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Abstract

Peas (Pisum sativum) are the second most cultivated pulse crop in the world. They can serve as human food, fodder, and cover crop. The
most serious foliar disease of pea cultivars worldwide is Ascochyta blight, which can be caused by several pathogens. Of these, Peyronella
pinodes is the most aggressive and prevalent worldwide. Several traits, including resistance to Peyronella pinodes, stem diameter, inter-
node length between nodes 2-3 and 5-6, and area of 7th leaf, were measured in 269 entries of the pea single plant plus collection. The
heritability (H?) of the morphological traits was relatively high, while disease resistance had low heritability. Using 53,196 single-nucleotide
polymorphism markers to perform a genome-wide association study to identify genomic loci associated with variation in all the traits
measured, we identified 27 trait-locus associations, 5 of which were associated with more than 1 trait.
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Introduction

Dry peas (Pisum sativum L.) are the second most cultivated pulse
crop in the world, coming after dry beans (FAOSTAT 2014;
https://www.fao.org/faostat/en/). The United States is the 4th
largest producer and 3rd-largest exporter globally (Rawal and
Navarro 2019). Peas can serve as human food, fodder, and cover
crop. They fix biological nitrogen and can add up to 146kg N ha™*
(Parr et al. 2011). Pea production can be affected by various abiotic
and biotic stresses (Diego Rubiales et al. 2015). The most serious
foliar disease of pea cultivars worldwide is Ascochyta blight
(Bernard Tivoli et al. 2007), which can cause up to 75% yield loss
under conditions that are favorable for the disease (Bretag et al.
2006). Ascochyta blight is a disease complex caused by several re-
lated fungal pathogens individually or in combination (Bernard
Tivoli et al. 2007). In North America, the species associated with
the disease are Didymella pisi, Peyronellaea pinodella, and
Peyronellaea pinodes (Skoglund et al. 2011; Owati et al. 2020); the
last of these being the most aggressive and prevalent worldwide
(Rubiales et al. 2019; Xue et al. 1997; Bretag et al. 1995; Tivoli et al.
1996). Pathogens are very hard to discriminate based on the
symptoms they cause, as all of them cause black to brown spots
or lesions on leaves, stems, and pods (Skoglund et al. 2011).
However they can be distinguished based on other characteristics
such as spore characteristics, appearance on culture plates, and
toxin production (Owati et al. 2020).

Ascochyta blight can be controlled with agronomic practices
(Bretag et al. 2006; Liu et al. 2016). The use of clean and treated
seed will prevent seed-born inoculum. Crop rotation, destruction
of infected pea trash, and adjustment to the planting date will de-
crease the odds of soil and air-born inoculum infestation. To re-
mediate losses, fungicides can also be applied but this results in
increased input costs for the farmer. A more sustainable ap-
proach is to breed for resistance to the pathogen. So far, low lev-
els of polygenic resistance to P. pinodes have been identified in
Pisum sativum (Parihar et al. 2020), and high levels of resistance
have been reported in wild peas (Fondevilla et al. 2008; Wroth
1998; Ambuj Bhushan Jha et al. 2012; Jha et al. 2017). Disease resis-
tance has been associated with lower plant growth in many plant
systems (Brown and Rant 2013). Although the causes of the
tradeoff between growth and defense are not entirely known,
they may be based partially on antagonistic signaling pathways
and the metabolic costs of the defense response (Karasov et al.
2017). Since plant vigor is also paramount for a breeding pro-
gram, it is important to know if disease resistance in a population
is associated with undesired traits, such as hindered plant
growth.

Although peas were the original system used for genetic stud-
ies (Ellis et al. 2011), the reference genome was only published in
2019 (Kreplak et al. 2019). Pea (2n=14) has a large, highly repeti-
tive genome, of 4.45Gb, almost twice as large as maize (2n=20,

Received: May 12, 2022. Accepted: June 28, 2022

© The Author(s) 2022. Published by Oxford University Press on behalf of Genetics Society of America.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0000-0003-3053-9173
https://academic.oup.com/

2 | G3,2022,Vol. 12, No. 9

2.4Gb) and almost 4 times that of soybean (2n=20, 1.15Gb). To
preserve genetic diversity and aid in genomic-assisted breeding,
the USDA assembled the pea single plant plus collection (PSPPC)
(Holdsworth et al. 2017), which comprises 431 morphologically,
geographically, and taxonomically diverse P. sativum accessions.
Detailed genotypic data are publicly available for the PSPPC,
along with 25 accessions of Pisum fulvum, a wild relative of peas
(Holdsworth et al. 2017). Genome-wide association studies
(GWAS) aim to connect underlining genetics to traits of interest,
and requires a panel with diverse genotypes (Korte and Farlow
2013), the PSPPC is ideal for such studies.

All the published quantitative trait loci (QTL) mapping studies
for resistance to P. pinodes have used biparental populations
which can only detect effects at loci for which the parents pos-
sess functionally distinct alleles. GWAS, in contrast, has the po-
tential to assess the relative effects of multiple alleles at each
locus.

This study describes the first GWAS for resistance to P. pinode
as well as several morphological traits.

Materials and methods
Plant materials

Two hundred and sixty-nine P. sativum lines from the PSPPC col-
lection were planted in a randomized complete block design in a
growth chamber at the Phytotron at North Carolina State
University, Raleigh, NC, USA. Cultivars Radley and Solara were
used as resistant and susceptible checks, respectively. Due to
space limitations, only 1 replicate was planted at a time. The ex-
periment was run 7 times, i.e. in 7 replications. For each replica-
tion, 3 seeds per entry were planted in a 7.5-cm (225ml)
Styrofoam cup and thinned to 1 plant per plot before inoculation.
The substrate used was 50% Sun Gro Propagation Growing Mix
(Canadian Sphagnum peat moss 50-65%, vermiculite, dolomitic
lime, 0.0001% silicon dioxide), and 50% cement sand. The cups
were organized in metal trays holding 5 cups, and 4 metal traits
were in each rolling cart. The chamber was kept at 21°C with
12hr of light, and air humidity fluctuated between 50% and
100%. Plants were not inoculated with rhizobium but were fertil-
ized 3 times a week when watered with a standard nutrient solu-
tion in the growth chambers containing nitrogen, phosphorus,
potassium, and other micronutrients (https://phytotron.ncsu.
edu/general-information/). As the plants grew, they were trellised
using thin bamboo stakes.

Pathogen and inoculation

Six isolates of P. pinodes originating from different countries were
obtained from the USDA collection kept in Washington
(Supplementary Table 1). The pathogen was grown on potato
dextrose agar plates for 12-15days under 12 hr of light and 21°C.
Pycnidia were harvested from the plates by gently flooding the
plates with a solution of 0.12% Tween 20 in water followed by
gentle brushing of the surface of the plate. The pycnidia were
counted and the final inoculum concentration was adjusted to 5
x 10° per ml in the same 0.12% Tween 20 solution (Fondevilla
et al. 2005). The inoculum was prepared immediately before inoc-
ulation and was kept on ice to prevent premature spore germina-
tion. The entire procedure, from spore isolation to inoculation of
the whole population took about ~3hr.

Plants were inoculated 10-13 days after planting when most of
the plants were at the 3-4 expanded leaf stage. In the growth
chamber, whole individual plants, and both sides of the leaves,
were sprayed with inoculum solution using an airbrush until

dripping, using approximately 1ml of inoculum per plant. After
inoculation, each metal tray containing 5 plants was covered in a
clear plastic bag and tied to create high humidity conditions fa-
vorable to pathogen growth. After 96 hr, the bags were removed.

Phenotyping

The first 3 leaves were individually scored on a 0-6 scale devel-
oped by Schoeny et al. (1996), in which 0 corresponds to no symp-
toms and 6 to necrotic lesions in 75-100% of leaf area. Plants
were scored 3-4 times over 10days. On the final scoring, the total
number of nodes of each plant was recorded. On the day after the
final score, plants were cut at the base and imaged using an
Epson Perfection V500 Photo Scanner. The 7th fully expanded
leaf, or the 6th in case there was not a 7th, was removed and laid
flat for the scanning. Images were obtained for 5 replicates and
processed using the software ImageJ (Rasband 1997). Traits mea-
sured were internode lengths between nodes 2-3 and 5-6, stem
diameter between nodes 5 and 6, and area of 7th or 6th leaf.
These traits will be referenced throughout the article as inter-
node 2-3, internode 5-6, diameter, and leaf area, respectively.

Statistical analysis

The distribution of each replicate for each trait was visualized us-
ing the package ggplot2 (Wickham 2016) in R studio. Outliers
were defined as observations outside 1.5 times the interquartile
range above the upper quartile and below the lower quartile and
were excluded. Broad sense heritability (H?) was calculated for
each trait by dividing the variance due to genotype by the total
variance for the phenotype, which was the sum of variance due
to genotype, variance due to the interaction of genotype by repli-
cation, and variance due to error (Vg/(Vg + Vagr + Ve)).

A single disease score per plant for each date was calculated
as an average of the score of 3 leaves scored. For each replication,
the standardized area under disease progress curve (SAUDPC)
was calculated by averaging the value of 2 consecutive ratings
and multiplying by the number of days between the ratings. This
was done for each set of consecutive ratings. Values were then
summed over the intervals and divided by the total number of
days between the first and last evaluations (Campbell and
Madden 1990). This calculation means that the sAUDPC scores
are on the same scale as the original 1-6 scoring scale.

Z?zl {yygm] (tirr — i)
tn

SAUDPC =

where y; is the disease score on the ith date, t; is the number of
days since the first disease evaluation, and t, is the total number
of days between first and last scoring.

Best linear unbiased predictors (BLUPs) were calculated for
each entry and trait. The ASReml package (Butler et al. 2018) in R
studio was used to calculate BLUPS for sAUDPC and the Imer4
(Bates et al. 2015) was used to calculate BLUPS for internode 2-3,
internode 5-6, diameter, and leaf area. To calculate BLUPs for
SAUDPCs the following model was fit

Yijernp = K+ Gi+ Rj + GRU + SRH + TCmej + NRpj + &kmnp

where y is the response variable sAUDPC, and the random effects
are: G; is the effect of genotype, R; is the effect of replicate, GR; is
the interaction effect of genotype and replicate, SRy, is the effect
of side of the chamber nested in replicate, TCRy,; is the effect of
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the inoculation unit of tray nested in cart and replicate, NRy; is
the effect of the number of nodes nested in replicate.

A simpler model was used to calculate BLUPS for internode
2-3, internode 5-6, diameter, and leaf area

Vi = H+Gi+Rj+GRij+eij

where y is the response variable of each trait, G;is the effect of ge-
notype, R; is the effect of replicate, and GR; is the interaction ef-
fect of genotype and replicate.

Processed GBS genotype data aligned with the reference ge-
nome was obtained from Powers et al. (2021). The data were then
filtered for minor allele frequency (MAF) (retaining alleles with
>0.05 frequency) and heterozygosity (retaining lines with lower
than 20% heterozygosity) using the software TASSEL (Bradbury
et al. 2007). The GAPIT (Lipka et al. 2012) package in R was used to
perform GWAS on each trait, using the Bayesian information and
linkage disequilibrium iteratively nested keyway (BLINK) model.
This model was selected because it has higher statistical power
than the model fixed and random model circulating probability
unification (FarmCPU). BLINK does not assume that causal genes
are distributed evenly across the genome, as FarmCPU does, lead-
ing to fewer false positives and exclusion of causal genes (Huang
et al. 2019). While FarmCPU divides the genome in equal sized
bins to find the most significant marker in each bin, BLINK
groups SNPs based on linkage disequilibrium regardless of how
physically close they are, allowing the discovery of clusters. The
BLINK models were fit as:

y=s+S+e

where y is a vector of phenotypes; s; is a testing marker; S is a
pseudo quantitative trait nucleotide; and e is the unobserved vec-
tor of residuals.

False discovery rate (FDR) adjusted P-values, with a threshold
of 0.05, was calculated for all single nuclear polymorphisms
(SNPs) using GAPIT (Lipka et al. 2012). The GAPIT (Lipka et al.
2012) package was also used to select the optimal number of
principal components (PC) included in the model using a BIC; PC
reflects the degree of population structure that should be
accounted for in the model. The results indicated that no PCs
were necessary in the model.

Candidate genes

Genes within 1Mb of highly associated SNPs, as identified using
the P. sativum vla genome (https://www.pulsedb.org/jbrowses),
were considered as candidate genes.

Results and discussion

For this experiment, 269 of the 431 lines that comprise the PSPPC
were available for use. The lines were evaluated in controlled
conditions for resistance to P. pinodes, and for 4 other morphologi-
cal traits: 7 leaf area, internode length between nodes 2 and 3,
internode length between internodes 5 and 6, stem diameter be-
tween nodes 5 and 6. The experiment was run in 7 replications in
a complete block design, with 1 full replicate per run. SAUDPC
correlations between replicates were highly significant and
ranged from r=0.16 to 0.35 (P-values <0.01) (Supplementary
Table 2) and the broad-sense heritability for this trait was 0.3
(Table 1). Replicate was the largest source of variance for sSAUDPC
(Supplementary Table 3). The most likely causes of variation

Table 1. Broad sense heritabilities of traits.

Trait H,

Disease resistance 0.30
Internode 2-3 0.70
Internode 5-6 0.78
Leaf area 0.70
Stem diameter 0.72

between replicates, and for the consequent moderate correla-
tions and heritability we observed for sAUDPC, were variation in
the inoculum, which was prepared fresh for each run. Replicate
was also a substantial source of variance for most of the physio-
logical traits measured (Supplementary Table 3). While growth
chamber conditions were constant across replicates, variation in
plant growth caused by factors such as variations in seed quality,
germination speed, planting depth and local microclimates, may
have also been a factor. Variation in plant growth was also a
likely cause of variation in disease symptom measurements.

The 4 morphological traits (leaf area, diameter, internode 2-3,
internode 5-6) were measured in 5 replicates. Each morphological
trait had a higher correlation between replicates than sAUDPC,
ranging from r=0.58 to 0.84 (P-values <0.01 for each trait and
Supplementary Table 2), and broad-sense heritability ranging
from 0.7 to 0.78 (Table 1). BLUPs were calculated for every trait
and the largest source of variation was always entry
(Supplementary Table 3). Correlations between BLUPs for all
traits, including SAUDPC, ranged from 0.22 to 0.9 and were signif-
icant at a P-value <0.01 (Fig. 1). Since the morphological traits
are all parameters of plant growth, it was expected that they
would be highly correlated. Disease resistance was moderately
correlated with all the growth traits, suggesting that lower
growth was associated with higher disease resistance.
Associations between lower plant growth and higher disease
resistance have been observed frequently in a number of plant
systems (Brown and Rant 2013). The basis of the so-called
“growth-defense tradeoff” is not entirely understood but may be
based partially on antagonistic signaling pathways and the meta-
bolic costs of the defense response (Karasov et al. 2017).

After filtering 319,141 SNPs for MAF (>0.05) and heterozygosity
(<20%), 53,196 SNPs were used for GWAS. Q-Q plots for each
GWAS suggested that models had a good fit and that reliable
SNP-trait associations were identified (Fig. 2). In total, 27 signifi-
cant trait-locus associations were identified across all 5 traits
(Fig. 2 and Table 2). The high phenotypic correlations between
some of the growth-related traits, especially leaf area and stem
diameter and between internodes 2-3 and internodes 5-6 were
reflected in shared genetic control of the traits. Five SNPs were
associated with more than 1 trait; 2 SNPs (S1LG6_261934321,
S5LG3_544595701) were associated with both stem diameter and
leaf area, 1 SNP was associated with internode 2-3
(S5LG3_569851018) and leaf area, and 1 SNP (S5LG3_572900343)
was associated with internode 2-3 and internode 5-6 (Table 2).
One SNP (S1LG6_369964198) on chrl (LG6) was associated with 3
traits, SAUDPC, leaf area, and stem diameter. All the SNPs that
were significant for more than 1 trait had the minor allele pheno-
type related to a smaller plant; shorter internode, smaller leaf,
thinner stem, and less disease. After calculating the physical dis-
tance between significant SNPs, only SNPs S2LG1_353493 and
S2LG1_528924 were closer than 1Mb, both were associated with
internode 2-3, but 1 had the minor allele trait as longer internode
while the other longer internode (Table 2). In Supplementary
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Fig. 1. Distribution, correlations, and scatter plots of each trait BLUPs. Line for the best fit of data is displayed. *** correspond to P-value <0.001.

Table 4, we list the 415 predicted genes within 500-kb flanking
significant SNPs. This constitutes a very preliminary list of candi-
date genes that might be involved in controlling these traits.

The reference genome was published only 3 years ago
(Kreplak et al. 2019) and many previous QTL and SNPs positions
have been reported by linkage group (LG) instead of chromosome
(chr). Here we will refer to the SNP position according to the chro-
mosome and its associated LG reported in the reference genome
(Kreplak et al. 2019). We used the BLAST tool available at PulseDB
website (https://www.pulsedb.org/blast) to find the location on
the reference genome of previously identified significant markers
and proteins. Past studies conducted both in the field and in con-
trolled conditions, found QTL associated with resistance to P. pin-
odes on multiple chromosomes (Fondevilla, Kister, et al. 2011;
Prioul et al. 2004; Prioul-Gervais et al. 2007; S. Fondevilla et al.
2008, 2018; Carrillo et al. 2013, 2014; Fondevilla, Almeida, et al.
2011; Timmerman-Vaughan et al. 2004, 2002; Castillejo et al. 2020;
Jha et al. 2017). Through the use of proteomics and gene expres-
sion studies, some candidate genes have been reported
(Fondevilla et al. 2018; Castillejo et al. 2020), none of those were
found to be within 500kb flanking of the significant SNPs found
in the current study. One reason for this may have been that pre-
vious studies relied on biparental populations, which will have
fewer segregating alleles than in a diversity panel, and those
alleles could be different than the ones segregating in this popu-
lation. Experimental conditions and pathogen strain used can
also be a cause of different results, most of the previous studies
were phenotyped in the field, while we used controlled condi-
tions. Little is known about the difference between the strains
used in the present and past studies and the existence of P. pino-
des pathotypes have been reported (Khan et al. 2013). If the strains
belong to different pathotypes, difference in resistance could be

observed. Furthermore, past studies utilized very few markers in
comparison with the present study, which can result in a lower
resolution for the QTL positioning.

The Le gene, described by Mendel (Ellis et al. 2011), was the first
gene found to be associated with internode length in pea. The
gene was mapped on chr5(LG3) (Psat5g299720.1, position:
chr5LG3:567365719.567368443), and shown to affect gibberellin
(GA) biosynthesis (Lester et al. 1997). GA affects many aspects of
plant growth, including stem elongation and leaf expansion
(Achard and Genschik 2009). Although Le plays a significant role
in stem length, different studies have found multiple regions of
the genome associated with internode length, suggesting that the
trait is more complex than previously suggested by Mendel’s
studies (Gali et al. 2019; Tafesse et al. 2020). Today we know that
there are at least 3 more genes involved in the production of GA
(Reid and Potts 1986; Ingram and Reid 1987; Martin et al. 1999;
Davidson et al. 2003) and 2 more involved in the response to the
hormone (Peck et al. 2001). The closest significant SNP to Le in the
present study (S5LG3_569851018) is 2Mb away and it was associ-
ated with leaf area and internode 2-3. Eight other SNPs were as-
sociated with internode length, illustrating that more than 1 gene
is responsible for the trait.

Using biparental populations, Smitchger and Weeden (2019)
found that a QTL on chr2(LG1) associated with seed size, side
branch diameter, leaf length, main stem diameter, compressed
side branch thickness, and compressed main stem. A QTL for
seed size in a similar position was previously reported and called
Tsw1.1, so Smitchger and Weeden (2019) called the QTL Putative
Tsw1.1. We identified a significant SNP (52LG1_353493) for inter-
node 2-3 at 1.09 Mb distance from Putative Tsw1.1.

Marker S5LG3_544595701, which here was significantly as-
sociated with leaf area and stem diameter, is 0.23Mb from
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marker Chr5LG3_572669963 which was associated with repro-
ductive stem length by Tafesse et al. (2020) in a GWAS that
used a different population than the present study. Since these
traits are both related to growth parameters and could be af-
fected by similar processes, the markers could be associated
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with the same gene or a gene cluster in the region. We also
found a marker (S5LG3_569851018) associated with leaf area to
be 0.06 Mb from another marker (chrSLG3_569788697) previ-
ously associated with leaf chlorophyll concentration (Tafesse

et al. 2020).
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Table 2. Significant SNPs for stem diameter, leaf area, internode 2-3, internode 5-6, and SAUDPC.

SNP? Chr’ SNP_Position FDR adj P-val® MAF? Trait Alleles® MA traitf
S1LG6_26051507 1LG6 26051507 4.57E-04 0.25 sAUDPC C/T Resistance
S1L.G6_31928165 1LG6 31928165 5.28E-03 0.27 Leaf area T/C Smaller leaf
S1LG6_261934321 1LG6 261934321 6.00E—-04 0.19 Leaf area C/T Smaller leaf
S1LG6_261934321 1LG6 261934321 1.51E-06 0.19 Stem diameter C/T Thinner stem
S1LG6_351220787 1LG6 351220787 1.40E-03 0.09 Internode 2-3 T/C Shorter internode
S1L.G6_369964198 1LG6 369964198 7.35E-03 0.20 Leaf area A/C Smaller leaf
S1LG6_369964198 1LG6 369964198 1.00E-02 0.20 SAUDPC A/C Resistance
S1L.G6_369964198 1LG6 369964198 5.00E-08 0.19 Stem diameter A/C Thinner stem
S21.G1_353493 2LG1 353493 8.64E-04 0.07 Internode 2-3 A/C Longer internode
S21.G1_528924 2LG1 528924 2.97E-04 0.44 Internode 2-3 A/T Ahorter internode
S2L.G1_3521266 2LG1 3521266 7.60E-07 0.48 Internode 2-3 A/T Shorter internode
S21.G1_4685463 2LG1 4685463 2.11E-04 0.49 Leaf area C/T Larger leaf
S2L.G1_367524526 2LG1 367524526 1.02E-03 0.16 Leaf area G/A larger leaf
S41.G4_14403384 41.G4 14403384 5.28E-03 0.08 Leaf area T/C Smaller leaf
S41.G4_416335752 41.G4 416335752 1.95E-04 0.14 Internode 5-6 A/T Shorter internode
S5L.G3_198269966 S5LG3 198269966 4.86E-03 0.11 SAUDPC C/T Resistance
S5LG3_544595701 S5LG3 544595701 8.25E-03 0.20 Leaf area G/A Smaller leaf
S5L.G3_544595701 SLG3 544595701 1.35E-03 0.20 Stem diameter G/A Thinner stem
S5L.G3_555981910 5LG3 555981910 5.28E-03 0.46 Leaf area G/C Larger leaf
S5L.G3_561689517 S5LG3 561689517 1.62E-07 0.39 Internode 2-3 G/A Shorter internode
S5LG3_569851018 S5LG3 569851018 6.77E-05 0.10 Internode 2-3 T/G Shorter internode
S5L.G3_569851018 SLG3 569851018 2.28E-04 0.10 Leaf area T/G Smaller leaf
S5LG3_572900348 5LG3 572900348 5.21E-10 0.26 Internode 2-3 A/G Shorter internode
S5L.G3_572900348 S5LG3 572900348 7.14E-03 0.26 Internode 5-6 A/G Shorter internode
S7LG7_37540311 7LG7 37540311 1.10E-03 0.29 sAUDPC T/C Resistance
S7LG7_336950420 7LG7 336950420 6.78E—04 0.35 SAUDPC C/T Resistance
S7LG7_449022566 7LG7 449022566 9.02E-03 0.12 Internode 2-3 A/T Shorter internode

@ SNP names.

®  Chromosome and LG.

¢ SNP FDR-adjusted P-value.

4 Minor allele frequency.

¢ Alleles associated with SNP (minor allele comes first).

f Effect associated with minor allele (MA trait).

Ashtari Mahini et al. (2020) used a biparental population to Funding

evaluate resistance to Sclerotinia sclerotium in peas in controlled This research was supported by USDA-ARS Germplasm

conditions and found the same QTL to be associated with inter-
node length and 2 measures of disease resistance. The allele con-
ferring resistance was also associated with shorter plant stature.
We found that SNP S1LG6_369964198 on chrl (LG6) had the mi-
nor allele associated with less disease (smaller sSAUDPC), smaller
leaf area, and thinner stem. This SNP in conjunction with the
positive correlation of growth traits and sAUDPC (Fig. 1) is a
strong indication that growth parameters and disease resistance
can be affected by the same genes. This is not a new phenome-
non, disease resistance genes might come at a metabolic cost for
plants (Karasov et al. 2017), which could explains the results ob-
served in this study that genotypes with smaller leaves have less
disease.

Data availability

GBS data aligned with the reference genome is available at

https://github.com/selizpowers/GWAS (Powers et al. 2021). All

phenotypic data are available in Supplementary Table 5.
Supplemental material is available at G3 online.
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