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Abstract

Key message Marker-assisted backcrossing was used
to generate pea NILs carrying individual or combined
resistance alleles at main Aphanomyces resistance QTL.
The effects of several QTL were successfully validated
depending on genetic backgrounds.

Abstract Quantitative trait loci (QTL) validation is an
important and often overlooked step before subsequent
research in QTL cloning or marker-assisted breeding for
disease resistance in plants. Validation of QTL controlling
partial resistance to Aphanomyces root rot, one of the most
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damaging diseases of pea worldwide, is of major interest
for the future development of resistant varieties. The aim
of this study was to validate, in different genetic back-
grounds, the effects of various resistance alleles at seven
main resistance QTL recently identified. Five backcross-
assisted selection programs were developed. In each, resist-
ance alleles at one to three of the seven main Aphanomyces
resistance QTL were transferred into three genetic back-
grounds, including two agronomically important spring
(Eden) and winter (Isard) pea cultivars. The subsequent
near-isogenic lines (NILs) were evaluated for resistance to
two reference strains of the main A. euteiches pathotypes
under controlled conditions. The NILs carrying resistance
alleles at the major-effect QTL Ae-Ps4.5 and Ae-Ps7.6,
either individually or in combination with resistance alleles
at other QTL, showed significantly reduced disease sever-
ity compared to NILs without resistance alleles. Resistance
alleles at some minor-effect QTL, especially Ae-Ps2.2 and
Ae-Ps5.1, were also validated for their individual or com-
bined effects on resistance. QTL x genetic background
interactions were observed, mainly for QTL Ae-Ps7.6,
the effect of which increased in the winter cultivar Isard.
The pea NILs are a novel and valuable resource for further
understanding the mechanisms underlying QTL and their
integration in breeding programs.

Introduction

A large number of Quantitative trait loci (QTL) have
been identified in different plant species, but very few
have been utilized in plant breeding programs. Difficul-
ties integrating QTL information into breeding strate-
gies have been due to the large number of QTL identi-
fied, the time it takes to generate improved populations
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(St Clair 2010), but also to unexpected results obtained
in QTL introgression programs (Hospital 2005). Thus,
a very important step is to validate QTL effects before
further research is pursued into QTL cloning, genom-
ics studies, or Marker-Assisted Selection (MAS) to
introgress QTL into new genetic backgrounds. Marker-
Assisted Backcrossing (MAB) has been frequently used
for QTL introgression (Collard and Mackill 2008; Hos-
pital 2009). The goal of MAB is to incorporate a major
gene or QTL from an agronomically inferior source (the
donor parent) into an elite cultivar or breeding line (the
recurrent or recipient parent). The desired outcome is a
near-isogenic line (NIL) to the recurrent parent, contain-
ing the major allele at the gene or QTL from the donor
parent, with the recurrent parent genotype present every-
where else in the genome (Hospital 2003; Kaeppler et al.
1993). NILs have been used advantageously to identify
and validate QTL, as well as to produce fine maps, espe-
cially in tomato (Brouwer and St Clair 2004), wheat (Ma
et al. 2011), maize (Koester et al. 1993), rice (Yu et al.
1991), barley (Schmalenbach et al. 2008), chickpea (Cas-
tro et al. 2010) and rapeseed (Delourme et al. 2008). In
many studies, NILs allowed the QTL effect associated
with introgressed segments to be confirmed. However, in
some cases, after MAS the effect of a QTL was reduced
or nullified. The loss of QTL effects can occur when
the QTL (1) is a false positive, (2) is specific to some
environments, (3) includes several genes and recom-
bination between those genes modifies the effect of the
introgressed segments or (4) has an epistatic effect with
another QTL or with the genetic background (Collard
and Mackill 2008; Hospital 2005). For example, Ahmadi
et al. (2001) reported that MAS was particularly use-
ful for validating epistatic effects between two QTL for
resistance to rice yellow mottle virus, in introgression
lines carrying both QTL compared to lines hosting only
one of the two QTL which displayed no effects. The rate
of unexpected results in MAS was reported to increase
when QTL are used rather than known genes, when the
number of QTL increases and when manipulating genetic
components of more complex traits [complexity comes
from the large number of genes controlling the trait,
interactions between genes due to linkage and epistasis,
low heritability and interaction between genes and envi-
ronment (Hospital 2005)]. Disease resistances have often
been reported to be inherited as simple traits or complex
traits with major-effect QTL (St Clair 2010). There are
many examples of successful validation of major resist-
ance QTL effects in introgression or pyramiding lines
(St Clair 2010). Subsequently, an increasing number
of fine mapping studies of major-effect resistance QTL
have been recently described (Keller et al. 2015). Sev-
eral less successful attempts were also reported, such as
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QTL detected with minor effects in specific environments
(Delourme et al. 2008; Li et al. 2003).

Aphanomyces root rot of pea, caused by the soil-borne
oomycete Aphanomyces euteiches (Jones and Drechsler
1925), is one of the most devastating diseases of peas
worldwide. In Europe, the disease has spread since the
1990s due to the intensification of pea production (Wicker
and Rouxel 2001) and can lead to total devastation of the
crop in infested fields (Didelot and Chaillet 1995). Symp-
toms of the disease are translucent lesions on the rootlets,
which evolve into brown rot affecting the entire root system
up to the epicotyl (Moussart et al. 2008). Above ground, the
disease causes stunted seedlings, yellow leaves and even
dead plants. Two main A. euteiches pathotypes have been
reported in pea (Wicker and Rouxel 2001) based on their
differential reactions on a set of six genotypes (Wicker
et al. 2003). Pathotype I is predominant in Europe and was
observed in the United States. Pathotype III was observed
at some locations in the United States [Onfroy et al. (2015)
submitted]. The use of partial polygenic resistance to A.
euteiches has been considered as a key component of dis-
ease management for forty years (Papavizas and Ayers
1974). Breeding of pea lines resistant to A. euteiches was
first developed in the United States. Genetic resources and
agronomic lines with partial levels of resistance were iden-
tified, including the breeding lines 90-2079 and 90-2131
(Kraft 1992), 552 (Gritton 1990) and the landrace P1180693
(Lockwood and Ballard 1960). The latter three lines were
then confirmed among the highest partially resistant lines
in France (Pilet-Nayel, unpublished data). Using Recom-
binant Inbred Line (RIL) populations derived from crosses
involving the four sources of resistance, a comprehensive
meta-QTL mapping program identified seven QTL out of
27 meta-QTL associated with resistance to A. euteiches
(Hamon et al. 2011, 2013; Pilet-Nayel et al. 2002, 2005).
Each of the seven QTL was detected consistently in two to
four RIL populations from at least 12 initial variables out
of the total 29 field environment and 12 controlled condi-
tion variables studied. In particular, one major-effect QTL,
Ae-Ps7.6 located on Linkage Group VII (LGVII), was con-
sistently identified and explained up to 60 % of the phe-
notypic variation, depending on environments and isolates.
The other QTL contributed up to 15-44 % of the variation
depending on the QTL (Hamon et al. 2013). A quite low
diversity of non-specific QTL to sources of resistance was
observed, suggesting a common genetic origin between
the partially resistant parental lines studied. A low speci-
ficity of resistance QTL was also shown according to the
strains, environments and scoring criteria studied. Nega-
tive associations between resistance and undesirable mor-
phological alleles (normal leaves and flower color) for dry
pea breeding, especially alleles originating from PI180693,
were found. Epistatic interactions contributing to increased
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resistance were also identified, especially between the two
main QTL Ae-Ps7.6 and Ae-Ps2.2. SSR markers linked to
the seven main QTL identified have been made available
for use in MAS (Hamon et al. 2013). However, although
the main QTL were detected over different RIL popula-
tions, their effect remains to be validated when introgressed
into new genetic backgrounds as no knowledge is available
about Aphanomyces resistance QTL x genetic background
interactions.

The aims of this study were to validate individual or
multiple Aphanomyces resistance QTL effects in differ-
ent genetic backgrounds using introgression lines. First, an
extensive backcross-assisted selection program was con-
ducted to generate NILs carrying resistance alleles at one
to three of the seven main resistance QTL in three genetic
backgrounds. Second, the generated NILs were pheno-
typed for resistance to two reference strains of the main A.
euteiches pea pathotypes, for validating QTL effects, indi-
vidually or in combination, in the different genetic back-
grounds under controlled conditions. This study provides
unprecedented pea resources and knowledge for QTL vali-
dation, future QTL genomic studies and demonstrates the
potential of MAS for creating resistant agronomic germ-
plasm for release.

Materials and methods
Plant material for MAB

Five parallel MAB schemes were developed, each scheme
aiming to simultaneously introgress resistance alleles at one
to three QTL from one donor line into three recipient lines.
The five donor lines used in the MAB schemes included
four RILs (RIL 831.08, RIL 847.50, RIL BAPS.70 and
RIL BAPS8.195) from previously studied mapping popula-
tions (Hamon et al. 2013) and the partially resistant garden
pea breeding line 552 also analyzed in Hamon et al. (2011)
(Table 1). Each donor RIL was chosen to carry allele(s)

Table 1 Donor lines used for MAB

from its resistant parent at the one to three target QTL and
alleles from its susceptible parent at a maximum number
of markers outside the target QTL (Supplementary data
file 1). Eleven of the 16 resistance alleles identified at the
seven main resistance QTL (Table 3 in Hamon et al. 2013)
were targeted for introgression from the five donor lines,
based on their level and/or consistency of effects on resist-
ance previously identified. These included three resistance
alleles (90-2131, PI180693 and 552) at the major-effect
QTL Ae-Ps7.6, two resistance alleles (P1180693 and 552)
at QTL Ae-Ps2.2 and Ae-Ps3.1 and one resistance allele
(90-2079, 90-2131 or PI180693) at each of the four other
main QTL.

The three recipient parents used in each MAB scheme
included (1) a reference line, which was the susceptible
parent of the RIL population in which QTL were detected,
i.e., Baccara (Hamon et al. 2011), DSP (Hamon et al. 2013)
or Puget (Pilet-Nayel et al. 2002) and (2) two dry pea agro-
nomic lines of different sowing types, i.e., the spring cul-
tivar Eden and the winter cultivar Isard. A fourth recipient
parent, the winter dry pea cultivar Enduro, was also used in
one of the five MAB schemes (donor line RIL 847.50), due
to its higher agronomic value (Table 2).

NIL production

The breeding scheme for introgression of the target QTL is
shown in Fig. 1. Sixteen bi-parental crosses between donor
(as male) and recipient (as female) lines were carried out.
Plant progenies from each cross were repeatedly back-
crossed with the recipient parent in greenhouse conditions,
with two generations per year.

At each backcross generation, 45-91 15-day-old plants
were genotyped using microsatellite markers, to select
plants carrying one, two or three QTL introgressions,
respectively. During genotyping, growth of the young
plants was slowed down in a growth chamber at 5 °C and
8-h photoperiod for about 1 month. Plants carrying the
donor introgressions at all the target QTL (heterozygous at

Donor line Donor RIL cross of origin ~ Target QTL for MAB Resistance enhancing References
(Hamon et al. 2013) alleles at target QTL
RIL 831.08 USDA, USA Puget * 90-2079 Ae-Ps4.5 90-2079 Pilet-Nayel et al. (2002,
2005)
RIL 847.50 USDA, USA DSP * 90-2131 Ae-Ps5.1, Ae-Ps7.6 90-2131 Hamon et al. (2013);
McGee et al. (2012)
RIL BAP8.70 INRA, France Baccara * PI1180693 Ae-Ps4.1, Ae-Ps7.6 PI180693 Hamon et al. (2011)
RIL BAP8.195 INRA, France Baccara * PI180693 Ae-Psl.2, Ae-Ps2.2, Ae- PI180693 Hamon et al. (2011)
Ps3.1
552 University of Wisconsin, Ae-Ps2.2, Ae-Ps3.1, Ae- 552 Gritton (1990)
USA Ps7.6
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Table 2 Recipient lines used for MAB

Recipient parent Parents type for MAB Cultivar type Registration year Breeder

Puget Reference Spring garden pea 1967 Brotherton Seed Company, UK
Dark Skin Perfection (DSP) Reference Spring garden pea 1960 Unilever limited, UK

Baccara Reference Spring dry pea 1992 Florimond-Desprez, France
Eden Agronomic Spring dry pea 2004 Nickerson, France

Enduro Agronomic Winter dry pea 2007 Florimond-Desprez, France
Isard Agronomic Winter dry pea 2005 Agri-Obtentions, France

Recipient Lines Donor Lines Years
RIL 831.08, RIL 847.50,
Isard « Agronomic » X RIL BAP8.195, 2008 —|
Eden « Agronomic » l RIL BAP8.70 and 552
T T 2000
Imas1
I N N x  BetFt
IMmas2
I X scor 2010-
{MAs3
T e
lMAS 4
BC4F1 2011
1 | P TR
i MAS 5 homozygous and
heterozygous
MAS to select I X  BC5F1 o lines at QTL
homozygous and t/
heterozygous i MAS 6 l
@ @ o oz @ 2012,
vy - +
@ @ scor2 BCS5F3
vy ¥
BC6F3 2013
vy ¥

Fig. 1 The marker-assisted backcrossing scheme used to construct NILs at the main Aphanomyces resistance QTL. A fourth recipient parent
(not presented), the winter cultivar Enduro, was also used in one of the five MAB schemes (donor line RIL 847.50)

markers linked to QTL) and the highest level of recipient
genome outside the target QTL were selected and trans-
planted in greenhouse conditions. One to five selected
plants were used for producing the next backcross progeny,
by manual outcrossing with the recipient parent.

Five backcrossed generations were produced from four
crosses (Puget x RIL 831.08, DSP x RIL 847.50, Bac-
cara x RIL BAPS8.70 and Baccara x RIL BAP8.195),
in which the donor lines initially carried portions of the

@ Springer

reference recipient line genomes. Six backcrossing gener-
ations were performed from the other crosses to improve
recovery of genomes of the recipient lines, except for the
Isard x RIL BAPS8.70 and Enduro x RIL 847.50 crosses
for which only five generations of backcrosses could be
carried out (Table 3).

BC5/6F1 progenies were then self-pollinated to select,
in subsequent QTL pseudo-F2 populations, homozygous
plants carrying resistance alleles at zero, one, two or three
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QTL. A total of 91-273 BC5/6F2 plants were screened,
depending on the number of segregating QTL. In some
crosses, a second generation of self-pollination was neces-
sary to select BC5/6F3 homozygous lines carrying resist-
ance alleles at three QTL. In each cross, two of the selected
homozygous plants per allelic combination at target QTL,
named “sister” lines, were self-pollinated to increase seed
and the BC5/6F3/4 seeds were used for pathological tests.

Marker-assisted selection

Over all the backcross and selfing generations during NIL
production, 152 microsatellite markers were used for MAS,
including 99 SSR markers (Simple Sequence Repeats) from
Loridon et al. (2005) and 53 EST-SSR markers (Expressed
Sequence Tags-Simple Sequence Repeats, named “eSSRs”;
Mohamadi, unpublished data).

A total of 37 markers (32 SSRs and 5 eSSRs) previ-
ously associated with the seven main resistance QTL
to A. euteiches (Hamon et al. 2013) were used to control
introgressions at each MAS generation (Fig. 2). One to
five markers, depending on their level of polymorphism
between the donor and recipient lines, were used for tracing
each QTL, the size of which was estimated at 9-37.5 cM
when projected onto the consensus genetic map of Duarte
et al. (2014). Most of the QTL were controlled with at least
three markers (Supplementary data file 1).

A total of 115 markers (67 SSRs and 48 eSSRs), regu-
larly distributed on the genome (Supplementary data file 1;
Fig. 2), was used over all the MAS generations to control
that the genome had returned to the recipient type. One to
three markers per QTL carrier- or non-carrier linkage group
were used at each generation from BC1F1 to BC4F1. All
the remaining polymorphic markers were used to check
the recipient genome in BC5F2 and BC6F2/3. A Recipi-
ent Genome Content (RGC) value was calculated for each
homozygous NIL as the percentage of markers among all
those tested outside the target QTL, which revealed alleles
from the recipient parent.

SSR genotyping

At each MAS generation, foliar tissues were harvested
from each plant at the four-leaf stage and freeze-dried.
Total DNA was extracted from freeze-dried leaf material
using a NucleoSpin 96 Plant II Core Kit (Macherey—Nagel
GmbH & Co. KG, Germany), following the manufacturer’s
instructions. PCRs were carried out in a total volume of
7 nL, containing 20 ng genomic DNA template, 1X PCR
Polymerization Buffer, 0.2 mM of dNTPs, 2 mM of MgCl,,
0.13 pM of the forward primer coupled to a 19-base M13
tail in 5/, 0.26 pM of the reverse primer and 0.5 Units of
Tag DNA polymerase (reagents from Promega, USA). PCR

@ Springer

Fig. 2 Genetic map positions of the seven main Aphanomyces P
resistance QTL and markers used in the Marker-assisted backcross-
ing scheme for NIL production. Positions (in ¢cM Haldane) of mark-
ers indicated in black on each Linkage Group (LG) were determined
from the consensus genetic map reported in Duarte et al. (2014).
Positions of markers indicated in red, purple, and orange were esti-
mated from Hamon et al. (2013), Loridon et al. (2005) and Moham-
adi (unpublished data), respectively. Positions of target fragments at
the seven main QTL, named “Ae-Ps-.-“, are indicated by green bars
and were estimated from Hamon et al. (2013)

products were labeled by adding a universal M13 oligonu-
cleotide labeled with the fluorescent dye, 6-FAM, to the
PCR reaction. Thermocycling was carried out as follows:
denaturation at 94 °C for 4 min; followed by 10 cycles at
94 °C for 30 s, annealing at the required temperature for
45 s and extension at 72 °C for 1 min; then, 30 cycles at
94 °C for 30 s, annealing at 51 °C for 45 s and extension at
72 °C for 1 min; followed by a final extension step at 72 °C
for 10 min. The annealing temperature (7,) was optimized
for each locus (Supplementary data file 1). PCR products
were sent to the GENTYANE genotyping platform (INRA
Clermont-Ferrand, France) to be loaded on an ABI3730 XL
DNA Analyzer (Applied Biosystems®, USA). PCR amplifi-
cation results were analyzed using GeneMapper® Software
v.4.0 (Applied Biosystems®, USA).

Evaluation of NILs for resistance

Two single spore strains of A. euteiches were used to assess
NIL disease resistance in tests under controlled conditions.
The RB84 strain was isolated from a French infested soil
(Riec-sur-Belon, Finistere) (Moussart et al. 2007) and is
the reference for pathotype I. The Ae109 strain was isolated
from American soil (Wisconsin) (Malvick et al. 1998) and
is the reference for pathotype III. Fourteen pea control lines
were used in the disease test, including the five donor and
six recipient parents of the MAB scheme and three par-
tially resistant parental lines of RIL populations (PI1180693,
90-2131 and 90-2079).

Disease resistance tests were performed in a growth
chamber, using a modified version of the standardized test
developed for evaluating pea resistance to A. euteiches
(Moussart et al. 2001). For each strain, all the lines were
evaluated within two tests, in a randomized complete block
design with two blocks as replicates per test. In each block,
five seeds of a single genotype were sowed in one pot con-
taining unsterilized vermiculite. Plants were grown under
constant conditions at 25 °C for 16 h of day and 23 °C
for 8 h of night. Seven days after sowing, seedlings were
inoculated with 5 ml per plant of a suspension of zoospores
concentrated at 200 spores per ml, from a pure culture of
the French or American strain. Zoospores were produced
as previously described by Moussart et al. (2001). The
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vermiculite was saturated by capillary watering after inoc-
ulation to favor disease development and avoid zoospores
leaching. Seven days after inoculation, disease severity
(DS) on each uprooted and washed plant was assessed
according to a 0 to 5 scoring scale (Moussart et al. 2008)
(0 = no symptoms; 1 = traces of discoloration on the
roots (<25 %); 2 = discoloration of 25-50 % of the roots;
3 = discoloration of 50-75 % of the roots; 4 = discolora-
tion of >75 % of the roots; 5 = plant dead).

Data analysis

Statistical analyses of phenotypic data were performed
using R software (R Development Core Team 2014). For
each strain, the absence of genotype x test interactions was
checked with a linear model, using the ‘Anova’ function of
the ‘car’ package (John and Sanford 2011). Then, the DS
scoring data obtained for all the NILs, or each NIL set per
cross or donor line, were analyzed using a linear mixed
model [LMM; ‘Imer’ function, ‘lme4’ package (Bates et al.
2014)], considering the DS scoring data as explanatory
variables, the genotype as fixed factor and the replicate as
random factor. A Wald F test was applied for evaluating
genotypic effect (@ = 5 %). Broad sense heritability (/%)
was estimated from an analysis of deviance table using
the formula h* = o?g/[o°g + (0e/n)] [‘pbkrtest’ package
(Halekoh and Hgjsgaard 2013)], where o°g is the genetic
variance, o2e is the residual variance and n is the number
of replicates per line. Least square means (LSMeans) were
estimated for each line using the ‘Ismeans’ function of the
‘Ismeans’ package (Lenth and Herve 2015). LSMeans val-
ues were compared between each other with the pairwise
contrast or multiple comparison Tukey HSD or Tukey test
(o =5 %), using the ‘pairs’ or ‘cld’ functions of the ‘Mult-
compView’ package (Graves et al. 2012). Pearson corre-
lation coefficients were calculated between the two strain
LSMeans data (¢ = 5 %).

Results

Construction of NILs at the main Aphanomyces
resistance QTL

A total of 157 NILs were selected from the 16 MAB cross-
ing programs conducted over 6 years (2008-2013) (Fig. 1).
These were homozygous at zero to three of the seven main
target resistance QTL (Table 3). Two homozygous NILs
per allelic combination at the target QTL, known as sister
NILs, could usually be selected in each cross. However,
only one or no NIL was found for six allelic combinations
at two to three QTL in four different crosses. Five combi-
nations in two crosses were each represented by more than
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two NILs (Table 3). All the sister NILs diverged from each
other in later generations (BC4F1 to BC6F1), except those
from Baccara x RIL BAP8.195 which was divided into
two bi-QTL introgression schemes from BC2 because no
plants were selected carrying introgressions at the three
QTL initially targeted.

The 157 homozygous NILs at QTL were coded as fol-
lows: NIL“NIL set number”’-“0 for zero QTL or QTL
number(s)” “sister NIL letter (a or b)” (Supplementary
data file 1). They were characterized for two morphologi-
cal traits, i.e., type of leaves and flower color (Supple-
mentary data file 1). NILs carrying resistance alleles from
RIL BAP8.195 at QTL Ae-Psl.2 and Ae-Ps2.2 had normal
leaves and purple flowers, respectively.

The size of the genome fragment containing the QTL
which was introgressed in NILs could not be estimated
precisely due to the low density of available SSR markers.
In some cases, the introgression was larger than the ini-
tial target fragment since the recipient genome in the QTL
flanking regions was not recovered (Supplementary data
file 1). In contrast, some portions of target fragments, not
controlled by markers, may have been lost in several NILs,
e.g., the QTL Ae-Ps3.1 in three NIL sets (13, 14 and 15).
Variations in introgression size resulted from differences
in the number of polymorphic markers, between the donor
and recipient parents, available for controlling introgres-
sions at the target QTL and return to recipient genomes in
QTL flanking region.

In each final selected NIL, a total of 29-74 SSR mark-
ers tested outside the target QTL, depending on their level
of polymorphism between donor and recipient lines, were
used to examine the return to the recipient genome (Table 3,
Supplementary data file 1). Each QTL homozygous NIL
selected carried the recipient type allele at 94-100 % of
the markers tested outside the target QTL. Out of all the
QTL homozygous NILs, only six NILs (NIL1-4.5b, NIL7-
4.1/7.6b, NIL12-2.2a-b, NIL12-1.2/2.2a and NIL12-
1.2/2.2/3.1a) have a fragment of the donor line outside the
target QTL according to the SSR markers tested.

Based on all the SSR markers tested in or outside the
QTL regions, the genomic composition of sister NILs was
identical, except in two NIL sets (11 and 15), which com-
prised five pairs of sister NILs carrying different introgres-
sion sizes at QTL Ae-Ps2.2 or Ae-Ps7.6.

Evaluation of NILs for Aphanomyces resistance
under controlled conditions

For both strains, genotype x test interactions were not sig-
nificant (P = 0.30 and 0.99, for RB84 and Ael09 strain,
respectively). LMM analysis of DS scoring data for all
the NILs showed a highly significant genotypic effect
(P <0.001) for each strain test. Heritability estimates of the



Theor Appl Genet (2015) 128:2273-2288

2281

trait observed in the tests were high, i.e., 0.93 for the RB84
strain and 0.91 for Ael09. LSMeans of DS scores and
standard errors obtained for each NIL with the two strains
are detailed in Supplementary data file 2, and averaged
3.24 £ 0.14 for RB84 and 2.93 £ 0.13 for Ael09 for all
the NILs tested. Frequency distributions of DS LSMeans
values for all the NILs tended to fit normal curves with
both strains (Fig. 3). However, a group of 12 highly resist-
ant NILs to the Ae109 strain was separated from the other
lines. This group contains (1) all the NILs carrying QTL
Ae-Ps4.5 from RIL 831.08 and (2) six NILs carrying QTL
Ae-Ps7.6, individually and/or in combination with other
QTL, from three donor parents (RIL 847.50, RIL BAPS.70
and 552) in the recipient line Isard. The control lines tested
ranked as expected for DS LSMeans with the two strains.
In particular, the donor parents RIL 847.50, RIL BAPS.70
and RIL BAPS.195 were the most partially resistant con-
trols to the RB84 strain with scores between 1.7 and 2.7
and RIL 831.08 was the most resistant to the Ael09 strain
with a score of 0.6 (Fig. 3). Levels of susceptibility of the
recipient parents were similar for the RB84 strain (scores
of 3.56-3.87), while they were more variable for the Ae109
strain (score of 2.85-3.4). The Pearson correlation coeffi-
cient between RB84 and Ae109 LSMeans data for all NILs
was 0.28 (P < 0.001).

Histograms of DS LSMeans scores obtained for each of
the 16 NIL sets with the two strains are shown in Fig. 4 and
Supplementary data file 3, in comparison to parental line
values. LSMeans of NILs without introgressions were not
significantly different from those of the recipient parents,
except for the NIL14-0b.

Three NIL sets showed significant LSMeans dif-
ferences between NILs and their parental lines in the
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Fig. 3 Frequency distribution of disease severity (DS) of the 157
NILs produced by MAB, for resistance to two strains of A. euteiches,
A RB84 strain, B Ae109 strain. DS LSMeans values of the donor lines
are shown in white: 1-RIL 847.50, 2-RIL BAP8.195, 3-RIL BAPS8.70,

reference genetic backgrounds (Fig. 4). In two of the three
NILs sets, the effects of 90-2131 and PI1180693 resistance
alleles at QTL Ae-Ps7.6, individually and/or in combina-
tion with the 90-2131 allele at QTL Ae-Ps5.1 or P1180693
allele at QTL Ae-Ps4.1, were validated for resistance
to the RB84 strain in the reference recipient lines. The
DSP x RIL 847.50 NILs carrying the single QTL Ae-
Ps5.1 or Ae-Ps7.6 were significantly more resistant to
RB&84 than the recipient parent (Fig. 4A). The combina-
tion of the two QTL had a significantly increased effect
compared to the two single QTL effects in the NILs tested
(Figs. 4, 5). The Baccara x RIL BAPS8.70 NILs carrying
the single QTL Ae-Ps7.6 were also significantly more
resistant to RB84 than the recipient parent, whereas NILs
carrying QTL Ae-Ps4.1 were not significantly different
from the recipient parent. The combination of QTL Ae-
Ps7.6 and Ae-Ps4.1 had a greater effect than the single
Ae-Ps7.6 QTL effect (Fig. 4B). In the third NIL set, the
effect of the 90-2079 allele from RIL 831.08 at QTL Ae-
Ps4.5 was also validated for resistance to Ael109, but not
to the RB84 strain, in the reference recipient line (Fig. 4C,
Supplementary data file 3).

In two other NIL sets, significant but smaller LSMeans
differences were observed between NILs carrying either
the QTL Ae-Ps2.2 from RIL BAP8.195 or the QTL Ae-
Ps7.6 (combined or not with Ae-Ps2.2 and/or Ae-Ps3.1)
from 552, and the reference recipient line Baccara with the
RB84 strain.

Analysis of QTL x genetic background interactions

The main QTL effects observed in the reference recipient
lines with each strain were confirmed in the other recipient
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4-552 and 5-RIL 831.08, respectively. The values of the recipient
lines are shown in black: 6-Eden, 7-Isard, 8-DSP, 9-Puget, 10-Bac-
cara and 11-Enduro, respectively. n total number of NILs assessed, m
mean = standard error of the total NILs, 42 heritability estimate
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Fig. 4 Comparison of disease severity (DS) between NILs and
parental lines, in three NIL sets, produced in reference genetic back-
grounds A DSP x RIL 847.50, B Baccara x RIL BAP8.70 and C
Puget x RIL 831.08. White, black, and gray bars indicate DS

lines. QTL x genetic background interactions were identi-
fied mainly for QTL Ae-Ps7.6 and to a lesser extent for QTL
Ae-Ps4.1, Ae-Ps4.5 and Ae-Ps5.1, by analyzing the data in
the NIL sets showing the highest effects, from the three donor
lines RIL 847.50, RIL BAP8.70 (RB84 strain) and RIL 831.08
(Ael09 strain) (Fig. 6). QTL x genetic background interac-
tions were also noted for QTL Ae-Ps2.2 from RIL BAP8.195
and QTL Ae-Ps7.6 from 552, depending on the strain (Sup-
plementary data file 3). The three alleles (PI180693, 90-2131
and 552) introgressed at QTL Ae-Ps7.6 conferred significantly
different levels of effects in each agronomic recipient line.

Introgressions of the 90-2131 resistance alleles at QTL
Ae-Ps5.1 and Ae-Ps7.6 from RIL 847.50 had different
effects on resistance to RB84, depending on the recipient
line (Fig. 6A). The effect of QTL Ae-Ps7.6 alone was sig-
nificantly higher in Isard than in DSP and Eden, with differ-
ences in the DS LSMeans values between the NILs carrying
and not carrying the QTL at 1.3, 0.7 and 0.8, respectively.
The QTL Ae-Ps5.1 only had an effect in DSP. The effect of
the two combined QTL was similar in Isard and DSP, and
significantly higher than in Eden (LSMeans differences of
1.2, 1.5 and 0.7, respectively, between NILs with and with-
out the two QTL). However, the two QTL in DSP provided
the same level of resistance as the single QTL Ae-Ps7.6 in
Isard.

Interactions between the PI180693 resistance allele at
QTL Ae-Ps7.6 from RIL BAP8.70 and recipient lines were
also observed for RB84, with a significantly greater effect
in Isard than in Baccara and Eden (LSMeans differences
between NILs with or without the QTL were 1.0, 1.0 and 0.4,
respectively) (Fig. 6B). The P1180693 allele at QTL Ae-Ps4.1
did not confer resistance when introgressed individually into

@ Springer

LSMeans values with the RB84 strain (A, B) or Ael09 strain (C) of
the donor parent, the recipient parent and the NIL set, respectively.
Bars standard errors. LSMeans labeled with different letters differ
significantly (P < 0.05, Tukey HSD)

, V)
! (/
! L4-5.1/7§ :

Fig. 5 Comparison of Root Rot symptoms between two NILs from
the DSP x RIL 847.50 NIL set, either carrying donor introgressions
or not at the two QTL Ae-Ps7.6 and Ae-Ps5.1. Symptoms are shown
at seven days after inoculation with the RB84 strain

the three recipient lines. When used in combination with
QTL Ae-Ps7.6, QTL Ae-Ps4.1 increased significantly the
level of resistance in the spring recipient lines Baccara and
Eden whereas it decreased resistance in Isard, compared with
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Fig. 6 Effects of individual or a combination of Aphanomyces resist-
ance QTL, in NILs carrying introgressions from the donor lines, A
RIL 847.50, B RIL BAPS.70 and C RIL 831.08, in different recipi-
ent lines. Each value is the average of DS LSMeans obtained for
the two sister lines of each NIL type, with the RB84 strain (A, B) or
Ael09 strain (C). Bars standard errors. LSMeans differences between

the effect of the single QTL Ae-Ps7.6 (LSMeans differences
between NILs with the single QTL Ae-Ps7.6 and NILs with
the two QTL are 0.2 in Isard, 0.5 in Baccara and 0.3 in Eden).

Introgressions of the 90-2079 resistance allele at QTL
Ae-Ps4.5 from RIL 831.08 had a strong effect in the three
genetic backgrounds on resistance to the Ae109 strain, with
a slightly but significantly higher effect in Puget than in
Eden and Isard (Fig. 6C).

Discussion

Validation of QTL for resistance to A. euteiches in differ-
ent pea genetic backgrounds is essential for further genetic
research and integration of QTL in MAS. We used MAB
to generate a unique plant resource of sixteen pea NIL sets
carrying resistance alleles at one to three of the seven main
Aphanomyces resistance QTL, in different genetic back-
grounds including two elite agronomic cultivars (Eden and
Isard). NILs allow individual or combinations of QTL to
be isolated in a given genetic background. Consequently,
phenotypic differences between the recipient parent and the
NILs are most likely attributable to the targeted QTL. We
evaluated the NIL sets for resistance to two strains of A.
euteiches under controlled conditions. The effects of sev-
eral QTL were validated, depending on the genetic back-
ground, and agronomically important NILs, with improved
resistance to A. euteiches compared to recipient parents,
were identified. Our findings validate previous QTL map-
ping studies (Hamon et al. 2011, 2013; Pilet-Nayel et al.
2002, 2005), and also show the feasibility of using MAS
for improving resistance to A. euteiches in pea.

NILs with or without QTL that are labeled with different letters dif-
fer significantly in the three recipient lines (P < 0.05, Tukey). Black,
green, and pink lines indicate the reference parents (DSP or Baccara
or Puget) and the agronomic recipient parents Isard and Eden, respec-
tively

A unique plant resource of pea NILs at Aphanomyces
resistance QTL

Our MAB approach produced a total of 157 NILs homozy-
gous for resistance alleles at one to three main resistance
QTL from five introgression schemes into three recipient
lines. We conducted an extensive program for NIL creation,
which generated more than 28,000 SSR genotyping data
points and 1300 manual flower inter-crosses per generation.
Some examples of extensive MAS programs have been
reported in the literature (Fujita et al. 2010; Thabuis et al.
2004; Yi et al. 2009; Zhou et al. 2005).

The introgression fragments were chosen based on their
level and consistency of effect on resistance in previous
QTL detection programs (Hamon et al. 2013). Resistance
alleles from 552 at QTL Ae-Psl.2 and Ae-Ps4.1 were not
targeted in the present introgression program despite their
interest (Hamon et al. 2013) but are being considered in
an ongoing additional MAB program (Pilet-Nayel Pers.
Comm.). Resistance alleles from several donors at identi-
cal QTL, specifically QTL Ae-Ps7.6, were targeted in the
MAB program, since there was no information on whether
common or different linked genes underlie the different
alleles at this QTL. Common genes may be expected to
confer resistance from the PI180693 and 90-2131 alleles
at QTL Ae-Ps7.6 since these two resistant germplasms are
related (Kraft 1992).

The strategy developed in the MAB program successfully
allowed 93 % of the target introgressions to be obtained in
NILs comprising more than 98 % of the recipient genome.
However, several factors may have influenced MAS effi-
ciency. First, the number of plants screened at each BC and

@ Springer
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first selfing generation (45-91 and 91-273, respectively) was
adapted to the number of simultaneously introgressed QTL
and to technical constraints (entire or half of a 96-well DNA
plate). The plant number was usually adequate or overesti-
mated for introgressing one or two QTL or for selecting dif-
ferent allelic combinations at target QTL in BC5/6F2/3. It
could have been underestimated in some crosses for simul-
taneous introgression of three QTL (91 lines per BC genera-
tion), according to theoretical estimates (Hospital and Char-
cosset 1997), leading to no or low plant selection outside
QTL regions. Second, the number of markers to control intro-
gressions (>3 for 84 % of the introgressed fragments) was
mostly adequate to prevent QTL loss from double recombi-
nation events in the moderate to large sized QTL fragments
(9-37.5 cM), even though marker positions were not always
optimized due to the lack of polymorphic markers available.
Undesirable alleles (normal leaves, colored flowers), which
were previously reported to be linked to PI180693 resist-
ance alleles at Ae-Psl.2 and Ae-Ps2.2 (Hamon et al. 2013),
were introduced into the NILs, as a result of unreduced intro-
gression sizes (Supplementary data file 1). Such negative
associations between resistance and morphological alleles
were frequently reported (St Clair 2010; Tanksley and Nel-
son 1996). Third, the number of markers for controlling the
return to the recipient genome was reasonable on each QTL
non-carrier linkage group (one to three markers), since 50 %
of the recipient genome is returned without markers at each
BC generation. On QTL carrier linkage groups, few flanking
markers to control and reduce introgression sizes were avail-
able, sometimes resulting in larger introgressed fragments
than initially targeted. Five or six BC generations were con-
ducted to ensure a higher level of return to recipient genome
and overcome the overall low number of markers for MAS.
Recently, massive numbers of SNP markers were developed
from next-generation sequencing programs in pea (Boutet
et al. (2015) submitted; Duarte et al. 2014; Sindhu et al.
2014), which will be a valuable tool for improved optimiza-
tion of future MAB programs.

Major- and some minor-effect QTL validated in NILs
for resistance to A. euteiches under controlled
conditions

In the NIL sets which showed the highest QTL effects, indi-
vidual QTL effects observed in reference recipient back-
grounds were detected with similar levels as previously
described for RIL populations, i.e., high for QTL Ae-Ps7.6
and Ae-Ps4.5, low for QTL Ae-Ps5.1 and null for QTL Ae-
Ps4.1 under controlled conditions. Bi-QTL combinations
increased resistance compared to individual QTL, suggest-
ing additive or epistatic QTL effects when combined.

The QTL Ae-Ps7.6 had a major effect on resistance in
most of the NILs evaluated with the RB84 strain. Effects
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of introgressions from the different donor lines at QTL
Ae-Ps7.6 were different in the NILs produced, either
high or null for resistance alleles derived from 90-2131
or PI180693 and from 552, respectively, in accordance
with previous QTL results. The QTL Ae-Ps7.6 was not
detected previously in the Baccara x 552 RIL population
with the RB84 strain but it was found with other strains,
while the 90-2131 and PI180693 alleles at QTL Ae-Ps7.6
were detected and explained up to 60 and 14 % of the
phenotypic variation (R?) in the DSP x 90-2131 and Bac-
cara x PI180693 RIL populations, respectively (Hamon
et al. 2011, 2013). Differences in effects were previously
reported between the 90-2131 and PI180693 alleles at
QTL Ae-Ps7.6 which were not detected in the same genetic
background.

QTL Ae-Ps4.5 showed a highly significant effect on
resistance to the Ael09 strain in all NIL sets from the RIL
831.08 donor line. This result validates those obtained in
the Puget x 90-2079 RIL population (Pilet-Nayel et al.
2002, 2005), which showed a contribution of QTL Ae-Ps4.5
to the resistance up to 44 % depending on the environments
tested. Furthermore, the QTL were recently detected in this
population with a very strong effect on resistance to Ae109
and a lower effect on resistance to RB84 (Pilet-Nayel,
unpublished data). These results explained the high and
low levels of resistance to Ael09 and RB84, respectively,
of the subsequent selected RIL 831.08, used as donor par-
ent in this study.

Other QTL with significantly smaller individual effects
on resistance in the NILs (Ae-Ps5.1 from RIL 847.50, Ae-
Ps2.2 from RIL BAP8.195) were also previously detected
in RIL populations with lower effects than QTL Ae-Ps7.6
and Ae-Ps4.5 (Hamon et al. 2013), and not consistently
with the RB84 and Ael09 strains. Alleles from 552 at QTL
Ae-Ps2.2 and Ae-Ps3.1, which did not have any significant
individual effects in NILs, were previously detected in
RILs with low R? (<10 %) for resistance to the RB84 and
Ael09 strains. Minor-effect QTL are difficult to demon-
strate in pathological tests using semi-quantitative scoring
scales, all the more so when transferred into new genetic
backgrounds in NILs (Falke and Frisch 2011). The scoring
scale used for partial resistance evaluation did not allow
very large variation to be revealed between donor and
recipient lines, limiting the detection of minor differences
between NILs. Finer phenotyping methodologies will be
required to validate minor-effect QTL.

The effects of several of the QTL could not be validated
in the NIL sets produced. In most cases, these QTL were
not previously detected in RIL populations with the RB84
or Ael09 strain data under controlled conditions (Hamon
et al. 2013). In particular, the effects of PI180693 alleles at
QTL Ae-Psl.2, Ae-Ps3.1 and Ae-Ps4.1, not detected in the
NILs, were previously only identified for field resistance.
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Little variability in the effects of the QTL between sis-
ter NILs was observed, as suggested by the highly similar
genome composition of each sister NIL pair revealed by
the SSR markers tested. Nevertheless, some phenotypic
differences were sometimes observed between sister NILs,
which were either consistent with their genomic differences
(introgression sizes, NIL15-2.2/7.6a-b; residual donor
fragments outside target QTL, NIL12-1.2/2.2/3.1a-b) or
unrelated to their apparent identical genomic composition
(NIL5-7.6a-b; NIL14-7.6a-b). High-density SNP finger-
printing of NILs is of high interest to confirm their genome
content (Pea et al. 2013) and is in progress for all the NILs
produced in this study (Tayeh et al. 2015).

QTL effects on resistance to A. euteiches depending
on pea genetic backgrounds

Different QTL x genetic background interactions were
observed for validated QTL in reference genetic back-
grounds. The interactions could be attributed to remain-
ing donor fragments in unlinked or flanking QTL regions
during the NILs construction which biased the real QTL
effect. They also could be due to removed or new epistatic
interactions when QTL were transferred into other genetic
backgrounds.

In the agronomic genetic backgrounds, the QTL had
three different types of effects, when compared to refer-
ence backgrounds. No or few QTL x recipient line inter-
actions were identified for QTL Ae-Ps4.5, which may be
related to its pronounced effect on resistance to Ael09,
as previously observed (Pilet-Nayel Pers. Comm.). Posi-
tive QTL x recipient line interactions were found for
QTL Ae-Ps7.6 from RIL 847.50 or RIL BAPS.70, result-
ing in an increased effect on resistance in the winter pea
cultivar Isard compared to the spring pea cultivars Eden,
Baccara or DSP. QTL Ae-Ps5.1 and Ae-Ps4.1 showed
negative QTL x recipient line interactions, and displayed,
individually or in combination with QTL Ae-Ps7.6, no
effect on resistance (QTL Ae-Ps5.1) or an even increased
effect on susceptibility (QTL Ae-Ps4.1) in both the winter
Isard and spring Eden cultivars compared to the reference
backgrounds.

Possible variations in genome content between the dif-
ferent recipient lines introgressed with the same fragments
could explain the QTL x genetic background interactions
observed. Particularly, slightly shorter introgression sizes
for QTL Ae-Ps5.1 in Isard and Eden compared to DSP
were observed, which is consistent with the absence of
an effect of QTL Ae-Ps5.1 individually or in combination
with QTL Ae-Ps7.6. In contrast, a larger introgression size
for QTL Ae-Ps4.5 was identified in Isard and Eden than
in Puget, which may cause the slightly lower effect of this
QTL in the agronomic lines.

Epistatic interactions between the target QTL and other
QTL or genomic regions, as identified in Hamon et al.
(2011), could also explain the QTL x genetic background
interactions observed. During the generation of the NILs,
the loss of parental donor or reference recipient alleles all
over the genome, which may interact with the target QTL,
would result in a decrease or loss of the QTL effect when
transferred into other genetic backgrounds. In our study,
QTL Ae-Ps5.1 lost its effect when introgressed into either
Eden or Isard genetic backgrounds. Effect of the PI180693
resistance allele at QTL Ae-Ps7.6, which was previously
reported to interact with the Baccara allele at QTL Ae-
Ps2.2 for increasing resistance to RB84 strain [Ae-PsES,
R? =106 % (Hamon et al. 2013)], was confirmed in the
Baccara reference recipient line and was stronger than in
Eden. Similar examples of lost QTL effects in introgression
lines were reported (Reyna and Sneller 2001; Xue et al.
2009). On the other hand, during NIL construction, new
epistatic interactions can also be created between the intro-
gressed QTL fragment and the new genetic background,
which may result in higher QTL effects. In our study, the
effect of 90-2131 and PI180693 resistance alleles at QTL
Ae-Ps7.6 was enhanced in the winter pea cultivar Isard and
confirmed in the winter cultivar Enduro, compared to the
spring pea genetic backgrounds. In wheat, Salameh et al.
(2011) found that two QTL controlling fusarium head
blight resistance had variable effects when transferred into
different European winter varieties. Winter plants most
likely contain genes involved in tolerance to abiotic stress
such as winter frost (Yadav 2010), which may interact with
and/or be the same as resistance loci to pathogens. Several
studies reported positive interactions between frost and
pathogens at the phenotypic level, involving mechanisms
based on modification of photosynthetic activity and sugar
content (Pociecha et al. 2010) and induction of PR proteins
with antifreeze activity (Yu et al. 2001). In pea, common
loci were identified between partial resistance to ascochyta
and frost tolerance (Giorgetti, unpublished data). Analyz-
ing genetic relationships between Aphanomyces resistance
and frost tolerance loci in winter pea genetic backgrounds
would lead to an understanding of the QTL x winter vs.
spring genetic background interactions observed.

Conclusion

In this study, a novel and valuable plant material resource
was developed for further research on QTL mechanisms
and their application in breeding programs. We validated
the effects of two major and several minor QTL and dem-
onstrated interaction effects between QTL and recipient
lines in the NILs created. QTL effects in the NILs will
be validated for field resistance in infested conditions,
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regarding finer genomic characterization. The NILs will be
particularly useful for studying the effect of the QTL on the
pathogen life cycle (Chung et al. 2010; Richardson et al.
2006). They will be also valuable for fine mapping of QTL
(Balkunde et al. 2013; Ding et al. 2011; Zhong et al. 2014)
from heterozygous NILs at each individual QTL that were
also produced in this study. NILs will also be used to iden-
tify the best QTL combinations for increasing resistance in
pyramided lines carrying more than three resistance QTL
from different donor lines (Fujita et al. 2010).
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