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Cercospora leaf spot (CLS) (Cercospora rosicola) is a major fungal disease of roses (Rosa sp.) in the southeastern U.S. Developing CLS-resistant cultivars offers a potential solution to reduce pesticide use. Yet, no work has been performed on CLS resistance. This study aimed to identify QTLs and to characterize alleles for resistance to CLS. The study used pedigree-based QTL analysis to dissect the genetic basis of CLS resistance using two multi-parental diploid rose populations (TX2WOB and TX2WSE) evaluated across five years in two Texas locations. A total 38 QTLs were identified across both populations and distributed over all linkage groups. Three QTLs on LG3, LG4, and LG6 were consistently mapped over multiple environments. The LG3 QTL was mapped in a region between 18.9 and 27.8 Mbp on the Rosa chinensis genome assembly. This QTL explained 13 to 25% of phenotypic variance. The LG4 QTL detected in the TX2WOB population spanned a 35.2 to 39.7 Mbp region with phenotypic variance explained (PVE) up to 48%. The LG6 QTL detected in the TX2WSE population was localized to 17.9 to 33.6 Mbp interval with PVE up to 36%. Also, this study found multiple degrees of favorable allele effects (q-allele) associated with decreasing CLS at major loci. Ancestors ‘OB’, ‘Violette’, and PP-M4-4 were sources of resistance q-alleles. These results will aid breeders in parental selection to develop CLS-resistant rose cultivars. Ultimately, high throughput DNA tests that target major loci for CLS could be developed for routine use in a DNA-informed breeding program.
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Introduction

Roses (Rosa spp., family Rosaceae) are one of the most important ornamental plants in the world, holding significant economic, cultural and symbolic value (Debener and Byrne, 2014). Roses have been cultivated for more than 5000 years in Europe and China for ornamental, medicinal, food, and perfumery industries (Widrlechner, 1981; Guoliang, 2003; Rusanov et al., 2009). The Rosa genus contains more than 150 species with ploidy levels ranging from diploid to decaploid. Garden rose cultivars are generally diploid, triploid, or tetraploid (Zlesak, 2006; Zlesak et al., 2010). Most current cultivars are susceptible to foliage diseases which cause flowers and leaf spotting, necrosis, and eventually, abscission, growth reduction, and plant death (Horst and Cloyd, 2007). Cercospora leaf spot (CLS) is a foliar disease caused by Rosisphaerella rosicola Pass, earlier known as Cercospora rosicola Pass (Videira et al., 2017), that was first described in 1874 (Davis, 1938). Although CLS is common globally, it has recently become a significant issue in the southeastern United States (Mangandi and Peres, 2018b). Beyond affecting Rosa, species of the Cercospora genus cause economic losses in soybeans (C. kikuchii), corn (C. zeae- maydis), sweet beet (C. beticola), coffee (C. coffeicola), and others (Smith and Gaskill, 1970; Rupe et al., 1982; Souza et al., 2012; Pham et al., 2015).

Plants infected with CLS develop spotting on leaves, chlorosis, and, in severe cases, defoliation. Symptoms of CLS differ from those of a black spot disease (BSD) as the lesions have light necrotic centers, and the lesion margins are smooth as compared to feathery edges of BSD lesions (Mangandi and Peres, 2018a). Like BSD, R. rosicola fungal spores are dispersed by water splashing and wind (Dunwell et al., 2014). Environmental conditions such as temperature between 20 to 30°C, high relative humidity, and leaf wetness play a critical role in the accumulation and spread of spores. Other factors reported affecting the growth of CLS are inoculum concentration and light exposure (Cooperman and Jenkins, 1986; Daub and Ehrenshaft, 2000; Daub and Chung, 2007).

Rose fungal diseases are usually controlled by spraying fungicides every 7–14 days when conditions are right for disease development. This could mean 20 or more sprays a year. A survey of rose growers found that disease and pest control costs ranged from $7,000 to $32,000/ha/year in cut flower production (Debener and Byrne, 2014). In addition to the cost of protection, concerns about safety, environmental contamination, and the emergence of pesticide-resistant pathogens/pests have led to developing protocols for integrated pest management (Debener and Byrne, 2014). Key components to more sustainable systems are disease-resistant garden roses. Thus, disease-resistant garden roses are now in high demand from consumers (Harp et al., 2009; Waliczek et al., 2015).

The most challenging issue confronting rose breeders is how to efficiently develop disease-resistant plants, particularly against CLS, BSD, powdery mildew, and rose rosette disease (Byrne, 2015). This is because, in conventional breeding, the selection for disease resistance of these pathogens is a long process and needs two to three field trials as it relies on the natural inoculum in the field. Therefore, marker-assisted selection (MAS) and other genomic approaches are being investigated to help rose breeders make more informed crossing and selection decisions, thus saving time and resources. CLS resistance in roses (Rosa ssp.) is reported to be quantitatively inherited with a low to moderate narrow-sense (h2 = 0.51) and moderate to high broad-sense heritabilities (H2 = 0.72) (Kang et al., 2019), indicating that resistance should be a feasible breeding goal. Thus far, no distinct races of CLS or resistance genes have been identified for CLS, whereas genes, QTLs, and pathogenic races associated with BSD (Soufflet-Freslon et al., 2019; Yan et al., 2019; Lopez Arias et al., 2020a; Lopez Arias et al., 2020b) and powdery mildew (Xu et al., 2005; Linde et al., 2006; Xu et al., 2007; Hosseini Moghaddam et al., 2012; Leus et al., 2015) have been reported.

The pedigree-based analysis (PBA) approach (Bink et al., 2012; Bink et al., 2014), which utilizes multiple pedigree-connected families, has been used in various Rosaceous crops. In rose, it has been recently employed to map QTLs associated with black spot disease and rose rosette disease (Yan et al., 2019; Young et al., 2022). Hence, in this study, QTL mapping for CLS resistance through PBA approach will be conducted and followed by haplotype analysis. The ultimate goal of this research is to develop a marker-assisted breeding platform and to develop CLS resistant cultivars. Specifically, this study uses the PBA approach across two sets of diploid rose populations to 1) identify QTLs associated with CLS resistance, 2) identify SNP haplotypes associated with decreased/increased CLS, and 3) estimate QTL genotypes for important rose breeding parents.



Materials and methods


Plant materials

Two multi-parental diploid rose populations [TX2WOB (721 individuals) and TX2WSE (378 individuals)] were evaluated under natural inoculum of cercospora leaf spot (CLS) in research fields in two locations in Texas. TX2WOB consists of 11 F1 populations evaluated in 2016 and a subset of ten populations of the original population phenotyped in 2019 and 2021 (Supplementary Table 1). These populations were derived mainly from R. wichuraiana ‘Basye’s Thornless’ (R-Wich) and ‘Old Blush’ (‘OB’) (Supplementary Figure 1) (Dong et al., 2017; Yan et al., 2019). The TX2WSE populations composed of six F1 rose populations were derived primarily from R-Wich and ‘Srdce Europy’ ('SE') (Supplementary Figure 2).

In 2012, one plant of each individual of the TX2WOB populations was planted in the field at the Horticulture Farm at Texas A&M University in College Station, TX, USA (30.63, -96.37) and phenotyped in 2016. In 2018, plants of a subset of ten populations of the original population were planted in a randomized complete block design with two replications (where individual plants were the experimental unit) at the Texas A&M University Horticulture Teaching Research and Extension Center (HortTREC) in Somerville, TX (30.524591, -96.422479) and were phenotyped in 2019 and 2021.

The TX2WSE populations were planted at the HortTREC research plot in 2018 in a completely randomized design with two replications where individual plants were the experimental unit. This multi-parental population was evaluated in three years, 2018, 2020, and 2021(Supplementary Table 2). More details on populations and field conditions are described by Rawandoozi et al. (2022).



Field disease assessment

Cercospora incidence was evaluated by using a percentage-based rating scale of 0 to 9 (0 = no or few cercospora lesions on the plant, 1 = 10% of leaves of the canopy showed lesions, 2 = 20%, 3 = 30%, 4 = 40%, 5 = 50%, 6 = 60%, 7 = 70%, 8 = 80%, 9 = almost all leaves have cercospora lesions). The package `emmeans` v. 1.7.5 of R (v. 4.1.2; R Foundation for Statistical Computing, Vienna, Austria) was used to estimate the least-squares means in all data sets, excluding 2016, to use in the statistical analyses.

All of the 721 individuals of TX2WOB populations were evaluated for CLS in College Station (CS), Texas, during June, Sep., Oct., and Nov., 2016. While 218 and 297 individuals were evaluated in Somerville (SV), TX, from June to Nov. in 2019 and May through Nov. in 2021, respectively (Supplementary Table 1). Regarding the TX2WSE populations, all progenies were evaluated for CLS from June through Nov., 2018 and from May to Nov., 2020 and 2021 in SV, TX (Supplementary Table 2).



Heritability, correlation, and genotype by environment interaction

A Shapiro-Wilk test indicated that the CLS data did not fit a normal distribution (W ranged from 0.734 to 0.993, P< 0.005), except for one data set from the TX2WOB populations (CLS mean SV 2021). Since data transformations did not improve normality, the original data was used as is.

Heritability was estimated using variances calculated from mixed models with a restricted maximum likelihood (REML) estimation method in JMP Pro v. 13.2 (SAS Institute Inc., Cary, NC, USA), with all effects treated as random (Littell et al., 1996). The following model was used:

	

where μ is the mean;   and   are the female (FP) and male (MP) parent variances, respectively;   is the progeny variance;   is the environmental variance (month/year/location combination);  ,  , and   are variances due to the interaction of female and male parents and progenies with the year of assessment; and   is the error variance.

The sum of the parental variances (  and  ) was considered as additive variance  , progeny variance   was treated as non-additive variance  , and the sum of the parental and progeny variances was regarded as the genotypic variance  . The interaction of genotype [  ,  , and  ] by environment (year/location) was treated as the genetic-environmental variance  . The residual variance, confounded with progeny × environmental variance, was regarded as the error variance  .

Broad sense heritability for each set of populations across environments was calculated as:
 

  
where E indicates the number of environments (years) (Holland et al., 2003; Liang et al., 2017; Wu et al., 2019; Rawandoozi et al., 2021a).

The genotype by environment variance to the genetic variance ratio was estimated as  .

A genotype and genotype-by-environment (GGE) biplot was utilized to display the variation resulting from genotype and genotype by environment interaction (G×E) using the R package ‘GGEbiplots’ v. 0.1.3. Pearson correlation coefficient among environments (years) was calculated.



Genotyping and consensus map development

Doyle’s CTAB protocol (Doyle and Doyle, 1991) was used to extract genomic DNA using young rose leaves. GBS was performed using the restriction enzyme NgoMIV according to the procedures described by Morishige et al. (2013). Single-end sequencing was accomplished through an Illumina HiSeq 2500 platform. The trimmed reads were aligned to the Rosa chinensis v1.0 genome (Hibrand Saint-Oyant et al., 2018) using the CLC Genomics Workbench v9.0 (Qiagen, Boston, MA). After alignment, SNPs were called as described by Yan et al. (2018).

The consensus map for the TX2WOB populations (415 individuals) was developed from five diploid rose populations (Supplementary Table 3). The TX2WSE consensus map was created from three diploid rose populations (314 individuals) (Supplementary Table 4).

For TX2WOB, before the consensus map development, markers mapped to chromosome 0, non-biallelic markers, and markers missing >10% were removed using Tassel version 5. Then, genotypic data were tested for marker inheritance errors (also known Mendelian-inconsistent errors) using a Microsoft Excel-based tool and custom R scripts. For instance, SNP diplotypes of each progeny were compared with their parental genotypes to detect genotyping errors that were replaced with ‘no call’ if incorrect. Meanwhile, SNP genotypes of the parents were corrected if inconsistent with their progenies. Then, the R package `polymapR` v. 1.1.1 was employed to develop individual population maps, and it was set to perform further filtration to remove duplicated and distorted markers (P ≥ 0.001). Further filtration steps were performed to decrease the number of markers to reduce the computation time (e.g., one or two markers were kept at the same genetic position with the priority given to common markers with less missing data). The consensus map was developed using the R package ‘LPmerge’ v. 1.7. The R package ‘LinkageMapView’ v. 2.1.2 and MapChart software v. 2.32 were used to visualize the consensus map. Additional curation in FlexQTL software v. 0.1.0.42 was conducted prior to QTL analysis to identify and fix the singletons and double recombinations based on the ‘SIP_Population_6.csv` and `DoubleRecomb.csv` files. The curation progress was visualized through FlexQTL outputs after each run until all was clear. Further curation for inheritance errors, as determined in the `mconsistency.csv` file of FlexQTL outputs, was conducted. The process was repeated as necessary until no more errors were observed.

As for TX2WSE linkage map construction, the same steps mentioned above were followed, except markers were filtered in PLINK v. 1.9 to zero Mendelian-inconsistent errors per population. For more details on the linkage map development, see Young et al. (2022) and Rawandoozi et al. (2022).



QTL mapping and characterization

FlexQTL, which implements pedigree-based analysis via Markov Chain Monte Carlo (MCMC) Bayesian analysis, was used to perform QTL analysis with data from both multi-parent populations (TX2WOB and TX2WSE). The TX2WOB multi-parent population was genotyped for 1,115 SNP markers and was evaluated for multiple months across three environments (CS 2016, SV 2019, and SV 2021). The TX2WSE population was genotyped for 866 SNP markers and was also evaluated for multiple months over three environments (SV 2018, SV 2020, and SV 2021).

Inference on the number QTLs was based on a pairwise comparison of models (1/0, 2/1, 3/2, and so on) using twice the natural log of the Bayes factor (2lnBF) statistic (Kass and Raftery, 1995). A 2lnBF 0-2 is interpreted as lacking evidence, whereas 2lnBF greater than 2, 5, and 10 are interpreted as positive, strong, and decisive evidence, respectively. The trait was first tested with a mixed model that included QTL with additive and dominance effects. Since a dominance effect was not detected, the analysis was performed with an additive effect model at least two times with variable parameter settings (Verma et al., 2019). MCMC simulation lengths ranged from 100,000 to 800,000 iterations to store a minimum of 1,000 samples with a thinning of 100. The effective sample size (ESS) in the parameter file was set to 101 to ensure sufficient convergence (Bink et al., 2014).

In this study, QTLs were considered significant if the 2lnBF value for QTLs were strong (2lnBF ≥ 5) or decisive evidence (2lnBF ≥ 10) in the same genomic region for most data sets (months) across at least two evaluation years and explained at least 10% of the phenotypic variation. Further analysis was conducted in FlexQTL to re-define QTL intervals in the `MQTRegions.new` file using supporting data files `Post_genome.csv` and `marker map`. The new generated output files e.g., `MQTRRegions.info` was used to recalculate the phenotypic variance explained (PVE) for the discovered QTLs and update information for QTL intensity and interval and mode positions. While some other files (`MQTRegionsGTP.csv` and `mhaplotypes.csv`) were used for haplotype analysis.

From FlexQTL outputs for an additive genetic model, the additive variance   for the trait was obtained from the phenotypic variance   minus the residual variance  . The PVE for a particular QTL was calculated using the following equation:   where:  : additive variance of a QTL

The narrow-sense heritability (h2) was estimated using the following equation:

	

QTLs were named according to the QTL naming conventions of the Genome Database for Rosaceae (Jung et al., 2014). For instance, qCLS.TX2WOB-LG3.1, q stands for QTL, ‘CLS’ is the trait name (cercospora leaf spot), ‘TX2WOB’ or ‘TX2WSE’ stands for the name of the multi-parent population used for construction of the consensus map, ‘LG3’ the linkage group number, and numbers ‘1’ or ‘2’ to differentiate QTLs in the same LG.

Haplotype analysis was performed for SNPs within the region of a major QTL that consistently mapped with either strong or decisive evidence in most environments and showed high PVE. Haplotypes were constructed by using FlexQTL and the `PediHaplotyper` v. 1.0 package of R (Voorrips et al., 2016). Haplotype effects were inferred from combinations of diplotypes. A nonparametric multiple comparison Steel-Dwass test (P< 0.05) in JMP Pro v. 13.2 (SAS Institute Inc., Cary, NC, USA) was used to determine the statistical significance of diplotype effects. QTL allele genotypes (Q or q) were assigned to haplotypes based on the direction of their effects (increasing or decreasing CLS). In the case of a multi-allelic series, Q- and q-alleles were distinguished by an index number. Lastly, the source of Q-/q- alleles was traced back to ancestral origins through pedigree records as described in Rawandoozi et al. (2020; 2021b).




Results


Phenotypic data analysis

In the current study, a difference in disease pressure among environments (location/year) was observed. In the TX2WOB populations, data for CLS resistance across three years were skewed towards low scores (Supplementary Table 5 and Supplementary Figure 3). In CS 2016, the lowest CLS score using a 0-9 rating scale was 0.9 in Sep. and the highest was 2.5 in June (Supplementary Table 5). No data from CS 2016 exhibited a normal distribution, with disease incidence skewed toward zero (Supplementary Figure 3A). In SV 2019, the lowest mean was seen in June (2.2), and the highest (3.7) in Nov. (Supplementary Table 5), and all months, except Oct., were normally distributed (Supplementary Figure 3B). The lowest mean CLS incidence in SV 2021 was observed in Aug. (1.8), and the highest was in Nov. (2.8). Similarly, most plants this year had low CLS ratings (Supplementary Figure 3C).

The CLS resistance in the TX2WSE populations was also skewed towards low scores across three years. Only July and the overall mean of SV 2020 exhibited normal distributions (Supplementary Table 7 and Supplementary Figure 4). The highest disease incidence in SV 2018 was observed in Sep. (1.9) and Oct. (2.0), which may be attributed to high precipitation in these months (Supplementary Table 6). In SV 2020, the lowest and highest CLS ratings were observed in Nov. (1.5) and July (4.9), respectively (Supplementary Table 7).

In contrast, in SV 2021, the lowest CLS was seen in May (0.6) and the highest observed in June and Nov. (2.8).



Genotype by environment interactions

In this study, CLS showed high broad-sense heritability (H2) (0.58 to 0.69) and a moderate G×E variance ratio   (2.13 to 1.33) (Supplementary Table 8) in the TX2WOB and TX2WSE populations, respectively. Also, GGE biplot showed that CS 2016 was distinguished from other environments while SV 2019 and SV 2021 similarly discriminated genotypes (Supplementary Figure 5A). This result was corroborated by a strong correlation between SV 2019 and SV 2021 (r = 0.94) (Supplementary Table 9). However, the longer CS 2016 and SV 2019 vectors indicated genotypes were better discriminated in these environments. Generally, a high to very high positive correlation was observed among years (r = 0.77 to 0.94), supported by the high score for the first principle component (PC1) (90.73%) and the low PC2 score (7.74%).

Regarding TX2WSE, the moderate G×E may have resulted from environmental conditions in SV 2018 and SV 2021, which limited disease development. The CLS incidence scores were mostly low in both years, with a mean ranging from 1.4 in SV 2018 and 1.5 in SV 2021 (Supplementary Table 7). Meanwhile, the GGE biplot showed SV 2018 was distinguished from other years (Supplementary Figure 5B). This could be due to low incidence combined with young field plots that do not have inoculum well distributed. Also, SV 2020 and SV 2021 similarly discriminated genotypes supported by a strong correlation (r = 0.71) (Supplementary Table 9). Overall, moderate to high correlations were found among years (r= 0.55 to 0.71) in data from this population, and PC1 and PC2 values of 87.42% and 3.14%, respectively.



Consensus map

For TX2WOB, five populations (415 individuals) and nearly 90,502 SNP markers were employed for constructing the integrated consensus map (ICM). The final ICM comprised 4,467 markers with a 6.9 Marker/cM density distributed over 653.1 cM (Supplementary Table 3).

For TX2WSE, three populations (314 individuals) with 5,239 to 9,408 markers were used to construct individual linkage maps. The ICM of this population was developed with 2,677 markers and had a length of 758.2 cM with a density of 3.5 markers/cM (Supplementary Table 4). Ultimately, there were 398 common markers between the two consensus maps.

After further data curation was conducted through FlexQTL to fix/remove problematic markers and double-recombinant singletons, a total of 1,115 SNP markers for the TX2WOB population and 866 SNP markers for the TX2WSE population were utilized for QTL mapping. A detailed description can be found in Young et al. (2022) and Rawandoozi et al. (2022).



Genome-wide QTL analysis

Narrow-sense heritability for CLS estimated with FlexQTL ranged from low to moderately high (Supplementary Table 10 and 11). In the TX2WOB population, the lowest h2 (0.17) for CLS was observed in July and Nov. in the SV 2021 environment, whereas the highest h2 (0.63) was obtained when a CLS-mean for CS 2016 was used (Supplementary Table 10). As for TX2WSE, the lowest h2 (0.27) was found in Aug. and Nov. of SV 2020, and the highest h2 was seen for the CLS-mean of SV 2021 (0.58) (Supplementary Table 11).

With FlexQTL, 18 QTLs associated with CLS were mapped on all seven LGs across the three years in the TX2WOB population (Table 1 and Supplementary Table 10, Supplementary Figure 6, 7, and 8). In the TX2WSE population, 20 QTLs were detected across all LGs over three years (Table 2 and Supplementary Table 11, Supplementary Figure 9, 10, and 11). Detected QTLs were compared across datasets. If QTL intervals overlapped in the same genomic regions, these were considered to be the same QTL. Also, QTLs that were detected in data from most environments with strong/decisive evidence and showed large effects (PVE%) were considered major QTLs.


Table 1 | QTL name, linkage group (LG), interval, QTL peak mode (Mode), posterior intensity (QTL intensity), phenotypic variance explained (PVE), and Bayes factor (2lnBF) for the cercospora leaf spot (CLS) evaluated in Texas on 11 rose diploid populations (TX2WOB) across multiple months and overall mean in 2016 in College Station (CS) and on a ten-population subset in 2019 and 2021 in Somerville (SV).




Table 2 | QTL name, linkage group (LG), interval, QTL peak mode (Mode), posterior intensity (QTL intensity), phenotypic variance explained (PVE), and Bayes factor (2lnBF) for the cercospora leaf spot (CLS) evaluated in Texas on six diploid rose populations (TX2WSE) across multiple months in 2018, 2020, and 2021 in Somerville (SV).



In the analysis of the TX2WOB population, two major QTLs on LG3 and LG4 were consistently detected at the same positions in data from multiple months across at least two years and showed high PVE (Table 1, Supplementary Table 10, and Figure 1). Therefore, these QTLs were considered for further analysis. qCLS.TX2WOB-LG3.2 was identified consistently with either positive or decisive evidence. Peaks for this QTL co-localized across five environments (Sep., Nov. and the overall mean in CS 2016, Aug. 2019, and May 2021 in SV), with QTL peak modes ranging from 27 to 35 cM, and their intervals between 17.2 to 35.5 cM (18.4 - 23.4 Mbp on the rose genome). The proportion of phenotypic variation explained (PVE) by this QTL ranged from 8 to 13% (Table 1). The major QTL on LG4, qCLS.TX2WOB-LG4.2 was mapped across six environments in CS 2016 and SV 2019 with decisive and positive evidence, respectively. This QTL was clustered at a QTL peak location mode of 36 cM, with an interval between 34.1 and 36.8 cM (35.2 to 39.7 Mbp) in four environments in CS 2016 (except June), and a high posterior intensity and PVE (33 - 48%) (Table 1, Supplementary Table 10, Figure 1, Supplementary Figure 6, and 7). This QTL had wider intervals spanning 34.1 to 39.9 cM (35.2 -42.6 Mbp) in SV 2019 (Aug. and the mean) and had smaller effects (PVE 8-9%).




Figure 1 | Positions of putative QTLs controlling the cercospora leaf spot disease (CLS) incidence across 11 diploid rose populations at linkage groups (LG) of the five-population (TX2WOB) consensus map. QTL names are listed below each LG. The plot generated using MapChart 2.32.



Four minor QTLs were detected on LGs 1, 5, 6, and 7 (Table 1, Supplementary Table 10, Figure 1, Supplementary Figures 6–8). One QTL was located at the distal end of LG1, and six QTLs were mapped and clustered at either the proximal or the distal ends of LG5. An additional QTL was located at the proximal end of LG6 and three more minor QTLs were mapped on LG7. The remaining mapped QTLs were environment-specific and detected only in one environment (month).

Similarly, in the TX2WSE population, 20 QTLs were detected across all linkage groups (Table 2, Supplementary Table 11, Figure 2, Supplementary Figures 9–11). Two major QTLs on LG3 and LG6 have consistently mapped in 17 and 11 data sets over the three evaluated years, respectively, with high 2lnBF and PVE values. Hence, these QTLs passed our inclusion threshold and underwent downstream analysis.




Figure 2 | Positions of putative QTLs controlling the cercospora leaf spot disease (CLS) incidence across six diploid rose populations at linkage groups (LG) of the three-population (TX2WSE) consensus map. QTL names are listed below each LG. The plot generated using MapChart 2.32.



qCLS.TX2WSE-LG3.1 was identified consistently across 17 out of 20 evaluated data sets with either strong or decisive evidence and PVE up to 25%. The intervals of this QTL were variable and overlapped between 0 to 18.39 cM (15.4 to 27.8 Mbp) in six data sets, 16.31 to 18.39 cM (21.5 to 27.8 Mbp) over eight data sets, and 17.21 to 25.38 cM (22.9 to 30.1 Mbp) in three environments (Table 2, Supplementary Table 11, and Figure 2). However, an interval ranging from 16.31 to 18.39 cM was the most common and was supported by the trace plots with high QTL intensity, except for Aug. SV 2020 (Supplementary Figure 9, 10, and 11). The major QTL qCLS.TX2WSE-LG6.2 was common across 11 environments in three years and consistently showed decisive evidence with high posterior intensity, explaining up to 36% of the phenotypic variation (Table 2; Supplementary Table 11, Figure 2; Supplementary Figures 9–11). The peaks for this QTL were clustered at 31, 34, 36, and 40 cM, however, the peak at 36 cM was the most predominant. The QTL interval ranged from 31.88 to 36.84 cM (17.9 to 33.6 Mbp), excluding Oct. SV 2021, which had a wider interval (31.88 to 41.17 cM).

Several minor QTLs were identified and distributed over all LGs in this population (Table 2, Supplementary Table 11, Figure 2, Supplementary Figures 9–11). This included one QTL on the distal end of LG1, two on LG2, two on LG4, three on LG5, one on LG6, and three distributed throughout LG7. The rest mapped QTLs were considered environment-specific since they only appeared in one data set.



QTL genotypes and the interplay between major QTLs

In this study, two QTLs in each population were considered for downstream analysis, including qCLS.TX2WOB-LG3.2, qCLS.TX2WOB-LG4.2, qCLS.TX2WSE-LG3.1, and qCLS.TX2WSE-LG6.2. These QTLs were consistently mapped with the highest evidence, intensity, and PVE.

In data from the TX2WOB population, three statistically different QTL genotypes (qq, Qq, QQ) were predicted at qCLS.TX2WOB-LG3.2, where q and Q were associated with low and high disease incidence, respectively. CLS incidence averaged 3.88, 2.78, and 1.1 for offspring with QQ, Qq, and qq, respectively (Supplementary Figure 12A). The QTL genotypes at qCLS.TX2WOB-LG4.2 had an average CLS incidence of 5.0 and 1.7 for progenies having the Qq and qq genotypes, respectively. There were no individuals with the QQ genotype class (Supplementary Figure 12B). Generally, in this population, unfavorable alleles (Q) associated with increasing CLS incidence were less common than those with favorable alleles (q). Also, the interplay between qCLS.TX2WOB-LG3.2 and qCLS.TX2WOB-LG4.2 was studied by examining compound QTL genotypes of these two loci. In general, the highest CLS incidence was noticed in individuals having three copies of Q-alleles (QQ- homozygous at LG3 and heterozygous-Qq at LG4), whereas the lowest susceptibility was seen with four copies of q-alleles at two loci. The effect of QQ-genotypes at both loci could not be determined due to the lack of this QTL genotype at qCLS.TX2WOB-LG4.2.

The analysis revealed the single Q-dose at qCLS.TX2WOB-LG4.2 increased CLS more than a single Q-dose at qCLS.TX2WOB-LG3.2 (Supplementary Figure 13). Similarly, less disease incidence was noticed in offspring with the qq genotype at qCLS.TX2WOB-LG4.2 than those at qCLS.TX2WOB-LG3.2. This indicates that qCLS.TX2WOB-LG4.2 has a larger effect on CLS incidence than qCLS.TX2WOB-LG3.2.

With respect to the TX2WSE population, three QTL genotype groups were determined for the peak of qCLS.TX2WSE-LG3.1. Progenies with QQ, Qq, and qq genotypes had average CLS incidence of 3.19, 2.15, and 2.09, respectively (Supplementary Figure 12C). The QTL genotypes at qCLS.TX2WSE-LG6.2 decreased from 3.27 to 2.17 and 1.5 for offspring QQ, Qq and qq, respectively (Supplementary Figure 12D).

Thus, in the TX2WSE population, the frequency of favorable alleles (q) associated with decreasing CLS was lower as compared to the TX2WOB population. The comparison between qCLS.TX2WSE-LG3.1 and qCLS.TX2WSE-LG6.2 revealed that one dose of either Q or q alleles at the LG6 QTL increased/decreased CLS more than those at the LG3 QTL (Supplementary Figure 14). This indicates that qCLS.TX2WSE-LG6.2 has a larger effect than qCLS.TX2WSE-LG3.1 in CLS resistance.



Haplotype analysis for important QTLs

For the TX2WOB population, the LG3 QTL, qCLS.TX2WOB-LG3.2, had four unique haplotypes (A1, A2, A3, and A4) defined with nine SNPs spanning ~10 cM (~4.6 Mbp) across nine parents (Table 3 and Supplementary Table 12). A2 was the high prevalence haplotype (Figure 3A). A1, A2, and A4 were associated with a reduction in CLS incidence and were assigned to the q-allele, while A3 was the haplotype related to increased disease incidence and assigned to Q-allele (Table 3). The A3A4 diplotype was present in the highest number of individuals (216) of this population (Figure 3A). The estimation of diplotype effects indicated that A3 (Q-allele) appeared to lead to greater levels of CLS than A2 (q-allele) since the CLS incidence of the A3A4 was higher than for the A2A4. A2 and A4 were of similar magnitude in lowering disease when comparing the diplotype A2A2 to A2A4. The same was true for A2 and A1 when comparing A2A2 to A1A2 diplotypes. So, all diplotypes/haplotypes associated with decreasing CLS showed similar effects (~10%). In general, only A3A4 (Qq) showed more disease incidence.


Table 3 | QTL genotypes of qCLS.TX2WOB-LG3.2 and qCLS.TX2WOB-LG4.2 for studied breeding parents of the TX2WOB population, with SNP haplotype names, the haplotype’s SNP sequences, and original sources.






Figure 3 | Diplotype effect of the most common haplotypes associated with cercospora leaf spot QTLs qCLS.TX2WOB-LG3.2 (A) and qCLS.TX2WOB-LG4.2 (B) in 11 diploid rose populations (TX2WOB). Means not connected by the same letter are significantly different (P<0.05) within each linkage group. N = Diplotype sample size.



The pedigree map showed that ‘OB’ was the only source of A1 while A2 came from various sources ‘OB’, PP-M4-2, ‘Violette’, or ‘LC’ (Table 3). Similarly, A4 of M4-4 appeared to have arisen from recombination events between the parents of WOB26 (‘R-Wich’ and ‘OB’), or it might be inherited from PP-M4-4. Lastly, the source for A3 of parents J14-3 and J3-6 was derived from three distinct sources (PP-J14-3, ‘Ducher’, or ‘R-Wich’).

On LG4, eight SNP markers in qCLS.TX2WOB-LG4.2 (34.1 to 36.8 cM) spanning ~2.7 cM were chosen for haplotyping (Supplementary Table 12). Nine distinct SNP haplotypes were identified. C2 was the most common haplotype (Table 3, Figure 3). Haplotypes C1 to C8 were linked to low CLS incidence and assigned to the q-allele. C9 was the only haplotype related to increasing disease (Q-allele) (Table 3). The estimation of diplotype effects indicated that C9 had a larger effect than C6, C7, and C8, since the C2C9 diplotype showed more disease incidence than C2C6, C2C7, and C2C8 (Figure 3B). Similar magnitudes in CLS incidence were registered among C6, C7, and C8 based on C2C6, C2C7, C2C8. Both C3 and C1 had an equal effect when comparing C3C4 to C1C4 and C3C1 to C1C1. Likewise, there was no difference observed between C1 and C4 (C3C4 to C3C1 and C1C4 to C1C1) or between C3 and C5 (C8C5 to C8C3). Therefore, there are multiple QTL alleles of different effects at this locus. The haplotype effects order was C9 > [C6 =C7= C8] > [C1=C3=C4=C5] corresponding to Q, q1, and q2, respectively. However, the under-representation of some QTL genotypes hindered our ability to conclude the magnitude of the C2 (q-allele) effect on decreasing disease.

In this study, some parents shared identical haplotypes even though they were inherited from various ancestors (Table 3). For example, the sources of C1 were either ‘OB’ or ‘Ducher’ through J3-6; C2 was inherited from ‘R-Wich’ through J4-6 and J14-3. The haplotypes C3, C4, and C5 were traced back through pedigree to three ancestors, ‘OB’, PP-M4-2, PP-M4-4. Haplotypes C6 and C7 were inherited from ‘RF’, whereas C8 came from ‘Violette’ and ‘LC’, and the latter was the only source for C9.

In the analysis of the TX2WSE population at qCLS.TX2WSE-LG3.1, five distinct SNP haplotypes were identified using six SNP markers (16.31 and 18.39 cM) spanning ~2 cM (Table 4 and Supplementary Table 13). Haplotypes B1, B2, B3, and B5 were linked to lowering CLS incidence, whereas B4 was associated with increasing disease incidence (Table 4, Figure 4A).


Table 4 | QTL genotypes of qCLS.TX2WSE-LG3.1 and qCLS.TX2WSE-LG6.2 for studied breeding parents of the TX2WSE population, with SNP haplotype names, the haplotype’s SNP sequences, and original sources.






Figure 4 | Diplotype effect of the most common haplotypes associated with cercospora leaf spot QTLs qCLS.TX2WSE-LG3.1 (A) and qCLS.TX2WSE-LG6.2 (B) in six diploid rose populations (TX2WSE). Means not connected by the same letter are significantly different (P<0.05) within each linkage group. N = Diplotype sample size.



The haplotypes B1, B3, and B5 decreased in a similar magnitude when comparing the B5B3 to B1B3 and B3B4 to B1B4 diplotypes (Figure 4A). B3 had a greater effect in lowering CLS than B2 and B4 by comparing B1B2 to B1B3 and B1B3 to B1B4, respectively, and B4 increased CLS relative to B2 (B1B4 to B1B2). Thus, there are three alleles Q (B4) > q1 (B2) > q2 (B1, B3, B5) with different effects on disease incidence.

In general, B3B4 and B1B3 showed highest (~35%) and lowest (~20%) CLS incidence, respectively (Figure 4A).

The pedigree information revealed that some parents shared the same haplotypes and were inherited from several distinct sources. These were considered identical-by-state (IBS), not identity-by-descent (IBD). B2 was inherited from three sources (IBS), J14-3 derived from recombination between founder haplotypes (‘Ducher’ and ‘R-Wich’), ‘SE’, and SEB-ARE (Table 4). Also, the source of B1 were ‘OB’, WOB26, and PPM4-4, while in B3 was inherited from R36, SEB-ARE, and ‘Violette’. Lastly, B4 came from PP-J14-3, ‘SE’, and SET-ARE.

Five SNP haplotypes (D1 to D5) were identified at qCLS.TX2WSE-LG6.2 using a total of seven SNPs between 31.88 to 36.84 cM spanning ~5 cM (Table 4 and Supplementary Table 13). Four of these haplotypes, D1 to D4, decreased CLS, and D5 increased disease incidence (Table 4). D1 was the most common haplotype, with about 47% of the population (142 individuals) being homozygous for the D1 haplotype (Figure 4B).

The haplotype/diplotype effects examination identified that D1 and D4 had a similar effect in decreasing CLS as the D4D1 and D1D1 diplotypes had similar effects (Figure 4B). The same was true for D3 and D2 based on D3D1 and D2D1. D1 had a greater effect in lowering CLS than D2 by comparing D1D5 to D2D5. Likewise, D5 had more effect in raising CLS than D1 (D2D5 to D2D1). So, the haplotypes were ordered from higher to lower CLS incidence, D5 > D1, D4 > D3, D2, and were assigned the Q, q1, and q2 QTL alleles, respectively (Figure 4B).

D1D5 (q1 Q) showed the highest CLS (~38%), and D2D1 (q1 q2) had the lowest (~20%) (Figure 4B).

The predominant haplotype D1 was inherited from four distinct sources, JPP14-3, HIA, ‘SE’, and ‘Violette’, while D4 came from PP-M4-4, D2 was inherited from ‘OB’ through four distinct parents (M4-4, ‘PH’, T7-20, and T7-30), and D3 came from ‘Ducher’ through J14-3. Lastly, the source of D5 was MEV and R36 through ‘OL’, and ‘SE’ (Table 4).

Similar to TX2WOB LG4 QTL, there were two q-alleles with different effects on lowering the CLS incidence in this population at both major loci at LG3 and LG6.




Discussion


Heritability and G×E

Generally, in this study, the CLS incidence rates were comparable among years in TX2WOB populations, except Sep. CS 2016, which showed less disease pressure, probably due to July’s hot and dry weather (Supplementary Table 6) (Weather Underground, 2018). In the TX2WSE populations, the SV 2020 environment showed higher disease incidence than other environments, which could be related to the combination of favorable weather conditions and field plot age. While all data sets of SV 2021 were skewed towards no disease (Supplementary Figure 4C), which may be related to lower rainfall and humidity during spring and fall (Supplementary Table 6) (Weather Underground, 2018).

In this study, CLS showed low to moderately high h2 and moderately high H2, as previously reported (Kang et al., 2019). The G×E/G ratios (1.33 to 2.33) and GGE biplots indicated that rose genotypes exhibited different patterns of CLS incidence in different environments (location and/or month/year). Reason for G×E interactions appeared to be the low levels and non-uniform distribution of CLS incidence likely due to unfavorable weather conditions (hot and dry) and/or low initial levels of inoculum, which decreased our ability to distinguish between susceptible and resistant genotypes, as previously reported (Kang et al., 2019). In TX2WOB, the presence of G×E in this population may be attributed to the CS 2016 environment as the total precipitation in this location/year combination was higher than SV 2019 and SV 2021 (~1121 mm vs. 823 and 830 mm, respectively) along with higher relative humidity (Supplementary Table 6).

Regarding TX2WSE, the moderate G×E may result from SV 2018 and SV 2021 environments due to the low rate of rainfall and humidity during spring and summer in SV 2018 and throughout SV 2021 (Supplementary Table 6) compared to SV 2020, where rain was distributed evenly throughout the growing seasons.



QTL detection

Using PBA and two diploid rose multiparent populations, 38 QTLs distributed over the seven LGs were identified for CLS resistance, consistent with reports indicating that CLS resistance is polygenic in rose (Kang et al., 2019). Three large-effect QTLs associated with CLS resistance in each population were consistently detected with decisive evidence in most data sets on LGs 3, 4, and 6.

The LG3 QTL was common to both populations and was consistently detected in different years, indicating that this QTL was less affected by environmental factors. The coincidence in the location of these LG3 QTLs (qCLS.TX2WOB-LG3.2 and qCLS.TX2WSE-LG3.1) suggests that these may be the same QTL. Furthermore, haplotype analysis indicated that the physical positions of the two predictive SNP markers, associated with haplotypes associated with decreasing/increasing CLS, coincided for both LG3 QTL. Also, peaks of these QTLs were clustered at the region between 21.40 and 23.49 Mbp.

The major QTL on LG4 (qCLS.TX2WOB-LG4.2) was only detected in the TX2WOB population in the CS 2016 and SV 2019 environments. The moderate G×E/G ratio (2.13) that was observed in this population could be among various factors that prevented this QTL from being detected in data from SV 2021. Other factors include more limited initial inoculum and the age of the field plot.

The LG6 QTL (qCLS.TX2WSE-LG6.2) between 17.9 to 33.6 Mbp was specific to the TX2WSE population and was little affected by environmental factors as it was consistently detected over three years. This finding was consistent with the lower G×E/G ratio (1.33) observed in this population compared to TX2WOB (2.13).

We can conclude in this study that using the two large and diverse diploid rose multi-parental populations through PBA facilitated the detection of numerous QTLs with major and minor effects associated with CLS resistance. PBA has been used successfully for quantitative and complex traits on highly heterozygous, clonally propagated crops, including rose (Mangandi et al., 2017; Cai et al., 2018; Rawandoozi et al., 2020; Rawandoozi et al., 2022; Young et al., 2022).

The variability in the number/position of detected QTLs in some data sets in this study was anticipated. This may have resulted from the differences between the consensus maps and/or the disease pressure and environmental conditions that cause the G×E interaction (Kang et al., 2019).

The results showed that qCLS.TX2WOB-LG3.2 and qCLS.TX2WSE-LG6.2 behaved additively as the phenotypic value of Qq genotype class was the mid value between QQ and qq classes, supported by visual inspection of the mixed model plots, which estimated additive effects. The determination of gene action for qCLS.TX2WSE-LG3.1and qCLS.TX2WOB-LG4.2 was hampered by the low or lack of representation of progenies having the qq or QQ genotypic classes. Hence, future QTL mapping studies need to use germplasm of wider diversity to improve the representation of QTL genotype classes/diplotype combinations.

A study by Lopez Arias et al. (2020a) scanned protein sequences from the Rosa chinensis (Hibrand Saint-Oyant et al., 2018) genome for the R-gene-related domains. Several identified nucleotide-binding leucine-rich repeat (NBS-LRR) proteins, key initiators of plant defense responses, were located within the genomic regions of the mapped QTLs for CLS resistance.

The LG3 interval included genes involved in response to fungal infection. These genes encode an EMSY-LIKE 1 protein for downy mildew (Hyaloperonospora parasitica) resistance in Arabidopsis (Tsuchiya and Eulgem, 2011) and cytochromes P450 monooxygenases which are known to be involved in plant defense mechanisms (Schuler and Werck-Reichhart, 2003; Schuler et al., 2006). Pathogenesis-related (PR) thaumatin genes induced by plants in response to different biotic and abiotic stresses also were located close to the LG3 QTL region (Zhang et al., 2018). WRKY (a plant-specific transcription factor) was also found to overlap with this QTL which is known to play vital roles in fungal pathogen defense (Lui et al., 2017). Hence, additional studies focusing on fine mapping of the major loci conferring CLS resistance in this study are necessary to identify candidate genes responsible for this disease.



Haplotype characterization of significant QTLs

Haplotype characterization indicated the presence of multiple QTL alleles of various effects associated with decreasing CLS incidence for qCLS.TX2WSE-LG3.1, qCLS.TX2WOB-LG4.2, and qCLS.TX2WSE-LG6.2. Differences in the magnitude of the CLS-resistant effect at these loci raise the possibility of multiple functional resistance alleles in these studied populations. QTL-alleles with different effects were also described in other studies (Verma et al., 2019; Rawandoozi et al., 2020; Rawandoozi et al., 2021b).

According to pedigree information of these studied populations, ‘OB’, ‘Violette’, and PPM4-4 were common sources of favorable q-alleles for major loci. In contrast, the sources for unfavorable Q-alleles were PP-J14-3 (qCLS.TX2WOB-LG3.2 and qCLS.TX2WSE-LG3.1), ‘LC’ (qCLS.TX2WOB-LG4.2), and MEV and R36 (qCLS.TX2WSE-LG6.2). Therefore, future selection for either haplotype associated with q-allele such as A1, A2, A4, C3, C5, C8, B1, B3, D1, D2, and D4, or against haplotype associated with Q-allele such as A3, C9, B4, and D5 might be useful to develop rose populations with a lower CLS incidence.



Co-localization between CLS and BSD QTLs

The position of CLS QTLs coincided with the positions of BSD QTLs previously reported in similar and different germplasm (Lopez Arias et al., 2020a; Lopez Arias et al., 2020b; Rawandoozi et al., 2022). Thus, these results indicate that there is a relationship between some loci that affect resistance to these two fungal diseases. The major resistance QTL on LG3 for CLS and BSD co-localized in both populations. The QTL from data from the TX2WOB population, qCLS.TX2WOB-LG3.2 and qBSD.TX2WOB-LG3.2, clustered between 18.8 to 23.4 Mbp. Likewise, the major QTL on LG3 for both diseases in data from the TX2WSE population (qCLS.TX2WSE-LG3.1 and qBSD.TX2WSE-LG3.1) overlapped between 15.4 to 27.8 Mbp. This specific genomic region on LG3 was previously reported to be associated with BSD using different populations derived from R. wichurana (Lopez Arias et al., 2020a; Lopez Arias et al., 2020b).

The haplotypes for the major CLS QTLs on LG3 (qCLS.TX2WOB-LG3.2 and qCLS.TX2WSE-LG3.1) compared with those earlier reported for BSD revealed that the same predictive markers were simultaneously linked to the CLS resistance allele and the BSD susceptibility allele. This QTL in the TX2WOB population seems to have a greater effect on decreasing CLS than increasing BSD resistance (~28% vs. ~13%). However, different magnitude of effect was observed in the TX2WSE population (~10% vs. ~25%). Thus, this finding implies that LG3 QTL has opposite effects on these two traits. This was supported by a negative correlation (r = -0.30, P<0.01) (data not shown) between these traits in this and previous work (Kang et al., 2019) and a report that cultivars with lower BSD incidence showed higher susceptibility to CLS (Hagan et al., 2005).

Moreover, co-localization between minor QTLs for CLS and BSD resistance was also found on LG3, in two regions on LG4, on the proximal and distal ends of LG5 (Lopez Arias et al., 2020a; Lopez Arias et al., 2020b; Rawandoozi et al., 2022), on LG6 QTL and on three regions on LG7 on the upper, middle, and lower parts of LG in TX2WOB.

Consequently, selecting for the CLS resistance QTL on LG3 may be accompanied by BSD susceptibility. In the short term, given that the relative effect of the LG4 and LG6 QTLs were greater than the LG3 QTL in the two populations (~33% vs. ~27% in TX2WOB and ~17% vs. ~10% in TX2WSE), using predictive SNP markers on LG4 and LG6 may be an alternative to breed roses for lower CLS susceptibility. Thus, the genetic information of estimated diplotype effects of this study, such as C3C4, C1C4, C8C5, C3C1, C1C1, C8C3, D3D1, and D2D1, would have a potential advantage in decreasing CLS incidence in rose breeding.

Further investigation on the genetic basis of both diseases is needed using broader and more diverse germplasm evaluated in multiple environments to give deeper insight into the interplay between CLS and BSD. Since both fungal diseases share similar symptoms, which may lead to inaccurate field assessments (Whitaker and Hokanson, 2009b; Whitaker and Hokanson, 2009a), particularly at the early stage of disease development (Horst and Cloyd, 2007), it is recommended to evaluate the disease during late fall in at least a second or third year established field for better disease pressure build-up, and ease of distinguishing between two diseases, and subsequently more accurate phenotyping.




Conclusion

In this research, for the first time, multiple QTLs with major and minor effects associated with CLS resistance have been reported in rose using QTL mapping through PBA on two multi-parental populations evaluated over five years in two locations in Texas. One major QTL on LG3 was consistently detected with decisive evidence across populations between 18.8 to 27.8 Mbp and explained up to 25% of the CLS phenotypic variation. Two other major QTLs on LG4 (35.8 to 39.7 Mbp, PVE up to 48%) and LG6 (17.9 to 33.6 Mbp PVE up to 36%) were population-specific to TX2WOB and TX2WSE populations, respectively. Several QTLs with minor effects were distributed over LGs 1, 2, 4, 5, and 7. The interplay between the two important QTLs for each population revealed that the LG4 and LG6 QTLs in TX2WOB and TX2WSE, respectively, showed larger effects than the LG3 QTL. Also, this study found multiple q-alleles of different effects on major loci. ‘OB’, ‘Violette’, and PP-M4-4 were the sources of q-alleles across three loci in both populations. Also, our results from LG3 QTL suggest the existence of negative relationships between CLS and BSD resistance.

In summary, the identification of 38 QTLs for CLS and SNP markers associated with QTL-alleles of the major QTLs and their sources are primary information for rose breeders and a step toward the deployment of DNA-informed techniques to facilitate the selection of new rose cultivars resistant to this disease.
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Supplementary Figure 1 | Pedigree of the TX2WOB multi-parental population composed of 11 F1 diploid rose populations derived from intercrossing nine genotypes. Red and blue lines link progeny to female and male parents, respectively, generated using PediMap 1.2.

Supplementary Figure 2 | Pedigree of the TX2WSE multi-parental population composed of six F1 diploid rose populations derived from nine parents. Red and blue lines link progeny to female and male parents, respectively, generated using PediMap 1.2.

Supplementary Figure 3 | Histograms for cercospora leaf spot disease (CLS) incidence for the TX2WOB diploid rose population evaluated in Texas in College Station (CS) 2016 (A), and in 2019 (B), and 2021 (C) in Somerville (SV).

Supplementary Figure 4 | Histograms for cercospora leaf spot disease (CLS) incidence for the TX2WSE diploid rose population evaluated in Texas in 2018 (A), 2020 (B), and 2021 (C) in Somerville (SV).

Supplementary Figure 5 | Genotype plus genotype × environment (GGE) biplot representing the discrimination and representativeness of environments for the cercospora leaf spot disease (CLS) incidence in Texas College Station (CS) in 2016, Somerville (SV) in 2019 and 2021 for TX2WOB population (A), and SV in 2018, 2020, and 2021 for TX2WSE population (B).

Supplementary Figure 6 | Posterior positions (left) and trace samples QTL positions (right) based on an additive model performed using Visual FlexQTL software for cercospora leaf spot incidence in June, Sep., Oct., Nov., and the overall mean in 2016 for 11 diploid rose populations (TX2WOB) in College Station, Texas.

Supplementary Figure 7 | Posterior positions (left) and trace samples QTL positions (right) based on an additive model performed using Visual FlexQTL software for cercospora leaf spot incidence in June, July, Aug., Oct., Nov., and the overall mean in 2019 for 10 diploid rose populations (TX2WOB) in Somerville, Texas.

Supplementary Figure 8 | Posterior positions (left) and trace samples QTL positions (right) based on an additive model performed using Visual FlexQTL software for cercospora leaf spot incidence in May, June, July, Aug., Nov., and the overall mean in 2021 for 10 diploid rose populations (TX2WOB) in Somerville, Texas.

Supplementary Figure 9 | Posterior positions (left) and trace samples QTL positions (right) based on an additive model performed using Visual FlexQTL software for cercospora leaf spot incidence in June, July, Aug., Sep., Oct., Nov., and the overall mean in 2018 for six diploid rose populations (TX2WSE) in Somerville, Texas

Supplementary Figure 10 | Posterior positions (left) and trace samples QTL positions (right) based on an additive model performed using Visual FlexQTL software for cercospora leaf spot incidence in May, June, July, Aug., Nov., and the overall mean in 2020 for six diploid rose populations (TX2WSE) in Somerville, Texas.

Supplementary Figure 11 | Posterior positions (left) and trace samples QTL positions (right) based on an additive model performed using Visual FlexQTL software for cercospora leaf spot incidence in May, June, July, Aug., Oct., Nov., and the overall mean in 2021 for six diploid rose populations (TX2WSE) in Somerville, Texas.

Supplementary Figure 12 | Probable QTL genotype at the signal peak from all progenies for cercospora leaf spot QTLs of diploid rose populations qCLS.TX2WOB-LG3.2 (A) and qCLS.TX2WOB-LG4.2 (B) for TX2WOB and qCLS.TX2WSE-LG3.1 (C) and qCLS.TX2WSE-LG6.2 (D) for TX2WSE.

Supplementary Figure 13 | Analysis of the compound QTL genotypes from qCLS.TX2WOB-LG3.2 and qCLS.TX2WOB-LG4.2 on cercospora leaf spot disease rating from all progenies in 11 diploid rose populations (TX2WOB).

Supplementary Figure 14 | Analysis of the compound QTL genotypes from qCLS.TX2WSE-LG3.1 and qCLS.TX2WSE-LG6.2 on cercospora leaf spot disease rating from all progenies in six diploid rose populations (TX2WSE).



References

 Bink, M. C. A. M., Jansen, J., Madduri, M., Voorrips, R. E., Durel, C. E., Kouassi, A. B., et al. (2014). Bayesian QTL analyses using pedigreed families of an outcrossing species, with application to fruit firmness in apple. Theor. Appl. Genet. 127 (5), 1073–1090. doi: 10.1007/s00122-014-2281-3

 Bink, M. C. A. M., Totir, L. R., Braak, C. J. F., Winkler, C. R., Boer, M. P., and Smith, O. S. (2012). QTL linkage analysis of connected populations using ancestral marker and pedigree information. Theor. Appl. Genet. 124 (6), 1097–1113. doi: 10.1007/s00122-011-1772-8

 Byrne, D. H. (2015). Advances in rose breeding and genetics in north America. Acta Hortic. 1064, 89–98. doi: 10.17660/ActaHortic.2015.1064.11

 Cai, L., Stegmeir, T., Sebolt, A., Zheng, C., Bink, M. C. A. M., and Iezzoni, A. (2018). Identification of bloom date QTLs and haplotype analysis in tetraploid sour cherry (Prunus cerasus). Tree Genet. Genomes 14 (2), 22. doi: 10.1007/s11295-018-1236-2

 Cooperman, C. J., and Jenkins, S. F. (1986). Conditions influencing growth and sporulation of Cercospora asparagus and cercospora blight development in asparagus. Phytopathology 76 (6), 617–622. doi: 10.1094/phyto-76-617

 Daub, M., and Chung, K.-R. (2007). Cercosporin: A photoactivated toxin in plant disease [Online]. (St. Paul, MN, USA: APS). Available at: https://www.apsnet.org/edcenter/apsnetfeatures/Pages/Cercosporin.aspx. [Accessed 18 Sep 2022].

 Daub, M. E., and Ehrenshaft, M. (2000). The photoactivated cercospora toxin cercosporin: Contributions to plant disease and fundamental biology. Annu. Rev. Phytopathol. 38 (1), 461–490. doi: 10.1146/annurev.phyto.38.1.461

 Davis, B. H. (1938). The cercospora leaf spot of rose caused by Mycosphaerella rosicola. Mycologia 30 (3), 282–298. doi: 10.1080/00275514.1938.12017272

 Debener, T., and Byrne, D. H. (2014). Disease resistance breeding in rose: Current status and potential of biotechnological tools. Plant Sci. 228, 107–117. doi: 10.1016/j.plantsci.2014.04.005

 Dong, Q., Wang, X., Byrne, D. H., and Ong, K. (2017). Characterization of partial resistance to black spot disease of Rosa sp. HortSci. Horts. 52 (1), 49. doi: 10.21273/hortsci11349-16

 Doyle, J., and Doyle, J. (1991). DNA Isolation from small amounts of plant tissue. Phytochem. Bull. 57, 13–15.

 Dunwell, W., Braman, S. K., Williams-Woodward, J., Paret, M., Windham, A., Frank, S., et al. (2014). “Shrub roses - Rosa spp,” in IPM for shrubs in southeastern U.S. nursery production. Eds.  S. A. White, and W. E. Klingeman (Clemson, SC: Southern Nursery IPM working group), 63–94.

 Guoliang, W. (2003). “History of roses in cultivation | ancient Chinese roses,” in Encyclopedia of rose science. Ed.  A. V. Roberts (Oxford: Elsevier), 387–395.

 Hagan, A. K., Rivas-Davila, M. E., Akridge, J. R., and Olive, J. W. (2005). Resistance of shrub and groundcover roses to black spot and cercospora leaf spot, and impact of fungicide inputs on the severity of both diseases. J. Environ. Horticult. 23 (2), 77–85. doi: 10.24266/0738-2898-23.2.77

 Harp, D. A., Zlesak, D., Hammond, G., George, S., and Mackay, W. (2009). “Earth-kind® rose trials – identifying the world’s strongest, most beautiful landscape roses,” in Roses. Floriculture and Ornamental Biotechnology. Ed.  D. Zlesak. (Japan: Global Science Books), 166–175.

 Hibrand Saint-Oyant, L., Ruttink, T., Hamama, L., Kirov, I., Lakhwani, D., Zhou, N. N., et al. (2018). A high-quality genome sequence of Rosa chinensis to elucidate ornamental traits. Nat. Plants 4 (7), 473–484. doi: 10.1038/s41477-018-0166-1

 Holland, J. B., Nyquist, W. E., and Cervantes-Martínez, C. T. (2003). “Estimating and interpreting heritability for plant breeding: An update,” in Plant breeding reviews. Ed.  J. Janick (Hoboken, NJ: Wiley), 9–112.

 Horst, R. K., and Cloyd, R. A. (2007). “Infectious diseases,” in Compendium of rose diseases and pests (St. Paul, MN: APS Press).

 Hosseini Moghaddam, H., Leus, L., De Riek, J., Van Huylenbroeck, J., and Van Bockstaele, E. (2012). Construction of a genetic linkage map with SSR, AFLP and morphological markers to locate QTLs controlling pathotype-specific powdery mildew resistance in diploid roses. Euphytica 184 (3), 413–427. doi: 10.1007/s10681-011-0616-6

 Jung, S., Ficklin, S. P., Lee, T., Cheng, C. H., Blenda, A., Zheng, P., et al. (2014). The genome database for rosaceae (GDR): year 10 update. Nucleic Acids Res. 42 (Database issue), D1237–D1244. doi: 10.1093/nar/gkt1012

 Kang, S., Yan, M., Roundey, E., Lau, J., Pemberton, H. B., Bishop, C., et al. (2019). Resistance of garden roses to cercospora leaf spot. Acta Hortic. 1232, 221–226. doi: 10.17660/ActaHortic.2019.1232.32

 Kass, R. E., and Raftery, A. E. (1995). Bayes factors. J. Am. Stat. Assoc. 90 (430), 773–795. doi: 10.2307/2291091

 Leus, L., Hosseini Moghaddam, H., Van Huylenbroeck, J., and De Riek, J. (2015). QTLs associated with powdery mildew resistance responses in roses. Acta Hortic. 1064, 287–293. doi: 10.17660/ActaHortic.2015.1064.34

 Liang, S., Wu, X., and Byrne, D. (2017). Genetic analysis of flower size and production in diploid rose. J. Am. Soc. Hortic. Sci. 142 (4), 306–313. doi: 10.21273/jashs04173-17

 Linde, M., Hattendorf, A., Kaufmann, H., and Debener, T. (2006). Powdery mildew resistance in roses: QTL mapping in different environments using selective genotyping. Theor. Appl. Genet. 113 (6), 1081–1092. doi: 10.1007/s00122-006-0367-2

 Littell, R. C., Milliken, G. A., Stroup, W. W., and Wolfinger, R. D. (1996). SAS system for mixed models (Cary, NC: SAS Institute, Inc).

 Lopez Arias, D. C., Chastellier, A., Thouroude, T., Bradeen, J., Van Eck, L., De Oliveira, Y., et al. (2020a). Characterization of black spot resistance in diploid roses with QTL detection, meta-analysis and candidate-gene identification. Theor. Appl. Genet. 133 (12), 3299–3321. doi: 10.1007/s00122-020-03670-5

 Lopez Arias, D. C., Chastellier, A., Thouroude, T., Leduc, M., Foucher, F., Hibrand-Saint Oyant, L., et al. (2020b). High density SNP and SSR linkage map and QTL analysis for resistance to black spot in segregating rose population. Acta Hortic. 1283, 191–198. doi: 10.17660/ActaHortic.2020.1283.26

 Lui, S., Luo, C., Zhu, L., Sha, R., Qu, S., Cai, B., et al. (2017). Identification and expression analysis of WRKY transcription factor genes in response to fungal pathogen and hormone treatments in apple (Malus domestica). J. Plant Biol. 60 (2), 215–230. doi: 10.1007/s12374-016-0577-3

 Mangandi, J., and Peres, N. A. (2018a). Black spot of rose. (University of Florida). Available at: https://edis.ifas.ufl.edu/pdf%5CPP%5CPP26800.pd (Accessed 10 September, 10 2022)

 Mangandi, J., and Peres, N. A. (2018b). Cercospora leaf spot of rose. (University of Florida). Available at: https://edis.ifas.ufl.edu/pdf%5CPP%5CPP26700.pdf (Accessed September 10 2022)

 Mangandi, J., Verma, S., Osorio, L., Peres, N. A., van de Weg, E., and Whitaker, V. M. (2017). Pedigree-based analysis in a multiparental population of octoploid strawberry reveals QTL alleles conferring resistance to phytophthora cactorum. G3 Genes|Genomes|Genetics. 7 (6), 1707–1719. doi: 10.1534/g3.117.042119

 Morishige, D. T., Klein, P. E., Hilley, J. L., Sahraeian, S. M. E., Sharma, A., and Mullet, J. E. (2013). Digital genotyping of sorghum – a diverse plant species with a large repeat-rich genome. BMC Genomics 14 (1), 448. doi: 10.1186/1471-2164-14-448

 Pham, A.-T., Harris, D. K., Buck, J., Hoskins, A., Serrano, J., Abdel-Haleem, H., et al. (2015). Fine mapping and characterization of candidate genes that control resistance to Cercospora sojina k. hara in two soybean germplasm accessions. PloS One 10 (5), e0126753. doi: 10.1371/journal.pone.0126753

 Rawandoozi, Z., Hartmann, T., Byrne, D., and Carpenedo, S. (2021a). Heritability, correlation, and genotype by environment interaction of phenological and fruit quality traits in peach. J. Am. Soc. Hortic. Sci. 146 (1), 56. doi: 10.21273/jashs04990-20

 Rawandoozi, Z. J., Hartmann, T. P., Carpenedo, S., Gasic, K., da Silva Linge, C., Cai, L., et al. (2020). Identification and characterization of QTLs for fruit quality traits in peach through a multi-family approach. BMC Genomics 21 (1), 522. doi: 10.1186/s12864-020-06927-x

 Rawandoozi, Z. J., Hartmann, T. P., Carpenedo, S., Gasic, K., da Silva Linge, C., Cai, L., et al. (2021b). Mapping and characterization QTLs for phenological traits in seven pedigree-connected peach families. BMC Genomics 22 (1), 187. doi: 10.1186/s12864-021-07483-8

 Rawandoozi, Z. J., Young, E. L., Yan, M., Noyan, S., Fu, Q., Hochhaus, T., et al. (2022). QTL mapping and characterization of black spot disease resistance using two multi-parental diploid rose populations. Horticult. Res. 9. doi: 10.1093/hr/uhac183

 Rupe, J. C., Siegel, M. R., and Hartman, J. R. (1982). Influence of environment and plant maturity on gray leaf spot of corn caused by Cercospora zeae-maydis. Ecol. Epidemiol. 72 (12), 1587–1591.

 Rusanov, K., Kovacheva, N., Stefanova, K., Atanassov, A., and Atanassov, I. (2009). Rosa damascena–genetic resources and capacity building for molecular breeding. Biotechnol. Biotechnol. Equip. 23 (4), 1436–1439. doi: 10.2478/V10133-009-0009-3

 Schuler, M. A., Duan, H., Bilgin, M., and Ali, S. (2006). Arabidopsis cytochrome P450s through the looking glass: a window on plant biochemistry. Phytochem. Rev. 5 (2), 205–237. doi: 10.1007/s11101-006-9035-z

 Schuler, M. A., and Werck-Reichhart, D. (2003). Functional genomics of P450S. Annu. Rev. Plant Biol. 54 (1), 629–667. doi: 10.1146/annurev.arplant.54.031902.134840

 Smith, G., and Gaskill, J. (1970). Inheritance of resistance to cercospora leaf spot in sugarbeet. J. Am. Soc. Sugar. Beet. Technol. 16 (2), 172–180. doi: 10.5274/jsbr.16.2.172

 Soufflet-Freslon, V., Marolleau, B., Thouroude, T., Chastellier, A., Pierre, S., Bellanger, M. N., et al. (2019). Development of tools to study rose resistance to black spot. Acta Hortic. 1232, 213–220. doi: 10.17660/ActaHortic.2019.1232.31

 Souza, A. G. C., Maffia, L. A., and Mizubuti, E. S. G. (2012). Cultural and aggressiveness variability of Cercospora coffeicola. J. Phytopathol. 160 (10), 540–546. doi: 10.1111/j.1439-0434.2012.01947.x

 Tsuchiya, T., and Eulgem, T. (2011). EMSY-like genes are required for full RPP7-mediated race-specific immunity and basal defense in arabidopsis. Mol. Plant-Microbe Interact. 24 (12), 1573–1581. doi: 10.1094/mpmi-05-11-0123

 Verma, S., Evans, K., Guan, Y., Luby, J. J., Rosyara, U. R., Howard, N. P., et al. (2019). Two large-effect QTLs, Ma and Ma3, determine genetic potential for acidity in apple fruit: breeding insights from a multi-family study. Tree Genet. Genomes 15, 18. doi: 10.1007/s11295-019-1324-y

 Videira, S. I. R., Groenewald, J. Z., Nakashima, C., Braun, U., Barreto, R. W., de Wit, P. J. G. M., et al. (2017). Mycosphaerellaceae – chaos or clarity? Stud. Mycol. 87, 257–421. doi: 10.1016/j.simyco.2017.09.003

 Voorrips, R. E., Bink, M. C. A. M., Kruisselbrink, J. W., Koehorst-van Putten, H. J. J., and van de Weg, W. E. (2016). PediHaplotyper: software for consistent assignment of marker haplotypes in pedigrees. Mol. Breed. 36, 119. doi: 10.1007/s11032-016-0539-y

 Waliczek, T. M., Byrne, D. H., and Holeman, D. J. (2015). Growers' and consumers' knowledge, attitudes and opinions regarding roses available for purchase. Acta Hortic. 1064, 235–239. doi: 10.17660/ActaHortic.2015.1064.26

 Weather Underground (2018) Weather history for college station, TX (Ann Arbor, MI: Weather Underground Inc). Available at: https://www.wunderground.com/history/station/KCLL/2016/3/1/CustomHistory.html (Accessed October, 5 2018).

 Whitaker, V. M., and Hokanson, S. C. (2009a). “Breeding roses for disease resistance,” in Plant breeding reviews. Ed.  J. Janick (Hoboken, NJ: Wiley), 277–324.

 Whitaker, V. M., and Hokanson, S. C. (2009b). Partial resistance to black spot disease in diploid and tetraploid roses: general combining ability and implications for breeding and selection. Euphytica 169 (3), 421–429. doi: 10.1007/s10681-009-9976-6

 Widrlechner, M. P. (1981). History and utilization of Rosa damascena. Econ. Bot. 35 (1), 42–58. doi: 10.1007/BF02859214

 Wu, X., Liang, S., and Byrne, D. H. (2019). Heritability of plant architecture in diploid roses (Rosa spp.). J. Am. Soc. Hortic. Sci. 54 (2), 236. doi: 10.21273/hortsci13511-18

 Xu, Q., Wen, X., and Deng, X. (2005). Isolation of TIR and nonTIR NBS–LRR resistance gene analogues and identification of molecular markers linked to a powdery mildew resistance locus in chestnut rose (Rosa roxburghii tratt). Theor. Appl. Genet. 111 (5), 819–830. doi: 10.1007/s00122-005-0002-7

 Xu, Q., Wen, X., and Deng, X. (2007). Cloning of two classes of PR genes and the development of SNAP markers for powdery mildew resistance loci in chestnut rose (Rosa roxburghii tratt). Mol. Breed. 19 (2), 179–191. doi: 10.1007/s11032-006-9058-6

 Yan, M., Byrne, D. H., Klein, P. E., van de Weg, W. E., Yang, J., and Cai, L. (2019). Black spot partial resistance in diploid roses: QTL discovery and linkage map creation. Acta Hortic. 1232, 135–142. doi: 10.17660/ActaHortic.2019.1232.21

 Yan, M., Byrne, D. H., Klein, P. E., Yang, J., Dong, Q., and Anderson, N. (2018). Genotyping-by-sequencing application on diploid rose and a resulting high-density SNP-based consensus map. Horticult. Res. 5 (1), 17. doi: 10.1038/s41438-018-0021-6

 Young, E. L., Lau, J., Bentley, N. B., Rawandoozi, Z., Collins, S., Windham, M. T., et al. (2022). Identification of QTLs for reduced susceptibility to rose rosette disease in diploid roses. Pathogens 11, 660. doi: 10.3390/pathogens11060660

 Zhang, J., Wang, F., Liang, F., Zhang, Y., Ma, L., Wang, H., et al. (2018). Functional analysis of a pathogenesis-related thaumatin-like protein gene TaLr35PR5 from wheat induced by leaf rust fungus. BMC Plant Biol. 18 (1), 76. doi: 10.1186/s12870-018-1297-2

 Zlesak, D. C. (2006). “Rose,” in Flower breeding and genetics: Issues, challenges and opportunities for the 21st century. Ed.  N. O. Anderson (Dordrecht: Springer Netherlands), 695–740.

 Zlesak, D. C., Whitaker, V. M., George, S., and Hokanson, S. C. (2010). Evaluation of roses from the earth-kind® trials: Black spot (Diplocarpon rosae wolf) resistance and ploidy. HortSci. Horts. 45 (12), 1779. doi: 10.21273/hortsci.45.12.1779



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

Copyright © 2023 Rawandoozi, Young, Kang, Yan, Noyan, Fu, Hochhaus, Rawandoozi, Klein, Byrne and Riera-Lizarazu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/im23.jpg
(O}, )





OEBPS/Images/fpls-13-1082461-g004.jpg
5.01
451

4.01

G a

~3.51

3 b
£3.01

2

"‘3 2.5

c
== =5

92.0‘
o
151
1.01

0.51

0.0

B3B4 B1B4 BI1B2 B5SB3 BIB3
70 58 49 4 4

N

q:0 9.0 94, 94> 94>

Diplotype

Pifiey

DIDs D4DI DIDI D2D5 D3D1 D2DI
N 35 14 142 18 54 36

9.9 914 914 9:0 94 94,

Diplotype

CLS rating (0-9
N
(8.}






OEBPS/Images/im2.jpg





OEBPS/Images/M2.jpg





OEBPS/Images/im19.jpg
()





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Pedigree-based analysis in multi-parental diploid rose populations reveals QTLs for cercospora leaf spot disease resistance

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Plant materials

          



          		

            Field disease assessment

          



          		

            Heritability, correlation, and genotype by environment interaction

          



          		

            Genotyping and consensus map development

          



          		

            QTL mapping and characterization

          



        



        



        		

          Results

        

          		

            Phenotypic data analysis

          



          		

            Genotype by environment interactions

          



          		

            Consensus map

          



          		

            Genome-wide QTL analysis

          



          		

            QTL genotypes and the interplay between major QTLs

          



          		

            Haplotype analysis for important QTLs

          



        



        



        		

          Discussion

        

          		

            Heritability and G×E

          



          		

            QTL detection

          



          		

            Haplotype characterization of significant QTLs

          



          		

            Co-localization between CLS and BSD QTLs

          



        



        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/im14.jpg





OEBPS/Images/im7.jpg
- —





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/im10.jpg





OEBPS/Images/im27.jpg





OEBPS/Images/table4.jpg
SNP haplotype ccessive ancestors

LG/interval Parents QTL allele
Allele sequence (founders in bold)
M4-4 9 [ 2 Bl T © T T A G WOB26 >> OB
M4-4 9 3 Bl T ¢ i T A G PP-Md4-4
PH 4 Q BL T T T T A G OB
1720 PR g Bl T NCHETN T (A |G :2:: - r;(_);ii‘» OB or
T7-30 4 8 B T NN T (A |G x::: ” rf:[i?; OBor
J14-3 a Q B2 [e (¢ i C A A DD >> (Ducher/R-Wich)*
SE a Q B2 @ ‘ © T [ A A ‘ SE
1G3 SEB-ARE a Q B2 é © i [ A A SEB-ARE
hes1-1839] | oL 9 3 B3 [e T A T G A R36
SEB-ARE | 4 3 B3 C T A T G A SEB-ARE
T7-20 9 Q B3 [o T} A T G A SC >> Violette
T7-30 9 Q B3 C T A T G A SC >> Violette
PH 49 3 BS [ T T G A A HIA
J14-3 Q 3 B4 c ¢ A T G A PP-J14-3
SE Q 3 B4 [¢ € A T G A SE
SET-ARE Q 3 B4 [o € A T G A SET-ARE
SET-ARE Q Q B4 € ¢ A T G A SET-ARE
J14-3 a 3 DI T G A T c G c PP-J14-3
PH @ 3 D1 T G A T c € c | HiA
SE @ Q DI T G A T (o c c SE
1720 I a Q D1 T G A T C c ¢ SC >> Violette
T7-30 a Q D1 T G A T (& € € SC >> Violette
Md-4 9 Q D2 G | A G c A T G WOB26 >> OB
LG6 PH 9 Q D2 G A G c A T G OB
[31.88 - 36.84] T7-20 0 F) D2 G A | a c A T G Md-4 >> WOB26 >> OB
T7-30 9 3 D2 G A G C A T G M4-4 >> WOB26 >> OB
J14-3 a2 ? D3 T G A T C G G DD >> Ducher
M4-4 v a s D4 T G A - c C G PP-Md-4
oL Q Q D5 T A A T c c € MEV
oL Q 3 D5 T A A T (o € e R36
SE Q 3 D5 T A A T c e € SE

*Recombination event between two founders

QTL alleles for each parent are presented with ¢ and & for maternal and paternal parent sources, respectively. Allele(s) for predictive SNP marker(s) associated with g-alleles for
decreasing CLS are shaded. The identity of the SNP markers and their physical and genetic location are given in Supplementary Table 13.

Allele(s) for predictive SNP marker(s) associated with g-alleles for decreasing CLS are shaded.





OEBPS/Images/fpls.2022.1082461_cover.jpg
& frontiers | Frontiers in Plant Science

Pedigree-based analysis in
multi-parental diploid rose
populations reveals QTLs
for cercospora leaf spot
disease resistance





OEBPS/Images/table3.jpg
SNP haplotype Successive ancestors

LG/interval Parents QTL allele
Allele sequence founder
OB q Q Al AN A | A | c (G| c|T| G OB
oB q 3 A2 [RGl c | c |G| T|T| G| a OB
J3-6 q 3 A2 NGl c | c |G| T|T| G| A M4-2 >> PP-M4-2
Lc q Q a |1 Gl c | c| G| T|T| G| A LC
LC q 3 2 | 1le . clc|G|T|T| G| A LC
Vs q Q A2 NGl c ([ c |G| T|T| G| A 1c
1G5 Vs q 3 A2 Gl c ([ Cc (G| T |T| G| a Violette
1254 - 355] sc q Q 2 T 6 c ¢ 6 T T G A Lc
sC q 3 a2 T Gl c | c| G| T|T| G| A Violette
Md-4 q Q M | A A A A c - - T ¢ WOB26 >> (R-Wich/OB)*
Md-4 q 3 A4 I . | A Cc| -| -|T]|@ PP-M4-4
J14-3 Q 3 A3 A|lG|c|c|G|T|T|G]| a PPJ14-3
J14-3 Q Q A3 A|lGeg|c|lc|leg|T|T]| G| A DD >> Ducher or R-Wich
J3-6 Q Q A3 A|lGg|lc|lc|Gg|T|T| G| A DD >> Ducher or R-Wich
I OB 9 3 cl C| T|c| c AN G| G OB
J3-6 a4 Q Cl1 C T C C TT G G DD >> Ducher
J4-6 q Q c2 G A T A A A G c R-Wich
J14-3 q Q c2 G| A| T| A [NANEAN G| G DD >> R-Wich
J4-6 9 3 c3 G| T| T | A [NGHNGE T | G WOB26 >> OB
Md-4 9 Q c3 G| T|T| A |[NGHEGE T | G WOB26 >> OB
OB a2 ? c3 G T T | A [NGHNGH T G OB
i J3-6 9 3 c4 o lalt| BN |- M4-2 >> PP-M4-2
[341 - 36.8] Md-4 P s s |G| Al -| a|NSN c| G PP-M44
RF @ Q c6 G| T|T]|C TT T | C RF
RF a 3 c7 G T T Al A A G G RF
sC a 3 cs8 G| T|T]|C TT ¢ c Violette
LC a Q cs8 G| T | T | c [ANGEINGE C ic
sC Q Q 9 G T T c A G T G ic
Vs Q Q c9 G| T|T|C|A|G|T]|G LC
LC Q 3 9 G| T|T|C|A|G|T]| G LC

*Recombination event between two founders

*QTL alleles for each parent are presented with ¢ and g for maternal and paternal parent sources, respectively. Allele(s) for predictive SNP marker(s) associated with g-alleles for
decreasing CLS are shaded. The identity of the SNP markers and their physical and genetic location is given in Supplementary Table 12.

Allele(s) for predictive SNP marker(s) associated with g-alleles for decreasing CLS are shaded.





OEBPS/Images/im3.jpg
Obropeny(FP.MP)





OEBPS/Images/im18.jpg
(07 )





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/M1.jpg
y = 1L + Ofp + Opp + Obropeny(FPMP) + Okny + OFpxEny + O\pxEny + OProgenyxEny + Gerror





OEBPS/Images/fpls-13-1082461-g001.jpg
LG1 LG2 LG3 LG4

™

= =0 =0 cho3_e457807 =— EY
=5 =5 E-5
= E = E 4 =
. =10 =10 E-10 =
E SR — E s
E = chr03_18494210 —= E
=20 = =20 = E-20 chro4_11316270 I”
=25 = =25 ohr03 18884374 —— |® 1 E—25 chr04_19149451
= =30 chr02_22891678 —— =30 ° |5 E-30
= = . = - E chr04_35259242 m
E-35 =-35 chr03_23490623 —— E-35 chr04_35821774 I"’ I 1<
= o ©h02 28138682 —— E £ 4o chr04 39709868 ® ] T
= E S chr04_42641654
=45 =45 E-45 =
=50 = =50 = E-50
E = 55 = = 55 E 55
= chr02_56762192 = E
=60 I ® =60 E—60
E o chr02_60436548 = o chr03_43314881 I - E o chr04_54880336
it B > = = chr03_43522937 —= E o
chr01_60950711 :E ™ =-70 =70 E—70  chr04_56449770
=75 E-75 =i E—75 chr04_56598372 ——
— 80 =80 =80 < E-80 [u
;— 85 ;— 85 ;— 85 g— 85 chr04_58335815 ——
— 90 =90 =90 E-90
=95 =95 =95 CLS.TX2WOB-LG3.1 (Mean SV 2021) =95 JCLS. TX2WOB-LG4.1 (June SV 2019)
— 100 =100 =100 | B ¢CLS.TX2WOB-LG3.2 (Aug. SV 2019) E-100 | B 4CLS.TX2WOB-LG4.2 (Aug. SV 2019)
= 05| A gCLS.TX2WOB-LG1 (Mean SV 2019) = o5 A ¢CLS.TX2WOB-LG2.1 (Nov. SV 2019) = 105 gCLS.TX2WOB-LG3.2 (May SV 2021) E 105 GCLS.TX2WOB-LG4.3 (Mean CS 2016)
= B ¢CLS.TX2WOB-LGI (Nov. SV 2021) = B ¢CLS.TX2WOB-LG2.2 (July SV 2019) = ¢CLS.TX2WOB-LG3.3 (Oct. CS 2016) E CLS.TX2WOB-LG4.4 (Nov. CS 2016)
gCLS.TX2WOB-LG3.2 (Sep. CS 2016) ¢CLS.TX2WOB-LG4.2 (Oct. CS 2016)
gCLS. TX2WOB-LG3.2 (Nov. CS 2016) ¢CLS.TX2WOB-LG4.2 (Nov. CS 2016)
¢CLS.TX2WOB-LG3.2 (Mean CS 2016) CLS. TX2WOB-LGA4.2 (Mean CS 2016)
¢CLS.TX2WOB-LG4.2 (Mean SV 2019)
¢CLS.TX2WOB-LG4.2 (Sep. CS 2016)
LG5 LG6 LG7
- =0 chr06_436779 I =0 chr07_202239
5 o = [
=5  chr06_2091025 5 E-5 chr07_599600 —— i>
=10 = 40  chr07_599471 E
chr05_6385084 —E = g ohr06_7849331 —= e
chr05_9267155 > : =-20 =20
chr05_11005324 £ = 25 =25
chr05_15113812 = = 2 = 30 chr07_12952172 I
= E chr07_13090131
=35 =35 chr07_20049448 [o
=40 =—40 chr07_21510710 ——| [9
= E ]
=45 =45 chr07_22646808
=50 chro6_54862961 =50
55 1 ® E-55
E chr06_61349049 E
=] =60 =60
=65 = %5 chro7_4s320850
=70 E-70 chr07_50548713 m |z
= = chr07_55128596
=75 =75 chr07_57565645
=80 =80
= Nt =
chr05_84080069 o =85 =85
chr05_85126737 =90 =%
=9 =95
® |m = oo | A 4CLSTX2WOB-LGE.1 (Mean CS 2016) E 100 ¢CLS.TX2WOB-LG7.1 (June SV 2021)
- = B ¢CLS.TX2WOB-LG6.2 (Aug. SV 2016) E ¢CLS.TX2WOB-LG7.2 (July SV 2019)
= 105 | ¢ 4CLS.TX2WOB-LG6.1 (Oct. CS 2016) =105 | ¢ 4CLS.TX2WOB-LG7.3 (July SV 2021)

chr05_85706568 —— gCLS. TX2WOB-LG7.3 (June SV 2021)

gCLS. TX2WOB-LG7.4 (June SV 2019)
gCLS. TX2WOB-LG7.1 (May SV 2021)
qCLS. TX2WOB-LG7.3 (Oct. CS 2016)
qCLS. TX2WOB-LG7.4 (Mean SV 2019)

A gCLS.TX2WOB-LGS5.1 (Aug. SV 2021)
B ¢CLS.TX2WOB-LG5.2 (Oct. SV 2019)
C gCLS.TX2WOB-LGS5.1 (Sep. CS 2016)

D ¢CLS.TX2WOB-LG5.2 (Mean SV 2021)
E ¢CLS.TX2WOB-LGS5.2 (Mean CS 2016)
F gCLS.TX2WOB-LGS5.2 (June CS 2016)






OEBPS/Images/im22.jpg
(Catrny)





OEBPS/Images/im13.jpg





OEBPS/Images/im8.jpg





OEBPS/Images/im26.jpg
OAat)





OEBPS/Images/im9.jpg
=1





OEBPS/Images/im17.jpg
Obropeny(FP.MP)





OEBPS/Images/fpls-13-1082461-g002.jpg
LG1 LG2 LG3 LG4

=N ™
—0 =0 on02_756923 =) =0  chr03_15445511 —— 1 =0 B
5 E-5 > 5 T 5 =
E chr02_943317 = I = =
E-10 10 chr03_16813961 ~ o 3 10 =
=15 45 ©hr03_21519631 o z &
E chr03_22902932 [m > .0 =
E-20 chr02_1650388 20 chr03_27802201 ~ ' 20 chro4 11807282~
] E chr02_1717087 ® LEES B chr04_12904178 Im
= E-25 = = 25 chr03_30155682 —— o 25 chr04_20234625 —— | >
30 = 30 30 30 chr04_25002810 ——
E chr02 5576020'=— chr03_33834174 ——|
35 =35 35 - 35 O
E chr03_34044812 ——
E-40  chroo_se62203 —— | © 40 - 40
=45 chr02_14865700 =1 @ 45 45
E-50' ichi02, 14723026 S 50 50 chrod_46344321 —=
85 e e E55  chr02_26556003 55 55 o
6o - E 60 60 = 60 chr04_49395637
E hr04_51978250 ——
SR £ 6 = 65 zh:o4_546034se g B
= E-70 70 70 -
> =
E-75 75 75
— £ hr02_56477219 ——=
go CNO1_62774645 B S g o2 I"‘ . . .
chr01_62811914 —— N el — & g I
=90 hro2_70882202 —— %0 %0 >,
=95 95 95
=—100 m 100 100
E105 im0z F13061 19 s 105| A ¢CLS.TX2WSE-LG3.1 (Nov. SV 2021) 105
E chr02_72316767
=110 = x 110| B gCLS.TX2WSE-LG3.1 (July SV 2020) 110
f_ 115 chr02_73414082 —= 115 gCLS.TX2WSE-LG3.1 (Nov. SV 2020) 115
= o = 120| D CLS TX2WSE-LG3.1 (Mean SV 2020) 0 A gCLS.TX2WSE-LG4.1 (Nov. SV 2018)
E gCLS.TX2WSE-LG3.1 (Nov. SV 2018) B iqCLS.TX2WSE-1.G4.2 (Sep..SV 2018)
A gCLS.TX2WSE-LG1 (Sep. SV 2018) E- 125 125 ¢CLS.TX2WSE-LG3.1 (Oct. SV 2021) 125 | C gCLS.TX2WSE-LG4.2 (July SV 2018)
B ¢CLS.TX2WSE-LG1 (May SV 2021) =130 130| G ¢CLS.TX2WSE-LG3.2 (June SV 2020) 130, | D 'qCLS.TX2WSE-LG4.2,(une SV 2018)
C gCLS.TX2WSE-LG1 (Mean SV 2018) E 135 435| H ¢CLS.TX2WSE-LG3.1 (Oct. SV 2018) 435 | E 9CLS.TX2WSE-LG4.1 (May SV 2021)
D gCLS.TX2WSE-LGI (Aug. SV 2018) E 440 1a0| | 4CLS.TX2WSE-LG3.1 (June SV 2018) E ugul s GOES-IXOWSETGH:2 (Mean SV2014)

A
B
C
D
E
F
G
H
1
J gCLS.TX2WSE-LG3.1 (May SV 2020)
K
L
M
N
[¢]
P
Q
R

A gCLS.TX2WSE-LG2.1 (Aug. SV 2021) ¢CLS.TX2WSE-LG3.1 (Aug. SV 2020)
B gCLS.TX2WSE-LG2.2 (Oct. SV 2018) ¢CLS.TX2WSE-LG3.1 (Aug. SV 2021)
C ¢CLS.TX2WSE-LG2.3 (June SV 2018) ¢CLS.TX2WSE-LG3.1 (Aug. SV 2018)
D ¢CLS.TX2WSE-LG2.3 (July SV 2021) ¢CLS.TX2WSE-LG3.1 (July SV 2018)
E ¢CLS.TX2WSE-LG2.4 (May SV 2020) ¢CLS.TX2WSE-LG3.1 (Sep. SV 2018)
F ¢CLS.TX2WSE-LG2.5 (May SV 2021) ¢CLS.TX2WSE-LG3.1 (Mean SV 2018)
G gCLS.TX2WSE-LG2.3 (July SV 2018) ¢CLS.TX2WSE-LG3.1 (July SV 2021)
H ¢CLS.TX2WSE-LG2.5 (Mean SV 2018) ¢CLS.TX2WSE-LG3.1 (Mean SV 2021)
LG5 LG6 LG7
— 0 ) —0 [ 0 chr07_397280 —~—
E chr07_857605 m | x
E-5 5 chr07_944995 > |0
E 10 40  chr07_215056 =
E chr07_1201239 ~ z
chr05_127651 I” =15 e 15 chr07_1068564
chr05_2178220 E.op Shoeostare T 2 = o, Chr07-2008510
E - : chr07_2833384
= 55 chr06_12041069 7 25 . ®
E chr06_12089183 Gl ™ chr07_4474794 ®
E-30 chr06_17921337 o X 3 30 -
E chr06_29543291 = 3
=35 chro6_28564363 L’“ 1z 10 35 [chioz 3297701
E & o chr07_10602476
E 40 chr06_33617397 I} 40 -
E chr06_40732179 °© e chr07_14519516 o~
E-45 — 45 chr07_15347441 =
E chr07_16594836
=50 50 chr07-20153711 &
=55 55 chro7_24129194
chr05_24568185 E~50 €0
chr05_23839000 3 E-65 65
I o E-70 70 =
chr05_32304434 E
E-75 75
=80 80
=85 85
= =90 90
chr05_63801393 E_
chr05_64551556 10 E% i
chr05 70276677 [o =-100| A gCLS.TX2WSE-LG6.1 (June SV 2018) 100
chr05,_T1566087 = 105 B ¢CLS.TX2WSE-LG6.1 (July SV 2021) 105 =
e E E 19| € 9CLS.-TX2WSE-LG6.2 (Mean SV 2021) 410
chr05_75880017 = ]: = D gCLS.TX2WSE-LG6.2 (Sep. SV 2018) A qCLS.TX2WSE-LG7.1 (Nov. SV 2018)
chr05_85078489 [‘ =3 15| g gCLS.TX2WSE-LG6.2 (Aug. SV 2020) 115 B ¢CLS.TX2WSE-LG7.2 (Sep. SV 2018)
chr05_85706634 m E-120[ F gCLS.TX2WSE-LG6.2 (Aug. SV 2018) 120 [ ¢ 4CLS.TX2WSE-LG7.3 (June SV 2018)
£hr 59530436 = 125| G ¢CLS.TX2WSE-LG6.2 (Oct. SV 2021) 125 D gCLS.TX2WSE-LG7.4 (June SV 2021)
= 30| H 4CLS.TX2WSE-LG6.1 (Nov. SV 2021) 130 | E gCLS.TX2WSE-LG7.1 (July SV 2021)
A ¢CLS.TX2WSE-LGS5.1 (June SV 2020) E I ¢CLS.TX2WSE-LG6.1 (Nov. SV 2018) F ¢CLS.TX2WSE-LG7.1 (Nov. SV 2021)
B gCLS.TX2WSE-LGS5.2 (Mean SV 2020) = 1351 gCLSTX2WSE-LG6.I (Mean SV 2018) 1351 G GCLS.TX2WSE-LG7.2 (July SV 2021)
C ¢CLS.TX2WSE-LG5.3 (May SV 2020) —140| K gCLS.TX2WSE-LG6.1 (Oct. SV 2018) =140 | g ¢CLS. TX2WSE-LG7.3 (July SV 2018)
D ¢CLS.TX2WSE-LG5.4 (Nov. SV 2018) L gCLS.TX2WSE-LG6.2 (Nov. SV 2020) I ¢CLS.TX2WSE-LG7.3 (Mean SV 2018)
E ¢CLS.TX2WSE-LG5.4 (Oct. SV 2021) M ¢CLS.TX2WSE-LG6.2 (June SV 2020) J qCLS.TX2WSE-LG7.3 (May SV 2021)
F gCLS.TX2WSE-LGS5.2 (July SV 2020) N ¢CLS.TX2WSE-LG6.2 (May SV 2020) K ¢CLS.TX2WSE-LG7.1 (July SV 2020)
G gCLS.TX2WSE-LG5.3 (Mean SV 2018) O ¢CLS.TX2WSE-LG6.2 (Mean SV 2020) L ¢CLS.TX2WSE-LG7.1 (Mean SV 2021)
H ¢CLS.TX2WSE-LG5.4 (Nov. SV 2021) P ¢CLS.TX2WSE-LG6.2 (June SV 2021) M ¢CLS.TX2WSE-LG7.1 (Oct. SV 2021)
I gCLS.TX2WSE-LG5.4 (Mean SV 2021) Q ¢CLS.TX2WSE-LG6.2 (July SV 2020) N ¢CLS.TX2WSE-LG7.1 (Oct. SV 2018)






OEBPS/Images/im4.jpg





OEBPS/Images/im5.jpg
Orpx Enry





OEBPS/Images/im21.jpg





OEBPS/Images/im25.jpg
PVE e modet = 282 x 100





OEBPS/Images/table2.jpg
Interval QrL PVE

QTL name . .
(M) ) intensity (%)
gCLS.TX2WSE-LG1 Sep. 2018 1 66 (55.82) 59.70 - 89.40 [52.10 - 62.81]* 078 8 43
May 2021 1 66 (55.82) 66.51 - 80.27] [55.82 - 62.77)* 0.87 8 55
Mean 2018 1 84 (62.70) 80.27 - 89.40 [62.77 - 62.81] 1.00 11 283
Aug. 2018 1 84 (62.70) 80.27 - 89.40 [62.77 - 62.81] 077 8 4.1
gCLS.TX2WSE-LG2.1 Aug. 2021 2 2(0.75) [2.16 - 8.73] [0.75 - 0.94] 042 14 43
gCLS.TX2WSE-LG2.2 Oct. 2018 2 21 (1.65) 21.62 - 23.82 [1.65 - 1.71] 073 9 44
' gCLS.TX2WSE-LG2.3 July 2018 2 42 (9.59) 42,61 - 50.48 [8.66 - 14.72. 0.84 7 55
June 2018 2 45 (11.41) 33.15 - 48.01 [5.57 - 14.86 085 7 37
July 2021 2 50 (14.70) 48.01 - 56.96] 14.86 - 26.55] 1.08 6 85
qCLS.TX2WSE-LG2.4 May 2020 2 80 (60.11) 79.29 - 84.36 56.47 - 60.43]* 092 11 9.6
qCLS.TX2WSE-LG2.5 May 2021 2 93 (70.88) [93.04 - 108.81] ' 70.88 - 72.31] 1.00 13 129
Mean 2018 2 106 (71.30) [106.52 - 115.70] 71.30 - 73.41) 085 8 6.9
gCLS.TX2WSE-LG3.1 Oct. 2018 3 0 (15.44) [0.00 - 18.39] 15.44 - 27.80]* 1.05 9 6.3
Nov. 2021 3 0 (15.44) [0.00 - 18.39] 15.44 - 27.80]* L14 13 272
July 2020 3 13 (19.29) [0.00 - 18.39] 15.44 - 27.80]* 065 13 269
Nov. 2020 3 18 (23.44) [0.00 - 18.39] 15.44 - 27.80]* 110 10 6.5
Mean 2020 3 13 (19.29) [0.00 - 18.39] 15.44 - 27.80]* 115 9 8.8
Nov. 2018 3 18 (23.44) [0.00 - 18.39] 15.44 - 27.80])* 096 5 5.0
Aug. 2020 3 18 (23.44) 1631 - 18.39 21.51 - 27.80]* 0.60 8 6.0
Aug. 2018 3 18 (23.44) 17.21 - 18.39 22.90 - 27.80]* 0.87 21 27.7
July 2018 3 18 (23.44) 17.21 - 18.39 22.90 - 27.80]* 1.07 25 279
Sep. 2018 3 18 (23.44) 17.21 - 18.39 22.90 - 27.80]* 1.04 12 128
Mean 2018 3 18 (23.44) 17.21 - 18.39 22.90 - 27.80]* 1.01 13 284
July 2021 3 18 (23.44) 1721 - 18.39) 22.90 - 27.80]* 1.00 16 269
Mean 2021 3 18 (23.44) 1721 - 18.39) 22.90 - 27.80]* 118 11 8.8
Aug. 2021 3 18 (23.44) 1631 - 18.39 21.51 - 27.80]* L12 12 102
June 2018 3 24 (30.15) 17.21 - 25.38, 22.90 - 30.15]* L12 15 115
May 2020 3 25 (30.15) 1721 - 25.38, 22.90 - 30.15]* 1.02 8 9.0
Oct. 2021 3 23 (30.15) 1839 - 25.38 27.80 - 30.15 050 7 135
qCLS.TX2WSE-LG3.2 June 2020 3 38 (34.04) 33.53 - 38.71 33.83 - 34.04 0.90 8 4.1
gCLS.TX2WSE-LG4.1 Nov. 2018 4 26 (2023) 22.14 - 32.55 11.80 - 25.00]* 0.71 7 86
May 2021 4 26 (20.23) 2447 - 27.27) 12.90 - 20.23]* 063 17 31
qCLS.TX2WSE-LG4.2 Sep. 2018 4 56 (46.61) 53.62 - 64.54, 46.34 - 51.97 0.99 11 12.8
July 2018 4 65 (52.84) 64.54 - 69.36 ‘ 51.97 - 54.60 114 8 279
Mean 2018 4 68 (54.51) 61.60 - 69.36 49.39 - 54.60 0.86 9 124
June 2018 4 68 (54.51) 64.54 - 69.36 51.97 - 54.60 093 8 54
gCLS.TX2WSE-LG5.1 June 2020 5 15 (0.56) 1457 - 19.32 [0.13 - 2.17] 078 7 9.9
gCLS.TX2WSE-LG5.2 July 2020 5 68 (31.23) 6521 - 71.35 23.83 - 3230 099 7 9.7
Mean 2020 5 68 (31.23) 6202 - 7135 ‘ 24.56 - 32.30 0.85 5 62
gCLS.TX2WSE-LG5.3 May 2020 5 99 (67.31) [93.50 - 100.74] 63.80 - 70.27 050 9 24
Mean 2018 5 100 (68.85) [96.65 - 100.74] 64.55 - 70.27 077 8 34
qCLS.TX2WSE-LG5.4 Nov. 2018 5 110 (76.77) [105.96 - 115.92] 71.56 - 85.07]* 0.78 5 25
Nov. 2021 5 111 (75.88) [109.14 - 115.92] 75.03 - 85.07]* 1.09 8 136
Mean 2021 5 114 (78.92) [111.68 - 119.42] 75.88 - 85.7]* 1.06 8 274
Oct. 2021 5 123 (85.53) [115.92 - 123.57) 85.07 - 85.53]* 0.88 10 273
gCLS.TX2WSE-LG6.1 June 2018 6 20 (7.17) 1892 - 23.26 [6.78 - 9.26]* 0.51 10 37
July 2021 6 20 (7.17) 18.92 - 23.26 [6.78 - 9.26]* 0.58 12 140
Nov. 2018 6 24 (8.94) 23.26 - 28.67 [9.26 - 12.08 1.04 8 101
Mean 2018 6 24 (8.94) 23.26 - 28.67 [9.26 - 12.08 1.00 13 284
Nov. 2021 6 26 (12.04) 23.26 - 26.66 [9.26 - 12.04 1.06 15 282
Oct. 2018 6 28 (12.08) 23.26 - 28.67 [9.26 - 12.08 1.01 7 6.8
qCLS.TX2WSE-LG6.2 Mean 2021 6 31 (17.92) 31.88 - 36.84 17.92 - 33.61 L1l 21 28.1
Sep. 2018 6 31 (17.92) 31.88 - 36.84 17.92 - 33.61 0.99 13 9.4
Aug. 2020 6 34 (29.54) 31.88 - 36.84 17.92 - 33.61 0.89 17 269
Nov. 2020 6 34 (29.54) 34.36 - 36.84 29.54 - 33.61 124 18 275
Aug. 2018 6 36 (33.61) 31.88 - 36.84 17.92 - 33.61 057 9 86
June 2020 6 36 (33.61) 34.36 - 36.84 29.54 - 33.61 1.20 17 256
May 2020 6 36 (33.61) 34.36 - 36.84 29.54 - 33.61 1.03 22 280
July 2020 6 36 (33.61) 35.24 - 36.84 28.56 - 33.61 L12 36 27.7
Mean 2020 6 36 (33.61) 34.36 - 36.84 29.54 - 33.61 1.01 21 100
June 2021 6 36 (33.61) 34.36 - 36.84 29.54 - 33.61 1.00 12 269
Oct. 2021 6 40 (39.17) 31.88 - 41.17 17.92 - 40.73 1.03 10 265
gCLS.TX2WSE-LG7.1 Nov. 2018 7 8 (0.97) [6.45 - 19.30] [039 - 1.06]* 0.82 6 35
July 2020 7 8 (0.97) [6.45 - 13.84] [0.39 - 0.94]* 1.04 13 103
July 2021 7 15 (1.19) [6.45 - 17.80] [039 - 1.20]* 0.62 14 259
Nov. 2021 7 15 (1.19) [6.45 - 17.80] [039 - 1.20]* 0.89 9 27.0
Mean 2021 7 17 (1.20) 1115 - 17.80, [0.85 - 1.20] 0.86 12 27.0
Oct. 2018 7 17 (1.20) 1445 - 19.30 [022 - 1.06]* 1.36 11 272
Oct. 2021 7 17 (1.20) 13.84 - 23.50 [0.94 - 2.00] 078 11 9.8
gCLS.TX2WSE-LG7.2 July 2021 7 30 (2.84) 28.74 - 33.96 [2.83 - 447] 0.84 15 259
Sep. 2018 7 41 (9.29) 28.74 - 41.63 [2.83 - 9.29] 1.02 7 54
qCLS.TX2WSE-LG7.3 June 2018 7 45 (12.03) 43.56 - 52.67 [10.60 - 15.34]* 098 7 115
July 2018 7 48 (14.51) 43.56 - 48.92, [10.60 - 14.51]* 0.98 10 103
Mean 2018 7 52 (15.66) 48.92 - 54.96 [14.51 - 16.59] 094 10 279
May 2021 7 50 (14.87) 48.92 - 54.96 [14.51 - 16.59] 0.65 6 4.1
gCLS.TX2WSE-LG7.4 June 2021 7 62 (24.12) 57.02 - 62.64 [20.15 - 24.12]* 071 8 69
*QTL intervals (Mbp) co-localized with TX2WOB population. |
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Mode Interval

QTL name LG
cM (Mbp) (cM) (Mbp)
GCLS.TX2WOB-LG1 Mean 2019 1 69 (60.56) 68.0 - 69.8 57.86 - 60.95]* 045 14 21
Nov. 2021 1 69 (60.56) 68.0 - 69.8 57.86 - 60.95]* 053 20 26
gCLSTX2WOB-LG2.1  Nov. 2019 2 ‘ 37 (26.06) 299 - 379 [22.89 - 28.13] 1.09 19 121
gCLSTX2WOB-LG22  July 2019 2 62 (59.96) 572 - 62.9 56.76 - 60.43]* 042 9 30
gCLSTX2WOB-LG3.1  Mean 2021 3 3(8.6) [1.8 - 129] [6.45 - 11.17 ‘ 075 27 46
| gCLSTX2WOB-LG32  Nov. 2016 P (22.81) 254 - 355 18.88 - 23.49]* 101 13 288
' ' Sep. 2016 3 35 (23.49) 254 - 35.5 18.88 - 23.49]* 0.70 s 34
Mean 2016 3 32 (22.1) 254 - 35.5 18.88 - 23.49]* 098 10 289
Aug. 2019 3 27 (21.4) 172- 355 18.49 - 23.49]* 078 13 38
May 2021 3 : 27 (21.4) 172 -355 18.49 - 23.49]* 0.52 9 44
gCLS.TX2WOB-LG3.3  Oct. 2016 3 65 (43.52) 61.2 - 65.9 4331 - 43.52 068 4 93
qCLS.TX2WOB-LG4.1 June 2019 4 25(19.14) 21.0 - 25.8 11.31 - 19.14]* 1.05 8 5.7
| GCLSTX2WOB-LG42  Sep. 2016 4 36 (39.7) 352 - 36.8 35.82 - 39.70 0.72 33 289
Oct. 2016 4 36 (39.7) 341 - 36.8 3525 - 39.70 101 46 108
Nov. 2016 4 36 (39.7) 341 - 36.8 35.25 - 39.70 1.00 48 258
Mean 2016 4 36 (39.7) 341 - 36.8 3525 - 39.70 094 42 126
Aug. 2019 4 39 (261 341 - 399 3525 - 42.64 073 8 32
Mean 2019 4 39 (42.64) 352 -39.9 35.82 - 42.64 0.80 9 43
gCLS.TX2WOB-LG4.3  June 2016 4 70 (56.44) 62.1 - 70.8 54.88 - 56.44 098 17 9.7
gCLS.TX2WOB-LG4.4  Nov. 2016 4 82 (58.2) 75.7 - 85.9 56.59 - 58.33 077 % 62
gCLS.TX2WOB-LG5.1  Sep. 2016 5 20929 21.8 - 24.1 [9.26 - 11.00] 076 9 45
Aug, 2021 5 24 (11.00) 133 - 26.7] [6.38 - 15.11] 064 13 36
gCLS.TX2WOB-LG5.2 | Mean 2021 5 87 (84.08) s66-919] | [84.08 - 85.12]* ‘ 033 13 20
Oct. 2019 50107 (8562) [866 - 108.9]  [84.08 - 85.70]* 0.30 [ s 22
June 2016 5 108 (85.7) [919-1089] | [85.12 - 85.70]* 101 11 7.8
Mean 2016 5 108 (85.7) [919-1089] | [85.12 - 85.70]* 043 12 29
gCLSTX2WOB-LG6.1  Oct. 2016 6 4(1.04) [0.0-5.2) [0.44 - 2.09] 1.00 18 294
Mean 2016 6 2(0.94) [0.0 - 13.0] [0.44 - 7.84]* 0.50 11 31
qCLSTX2WOB-LG62  Aug. w6 54 (57.02) 511 - 57.6 [54.86 - 61.34] 063 o 31
gCLSTX2WOB-LG7.1  May 2021 7 3(0.43) [0.0 - 5.6] [0.20 - 0.59]* 0.66 13 32
June 2021 7 5 (0.59) [0.0 - 9.5] [0.20 - 0.59]* 0.66 13 85
gCLS.TX2WOB-LG7.2  July 2019 7 31(12.33) 29.3-32.1 [12.95 - 13.09]* L15 16 73
gCLS.TX2WOB-LG7.3  Oct. 2016 7 40 (21.51) 36.0 - 40.1 [20.05 - 21.51]* 0.65 5 31
July 2021 7 44 (21.78) 36.0 - 45.9 [20.04 - 22.64]* 054 14 26
June 2021 7 45 (22.64) 360-459] [20.04 - 22.64]* ‘ 0.67 14 32
gCLSTX2WOB-LG7.4  June 2019 7 71 (52.08) 67.1-75.5 [48.32 - 57.56] ‘ 1.08 19 35
Mean 2019 7 71 (52.08) 69.7 - 73.9 [50.54 - 55.12] 067 2 38
| *QTL intervals (Mbp) co-localized with TX2WSE population.
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