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Dissecting the Genetic Basis of Resistance
to Soybean Cyst Nematode Combining Linkage
and Association Mapping
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Abstract

Core Ideas

A set of 585 informative single-nucleotide polymorphism (SNP)
loci was used to genotype both a panel of diverse accessions
and a set of recombinant inbred lines (RILs) bred from the cross
Zhongpin03-5373 (ZP; resistant to SCN)  Zhonghuang13 (ZH;
susceptible). The SNP loci are mostly sited within genic sequence
in regions of the soybean [Glycine max (L.) Merr.] genome
thought to harbor genes determining resistance to the soybean
cyst nematode (SCN, Heterodera glycines Ichinohe). The three
strongest quantitative trait nucleotides (QTNs) identified by association mapping (AM) involved the genes Glyma18 g02590 (a
component of the multigene locus rhg1-b), Glyma11 g35820 and
Glyma11 g35810 (an rhg1-b paralog), as well as some other
loci with smaller effects. The linkage mapping (LM) analysis performed using the RILs revealed two putative quantitative trait loci
(QTL): one mapping to rhg1-b and the other to an rhg1-b paralog;
both of these loci were also identified by AM. The former locus
explained 25.5% of the phenotypic variance for SCN resistance
and the latter 5.8%. In combination, the two major loci acted
nonadditively, providing a high level of SCN resistance.

•
•
•

SCN3-11 (closest paralog of rhg1-b) explained 5.8%
phenotypic variance for SCN resistance
The combination of rhg1-b and SCN3-11 provides a
high level of SCN resistance
Joint LM-AM approach can aid in revealing the
genetic basis of a complex trait

S

oybean cyst nematode is a highly destructive pathogen of soybean (Niblack et al., 2006). Of the 14 recognized SCN races (Golden, 1970), race 3 predominates
geographically. The deployment of genetically based
resistance, in conjunction with a suitable crop rotation
regime, has proven to be the most effective and economical means of limiting the damage caused by this pathogen
(Concibido et al., 2004). Screens of some 30,000 ex situ
conserved soybean accessions have revealed resistance
to be present in at least 500 accessions (Chen et al., 2006;
Li et al., 2011; Ma et al., 2006), and some of these sources
have been exploited for resistance breeding. Soybean cyst
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nematode resistance is determined by a large number of
QTL (www.soybase.org) along with rhg1-b, a multigene
complex harboring four genes (Cook et al., 2012) and
Rhg4, a single gene locus (Liu et al., 2012).
The mode of inheritance of quantitative traits has
been most commonly addressed via LM. The method
relies on patterns of segregation displayed by a population bred from a biparental cross and results in the
placement on a genetic map of the determining genes or
QTL. The achievable level of resolution is limited by the
number of recombination events that took place during
the construction of the mapping population. In some
genomic regions, recombination is suppressed, leading
to major noncongruence between the genetic and physical map. A further limitation of the LM approach is that
it is, by definition, only able to detect those QTL alleles
harbored by the mapping parents (i.e., two, if the parental loci are in the homozygous state, up to a maximum of
four if they are both in the heterozygous state), whereas
this may represent only a small fraction of the full set of
alleles present in the species as a whole. In contrast, the
more recently developed linkage disequilibrium (LD)
or AM approach captures a potentially long history of
recombination and harbors a much wider spectrum of
alleles (Huang et al., 2010; Jia et al., 2013; Tian et al.,
2011). The AM approach has, however, only a limited
ability to detect rare alleles (Lu et al., 2010). Various
strategies have been proposed to combine the advantages
of LM and AM, these include simultaneously using a
conventional mapping population and an association
panel (Zhang et al., 2013b), integrating the data from the
two population types (Lu et al., 2010) and constructing
populations specifically designed for joint LM-AM analysis (Bardol et al., 2013; McMullen et al., 2009).
The acquisition of the soybean genome sequence
has led to the elaboration of an essentially unlimited
number of SNP variants, which can be readily exploited
for gene discovery and mapping purposes (Chung et al.,
2014; Kim et al., 2010; Li et al., 2013, 2014b; Schmutz et
al., 2010). Here, a set of SNP loci, selected largely on the
basis of their presence within genomic regions harboring a known SCN gene or QTL, was used to query both
an AM germplasm panel and a conventional biparental
mapping population. The major objective was to detect
alleles associated with SCN race 3 resistance by exploiting a combined LM and AM approach.

Material and Methods
Plant Materials

The AM panel comprised 209 entries represented by
172 landraces and 37 cultivars (Supplemental Table S1);
133 of the entries belong to a set established to study the
genetic basis of SCN resistance (Ma et al., 2006). Over
84% (177) of the accessions have a Chinese provenance:
16 were derived from the northeastern part of the country, 146 from the central part, 10 from the southern part,
and five lacked a precise provenance. The panel also
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included some exotic accessions: 12 from Japan, 10 from
South Korea, two from Russia, four from the United
States, and one each from Argentina, Austria, Poland,
and France. Most of the exotic accessions have previously
been typed for their reaction to SCN race 3 (Chen et al.,
2006). The LM population, consisting of 242 RILs, was
bred from the cross ZP (resistant to SCN)  ZH (susceptible) by advancing the F2 generation to F4 via the bulk
descent method and thereafter to the F10 by the singleseed descent method (Liu et al., 2013).

Screen for Soybean Cyst Nematode Resistance
Plants were exposed to SCN race 3 infection under both
field and greenhouse conditions as described elsewhere
(Shi et al., 2004) at Heilongjiang Academy of Agricultural Sciences in 2011 and 2013. Four resistant entries
(‘Peking’, ‘Pickett’, PI90763, and PI88788) and one susceptible one (‘Lee’) were used as controls. For the field
experiment, the AM panel entries and the RIL population lines were set out in a completely randomized design
with three replications. A row of ZH was included every
40 rows. Each row was 65 cm wide and 1.5 m long with
a within-row interplant spacing of 5 cm. For the greenhouse experiment, each entry was represented by three
replicated plots, each containing five plants. Thirty days
post emergence, 10 plants were sampled from the middle
of each row (field experiment) and 15 plants for each line
or accession in the greenhouse to enable a count of the
number of SCN cysts present on the roots. The response
was quantified in the form of a female index (FI), also
referred to as an index of parasitism (Schmitt and Shannon, 1992). This was calculated by dividing the number
of cysts present by the number formed on the roots of
ZH plants. Entries classified as resistant in both seasons
were rescreened in both the field and greenhouse in 2014.

Single Nucleotide Polymorphism and Simple
Sequence Repeat Genotyping

Genomic DNA was extracted from 10 seedlings per
entry using the DNAquick Plant System (Tiangen Biotech), as described elsewhere (Li et al., 2008b). The AM
panel’s population structure was characterized by assigning the allelic status of each entry at the same set of 39
simple-sequence repeat (SSR) loci (Supplemental Table
S2) employed by Li et al. (2008b) to establish their core
collection. The protocols given by Xie et al. (2005) were
used to obtain SSR amplicons, which were subsequently
separated using an ABI PRISM 3700 DNA Analyzer
(Applied Biosystems). Allele lengths were classified as
described elsewhere (Li et al., 2010a). The SNP genotyping was based on a set of 768 nucleotides known to
differ between ZP and ZH (Supplemental Table S3). Of
these, 630 were sited in genic sequence distributed over
eight genomic regions (GR08, GR11, GR14, GR15, GR16,
GR17, GR18a, and GR18b) known to harbor a gene or
QTL conferring SCN resistance (Table 1). Most of the
remaining (124/138) SNPs were chosen to fill gaps in the
linkage map constructed previously (Li et al., 2014a),
the pl ant genome
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Table 1. The eight soybean genomic regions targeted for association mapping.
Genomic Chromoregion
some

Physical position

Internal
length

Cloned
gene
Rhg4

No. of SNPs
selected

No. of SNPs
after filtered

Arriagada et al., 2012; Brucker et al., 2005; Guo et al., 2005;
Vuong et al., 2010; Vuong et al., 2011; Wu et al., 2009

85

69

Reference

GR08

Gm08

bp
7,574,941–10,721,881

Mb
3.1

GR11

Gm11

36,244,766–38,360,653

2.1

Ferdous et al., 2006; Guo et al., 2005; Guo et al., 2006;
Wu et al., 2009; Yue et al., 2001

29

23

GR14
GR15
GR16

Gm14
Gm15
Gm16

3,062,634–8,210,563
8,918,065–14,343,668
28,589,359–35,718,538

5.4
5.4
7.1

110
70
82

87
52
61

GR17
GR18a

Gm17
Gm18

11,764,876–19,746,709
1,632,225–1,736,343

8.0
0.1

Guo et al., 2005; Wang et al., 2001; Yue et al., 2001
Chang et al., 2011; Wang et al., 2001
Chang et al., 2011; Ferreira et al., 2011;
Glover et al., 2004; Guo et al., 2005
Chang et al., 2011; Schuster et al., 2001
Cook et al., 2012; Kabelka et al., 2005;
Srour et al., 2012; Yue et al., 2001

43
6

37
3

GR18b
Total

Gm18

50,205,706–5,872,2867

8.5

Bao et al., 2014; Vuong et al., 2010; Winter et al., 2007

205
630

148
480

rhg1-a,
rhg1-b

and the final 14 were included along with the 39 SSRs
used to characterize population structure (Supplemental
Table S2). Single-nucleotide polymorphism genotyping
was achieved using the GoldenGate assay (Illumina Inc.),
following the manufacturer’s protocol. Difficulties experienced in distinguishing between the homozygous and
heterozygous states (GenCall < 80%, GenTrain < 0.6) led
to the exclusion of 99 of the loci, and a further 84 were
removed because of either an excessive failure rate or to
apparent heterozygosity. The final data set therefore comprised the allelic state at 585 SNP loci.

Analysis of Population Structure
The 39 SSR and 14 SNP loci used to assess population
structure were evenly distributed across the genome
(Supplemental Table S2). A Bayesian Markov chain
Monte Carlo approach, incorporated in the software
package STRUCTURE v2.1 (Falush et al., 2003), was
implemented and the admixture and independent allele
frequency model was employed. A set of 20 runs was
performed for each level of K, ignoring any previous
population information; the burn-in period (100,000
iterations) was followed by 100,000 iterations. Since the
estimated log likelihood values increased as the values of
K increased (indicating no clear genetic structure), the
derivative of the log likelihood (K) was used to determine the most K value (Li et al., 2010b). A phylogenetic
tree was constructed based on shared allele distances by
invoking the neighbor-joining algorithm implemented
in the Powermarker v3.25 package (Liu and Muse,
2005). The output was displayed using Mega v4 software
(Tamura et al., 2007).

Association mapping
The subpopulation membership (Q) and kinship (K)
matrices were derived through the use of STRUCTURE
v2.1 software (Falush et al., 2003). Marker–trait (FI) associations were sought for each of the 585 SNP loci (Supplemental Table S3) by applying the TASSEL v4.0 program

(www.maizegenetics.net). The subsequent AM analysis
was based on a mixed linear model method correcting
for population stratification through the Q and K matrices (Yu et al., 2005). The threshold p-value applied to call
a significant marker–FI association was 0.001.

Linkage Mapping and Quantitative
Trait Loci Detection

The software package QTL IciMapping v3.1 (www.
isbreeding.net) was used to construct a linkage map
based on 1062 marker assignations (the abovementioned
585 SNPs, along with those obtained previously at 312
SNPs, 166 SSRs, four expressed sequence tag–SSRs, and
24 insertion–deletion markers) (Li et al., 2014a) and a
logarithm of the odds (LOD) threshold of 3.0. Markers
within each linkage group were ordered using the SERiation algorithm (Buetow and Chakravarti, 1987), and
genetic distances were derived from the recombination
frequency using the Kosambi function (Kosambi, 1943).
Quantitative trait loci placement was based on composite
interval mapping (Li et al., 2007, 2008a) implemented in
QTL IciMapping v3.1. The walk speed was set to 1 cM,
and the probability for markers entering the model via
stepwise regression was set to 0.001. A LOD threshold of
2.5 was applied to call a QTL, and a pair of neighboring
QTL was deemed to be coincident when they mapped
within 20 cM of one another (Schwegler et al., 2013).
Quantitative trait loci designations were based on the
McCouch et al. (1997) system.

Joint Linkage Mapping and Association
Mapping Analysis

The AM panel and RIL population was merged to perform a joint LM and AM analysis. While the presence of
two subpopulations was revealed in the AM panel (K =
2), the addition of the RILs added a third subpopulation
(K = 3). The kinship matrix was reestimated using TASSEL. The mixed linear model implemented in TASSEL
was used to detect marker–FI associations.
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Fig. 1. Soybean cyst nematode race 3 female index measured in (A) the 242 Zhongpin03-5373  Zhonghuang13 recombinant inbred
lines and (B) the 209 accessions of the association mapping panel.

Results
The Association Mapping Panel Harbored
Multiple Sources of SCN3 Resistance
SCN3 resistance was screened in an AM panel comprising 209 entries. The FI of these AM entries varied continuously (Fig. 1B), with 132 of the accessions (63.2%)
deemed resistant (FI < 10). Since many of the landraces
were resistant, the likelihood is that the genetic base of
SCN resistance was broad.

Structure of the Association Mapping Panel
On the basis of the 39 SSR and 14 SNP assays chosen to
characterize the genetic structure of the AM panel, the
size of the K parameter implied the presence of two
genetically distinct subpopulations (Fig. 2A). This conclusion was supported by the phylogenetic analysis (Fig.
2B). The two subpopulations broadly reflected the entries’
geographical provenance (Fig. 2C): one was dominated
by material originating from central China (124/144
accessions), while the other grouped entries from
southern (9), northeastern (10), and central (12) China,
together with most of the exotic materials (South Korea,
8; Japan, 7; Russia, 2; and United States, 2).

Single-Nucleotide Polymorphism Diversity
in the Association Mapping Panel

Of the 585 SNPs meeting the quality threshold (Supplemental Table S3), 558 reflected nonsynonymous substitutions (altered amino acid residue), two were synonymous
substitutions, and 25 were sited in noncoding DNA (UTR,
1; intron, 5; intergenic region, 19). The gene diversity displayed by the SNPs ranged from 0.02 to 0.50 with a mean
of 0.38. Linkage disequilibrium varied from chromosomal
region to region, falling to r2 = 0.1 over an average distance
of 2.4 Mb, as indicated by the fitted trend (Fig. 3A).
In all, 28 significant (p < 0.001) marker–FI associations in 23 genes were observed (Fig. 4A; Table 2), individually explaining between 4.8 and 10.6% of the FI variance; each was considered as a putative QTN (Glazier et
4
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al., 2002). All but one of the variants was nonsynonymous
substitution (the exception was Map-5030 located in an
intergenic region). The location of 22 of the SNPs corresponded with four of the eight targeted genomic regions,
namely GR08 (in Gm08, 12 SNPs), GR11 (on Gm11, eight
SNPs), GR14 (on Gm14, one SNP), and GR18a (on Gm18,
one SNP). The other six mapped to regions not identified
as relevant for SCN resistance: Gm05 (Map-5015), Gm08
(Map-5106), Gm14 (Map-5257), Gm15 (Map-5301), Gm16
(Map-5375), and Gm19 (Map-5596).
The clustering of the GR08 and GR11 polymorphisms
(Table 2) suggested the presence of an important SCN
resistance locus in these two regions. The eight putative
QTNs, along with two other significant SNPs (p < 0.01)
on GR11, spanned a 83.2 kb region (position 37,335,483 to
37,418,685), in which LD was high (r2 = 0.59 for Map-5140
vs. Map-5147, and 0.98 for Map-5142 vs. Map-5143, Map5142 vs. Map-5145, and Map-5143 vs. Map-5145) (Fig. 3B).
The presence of two haplotype blocks was inferred: the
first (HapBlock1) involved six of the SNPs, while HapBlock2 involved three. The four HapBlock1 SNPs (Map5141, Map-5142, Map-5144, and Map-5146) were putative
QTNs, as were the HapBlock2 SNPs Map-5147, Map-514,
and Map-5149. Map-5147 (p-value of 2.5  10−5) and
Map-5149 (3.9  10−6) explained 8.8 and 10.6% of the FI
variance, respectively. Map-5147 and Map-5148 were both
nonsynonymous substitutions present within Glyma11
g35810, which is a paralog of Glyma18 g02600 and one of
genes present in the multigene locus rhg1-b (Cook et al.,
2012). The nonsynonymous Map-5149 lay within Glyma11
g35820, a close paralog of Glyma18 g02590, which is also
part of the rhg1-b complex (Cook et al., 2012). The 12 putative GR08 QTNs were associated with rather lower p-values (<10−4) than were the GR11 ones. They were located in
the upstream region of Rhg4 (Glyma08 g11490), spanning
a 373.4 kb segment from positions 7928,720 to 8302,134.
Map-5053 lay 54 kb distance from Glyma08 g11490. The
putative QTNs explained between 4.8 (Map-5036 and
Map-5039) and 6.5% (Map-5041) of the FI variance. Linkage disequilibrium within the region was also strong (r2
the pl ant genome
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Fig. 2. The provenance of the accessions within the association mapping (AM) panel and the presence of population structure. (A)
STRUCTURE analysis: the vertical bars each represent an accession, and the black and yellow bars display the relative membership of
each accession to the two clusters. Accessions listed by country and latitude. (B) An unrooted dendrogram of the AM panel based on
shared allele pairwise distances. The colored lines represent clusters inferred from the STRUCTURE analysis. (C) Provenance: colored
symbols represent the clusters inferred from the STRUCTURE analysis.

ranged from 0.78 between both Map-5047 vs. Map-5052
and Map-5048 vs. Map-5052) to 1.000 (Map-5045 vs. Map5056, Map-5047 vs. Map-5048, Map-5049 vs. Map-5050,
Map-5050 vs. Map-5051, and Map-5049 vs. Map-5051).
Map-5030 explained 7.2% of the FI variance but displayed
little LD (r2 = 0.13) with the adjacent Map-5032. The two
SNPs Map-5428 (on GR18a) and Map-5251 (GR14) were
also significantly associated with SCN resistance. The former produced the third strongest marker–trait association
(p-value = 2.7  10−5) and explained 8.7% of the FI variance; this SNP mapped to exon 6 of Glyma18 g02590 on
GR18a in the vicinity of rhg1-b. Map-5251 (p-value = 9 
10−4) explained 5.2% of the FI variance.

Linkage Mapping Analysis
The parents of the RIL population differed significantly
with respect to their level of resistance to SCN race 3: ZP
was immune (FI = 0), while ZH was highly susceptible
(FI = 239). Among the RILs, 28 were deemed resistant (FI
< 10), while 189 were fully susceptible (FI > 60) (Fig. 1A).

The linkage map generated from the RIL population and based on >1000 molecular markers spanned
2910.7 cM and identified 20 linkage groups. There were
11 gaps longer than 20 cM, and some minor differences
in marker order were detected in comparison with that
recorded previously (Li et al., 2014a; Supplemental Table
S4). Two SCN3 resistance QTL were revealed and designated as SCN3-11 and SCN3-18 (Table 2; Fig. 4B). The
former (LOD score of 3.94) mapped to GR11, explained
5.8% of the FI variance, and was associated with an additive effect of 13.17. The SNP markers flanking SCN3-11
were Map-5146 and Map-2071 defining a 50 kb interval
according to the soybean reference genome. The four
candidate QTNs identified from the AM analysis (Map5146 through Map-5149) were located in the same region.
SCN3-18 (LOD score of 15.87) explained 25.5% of the FI
variance and generated an additive effect of 28.97 and lay
within a 210-kb genomic segment defined by Map-3448
and Map-5428, which coincides with the rhg1-b region.
The allele associated with SCN resistance at both QTL
was inherited from ZP. The additive-by-additive epistatic
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Fig. 3. Linkage disequilibrium analysis. (A) Linkage disequilibrium decay estimated on the basis of the square of the allelic correlation
coefficient (r2) between pairs of single-nucleotide polymorphisms. Linkage disequilibrium maps for (B) GR11 and (C) GR08. Singlenucleotide polymorphisms associated with soybean cyst nematode resistance identified by association mapping indicated by, respectively, red (p-value < 0.001) and gray (p-value < 0.01) asterisks.
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Fig. 4. The association mapping (AM), linkage mapping (LM), and joint AM-LM approach for obtaining marker–female index (FI) associations. (A) Manhattan plot for FI based on the allelic status at 584 single-nucleotide polymorphism (SNP) loci in the AM panel; (B) FI
quantitative trait loci detected by LM (1062 markers); (C) Manhattan plot for FI based on the joint approach (556 SNP loci).

effect of the two loci (36.86) was higher than the additive
effect of SCN3-18 alone and almost as high as the combined additive effects of both QTL.
When a joint LM and AM analysis was performed on
the combined set of 451 entries, applying a mixed linear
model (Fig. 4C), six significant (p < 0.001) marker–FI associations (Table 2) were detected. Four of these, involving
Map-5118, Map-5255, Map-5431, and Map-5432, were not
identified in either the LM or the AM analysis. Map-5431
lay within Glyma18 g02650, between rhg1-a (Srour et al.,
2012) and rhg1-b, while Map-5432 lay within Glyma18
g02690, adjacent to rhg1-a (Srour et al., 2012).

Discussion
The Genetics of Soybean Cyst
Nematode Resistance

The use of AM to identify the genetic basis of SCN resistance identified 28 putative QTNs located in nine genes
and mapping to four of the eight genomic regions (GR08,
GR11, GR14, and GR18a) previously associated with
SCN resistance. Meanwhile, the LM approach revealed
two QTL (SCN3-11 and SCN3-18), each sited in a region
harboring putative QTNs. The most likely reason why
LM identified fewer loci than AM is that there was more
allelic diversity among the set of AM germplasm with
respect to SCN resistance genes than there was between
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Table 2. Single-nucleotide polymorphism (SNP) loci linked to resistance against soybean cyst nematode (SCN) as
revealed by association mapping (AM), linkage disequilibrium (LM), or the joint AM-LM approach.

SNP

Chromo- Physical
SNP
some position (bp) types†

Amino
acid
change

AM
Gene ID
(Glyma1.1)

LM-AM

p

R2

4.0  10−5
1.2  10−4
9.9  10−4
3.8  10−4
9.7  10−4
2.7  10−4
9.5  10−4
7.5  10−4
7.5  10−4
8.4  10−4
8.4  10−4
8.4  10−4
4.7  10−4
7.3  10−4

0.083
0.072
0.048
0.062
0.048
0.065
0.063
0.055
0.055
0.054
0.054
0.054
0.060
0.056

Map-5015
Map-5030
Map-5036
Map-5037
Map-5039
Map-5041
Map-5044
Map-5047
Map-5048
Map-5049
Map-5050
Map-5051
Map-5053
Map-5106
Map-5118
Map-5140

Gm05
Gm08
Gm08
Gm08
Gm08
Gm08
Gm08
Gm08
Gm08
Gm08
Gm08
Gm08
Gm08
Gm08
Gm09
Gm11

5,121,615
7,574,941
7,928,720
7,964,733
8,006,186
8,041,676
8,097,334
8,229,321
8,231,920
8,263,213
8,263,458
8,273,257
8,302,134
17,608,195
39,297,708
37,335,483

C/T
T/A
G/A
A/G
T/G
T/G
T/C
A/T
G/A
G/C
C/A
A/G
A/C
G/A
C/T
G/T

VA
VI
PH
DE
GD
QL
VA
GA
TP
DN
GV
EK
GD
QP

Glyma05 g05710
Intergenic
Glyma08 g10880
Glyma08 g10920
Glyma08 g10970
Glyma08 g11000
Glyma08 g11080
Glyma08 g11280
Glyma08 g11280
Glyma08 g11330
Glyma08 g11330
Glyma08 g11340
Glyma08 g11370
Glyma08 g23110
Glyma09 g32760
Glyma11 g35710

Map-5141
Map-5142
Map-5144
Map-5146
Map-5147
Map-5148
Map-5149

Gm11
Gm11
Gm11
Gm11
Gm11
Gm11
Gm11

37,363,602
37,378,845
37,380,549
37,383,157
37,413,493
37,413,566
37,418,685

T/A
C/T
T/C
G/C
T/C
T/C
T/C

VE
KR
DN
EQ
RQ
AT
AT

Glyma11 g35750
Glyma11 g35770
Glyma11 g35770
Glyma11 g35780
Glyma11 g35810
Glyma11 g35810
Glyma11 g35820

7.0  10−4
7.4  10−4
8.3  10−4
9.8  10−4
2.5  10−5
2.3  10−4
3.9  10−6

Map-5251
Map-5255

Gm14
Gm14

6,040,552
43,189,815

T/A
A/G

VA
EK

Glyma14 g07990
Glyma14 g34590

9.0  10−4 0.052

Map-5257
Map-5301
Map-5375
Map-5428

Gm14
Gm15
Gm16
Gm18

46,882,655
2,967,566
3,522,474
1,643,225

G/T
C/G
C/A
G/C

SA
DH
HN
DE

Glyma14 g37610
Glyma15 g16660
Glyma16 g29880
Glyma18 g02590

2.0  10−4
8.8  10−5
8.9  10−4
2.7  10−5

Map-5431
Map-5432

Gm18
Gm18

1,681,789
1,723,184

C/T
C/T

IT
PS

Glyma18 g02650
Glyma1 8g02690

Map-5596

Gm19

47,235,903

C/G

TS

Glyma19 g40950

EK

p

R2

Putative
QTL‡
function of
Genomic identified gene reported
region
by LM
in soybean

Reference

GR08
GR08
GR08
GR08
GR08
GR08
GR08
GR08
GR08
GR08
GR08
GR08
7.8  10−4 0.031

1.5  10−4 0.070

GR11

0.056
GR11
0.070
GR11
0.054
GR11
0.048
GR11
0.088
GR11
0.083 2.2  10−6 0.063 GR11
0.106
GR11

Resistance
(Rhg1/Rfs2)

Srour et al.,
2012

SCN
resistance

Cook et al.,
2014

Drought

Chen et al., 2013;
Marcolino-Gomes
et al., 2013

SCN
resistance

Cook et al., 2014;
Matsye et al.,
2012

Resistance
(Rhg1/Rfs2)
Resistance

Srour et al.,
2012
Wang et al.,
2012; Yin et al.,
2013

SCN3-11

GR14
8.9  10−4 0.032

0.068
0.076
0.054
0.087 2.3  10−9 0.081 GR18a

SCN3-18

1.2  10−7 0.062 GR18a
1.2  10−7 0.056 GR18a
1.4  10−4 0.071

† Letters in bold indicate resistance alleles.
‡ QTL, quantitative trait loci.

the LM parents. The SCN resistance carried by ZP was
derived from one or more of its progenitors (‘Huipizhiheidou’, Peking, and PI437654) (Zhang et al., 2013a), all
of which have been widely used in resistance breeding
(Concibido et al., 2004; Yuan et al., 2009). In addition to
these lines, the AM panel clearly harbors a number of
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likely independent sources of resistance (Ma et al., 2006),
for which the present AM approach has produced some
candidate markers; these could be informative in the
context of marker assisted breeding.
The phenotypic values of SCN resistance followed
a distribution, which is typical for quantitative and
continuous character (Fig. 1A). This clearly suggested a
the pl ant genome
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complex genetic architecture of SCN resistance in the
used soybean panel. As a complex trait, a great number
of associated QTN or genomic regions, including novel
QTNs or regions, were expected. Accordingly, six novel
QTNs from six different genomic regions were identified to be associated with resistance to SCN race 3 in our
study. Although these novel QTNs could not be validated
using current biparental RIL population derived from
the cross ZP  ZH and known QTLs information, some
of them exhibited a high level of significance in the AM
analysis. This suggests that they were promising putative loci controlling the resistance to SCN race 3 and of
interest for improving the SCN resistance using markerassisted selection. Nevertheless, further validations are
needed to verify our findings.

The Relative Advantages of Linkage Mapping,
Association Mapping, and the Joint Approach

Linkage mapping is an effective tool for QTL detection
but can only survey a limited number of alleles (at best
four); since it relies exclusively on the recombination
events that occurred during the formation of the mapping
population, its resolving power is low unless very large
populations are tested. In contrast, AM handles a much
broader range of genetic diversity; and since it exploits
historical meioses, its level of resolution is higher; however, its ability to detect rare QTL alleles is lower (Lu et al.,
2010; Yu and Buckler, 2006). An illustration of the relative
resolution achieved by LM and AM is that the two LMderived QTL could only be placed within a 1-Mb range
window (SCN3-8, 3.1 Mb; SCN3-11, 2.1 Mb), whereas the
equivalent segment lengths defined by AM were, respectively, 373 and 83.2 kb. Since largely nonsynonymous
SNPs were used to map the target loci, their presence
within a relatively narrow window clearly underlines their
potential role as candidate genes underlying the QTL.
Lu et al. (2010) have proposed a joint LM-AM
approach as a means of combining the advantages of LM
and AM. The application of this method here revealed
four QTNs (Map-5118, Map-5255, Map-5431, and Map5432; see Table 2), which were not identified by either AM
or LM on their own. Map-5432 maps within Glyma18
g02690, a member of the rhg1-a complex shown to confer
partial SCN resistance in cisgenic plants (Srour et al.,
2012). The conclusion is that the joint LM-AM approach
can aid in revealing the genetic basis of a complex trait.

The Contribution of rhg1-b and its GR11 Paralog
to Soybean Cyst Nematode Resistance

Soybean has undergone at least two ancient genomewide duplication events during its speciation, resulting
in a substantial degree of gene duplication (Schmutz et
al., 2010). Over evolutionary time, gene duplicates can
be retained, lose their function through mutation or
deletion, or acquire a novel function (Moore and Purugganan, 2005). The genetic control of SCN resistance
includes the rhg1-b complex on GR18a and a paralog on
GR11 (Cook et al., 2012). Among the four genes making

up the rhg1-b haplotype, three (the exception is Glyma18
g02600) contribute to resistance (Cook et al., 2012). Resequencing of 55 soybean accessions (including ZP and its
SCN resistant progenitor Huipizhiheidou) was unable to
reveal any nonsynonymous mutation in either Glyma18
g02580 or Glyma18 g02610, although two were identified in Glyma18 g02590 (Li et al., 2013). One of the latter
SNPs (Map-5428) has been suggested as a marker to distinguish between resistance based on either a low-copy
(three copies) vs. a high-copy (7–10 copies) rhg1-b segment, or between susceptible accessions and those carrying a single copy rhg1-b segment (Cook et al., 2012, 2014).
The same SNP was also implicated by the present AM
scan as being a major determinant of SCN resistance.
The SCN3-11 QTL provides resistance to races 1, 2,
and 5 as well as to race 3 (Ferdous et al., 2006; Guo et
al., 2005, 2006; Wu et al., 2009; Yue et al., 2001). Unlike
rhg1-b, this appears to be a single gene effect (Cook et al.,
2012). Here, the QTNs identified in the neighborhood of
SCN3-11 explained 4.8 to 13.9% of the phenotypic variance for SCN resistance. Although LD was quite extensive in this genomic region (Fig. 3b), a nonsynonymous
SNP (Map-5149) was nevertheless detected mapping to
Glyma11 g35820, a paralog of Glyma18 g02590 (a component of rhg1-b), along with two further nonsynonymous
ones (Map-5147 and Map-5148) within Glyma11 g35810,
a paralog of Glyma18 g02600. In combination with epistatic interaction analysis, the conclusion is that these
two major loci act nonadditively, providing a high level
of SCN resistance.

Conclusions

The deployment of genetic resistance provides a valuable
component of control over SCN. Given the race structure
of the pathogen population, resistant cultivars need to
harbor a suite of genes. Here, the use of LM and AM has
allowed the recognition of numerous marker–SCN race
3 resistance associations, providing the basis for developing simple, effective markers for resistance breeding.
Some of these likely relate to sources of resistance that
have yet to be exploited by breeders. A more detailed
definition of these loci can be obtained by developing the
appropriate mapping populations.
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