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Key message:

QTL mapping and recombinant screening confirmed the major effect of QTL Ae-Ps4.5 on pea resistance

to pathotype Il of Aphanomyces euteiches and fine-mapped the QTL to a 3.06 Mb interval.

Abstract:

Aphanomyces root rot, caused by Aphanomyces euteiches, is the most-important disease of pea (Pisum sativum
L) worldwide. The development of pea resistant varieties is a major challenge to control the disease. Previous
linkage studies identified seven main resistance quantitative trait loci (QTL), including the QTL Ae-Ps4.5
associated with partial resistance in U.S. nurseries infested by the pea pathotype Il of A. euteiches. This study
aimed to confirm the major effect of Ae-Ps4.5 on A. euteiches pathotype Ill, refine its interval and identify
candidate genes underlying the QTL. QTL mapping on an updated genetic map from the Puget x 90-2079 pea
recombinant inbred line (RIL) population, identified Ae-Ps4.5 in a 0.8 cM confidence interval with a high effect
(R2=89%) for resistance to the Ael09 reference strain of A. euteiches (pathotype IIl) under controlled conditions.
However, the QTL mapping did not detect Ae-Ps4.5 for resistance to the RB84 reference strain of A. euteiches
(pathotype I). Screening 224-pea BC5F2 plant progeny derived from three near-isogenic lines (NILs) carrying the
90-2079 allele at Ae-Ps4.5 in the Puget genetic background with 26 SNP markers, identified 15 NILs showing
recombination in the QTL interval. Phenotyping of the recombinant lines for resistance to the Ael109 strain of A.
euteichesreduced the QTL to a physicalinterval of 3.06 Mb, containing 50 putative annotated genes on the Caméor
peagenome V1a among which three candidate genes highlighted. This study provides closely-linked SNP markers

and putative candidate genes to accelerate pea breeding for resistant varieties to Aphanomyces root rot.
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1. Introduction

Pea (Pisum sativumL.) is a legume crop playing an important role for the development of sustainable agricultural
systems worldwide. Pea has important agronomic traits due to its ability to fix atmospheric nitrogen through
Rhizobiumleguminosarum symbiosis, offering (i) high protein rich seeds for human or animal consumption, and
(ii) environmental benefits in low-input cropping systems. However, pea crops are subjected to various biotic and
abiotic stresses causing high yield variability.

Aphanomyces root rot, caused by the oomycete Aphanomyces euteiches, is a major disease of pea worldwide
(Papavizas and Ayers, 1974). A. euteicheshas a broad host-spectrumin legumes including lentil (Lens culinaris),
alfalfa (Medicago sativa), common bean (Phaseolus vulgaris), clover (Trifolium repens and T. pratense), vetch
(Viciasativa), and faba bean (Vicia faba) (Malvick and Percich, 1998; Moussartetal., 2008). The pathogen is able
to produce oospores showing a high level of resistance to extreme environmental conditions and an extended life -
time (from 10 to 20 years) in soils or root residue (Sherwood and Hagedorn, 1962). The primary symptoms of the
disease are necrosis of the roots and softening of the epicotyl, resulting in wilting and chlorosis of plant shoots
(Hughes and Grau, 2007). Two main pathotypes of A. euteichesare currently reported in pea, based on differential
responses of six pea genotypes to infection, including pathotype | detected in several countries around the world
and pathotype Il which has only been reported in the United States and Canada (Wicker and Rouxel, 2001; Wicker

etal., 2003; Le May et al., 2018; Quillévére-Hamard et al., 2018; Sivachandra Kumar et al., 2021).

Long rotations of pea crops alternating with non-host species is recommended to limit the development of the
pathogen in cultivated soils. In addition, predictive tests have been developed to detect and quantify the presence
of A. euteichesin contaminated soils in order to avoid the cultivation of pea crops (Gibert et al., 2021). However,
no highly effective method of controlis currently available. Partially resistantgermplasm and varieties have been
released for the past 30 years, especially in the United States and France (Gritton, 1990; Kraft, 1992; Davis et al.,
1995; Roux-Duparque et al., 2004; McCee et al., 2012). But, progress in pea breeding has been difficult due to the
(i) polygenic inheritance of the partial resistance to A. euteiches, (ii) negative linkages with undesired traits, and
(i) lack of knowledge about the pathogen biology and populations present in infested soils. Thanks to the
advanced of molecular and genomic technologies in the past decades, efforts have been made to tackle these issues

and better understand the polygenic nature of the quantitative resistance to A. euteiches.

Previous quantitative trait locus (QTL) mapping analyses for resistance to Aphanomyces root rot identified seven

main “Ae-Ps” QTL, named Ae-Ps1.2, Ae-Ps2.2, Ae-Ps3.1, Ae-Ps4.1, Ae-Ps4.5, Ae-Ps5.1 and Ae-Ps7.6. These QTL



were consistently detected from various environments and isolates, using genetic linkage analysis from four
recombinant inbred line (RIL) populations (Hamon et al., 2011; 2013) and/or genome-wide association study
(GWAS) from a pea-Aphanomyces collection (Desgroux et al., 2016). Resistance alleles at these QTL were
derived from four resistance sources, i.e. 90-2079, 90-2131 (Kraft, 1992), P1180693 (Lockwood and Ballard, 1960)
and 552 (Gritton, 1990), previously identified or registered in the United States. Out of the seven main QTL, Ae-
Ps7.6 displayed a major and consistent effect for resistance in American and French disease nurseries and in
controlled conditions using the RB84 reference strain (pathotype I) of A. euteiches. Resistance QTL have been
successfully introduced in pea breeding programs in France, resulting in the recent registration of tolerant varieties
(Moussart, 2022). Quillévéré-Hamard et al. (2021) recently reported that the QTL Ae-Ps7.6 could display a
moderate spectrum of efficacy on French pathogen populations, thus suggesting to combine it with other QTL to
increase and preserve the efficacy and durability of the partial resistance. The QTL Ae-Ps4.5, previously named
Aphl, was identified with a major effect in American nurseries (Pilet-Nayel et al., 2002), especially from
Minnesota where A. euteiches isolates from pathotype Ill were characterized. The major effect of the QTL was
also reported in controlled conditions for the resistance to the reference strain Ael09 (pathotype Ill) using pea
near-isogenic lines (NILs) carrying the 90-2079 allele at the QTL (Lavaud et al., 2015). This QTL could be of high
interest in QTL pyramiding strategies to increase the level and broaden the spectrum of partial resistance in pea

varieties.

This study aimed to (i) confirm the major effect of QTL Ae-Ps4.5 against the pea pathotype Il of A. euteichesand
(i) refine its interval in order to identify closely-linked markers for marker-assisted selection and candidate genes
for a betterunderstanding of resistance mechanisms. We performed a QTL mapping analysis for resistance to two
reference strains of A. euteiches (RB84 and Ael09, pathotypes land Ill, respectively) in the Puget x 90-2079 RIL
population reported in Pilet-Nayel et al. (2002), usingan updated high-density genetic map described in Leprévost
et al. (2023). In addition, we conducted a fine mapping analysis of the Ae-Ps4.5 major QTL by screening and

phenotyping recombinant lines derived from NIL progenies segregating in the QTL interval (Lavaud et al., 2015).

2. Materialsand Methods

2.1. Plant and fungal materials

A total of 121 pea RILs from the cross Puget (susceptible) x 90-2079 (partially resistant), were used for QTL
mapping (Pilet-Nayel et al., 2002; 2005). The two RIL parental lines, Puget and 90-2079, and the two pea lines

P1180693 and MN313 (Kraft, 1992; Wicker and Rouxel, 2001), were used as controls in pathogenicity tests.



P1180693 is partially resistant to pathotypes land Il of A. euteiches and MN313 is highly resistant to pathotype

The pea NIL progeny, consisting of 224 BC5F2 plants segregating at the QTL Ae-Ps4.5, was used for QTL fine-
mapping. The progeny were developed by self-pollination of three BC5F1 NILs derived from the cross between
the donor line RIL831.08, derived from the Puget x 90-2079 RIL population, and the recipient line Puget. NIL
productionwas previously reported in the marker-assisted backcrossing (MAB) program described by Lavaud et
al. (2015). The three NILs were heterozygous atthe QTL and homozygous for the recipient alleles over the rest of
the genome, as confirmed by high-density genotyping data obtained using the GenoPea Infinium® BeadChip
(Tayeh et al., 2015) (data notshown). A subsequent population 0f 59 BC5F4 fixed lines was used for phenotyping
test. The two parents ofthe NIL population, RIL831.08 and Puget, and the source of resistance 90-2079 were used

as controls in the NIL pathological test.

The two reference strains RB84 and Ael09 (from pathotypes | and I, respectively), were used for inoculations
conducted in a climatic chamber. RB84, isolated from a French infested soil (Riec-sur-Belon, Finistére) (Moussart
et al., 2007), was used for inoculation of the RIL population. Ael109, isolated from an American infested soil

(Wisconsin, USA) (Malvick et al., 1998), was used to inoculate of RIL and NIL populations.

2.2. Pathological tests

The RILs, NILs and controls were inoculated with A. euteiches strains in controlled conditions, using a modified

version of the standardized test developed to evaluate Aphanomyces resistance in pea (Moussart et al., 2001).

For each strain, all the lines from each RIL or NIL populationand control lines were evaluated within onetest, in
a randomized complete block design with four replicate blocks per test. In each block, five seeds of a single
genotype were sown in a pot containing vermiculite. Each isolate x genotype x replicate combination consisted of
20 plants. Plants were grown under constant conditions a photoperiod of 16h at 25 °C and dark period of 8h at 23
°C. Seven days aftersowing, seedlings were inoculated (5 ml /plant) using a suspension of zoospores concentrated
at 200 spores per ml, from a pure culture of the French or American strain of A. euteiches. Zoospores were
produced as previously described by Moussartetal. (2001) using an incubation temperature at 25°C and 22°C for
RB84 and Ael09, respectively. Capillary watering after inoculation was carried out to favour the disease
development and avoid any zoospores leaching in the vermiculite. Seven days after inoculation, Disease Severity
(DS) was assessed accordingtoa 0 to 5 scoring scale (0 = no symptom; 5 = dead plant) as described in (Lavaud

et al., 2015).



2.3. Genotyping

The genotyping dataset of the Puget x 90-2079 RIL population used for QTL analysis is described in Leprévost
et al. (2023). The dataset is comprised of a total of 669 markers, including 504 SNPs, 37 SSRs and 128 other
markers (77 AFLP, 41 RAPD, four isozymes, two STS, two SCAR and two morphological markers), and 121
RILs. The Puget x 90-2079 genetic map generated from this dataset is comprised of 669 markers, distributed over

19 linkage groups (LGs), and covering 644.8 cM Haldane.

The NIL population and fixed lines were genotyped i) from DNA extracted from six leaf discs of 6mm, on
Limagrain genotyping platform (Limagrain Europe, Clermont-Ferrand, France) and ii) using SNPs designed in

KASP™ agssays from Duarte et al. (2014), Tayeh et al. (2015) and Boutet et al. (2016).

2.4. Statistical and QTL mapping analysis

Statistical and QTL analysis were performed using R software version 4.0.2 (R Development Core Team, 2020).

For each pathological test, the absence of significant genotype x replicate interactions (P > 0.05) was verified using
a linear model (John and Sanford, 2019). Then, DS scoring data obtained from RIL or NIL populations and control
lines were analysed using a linear mixed model (Bates etal., 2015), including the genotype as the fixed factor, and
the replicate and genotype x replicate interaction as random factors. A Wald F test was performed to evaluate
significant genotypic effect (o = 5%). Broad sense heritability (h?) was estimated using the following formula: /2
=1 - (UF), where F is the value of the Fisher test computed from variance analysis in the linear mixed model
(Bates et al., 2015). Estimated Marginal Means (EMMs) of DS scores were estimated for each line and from each
model (Searle etal., 1980; Lenth,2023). Pearson correlation analysis was carried out between EMMSs obtained
with the two A. euteichesstrains in the RIL population (Harrell and Dupont, 2019). EMMs values from NIL lines

were compared between each other using the Tukey multiple comparison test (o = 5%) (Graves et al., 2019).

QTL mapping in the Pugetx 90-2079 RIL population was performed from DS scores (EMMs values) obtained in
this study for resistance to RB84 and Ael09 strains of A. euteichesunder controlled conditions. The RIL genetic
map and QTL detection method are described in Leprévost et al. (2023). Briefly, composite interval mapping
(CIM) was performed using the R/qtl package (Broman et al., 2003). Significant QTL were detected by forward -
backward stepwise regression (o = 5%) and validated using a LOD score threshold estimated using 1,000

permutations. QTL interval was defined as the LOD-1 support interval from the peak marker.

2.5. Fine mapping and candidate genes identification



Sequences of markers flanking the QTL Ae-Ps4.5 were used to identify the physical interval of the QTL genetic

region on the Caméor pea genome vla [JBrowse, URGI https://urgi.versailles.inra.fr ; (Kreplak et al., 2019)].

Allelic variants between Puget and 90-2079 corresponding to non-synonymous mutations or stop codons
generating changes or stops in amino acid sequences, were identified in the annotated genes comprised in the
physical interval of the QTL using whole-exome sequencing data produced on the pea Architecture and Multi-

Stress (AMS) collection available at URGI, INRAE, France (Aubert et al., 2023).

3. Results

3.1. Aphanomyces root rot resistance under controlled conditions

For each strain of A. euteiches, analysis of variance (Wald F test) of DS scores obtained in the Puget x 90-2079
RIL population indicated significant genotype (P < 2.2E-16) and replicate effects (P < 6.0E-4 and P < 3.4E-15 for
RB84 and Ael09 strains, respectively). Mean-based heritability computed from DS scores were very high with
bothisolates (h?2=0.98 and 0.78 with Ae109 and RB84, respectively). Frequency distribution of DS scores (EMM
values) obtained with Ael109 and RB84 strains fitted a bimodal and a normal curve, suggesting amonogenic and
a polygenic inheritance for these traits, respectively (Fig. 1; Add file 1). Transgressive RILs with increased
resistance to each strain were observed (Fig. 1). RB84 and Ael09 DS scoring data were poorly correlated between
each other (r = 0.25, p-value = 0.006). However, DS scoring data assessed from control lines were consistent with
previous studies and confirmed the pathotypes of RB84 and Ael09 strains. MN313 was resistant to the Ael09
strain (EMMs DS = 1.56) but susceptible to RB84 (EMMs DS = 3.29). PI1180693 was partially resistant to both

strains (EMMs DS = 2.30 and 2.35 for Ael09 and RB84, respectively) (Fig. 1; Add file 1).

3.2. QTL identification

QTL mapping identified four QTL, distributed over three different genomic regions, for resistance to RB84 and

Ael09 strains in the Puget x 90-2079 RIL population (Table 1).

Ae-Ps4.5 was identified with a major effect for resistance to the Ael109 strain. The QTL was detected with a LOD
score value of 60 and explained 89% of the phenotypic variation. In this region, the allele from 90-2079 contributed
to the resistance (Table 1, Fig. 2). The QTL covered 0.8 cM comprising a peak located at 61.8 cM on LG V.2 of
the Puget x 90-2079 genetic map. The QTL detected in this study from the Ael09 strain co-localized with QTL
re-detected (R? < 44%) from variables scored in US fields (Pilet-Nayel et al., 2002) (Fig. 2). However, Ae-Ps4.5

was not detected fromthe RB84 strain data (Table 1).


https://urgi.versailles.inra.fr/

Ae-Psb5.1 was detected on LGV.1 from RB84 and Ael09 strain data (R2 = 16% and 2%, respectively). The resistant
parent 90-2079 contributed to the resistance for both strains in this region (Table 1). The QTL interval associated
with resistance to RB84 and Ae109 strains covered 3.8cM and 10.6cM, respectively. Both intervals did not overlap
between each other but colocalized with three QTL previously detected for Aphanomyces root rot resistance from
other field (ADI and RRI traits) and greenhouse (Ael06 strain) experiments challenging the Puget x 90-2079 RIL
population (Leprévost et al., 2023). In the Ae-Ps5.1 region, the marker peak identified from the RB84 strain was

the “R” locus associated with wrinkled/smooth seed pods (Table 1).

A new QTL was identified from the RB84 strain data at 13.2cM on LG 1.2. The QTL explained 12% of the
phenotypic variation, covered 7.1 cM, and showed no colocalization with any other QTL detected from variables
previously scored in the Puget x 90-2079 RIL population (Leprévost etal., 2023). Resistance atthis QTL was from

by the Puget allele (Table 1)

3.3. Fine mapping of Ae-Ps4.5

The NIL progeny of 224 BC5F2 plants was genotyped using fourpolymorphic KASP™ SNPs markers (Ps001417,
Ps001025, Ps001887 and Ps001281) (Duarte et al., 2014) located in the Ae-Ps4.5 QTL region. The SNPs covered
a large Ae-Ps4.5 interval of 21.3 c¢M on the composite map described in Duarte et al. (2014), identified from
previous QTL analysis in the RIL population (Pilet-Nayel et al., 2002). Out of the 224 plants, 48 plants showing
recombination in the QTL region, as well as 11 plants displaying parental profiles in the QTL interval, were self-
pollinated. Each plant was derived from a different mother line, except for two genotypes (FP159 and FP162). The
subsequent population of 59 BC5F4 fixed lines, representing seven different recombination profiles and the two

parental profiles, was phenotyped for resistance to the Ae109 strain of A. euteiches (Add file 2).

Analysis of phenotyping data from the 59 BC5F4 lines and three control lines (90-2079, RIL831.08, and Puget)
for resistance to the Ae109 strain of A. euteiches showed significant genotype x replicate interaction (P < 2.2E-
16). Analysis of variance identified a highly significant genotype effect (P < 2.2E-16). EMMs of DS scores
obtained from all the NILs and control lines ranged from 1.52 to 3.42, and averaged 2.72 (Add file 2). Nine NILs
showed significantly higher levels of resistance and shared same genotyping profiles as the resistant parent
RIL831.08 at markers Ps001887 and Ps001281, separated by a genetic distance of 6.7 cM on the composite maps
described in Duarte et al. (2014). A selection of 15 partially resistant or susceptible NILs showing recombination

in the interval between markers Ps001887 and Ps001281 were genotyped with 22 additional polymorphic SNPs



(Tayeh et al., 2015; Boutet et al., 2016). The 22 markers were positioned within the interval separating the two

markers, except for one marker, i.e. Ps112218 (Fig. 3A, Add file 2).

Genotyping profiles of the 15 NILs, obtained using the 22 additional SNPs, were all distinct (Fig. 3B). The Tukey
test showed two distinct groups of DS scores (EMM values) among the 15 NILs. Six recombinant NILs (NIL1-
45 R1 to NIL1-4.5 R6) and the resistance donor parent RIL831.08 had a significant higher level of resistance
(average DS value of 1.83) than the nine other recombinant NILs (NIL1-45 R7 to NIL1-4.5 R15) and the
susceptible parent Puget (average DS value of 3.05) (Fig. 3C; Add file 2). These two groups of NILs shared
common genotyping profiles with those of the resistant and susceptible parents, respectively, in a genetic region
of 1.5 cM located on the consensus marker map (Leprévost et al., 2023). This fine-mapped region was located
between the two markers PsCam039007_23994 241 and PsCam034008 19498 1117 (Fig. 3B) and overlapped

the QTL interval of 0.8 cM identified by QTL mapping on the Puget x 90-2079 -genetic map.
3.4. Physical region and candidate genes underlying Ae-Ps4.5

The fine-mapped 1.5 cM region at QTL Ae-Ps4.5 corresponds toa physical interval of 3.06 Mb on the pea Caméor
genome vla. This physicalinterval includes 50 putative protein-encoding genes, including 11 genes with unknown
functions (Kreplak et al., 2019). Gene sizes range from 275 to 18,416 bp (Add file 3). Non-synonymous variants
between Puget and 90-2079 were found in nineteen of these genes and at 35 different SNP positions (Fig 3D). One

stop codon variant was found in the Psat4g152840 gene (Add file 3).

4. Discussion

Ae-Ps4.5, a major locus conferring resistance to the pea pathotype Il of A. euteiches

QTL mapping analyses confirmed the major effect of Ae-Ps4.5 (R? = 89%) for resistance to the Ae109 strain of A.
euteiches. However, Ae-Ps4.5 was not detected from RB84 strain data (pathotype I), suggesting that the QTL
effect is specific to the A. euteiches pathotype Ill. The major effect of Ae-Ps4.5 was previously observed using
NILs carrying aresistance allele from the reference parent 90-2079 at the QTL (Lavaud et al., 2015). The Ael09
strain originates from Wisconsin, U.S. (Malvick etal., 1998) where the alfalfa crop has been widespread. Leprévost
et al. (2023) recently confirmed the effect of the QTL Ae-Ps4.5 in two American fields (R? < 44.1% and R? <
15.0% in LeSueur (MN) and Pullman (WA) nurseries, respectively), by updating the QTL analysis in the Puget x
90-2079 RIL population previously reported in Pilet-Nayel et al. (2002). Onfroy et al (Comm. Pers.) characterised

both A. euteiches pathotypes used in this study. They sampled A. euteiches isolates from (i) pathotype Il and I in



field nurseries from LeSueur and Pullman, respectively, and (ii) both pathotypes from a field nursery in Mount
Vernon (WA). The lower effect of the QTL Ae-Ps4.5 detected from the field nursery in Pullman (WA) [R2 < 15%;
(Leprévost et al., 2023)] may be due to the predominance of pathotype I isolates in the soil and the absence or low

presence of pathotype Ill isolates.

In Canada, Wu et al. (2021) identified a stable QTL on LG IV (chromosome 4), AeMRCD1Ps-4.1, conferring
partial resistance especially to the Ae-MRDC1 isolate sampled at Morden, Canada (pathotype I). This QTL
explained up to 18.5% of the phenotypic variation of the resistance and colocalized with the major Ae-Ps4.5 QTL
(Leprévost et al., 2023). In addition, Sivachandra Kumar et al. (2021) showed the predominance of A. euteiches
pathotype I in Canadian fields, but identified three isolates belonging to pathotype Il from a set of 32 isolates
sampled in Saskatoon and Alberta. These studies suggest that Ae-Ps4.5 may display a minor effect in Canadian
fields due to the low frequency of isolates belonging to pathotype Ill. The Ae-Ps4.5 QTL may also have a residual
resistance effect on pathotype | isolates, as observed for broken major resistance genes in other pathosystens
(Mundt, 2018; Singh et al., 2022). A betterunderstanding of the distribution of A. euteiches pathotypes in infested

fields is required to efficiently and durably deploy the major QTL Ae-Ps4.5 in pea varieties.

Closely linked SNP markers were identified by linkage analysis in the Ae-Ps4.5 region

In this study, linkage analysis in a RIL population provided useful SNP markers for pea breeding for resistance to
the Ael109 strain. The marker “PsCam036554 21688 12177 was identified at the LOD peak of the QTL Ae-Ps4.5
atthe position 81.5 cM on the consensus marker map described in Leprévostetal. (2023). Inaddition, fine mapping
analysis of the Puget x RIL831.08 recombinant NILs confirmed the position of the QTL on the consensus marker
map, with a fine-mapped interval positioned at 81 - 82.5 cM that spans the confidence interval identified by QTL

analysis (81.1 - 81.6¢cM).

By GWAS in the pea-Aphanomyces collection, Leprévost et al. (2023) detected a linkage disequilibrium (LD)
block named 1V.8, previously reported by Desgroux et al (2016) in the Ae-Ps4.5 QTL region, as significantly
associated with resistance to the Ael09 strain of A. euteiches. This LD block comprised the significant marker
“PsCam039135 24109 12777 detected in the GWAS and covered a genetic interval ranging from 76.1 to 77.2 cM
on the consensus marker map. No colocalization was identified between the LD block V.8 and the fine mapped
interval described in our study. However, the pea lines of the pea-Aphanomyces collection sharing the resistance
haplotype at the LD block IV.8 were presentin low frequency (8.14%, 14 lines out of 172), suggesting a low

accuracy of the GWAS to refine the Ae-Ps4.5 QTL interval in the haplotype analysis [supplementary table 6 in



Leprévost et al, (2023)]. Thirteen pea lines of the pea-Aphanomyces collection, including 90-2079, MN313 and
MN314, were identified as sharing the favourable haplotype carried by the resistant parent RIL831.08 in the fine-
mapped Ae-Ps4.5 region (81 - 82.5 cM). The 13 lines carried also the resistance haplotype detected in the LD
block IV.8 (76.1-77.2 cM) in Leprévost etal. (2023) , suggesting that low recombination events occurred between

the two genetic intervals in the pea-Aphanomyces collection.

This study confirms that linkage analysis is an efficient method to detect resistance alleles presentin low frequency
in natural diversity panels. In addition, this study shows that QTL mapping analysis can increase the accuracy of
detection of rare alleles, since allele frequencies are more balanced in RIL populations. However, the precision of
the fine-mapping may be limited in recombinant populations by the small size of the populations (Korte and
Farlow, 2013) and the lack of recombination in some genomic regions. Implementing larger population sizes of

RILs and NIL progenies may reduce the size of the fine-mapped QTL interval.

Putative candidate geneswere detected inthe Ae-Ps4.5 region

A large physical interval of 3.06Mb underlying the QTL Ae-Ps4.5 was identified in this study. However, the
number of annotated genes was limited to 50 in this region. The Caméor pea genome vla (3.92 Gb) comprises a
total number of 44,756 annotated genes and a high rate of repetitive elements (n = 2,225175), mostly

corresponding to retrotransposons (Kreplak et al., 2019).

None of the 50 annotated genes underlying Ae-Ps4.5 were annotated as nucleotide-binding, leucine-rich repeat
receptors (NLR), the most important group of plant disease resistance (R) genes (Kourelis and van der Hoorn,
2018). Indeed, the Caméor accession used to assemble the peagenome has been characterized as susceptible to A.
euteiches (data not shown) and is assumed not to contain R genes conferring resistance to the root rot disease. In
this study, we identified non-synonymous and stop codon variants between the Puget and 90-2079 RIL parental
genotypes in 19 out of the 50 genes identified, using exome capture sequencing data generated on the pea AMS
collection (Aubert et al., 2023). These genes encode a diversity of protein function involved in metabolic and
regulatory pathways. Quantitative disease resistance (QDR) genes were reported to be involved in various
functions associated with pathogen perception, signal transduction, phytohormone homeostasis, metabolite
transportand biosynthesis and epigenetic regulation (Gou etal., 2023). This diversity of functions for QDR genes

contrasts with qualitative resistance, which is often conferred by NLR proteins (Gou et al., 2023).

Among the 19 genes, three genes were identified as consistent putative candidates to unravel the molecular

mechanisms underlying the Ae-Ps4.5 major QTL. The first one is a gene coding a DEAD/DEAH box helicase.
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This gene showed homology with a functional RNA helicase in Medicago truncatula, which interacts with the
effector AeSSP1256 of A. euteiches, impairing root development of M. truncatula and promoting pathogen
infection (Camborde et al., 2022). The second gene encodes a C2 domain. This gene (ID : “Psat4g152600”) was
one of the eight genes identified by bulked segregant RNA-sequencing in the most stable QTL region AeMRDC1-
Ps4.1/2 recently reported (Wu et al., 2022), which colocalized with the QTL Ae-Ps4.5 in our study. Plant C2
proteins play an important role in membrane growth, development and targeting, as well as in abiotic and biotic
stress adaptations by detecting intracellular Ca2* signals. The third gene encodes a subtilase family protein. We
found three non-synonymous variants between Puget and 90-2079 in this gene sequence, which may induce
important modification in the translated protein. The large family of subtilases shows a wide spectrumof biological
functions, ranging from protein renewal and plant development in interactions with the environment, or the

involvement in plant defence responses against several pathogens (Figueiredo et al., 2018).

Eleven genes with unknown function were also detected in the fine-mapped QTL interval. Further improvements
of the Caméor reference sequence assembly and annotation, as well as further pea pan-genome sequencing (Yang
et al., 2022) comprising genomes from resistant genotypes to A. euteiches, will be highly valuable to identify

relevant candidate genes underlying the QTL Ae-Ps4.5.

5. Conclusion

This study confirmed the major effect of the QTL Ae-Ps4.5 for resistance to the Ael09 strain of A. euteiches
belonging to pathotype Ill. Results provide SNP markers closely linked to the QTL Ae-Ps4.5, which will be useful
in pea marker-assisted selection programs for the deployment of resistant varieties in fields infested by A. euteiches
pathotype Ill. The combination of the major effect QTL with other QTL conferring resistance to A. euteiches
pathotype I will be relevant to expand the resistance spectrum and preserve the durability of the resistance. This
study identifies putative candidate genes in the fine mapped QTL interval, as a first step to better understand the

molecular mechanisms underlying resistance to A. euteiches in pea.
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Figure and Table legends

Fig. 1: Frequency distribution of disease sewerity scores (EMM values) for resistance to two strains of A. euteiches, in the Puget x 90-2079 RIL population. The
histogram represents the number of lines in each DS class and the red area under the curve represents the population density. Values of the parental and control lines are shown
in black and grey, respectively. n: total number of RILs, m: mean * standard deviation of the RIL population, h2: heritability estimate. (A) Ael09 and (B) RB84 strain of A.

euteiches

Fig. 2: QTL identified from the Puget x 90-2079 pea RIL population for resistanceto the Ae109 strain of A. euteiches under controlled conditions. (A) QTL positionin
cM Haldane on linkage group IV; genetic map described in Leprévostet al. (2023). (B) LOD curve obtained from QTL analysis using R-QTL; LOD threshold is presented with

a green dotted line.

Fig. 3: Fine-mapping of the major QTL Ae-Ps4.5, from recombinant pea near-isogenic lines (NILs). (A) Positioning of SNP markers on linkage group 1V.2 of the consensus
marker map described in Leprévost et al. (2023) except for marker Ps001281 which was repositioned according to NIL recombinants. * the four SNPs (Duarte et al., 2014) used
in the recombinant screening experiment. (B) Genotyping profiles of 15 recombinant pea NILs from the cross Puget x RIL831.08 and two parental lines, using a total of 26
SNPs in the QTL interval. In red and blue, genotype from the resistant parent RIL831.08 and the susceptible parent Puget, respectively; in grey and white, heterozygous genotype
and missing data, respectively. (C) Disease Severity scores (EMM values) obtained on the 15 NILs and two parents forresistance to the Ae109 strain under controlled conditions,
ona 0 (healthy plants) to 5 (dead plants) scoring scale. EMM group(s) are indicated by letter(s), according to the Tukey test (P <0.05). (D) Physical mapping of the fine-mapped
QTL toaregion of 3.06Mb containing 50 annotated genes on the Caméor peagenome Vla (Kreplak et al., 2019); in red, the 19 annotated genes with non-synonymous mutations

or stop codons; * Three putative candidate genes.
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Table 1: QTL identified from the Puget x 90-2079 pea RIL population for resistance to the RB84 and Ael09 strains of A. euteiches under controlled conditions.

QTL position QTL position QTL confidence QTL confidence
LOD Average Average
Scoring Linkage (cM) - Puget (cM) - Flanking Markers interval of postion interval of postion LOD R2 Additie Favourable
Marker ? Threshold effectof effectof
trait Group x 90-2079 consensus (confidence interval) ¢ (cM)-Pugetx 90- (cM)- consensus ¢ (%) " effect? allele"
4 90-2079 Puget
geneticmap® markermap® 2079 geneticmap  marker map
RB84 1.2 Ps163643 13.2 50.8 E3M4_290- Ps143400 10.7 -17.8 46.5-53.4 3.44 3.81 120 3.46 3.30 -0.08 Puget
Ps113489-
Ael09 IV.2  PsCam036554 21688 1217 61.8 81.5 61.4-62.2 81.1-81.6 3.43 59.55 88.9 1.64 3.59 0.97 90-2079

PsCam036169_21317_1096

Ps123535-
RB84 V.1 R 34.3 31.7 33.4-37.2 30.4 - 35.8 3.44 493 159 327 346 0.0  90-2079
PsCam043855_27825 1353

Ael09 V.1 NA 46.1 39.9 Ps125610- 0O09_800a 40.6 - 51.2 38.3-42.2 3.43 5.16 2.2 2.38 2.56 0.10 90-2079

* Marker at the exact position of the estimated maximum Log of likelihood ratio (LOD) score

P QTL position in cM Haldane on the Puget x 90-2079 genetic map and on the consensus marker map described in Leprévost et al. (2023)

¢ Markers flanking the confidence interval at LOD -1 from the LOD peak

¢ LOD threshold estimated after 1000 permutations

® LOD peak value at the QTL position

Percentage of phenotypic variance explained by the QTL

9 Effect of substituting "90-2079" alleles for "Puget" alleles at the QTL. A positivesign indicates that QTL alleles increasing the resistance are contributed by the resistant parent whereas a negative sign means that resistant alleles are brought
by the susceptible parent

" Parent carrying the positive allele at the QTL
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