dose of active ingredient to cause 50% mortality to the extra-large seed category compared to the extra-small. GR50 values were calculated to be 3,399 (NL), 3,066 (NS), 1079 (GL) and 709 (GS) g sulfentrazone ha-1 (Supplemental Table 4). Calculated L/S GR50 ratio for Goldmine was 1.52, indicating that for the genotype Goldmine, it requires 50% more active ingredient to cause 50% reduction in seedling growth for the extra-large seed compared to the extra-small. Calculated L/S ratio for LD50 and RG50 in the Navarro genotype the were 1.16 and 1.11 respectively, indication that for this genotype, the increases in seed size had a positive but small effect on increasing tolerance. These results indicate that at least for some genotypes, larger seeds have increased tolerance, reflected in the higher amount of active ingredient required to reach LD50 and GR50.




Figure 3 | Effect of genotype and seed size on response of snap bean to sulfentrazone dose. (A) Plant density as a percentage of the nontreated control. (B) Dried biomass per plant as a percentage of the nontreated control. NL, Navarro seed class extra-large; NS, Navarro seed class extra-small; GL, Goldmine seed class extra-large; GS, Goldmine seed class extra-small. Error bars represent one standard deviation from the mean of the category and dose combination.



To determine if there were differences in the response between the two genotypes independently of seed weight, we compared the Goldmine extra-large and Navarro extra-small categories. These two seed categories have comparable 100-seed weight of 28.5g and 29.5g, respectively. The LD50 of NS was 2,999g and that of GL was 2,086g (NS/GL ratio of 1.44). The GR50 of NS was 3,066g and that of GL was 1,079 (NS/GL ratio of 2.84). Therefore, other genetic factors independent of seed weight effect also play a role in the tolerance to sulfentrazone.



Genome-Wide Association Studies


Seed Weight

After the GWAS analysis, we selected SNPs with the lowest non-adjusted p-value. SNPs identified in both years and selected by more than one model were used to propose candidate genes. We evaluated our approach using the trait Seed wt. Seed size is an important quality trait in snap bean breeding due to its influence on consumer preference and harvest window for immature pods (Myers and Baggett, 1999; Singh and Singh, 2015). In general, larger seed size is detrimental for pod quality. Seed weight is an important component of yield in crops and, as such, there are numerous studies on the genetics underlying the trait. We compared our results with the genomic regions identified in previous studies in common bean and soybean. We found 58 regions associated with Seed Wt. Of those, 24 are on or near regions and genes previously identified as involved in determining seed weight in other studies (Supplemental Table 6). For example, the MTA detected in Chr07: 5431629 spans a region near the cluster of genes that code for phaseolin seed storage proteins (Nodari et al., 1992; Koinange et al., 1996; Park et al., 2000). Phaseolin has been demonstrated to be associated with one-hundred seed weight, seed width, and seed length (Blair et al., 2009). Therefore, we believe our approach allows us to detect relevant genomic regions for the sulfentrazone tolerance traits studied.



Plant Density and Biomass Accumulation Under Control and Sulfentrazone Treatments

The GWAS analysis for the response traits not using seed weight as covariant resulted in multiple marker-trait associations (MTAs) (Supplemental Tables 7, 8), but the majority were not significant at the genome-wide false discovery rate of α = 0.1. We are reporting the SNPS significant with a non-adjusted p-value ≤0.005. As the haploblocks for each significant SNP were determined based on the linkage disequilibrium between itself and neighboring SNPs, only a representative SNP within a haploblock interval was selected to represent the genomic interval covered under the haploblock. Overlapping haploblock intervals were considered to belong to the same genomic region for the purpose of candidate gene search. Shaded regions represent SNPS that were selected based on occurrence in both years and identification under multiple models.

For plant density, there were a total of 150 MTAs with a non-adjusted p-value ≤0.005 (Supplemental Table 6). Seven, thirteen, and seven MTAs were detected independently in both years and in joint analysis for PDcontrol, PDsulfen, and PDperc, respectively. Sixteen MTAs were detected for both PDcontrol, and either or both PDsulfen and PDperc. On average, each representative marker explained 2.0 to 4.0% of the phenotypic variance (PV) determined as the difference in the R2 of the model with and without the SNP.

For BP, a total of 167 MTAs with a non-adjusted p-value ≤ 0.005 (Supplemental Table 7). Eight, four, and three MTAs were detected in both years independently and in joint analysis for BPcontrol, BPsulfen and BPperc, respectively. Twenty MTAs were associated with both BPcontrol, and both or either PDsulfen and PDperc. Two MTAs were associated with BP under all conditions. Each representative marker explained 1.5 to 3.4% of the PV.

Colocalized GWAS signals were identified between the measured traits (Supplemental Table 8). There were 41 MTAs that were associated with both PD and BP under at least one condition. For the traits measured under sulfentrazone treatment or as percentage of control, there were 35 colinear MTAs between PD and BP. Of those, 12 were also detected in either or both PD and BP under control conditions, with the remaining 23 detected only under sulfentrazone stress. Four MTAs were detected for PD and BP under control conditions, and PD under sulfentrazone stress. Two MTAs were detected in BP under control conditions and PD under sulfentrazone stress. For the MTAs detected in the control condition only, there was no collinearity between the regions associated with PDcontrol and BPcontrol.

We detected a positive correlation between Seed Wt and both PD and BP in the sulfentrazone treatment. In the control treatment, Seed Wt was negatively correlated with PD in 2020 and positively correlated with BP in both 2019 and 2020. Reflecting these phenotypic correlations, there are nine colinear MTAs between PDsulfen and/or PDperc, and Seed Wt, and 12 colinear MTAs between BPsulfen and/or BPperc and Seed Wt. Six MTAs were colinear for both PD and BP under at least one condition and Seed Wt. For the MTAs detected in the control only, there were no colinear MTAs between PD and Seed Wt, and seven MTAs between BP and Seed Wt (Supplemental Tables 6-8).

Chromosomes 1 and 4 contain most MTAs collinear between PD and BP traits. Four and 12 collinear MTAs are in chr:1 5474118-6732013 bp, and chr1:44327992—50793332 bp, respectively. Eight colinear MTAs are in Chr4: 1593169-3102077. The sulfentrazone tolerance MATs in regions chr:1 5474118-6732013 and Chr4: 1593169-3102077 were not associated with the Seed Wt trait, making them suitable to be used for breeding.



MTAs and Candidate Genes From Literature

We found multiple genomic regions associated with sulfentrazone tolerance, therefore, it is possible that multiple mechanisms contribute to the observed tolerance. Based on the findings that some genomic regions are associated with the traits under both the control and sulfentrazone treatment, general stress tolerance genes may be involved in the tolerance to sulfentrazone. We were interested in stresses that result in oxidative stress in the plant, such as drought, salinity, and flooding stresses. Several MTAs from this study were near genomic segments associated with multiple stresses (Supplemental Table 9). Such QTL hotspots for multiple stress resistances are also observed in other species (e.g., Abdel-Ghani et al., 2019).

The candidate genes for sulfentrazone tolerance under the TSR hypothesis are the genes encoding the PPO enzymes. The genomic location of those genes in the Phaseolus genome are Chr01: 33,098,528-33,103,479, and Chr07: 18,072,151-18,094,811 for PPO1 and PPO2, respectively. There were not polymorphic markers in the genic region of either gene. The closest SNPs upstream and downstream the genes were not detected as significant under the conditions of our analysis. The closest SNP significantly associated for PDsulfen in both years is 212,728 bases downstream PP1, and its interval does not span the PPO gene. There were no other consistently associated SNPs for sulfentrazone tolerance traits within 500K of either of the PPO genes’ position.



Proposed Candidate Genes for Sulfentrazone Tolerance Based on the Location of the GWAS Peaks Independently of Seed Weight

GWAS analysis was conducted using Seed Wt as covariant to identify regions that were associated with tolerance independently of seed weight (Supplemental Tables 10, 11). After filtering the MTA for regions that were significant for both PDperc and BPperc, four genomic regions were selected for further study (Supplemental Table 12). These regions are most likely to harbor genes influencing tolerance. Region Chr01: 5,474,118- 6,218,687 contains three significant SNPs that have an allelic change effect between 7.7 and 8.2 percentage points for PDperc and 9.1 and 11.5 percentage points for BPperc. Region Chr01: 50,593,075 – 50,793,332 contains three significant SNPs that have an allelic change effect between 3 and 8.3 percentage points for PDperc and 9.5 and 9.6 percentage points for BPperc. Region Chr04: 1,593,169 – 3,102,077 contains 11 significant SNPs that have an allelic change effect between 3.7 and 10.1 percentage points for PDperc and 5.3 and 10.7 percentage points for BPperc. Region Chr08: 52,620,196 – 53,099,410 contains one significant SNP that has an allelic change effect between 4.2 and 5.4 percentage points for PDperc and 5.5 and 6.7 percentage points for BPperc.We used the models for xenobiotic detoxification and oxidative stress tolerance from Edwards et al. (2011), (Cavé-Radet et al., 2020), and Rigon et al. (2020), and the putative functions and functional domains of the genes found in the intervals to identify genes with possible roles in the mechanisms of tolerance. Places in the sulfentrazone tolerance model in which the genes identified in the GWAS intervals may have a role is shown underlined in Figure 4. Gene names and putative function are shown in Supplemental Table 12. Further studies are needed to confirm their involvement in tolerance mechanisms and their specific roles.




Figure 4 | Tolerance to sulfentrazone is mediated by NTSR. Left side of the figure: Possible mechanisms and gene products involved in the transformation, transport, and sequestration of sulfentrazone and its metabolites. Solid black arrows show likely metabolic pathways of experimentally observed metabolites in plants. Grey solid arrows show excretion and sequestration of xenobiotics not yet experimentally confirmed for sulfentrazone. General mechanisms of plant response to oxidative stress is shown in the right side of the figure. Possible roles of the products of the genes identified in the GWAS analysis are shown within blue boxes in bold font. Sulfentrazone metabolic degradation information from Aizawa and Brown, 1999, and Dylan et al, 1997. General herbicide detoxification and sequestration information from Gaines et al., 2020; ABC transporter roles from Kang et al., 2011, Conte and Lloyd, 2011; Kyle and Vogt, 2017; and Li and Fengler, 2017. Xenobiotic detoxification models from Edwards et al., 2011 and Cavé-Radet et al., 2020. ROS response models and information from Urano et al., 2013; Demidchik, 2015; and Dumanović et al., 2021. ABC transporters, ATP-binding cassette transporters; GSH, Glutathione; NADPH, Nicotinamide adenine dinucleotide phosphate; P450, Cytochrome P450 enzyme; PPIX, Protoporphyrin IX; Proto IX, Protoporphyrinogen. IX, RGS, Regulator of G-protein; ROS, Reactive oxygen species.







Discussion

At a rate equivalent to a 2X use rate in soybean, sulfentrazone is injurious to snap bean. On average, sulfentrazone decreased plant density 55% and biomass per plant 39%, respectively, relative to the nontreated control. The extent of injury varied between years. Reductions of 42% and 26% for plant density and biomass per plant, respectively, were observed in 2019, compared to reductions of 64% and 48%, respectively, in 2020. This shows an environmental influence on crop injury. Previous studies in soybean found crop injury from sulfentrazone varies with environmental conditions, including soil moisture and temperature (Swantek et al., 1998; Taylor-Lovell et al., 2001). Wet soils may increase incidence of injury due to increased bioavailability of sulfentrazone. The increased injury we observed in 2020 compared to 2019 may be due to the higher soil moisture observed in 2020. Currently, sulfentrazone is not registered for use in snap bean. Prior to supporting an herbicide for a specialty crop, sufficient product performance and crop safety data are required (Kunkel et al., 2008). Our research demonstrates that tolerance to sulfentrazone exists in snap bean; however, this tolerance at 2X use rates for soybean is limited to a handful of cultivars. Although sulfentrazone is unlikely to be a viable herbicide for waterhemp control in snap bean in the near future, investigation of the genetic basis for this sulfentrazone tolerance contributes to the broader, mechanistic understanding of plant response to xenobiotics in the environment.

Snap bean tolerance to sulfentrazone is at least partially controlled by genetic factors. Tolerance was heritable and some snap bean entries were consistently tolerant to sulfentrazone. For five of the most tolerant entries, average total biomass reduction was less than 19%. Multigenic traits are strongly affected by the environment (Lynch and Walsh, 1998). It is possible that the tolerance observed is controlled by multiple genes, and the most tolerant genotypes represent the pyramiding of multiple tolerance alleles. Results of this study suggest that highly tolerant entries can protect against injury under varied environmental conditions. The genetic variability present in the snap bean panel can be used to further increase sulfentrazone tolerance.

Snap bean market classes are dictated mainly by pod shape and plant growth habits. We did not find a differential response to sulfentrazone due to pod characteristics, seed color, or plant growth habits. Therefore, market class is not a predictor of genotype tolerance to sulfentrazone in snap bean. In contrast, previous studies in dry bean have found differential response of market classes to several herbicides including flumioxazin and sulfentrazone (Urwin et al., 1996; Renner and Powell, 2002; Soltani et al., 2003; Soltani et al., 2004; Soltani et al., 2005; Wilson, 2005; Soltani et al., 2006; Hekmat et al., 2007). For dry bean, market class is determined by a combination of seed color, shape, and size. Larger-seeded cultivars are among the most tolerant in previous studies. This trend is evident in Viecelli et al. (2021), which determined that medium (25 to 40 g/100 seeds) to large seed size (>40 g/100 seeds) dry bean genotypes were more tolerant to sulfentrazone than smaller seed size classes.

In agreement with (Viecelli et al., 2021), seed weight was positively correlated with sulfentrazone tolerance in the panel. The link between seed weight/size and herbicide tolerance is observed in other species and herbicides. In ryegrass, seed weight was positively correlated with seedling vigor and survival to multiple postemergence herbicides (Maity et al., 2021). The mechanism underlying the correlation between seed weight and herbicide tolerance is not known. Seed size significantly impacts seedling emergence and establishment in multiple plant species and environmental conditions (Guillemin and Chauvel, 2011; Čanak et al., 2020). Generally, larger seed size results in more vigorous seedlings with increased capacity to adapt to stresses (Winn, 1988; Pluess et al., 2005; Ambika et al., 2014). Therefore, the correlation between seed size and herbicide tolerance may be related to seedling vigor. Larger seedlings may be able to withstand injury, allowing for herbicide metabolization and recovery. In this panel seed weight is confounded with genotype. We evaluated the effect of seed weight on the response to sulfentrazone by testing pools of viable seeds of contrasting sizes within the same genotype. For two genotypes, the larger seed class conferred greater sulfentrazone tolerance. However, seed size alone does not account sulfentrazone tolerance. Therefore, genetic factors conditioning sulfentrazone tolerance are likely a combination of those driven indirectly by seed size/weight and those acting directly on the metabolism of the herbicide or ameliorating its damage.

Herbicide tolerance through TSR often results in a fitness penalty for the plant (Vila-Aiub et al., 2009; Torres-García et al., 2015). In this study, tolerance to sulfentrazone was positively correlated with establishment and growth in the nontreated control. This suggests that general mechanisms, conferring seedling vigor and general abiotic stress tolerance, play a role in conferring tolerance to sulfentrazone. The scenario of general stress tolerance is more plausible under the hypothesis of NTSR. Enhanced metabolism would degrade the herbicide before it becomes lethal to the plant. Increased hormone levels may result in higher germination rates and seedling vigor, allowing more plants to escape herbicide toxicity. Such general stress tolerance mechanisms have been postulated for sulfentrazone tolerant populations of wild oat that showed cross-tolerance to several herbicides, despite no previous exposure to sulfentrazone (Mangin et al., 2016). Sulfentrazone is labeled in soybean and considered safe for preemergence application. The basis of soybean tolerance to sulfentrazone is due to rapid metabolism of the herbicide and increased ability to tolerate herbicide induced oxidative stress (Dayan et al., 1997)

Results of the GWAS analysis further strengthen the hypothesis of NTSR. Multiple genomic regions are associated with tolerance and none of them are colocalized with the PPO genes in snap bean. The observed phenotypic correlations are reflected in the detection of genomic regions associated with more than one trait. Absolute measures such as PDsulfen, BPsulfen, and TPBsulfen are expected to reflect both genetic factors related to the seedling establishment and growth in the control as well as genetic factors related to sulfentrazone tolerance. Many genomic intervals associated with PD and BP in the control are also associated with sulfentrazone tolerance, indicating that breeding for general germination and seedling vigor may also increase the tolerance to herbicides. In agreement with the hypothesis of general stress tolerance, we observed that many of the MTAs detected in the present study are concordant with MTAs previously reported for germination and plant development parameters under control and abiotic stress conditions. Therefore, selection for genomic regions that improve tolerance to sulfentrazone may also increase the ability to maximize germination and growth under non-stress conditions. MTAs for PDperc, BPperc, and TPBperc traits, which express the relative value of the trait over the value of the same genotype in the nontreated control plot, would reflect genetic factors more specifically related to the effects of sulfentrazone in the plant, such as genes influencing enhanced metabolic transformation and excretion or sequestration of the herbicides through oxidation, conjugation with glutathione (Dayan et al., 1998) and transport of conjugated herbicide or its metabolites s carried out by transmembrane transporters (Lu et al., 1997; Lu et al., 1998). The phytotoxicity of sulfentrazone is due to the creation of singlet oxygen by protoporphyrin IX in the cytoplasm. Multiple biological processes have been proposed as the underlying causes of tolerance to herbicides that create oxidative stress: activation of antioxidant enzymes through the salicylic and jasmonic acid pathways (Ananieva et al., 2002; Kaya and Doganlar, 2016) and elevated amount of non-enzymatic antioxidants such as tocopherols, carotenoid, glutathione, and ascorbate (Kusvuran et al., 2016).

In agreement with the models of xenobiotic detoxification and ROS tolerance, we identified multiple genes in the GWAS intervals with plausible roles in sulfentrazone detoxification, sequestration, and sensing and quenching of ROS. ABC transporter genes (Phvul.004G023066 and Phvul.004G023132), and P450 enzymes genes (Phvul.001G052100, gene cluster from Phvul.004G021100 to Phvul.004G022000, and Phvul.008G191000) are of immediate interest as previous research directly implicate the involvement of similar genes in sulfentrazone tolerance in soybean. However, several other genomic regions contribute to the overall tolerance. Further investigation of the genes in those regions will provide a better understanding of the xenome of Phaseolus.

While seed weight is a significant factor in sulfentrazone tolerance, this relationship is problematic from a snap bean breeding perspective. Consumer and industry preferences are for small-seeded cultivars, as they are linked with better pod shape and longer window of opportunity for harvest. In addition, increased seed weight has been linked to decrease in germination in large-seeded legumes species such as common bean and soybean (Moshtaghi-Khavaran et al., 2014; Kering and Zhang, 2015). Therefore, phenotypic selection for sulfentrazone tolerance may inadvertently select for undesirable traits related to increased seed weight. We observed colinear genomic intervals between seed weight and sulfentrazone tolerance traits. Some of the genes under the colinear genomic intervals may be genes related to seed weight. Knowledge of the position of these colinear intervals can aid in avoiding selection for those regions in snap bean breeding populations.

While environment had a significant effect on the expression of the tolerance traits, we found genomic locations that were consistently associated with the phenotype in both years, in both sign and amount of the effect. The SNAP panel can be used to mine favorable alleles for use in breeding programs. The results of this study provide insights into the genetic architecture underlying the observed tolerance to sulfentrazone and suggest possible candidate genes. Additional approaches will be necessary to identify individual genes and quantify individual gene action and interactions among genes.



Conclusions

Currently, sulfentrazone will not selectively control waterhemp in most snap bean genotypes. Sulfentrazone tolerance in snap bean is heavily influenced by the environment; nonetheless, some genotypes consistently display high tolerance. Based on the results of this study, sulfentrazone tolerance is multigenic and likely to be conferred by NTSR mechanisms. Moreover, multiple genomic regions are associated with sulfentrazone tolerance. Many of the regions are also associated with better performance under nontreated control conditions, indicating it is possible to select for tolerance to sulfentrazone and general germination and early growth. Selection for sulfentrazone tolerance may unintentionally result on the selection of large-seeded genotypes. Information on the SNPS associated with sulfentrazone tolerance yet no association with seed weight can help in marker assisted breeding efforts. Of special interest are regions Chr01: 5,474,118- 6,699,374, Chr01: 50,593,075- 50,793,332, Chr04: 1,593,169- 3,102,077, and Chr08: 52,620,196-53,099,410. These regions contain genes likely involved in oxidative stress tolerance and xenobiotic metabolism and transport.
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