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Genome-wide association studies of a pea germplasm reveal novel
markers and candidate genes implicated in resistance to Fusarium
oxysporum f. sp. pisi races 1 and 2
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loci mapping has located several genomic regions associated with resistance to Fop.
However, the large marker-trait distances hampered the implementation of marker-

assisted selection. To unravel candidate genes for Fop races 1 and 2, diversity array
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subunits, a FERONIA-like receptor kinase, homoserine kinase, a heat shock 70 pro-
tein, adenosine triphosphate transporters, and multiple transcription factors and plant
defense-related proteins. These putative genes and molecular pathways provide a

foundation for the sustainable management of Fop.

Plain Language Summary

Breeding pea for disease resistance is one of the most effective and sustainable strate-
gies to improve production and food security. This study builds on earlier related
studies and provides a strong foundation for future understanding the functions of
valuable genetic factors (genes) involved in Fusarium oxysporum t. sp. pisi (Fop) dis-
ease resistance. For the first time, a large phenotyping and genotyping information
of pea is used in scanning the genome (genome-wide association study) to identify
genes connected to Fop races 1 and 2 disease resistance. We found 42 linked mark-
ers and 28 potential genes involved in Fop resistance. We also found new evidence
of quantitative resistance to Fop race 1 and confirmed the quantitative inheritance
of Fop race 2 as previously reported. This knowledge provides valuable insight for

future pea improvement toward food security.

hectares (Mha), which recently declined to 13.8 MMT on an

Pea (Pisum sativum L.) is a temperate annual grain legume,
cultivated globally as food and feed (Rubiales et al., 2019).
The genetics of pea is complex with a large genome of
4.45 Gb, arranged into seven pairs of homologous chromo-
somes (2n = 2x = 14) rich in repetitive sequences (Kreplak
et al., 2019; N. Liu et al., 2024; Smykal et al., 2012). This
complexity, along with its autogamous nature, limits genetic
diversity compared to outcrossed crops—posing challenges
for developing pea genomic resources (Pandey et al., 2021).
The current taxonomy of the genus Pisum remains debat-
able, but it is generally accepted to contain three primary
species: P. sativum L., Pisum fulvum Sibth & Sm., and Pisum
abyssinicum A. Braun (Smykal et al., 2012). However, recent
studies further categorized P. sativum into six subspecies
(Rispail et al., 2023). Landraces and wild species are known to
harbour valuable traits—thus, utilization of gene bank mate-
rials would facilitate improved genetic bottlenecks (Rubiales
et al., 2023). Pea is a cheap source of protein, serving a valu-
able soil amendment function through nitrogen fixation, green
manuring, and the liberation of useful micronutrients for suc-
cessive rotational crops’ uptake (Singh et al., 2022; Windsor
et al., 2024; Zander et al., 2016). Thus, pea can attain cost-
efficient yields with minimal chemical fertilizer inputs and
less environmental carbon footprint (Rubiales, 2023). Accord-
ingly, global demand for pea has continued to increase over
the years, but production remains unstable. Global produc-
tion estimates of dry pea in 2021/2022 were 14.2 million
metric tonnes (MMT) on a harvested area of 7.2 million

area of 7.4 Mha for the 2023/2024 season (FAOSTAT, 2025).
This decline in production despite a 2.8% increase in culti-
vated area, likely reflects the influence of biotic stresses, poor
agronomic management, and climatic constraints.

Low and variable pea yields are mainly due to its high
susceptibility to soilborne diseases, which adversely limit its
production. Among them, Fusarium wilt (FW), caused by
Fusarium oxysporum Schlecht f.sp. pisi (van Hall) Snyd. &
Hans (Fop) is a major threat that can induce about 80%-100%
yield penalty if thresholds are exceeded (Wohor et al., 2022).
Fop spore germination and host infection are induced by host
root exudates. Fop infection symptoms are mostly progressive
from lower to upper leaves, resulting in dwarfism, yellowing,
wilting, and ultimately plant death (Bani et al., 2012; Verma
etal., 2025). The ability of Fop to induce different responses in
various pea cultivars and their genetic characteristics allowed
identification of four main races (1, 2, 5, and 6) (Infantino
et al., 2006). Races 1 and 2 have global significance, while
races 5 and 6 were thought to be limited to the Washing-
ton region of the United States (Infantino et al., 2006) but
are expanding, as race 5 has recently been reported in China
(Deng et al., 2022). Similar to other soilborne diseases, Fop
exhibits high survival plasticity, persisting for many years in
the soil as specialised adaptive chlamydospores, making its
control challenging (Bani et al., 2018; Wohor et al., 2022).
The similarity of FW symptoms to those of other diseases and
certain nutrient deficiencies further complicate its manage-
ment strategy. Once the pathogen enters the soil, there is no
satisfactory control measure, as most of the available control
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methods are largely ineffective and potentially detrimental
to the environment (Wohor et al., 2022). The most efficient
and sustainable management of Fop is through the identifi-
cation and incorporation of resistance genes into adapted pea
cultivars. Breeding for resistance requires the deployment of
genetic alleles from landraces or wild relatives to broaden
genetic variability of modern cultivars (Rubiales, 2023). Dif-
ferent gene-bank materials have been deployed, along with
standard genotyping and phenotyping methods, to decode
valuable Fop-resistant alleles (Wohor et al., 2022). Previous
screening in pea reported that resistance to races 1, 5, and 6
are monogenic in nature and controlled by single race-specific
genes (Infantino et al., 2006), while resistance to race 2 is
quantitative (Bani et al., 2012; McPhee et al., 2012). Mono-
genic resistance against races 1, 5, and 6 has been successfully
incorporated into cultivars (McPhee et al., 1999; Porter et al.,
2014). Nonetheless, these monogenic sources of resistance
are at risk of breakdown due to the constant evolution of the
pathogen that already led to the emergence of the distinct
races and pathogenic variants of Fop (Infantino et al., 2006;
Neumann & Xue, 2003).

The efficiency of pea breeding is being enhanced
by the cost reduction and rapid advancement of novel
high-throughput genomic techniques (Tayeh et al., 2015;
Verma et al.,, 2025). Although pea lagged behind other
legumes in disease quantitative trait locus (QTL) discov-
ery, the recent well-annotated, high-resolution, pea reference
genomes present a great resource to accelerate resistance and
marker-assisted breeding (MAB) (Gali, Tar’an, et al., 2019;
N. Liu et al., 2024; Yang et al., 2022). MAB has the poten-
tial to aid visual phenotyping and genotyping capabilities to
reduce breeding cycles (Pandey et al., 2021). Genetic mark-
ers are the most preferred markers for MAB because they
are less susceptible to environmental variations (Nogué et al.,
2016; Tayeh et al., 2015). Hence, markers have been devel-
oped and successfully deployed to measure genetic variation
and improve pea polygenic traits (Gali et al., 2018; Sindhu
et al., 2014). Analysis of bi-parental populations segregating
for Fop race 1 resistance identified a single resistance locus
named Fw on pea linkage group (LG) III (chromosome 5) and
identified several tightly linked markers located in a 1.2cM
window, allowing the development of selectable markers for
marker-assisted selection (MAS) (Jain et al., 2015). The use
of a bi-parental population segregating for Fop race 5 resis-
tance also detected a single locus, Fwf, within a window of
9.1 cM on LG II (chromosome 6) (Coyne et al., 2000). Most
recently, a dominant gene (FwSI) responsible for resistance
to race 5 and tightly linked to Fwf has also been identified
and finely mapped on chromosome 6 within a genetic dis-
tance of 91.4 kb (Deng et al., 2024). In turn, two minor loci
(Fnw3.1 and Fnw3.2, Fusarium near wilt) and a major locus
(Fnw4.1) on LG III and IV of chromosomes 5 and 4, respec-
tively, were reported for resistance to race 2, although no

Core Ideas

 Efficient evaluation and strategic utilization of
diverse germplasm are essential for identification
and harnessing gene variants underlying key biotic
traits.

* Phenotyping a pea core collection for Fusarium
oxysporum f.sp. pisi (Fop) resistance reveal sub-
stantial variation in response to Fop races 1 and
2, confirming the quantitative nature of their
resistance.

* The study represents the first genome-wide asso-
ciation studies implemented to elucidate Fop
resistance in pea.

* Diversity array technology markers demonstrate
robustness for detecting 28 candidate genes
involved in Fop races 1 and 2 resistance.

* FElucidated putative genes and molecular pathways
provide a foundation for future Fop gene func-
tional studies to facilitate the incorporation of
resistant loci through marker-assisted and genomic
selection.

selectable markers have been proposed yet (McPhee et al.,
2012).

These QTL techniques have been resourceful, but the
low allelic variation contained in the bi-parental popula-
tions, coupled with the low marker density are bottlenecks
in QTL analysis, hindering the precision and efficiency
of identifying genetic loci associated to traits (Myles &
Wayne, 2008). High-throughput genomic approaches such
as genome-wide association studies (GWASs) complement
QTL mapping by providing higher-resolution marker detec-
tion of genomic loci underlying quantitative traits (Resende
et al., 2014). GWAS captures allele effects that explain
trait variation in diverse populations, through linkage dis-
equilibrium (LD) between markers and causal loci (Myles
& Wayne, 2008). Since population structure strongly influ-
ences marker-trait associations, robust models are essential
to account for genetic diversity and ensure accurate detec-
tion of true associations (Crosta et al., 2023; Li et al., 2026;
Wohor et al., 2025). The utilization of numerous markers
enables detailed genome coverage to overcome the constraints
of bi-parental populations (Susmitha et al., 2023). Diversity
Arrays Technology sequencing (DArTseq) markers are abun-
dant, allowing for extensive genome coverage, making them
well-suited for GWAS (Pandey et al., 2021). DArTseq gener-
ates single-nucleotide polymorphism (SNP) and SilicoDArT
markers through restriction enzyme-mediated genome com-
plexity reduction and sequencing of the restriction fragments
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(Gali et al., 2018). In pea, DNA-based markers success-
fully aided the identification of novel marker-trait associations
(MTAs) for disease resistance through GWAS (Desgroux
et al., 2016; Leprévost et al., 2023; Osuna-Caballero et al.,
2024a; Osuna-Caballero et al., 2024b; Rodriguez-Mena et al.,
2025; Wohor et al., 2025). In addition, GWAS identified
17 SNPs associated with Fop race 2 resistance in grass pea
(Lathyrus sativus), seven of which were mapped to pea chro-
mosomes 1, 6, and 7 (Sampaio et al., 2021). Despite these
achievements, the genomic regions conferring resistance to
the main races of Fop remain large—impeding identification
of the responsible genes. Reviews on genetic and molecu-
lar approaches to Fop reveals that GWAS has not yet been
implemented for this pathogen in pea (Ghosal & Datta, 2025;
Verma et al., 2025). To improve the understanding of the
genetic architecture of Fop resistance, the present study seeks
to phenotype a genotyped pea core collection and perform a
GWAS analysis to elucidate DArT markers and putative can-
didate genes/pathways significantly linked to Fop races 1 and
2 resistance. This study is expected to enhance the efficient
implementation of future functional genetic analysis of can-
didate genes involved in Fop resistance to facilitate MAS in
pea breeding and enhance food security.

2 | MATERIALS AND METHODS

2.1 | Plant material

The plant material used in this study consisted of a diverse
core collection of 324 pea accessions of worldwide origin
assembled at the Institute for Sustainable Agriculture, CSIC,
Cordoba, Spain (Table S1). The panel was initially curated
from a large Pisum spp. collection of > 3000 accessions pro-
vided by USDA (Department of Agriculture), JIC (John Innes
Center), CRF (Centro Nacional de Recursos Fitogenéticos),
CGN (CPRO-DLO), IPK (Leibniz Institute of Plant Genetics
and Crop Plant Research), and ICARDA (International Cen-
ter for Agricultural Research in the Dry Areas) (Rispail et al.,
2023). The core collection was carefully selected to represent
most of the existing pea genetic diversity, including acces-
sions from all recognized Pisum species and subspecies. The
accession #251 (PI 505059), known for its susceptibility to
Fop races 1 and 2, was included in the collection as a check.
The genetic diversity of the core collection was characterized
to reveal their high genetic diversity and suitability for GWAS
(Rispail et al., 2023).

2.2 | Fungal materials and plant inoculation

The fungal materials used to screen the pea collection con-
sisted of two Fop isolates, F79 and F42, belonging to the

pathogenic Fop races 1 and 2, respectively. These isolates
were maintained in micro-conidial suspension at —80°C
in 30% glycerol and prepared for inoculation by culturing
in potato dextrose broth at 28°C under constant agitation
(170 rpm). The inoculum concentration was adjusted to
5 x 10° microconidia spores mL~! of water using the
root-dip method by Bani et al. (2012). This inoculation pro-
cedure involves the cleaning and trimming of pea roots to
one-third and dipping them into the Fop spore suspension
for 5 min before transplanting. Control plants were treated
identically but immersed in sterile water to homogenize
treatments.

2.2.1 | Experiment layout

All experiments were performed under controlled conditions.
Pea seeds were subjected to surface sterilization, scarifica-
tion, and cold treatment at 4°C for 3 days to break dormancy
and synchronize germination. Pre-germination was initiated
in a growth chamber at 21°C for 48 h using wet tissue paper
wrapped with aluminum foil to ensure complete darkness.
Germinated seeds were then planted in sterile vermiculite-
filled pots in a growth chamber with 16/8 h light-darkness
cycle, a 26 + 2°C temperature, and 200 umol m-2 s-1
illumination. After a week (two-leaf stage), seedlings were
inoculated with Fop using the root dipping method, followed
by transplanting into fresh sterile vermiculite-filled pots. Sub-
sequently, inoculated seedlings were maintained under the
same growth chamber conditions. Plants were watered reg-
ularly with tap water and applied with half-strength Hoagland
nutrient solution once a week (Hoagland & Arnon, 1938).
The experiment involved three plants per accession in a
randomised complete block design (RCBD) with 324 acces-
sions, three replicates, and seven block units per replicate
(324 x 3 x 7 factorial). The whole experiment was repeated
three times independently (E1, E2, and E3) for each Fop iso-
late, resulting in a total of nine plants evaluated per accession
and isolate.

2.3 | Phenotyping

Disease symptoms assessment was extensively carried out
among the pea collection by evaluating disease severity every
3 days from the 7th to the 30th day after inoculation (Bani
et al., 2012). Infection severity was quantified as the per-
centage of symptomatic leaf per plant, estimated from the
evaluation of each plant leaf with a five-point scale at leaf
level and 100-point rating scale at whole plant level (Figure 1;
Figure S1). Disease severity index (DSI) for each plant was
then calculated by integrating the disease ratings of the scored
leaves using the following equation:
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FIGURE 1
leaf level (1 = no disease, 2-3 = moderate disease, 4-5 = full disease

Disease ratings scale based on (A) the 5-point scale at

rate) and (B) 100-point scale at whole plant level (0 = no infection,
30-60 = moderate infection, 80 = severe infection, and 100 = plant
death).

0.5N; + 1N,

DSI = x 100

t

where N, is the number of leaves at stages 2 and 3, N, is the
number of leaves at stages 4 and 5 and N, is the total number
of leaves (Figure 1). Rated data were standardized with their
respective controls to eliminate false positive scores.

The periodic DSI was then used to estimate the area under
disease progress curve (AUDPC) using the following formula:

n
AUDPC = Y <%> X (e —1,)
i=1

where n is total number of observations, x; is the estimated
proportion of disease severity at date i, x; | is the estimated
proportion of disease severity at date i + 1, and #; | | — ¢; the
number of days between scoring dates i and i + 1 (Bani et al.,
2012).

Before further analysis, AUDPC values from the three inde-
pendent inoculated experiments (E1, E2, and E3) of the Fop
race 1 and 2 were compared and combined to obtain the best
linear unbiased predictions (BLUPs) with the metan package
in R version 4.2.2 (Olivoto & Lucio, 2020) considering the
mixed linear model (MLM):

Yk =M+ E +G;+(GXE); +e¢
where Y is the observed phenotypic response of the jth geno-

type (1, 2, ...,324 genotypes) in the ith environment (E1, E2,
and E3 environments) and Kth replicate, u is the overall mean

(fixed effect), E; is the fixed effect of environment, Gj ~N (0,
6%) is random effect of genotype, (G X E); ~N (0, 6%Gg)
is the random genotype x environment interaction, and €
~N (0, 6°,) is the residual error associated with genotype X
environment interaction.

BLUPs are predictions of random effects and represent the
genetic component of each genotype’s performance, adjusted
for random variation and shrinkage toward the population
mean, but have an advantage of reducing environmental noise
and design variance (Robinson, 1991). Estimated BLUPs
were then used for all subsequent analysis. Comparison
between accessions was performed for each Fop isolates inde-
pendently by one-way analysis of variance (ANOVA). Prior
to ANOVA, normal distribution and homogeneity of the data
were assessed by Shapiro—Wilk and Pearson’s matrix, respec-
tively, by visual examination of scatter plots and histogram
of residuals. These tests revealed the heteroscedasticity of the
data, while the normality presumption stands true. Therefore,
Welch’s correction was applied in the ANOVA to account for
the heteroscedasticity of the data. Whenever the tests were
statistically significant (p < 0.05), mean separation between
accessions was determined by post hoc pairwise compari-
son test at 95% confidence level using Games-Howell’s test.
Welch’s ANOVA and Games-Howell’s test were performed
with the packages rstatix in R (Kassambara, 2023). The cor-
relation between estimated means was assessed using the
“corr_plot” function of the metan R package to determine
Pearson’s correlation matrix, and their broad sense heritabil-
ity’s estimated for each trait by the ratio of genotypic variance
to phenotypic variance (Olivoto & Licio, 2020).

2.4 | Genotyping

The genotyping of the collection was performed in Rispail
et al. (2023). In brief, genotyping of the 324-pea core
collection was conducted following DArTseq protocols by
extracting DNA from leaves of week-old seedlings (20 per
accession) and analyzed using the high-density Pea DArTSeq
1.0 array. Genomic data were cleaned to eliminate low-quality
and non-polymorphic markers; DArT markers with >20%
missing data, <5% minor allele frequency, or heterozygos-
ity >10% were excluded. The resulting 26,045 polymorphic
Silico DArT markers were retained for the final analysis as
they provided a more complete genome cover than the SNPs
dataset markers (Rispail et al.,, 2022). These silico-DArT
markers were then aligned to the Caméor (V1a) and Zhong-
wan 6 (ZW6) reference genomes of pea (Kreplak et al., 2019;
Yang et al., 2022).

2.5 | Assessment of population structure

The genetic structure of the pea diversity panel was esti-
mated in R by discriminant analysis of principal components
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(DAPC), implemented in the ADEGENET 2.1.11 package
(Jombart, 2008; Jombart et al., 2010; R Core Team, 2024).
To select the optimal number of clusters (K), a sequential
k-means analysis was implemented from K = 1 to K = 30
using the function “find.cluster” of the ADEGENET package
in R (Jombart et al., 2010). Selection of the optimal number
of clusters was based on the Bayesian information criterion
(BIC) (Figure S2) and the automatic selection with the model
“goodness of fit” criterion. The number of principal compo-
nents (PCs) to include in the DAPC analysis was initially set at
13 according to the optimization of the “a-score” that measure
the trade-off between discrimination power and data overfit-
ting. Accordingly, the number of discriminant axes was set to
six that was sufficient to explain a significant portion of the
variance.

2.6 | Genome-wide association studies

The GWAS models were based on the 26,045 DArTseq
markers that were homogeneously distributed across the pea
genome (Rispail et al., 2022) and on the robust phenotypic
evaluation of the pea core collection for Fop races 1 and 2
resistance. The genotypic data entailed genetic marker infor-
mation, with the PCs serving as covariance and the K-matrix
as predetermined variances—while the observed phenotypic
information in the GWAS model was based on the estimated
BLUP means. GWAS was implemented in R with the GAPIT
3.0 package (Wang & Zhang, 2021), a robust tool for stream-
lining association mapping workflow. Population structure
information, kinship matrix, and LD were considered in the
GWAS models to mitigate confounding effects. The scree plot
selection procedure (Figure S3) was used to determine the
optimal number of PCs required to effectively correct for pop-
ulation structure. GWAS was conducted using three different
models: MLM (Yu et al., 2006), Fixed and random model
Circulating Probability Unification (FarmCPU) (X. Liu et al.,
2016), and Bayesian information and Linkage-disequilibrium
Iteratively Nested Keyway (BLINK) (Huang et al., 2019).
These models were chosen based on statistical merit and
their complementarity to capture the most significant vari-
ants of small and large effects for robust gene calling (Wang
et al., 2022). Significant associations were extracted by the
Bonferroni correction as the primary threshold for validating
DArTseq markers—to minimize false positives (Bland & Alt-
man, 1995). While the false discovery rate (FDR) method was
deployed as a secondary threshold to capture potentially valu-
able markers missed by Bonferroni correction. FDR threshold
was estimated for each model in R with the gvalue package
version 2.38.0 to retain significant association with <1 false
positive (Storey et al., 2024). The adequacy of the models was
validated through quantile-quantile (Q-Q) plots to examine
the overall distribution of p-values and detect any potential

genomic inflation or deflation and by estimating the genomic
inflation factor (1) (Devlin & Roeder, 1999). All models with
genomic inflation (1) below 0.8 or higher than 1.2 were not
considered. O—Q plots and the genomic inflation factor were
estimated with the QQperm package version 1.0.1 in R (R
Core Team, 2024; Wang, 2016). Manhattan plots were gen-
erated to visualize the GWAS results, illustrating the —log;,
(p-value) for each marker across the seven pea chromosomes,
highlighting regions with significant associations. The Man-
hattan and Q—Q plots were generated with CMplot package
version4.5.1inR (Yinetal., 2021). All markers that could not
be mapped to any chromosomes or that mapped on unaligned
scaffolds or super-scaffolds were grouped within the arbitrary
chromosome 9 on the Manhattan plot for data representation.

2.7 | Candidate gene selection

In the search for potential candidate genes, we examined
the genomic regions based on LD (+2) of 0.2, which placed
the ideal genetic distance within 30 kb window. Signifi-
cant DArTseq markers were then explored for putative genes
within this window using the high-resolution pea genome
Caméor Vla and the ZW6 reference genome version 1.0 on
the pulse crop database website (https://www.pulsedb.org/
jbrowses). The gene ontology (GO) annotations of the pea
genomes were retrieved from the European Bioinformatics
Institute (EMBL-EBI) (Ensembl Genomes at https://plants.
ensembl.org, accessed May 18, 2025). Whenever the pea gene
could not be linked to any GO terms, we delved into the A.
thaliana TAIR database (Berardini et al., 2015) to identify
corresponding orthologous proteins in this model species.

3 | RESULTS

3.1 | Phenotypic variation of the pea
diversity panel to Fop race 1

Phenotypic response of the pea diversity panel to Fop iso-
lates broadly followed normal distribution for Shapiro—Wilk
normality and was confirmed by Pearson normal distribu-
tion (Figures 2A and 3A). Results from the three replicated
experiments reveal moderate to strong correlation for Fop
race 1, as demonstrated by the positive and highly signif-
icant (p < 0.001) Pearson’s correlation ranging from 0.38
to 0.72 (Figure 2A). Although moderate skewness and kur-
tosis were initially detected for the replicated experiments,
this was significantly corrected by the estimated BLUPs
(BLUP,yppc) of each replicated experiment, with Pear-
son’s correlation coefficient appreciating from 0.69 to 0.86
(Figure 2A). Improvement in the heritability estimates and
distribution quality by BLUPppc can be attributed to the
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FIGURE 2 Characteristics of the pea response to Fop race 1. (A), Distribution of area under disease progress curve (AUDPC) values observed
in response to Fop race 1 infection for each replicated experiment (E1, E2, and E3) and the estimated BLUP ,;ppc (Where BLUP is best linear
unbiased prediction) dataset (diagonal) and their correlations represented as scatter plots (lower diagonal with red trend line) and as Pearson’s
correlation coefficient (upper diagonal with significant levels). ***Indicates highly significant correlations at p < 0.001. (B), Evolution of disease
severity induced by the Fop race 1 isolate on selected pea accessions over time, showcasing accessions with intermediate reaction between resistant
and susceptible accessions. (C) Histogram comparing the BLUP ,;ppc estimates for the selected pea accessions. Blue and green dashed lines
represent the limit between the susceptible and intermediate accessions and between the intermediate and resistant accessions, respectively. Error
bars represent standard error of the means for n = 9.
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FIGURE 3 Characteristics of the pea response to Fop race 2. (A), Distribution of area under disease progress curve (AUDPC) values observed
in response to Fop race 2 infection for each replicated experiment (E1, E2, and E3) and the estimated BLUP ;ppc (Where BLUP is best linear
unbiased prediction) dataset (diagonal) and their correlation represented as scatter plots (lower diagonal with red trend line) and as Pearson’s
correlation coefficient (upper diagonal with significant levels). ***Indicates highly significant correlations at p < 0.001. (B) Evolution of disease
severity induced by the Fop race 2 isolate on selected pea accessions over time clearly evidencing accessions with intermediate reaction between
resistant and susceptible accessions. (C), Histogram comparing the BLUP ;ppc estimated for the selected pea accessions. Blue and green dashed
lines represent the limit between the susceptible and intermediate accessions and between the intermediate and resistant accessions, respectively.
Error bars represent standard error of the mean for n = 9.
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TABLE 1 Descriptive statistics and heritability.
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Fop race Exp. Parameter CV Maximum Mean Minimum SE H?

1 El AUDPC 409 2299 1290 0 17.1

1 E2 AUDPC 80.4 2063 669 0 17.5

1 E3 AUPDC 80.6 2062 601 0 15.7

1 BLUP \yppc 33 1604 853 172 15.8 0.75
2 El AUDPC 40.9 2520 1647 21.6

2 E2 AUDPC 34.4 2520 1667 18.4

2 E3 AUPDC 38.6 2520 1605 19.8

2 Joint BLUP,pc 24.7 2295 1640 482 25 0.85

Abbreviations: AUDPC, area under disease progress curve; BLUP, best linear unbiased prediction; CV, coefficient of variance; Exp., independent replicated experiments;

H?, broad sense heritability; SE, standard error.

effective removal of environmental and experimental-related
variance (Robinson, 1991; Wohor et al., 2025). The pea diver-
sity panel exhibited a high range of phenotypic variations to
Fop race 1 in terms of their BLUPppc values that ranged
from 172 to 1604, reflecting a continuous distribution pattern
from resistant to susceptible. A high broad sense heritabil-
ity (H?) of 0.75 was observed with 33% of the phenotypic
variance explained (PVE) (Table 1).

Welch’s ANOVA (p < 0.001) confirmed the significant
differences observed between accessions in response to this
isolate. Pairwise post hoc comparison of the BLUP syppc
values of each pea accession to the most resistant accession
#190 (PI1273207) and susceptible accession #251 (P1 505059)
revealed three statistically distinct groups (Figure 2B,C; Table
S1). Accordingly, 60 accessions were classified as resis-
tant, 194 showed intermediate reactions, and the remaining
accessions were classified as susceptible to Fop race 1
(Figure 2B,C; Table S1).

3.2 | Phenotypic variation of the pea
diversity panel to Fop race 2

Large variation was also observed in response to the Fop race
2 isolate. Distribution of the phenotypic response to this iso-
late was continuous but slightly skewed toward susceptibility
(Figure 3A). Strong positive and significant (p < 0.001) corre-
lations were observed across replicated experiments, ranging
from 0.65 to 0.75 for individual replicated experiments. The
estimated BLUP ,;;ppc heightened the significance of each
replicated experiment with Pearson’s correlation coefficient
ranging from 0.81 to 0.91 (p < 0.001) (Figure 3A). The
broad sense heritability variance (H?) estimated for Fop race
2 resistance was also high in the pea panel, reaching 0.85
(Table 1).

Welch’s ANOVA confirmed the large variation observed
in the pea diversity panel in response to the Fop race 2 isolate
(p < 0.001). Comparing the BLUP ;ppc of each accession to
the most resistant #229 (RADLEY) and susceptible #251 (PI

505059) accessions separated the collection into three groups
(resistant, intermediate, and susceptible) (Table S1; Figure
S1; Figure 3B,C). Accordingly, 30 accessions were classi-
fied as resistant, 97 showed intermediate reactions, and the
remaining accessions were susceptible.

3.3 | Response of Pisum species and
subspecies to Fop races 1 and 2

Grouping accessions by species and subspecies revealed large
variation (p < 0.001) between groups in response to Fop
(Figure 4; Figure S1). Estimated BLUP yjppc values observed
against Fop race I ranged from 432.4 for Pisum elatius var.
elatius to 1037.3 for the P. abyssinicum group, while it ranges
from 1506.5 for P. fulvum to 2098.4 for P. abyssinicum in
response to Fop race 2 (Figure 4). Pisum abyssinicum and
the “Indian ecotype” of P. sativum presented the highest
BLUP pyppc and appeared as the most susceptible groups in
response to both Fop isolates (Figure 4). In turn, P. elatius
and P. fulvum accessions showed the lowest BLUP py;ppc val-
ues in response to Fop race 1 and Fop race 2, respectively.
Pisum fulvum also showed moderate resistance to Fop race 1.
Interestingly, P.s. sativum and P.s. humile showed moderate
resistance to both isolates. Overall, disease severity induced
by the Fop race 2 isolate was notably higher than that observed
in response to the Fop race 1 isolate, suggesting a higher
virulence of the Fop race 2 isolate (McPhee et al., 2012).

3.4 | Population structure of the pea
diversity panel

Prior to GWAS, a DAPC analysis was performed to con-
firm the population structure of the pea panel. Clustering
was based on the BIC profile that showed a significant
peak at K = 6 and confirmed by the automatic selection
criteria. Accordingly, six clusters were retained for the
DAPC (Figure 5; Figure S2). The first two discriminant axis
explained 62.3% of the genetic variance, and the first axis
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FIGURE 4 Response of Pisum species and subspecies to Fop. The histograms represent the BLUP y;ppc (Where BLUP is best linear unbiased

prediction and AUDPC is area under disease progress curve) values observed for each Pisum species and P. sativum subspecies in response to Fop

races 1 and 2. Numbers in brackets are the number of accessions. Vertical bars on the histogram represent standard error of difference. For each

histogram, different letters indicate statistically significant differences between Pisum species and subspecies according to Games-Howell pairwise

comparison at @ = 0,05. Error bars represent standard error of the mean.

appears to separate the wild accessions from the landraces.
Similar to previous observations (Rispail et al., 2023; Wohor
et al., 2025), the DAPC clearly indicated the separation of
six clusters. These clusters corresponded to the P. elatius var
pumilio accessions (cluster 1), the P. fulvum, P. abyssinicum,
and the P. elatius var. elatius accessions (cluster 2), the
“Indian ecotype” of P. sativum (cluster 3), the P.s. sativum
var. arvense (cluster 4), the cultivated P.s. sativum var
sativum (cluster 5), and P.s jomardii (cluster 6). However,
three of the clusters appears to be overlapping—exhibiting
highly admixed accessions (clusters 4 and 6) and moderate
admixtures (clusters 4 and 5). Similarly, moderate differenti-
ation and admixtures were observed in an earlier study using
DAPC (Crosta et al., 2023).

3.5 | MTAs for Fop race 1 and 2

To uncover the genetic architecture of Fop resistance in pea, a
GWAS was conducted using 26,045 SilicoDArT markers with
three different models, MLM, BLINK, and FarmCPU. Pheno-

typic BLUP zyppc value estimated for each pea accession in
response to both Fop isolates and the genotypic DArT-marker
data were included in the GWAS models. DAPC estimated
population structure (Figure 5) differentiated into 6 subgroups
with observed admixtures similar to previous studies (Rispail
et al., 2023). Thus, population-related covariates (kinship and
PCs) were added to each model. The number of informative
PCs included in the models was determined according to the
scree plot of the genotypic eigenvalues of the PCs plotted
against explained variance (Figure S3). This showed that the
first three PCs explained the highest variation with the least
decay slope and were included as covariates to correct pop-
ulation structure in the GWAS models. Examination of the
resulting O—Q plots (Figure 6A) showed that the population
structure of the pea diversity panel was adequately controlled
by the models. This was confirmed by the estimation of the
genomic inflation factor (1) that indicates a well-calibrated
range from 0.89 to 1.07. Accordingly, all three models were
considered in the analysis.

GWAS results based on the three models identified a total
of 15 significant MTAs for Fop race 1 resistance (Table 2;
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TABLE 2 List of diversity array technology (DArT) markers significantly associated with resistance to Fop race 1.

Marker Chr? Position” p value MAF Effect Model A LOD! PVE®
1 3551059 3LG5 69,902,518 5.79E-09 0.19 99.37 BLINK 0.95 8.84 24.74
7.42E-08 87.47 FarmCPU 0.89 7.13 19.17
2 3560253 3LGS 110,942,273 1.28E-06 0.26 86.68 BLINK 0.95 6.67 26.00
3 5949840 3LG5 432,495,164 3.70E-07 0.07 157.01 BLINK 0.95 7.13 23.03
4 3641226 4L.G4 1,025,162 2.57E-05 0.05 —124.25 FarmCPU 0.89 5.49 10.82
5 5900892 4L.G4 147,449,609 2.00E-05 0.08 82.99 FarmCPU 0.89 5.49 7.02
6 4654955 SLG3 22,448,528 1.03E-05 0.11 —108.41 FarmCPU 0.89 5.65 17.47
7 3544927 S5LG3 119,138,446 2.41E-05 0.10 106.37 FarmCPU 0.89 5.49 14.41
8 3552330 SLG3 284,688,721 2.32E-11 0.36 86.08 BLINK 0.95 10.94 36.03
8.10E-07 56.14 FarmCPU 0.89 6.57 15.33
9 3548203 S5LG3 491,740,484 1.12E-05 0.41 51.37 FarmCPU 0.89 5.65 14.46
10 5929725 6LG2 13,287,647 1.61E-11 0.23 —106.23 BLINK 0.95 10.94 34.02
4.29E-07 —74.01 FarmCPU 0.89 6.67 16.52
11 5931038 Unknown 5.80E-05 0.18 -126.53 MLM 1.03 4.65 39.09
12 5964436 Unknown 4.62E-11 0.06 —178.67 BLINK 0.95 10.81 25.08

2Chromosome nomenclature based on the Caméor vla reference genome.
"Location of the DArT marker onto the Caméor v1a reference genome.
¢Genomic inflation factor (1).

dlogarithm of the odds value estimated as the —log,,(p value).

¢Percentage of phenotypic variance explained by the marker in the genome-wide association study (GWAS) model.

Abbreviations: BLINK, Bayesian information and Linkage-disequilibrium Iteratively Nested Keyway; MAF, minor allele frequency; MLM, mixed linear model.

Figure 6B). The highest number of significant MTA was
uncovered by FarmCPU (eight MTAs), closely followed by
BLINK (six MTAs), while MLM only detected one sig-
nificant MTA (Table 2). Two of the informative markers
located on chromosome 3 (3,551,059) and chromosome 5
(3,552,330) were captured by both BLINK and FarmCPU
models (Table 2). Significant MTAs are explained from 10.82
to 39.09 of the phenotypic variances. They corresponded to
12 individual markers scattered on four pea chromosomes
(Table 2). The highest number of significant MTAs were
found on chromosome 5 with 4 significant MTAs, closely fol-
lowed by chromosome 3 with 3 MTAs, chromosome 4 with
2 MTAs, and chromosome 6 with 1 MTA. Two additional
MTAs could not be mapped onto any of the pea chromosomes.

For resistance to the race 2 isolate, a total of 27 signif-
icant MTAs were detected. Four of them were detected by
at least two models (Figure 6; Table 3). The BLINK and
FarmCPU models captured the highest number of significant
MTAs with 13 and 12 MTAs, respectively, while MLM solely
detected 2 MTAs. Interestingly, marker 3553942 located on
chromosome 4 was identified by all models. BLINK and
FarmCPU also identified associated markers 3547272 and
3542143 on chromosome 3 (Table 3). The significant MTAs
explained from 12.49 to 92.43% of the phenotypic vari-
ances and mapped onto four of the seven pea chromosomes.
Chromosome 2 contained the highest number of significant
MTAs (7 MTAs), followed by chromosome 4 (6 MTAs),
chromosome 3 (4 MTAs), chromosome 1 (2 MTAs), and chro-

mosome 5 (1 MTA), while two additional MTAs could not
be mapped. None of the markers detected for Fop race 2
resistance were associated with Fop race 1 resistance, and no
overlaps were detected between these analyses, confirming
that the genetic bases of resistance to these two Fop races are
distinct.

Comparison of associated marker positions with previously
reported QTLs revealed that marker 3552330, associated with
resistance to Fop race 1, co-localizes with the confidence
interval (CI) of the Fw QTL on ChrSLG3. Likewise, three
DAIT markers—3569901, 3553942, and 5927288—were
located within the CI of the major Fop race 2 Fnw4.1 QTL
on Chr4L.G4. Additionally, markers 3568469 and 3544927
fell within the CI of Fnw3.1 on ChrSLG3. Notably, marker
5929725 was positioned within the CI of a QTL associated
with Fop race 5 FwS1 QTL on Chr6LG2. Location of pre-
viously identified QTLs on the pea genetic map are based
on the integration of found loci with published information
(Deng et al., 2024; Jain et al., 2015; McPhee et al., 2012) and
the position of the surrounding markers available in the Pulse
Crop database (https://www.pulsedb.org) (Figure 7).

3.6 | Putative candidate genes for resistance
to Fop race 1 and 2

To identify potential candidate genes, the genomic region
surrounding the significant MTAs was examined within a
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TABLE 3 List of diversity array technology (DArT) markers significantly associated with Fop race 2 resistance.

Marker Chr* Position” p value MAF  Effect Model A¢ LOD! PVE*

1 3544513 1LG6 280,563,070 2.21E-05 0.09 —111.16 ~ BLINK 1.07  5.78 12.49
2 5942042 1LG6 343,080,828 2.12E-05 0.29 —131.20 BLINK 1.07 5.78 58.86
3 3565825 2LG1 506,394 7.59E-07 0.16 —101.38  FarmCPU 1.04 6.80 19.65
4 3557785 2LG1 92,608,135 1.57E-07 0.33 126.00 FarmCPU 1.04 7.11 62.17
5 3642316 2LG1 293,350,085 1.07E-08 0.17 140.63 BLINK 1.07  8.46 39.63
6 3542638 2LG1 311,379,473 1.63E-05 0.32 84.52 FarmCPU 1.04 5.75 26.79
7 5921966 2LG1 337,317,411 3.74E-05 0.48 71.80 FarmCPU 1.04 551 29.19
8 8054390 2LG1 356,856,867 1.96E-05 0.21 —86.04 FarmCPU 1.04 575 17.97
9 3566463 2LGl1 375,161,010 3.80E-07 0.14 129.79 BLINK 1.07 7.3 27.87
10 3547272 3LG5 82,185,090 1.21E-06 0.49 —76.58 FarmCPU 1.04 6.77 33.85
2.13E-06 —84.60 BLINK 1.07 6.53 41.32

11 4659845 3LG5S 106,406,021 1.01E-06 0.10 156.46 FarmCPU 1.04 6.78 28.80
12 100000325 3LG5 139,624,472 1.79E-05 0.08 117.82 FarmCPU 1.04 5.75 12.50
13 3542143 3LGS5 301,200,334 9.97E-07 0.36 —121.37  BLINK 1.07  6.79 62.56
1.38E-06 —107.48  FarmCPU 1.04 6.77 49.06

14 5965595 4L.G4 87,212,774 5.07E-07 0.18 118.23 FarmCPU 1.04 6.80 29.81
15 44298773 4LG4 277,838,697 7.96E-07 0.11 145.38 FarmCPU 1.04  6.80 26.81
16 3569901 4L.G4 303,104,597 4.96E-06 0.28 82.40 BLINK 1.07 6.32 22.47
1.59E-05 130.80 MLM 099 5.10 56.61

17 3553942 4L.G4 307,746,285 2.25E-17 0.21 192.98 BLINK 1.07  16.66 92.43
6.92E-09 115.08 FarmCPU 1.04 8.16 32.87

2.79E-07 173.54 MLM 099  6.56 74.74

18 5927288 4L.G4 322,783,867 1.95E-07 0.25 105.54 BLINK 1.07 7.33 32.56
19 5935763 4LG4 395,679,088 5.58E-09 0.11 —163.58  BLINK 1.07  8.57 35.42
20 3568469 SLG3 102,251,688 4.23E-06 0.25 —97.75 BLINK 1.07 6.32 28.28
21 35620800 Unknown 4.93E-06 0.15 —118.68  BLINK 1.07  6.32 25.38
22 5958608 Unknown 1.57E-05 0.07 —132.19 BLINK 1.07 5.86 14.13

2Chromosome nomenclature based on the Caméor vla reference genome.
"Location of the DArT marker onto the Caméor v1a reference genome.
¢Genomic inflation factor (1).

dlogarithm of the odds value estimated as the —log,,(p value).

¢Percentage of phenotypic variance explained by the marker in the genome-wide association study (GWAS) model.

Abbreviations: MAF, minor allele frequency; MLM, mixed linear model

window of 30 kb on the Caméor V1a and ZW6 genomes. This
approach elucidated 28 putative genes, of which 9 genes were
linked to Fop race 1 resistance, and 19 genes to Fop race 2
resistance (Table 4).

The criteria for selecting candidate genes were based on
effective MTAs captured by multiple models, high logarithm
of the odds scores, and high PVEs as reflected in the most
significant MTAs (Tables 2 and 3). Suitably, Chr3 and Chr5
represented MTA hotspots for Fop 1, while hotspots for Fop
2 were centered on Chr2 and Chr4 (Figures 6 and 7; Table 4).
Genes identified close to associated markers were consid-
ered the key contributors to Fop resistance. Accordingly, four
putative genes were identified as candidate genes for Fop
race 1 resistance (Table 4). These include a putative homolog

of FERONIA receptor-like kinase (Psat3g204560), contain-
ing the marker 3551059 on chromosome 3; an adenosine
triphosphate (ADP/ATP carrier protein (Psat4g001520) that
contain the marker 3641226 on chromosome 4; a reverse
transcriptase (Psat5g156040) located 0.03 kb downstream of
marker 3552330 on Chr5LG3, and an Exo70 exocyst com-
plex subunit-like protein (Psat6g017800) on Chr6LG2 that
contains the marker 5929725.

Subsequently, seven putative genes were identified close
or in the vicinity of the markers associated with Fop
race 2 resistance (Table 4). This included an alpha-beta
hydrolase (Psatlgl40520) located on chromosome 1 that
contains the marker 3544513; a conserved oligomeric com-
plex COGo6-like protein (Psat2gl46720) on chromosome
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DA 1 (35.07 %)

FIGURE 5 Genetic structure of the pea diversity panel. The
scatterplot shows 6 distinct clusters of the first two discriminant axis of
the discriminant analysis of principal components (DAPC). Cluster 1
contains all Pisum elatius var pumilio; cluster 2 regroups the accessions
from Pisum fulvum, P. elatius var. elatius and Pisum abyssinicum;
cluster 3 contains the accession of the “Indian ecotype” of Pisum
sativum;, cluster 4 contains the P.s. sativum var. arvense accessions;
cluster 5 the cultivated P.s. sativum var sativum; cluster 6 contains the
accessions from P.s. jomardii. The first axis separates wild versus
landrace material, while admixtures are observed among clusters 4, 6,

2 that contain the marker 3566463; a sulfite exporter
TauE/SafE (Psat3g037400); and a phosphoglycerate mutase
family protein (Psat3g156440), both located on chromo-
some 3 and containing the markers 3547272 and 3542143,
respectively. It also included a group 1 glycosyl transferase-
like protein (Psat4gl57160) located 5.19 kb upstream of
marker 3553942 and calcium-dependent mitochondrial ATP-
magnesium/phosphate carrier protein (Psat5g056120) on
Chr5LG3 containing the marker 3568469 and several tran-
scription factors. These candidate genes have been associated
with root detoxification processes, stress responses, and
defense functions that are key in plant immunity. Accordingly,
they might be implicated in Fop resistance in pea.

FW is one of the major constraints of pea worldwide (Verma
et al., 2025). Earlier screenings for resistance have identi-
fied some resistant accessions that were efficiently transferred
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to pea elite cultivars (Wohor et al., 2022). However, exist-
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Superposed Q--Q plots (A) and Manhattan plots (B) of the genome-wide association study (GWAS) model outputs for Fop race 1

and 2 resistance. Arbitrary chromosome 9 represents unmapped markers. In the Manhattan plots, red and green dots show markers significantly

linked to Fop resistance within the Bonferroni and false discovery rate (FDR) thresholds. The black solid and grey dotted lines indicate the logarithm

of the odds (LOD) estimated thresholds for Bonferroni and FDR, respectively. BLINK, Bayesian information and linkage-disequilibrium iteratively

nested keyway; FarmCPU, fixed and random model circulating probability unification; MLM, mixed linear model.

ing resistance breeding strategies mainly rely on monogenic
mechanisms that are vulnerable to Fop pathogen adaptation
(Infantino et al., 2006). Despite its importance, only a few
studies have investigated the genetic basis of Fop resistance,

and the identification of Fop resistance genes remains elu-
sive. Resistance to races 1 and 5 was shown to be influenced
by single race-specific genes (Fw, Fwf, and FwSI) found on
Chr5SLG3 and Chr6LG2, respectively (Coyne et al., 2000;
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FIGURE 7 Location of significant marker-trait associations (MTAs) and previous QTL for resistance to Fop on pea genetic map. The figure

shows the location of the diversity arrays technology sequencing (DArTSeq) markers (in bold) associated with resistance to Fop race 1 (blue), Fop

race 2 (green), and previously identified quantitative trait locus (QTL) (boldly underlined) for Fop resistance on a schematic representation of the pea

chromosomes and linkage groups.

Deng et al., 2024; Jain et al., 2015). In contrast, resistance
to race 2 was quantitative and influenced by at least three loci
(Fnw3.1, Fnw3.2, and Fnw4.1) on Chr4LG4 and Chr5LG3
(Bani et al., 2012; McPhee et al., 2012). Although markers
have been proposed for the selection of resistant lines to Fop

races 1 and 2 (Jain et al., 2015; McPee et al., 2012), the
large genetic distance between markers and resistance loci
hinders MAS implementation. Success of breeding programs
is determined by the availability of diverse genetic pools with
substantial genetic variation (Pandey et al., 2021). Thus, there
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is the need to broaden the genetic diversity of pea to improve
Fop resistance durability and further characterize the resis-
tance loci for easier transfer to elite cultivars. To this aim, this
study evaluated the response of a wide pea diversity panel to
Fop races 1 and 2 and identified novel molecular markers and
candidate genes associated with resistance to Fop (Table 4).

Phenotypic assessment of Fop was carried out with 324
diverse pea panel under controlled conditions in growth
chambers, following ideal pea growth conditions. Although
controlled experiments are mostly designed without blocking,
a factorial design in RCBD was deployed here to eliminate
potential microclimatic variations. Findings revealed a wide
range of responses to both Fop races (Figures 2 and 3). Con-
trary to previous reports suggesting the strictly qualitative
inheritance pattern of Fop race 1 resistance (Jain et al., 2015;
McClendon et al., 2002), our study identified a quantitative
response to this race similar to the resistance detected in Fop
race 2 (Bani et al., 2012). This knowledge could be instru-
mental in complementing R-gene-mediated resistance and
improving durability of Fop resistance in the field (Rubiales
et al., 2023). As previously detected in grass pea (Sampaio
et al., 2021), we found that Fop resistance in pea is under
strong genetic control as indicated by the high heritability
estimates of both races (Table 1), which would facilitate
early-stage selection of resistant lines (Piepho & Moehring,
2007).

This study confirmed the resistant phenotype of accessions
#221 (JI 1412), #222 (JI 1559), #229 (Radley), #280 (IFPI
3365), #290 (IFPI 2356), and #291 (IFPI 2357) to Fop race
2 (Bani et al., 2012; Neumann & Xue, 2003). More impor-
tantly, the findings uncover novel resistance sources with high
level of resistance, adding to the previously detected resis-
tance sources (Bani et al., 2012; Deng et al., 2022; McPhee
et al., 1999). Interestingly, some accessions showed resis-
tance to both races while others were specific to a single
race (Table S1), which presents a valuable opportunity to
investigate the genetic basis of resistance. While several P.s.
sativum var sativum lines exhibited varying levels of Fop
resistance, wild P. fulvum and P. elatius var. elatius con-
sistently demonstrated superior resistance (Figure 4). This
further underscores the usefulness of wild relative as reser-
voir of novel disease resistance genes for crop improvement
(Rubiales et al., 2023).

Given the potential impact of population structure and
LD on association mapping (Myles & Wayne, 2008), the
DAPC differentiation of the population into six groups was
consistent with earlier studies (Rispail et al., 2023; Wohor
et al.,, 2025). Thus, depicting a strong distinctive, genetic
makeup—validating the panel’s usefulness in GWAS. DAPC
observed genetic differentiation relative to MTAs could be
considered valuable for optimizing untapped genetic vari-
ation discovery in association and genetic selection studies
(Crosta et al., 2023). Moderate LD decay demonstrated

here was also valuable for enhancing the statistical power
of detected variants in GWAS models and accelerated the
identification of valuable genes (Gali, Sackville, et al., 2019;
Myles & Wayne, 2008). For traits with moderate to high
heritability, as in our study, phenotypic BLUPs combined
with mixed-GWAS models are reported to consistently
produce robust associations while effectively minimizing
spurious signals (Robinson, 1991; Wohor et al., 2025).

The implementation of a single locus (MLM) and two
multi-locus GWAS models (BLINK and FarmCPU) were effi-
cient in uncovering 42 significant MTAs for Fop resistance, of
which 15 MTAs represent resistance to race 1 and 27 MTAs
for race 2. FarmCPU and BLINK models detected the highest
number of MTAs, reflecting their reported superior efficiency
(Wang et al., 2022). Hence, justifying the adequacy of the
Scree plot enabled inclusion of three PCs (Figure S3) in the
GWAS models. Detected MTAs explained between 12.49%
and 92.43% of the phenotypic variance and were mapped onto
six of the seven pea chromosomes. This wide MTA cover-
age supports the polygenic and quantitative nature of Fop
resistance (Tables 3 and 4; Figure 7). In addition, no over-
lap was detected between the loci associated with resistance
to Fop races 1 and 2, confirming that the genetic makeup
of resistance is race-specific (Deng et al., 2022; Jain et al.,
2015; McPee et al., 1999). On the other hand, several markers
fell within the CI of four previously detected Fop resistance
QTL (Jain et al., 2015; McPee et al., 2012), confirming these
QTLs and refining their location. In particular, three markers
(3569901, 3553942, and 5927288) explaining about 32.56%—
92.43% of the variance co-localized with the major Fop race
2 resistance QTL Fnw4.1, providing a more precise location
of this locus on chromosome 4 (Figure 7; Table 4) (McPhee
et al., 2012). Moreover, our study uncovers novel genomic
regions associated with Fop resistance (Figure 7) that would
be useful for breeding durable resistance and as a founda-
tion for functional genetic analysis of Fop resistance in pea.
Out of the 42 significant MTAs, 34 could be mapped to spe-
cific regions of the pea genome, allowing the detection of
28 candidate genes that are associated with Fop resistance in
pea. This demonstrates that the 30 kb window was adequate
for detecting annotated genes (as extention to 100 kb did not
detect additional MTAs). Accordingly, these putative genes
involve several molecular pathways, including regulation of
transcription, cell signaling, intracellular vesicle trafficking,
and defense (Table 4).

For Fop race 1 resistance, four putative genes emerged
as key resistance candidates: Psat5g156040, Psat6g017800,
Psat4g001520, and Psat3g204560. Notably, Psat5g156040,
encoding a reverse transcriptase, was detected at 0.03 kb
upstream of marker 3552330 within the CI of the Fw resis-
tance loci (Jain et al., 2015). Besides refining the locus of
Fw, this locus links Fop resistance to retrotransposon activ-
ity, although further studies would be needed to confirm
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this hypothesis. The second gene, Psat6g017800, encodes an
Ex070I-like gene. Exo70 subunits are key members of the exo-
cyst complex that mediate tethering of vesicle to the plasma
membrane (De la Concepcion, 2023). Previous studies on
the Psat6g017800 ortholog in Medicago truncatula demon-
strated that EX70I plays a key function during arbuscular
mycorrhiza symbiotic interaction (Zhang et al., 2015), which
points to a relation between symbiosis and soilborne pathogen
infection. Moreover, several EXO70 paralogs in Arabidop-
sis and wheat have been reported to be involved in plant
defenses. For example, EXO70 was found to play key roles in
papilla formation during cell wall reinforcement and linked
with the powdery mildew susceptibility MLO genes (De la
Concepcion, 2023; Huebbers et al., 2024). Similarly, papilla
establishment was previously detected in Fop-resistant pea
root (Bani et al., 2018), implying that EXO70 genes could
play a role in delaying Fop mycelia growth to enforce resis-
tance. The gene, Psat4g001520, encodes for an ADP/ATP
carrier-like protein and is orthologous to ER-ANTI1. This
acyl carrier protein play a key role in plant cells, pro-
viding energy for organelle and plastid function—making
them crucial for plant growth, development, and environ-
mental adaptation (Nunes-Nesi et al., 2020). In Arabidopsis,
ER-ANT1 has been shown to be required for photorespira-
tion and the control of reactive oxygen species generation,
which might play a resistance function, albeit its relation
with defense is currently unknown (Hoffmann et al., 2013).
Finally, Psat3g204560 encodes a FERONIA-like receptor
kinase. These FERONIA and FERONIA-related receptor
kinase (FER-RK) have been extensively studied and found to
be required for many biological processes in plants, ranging
from fertility to immunity (Cheung, 2024). In relation to plant
immunity, research has identified FER-RK as a pathway regu-
lating both pattern-triggered immunity and effector-triggered
immunity (Ortiz-Morea et al., 2022). Particularly, it was found
to be the target for specific pathogen effector of F. oxyspo-
rum in Arabidopsis (Masachis et al., 2016). This suggests that
Psat3g204560 could play a role in Fop resistance but requires
further validation.

On the other hand, seven candidate genes were detected
near the most relevant markers associated with Fop race 2
resistance (Table 4). These genes include a glycosyltrans-
ferase group 1-like protein (Psat4gl57160) and an ASIL-2
trihelix-like transcription factor (Psat4g166640), both located
within the CI of the Fnw4.1 locus (McPhee et al., 2012).
Glycosyl transferase and tri-helix transcription factors are
noted to be involved in many biological processes respon-
sible for plant’s response to biotic and abiotic stresses (Lao
et al., 2014; X. Liu et al., 2020), although their functions
in pea need further studies. Three additional transcription
factors were also identified near Fop race 2 resistance-
associated markers, including a putative zinc-finger CCCH
type (Psat0s4095g0040), a myeloblastosis domain con-

taining transcription factor (Psat2gl137320), and a plastid
transcriptionally active protein-12 ortholog (Psatlgl91560).
Homologs of these transcription factors have been involved in
the regulation of different processes to mediate plant adapta-
tion to stresses (Bogamuwa & Jang, 2014; Chen et al., 2010;
Yanhui et al., 2006). In particular, their closest orthologs in
Arabidopsis and tomato were shown to mediate tolerance
to various abiotic stresses such as photomorphogenesis and
thermos-morphogenesis (Lashbrooke et al., 2016; Qiu et al.,
2015; Xu et al., 2023). Moreover, a zinc finger was found
to encode a regulator of hypocotyl elongation and associated
with the soybean domestication gene ZmZFPI-a key pro-
tein involved in plant adaptation (Li et al., 2026). This might
also illustrate the interplay between adaptation to abiotic
stresses and resistance to FW. Apart from these transcrip-
tion factors, a conserved oligomeric Golgi complex (COG)
6 homologs for the gene Psat2gl146720 was also detected.
Recent studies have highlighted the role of the COG complex
in plant-pathogen interactions. In legumes, members of COG
have been implicated in defense against fungal pathogens and
plant-parasitic nematodes, contributing to the plant’s ability
to mount an effective immune response (Klink et al., 2022).
A sulfite exporter, TauE/SafE (Psat3g037400), and a phos-
phoglycerate mutase (Psat3g156440) were also implicated in
Fop resistance. These histidine proteins are essential for regu-
lating sulfur metabolism, facilitating detoxification processes,
and modulating the signaling pathways that enable the plant
to adapt and resist pathogens (Rigden, 2019). In addition, a
homoserine kinase (Psat2g000680) and an Hsp70 homolog
(Psat3g049760, where Hsp is heat shock protein) have been
detected near minor MTAs (Table 4). Previous study on their
closest orthologs in several species signals their involvement
in plant defense against pathogens, making them strong can-
didates for further studies into Fop resistance (Berka et al.,
2022; van Damme et al., 2009). A calcium-dependent mito-
chondrial ATP/magnesium transporter (Psat5g056120) that
contained the marker 3568469 was also found near the upper
boundary of the minor QTL, Fnw3.1 (McPhee et al., 2012).
Additionally, recent validation of the actively expressed Fop
‘secreted in xylem 4’ (Six4) pathogenicity effector gene in
pea (Ghosal & Datta, 2025) identified alpha-helices and beta-
sheets encoded by Psatlg140520 on Chr1LG6. Six4 has also
been shown to belong to the same monophyletic group within
the FW species complex (Ghosal & Datta, 2025). These can-
didate gene functions could play a role in Fop defense in pea
and related legumes.

S | CONCLUSION AND FUTURE
DIRECTIONS

This study provides a novel genetic dissection of pea resis-
tance to Fop races 1 and 2 using a diverse panel of 324 pea
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accessions. Phenotyping revealed wide quantitative variation
and confirmed strong genetic control of Fop resistance in pea.
We have also demonstrated the unprecedented quantitative
inheritance of Fop race 1, previously considered qualita-
tive. Wild Pisum relatives consistently exhibited superior Fop
resistance, underscoring their value as reservoirs of bene-
ficial alleles. Selected resistant accessions offer sustainable
Fop control strategies to minimize chemical use and reduce
environmental carbon footprints. The use of standardized
controlled environment, coupled with rigorous phenotyp-
ing of the panel and deployment of high-throughput DArT
genotyping, was valuable in mitigating poor phenotyping
and genotyping bottlenecks. The use of three multi-locus
GWAS models coupled with high-quality DArT markers also
enhanced trait-discovery efficiency and enabled the identifi-
cation of 42 robust MTAs spread across six pea chromosomes.
This confirms the polygenic and race-specific nature of
Fop resistance. Genomic hotspots were mainly detected
on Chr3LG5, Chr4dLG4, and Chr5LG3, while Chrl1LG6,
Chr2LG1, and Chr6LG2 represent novel regions for future
exploration. Several MTAs colocalized with four previously
reported QTLs, refining their genomic intervals and improv-
ing their precision for MAS. Particularly, marker 5929725
associated with Psat6g017800 detected within the locus of
Fop race 5 resistant gene FwS/ is linked to Fop race 1 gene
Fwfon Chr6LG2, provides a valuable validation of this region
(Deng et al., 2024). This finding further demonstrates the
power of GWAS to capture functionally useful gene vari-
ants and highlights the effectiveness of association studies for
locating genes that may have been unnoticed in bi-parental
mapping (Susmitha et al., 2023).

Thus, GWAS successfully revealed 28 candidate genes near
significant DArT markers implicated in Fop resistance. Eluci-
dated molecular pathways provide many transcriptional reg-
ulatory functions, vesicle trafficking, receptor-like kinases,
Fop immune signaling, host defense genes, cell wall forti-
fication, and detoxification in complex crosstalk for stress
response to weaken pathogenic virulence. Overall, four ready
to use DArT markers for Fop race 1 and seven for Fop
race 2 can be deployed in MAS. Future efforts should focus
on fine-mapping these genomic regions associated with Fop
resistance and conducting functional validation of candi-
date genes to further bridge the genetic gap associated with
major MTAs. This would serve as a springboard for clonal
gene development and gene editing to guide gene insertion
into elite cultivars to deliver superior varieties toward food
security and reduce agrochemical use.
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