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Abstract

The soybean cyst nematode (SCN) (Heterodera glycines Ichinohe) generates more
damage to soybean [Glycine max (L.) Merr.] than any other parasite in most soybean-
producing countries. The use of SCN-resistant cultivars remains the most effective
method to limit losses caused by SCN. The SCN-resistant accession PI 88788 has
been used almost exclusively to control SCN over the past decades, inducing a shift
in nematode virulence to overcome the resistance. Furthermore, PI 88788 and other
sources of resistance characterized to date belong to maturity groups (MGs) III and
higher, making them less attractive to develop early maturing soybean varieties (MGs
0-000). In this work, we performed a quantitative trait loci (QTL) analysis of the SCN-
resistant soybean accession PI 494182 (MG 0). A recombinant inbred lines (RILs)
population (‘Costaud’ X PI 494182) segregating for SCN resistance was challenged
with SCN (H. glycines [HG] type 0) and genotyped via genotyping-by-sequencing
(GBS) to produce a genetic map. Six resistance QTL were identified, including a
potentially new resistance locus on chromosome 07. A subset of the RIL popula-
tion was confronted to a HG type 2.5.7 SCN population and some of these exhibited
resistance toward this type. Whole-genome sequencing of PI 494182 and Costaud
allowed us to determine the alleles and their copy number for three candidate genes:
GmSNAPI11, GmSNAPIS (Rhgl), and GmSHMTOS8 (Rhg4). Finally, we determined
that selecting for PI 494182 alleles at some SCN-resistance QTL could entail linkage
drag (decrease in protein concentration and 100-seed weight, increase in oil concen-
tration). This work provides useful markers for introgressing SCN resistance in early

maturing soybean varieties.

1 | INTRODUCTION

Abbreviations: CNV, copy number variation; FI, female index; GBS,

genotyping-by-sequencing; GWAS, genome-wide association studies; HG,
Heterodera glycines; ICIM, inclusive composite interval mapping; LOD,
logarithm of the odds; MG, maturity group; PI, plant introduction; PVE,
phenotypic variance explained; QTL, quantitative trait loci; RIL,
recombinant inbred line; SCN, soybean cyst nematode; SMA, single-marker

analysis; WGS, whole-genome sequencing.

Over the past decades, high demand for o0il and protein meal
has increased as consumer habits have changed in many coun-
tries (Delgado, 2003; Henchion, Hayes, Mullen, Fenelon, &
Tiwari, 2017). Of all crops, soybean offers the highest pro-
tein yield per surface cultivated (Kaldy, 1972) and is the most
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important oilseed crop worldwide (SoyStats, 2020). As global
food demand is expected to double by 2050 (Hunter, Smith,
Schipanski, Atwood, & Mortensen, 2017), the soybean pro-
duction will remain an important contributor to meet nutri-
tionnal needs. Plant pests constitute a major obstacle to real-
izing the full yield potential of a crop and the SCN is the most
damaging pest of soybean in most producing regions of the
world (Riggs, 1977). In the United States, SCN has spread
to nearly all soybean-producing regions (Tylka & Marett,
2017) and losses resulting from SCN are estimated at US$1.2
billion annually (Koenning & Wrather, 2010), equivalent to
10-20% in yield losses (Winter, Rajcan, & Shelp, 2006).
Together with nonhost crop rotations, one of the main meth-
ods to control SCN is the use of resistant cultivars. The use
of resistant cultivars hinders the parasite’s reproduction and
constitutes an economically profitable and environmentally
friendly approach.

The SCN is a soil-borne obligate plant parasite that requires
infection of the host plant to complete its life cycle and accom-
plish reproduction. After hatching, the nematodes will pen-
etrate the soybean roots up to the stele were it will begin the
establishment of a permanent feeding site. To do so, the nema-
tode targets a single soybean cell and injects effector proteins
that modify the cell’s metabolism, turning it into an enriched
nutrient sink named the syncytium (Masonbrink et al., 2019;
Yan & Baidoo, 2018). To support the nematode growth,
more surrounding plant cells will be merged to the syncytium
to form a larger feeding structure. Survival of the SCN is
dependent on the succesfull establisment and maintenance of
the syncytium. In resistant soybean plants, the SCN infection
triggers an hypersensitive response leading to apoptosis of
the syncytium and starvation of the nematode (Kandoth
etal., 2011).

Different levels of virulence are encountered among SCN
populations and are categorized using the HG-type classifi-
cation system. The reproductive capability of a SCN popula-
tion on a set of seven indicator lines (plant introduction [PI]
548402, P1 88788, P1 90763, P1437654, P1209332, P1 89772,
and PI 548316) defines its HG type and thus its virulence
(Niblack et al., 2002).

To better understand the molecular mechanism of resis-
tance and to increase efficiency in the development of new
resistant lines, resistance to SCN has been mapped via
genome-wide association studies (GWAS) or biparental QTL
analysis. Such studies have identified several resistance loci
and these can be found on almost all soybean chromo-
somes (Concibido, Diers, & Arelli, 2004; Kim et al., 2016).
The list of resistance to SCN QTL identified in biparental
populations reported on the SoyBase database (SoyBase,
2020) now comprises 216 loci, of which, six major loci
(cgSCN-001, cqSCN-002, cgSCN-003, cqSCN-005, cqSCN-
006, and cqSCN-007) were predominant in different map-
ping populations or environments and designed as con-

firmed QTL. Among these QTL, cqSCN-001 and cqSCN-
002, also designated Rhg! and Rhg4, respectively, were iden-
tified as majors contributors to SCN resistance in several
sources studied to date. However, despite the prevalence of
Rhgl and Rhg4 in the sources that have been character-
ized, other loci can provide important contributions to resis-
tance. This fact was highlighted in a recent study by Tran,
Steketee, Boehm, Noe, and Li (2019), where 58 new soy-
bean accessions with resistance or moderate resistance to
SCN that did not rely on Rhgl and Rhg4 for SCN resistance
were identified.

As the Rhgl and Rhg4 loci were repeatedly identified in
most SCN resistance sources, they were subjected to exten-
sive characterisation. The Rhg! locus is a 31.2-kb region com-
prising four genes: Glyma.18G022400, Glyma.18G022500,
Glyma.18G022600, and Glyma.18G022700. However, the
only nucleotide variants differing between resistant and sus-
ceptible lines in populations segregating for Rhg! are located
in Glyma.18G0022500 (GmSNAP1S), making it the major
gene controlling resistance at this locus (Liu et al., 2017).
The GmSNAPIS8 gene encodes an a-SNAP (a-soluble NSF
attachment protein) whose hyperaccumulation can be cyto-
toxic, leading to apoptosis of the syncytium in which the
SCN is feeding (Bayless et al., 2016). On chromosome
08, the Rhg4 locus is a ~35.7-kb genomic segment con-
taining four genes (Glyma.08G108800, Glyma.08G108900,
Glyma.08G109000, and Glyma.08G109100) (Patil et al.,
2019). The Glyma.08G108900 (GmSHMTOS8) gene encodes a
serine hydroxymethyltransferase (SHMT) and was confirmed
as the resistance gene at this locus (Kandoth et al., 2017; Liu
et al., 2012). In most resistant lines, SCN control is provided
mainly by Rhgl and Rhg4 with additional contributions from
other minor QTL (Tylka & Mullaney, 2019).

Generally, SCN-resistant lines are classified in two main
haplotypic groups based on their allelic profiles at the Rhgl
and Rhg4 loci. In the ‘Peking’ type of resistance, lines carry
the Rhg1-a allele and the Rhg4-a allele, with a strong epistatic
interaction being reported between these loci (Liu et al.,
2017). In the PI 88788 type, resistance relies only on the pres-
ence of the Rhgl-b allele as the Rhg4-b allele does not con-
tribute to resistance.

Copy number variations (CNVs) also play an important
role in regulating resistance to SCN. The Rhg locus presents
a large variability in copy number, with some lines carrying
a single copy of the 31-kb region and others up to 10 tandem
repeats of the locus (Cook et al., 2012). A higher copy number
at this locus was correlated with a more abundant transcript
leading to a toxic accumulation of a-SNAP in the syncytium
(Cook et al., 2014). Recently, it was shown that Rhg4 is also
prone to CNVs with some lines carrying up to 4.3 repeats of
the Rhg4-a allele (Patil et al., 2019). Additionally, transcript
abundance was correlated to copy number, where more
copies of the locus increased the resistance to SCN.
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Moreover, different CNV patterns have been observed at
Rhgl and Rhg4 depending on the type of resistance (Patil
et al., 2019). For lines carrying PI 88788-type resistance, a
single copy of the Rhg4 locus is observed and a high number
of repeats of the Rhgl-b allele—S5.6 copies being the min-
imum needed to obtain resistance. Inversely, for lines with
the Peking-type resistance, few copies of the Rhgl-a allele
(1-3.5) are enough to confer resistance as long as these are
accompanied by the Rhg4-a allele, of which 1-4.3 copies have
been reported.

Over the last two decades, PI 88788-type resistance has
been used extensively, and today, over 95% of the commer-
cially available SCN-resistant varieties in the United States
have this type of resistance (Tylka & Mullaney, 2019). The
selection pressure exerted by the continuous use of PI 88788-
type resistance has led to the indirect selection of virulent
SCN populations. For example, a recent evaluation of SCN
virulence in Missouri revealed that this source of resistance
was overcome in 100% of the fields (Howland, Monnig, Math-
esius, Nathan, & Mitchum, 2018). Few commercial lines have
been developed with other sources of resistance (Peking or
PI 437654) because of their detrimental effect on yield (Lee,
Diers, & Hudson, 2016) or, in the case of P1 437654, the com-
plex genetic basis of resistance. Thus, the identification of
new sources of resistance remains necessary for the control
of SCN populations.

Another important trait to consider in soybean breeding is
maturity. In North America, varieties are categorized into one
of 13 MGs, ranging from group 000 to X. The most common
sources of resistance to SCN (PI 88788, Peking, PI 90763,
and PI 437654) belong to MGs III, 1V, 1V, and III, respec-
tively (Tylka & Marett, 2017). However, SCN has recently
spread to northern regions growing early MG (Mimee et al.,
2013) and if the impact on soybean appear limited in these
areas currently (Mimee, Gagnon, Colton-Gagnon, & Trem-
blay, 2016), modelling analyses predict a rapid increase in
yield losses (Gendron St-Marseille, Bourgeois, Brodeur, &
Mimee, 2019) and dissemination of virulence (Gendron St-
Marseille, Lord, Véronneau, Brodeur, & Mimee, 2018). When
breeding extremely early varieties (MGs 0 to 000), such as
are needed in Canada, making crosses with lines of a much
later MG is not trivial and leads to a broad segregation for
maturity with only a small subset of the progeny offering the
required earliness. Young (1995) reported the early MGO soy-
bean accession PI 494182 (‘Suzuhime’) as resistant to HG
types O (SCN race 3) and 2.7 (SCN race 5). It was later
reported to confer resistance against HG type 2.5.7 (SCN race
1) (Arelli & Wang, 2008).

The main objective of this work was to discover the
underlying QTL explaining resistance to SCN HG type 0 in
PI 494182. In addition, we used whole-genome sequencing
(WGS) data to determine nucleotide variation and CNV at
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known resistance genes in the parental lines. Finally, key agro-
nomic and end-use quality traits were also examined to see if
resistance from PI 494182 was associated with undesirable
alleles at loci controlling these traits.

2 | MATERIALS AND METHODS
2.1 | Plant material

The soybean accession PI 494182 (Suzuhime) was selected as
a donor parent because of its reported resistance against SCN,
including to the virulent HG type 2.5.7 (Arelli & Wang, 2008),
as well as for its early maturity (MG 0). The second parent
was an older early Canadian variety named Costaud, show-
ing extra-early maturity (MG 000), good agronomic qualities,
and no known resistance to SCN. A RIL population (named
QS13002) resulting from the biparental cross of Costaud X
PI 494182 was developed at the Centre de recherche sur les
grains (CEROM) in Saint-Mathieu-de-Beloeil (Canada). The
F,.5 seed from 372 F, plants were harvested individually in
2016. The F,.5 lines were grown in individual rows the fol-
lowing year, and 149 randomly selected lines were grown in
parallel under greenhouse conditions for the QTL analysis. A
single F,.5 plant from each of the 149 lines was grown in a
greenhouse (Université Laval) to produce F,.¢ seed on which
SCN resistance could be assayed and DNA extracted.

2.2 | DNA isolation and sequencing

For each of 149 RILs, eight F,.¢ plants were grown, and a
4-mm leaf punch was collected from each. Punches from the
different plants of the same RIL were pooled, dried for 4 d
using a desiccating agent (W. A. Hammond DRIERITE Co.
LTD), and then crushed with metallic beads in a mixer mill
(Fisher Scientific, RETSCH MM 400). DNA extraction was
performed as per Fulton, Chunwongse, and Tanksley (1995).
After the ethanol wash, samples were dried at 4 °C, DNA was
suspended in 50 pl of QIAGEN elution buffer, and integrity
was verified on a 0.8% agarose gel. DNA quantification was
done with a Spark 10-M absorbance microplate reader and
the concentrations brought to 10 ng pl~! for each sample.
The samples were transferred to the Genomic Analysis Plat-
form at the Institute for Integrative and Systems Biology at
Université Laval for GBS library preparation and sequencing.
DNA was digested with the ApeKI restriction enzyme and
prepared for GBS according to the protocol described by
Elshire et al. (2011) with minor modifications. Sequencing
was done on an Ion Proton System (Thermo Fisher Scien-
tific). Each of the two GBS libraries (76- and 75-plex) was
sequenced on a single Ion Proton P1 v3 chip. The entire set of
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372 RILs had also been genotyped at the F, generation using
a similar protocol.

2.3 | Resistance to soybean cyst nematode

To evaluate the resistance of the RILs and parental lines
toward SCN, we used a standard greenhouse test quantifying
SCN development on each line (Niblack et al., 2002). A SCN
population (named IL4) of HG type 0 initially isolated from
Ilinois, USA, and multiplied several times on the susceptible
cultivar Essex, was used as inoculum. The virulence profile
of this SCN population was confirmed as HG type 0 (SCN
race 3) by inoculating seven indicator lines (Peking, PI 88788,
PI 90763, PI 437654, PI 209332, PI 89772, and PI 548316)
and the susceptible cultivar Essex to evaluate cyst develop-
ment (Niblack et al., 2002). All the resistance tests took place
in a confined greenhouse at the Agriculture and Agri-Food
Canada research station in Saint-Jean-sur-Richelieu, Quebec.
The parental lines and a total of 149 soybean RILs were tested.
Each line was evaluated using six replicates in a random-
ized complete block design. The commercial resistant line
P19T39R2 (Pioneer Seeds) harboring PI 88788-derived resis-
tance was included in each block as a positive check as well as
the susceptible line Essex as negative check. The seven indica-
tor lines were also included to validate the HG type at the time
of the experiment. The seeds were germinated for 2 d in vermi-
culite and the seedlings were placed in cone-tainers (Stuewe &
Sons) filled with pasteurized sandy soil. At the time of trans-
plantation, each plant received an inoculum of 2,000 SCN
eggs applied directly in the planting hole. The cone-tainers
were placed in 3-L pails submerged in a heated water table
with the temperature set at 27 °C. The cysts were collected
35 d after inoculation by washing the roots on nested 850-pm
and 212-pm sieves. Cysts were counted under a microscope
for each line and compared with the count on the suscepti-
ble line to establish a female index (FI) (Schmitt & Shannon,
1992). All the RILs with a FI < 10% were considered to be
resistant to this HG type 0 SCN population:

FI(%) = (number of cysts on tested line)

/ (number of cysts on susceptible check) x 100

A subset of the RIL population (n = 23) and the parental
lines were also confronted to a more virulent SCN popula-
tion (HG type 2.5.7; SCN race 1) initially isolated from Min-
nesota using the same methodology. These lines were selected
based on their high level of resistance to the HG type 0 SCN
population, agronomic potential, and genotype (presence of
resistance alleles from PI 494182 at CSqSCN-1/Rhgl and
CSqSCN-3/Rhg4).

2.4 | Phenotyping of agronomic and end-use
quality traits

In the summer of 2017, 372 lines (at the F,.5 generation)
including the 149 lines used for SCN phenotyping and geno-
typing from the QS13002 population were grown in single-
row plots in a modified augmented design (Lin & Poushinsky,
1983, 1985) in Saint-Mathieu-de-Beloeil, Québec, Canada.
Four traits were measured: days from sowing to physiologi-
cal maturity, 100-seed weight, oil concentration, and protein
concentration. Oil and protein concentration were measured
using near-infrared spectroscopy on a Perten DA7250 instru-
ment. The calibration curve for this analysis was provided by
Perten Instruments AB and is based on 2,740 North American
soybean samples.

2.5 | Genetic map construction, quantitative
trait loci analysis, and Rhgl and Rhg4
confirmation

Sequencing reads obtained from the GBS libraries were pro-
cessed with the Fast-GBS pipeline (Torkamaneh, Laroche,
Bastien, Abed, & Belzile, 2017) to identify SNP variants
and small indels among the RIL population using ‘Williams
82’ (Glyma.Wm82.a2) as reference genome. Individual SNP
genotypes called with fewer than five reads were replaced
with missing data and SNP loci with >80% missing data
were removed. Heterozygosity at each SNP locus was deter-
mined and loci with >18% heterozygous calls were deemed
outliers {calculated on the basis of the interquartile range
[Q1—k(Q3—0)), O3+k(Q3—0))], k =3, as per Tukey (1977)}
and were removed. Single nucleotide polymorhisms with a
minor allele frequency <30% were also removed on the basis
of biased segregation. Imputation of missing genotypes was
realized with Beagle version 4.1.0 (Browning & Browning,
2016) using default parameters and redundant markers show-
ing identical segregation patterns were binned. The construc-
tion of the genetic map was performed using QTL IciMap-
ping version 4.1.0.0 (Meng, Li, Zhang, & Wang, 2015). Link-
age groups were assembled and markers were ordered by
anchoring the markers to their physical positions. The dis-
tance between markers was estimated using the Kosambi
mapping function and linkage groups were split when gaps
exceeded 30 cM. Both inclusive composite interval map-
ping (ICIM) and single-marker analysis (SMA) were per-
formed. The significance level was set to o = .05 and the
logarithm of the odds (LOD) threshold was calculated by
performing a 1,000-permutation test. The scanning interval
step to test marker significance was set to 1.0 cM. For the
ICIM and SMA analyses, FI (%) values from the SCN assay
were used without transformation. The presence of epistatic
interactions was verified using the ICIM—EPI function (Meng
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et al., 2015). To further assess the impact of each resistance
QTL identified in this study, different subgroups of popula-
tion QS13002, contrasting in their allelic profiles, were tested
to identify significant differences in the FI (%) values. For
each QTL and RIL, the parental allele was determined. The
allele call for each line at each QTL was made only when
all the significant markers (including flanking markers) had
the same parental genotype, otherwise, the allele was declared
not available.

In order to confirm the genotypes obtained by GBS at
QTL identified in the Rhgl and Rhg4 regions, all RILs and
parental lines were also genotyped with the KASP markers
SCNI1_1Rhgl and SCN4-1Rhg4-1 developed by A. Passian-
otto and I. Rajcan (personal communication, 2020) based on
a previous report by Kadam et al. (2016)

2.6 | Statistical analyses

The distribution of values obtained for resistance, end-
use quality, and agronomic traits (days to maturity, 100-
seed weight, oil and protein concentration) were verified
for normality with the Shapiro-Wilk test. Skewness and
kurtosis values were also calculated. Student’s z-test was
used to test the differences between means for each trait
in the two groups contrasting for their alleles at specific
SCN QTL. The threshold P-values were adjusted by divid-
ing them by the number of comparisons as per the Bon-
ferroni method. For resistance to SCN, because of non-
normality and great disparity in sample sizes, the nonparamet-
ric Kruskal-Wallis test was used to identify significant dif-
ferences in FI values between the contrasting allelic groups.
All parameters were calculated using the R program (R Core
Team, 2018).

2.7 | Whole-genome sequencing of PI 494182,
Costaud, and identification of alleles

Seeds of accession PI 494182 and Costaud were planted in
individual two-inch pots containing a single Jiffy peat pellet
(Gérard Bourbeau & Fils inc.). The first trifoliate leaf from
a single 12-d-old plant was harvested, immediately frozen in
liquid nitrogen, and ground using a Qiagen TissueLyser. DNA
was extracted from ~100 mg of ground tissue using the Qia-
gen Plant DNeasy Mini Kit according to the manufacturer’s
protocol. DNA was quantified on a NanoDrop spectropho-
tometer. An [llumina paired-end library was constructed using
500 ng of DNA and the KAPA Hyper Prep Kit (Kapa Biosys-
tems) following the manufacturer’s instructions (KR0961
v5.16). DNA library quality was verified on an Agilent Bio-
analyzer with a high-sensitivity DNA chip. The library was
sequenced using one-sixth of a lane of an Illumina HiSeq
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XTen sequencer at the McGill University-Génome Québec
Innovation Center in Montreal, QC, Canada. Illumina paired-
end reads (81 M, 2 x 150 bp) were aligned onto the soybean
reference genome (Glyma.Wm82.a2) (Schmutz et al., 2010)
and processed using the Fast-WGS pipeline (Torkamaneh,
Boyle, & Belzile, 2018). Variants were removed if (a) two or
more alternate alleles were seen; (b) observation of the alter-
nate allele was limited to a single strand; (c) an overall read
quality (QUAL) score < 20; (d) a mapping quality score < 30;
(e) a read depth of < 2; or (f) were suspected of representing
false heterozygotes (based on unequal read depth of the two
alleles). The variant catalogs of PI 494182 and Costaud were
analyzed using the SnpEff program (Cingolani et al., 2012)
to determine the predicted effect of SNPs and small indels on
the coding sequences. For known SCN-resistance loci, CNVs
were predicted using the CNVnator program (Abyzov, Urban,
Snyder, & Gerstein, 2011).

3 | RESULTS

3.1 | Resistance to soybean cyst nematode HG
type 0

To evaluate SCN resistance in the RIL population (Costaud X
PI494182), we tested the response of F,.¢ lines to SCN infec-
tion in a controlled greenhouse assay. The virulence profile
of the ILL4 SCN population used in this study was confirmed
as HG type 0 (SCN race 3) by measuring its multiplication
on the seven indicator lines (Table 1). The FI values of this
SCN population on the 149 RILs ranged from 0.8 to 151.1%
with a mean value of 63.2%. The distribution of FI values had
a bimodal component (Figure 1) and the nonnormality of the
distribution was confirmed by the Shapiro—Wilk and symme-
try tests (P = .00003, w = 0.942, skewness = —0.187, kur-
tosis = —0.385). The susceptible check Essex had an average
count of 245 cysts per plant. The FI of the resistant parent PI
494182 was 1.3%, while it was 122.6% for the susceptible par-
ent Costaud. The test identified 19 resistant RILs (FI < 10%).
The resistant commercial check (cv. PI9T39R2) obtained a FI
of 13.2%. Overall, the phenotypic distribution of the RIL pop-
ulation showed a wide range of FI scores, providing sufficient
phenotypic variation to undertake QTL analysis.

3.2 | Genetic linkage map

In view of a QTL analysis, we constructed a genetic map based
on the segregation of GBS-derived SNP markers. A total of
219 million reads were obtained following the sequencing of
two GBS libraries (76- and 75-plex). After filtering of the
raw SNP catalog, we retained 7,342 high quality markers.
Redundant markers were binned, resulting in a set of 967
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TABLE 1 The seven indicator lines and their reaction to soybean cyst nematode (SCN) Heterodera glycines (HG) type 0 and HG type 2.5.7

Soybean line

HG type ‘Essex’ PI 548402 PI 88788 PI 90763 PI 437654 PI 209332 PI 89772 PI 548316
Female index" %

0 100 0 3 1 0 8 0 8

2.5.7 100 3 27 0 0 22 0 18

2Calculated as follows: FI (%) = (number of cysts on tested line)/(number of cysts on susceptible Essex) x 100

Pl 494182
20-
15-
Count
Essex

10 P19T39R2

5

Costaud
0-
0 20 40 60 80 100 120 140 160

Female Index (%)

FIGURE 1 Distribution of female index values for 149 F,.¢
recombinant inbred lines (RIL) generated from the biparental cross
‘Costaud’ x PI 494182 challenged with soybean cyst nematode

(SCN) HG type 0. Relative position of parents, ‘Essex’ the susceptible
check and P19T39R2, a PI 88788-derived resistant line are pointed by
black arrows

polymorphic markers showing a distinct segregation pattern.
Initially, 20 linkage groups, corresponding to the 20 chromo-

somes of the soybean genome, were formed by anchoring the
markers to their physical positions. Seven gaps located on
seven different chromosomes were >30 cM, with the largest
one (57 cM) being located on chromosome 20. After split-
ting linkage groups at these large gaps, we obtained 27 link-
age groups (Table 2) spanning a total map length of 1,894
cM. The average distance between markers was 2 cM, and
26 cM was the largest intermarker distance within a linkage
group. With close to 1,000 nonredundant informative loci, the
resulting map provided excellent coverage of the regions of
the genome that were segregating in this cross.

3.3 | Quantitative trait loci associated with
resistance to soybean cyst nematode HG type 0

Using the genetic map and FI values for the RIL popula-
tion, a total of six significant QTL associated with resistance
to SCN HG type 0 were found using the ICIM (five QTL)
and SMA (four QTL) algorithms, three of which (CSqSCN-
1, -2, and -3) were identified by both approaches (Table 3,
Figure 2). The QTL CSqSCN-1 had the largest phenotypic

TABLE 2 Properties of the 27 linkage groups obtained for the QS13002 (‘Costaud’ x PI 494182) population

Chr' No. of markers Length Average interval
cM
1 48 112.26 2.39
2 60 138.94 2.36
3 64 103.32 1.64
4 61 91.97 1.53
5 50 104.08 2.12
6 51 139.95 2.80
7 44 96.23 2.24
8 89 134.56 1.53
9a 36 45.57 1.30
9 22 24.16 1.15
10 71 111.49 1.59
11a 6 4.84 0.97
11b 20 81.58 4.29
12a 12 8.79 0.79

2Chr, chromosome. Split chromosomes are annotated a and b.

Chr' No. of markers Length Average interval
M
12b 21 54.16 2.71
13a 4 8.11 2.70
13b 33 103.34 3.23
14 45 106.91 2.43
15 42 73.34 1.79
16 34 86.48 2.62
17a 24 29.27 1.27
17b 23 45.79 2.08
18 45 96.88 2.20
19a 7 20.43 341
19b 30 61.68 2.13
20a 3 1.52 0.76
20b 22 47.86 2.28
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TABLE 3 Significant quantitative trait loci (QTL) according to inclusive composite interval mapping (ICIM) and single marker analysis
(SMA) statistical approaches for resistance to soybean cyst nematode (SCN) Heterodera glycines (HG) type 0 in a 149 recombinant inbred lines
(RILs) population (‘Costaud’ x PI 494182) phenotyped using a standard greenhouse test and genotyped using genotyping-by-sequencing (GBS)

£

Approach  QTL Chr’  Position of flanking markers Peak marker’  Alleles’ LOD° PVE at
cM bp’ %
ICIM CSqSCN-1 18 54.9.1 1,543,178..1,867,679 1,748,739 A/G/A 15.23 22.66 —16.74
CSqSCN-2 20 24.8..26.2 42,805,943..44,119,797 44,119,797 T/C/T 10.26 14.12 —13.07
CSqSCN-3 08 31.5..34.6 8,267,935..8,771,172 8,267,935 T/CIC 8.25 11.43 -11.7
CSqSCN-4 07 19.8..22.9 3,432,131..3,985,261 3,625,902 C/G/C 5.52 7.23 -9.31
CSqSCN-5 06 - - - - - - -
CSqSCN-6 11 48.6..52.6 32,702,232..32,965,055 32,763,268 A/T/T 3.16 3.93 -6.91
SMA CSqSCN-1 18 2.9..17.9 685,324..3,442,339 1,748,739 A/G/A 9.67 25.66 —17.81
CSqSCN-2 20 18.6..26.2 40,613,194..44,119,797 41,978,472 T/C/T 6.00 16.83 —14.19
CSqSCN-3 08 13.8..37.1 4,620,261..9,500,023 7,780,496 T/C/C 6.26 17.47 —14.46
CSqSCN-4 07 = = = = = = =
CSqSCN-5 06 95.8..96.9 15,331,193..16,109,961 15,331,193 G/A/G 4.63 13.24 12.62
CSqSCN-6 11 - - - - - - -
4Chr, chromosome.
bPositions according to reference genome Wm82.a2. (Song et al., 2016).
Position for the marker with the highest logarithm of odds (LOD) score at QTL.
dAlleles at the peak SNP marker (PI 494182/’ Costaud’/’Williams 82°).
¢LOD score for the peak marker. The significance threshold was set to 3.21 by permutation test.
fPhenotypic variance explained for peak marker.
£Additive effect value of peak marker.
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FIGURE 2 Genetic linkage map of population QS13002 and significant quantitative trait loci (QTL) identified for resistance to soybean cyst
nematode (SCN) HG type 0. Genetic positions of markers in centimorgans (cM) on the left side of chromosomes (Chr) and physical positions of
markers on the right side. Black boxes represents QTL identified in this study, white boxes represent QTL reported in other studies
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TABLE 4 Quantitative trait loci (QTL) for resistance to soybean cyst nematode (SCN) Heterodera glycines (HG) type 0 identified in
population QS13002 (‘Costaud’ x PI 494182) and overlapping or nearby reported resistance loci

QS13002 QTL Chromosome Position Reported markers or genes Position Reference
Mb Mb
CSqSCN-1 18 1.5.1.9 GmSNAPI8 (Glyma.18G022500) 1.6..1.7 SoyBase'
CSqSCN-2 20 42.8..44.1 Satt148..Satt102 43.4.44.8 Winter et al. (2007)
Sat_299..Sct_189 43.6..46.7 Wau et al. (2009)
BARC-060361-16629 42.4.42.4 Jiao et al. (2015)
Satt330..Satt162 40.2..41.4 Winter et al. (2007)
CSqSCN-3 08 8.3..8.8 GmSHMTO0S8 (Glyma.08G108900) 8.4.84 SoyBase"
CSqSCN-4 07 34.4.0 $s107925701..ss107918678 0.2..2.5 Abdelmajid et al. (2014)
CSqSCN-5 06 15.3..16.1 Satt376 15.5..15.5 Ferreira et al. (2011)
CSqSCN-6 11 32.7..33.0 GmSNAPI11 (Glyma.11G234500) 33.0..33.0 SoyBase'

2Positions according to the reference genome Wm82.a2. (Song et al., 2016).

variance explained (PVE) value with 22.7% and an addi-
tive effect of —16.7% on the FI value. The locus CSqSCN-
2 explained 14.1% of variation with an effect of —13.1%,
while the QTL CSqSCN-3 and CSqSCN-4, respectively,
explained 11.4 and 7.2% of phenotypic variation with addi-
tive effects of —11.7 and —9.3%. Markers flanking CSqSCN-
1 and CSqSCN-3 defined genomic intervals that overlapped
with two loci known to confer resistance to SCN, Rhgl and
Rhg4, respectively (see Table 4). With the SMA approach,
CSqSCN-1 explained 25.7% of phenotypic variation and
showed an additive effect of —17.8%. The QTL CSqSCN-2
and CSqSCN-3 were also identified by SMA, with 16.8 and
17.5% of PVE and an additive effect of —14.2 and —14.5%,
respectively. The QTL CSqSCN-4, identified only by ICIM,
did not show any association with the phenotype using the
SMA approach. However, SMA detected CSqSCN-5 on chro-
mosome 06 with a PVE of 13.2% and an additive effect
of 12.6%, a region not detected by ICIM. A sixth locus
on chromosome 11, CSqSCN-6 (PVE = 3.9%; a = —6.9%)
obtained a LOD score of 3.16 by ICIM, just below the sig-
nificance threshold of 3.21. This region was considered as
relevant because of its proximity (~3 kb) to the GmSNAPI1
(Glyma.11G234500) gene. All QTL but one (CSqSCN-5)
yielded negative additive effects, indicating that the alleles
inherited from PI 494182 at these loci contributed to a lower
FI, therefore, an increased resistance to SCN. One signifi-
cant epistatic interaction (LOD = 10.9, PVE = 50.2%) was
identified between CSqSCN-1 and CSqSCN-3. Overall, the
ICIM method identified five HG type O resistance QTL with
high resolution on chromosomes 07, 08, 11, 18, and 20, while
SMA confirmed three of these QTL and allowed the iden-
tification of a sixth resistance QTL located on chromosome
06. All loci identified in this work overlapped or were close
(< 1.5 Mb) to previously reported QTL for resistance to SCN
(Table 4).

3.4 | Resistance to HG type 2.5.7

Based on the GBS data for the entire Costaud X PI 494182
population (372 RILs), we selected 17 RILs that possessed
the PI 494182 alleles at the Rhgl and Rhg4 loci but that had
not previously been tested for SCN resistance. To this, we
added six lines identified as resistant to HG type O in this
study and tested this subset of 23 RILs with a HG type 2.5.7
(SCN race 1) population of nematodes known to be more vir-
ulent. The virulence profile of this SCN population was con-
firmed by measuring its reproduction on the seven indicator
lines (Table 1). The FI value for the resistant parent P 494182
was 1.8% while the susceptible parent Costaud obtained a
score of 70.9%. The FI values obtained for the 23 RILs ranged
from 3.2 to 88.1%. Of the 23 RILs tested for resistance to HG
type 2.5.7, 13 proved resistant, confirming the resistance of
PI 494182 to a more virulent SCN population.

3.5 | Allelic effects of soybean cyst nematode
resistance quantitative trait loci

To confirm the effects of each individual QTL identified in
this study, we formed different subgroups of RILs contrast-
ing for their allelic state at the different QTL and compared
their average FI values (Figure 3). The subgroups A, B, C, and
D were formed to test the contributions of Rhgl (CSqSCN-
1) and Rhg4 (CSqSCN-3). Considering the important con-
tribution (50.2% PVE) made by Rhg! and Rhg4, we chose
to include only lines that were fixed for the favorable alle-
les (Rhgl™ and Rhg4™) at these two loci to test the effect of
adding further QTL with lesser effects (CSqSCN-2, CSqSCN-
4, CSqSCN-5, and CSqSCN-6; pairs E to L). The greatest
difference was observed between group A (RhglI*t/Rhg4™)
and B (Rhgl~/Rhg4~). This difference was declared highly
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FIGURE 3 Different genotypic subgroups of the recombinant inbred line (RIL) population QS13002 (‘Costaud” x PI 494182) and their female
index (FI) values for resistance to soybean cyst nematode (SCN) HG type 0 (SCN race 3) and to HG type 2.5.7 (SCN race 1). The RILs were
genotyped using genotyping-by-sequencing (GBS) and their resistance evaluated in a greenhouse. The quantitative trait loci (QTL) CSqSCN-1 and
CSqSCN-3 were labeled as Rhgl and Rhg4, respectively. Alleles were marked with a plus (+) sign when the genotype from the parent PI 494182 is
present for the subgroup, and marked with a minus (—) sign when the genotype from the parent Costaud is present for the subgroup. Number of lines

in each subgroups is indicated over the boxes. Significant differences between mean values of groups according to the Kruskal-Wallis test are

represented by an asterisk, significance levels are coded as follow: *, P < .05; **, P < .01; ***, P < .001

significant (P < .001) by the Kruskal-Wallis test and the aver-
age FI values for resistance to HG type 0 were 8.0 and 79.4%,
respectively. This allelic contrast between Rhglt/Rhg4™ and
Rhgl=/Rhg4~ could not be tested for resistance to HG type
2.5.7 since the 23 RILs selected for this assay all had the
RhgI/Rhg4t genotype. The contrast between lines form-

ing group E (PI 494182 allele; CSqSCN-2%) and group F
(Costaud allele; CSqSCN-27) was significant only in the test
for resistance to HG type 0, where the average FI values were
5.5 and 14.4%, respectively. The G and H pair contrasting
for the presence of CSqSCN-4 was also significantly differ-
ent for resistance to HG type O with mean FI values of 9.7
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and 3.3%, respectively. The groups I and J (CSqSCN-5 +/-)
had mean FI values of 2.0 and 8.3%, respectively, which were
not significantly different, while the mean values of FI (%) for
resistance to HG type 0 and HG type 2.5.7 for the groups K
and L (CSqSCN-6 +/—) were significantly different. Groups
K and L resulted in mean FI values of 2.1 and 16.0%, respec-
tively, for resistance to HG type 0 and mean values of 7.7 and
48.7% for resistance to HG type 2.5.7. Among minor QTL in
the Rhgl*/Rhg4™ background, the resistance locus CSqSCN-
6 was the only locus that presented a significant difference
between allelic groups against both SCN HG types.

3.6 | Impact of soybean cyst nematode
quantitative trait loci on agronomic and
end-use quality traits

Even if based on a limited phenotypic assessment, we wanted
to explore the possibility of undesirable associations between
the QTL conferring SCN resistance and key agronomic traits
or end-use quality traits. For this we compared the mean phe-
notypic values between groups of lines contrasting for their
allele at the position of SCN resistance QTL (Figure 4). For
100-seed weight, the PI 494182 allele at the CSqSCN-3 locus
was associated with a significant decrease (0.96 g). The oil
concentration mean values were significantly different for the
contrasting allelic groups for CSqSCN-1 and CSqSCN-3. The
alleles from PI 494182 at CSqSCN-1 and CSqSCN-3 were
associated with increased oil concentration (0.44 and 0.68%,
respectively). A significant difference was observed in pro-
tein concentration between lines contrasting at the CSqSCN-
3 locus, where the Costaud allele provided a 1.54% increase.
Based on these observations, CSqQSCN-1 and CSqSCN-3 do
carry the potential for some linkage drag.

3.7 | P1494182 and Costaud nucleotide
variants for known soybean cyst nematode
resistance genes

Different genes have been confirmed as being involved in
resistance to SCN. To determine their alleles in PI 494182,
WGS was used and local variants were identified. The aver-
age resequencing depth obtained for PI 494182 and Costaud
was 32.5% and 20.9%, respectively. Two QTL identified in this
study, CSqQSCN-1 and CSqSCN-3, matched the positions of
the resistance loci known as Rhgl and Rhg4. An analysis of
the SNP variants in the PI 494182 allele of GmSNAPI18 iden-
tified three missense variants (D208E, D286Y, and L.288I)
in addition to a 3-bp in-frame insertion adding a supple-
mental valine at position 287 (Table 5); these variants cor-
respond to those reported for the rhgl-a allele (Liu et al.,
2017). For GmSHMTO0S, two missense variants (P200R and

N459R) were found in the sequence of the PI 494182 allele,
matching the sequence of the Rhg4-a allele. Furthermore, the
Rhgl and Rhg4 KASP marker results matched the GBS pre-
dictions at 99.2%, the discrepency being due an heterozy-
gous genotype not detected by GBS (data not shown). A third
QTL (CSqSCN-6) was located very close to another well-
documented resistance gene (GmSNAPI1) (Lakhssassi et al.,
2017). In PI 494182, we identified a G — T mutation in
the first position of a splice donor site, leading to a prema-
ture stop codon resulting from the translation of the seventh
intron. Thus, in this case, the allele present in PI 494182 is
predicted to produce a truncated protein in amino acid posi-
tion 239, while the sequence from the reference Williams
82 is 289 amino acids long. The analysis of the sequences
from Costaud indicated that no variants reside in the genic
sequences of GmSNAP18, GmSNAP11, and GmSHMTOS rel-
ative to Williams 82, while nucleotide variants observed for
PI 494182 indicate that this accession carries alleles differing
from the Williams 82 reference genome.

An analysis of copy number was also carried out using
the WGS data for PI 494182. Based on the observed depth
of coverage, the CNVnator program predicted the repeat of a
31.2-kb segment present in three copies (normalized average
read depth = 3.05) located between the positions 1,632,701
and 1,663,900 on chromosome 18. This genomic region over-
lapped the Rhgl locus. For the Rhg4 locus, a single copy
was detected and we found no evidence of duplication in the
region comprising GmSNAPI1. Our nucleotide variant and
copy number analysis showed that PI 494182 carries three
copies of the Rhgl-a allele for the GmSNAP18 gene, one copy
of a truncated allele of the GmSNAP11 gene, and one copy of
the Rhg4-a allele at the GmSHMTOS gene.

4 | DISCUSSION

In this study, 149 RILs derived from a cross between PI
494182 and Costaud were evaluated for resistance to SCN
(HG type 0). We found that 12.8% of the RILs were resistant
(FI < 10%). In earlier work, Arelli & Wang (2008) examined
the segregation of SCN resistance in an F5 biparental popula-
tion derived from P 494182 and ‘Skylla’. Using a similar pop-
ulation of SCN (HG type 0) and a greenhouse bioassay, they
obtained 12.4% of resistant lines. Though no genetic mapping
was done on the PI 494182 x Skylla population, these seg-
regation results are comparable to our own and show repro-
ducibility in the segregation pattern of resistance.

Our QTL analysis identified a total of six genomic regions
associated with resistance to SCN. We first examined if the
positions of these QTL matched those of previously iden-
tified QTL. The locus CSqSCN-1 overlapped the position
of the Rhgl locus (Concibido et al., 1994), which has been
reported in several resistant soybean accessions, including
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FIGURE 4 Allelic effect of resistance to soybean cyst nematode (SCN) quantitative trait loci (QTL) on agronomic and end-use quality traits. A
set of 149 recombinant inbred lines (RILs) (‘Costaud’ x PI 494182) were genotyped using genotyping-by-sequencing (GBS) and phenotyped for
resistance to SCN, 100-seed weight, oil concentration, protein concentration, and days to maturity. The allelic groups comprise RILs with the same
parental genotype at SCN resistance QTL. Significant differences between mean values of groups according to the Student’s #-test are represented by
an asterisk, significance levels are coded as follow: *, P < .05; **, P < .01; *** P < .001

TABLE 5 Nucleotide variants and their corresponding amino acid variants predicted by SnpEff for the soybean accesion PI 494182 and
‘Costaud’ vs. reported sequences of “Williams 82’ and ‘Forrest’ for three genes involved in resistance to soybean cyst nematode (SCN)

Nucleotide variant Amino acid variant

Locus, gene Position" W382'/Fo' /PI'/Co’ Position’ W382'/Fo'/PI'/Co’

Rhgl, GmSNAPIS Gm18:1,643,660 CIGIGIC 208 D/E/E/D
Gm18:1,645,403 G/T/T/G 286 D/Y/Y/D
Gm18:1,645,407 A/AGGT/AGGT/A 287 D/EV/EV/D
Gm18:1,645,409 C/A/AIC 288 L//I/L

Rhg4, GmSHMTOS8 Gm08:8,361,148 C/G/GIC 200 P/R/R/P
Gm08:8,361,924 A/T/T/A 459 N/Y/Y/N

GmSNAPI1 Gm11:32,970,174 G/AIAIG 179 A/T/T/A
Gm11:32,969,916 G/T/T/G 237..240 DIAA/LGH*/LGH*/DIAA

#Position on the ‘Williams 82’ reference genome Wm82.a2.v1 (Schmutz et al., 2010).

"Variant for ‘Williams 82°.

“Variant for ‘Forrest’ in gene Glyma.18G02250 (Liu et al., 2017), Glyma.08G108900 (Liu et al., 2012), and Glyma.11G234500 (Lakhssassi et al., 2017).
dVariant for PI 494182 according to resequencing data.

¢Variant for ‘Costaud. according to resequencing data.

PI 88788, Peking, PI 90763 (Concibido, Lange, Denny, Orf, tance to HG type 1.2.5.7 and HG type O in a Glycine soja
& Young, 1997), and PI 437654 (Webb et al., 1995). The accession. The work of Wu et al. (2009) also found a QTL
resistance locus CSqSCN-2 matched the region reported by matching the position of CSqQSCN-2 in PI 437654. This QTL
Winter, Shelp, Anderson, Welacky, & Rajcan (2007) for resis- was reported as conferring resistance to HG types 0, 2.7
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and 1.3.5.6.7. More recently, a region close to CSqSCN-
2 was reported by Jiao et al. (2015) and was consistently
associated with resistance to many SCN types including HG
type 1.2.3.4.5.6.7. The resistance locus CSqSCN-3 matched
the position of Rhg4 (Weisemann, Matthews, & Devine,
1992), a resistance QTL that has been associated with resis-
tance to HG types 0 and 2.5.7 in many lines including Peking
(Chang et al., 1997) and P1 437654 (Webb et al., 1995). Locus
CSqSCN-4 was identified on chromosome 07, and to our
knowledge, no QTL conferring resistance to SCN has been
reported in this region of the genome. The nearest reported
QTL was mapped by Abdelmajid et al. (2014) to a position
1 Mb away from CSqSCN-4. The fifth resistance locus iden-
tified in our work, CSqSCN-5, overlapped a QTL that was
mapped previously by Ferreira et al. (2011) for resistance to
HG type 1.3.5.6.7 in ‘Hartwig’. Finally, the locus CSqSCN-
6 was very close to GmSNAPI 1, a paralogue of GmSNAPI8,
which has been reported to contribute modestly to SCN resis-
tance in ‘Forrest’ (Lakhssassi et al., 2017). In addition, we
found one epistatic interaction between CSqSCN-1 (Rhgl)
and CSqSCN-3 (Rhg4), as previously reported in many SCN
resistant lines (Concibido et al., 2004). Overall, these data
indicate that PI 494182 carries useful alleles at many well-
known QTL for SCN resistance in addition to a potentially
novel QTL (CSqSCN-4 on chromosome 07).

We then asked if the magnitudes of the contributions of
these QTL to phenotypic variation in response to SCN infec-
tion were comparable to those reported in previous studies.
Our analysis showed that the CSqSCN-1 locus (Rhg1) was the
most impactful in this segregating population. Similarly, in
several previous studies focusing on different soybean acces-
sions, the Rhgl locus came out as the most significant QTL
for resistance against many SCN HG types (Concibido et al.,
2004; Kim et al., 2016). As for CSqSCN-2 (second highest
PVE), putative corresponding QTL have been reported to be
among the most impactful also (Jiao et al., 2015, Winter et al.,
2007). The impact of CSqSCN-3 (Rhg4) was lower than
CSqSCN-1 (Rhgl), explaining only half as much of the phe-
notypic variance in this population. The percentage explained
by Rhg4 (22.7% in ICIM and 25.7% in SMA) falls within the
range of values (9-28%) previously reported for this QTL
(Concibido et al., 2004). However, the impact of Rhg4 could
have been underestimated by ICIM, which does not consider
epistatic interactions. Indeed, in our analysis of allelic classes
(Figure 3), Rhg4 has an impact on resistance only when Rhg1
is also present. For CSqSCN-4, the PVE was low, showing it
has a minor contribution to resistance. Interestingly, the ICIM
approach predicted that the allele from P1 494182 at CSqSCN-
4 would increase resistance, while the difference in allelic
classes for this locus in the Rhgl*/Rhg4 background sug-
gested that it could increase the FI values (i.e. decrease resis-
tance). These results point out that CSqQSCN-4 has an effect
that remains unclear and it would be important to further

explore this effect using a larger sample size for the groups of
lines Rhg1*/Rhg4*/CSqSCN-4+/~_ The locus CSqSCN-5 had
the lowest PVE in the SMA and this is consistent with Fer-
reira et al. (2011) who found a low-effect QTL in a position
overlapping CSqSCN-5. The additive effect value indicated
that the resistance allele came from Costaud, our susceptible
parent. The locus CSqSCN-6 had the lowest PVE among all
QTL; however, it was the minor QTL with the most significant
allelic contrast in the Rhgl*/Rhg4™* background. This locus
should be favored by breeders. Results from the ICIM model
predicted a ~7% FI reduction for the contribution of the allele
from PI 494182, similar to the 8% reduction obtained by
Lakhssassi et al. (2017) when in presence of the GmSNAP11*
allele. Globally, the effect of most QTL found in PI 494182
was confirmed, while the impact of CSqSCN-4 remains to
be investigated.

Using WGS data for PI 494182 and Costaud, we anal-
ysed the sequences of the well-established resistance genes
GmSNAPI18 (Rhgl) and GmSHMTOS (Rhg4), both of which
are located within CSqSCN-1 and CSqSCN-3, respectively.
For GmSNAPI8, the three SNPs and the 3-bp insertion iden-
tified in PI 494182 are identical to those described by Liu
etal. (2017) in four resistant lines (Forrest, Peking, P1 437654,
and PI 89772); this allele is referred to as Rhgl-a. The two
SNPs we found in GmSHMTOS have also been reported by Liu
et al. (2012) in the resistant lines Forrest, Peking, P1 90763, P1
437654, and PI 89772, and this allele is designated as Rhg4-
a. The sequences of Costaud presented no variation relative
to the reference Williams 82 at these sites. Data for the genes
GmSNAPI18 and GmSHMTOS indicate that the protein prod-
ucts of these genes in PI 494182 would be identical to those
found in resistant lines carrying the Peking-type of resistance.
This conclusion is further substantiated by our results with
KASP markers for these genes.

In our analysis, CSqSCN-6 was slightly under the signifi-
cance threshold but because of its proximity to GmSNAPI11,
we verified if the variants associated to resistance in this gene
were present in PI 494182. We found two mutations impact-
ing the amino acid sequence of the gene including one induc-
ing the loss of a splice donor site predicted to lead to a trun-
cated protein. These mutations were initially described by
Matsye et al. (2012) for a truncated protein product in Peking.
Later, the sequence of a 239-amino-acid-truncated protein
from GmSNAP11 was confirmed in Forrest (Lakhssassi et al.,
2017); this allele was referred as GmSNAP11-T1. Our data for
PI 494182 suggest a protein of the same length. The sequence
of Costaud was identical to the susceptible reference Williams
82 for this gene. From these results, we concluded that PI
494182 carries the GmSNAP11-T1 allele.

As resistance to SCN is known to be conditioned not only
by the alleles at Rhgl and Rhg4 but also by the number of
copies of these genes, we compared the average read depth
for these loci with the average local coverage using the
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CNVnator program. Rhgl was estimated to be present in
three copies in PI 494182, while Rhg4 was present in a single
copy. Based on the work of Patil et al. (2019), two to four
copies of the Rhgl-a locus are sufficient to obtain resistance
when in presence of at least one copy of Rhg4-a. However,
transcriptional analysis showed that a lower copy number
of these genes was correlated with reduced expression of
Rhgl and Rhg4 and with lower resistance. This could explain
the relatively low PVE value obtained for CSqSCN-3 in the
QTL analysis. Taken together, the alleles present (Rhgl-a
and Rhg4-a), their copy number (3 and 1), and the epistatic
interactions observed between these two loci indicate that
PI 494182 possesses all the hallmarks of the Peking-type
of resistance.

We also verified if the favorable alleles from PI 494182
could also confer resistance to a more virulent nematode pop-
ulation. For this, we used a HG type 2.5.7 SCN population and
inoculated the parental lines and a subset of 23 RILs that were
all homozygous for the PI 494182 alleles at the Rhg/ and Rhg4
loci. We obtained a FI value of 1.8% for P1494182. The mean
FI value obtained for the RILs was of 23.9%, and 56% of the
tested RILs exhibited resistance to this SCN pathotype. This
confirmed that PI 494182 can also confer resistance to HG
type 2.5.7 as reported previously by Arelli & Wang (2008).
Such a resistance is currently desirable since populations
of HG type 0 SCN showed their ability to shift in virulence
and overcome resistance provided by PI 88788-derived
resistant cultivars (McCarville, Marett, Mullaney, Gebhart, &
Tylka, 2017).

To evaluate if the use of PI 494182 as a source of resis-
tance would not drag undesirable alleles, impacting key agro-
nomic and end-use quality traits, we compared the mean val-
ues of these traits between contrasting allelic groups at the six
SCN QTL. The CSqSCN-3 locus showed a significant differ-
ence for 100-seed weight values, with lines carrying the PI
494182 allele decreasing the weight by 0.96 g. For the con-
trasting groups at the CSqSCN-1 locus a significant differ-
ence in oil concentration values was observed, where the PI
494182 allele increased the oil concentration by 0.44%. The
CSqSCN-3 locus also significantly impacted oil concentration
and protein concentration. For oil concentration, lines with
the PI 494182 allele at CSqSCN-3 averaged 0.69% more oil,
while the same lines suffered an average decrease of 1.54%
in protein concentration. Such an inversely correlated relation
between oil and protein concentration has been well docu-
mented (Lark, Orf, & Mansur, 1994; Qiu, Arelli, & Sleper,
1999). Recently, a SNP linked to Rhg4 also showed a sig-
nificant association with total oil concentration (Zhang et al.,
2018). However, this marker was not associated with protein
concentration. Our results also show that the use of Rgh4 can
be associated with increased oil concentration but it can also
lead to lower protein concentration. This association between
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SCN resistance and important agronomic and end-use quality
traits needs to be considered to maintain agronomic perfor-
mances. Therefore, it is recommended to select appropriate
parents and monitor recombinants in the Rhg4 region when
using PI 494182 as a source of resistance. The results from
our relatively small population indicate that it is clearly possi-
ble to select lines carrying resistance and exhibiting adequate
protein levels.

To the best of our knowledge, PI 494182 is the earliest-
maturing accession reported to confer SCN resistance to be
characterized by QTL mapping. Our results showed that resis-
tance to HG type 0 SCN in PI 494182 is conferred in part by
a Peking-type resistance at the Rhgl and Rhg4 loci with addi-
tional QTL. Populations of HG type 0 SCN showed their abil-
ity to shift in virulence and overcome resistance provided by
PI 88788 derived resistant cultivars when exposed to the resis-
tance source consistently (McCarville et al., 2017). Further-
more, a survey conducted from 2006 to 2008 demonstrated
that the HG type 2.5.7 SCN population was prevalent when
considering the total populations of Tennessee, Illinois, Indi-
ana, and Ontario (Faghihi, Donald, Noel, Welacky, & Fer-
ris, 2010). PI 88788-derived lines offer no resistance to HG
type 2.5.7, while the Peking-type lines confer full resistance to
this SCN type (Arelli, Sleper, Yue, & Wilcox, 2000). Though
recent surveys demonstrated that Peking-type resistant lines
yielded more under SCN pressure, the use of this type of resis-
tance is still marginal (Tylka & Mullaney, 2019) compared
with PI 88788 derived lines. As SCN populations keep spread-
ing (Tylka & Marett, 2017) and shifting in virulence (Gardner,
Heinz, Wang, & Mitchum, 2017; Lee, Kumar, Diers, & Hud-
son, 2015)), the development of resistant cultivars using the
Peking-type resistance remains necessary. Though we showed
some negative impact on protein concentration of introgress-
ing the PI 494182 allele at the Rhg4 locus, we believe that
this is not overly detrimental to protein concentration, and
overall, this early source of resistance exhibits good poten-
tial for breeding resistant cultivars with early maturity. This
study provides information about a combination of loci (and
associated markers) underlying SCN resistance in PI 494182
including a potentially new locus. These markers will greatly
facilitate the use of PI1 494182 as a source of resistance in the
development of SCN resistant varieties particularly for early
maturity regions.
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