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of Phytophthora capsici root rot resistance
in chile pepper (Capsicum spp.) from multi-locus
genome-wide association study
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Abstract

Background Phytophthora root rot, a major constraint in chile pepper production worldwide, is caused by the soil-
borne oomycete, Phytophthora capsici. This study aimed to detect significant regions in the Capsicum genome linked
to Phytophthora root rot resistance using a panel consisting of 157 Capsicum spp. genotypes. Multi-locus genome
wide association study (GWAS) was conducted using single nucleotide polymorphism (SNP) markers derived

from genotyping-by-sequencing (GBS). Individual plants were separately inoculated with P, capsici isolates, PWB-185;
'PWB-186, and '6347, at the 4-8 leaf stage and were scored for disease symptoms up to 14-days post-inoculation. Dis-
ease scores were used to calculate disease parameters including disease severity index percentage, percent of resist-
ant plants, area under disease progress curve, and estimated marginal means for each genotype.

Results Most of the genotypes displayed root rot symptoms, whereas five accessions were completely resistant

to all the isolates and displayed no symptoms of infection. A total of 55,117 SNP markers derived from GBS were used
to perform multi-locus GWAS which identified 330 significant SNP markers associated with disease resistance. Of
these, 56 SNP markers distributed across all the 12 chromosomes were common across the isolates, indicating associ-
ation with more durable resistance. Candidate genes including nucleotide-binding site leucine-rich repeat (NBS-LRR),
systemic acquired resistance (SAR8.2), and receptor-like kinase (RLKs), were identified within 0.5 Mb of the associated
markers.

Conclusions Results will be used to improve resistance to Phytophthora root rot in chile pepper by the development
of Kompetitive allele-specific markers (KASP®) for marker validation, genomewide selection, and marker-assisted
breeding.

Keywords Association genetics, Candidate genes, Disease Resistance, Genotyping-by-sequencing, Multi-locus
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Background

Phytophthora capsici, a soil-borne oomycete first iso-
lated in 1918 from chile pepper plants at New Mexico
Agricultural Experiment Station field plots, and formally
described in 1922 [1], remains a major problem in chile
production worldwide [2, 3]. The pathogen infects multi-
ple parts of the chile pepper plant, including stems, roots,
fruits, and leaves at all stages of growth, and can cause
significant production losses up to 100% [2, 4]. The most
destructive disease symptom of P capsici is root rot.
Damping off due to root rot can cause death within two
to five days in seedlings after infection; root rot can result
in stunted growth, wilting, and ultimately plant death in
older plants within approximately two weeks [2, 5, 6].

Various management practices including crop rota-
tion, water management, fumigation, soil solarization,
and fungicide application have been used but none of
these strategies have been completely effective in control-
ling the disease [2, 7]. The most efficient, eco-friendly,
and sustainable approach to managing this pathogen is
through the utilization of resistant cultivars [8, 9]. The
complexity of the Phytophthora-Capsicum pathosystem
is a major challenge in disease resistance breeding. Dif-
ferent resistant genes are known to be required for resist-
ance to different physiological races and syndromes [8,
10-12]. Moreover, several inheritance models includ-
ing single dominant [6] and two-gene or multiple genes
with dominant and recessive epistasis [2, 8] have been
reported for P capsici resistance, which presents an
additional challenge. A dominant inhibitor for P cap-
sici resistance (Ipcr) gene which inhibits polygenic host
resistance has also been identified in chile peppers [13].
Many resistant accessions have been found with differ-
ent levels of resistance to various isolates. Among the
different sources identified, the Mexican landrace, ‘Cri-
ollo de Morelos-334’ (‘CM-334/), has been known to have
the greatest degree of resistance to all the physiological
races of P. capsici and has been widely utilized in various
breeding programs [9, 14]. To this date, however, a resist-
ant commercial cultivar with broad-spectrum resistance
comparable to the original resistant sources has not been
developed [9].

Genetic studies have mainly focused on traditional
biparental linkage analyses for various complex traits in
chile pepper such as capsaicinoid content [15-17], yield-
related traits [18, 19], fruit-related traits [20-22], plant
architecture [21, 23], cucumber mosaic virus (CMV;
Cucumovirus) resistance [24, 25], and P capsici resist-
ance [8, 9, 26-28]. This mapping approach depends on
the genetic variation found in the parents and can only
identify broad genomic regions, making it challenging
to detect the specific candidate genes responsible [16].
Genomewide association study (GWAS) is an efficient
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tool that can be utilized to identify genetic loci linked
with various complex traits using natural populations
[29] and can be used to complement biparental mapping.
Previously, a total of 117 and 30 significant SNP markers
were identified across the entire Capsicum genome using
single-locus GWAS for P. capsici resistance using 352 [9]
and 342 accessions [30].

The current study utilized multi-locus GWAS mod-
els which allowed simultaneous calculation and testing
of marker effects, improving its power over single-locus
GWAS models [31, 32]. Various crop species have already
employed multi-locus GWAS models including wheat
(Triticum aestivum) [33-35], corn (Zea mays) [36-38],
soybean (Glycine max) [39-41], rice (Oryza sativa) [42,
43], and barley (Hordeum vulgare) [44, 45] to understand
the genetics of different complex traits. Although multi-
locus GWAS models have been applied recently in chile
pepper to identify genomic regions associated with yield,
yield components, and other agronomic traits [32], there
is currently no existing report on their implementation
for the genetic dissection of resistance to P capsici root
rot in Capsicum.

The primary goal of this study was to understand the
genetic basis of Phytophthora root rot resistance using a
diverse population of Capsicum accessions. The specific
objectives were to (1) screen a diverse panel of chile pep-
per for resistance to three different isolates (‘PWB-185;
‘PWB-186, and isolate ‘6347") of P capsici with vary-
ing degrees of virulence, (2) identify significant genomic
regions linked to Phytophthora root rot resistance using
multi-locus GWAS models, and (3) determine candi-
date genes associated with these significant loci. Results
from this research will be relevant for molecular breeding
for improving Phytophthora root rot resistance in chile

pepper.

Results

Disease resistance screening

The diversity panel was screened for resistance to P
capsici isolates with varying degrees of virulence, viz.
‘PWB-185" (moderate virulence), ‘PWB-186" (low viru-
lence), and ‘6347’ (high virulence). The resistant check
(‘CM-334’) showed no symptoms of infection when
screened against each of the isolates. The susceptible
checks (‘Camelot’ and ‘NMCA 10399’) inoculated with
‘PWB-185" started showing symptoms at 5-days post-
inoculation (DPI) and were completely wilted and dead
at 14-DPI. For isolate ‘6347, the susceptible checks ‘Ninja’
and NMCA 10399, started displaying symptoms at
5-DPI and were wilted and dead by 10-DPI. The suscep-
tible checks ‘Ninja’ and ‘NMCA 10399’ inoculated with
‘PWB-186" started showing symptoms at 7-10-DPI, but
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the complete death of plants was not detected at 14-DP],
when the bioassay was completed.

The plants were scored every day on a 0—6 disease rat-
ing scale starting at 3-DPI [8, 46] up to 14-DPI (Fig. 1A).
For both ‘PWB-185" and ‘6347 isolates, 90.4% and 84.1%
accessions started showing symptoms at 5-DPI respec-
tively; however, for ‘PWB-186; only 24.2% of the acces-
sions started showing symptoms at 5-DPI. Out of 157
accessions in the diversity panel, eight were completely
resistant (disease score 0 at 14-DPI) to isolate ‘PWB-185’
and 35 accessions were not significantly different from
the resistant check (‘CM-334’) (P>0.05). For ‘PWB-186,
33 accessions in the diversity panel were completely
resistant (disease score 0 at 14-DPI), and 130 accessions
were not significantly different from the resistant check
(P>0.05). Seven accessions were completely resistant to
isolate ‘6347’ and 27 were not significantly different from
the resistant check for this isolate (P> 0.05). Overall, five
C. annuum lines in the diversity panel, namely, ‘Chil-
huacle Orange; ‘Tipo Ancho, ‘NMCA 10237, ‘13C905-6,
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and ‘Tipo Pasilla’ were completely resistant to the three
isolates.

Significant differences were revealed using analy-
sis of variance (ANOVA) between entries, replications,
DPI, and blocks nested in replications for each isolate
(P<0.0001) (Table 1). Entry and DPI interactions were
also tested in ANOVA and significant interactions were
detected for isolates ‘PWB-185" and ‘6347’ (P<0.0001),
but not for isolate ‘PWB-186’ Average disease score dis-
tribution was left-skewed (towards susceptibility) for
‘PWB-185" and ‘6347’ and it was right-skewed (towards
resistance) for ‘PWB-186" (Shapiro—Wilk test, P<0.0001;
Fig. 1B, C, D).

The highest average AUDPC values for PWB-185’
were 46.2 (NMCA 11322°) and 45.9 (‘Mesilla’). Suscep-
tible checks ‘Camelot’ and ‘NMCA 10399 had average
AUDPC values of 40.2 and 37.8, respectively. A total of 46
accessions had disease severity index percentage (DSI%)
greater than 90%, and 11 accessions had resistant plants
percentages greater than 90% against ‘PWB-185. For
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Fig. 1 A Disease progression in Capsicum accessions inoculated with three different isolates of Phytophthora capsici. B Distribution of the average
disease scores at 14-DPI for isolate ‘PWB-185; (C) ‘PWB-186; and (D) ‘6347’ The test for normality overlaid with a red line
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Table 1 Analysis of variance (ANOVA) for the three Phytophthora capsici isolates used in the study. Significant differences were
detected in days post-inoculation (DPI), replications, blocks nested in replications, and entries (P<0.0001). A significant interaction
between entries and days post-inoculation was detected for isolates 'PWB-185"and ‘6347

Isolate Source Df Sum Sq Mean Sq F value Pr(>F)

PWB-185 Entry 173 4421 256 2653 <2e-16"
Replication 2 171 854 8863 <2e-16""
DPI 5 7379 1475.7 1532.06 <2e-16"
Block (Replica- 33 319 9.7 1003 <2e-16""
tion)
Entry:DPI 865 1778 21 213 <2e-16"
Residuals 2639 2542 1.0

PWB-186 Entry 165 718 435 5573 <2e-16"
Replication 2 186.2 93.11 119.26 <2e-16""
DPI 5 5456 109.13 139.77 <2e-16"
Block (Replica- 30 2179 7.26 9.30 <2e-16""
tion)
Entry:DPI 825 5186 063 081 e
Residuals 2476 19332 0.78

6347 Entry 163 5289 324 3901 <2e-16"
Replication 2 292 146.2 175.70 <2e-16""
DPI 5 9291 1858.2 223379 <2e-16"
Block (Replica- 30 479 16.0 19.21 <2e-16"
tion)
Entry:DPI 815 2160 27 3.19 <2e-16"
Residuals 2476 2060 08

™ Significant at P < 0.0001; **Significant at P < 0.001; *Significant at P < 0.01; NS Not significant

the less virulent ‘PWB-186’ isolate, the highest average
AUDPC values were 20.9 (20C239’) and 20.7 (‘Mallorca
Paprika’), whereas the susceptible checks ‘Ninja’ and
‘NMCA 10399’ had average AUDPC values of 3.4 and 3.2,
respectively. There were no accessions with DSI% greater
than 90%, when screened using ‘PWB-186, whereas 49
accessions had resistant plants percentages greater than
90%. The highest average AUDPC values for isolate ‘6347’
were 54.1 (NMCA 10406’) and 54.0 (‘Large Red Thick
Cayenne’). The susceptible checks ‘Ninja’ and ‘NMCA
10399’ had average AUDPC values of 37.14 and 45.9,
respectively. The number of accessions with DSI% and
percentage of resistant plants greater than 90%, against
‘6347 were 77 and 11, respectively. The broad-sense her-
itability (H?) for Phytophthora root rot resistance varied
among the isolates and was related to the level of viru-
lence. H? values for the traits were higher for the more
virulent isolates, with an average of 0.78 and 0.90 for iso-
lates ‘PWB-185" and ‘6347, respectively. For the PWB-
186’ isolate, H? across the traits had an average value of
0.25 (Table 2).

GBS-derived SNP markers
The original genotype file obtained after the sequence
analysis had a total of 404,188 SNP markers. Excluding

minor SNP states and SNPs with <0.05 minor allele fre-
quency resulted in 61,714 SNP markers. After filtering
out the unmapped markers, 55,117 SNP loci with known
chromosomal locations were identified and were used
for multi-locus GWAS. The most predominant nucleo-
tide was adenine (‘A’) (23.74%), followed by guanine (‘G’)
(23.4%), thymine (‘T’) (23.2%), and cytosine (‘C’) (22.8%).
The most common substitution types were ‘C/T” transi-
tion (8,700; 14.09%) and ‘G/A’ transition (8,680; 14.06%).
The most common transversion was ‘A/T’ (4,296; 6.96%)
(Table 3). Chromosome 3 had the most markers with
7,388, followed by chromosomes 1 with 6,113 and 2 with
5,437. Chromosome 11 had the fewest markers with
3,217, followed by chromosomes 5 with 3,517 and 10
with 3,624. Chromosome 2 had the highest SNP density
(33.2 SNPs/Mb), followed by chromosomes 8 (30.6 SNPs/
Mb) and 3 (28.3 SNPs/Mb); whereas chromosome 11 had
the least marker density of 14.6 SNPs/Mb, followed by
chromosomes 9 (15.54 SNPs/Mb) and 5 (16.2 SNPs/Mb)
(Fig. 2). The overall marker density for the whole genome
was (20.8 SNPs/Mb).

Population structure and linkage disequilibrium
Principal component analysis (PCA) (Fig. 3A) revealed
that the proportion of the variance defined by the
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Table 2 Genotypic and phenotypic variance and broad sense heritability values for the disease parameters for the three Phytophthora

capsici isolates

Isolate Parameter Genotypic variance (Vg) Phenotypic variance (Vp) Hezritability
(H%)
PWB-185 Disease Score 1.94 246 0.78
AUDPC 91.90 122.14 0.75
DS1% 53792 684.40 0.78
Percent resistant plants 594.51 742.30 0.80
PWB-186 Disease Score 0.23 1.0148 0.22
AUDPC 8.20 26.19 0.31
DS1% 63.16 281.88 0.22
Percent resistant plants 118.68 517.77 0.23
6347 Disease Score 2.65 2.88 092
AUDPC 146.61 179.22 0.82
DS1% 73735 80047 092
Percent resistant plants 818.51 864.61 0.95

Table 3 Allele summary for the SNP markers obtained for the
chile pepper population

Allele Number of SNP sites Frequency
A 1,867,009 0.24
G 1,838,110 0.23
T 1,8255,40 0.23
C 1,793,056 0.23
C/T (Transition) 8,700 0.14
G/A (Transition) 8,680 0.14
A/G (Transition) 7,795 0.13
T/C (Transition) 7,268 0.12
A/T (Transversion) 4,296 0.07
T/A (Transversion) 4,190 0.07
G/T (Transversion) 4,160 0.07
C/A (Transversion) 3,853 0.06
T/G (Transversion) 3,707 0.06
A/C (Transversion) 3,518 0.06
C/G (Transversion) 2,821 0.05
G/C (Transversion) 2,726 0.04

principal components dropped after the fifth princi-
pal component (PC) and almost plateaued. A few of the
accessions did not belong to any of the three major clus-
ters, based on the PCA (Fig. 3B). Thus, to account for the
structure of the whole population, five PCs were selected
for the GWAS analysis. The PC1, PC2, PC3, PC4, and
PC5 explained 17.8%, 11.1%, 4.9%, 2.9%, and 2.3% of
the genotypic variance, respectively. Seven phylogenetic
clusters were revealed using the neighbor-joining tree
(Fig. 3C). Similarly, the Evanno criterion determined
the optimum number of clusters, K=7 (AK=4,005.3), in
the population based on STRUCTURE analysis, which

suggested that the population could be divided into seven
admixed subpopulations (Figs. 3D, E). Cluster 1 (Group
A; N=19) consisted of cultivars with a wide range of fruit
types including bell, wax, cayenne, de arbol, poblano, ser-
rano, pasilla, mirasol, jalapeio, and chilhuacle. Cluster
2 (Group B; N=20) included breeding lines with New
Mexican, cayenne, and paprika fruit types. Cluster 3
(Group C; N=5) consisted of cultivars with jalapeiio fruit
types and cluster 4 (Group D; N=13) included breed-
ing lines (8) and cultivars (2) with cayenne fruit type and
three cultivars with banana or wax pepper, jalapefio, and
serrano fruit types. Cluster 5 (Group E; N=4) consisted
of interspecific hybrid accessions derived from cross-
ing C. annuum with C. frutescens. Cluster 6 (Group F;
N=19) mostly included cultivars with New Mexican
(including paprika types), a landrace, and a breeding line
with jalapefio fruit type. Cluster 7 (Group G; N="76) was
an admixed of 64 breeding lines and 12 landraces with
different fruit types including New Mexican, jalapeio,
cayenne, poblano, and the rest included Aleppo, Asian,
guajillo, mirasol, paprika, pasilla, pimiento, shipkas, and
wax fruit types. The number of clusters, K=3 also serves
as an alternative number of optimum clusters as it dis-
played a high AK value of 752.47 compared to the other
clusters (Fig. 3D).

A total of 1,944,143 intrachromosomal marker pairs
were used for LD analysis, and 421,560 pairs (21.7%) were
within significant LD (P<0.05). The largest number of
marker pairs within significant LD were found on chro-
mosome 3 (61, 440), whereas chromosome 11 had the
fewest (22, 047). A total of 174, 621 marker pairs showed
complete LD (coefficient of LD, 7*=1.0). Chromosome
3 had the highest number of marker pairs in complete
LD (26,041). The average distance between the pairs of
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Fig. 2 Chromosome wise single nucleotide polymorphism (SNP) density plot with the number of SNP markers within a 1 Mb window. The
horizontal axis represents the length of the chromosomes, and the bars represent chromosomes 1 to 12

markers in significant LD ranged from 0.63 (chromosome
2) to 1.64 Mb (chromosome 9) (Table S1). The r* values
were observed to decrease over genetic distance (in Mb).
Genome wide LD decay rate was approximately 0.10 Mb
(Fig. 3F).

Significant SNPs for Phytophthora capsici root rot

resistance

Overall, 330 SNP markers were detected to be linked to
Phytophthora root rot resistance using different multi-
locus GWAS models on various disease parameters
(Table S2). For the ‘PWB-185’ isolate, 33, 31, 37, 28, and
34 SNPs were found to be significant (LOD score >3.0)
by all six multi-locus GWAS models for AUDPC, dis-
ease score at 14-DPI, DSI%, estimated marginal means,
and percent resistant plants, respectively. For the ‘PWB-
186’ isolate, 30, 19, 24, 23, and 25 SNPs were significant
for AUDPC, disease score at 14-DPI, DSI%, estimated
marginal means, and percent resistant plants, respec-
tively. In the case of isolate ‘6347, 33, 39, 40, 37, and 44
significant SNPs were identified for AUDPC, disease
score at 14-DPI, DSI%, estimated marginal means, and
percent resistant plants, respectively. Lastly, for BLUPs,
33, 50, 55, 52, and 43 significant SNPs were found using
all the multi-locus GWAS methods for AUDPC, disease
score at 14-DPI, DSI%, estimated marginal means, and
percent resistant plants, respectively. There was a total
of 95, 76, 94, and 113 significant SNP markers for the
four datasets for average disease score at 14-DPI for the
four phenotypic datasets (Fig. 4). In the case of disease

parameters, the highest number of total significant mark-
ers were identified for DSI% (136), followed by percent-
age of resistant plants (127). The total significant markers
identified for disease score at 14DPI, estimated marginal
means, and AUDPC were 123, 124, and 114 respectively.
A total of 56 SNP markers were common across all four
phenotypic datasets (Table S3).

Only a single SNP marker, S3_236038572, present
on chromosome 3 was detected in all datasets and
accounted for 0.74% to 9.92% of phenotypic variation
(Fig. 4A). Out of the 56 significant markers, 11 mark-
ers were detected in at least three phenotypic datasets.
The maximum number of common significant mark-
ers were identified on chromosome 12 (9 SNPs), fol-
lowed by chromosomes 5 (7) and 6 (7). The maximum
phenotypic variation among the common markers was
explained by S6_705421 which was detected in three
phenotypic datasets (PWB-185, ‘6347, and BLUP),
ranging from 4.6% to 54.4%. Some of the significant
SNPs had positive allele effects for AUDPC, DSI%, dis-
ease scores at 14-DPI, and estimated marginal means
and had negative allele effects for percentage of resist-
ant plants which indicates their potential association
with susceptibility genes. For instance, the allele effect
for SNP S5 65193705 on chromosome 5 was 21.8 for
DSI% and -12.20 for percent resistant plants. A total
of 38 out of the 56 common significant markers were
found to be potentially linked to susceptibility genes.
On the other hand, some SNPs had positive allele
effects for percentage of resistant plants and negative
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allele effects for the rest of the disease parameters
indicating their association with resistance genes. For
example, SNP S9 167564458 had allele effects ranging
from -25.1 for DSI% to 67.6 for percentage of resistant
plants. A total of 18 significant SNP markers located on

chromosomes 1, 3, 4, 5, 6, 9, 10, 11, and 12 were poten-
tially associated with resistance genes. These potential
associations with resistance or susceptibility genes can
be confirmed with performing marker and QTL valida-
tion studies.
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Candidate genes for Phytophthora root rot resistance

The 56 significant markers that were common across
all phenotypic datasets were associated with a total
of 829 candidate genes (Table S4). These genes are
involved in a range of biological functions including
cell cycle and division, oxidation-reduction, phospho-
rylation, defense response, DNA repair, protein serine/
threonine kinase activity, metabolic processes, cell wall

organization and biosynthesis, among others. A total of
15 genes that code for LRR receptor-like serine/threo-
nine-protein kinase which are well-known for involve-
ment in disease resistance were detected close to six
SNPs (S2_137881264, S3_38944749, S4_212420204,
S10_122768586, S10_189438330, and S12_5016287).
Other genes associated with defense response including
late blight resistance protein R1-A, f5-1,3-glucanases,
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mitogen-activated protein kinase, elicitor peptide 6,
receptor-like proteins, and ethylene responsive tran-
scription factors, were also identified. These genes play
a role in different mechanisms of action in defense
response and could be good candidates for Phytoph-
thora root rot resistance in Capsicum.

The SNP, S6_705421, which explained the highest phe-
notypic variation (R’=54.4%), had 47 candidate genes
in its proximity, which included four putative late blight
resistance protein coding genes, one gene coding for leu-
cine rich repeat domain and one gene that codes for NB-
ARC domain-containing protein. A systemic acquired
resistance (SAR 8.2) protein coding gene was detected
471 kb downstream to the significant SNP, S5_14665044,
located on chromosome 5. Another SNP S2 137881264
on chromosome 2 with an LOD value up to 13.74 had
a total of 52 genes within 0.5 Mb region upstream and
downstream. It included one late blight resistance gene
and nine putative LRR receptor-like serine/threonine-
protein kinase coding genes.

Discussion

Phytophthora root rot is a highly damaging disease of
chile pepper present throughout the globe and is very
difficult to manage [2]. With modern molecular plant
breeding tools, disease resistance QTL and genes can
be detected, which ultimately could contribute to the
development of resistant chile pepper varieties. GWAS
is a tool used in plant breeding which provides higher
mapping resolution than traditional biparental mapping
approaches [47]. This study employed multi-locus GWAS
approaches to better understand the genetics of resist-
ance to P capsici root rot in chile pepper. The virulence
of P capsici isolates used for screening exhibited varia-
tion, where some genotypes displayed resistance to spe-
cific races. A complex genetic relatedness was observed
within the Capsicum population used for screening P.
capsici root rot. Further, the complex genetic basis of dis-
ease resistance is reflected by the diversity of candidate
genes identified in this study.

Variation in virulence for the P. capsici isolates

and race-specific resistance

The genotypes that are virulent to the same host are
referred to as a physiological race of a pathogen [48].
This study involved three isolates of P capsici, each of
which belonged to different physiological races with dif-
ferent levels of virulence. Around 82.8% of the accessions
screened with isolate ‘PWB-186" showed no significant
difference in the average disease ratings compared to the
resistant control (‘CM-334’). For isolates ‘PWB-185" and
‘6347, 22.3% and 17.2% of the accessions, respectively,
did not exhibit significant differences from the resistant
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control. The susceptible checks for ‘PWB-186" were not
dead at 14-DPI, whereas for ‘PWB-185" and ‘6347, the
susceptible checks were completely dead at 14-DPI and
10-DPI, respectively. Thus, the isolate ‘PWB-186" was
the least virulent among the three; isolates ‘PWB-185
and ‘6347” were highly virulent, with ‘6347" being more
virulent than ‘PWB-185 Isolate ‘6347” was also described
as the most virulent isolate (designated as ‘PWB-175’)
among 13 isolates used in a previous study [49].

Breeding pepper for resistance against P capsici is a
challenging task due to the constant emergence of new
races that can overcome the existing host resistance [50,
51]. Different resistance genes are required for differ-
ent physiological races within each disease phase [10].
Race-specific resistance was observed for some of the
accessions in this study. For example, ‘Floral Gem’ was
resistant to isolates ‘PWB-185" and ‘PWB-186" but was
susceptible to isolate ‘6347’ In a previous study, this cul-
tivar was screened against 10 isolates of P capsici and
was found to be resistant to eight isolates and suscepti-
ble to isolates ‘PWB-24" and ‘PWB-73’ [52]. ‘Paladin’ was
susceptible to all three isolates in this study, but it was
resistant to three (‘PWB-53, PWB-75, and ‘PWB-54)
out of eight isolates in a previous study [52]. ‘Paladin’
was also found to be resistant to isolates from New York
and North Carolina, USA [53, 54]. In this study, ‘NuMex
Vaquero’ was susceptible to all three isolates, but a previ-
ous study reported that this variety had resistance against
Phytophthora root rot races 2 and 3 [55]. Five accessions,
namely ‘Chilhuacle Orange, ‘Tipo Ancho, ‘NMCA10237,
‘13C905-6, and ‘Tipo Pasilla’ exhibited broad-spectrum
resistance and were found to be completely resistant to
the three isolates used in this study. These accessions can
serve as potential resistant sources for future genomic
breeding aimed at developing chile pepper with Phytoph-
thora root rot resistance.

Population structure of the Capsicum spp. accessions

Genetic subpopulations for the genotypes were derived
using Bayesian iterative algorithm approach used in
STRUCTURE software. Based on the ad hoc Evanno
criterion, the optimal number of clusters, K, was deter-
mined to be 7 (Fig. 3D), indicating that the population
could be divided into seven subpopulations. This find-
ing was also supported by the results of the phylogenetic
analysis (Fig. 3C). Values for alpha, « (relative admixture
levels between populations) for this K were also consist-
ent among replications, and hence convergence of the
implemented algorithm was verified (data not shown).
About 97% of the panel used in this study consisted of C.
annuum accessions and only four accessions were inter-
specific hybrids between C. annuum and C. frutescens.
These four interspecific accessions formed a separate
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cluster based on the results from STRUCTURE, PCA,
and Neighbour-joining analysis (Group E; Figs. 3B and
3C). The rest of the six clusters consisted of the C. ann-
uum accessions. In previous studies, complex genetic
relatedness has been found within the C. annuum group
[32, 56], where accessions clustered into different groups.
Taranto et al. [57] found clustering in C. annuum based
on geographical locations and fruit-related traits. Similar
to previous studies [58, 59], clusters of C. annuum acces-
sions were detected on the basis of fruit or pod type in
this study. The PCA revealed five groups, whereas the
STRUCTURE analysis resulted in K=7 optimum clus-
ters; this disparity between PCA and STRUCTURE
results has been previously noted in other studies [32,
58]. The optimum K derived in performing STRUCTURE
analysis may not necessarily represent the ideal number
of clusters since it is determined based on a pre-deter-
mined sampling method. Therefore, when interpreting
the results of STRUCTURE, it is crucial to consider the
biological significance of the optimum number of clus-
ters [60].

The knowledge of physical distance of LD decay across
the population of interest facilitates the selection of the
number of markers for association studies. If LD decays
over long distances, fewer markers are necessary for
association mapping, resulting in lower resolution. Con-
versely, if LD decays rapidly within a short distance, a
larger number of markers is needed for association map-
ping and the resolution is higher [61]. Rapid LD decay
(~0.10 Mb) was observed for the population in this study.
The marker density of one single nucleotide polymor-
phism (SNP) per 48.04 kb, on average, was thus sufficient
for detecting the genomic loci associated with P capsici
root rot resistance. Our results were consistent with pre-
vious studies which detected rapid LD decay for C. ann-
uum at 0.07 Mb [58] and 0.01 Mb [57]. While rapid LD
decay in chile pepper would require an increased number
of markers, it would also provide advantages to breeders
in performing fine mapping of the genes of interest iden-
tified from association studies.

Significant markers associated with P. capsici root rot
resistance

Performing multi-locus GWAS resulted in the detec-
tion of a total of 330 SNP markers with the highest being
detected using the isolate ‘6347’ (114 SNPs). Fifty-six
markers which were common in two or more isolates
distributed across all 12 chromosomes were detected.
Previous studies have also mapped the resistance loci
on chromosomes 1-12 of chile pepper [8, 9, 27, 28,
62-70]. Chromosome 5 has been previously identi-
fied as a prominent region for the occurrence of resist-
ance genes against P capsici in Capsicum spp. [8, 9, 28,
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71]. In this study, seven significant SNPs were identi-
fied on chromosome 5 with S5 14665044 explaining
the maximum phenotypic variation of up to 29.6%. This
marker was located ~0.2 Mb upstream of a major QTL
peak detected using bulk segregant analysis that cov-
ered 18.8 cM and was delimited by two markers, CON-
TIG6473 and CONTIG1896 [72]. Phyto5SAR marker
showing highest LOD at the major QTL detected by
Liu et al. [72], was located ~ 1.4 Mb downstream to the
§5_25470050 SNP identified in this study. GBS-derived-
SNPs on chromosome 5 detected by Siddique et al. [9] at
27.0 to 29.5 Mb, were also located ~ 1.4 Mb downstream
to the S5_25470050. Three SNP markers (S5_9345710,
§5_14665044, and S5_25470050) detected using GWAS
in this study coincide with the extended Pc5.1 (Ext-
Pc5.1) region on chromosome 5 that is located between
8.35 Mb and 38.13 Mb [73]. These SNPs also coincide
with the MQTLS.1 identified from meta-QTL analysis
in chile pepper [71]. SNP §5_207353938 detected in this
study was located ~0.19 Mb upstream to significant SNP
S05_207549766 detected for isolate ‘KPC-7" in another
study with phenotypic variation ranging from 3.5% to
29.5% [9]. The findings of this study along with previ-
ous research provide further evidence supporting the
significance of chromosome 5 for Phytophthora root rot
resistance.

The SNP markers S6_170978694 and S12 225476747
identified in this study were~0.53 Mb upstream
and ~ 1.28 Mb downstream to significant SNP markers,
S06_171517874 and S12 224191357 detected on chro-
mosomes 6 and 12, respectively [9]. Another SNP marker,
§10_197712360 identified in this study was~1.69 Mb
downstream to the SNP, S10 196014162 on chromo-
some 10 detected in a previous GWAS [9]. The sig-
nificant marker, S8 133105638 identified in the current
GWAS on chromosome 8 was~0.45 Mb downstream
to QTL.Pc8.1 detected using a RIL population obtained
by crossing ‘CM-334’ (resistant accession) and ‘Early
Jalapeno’ (susceptible accession) [8]. The previously
identified QTL.Pc9 was also~1.91 Mb upstream to the
significant SNP, §9_237909149 detected on chromosome
9 in the present work [8]. In another GWAS, significant
SNPs were identified at 9.14 Mb and 208.4 Mb on chro-
mosomes 7 and 12 respectively, which were~0.11 Mb
and ~0.91 Mb upstream to the SNPs, S7 9249493 and
S§12 209274913 detected in this study [30]. Among the
significant SNPs discussed above, only S10_197712360
and S12 209274913 markers were potentially associated
with resistance genes based on their quantitative trait
nucleotide (QTN) effect. The rest of the markers have
potential association with the susceptibility genes for P
capsici root rot. A novel major SNP marker, S6_705421
was discovered in this study which accounted for up to
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54.4% of the phenotypic variation. Most of the significant
SNPs identified in this research represent potential novel
resistance loci which can be targeted in breeding toward
resistance. Though chromosome 5 has been known to
be the major region with disease resistance loci against
P capsici, this study as well as previous studies have
detected genomic regions on other chromosomes which
demonstrates the complexity of Phytophthora root rot
resistance in chile pepper [8, 9, 27, 30, 68, 74]. SNP vali-
dation will be performed using Kompetitive allele-spe-
cific markers (KASP®). KASP represents a homogeneous
genotyping technology that relies on allele-specific oligo
extension and fluorescence resonance energy transfer
(FRET) to generate signals. This method is recognized for
its cost-effectiveness and adaptability, making it a widely
employed assay on a global scale [75, 76].

Candidate genes for Phytophthora root rot resistance

This study identified candidate genes linked to disease
resistance. Nucleotide-binding site leucine-rich repeat
(NBS-LRR) class resistance genes are widely recog-
nized for conferring disease resistance. The LRR regions
of these genes interact with extracellular ligands while
cytoplasmic kinase domains facilitate signal transduc-
tion through phosphorylation [77]. These are essential
for the proper function of pathogen recognition as they
are responsible for identifying effectors that pathogens
deliver to host cells during infection which leads to the
activation of a strong resistance response known as effec-
tor-triggered immunity [78, 79]. A total of nine genes
that encode LRR receptor-like serine/threonine-protein
kinase protein was detected near SNP S2_137881264 on
chromosome 2, two genes near S12_5016287, and one
gene near S3_38944749, S4_212420204, S10_122768586,
and S10_189438330. Most resistance (R) proteins that
play a role in detecting pathogens and triggering innate
immune responses possess a central nucleotide-bind-
ing domain (NBS found in NBS-LRR proteins) [80].
The NBS domain, also known as the NB-ARC domain
[81] is comprised of three subdomains, NB, ARC1, and
ARC2. The NB-ARC domain performs as a functional
ATPase domain, and the activity of the R protein is reg-
ulated by its nucleotide-binding state [80]. A total of six
genes that code for the NB-ARC domain were detected
near SNP S6_705421, S6_6636269, S10_201485448, and
S11_44892.

Receptor-like proteins and receptor-like kinases are
extracellular surface receptors that play role as pattern
recognition receptors in plants. They detect the molecu-
lar patterns derived from both microbes and the host,
initiating the first stage of inducible defense for plant
immunity, growth, and development [9, 82]. The genes
encoding these proteins were detected in this study near
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SNPs S5 207353938, S8 141949349, S10_ 201485448,
and S12_37348368. These candidate genes were also pre-
viously detected and are good candidates for Phytoph-
thora root rot resistance in chile pepper [9]. SARS.2 gene,
also designated as CASARS82A, is a systemic acquired
resistance (SAR)-related gene which plays role in patho-
gen infection, environmental stresses, and abiotic elici-
tors [83]. This gene was also identified previously in other
P capsici resistance study [9] and was also detected near
SNP, S5_14665044 in this study, suggesting its involve-
ment in Phytophthora root rot resistance in chile pepper.

Ethylene plays a vital role in numerous developmen-
tal processes and is known to be a critical mediator of
abiotic and biotic stress responses in plants [84]. Previ-
ous studies have documented the involvement of ethyl-
ene responsive transcription factors in pathogen attack
[85—88]. These factors were recently identified to be
upregulated in plants infected with P. capsici [89]. In this
study, the ethylene responsive transcription factor genes
were identified near S4 206485683, S4 212420204, and
S§12 5016287 and might be important candidate genes
involved in P. capsici resistance. Glucan endo-1,3-beta-
glucosidases, also known as f3-1,3-glucanases, are essen-
tial hydrolytic enzymes in pathogenesis-related groups of
proteins and abundant in various plant species following
pathogen infection [90]. These enzymes contribute sig-
nificantly to the defense response by degrading the 3-1,3-
glucans that are present in the cell wall of microbes,
especially fungus and generating signaling glucans which
trigger the activation of global responses [91]. The gene
coding for this enzyme detected in the proximity of SNPs
879249493, §12 1728396, S12_1902119, S12 5016287,
and S12 209274913 might have a crucial role in degrad-
ing the 5-1,3-glucans that are present in the cell wall of
P capsici and can be a strong candidate gene for resist-
ance in chile pepper. A few late blight resistance genes
were found to be associated with SNPs S2 137881264
(1), S6_705421 (4), S6_6636269 (1), S11_44892 (3), and
S§12 225476747 (1). These genes also belong to NB-ARC-
domains containing resistance genes and encode a spe-
cific domain of potato resistance genes [92]. The plant
cell wall serves as the initial physical barrier against path-
ogen intrusion and plays role in detecting external signals
and stimulating defense response [93, 94]. The candidate
genes associated with cell wall biosynthesis, organization,
and modification like hydroxyproline-rich glycoproteins
(52_137881264, S8_140731657), UDP-glucuronic acid
decarboxylase (S§3_29930687, S5_9345710), and f-D-
xylosidase (S1_65866380, S4_212420204), were identified
which can play role in defense response against P capsici.
Previous reports have also identified the involvement of
epigenetic mechanisms in the defense response to P. cap-
sici infection [8, 71, 73]. In this study, candidate genes
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for DNA methylation, histone methylation, acetylation,
and ubiquitination were detected, supporting the argu-
ment for the involvement of the epigenome in defense
response. Overall, many candidate genes involved in dif-
ferent mechanisms were detected reflecting the complex
genetic architecture of resistance to P. capsici root rot in
chile pepper. Further molecular analysis needs to be con-
ducted to better understand and confirm their roles in
conferring root rot disease resistance in Capsicum.

Conclusions

Multi-locus GWAS was used to detect the genomic
regions linked to Phytophthora root rot resistance. A
total of 330 significant markers were identified using var-
ious multi-locus GWAS models on five disease param-
eters and three P. capsici isolates (‘PWB-185, ‘PWB-186,
and ‘6347’). Overall, 56 significant markers distributed
across all 12 chromosomes were found to be common
across the isolates. Candidate genes including nucleotide-
binding site leucine-rich repeat (NBS-LRR), receptor-
like kinase (RLKs), system acquired resistance (SARS.2),
B-1,3-glucanases, late blight resistance genes, and genes
involved in epigenetic mechanisms like histone methyla-
tion were identified. Results from this study will be fur-
ther used for validation using Kompetitive allele-specific
markers (KASP®) and can be used for marker-assisted
selection and genomic selection for P. capsici resistance
in Capsicum.

Materials and methods

Plant material

In this study, a diverse panel of Capsicum spp., com-
prising 157 accessions, including 44 cultivars, 99 breed-
ing lines, and 14 landraces, was used (Table S5). The
plants were grown in trays with 15 accessions and three
checks in each tray at the Fabidn Garcia Research Center
Greenhouse, New Mexico State University (NMSU), Las
Cruces, NM (32°16'46.7”N, 106°46'24.7”W), under
standard conditions for growing chile pepper [95]. Three
replications were planted to screen for each isolate, where
a replication consisted of up to four plants per accession.
The checks used for the isolate ‘PWB-185" were ‘CM-334’
(landrace; resistant check), ‘Camelot’ (bell pepper; sus-
ceptible check 1), and ‘NMCA 10399’ (jalaperio; suscepti-
ble check 2). For isolates ‘PWB-186" and ‘6347, all checks
were the same as for ‘PWB-185’ isolate but ‘Ninja" (bell
pepper) was instead used in place of ‘Camelot’ as suscep-
tible check 1 due to the lack of seeds.

Inoculum preparation and infection

Zoospore production was performed based on previ-
ous methods [8, 46, 96]. The isolates were grown on vg®
media petri plate. The V8 media (500 mL) consisted of
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calcium carbonate (1.5 g), technical agar (10 g), V8 juice
(81.5 ml), distilled water (418 ml), rifampicin (0.2 g),
ampicillin (0.25 g) and primarcin (100 uL). These plates
were used to grow the P capsici isolates for 5-7 days at
room temperature. Then, under a fume hood, 5 cm plugs
were excised from these petri dishes using a cork borer.
A total of 5-7 of these plugs were placed in deep petri
dishes (~200) with 25 mL of sterile distilled water. The
formation of sporangia was induced by transferring the
deep dishes to an incubator at 25 °C for 48 h with fluo-
rescent lighting. Zoospore release was induced by trans-
ferring these dishes to a 4 °C cold chamber for 60 min
and then placing them back in the incubator for 30 min.
A cheesecloth was used to filter the contents of the deep
petri dishes to remove agar plugs. The resulting solu-
tion was subjected to zoospore quantification using a
hemocytometer (Hausser Scientific, PA, USA). The final
concentration of zoospores was adjusted using sterile dis-
tilled water to ~ 2,000 zoospores per ml.

At the 4-8 leaf stage, inoculation was done by dis-
pensing 5 mL of the final solution of 2,000 zoospores
per mL to the soil in each plant cell resulting in ~ 10,000
zoospores for each plant. Disease scoring for the inocu-
lated plants was done after every two or three days start-
ing at three days post-inoculation (DPI) up to 14-DPL
A disease scoring system of 0—6 was used, where 0=no
visible disease symptoms, 1 =stem necrosis with no gir-
dling, 2 =stem necrosis with girdling, 3 =stem necrosis
with less than 50% defoliation, 4=stem necrosis with
greater than 50% defoliation, 5=wilted, and 6=dead
(Fig.5) [8, 46].

Phenotypic data collection and analysis

Initially, a total of 174, 166, and 164 accessions were
screened for ‘PWB-185, ‘PWB-186, and ‘6347" respec-
tively, but only 157 accessions that were common among
the three isolates were used for further analysis. The
accessions were screened using a randomized complete
block design (RCBD) with three replications for each
isolate. Each block contained 15 accessions and three
checks (one resistant and two susceptible checks), and
each accession had a total of four plants. The four dis-
ease scores obtained for each replication of each acces-
sion were averaged to obtain a single disease score value.
Screening for the three isolates was done separately and
disease scores for each isolate were used to calculate the
area under disease progress curve, disease severity index
percentage (DSI%), estimated marginal means (least
square means), and percent resistant plants. The ‘audpc’
function in ‘agricolae’ [97] package in R was used to cal-
culate the area under disease progress curve (AUDPC)
using the formula AUDPC=Y 7' 28itly(t;y g — 1)),
where, y,=disease score of the plants at i™ observation
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Fig. 5 Disease score ratings (0-6) for screening chile pepper plants for resistance to Phytophthora capsici root rot. Ratings: 0=no visible disease
symptoms, 1=stem necrosis with no girdling, 2=stem necrosis with girdling, 3=stem necrosis with less than 50% defoliation, 4 =stem necrosis

with greater than 50% defoliation, 5=wilted, and 6 =dead [8, 46]

(=1 being the first observation at time zero), t;=number
of days post infection at i observation, and #=number
of observations.

The estimated marginal (least square) means were
also calculated in R using the ‘emmeans’ function in the
‘emmeans’ package and disease score at 14-DPI [98].
Disease severity index percentage and percentage of
resistant plants were calculated using the SAS® OnDe-
mand for Academics (SAS Institute, Inc., Cary, NC).
The formula from Chiang et al. [99] was used to calcu-

late the disease severity index percentage for each line:
[sum (classfrequency x scoreofratingclass))
o —
DSI% = [(totalnumberofplants) x (maximaldiseaseindex)) x 100.

According to the rating scale used in this study, the
maximal disease index was a score of 6 for all geno-
types. Percent resistance was calculated based on using

the formula from Muhyi and Bosland [100]:
Numberofplantswithdiseasescorelorlower % 100
Totalnumberofplants :

The ‘aov’ function in R was used to perform analysis
of variance (ANOVA) considering DPI, block, entry, and
replication as fixed effects. Dunnett tests were also per-
formed to compare the accessions against the resistant
and susceptible checks for each isolate using R [101]. The
disease score distribution of each isolate for normality
was tested using Shapiro—Wilk Test. Broad-sense herit-
ability, H, was calculated for resistance to each isolate of
P, capsici using the formula: H? = 0?;/0?p, where o°; is the
variance associated with the genotype and ¢, is the vari-
ance associated with the phenotype.

Genotypic data

DNA extraction was performed using single leaf tissue
from each chile pepper accession aged 30-45-days. The
extraction was conducted using Qiagen DNEasy® plant
extraction kits at the University of Minnesota Genomics
Center (UMGC) DNA extraction facility (https://genom
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ics.umn.edu/service/dna-extraction). DNA quantifica-
tion was done using Picogreen (ThermoFisher Scientific,
MA, USA). The samples were normalized to a concen-
tration of 10 ng/ul for genotyping-by-sequencing (GBS).
The UMGC performed GBS utilizing a single-enzyme
digestion protocol as previously described [8, 58]. In this
protocol, 10 units of restriction enzyme ApeKI (New Eng-
land Biolabs®, Inc. MA, USA) were used to digest 100 ng
of DNA per sample for 2 h at 75 °C, followed by 20 min of
heat inactivation at 80 °C. The DNA samples were then
heat killed after being ligated for 1 h at 22 °C with 200
units of T4 ligase (New England Biolabs®, Inc. MA, USA)
and phased adaptors. Purification of the ligated samples
was done followed by the amplification for the addition
of the barcodes. Purification, quantification, and pooling
of the GBS libraries was subsequently performed. DNA
fragments within the size range of 300—744 bp size region
were then specifically selected and diluted to a concen-
tration of 1 nM. These selected fragments were subjected
to sequencing with the Illumina NovaSeq = 6000 (Illu-
mina, CA, USA) using single end 1x 100 reads.

[lumina ‘bcl2fastq’ software was used for the demul-
tiplexing of the FASTQ files and first 12 bases from the
beginning of each read were removed using Trimmo-
matic to get rid of the adapter sequences [102]. The align-
ment of FASTQ files to the “Zunla-1’ reference genome
[103] was done using BWA (Burrows-Wheeler Aligner)
[104]. To remove variants with genotype rates<95%,
minor allele frequency<1%, and samples with genotype
rates < 50%, raw VCEF files were processed using VCFtools
[105]. TASSEL [106, 107] was used to convert VCF
files to HapMap format. Further, filtering of the Hap-
Map file based on taxa was done and SNP markers with
MAF <0.05 and minor states were removed. Missing data
imputation was done using the LD k-nearest neighbor
genotype imputation (LD-knni) function [108] in TAS-
SEL. ‘CMplot’ package in R was used to construct the
SNP density plot per chromosome [109].

Population structure and linkage disequilibrium analysis

A total of 55,117 markers were used to identify the sub-
populations within the diversity panel using an admix-
ture model in STRUCTURE 2.3.4 [60]. The length of
burn-in period and number of Monte Carlo Markov
Chain (MCMUC) replicates after burn-in were selected
as 10,000 and the number of replications per K was set
to 5. The number of clusters, K, were defined between
1 and 10 and the optimal K for the population was
inferred using the STRUCTURE HARVESTER pro-
gram (https://github.com/dentearl/structureHarves
ter/) [110, 111]. Convergence of the algorithm was veri-
fied by comparing the average values for alpha, « (i.e.,
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relative admixture levels between populations for each
replication per K). TASSEL 5.2.86 software was used to
perform principal component analysis (PCA) to analyze
the population structure where five major components
were considered for further analysis. PCA biplot using
the first two PCs and scree plot were constructed using
R. TASSEL was also used to construct a neighbor-join-
ing (NJ) phylogenetic tree which was further edited in
iTOL (Interactive Tree of Life) website (https://itol.
embl.de/) [112]. The PCA biplot and NJ tree were based
on the optimum clusters obtained from STRUCTURE
results. The “Sliding window” type function in TASSEL
with a window size of 50 (0.05 Kb) was used to per-
form linkage disequilibrium (LD) analysis [106]. The
“ggplot2” package in R was used to plot LD decay over
distance using the TASSEL results [113].

Genomewide association study
A multi-locus genomewide mapping approach was used
to detect significant loci linked with area under dis-
ease progress curve (AUDPC), disease severity index
percentage (DSI%), percent resistant plants, and esti-
mated marginal means for the three P capsici isolates.
The ‘Ime4’ package in R was used to calculate the Best
Linear Unbiased Estimates (BLUEs) [114]. Best Linear
Unbiased Predictors (BLUPs) were computed consid-
ering the three isolates as different “environments” and
performing combined analyses using the same package
in R. Overall, three different BLUE phenotypic values
(‘PWB-185, ‘PWB-186, ‘6347’), and a BLUP (‘PWB-185_
PWB-186_6347’) for the traits were used for GWAS.
The multi-locus random-SNP effect mixed linear
model (‘mrMLM.GUT’) package in R was used to per-
form GWAS [115]. Six multi-locus GWAS models,
namely, Multi-locus random-SNP-effect mixed linear
model (mrMLM) [116], Iterative modified-sure inde-
pendence screening Expectation—Maximization-Bayes-
ian least absolute shrinkage and selection operator
(ISIS EM-BLASSO) [117], Polygenic-background-con-
trol based least angle regression plus empirical Bayes
(pPLARmEB) [118], Fast multi-locus random-SNP-effect
efficient mixed model association (FASTmrEMMA)
[119], Fast multi-locus random-SNP-effect mixed linear
model (FASTmrMLM) [120], and Polygenic Kruskal-
Wallis method with Empirical Bayes (pKWmEB) [121]
were used with the default parameters. The GWAS
model included five principal components and a kin-
ship matrix (K-PC) to address population structure. A
threshold of 3.0 LOD score was employed to declare
markers as statistically significant in the GWAS models.
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Candidate gene analysis

Candidate gene analysis was performed using Ensem-
blPlants [122], whereby genes located within 0.5 Mb of
the SNP marker were considered as the candidate genes.
An annotation file for ‘Criollo de Morellos-334" (‘CM-
334’; Genome assembly (GA)/ ASM512225v2) (C. ann-
uum L.) was downloaded from the EnsemblPlants website
(https://ftp.ensemblgenomes.ebi.ac.uk/pub/plants/relea
se-55/gft3/capsicum_annuum/) [122, 123]. The list of
candidate genes and their annotations for each significant
SNP marker was subsequently derived from the annota-
tion file using R. Candidate gene analyses were performed
for significant markers that were common across all phe-
notypic datasets.
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