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Introduction

Soybean [Glycine max (L.) Merr.] cyst nematode (SCN) caused 
by Heterodera glycines Ichinohe is the most devastating diseas-
es causing high yield losses worldwide (Wrather et al., 2001, 
2006). Plants infected with cyst nematodes (H. glycines) show 
symptoms of leaf chlorosis, root necrosis, reduced root growth, 
and severe seed weight reduction (Wrather et al., 2001, 2006). 
The average crop losses related to SCN in US can range from 
5-80 % depending on rainfall, soil fertility, and presence of 
other diseases such as sudden death syndrome (SDS), slerotinia 
stem rot, and other nematodes such as Meloidogyne incognita 
and Pratylenchus spp. (Wrather et al., 1995; Palmateer et al., 
2000).

Chemical control was used to limit the populations of nema-
todes in fields; however, because of the toxicity of these chemi-
cals, this practice was drastically reduced recently (Rodriguez-
Kabana, 1992; Chitwood, 2002). Other common agronomic 
practices such as non-host crop rotation, the use of cover crops, 
delayed planting, sampling procedures, use of minimum tillage, 
maintaining proper soil fertility and pH, and managing other 
soybean diseases and pests have also been used to limit SCN 
infection; however, varietal resistance is the most effective and 
economical measure against yield losses caused by SCN infesta-
tion (Haetherly et al., 1999; Abawi et al., 2000; Concibido et 
al., 2004; Chen et al., 2006; Miller et al., 2006). In general, 
SCN resistant cultivars are low yielding compared to the high 
yielding susceptible cultivars which makes it difficult to breed  
high yielding cultivars combined with resistance to SCN (Kopisch-
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Abstract

Soybean cyst nematode caused by Heterodera glycines Ichi-
nohe is the most devastating pest in soybean [Glycine max 
(L.) Merr.]. Resistance to SCN is complex, polygenic, race and 
cultivar specific, and it is controlled by several quantitative 
trait loci (QTL). Our objective was to identify and map QTL 
for SCN resistance to races 3 (HG Type 0) and 5 (HG Type 
2.5.7) using a high density SNP-based genetic linkage map 
based on the PI438489B by ‘Hamilton’ (PIxH, n=50) recom-
binant inbred line population. The PI438489B by Hamilton 
map contained 648 SNPs distributed on 31 LGs with coverage 
of 1,524.7 cM and an average distance of 2.35 cM between 
two markers (Kassem et al., 2011). Using interval mapping 
(IM) and composite interval mapping (CIM), eight QTL were 
identified for SCN resistance to races 3 and 5 on 7 differ-
ent soybean chromosomes. Four QTL for resistance to SCN 
race 3 were identified and mapped on chromosomes 7, 13, 
15, and 16. Similarly, four QTL for resistance to SCN race 5 
were identified and mapped on chromosomes 5, 8, and 11. 
The QTL identified here will be highly beneficial in breeding 
programs to develop cultivars with resistance to both SCN 
races 3 and 5.

Keywords: Soybean, SCN, Race 3, Race 5, QTL, RIL, PI438489B, 
‘Hamilton’.
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Obuch et al., 2005; Gellin et al., 2006; Karangula et al., 2009). 
There are several races of nematodes which make resistance to 
SCN complex, race-cultivar specific (Diers et al., 1997; Yue et 
al., 2001a,b; Niblack et al., 2002, 2003), and polygenic (Con-
cibido et al., 2004). Therefore, QTL for SCN resistance were 
identified and mapped on the soybean genome using different 
populations (Concibido et al., 2004; Glover et al., 2004; Ka-
belka et al., 2005; Guo et al., 2006a,b; Kassem et al., 2006, 
2007; Wu et al., 2009; Kazi et al., 2010). 

For example, resistance to SCN race 3 (HG Type 0) was re-
ported as bigenic in the ‘Essex’ by ‘Forrest’ (ExF) recombinant 
inbred line (RIL) population (Lightfoot et al., 2005) conditioned 
by rhg4 on chromosomes 8 (LG A2) and 18 (LG G) (Meksem et 
al., 2001; Lightfoot et al., 2005; Kassem et al., 2006). However, 
a third minor QTL was identified and mapped on chromosome 
2 (LG D1b) using the same ExF RIL population (Kassem et al., 
2007). A recent study summarized all QTL for SCN resistance 
for more than a decade, from 1992 to 2003 (Concibido et al., 
2004). This study identified QTL for SCN resistance to races 1, 2, 
3, 5, 6, and 14 on all chromosomes except chromosomes 2 (LG 
D1b), 9 (LG K), and 10 (LG O). However, a QTL for SCN resis-
tance was recently identified on chromosome 2 (LG D1b, Kassem 
et al., 2007). To our knowledge, QTL for SCN resistance to races 
4, 7-13, 15, and 16 have not been reported yet. 

The ‘PI438489B’ by ‘Hamilton’ RIL population used in this 
study was developed specifically to identify and map QTL for 
SCN resistance (Yue et al., 2001a). Using this population, nine 
QTL for SCN resistance to races 1, 2, 3, 5, and 14 were identi-
fied on chromosomes 1 (LG D1a), 4 (LG C1), 5 (LG A1), 6 (LG 
C2), 8 (LG A2), 11 (LG B1), 14 (LG B2), 15 (LG E), and 18 
(LG G) (Yue et al., 2001a). Using F4-derived lines of a cross 
between cultivars ‘Bell’ and ‘Colfax’, QTL for SCN resistance 
to races 3 and 14 were identified on chromosomes 16 (LG J) 
and 18 (LG G) (Glover et al., 2004). Using F2-derived lines of 
a cross between ‘PI 468916’ by Glycine soja, two QTL for SCN 
resistance to race 3 were identified on chromosomes 15 (LG E) 
and 18 (LG G) (Kabelka et al., 2005). 

Association between QTL underlying both SCN and SDS 
resistance has been reported in several genetic backgrounds 
(Prabhu et al., 1999; Meksem et al., 1999). For example, in the 
ExF RIL population, a cluster of 4 QTL underlying SDS resistance 
were identified and mapped on chromosome 18 (LG G; Iqbal 
et al., 2001). One of these regions coincides with Rhg1 that 
underlies resistance to SCN (Iqbal et al., 2001; Concibido et 
al., 2004). Another region on chromosome 17 (LG D2) was re-
ported to underlie resistance to both SDS and SCN (Concibido 
et al., 2004; De Farias et al., 2007; Wu et al., 2009). These 
regions are of interest to include in breeding programs to de-
velop soybean cultivars with dual resistance to both SDS and 
SCN resistance.

The objective of this study was to map QTL for SCN resistance 
to races 3 and 5 using the ‘PI438489B’ by ‘Hamilton’ (PIxH, 
n=50) recombinant inbred line population and the recently pub-
lished high density SNP-based genetic linkage map (Kassem et 
al., 2012).

Materials and Methods

Plant Material

The PI 438489B by ‘Hamilton’ recombinant inbred line (RIL) 
population (PIxH, n=50) used in this study was developed at 

the University of Missouri Agronomy Research Center and has 
been described earlier (Yue et al., 2001a). The population was 
advanced to the F6:13 generation by Dr. Silvia Cianzio at the 
ISU research site at the Isabela Substation, Univ. of Puerto Rico, 
Isabela, Puerto Rico.

DNA Isolation 

DNA isolation was performed as described earlier (Kassem 
et al., 2012). Briefly, DNeasy 96 Tissue Kit (QIAGEN, Inc., Va-
lencia, CA, USA) was used to extract DNA from young leaves of 
15 days-old seedlings grown in the greenhouse. DNA samples 
were then quantified and diluted to a final concentration of 100 
ng/µl. 

SNP Genotyping

SNP genotyping was performed using the GoldenGate as-
say as described previously (Hyten et al., 2008). 

SCN Phenotypic Scoring

The source and the method for developing a near -homoge-
neous populations of SCN Race 3 (HG Type 0) and Race 5 (HG 
Type 2.5.7) used in this research was already described (Qui et 
al., 1999). Each of the two populations was increased individu-
ally for multiple generations and was maintained separately on 
a susceptible cultivar Hutcheson in the greenhouse at USDA-ARS, 
Soybean Research Lab, Jackson, TN.

A bioassay using revised classification system as described 
by Niblack et al., (2002) was used to evaluate the RIL popu-
lation for the soybean cross. The revised classification system 
includes seven indicator lines and a susceptible line for determi-
nation of soybean reaction to SCN. The indicator lines include PI 
548402 (Peking), PI 88788, PI 90763, PI437654, PI 209332, 
PI 89772, PI 548316 (Cloud) and a standard susceptible culti-
var, respectively.

Method for the SCN bioassay performed in the greenhouse 
followed established protocols (Arelli et al., 2000) with the mod-
ifications described in Arelli and Wang, (2008). Each plant was 
grown in 7-cm in diameter clay pot filled with steam sterilized 
soil on a greenhouse bench top with an evaporative cooling and 
under bench heating system. A computerized system has regu-
lated duration of light, heating and cooling systems in the green-
house during the bioassay for proper growth of soybean seed-
lings and nematodes. Ten seedlings for each of the RIL, indicator 
lines  a susceptible control and both the parents were included in 
the experiment and maintained at 27±2oC. The seedlings were 
grown for 3 to 4 days prior to their inoculation with SCN Race 
5 (HG Type 2.5.7) eggs and juveniles. Each seedling was inocu-
lated with 5 ml of inoculum consisting approximately 2,000 eggs 
and juveniles. The eggs and juveniles were suspended in de-
ionized distilled water and a Pippettor dispensed the inoculums 
closer to the roots of the seedlings.

Approximately 30 days after the inoculation, plant roots 
were individually washed with a stron jet of water to dislodge 
the females and cysts. These were counted under a stereomicro-
scope, and a female index (FI%) was calculated for the number 
of females developing on each soybean plant (Golden et al., 
1970). Female index is the number of SCN females occurring 
on a given soybean plant expressed as the percentage of mean 
number of females on a standard susceptible used in the bioas-
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Ratings of resistant (FI=0 to 9%) and susceptible (FI=60% 
and more) used to classify the reaction of soybean plants (RILs) 
were based on Schmitt and Shannon (1992).

Statistical Data Analysis

A one-way ANOVA based on replicated data was conduct-
ed to estimate the differences between RI lines and parents. 
Descriptive statistics were calculated for the RI lines and their 
parents from raw data. Normality of distribution was tested 
by Shapiro-Wilk W test for indexes of parasitism. All analyses 
were performed on JMP 8.02 (SAS Institute Inc., Cary, NC, USA).

Traits QTL Mapping
 

We mapped resistance to SCN race 3 and 5 using both IM 
and CIM methods of WinQTL Cartographer (Wang et al., 2005) 
as described earlier (Kassem et al., 2012). Briefly, we used the 
Model 6 and default settings. Linkage was determined by 300 
permutations and QTL presence was reported at P ≤ 0.05 and 
LOD scores ≥ 2.5. 

Genetic Map Construction

The ‘PI438489B’ by ‘Hamilton’ SNP-based genetic linkage 
map has been described earlier (Kassem et al., 2012). Briefly, 
the genetic map was composed of 648 SNPs distributed on 31 
LGs with coverage of 1,524.7 cM and an average distance of 
2.35 cM between two markers (Kassem et al., 2012). The ge-
netic map was constructed using JoinMap 4 (Van Ooijen, 2006). 
Chromosomes and QTL positions were drawn using MapChart 
2.2 (Voorrips, 2002).

Finding Genes that Underlie SCN QTL

Genes that underlie SCN QTL identified in this study were 
found as described earlier (Kassem et al., 2012). Briefly, each 
QTL was bounded by two SNPs. The SNP sequences were ob-
tained from the NCBI SNP Database (http://www.ncbi.nlm.nih.
gov/projects/SNP/) and used in a BLAST search of the Glycine 
max Genome Sequence (http://soybase.org/gbrowse/cgi-bin/
gbrowse/gmax1.01/) and gene names and sequences were 
identified (Kassem et al., 2012). 

Results 

SNP-Based Genetic Map 

The ‘PI438489B’ by ‘Hamilton’ SNP-based genetic linkage 
map has been described earlier (Kassem et al., 2012). Briefly, 
the genetic map was composed of 648 SNPs distributed on 31 
LGs with coverage of 1,524.7 cM and an average distance of 
2.35 cM between two markers (Kassem et al., 2012). 

Distribution and Variation for Index of  Parasitism

Segregation data for SCN Race 3 and 5 index of para-
sitism in the RIL population were tested with Shapiro-Wilk W 
test and were found that follow normal distribution (Figure 1). 
This result indicates that data can be used for QTL analysis and 
mapping. According to the data, 52% of the RILs showed an in-

dex of parasitism higher than ‘Hamilton’ and only one individual 
had an index lower than ‘PI438489B’. The difference between 
PI438489B and ‘Hamilton’ and also between parental lines and 
RI were not significant at the P<0.05 level.

SCN Resistance QTL

We used interval mapping (IM) and composite interval map-
ping (CIM) of WinQTL Cartographer (Wang et al., 2005) to 
identify and map QTL for SCN resistance to races 3 and 5 of 
the nematode (Table 1). Index of parasitism was used as a phe-
notypic parameter as described earlier (Arelli et al., 1992). In-
dexes of parasitism were estimated for SCN races 3 (IP SCN3) 
and 5 (IP SCN5) 33-34 DAP.  

A total of 8 QTL that underlie SCN resistance were identified 
and mapped on 7 different chromosomes of the soybean ge-
nome. Six QTL were identified CIM and 2 in IM QTL analysis. The 
first QTL that underlie resistance to SCN3 (qSCN001-01) was 
identified by the marker interval ss107925701–ss107918678 
on chromosome 7 (LG M). The QTL spanned approximately 8 cM 
and had a peak LOD score of 3.2 (Table 1, Figure 2). The sec-
ond QTL that underlie resistance to SCN3 (qSCN001-02) was 
identified by the marker interval ss107920816–ss107912529 
on chromosome 13a (LG F). The QTL spanned only 0.6 cM and 

Figure 1. Frequency distributions of SCN resistance traits: 
Index of Parasitism (IP) for SCN races 3 (a) and 5 (b) in the 
PI438489B by ‘Hamilton’ RIL population (n=50).



had a peak LOD score of 4.1 (Table 1, Figure 2). The third QTL 
that underlie resistance to SCN3 (qSCN001-03) was identified 
by the marker interval ss107913532–ss107930960 on chro-
mosome 15b (LG E). The QTL spanned approximately 13 cM 
and had a peak LOD score of 2.8 (Table 1, Figure 2). The first 
QTL that underlie resistance to SCN5 (qSCN002-01) was iden-
tified by the marker interval ss107921684–ss107919814 on 
chromosome 5b (LG A1). The QTL spanned approximately 4.2 
cM and had a peak LOD score of 2.9 (Table 1, Figure 2). The 
second QTL that underlie resistance to SCN5 (qSCN002-02) was 
identified by the marker interval ss107919498–ss107930668 
on chromosome 8 (LG A2). The QTL spanned approximately 8 
cM and had a peak LOD score of 3.6 (Table 1, Figure 2). The 
third QTL that underlie resistance to SCN5 (qSCN002-03) was 
identified by the marker interval ss107920383–ss107922154 
on chromosome 11b (LG B1). The QTL spanned only 2.5 cM and 
had a peak LOD score of 2.6 (Table 1, Figure 2).     

Using IM, three QTL were identified for SCN resistances to 
races 3 and 5 (SCN3 & SCN5); however, one QTL is the same 
QTL identified in CIM (qSCN001-01, Table 1, Figure 2). The 
seventh QTL for resistance to SCN3 (qSCN001-04) was iden-
tified by the marker interval ss107915281–ss107913369 on 
chromosome 16 (LG J). The QTL spanned 17 cM and had a peak 
LOD score of 2.9 (Table 1, Figure 2). The eight QTL for resis-
tance to SCN5 (qSCN002-04) was identified by the marker in-
terval ss107930810–ss107927037 on chromosome 8 (LG A2). 
The QTL spanned only 3 cM and had a peak LOD score of 3.7 
(Table 1, Figure 2).

Analysis of  Candidate Genes 

The genomic intervals containing QTL for SCN resistance 
ranged from 0.6 to 18 cM (Table 1). The analysis of sequences 
of these regions revealed the presence of 26 genes 18 among 
which are for resistance to SCN race 5 and 8 are for resistance 
to SCN race 3 (Table 2). Those genes have been discovered 
earlier from Arabidopsis thaliana, Oryza sativa, Medicago trun-
catula, Prunus mume, and Vigna radiate (Table 2). 

Discussion

The PI438489 and Hamilton genetic linkage map as de-
scribed earlier contained 648 SNPs, 31 LGs, a map coverage 
of 1,524.7 cM, and an average distance of 2.35 cM between 
markers (Kassem et al., 2012). The same  map was used previ-
ously to locate QTL for SDS resistance (Kassem et al., 2012) and 
also in this study for mapping QTL for SCN resistance to races 
3 and 5. 

Using IM and CIM, eight QTL for SCN resistance to races 
3 and 5 were identified and mapped on 7 different soybean 
chromosomes. Four QTL for resistance to SCN race 3 were iden-
tified and mapped on chromosomes 7, 13, 15, and 16. These 
QTL were qSCN001-01, qSCN001-02, qSCN001-03, and 
qSCN001-04, respectively. At the same position of the QTL 
qSCN001-01 identified on chromosome 7 (LG M), other studies 
mapped QTL for sucrose concentration (Maughan et al., 2000) 
and seed weight (Specht et al., 2001). Interestingly, this chromo-
some contains a cluster of 2 other QTL for SCN resistance to rac-
es 1, 3, 5, and 14 from different genetic backgrounds including 
a patented region (Concibido et al., 2004). In the other hand, 
at the same position of qSCN001-02 found on chromosome 13a 
(LG F), a QTL for SCN resistance to races 1, 3, and 5 was found 
and mapped (Concibido et al., 2004). In addition, QTL for phos-
phorus leaf content (Li et al., 2005) and seed weight (Specht 
et al., 2001) were also identified and mapped in this region. 
On chromosome 15b (LG E) where qSCN001-03 was identified, 
two other QTL for SCN resistance to races 2, 3, and 14 (Yue et 
al., 2001a,b; Concibido et al., 2004). One of the two QTL was 
identified in ‘PI 438489B’ one of the parents of the RIL popula-
tion used in this study. Therefore, qSCN001-03 is a confirmed 
QTL and can be designated cqSCN001-03. At this same posi-
tion, QTL for corn earworm resistance (Terry et al., 2000), pro-
tein, and oil content (Diers et al., 1992) were also mapped. The 
fourth SCN resistance QTL (qSCN001-04) on chromosome 16 
(LG J) map at the same region of the QTL for resistance to SCN 
race 3 identified previously in different genetic backgrounds 
(Concibido et al., 2004). This QTL has been confirmed and is 
called cqSCN001-04. In the same region, QTL for corn earworm 
resistance (Rector et al., 2000), maturity date (Orf et al., 1999), 
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Table 1. The eight QTL that underlie SCN resistance found in the soybean ‘PI438489B’ by ‘Hamilton’ RIL population. 
The traits measured were female index of parasitism (IP) after infection by H. glycines races 3 and 5. QTL were 
named according to the Soybean Genetics Committee recommendations as revised in March 2007 (http://soybase.
org/resources/QTL.php).
Trait No. QTL Chr./LG Marker/Interval Position (cM) LOD R2

CIM
IP SCN3

IP SCN5

IM
IP SCN3

IP SCN5

1
2
3

4
5
6

(1)
7

8

qSCN001-01
qSCN001-02
qSCN001-03

qSCN002-01
qSCN002-02
qSCN002-03

qSCN001-01
qSCN001-04

qSCN002-04

7/M
13a/F
15b/E

5b/A1
8/A2
11b/B1

7/M
16/J

8/A2

ss107925701–ss107918678 
ss107920816–ss107912529 
ss107913532–ss107930960

ss107921684–ss107919814 
ss107919498–ss107930668 
ss107920383–ss107922154

ss107925701–ss107918251 
ss107915281–ss107913369 

ss107930810–ss107927037 

0–8
3.6–4.2
0–13

10.4–14.6
0–8
0–2.5

0–18
4–21 

97–100 

3.2
4.1
2.8

2.9
3.6
2.6

3.4
2.9

3.7

22.4
8.9
16.1

43.0
43.3
38.9

22.4
10.4

27.8
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Table 2. Potential candidate genes found in the genomic regions containing QTL for SCN races 3 and 5. 
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QTL and Gene Name Gene Description Gene 
Frequency

CIM_FI SCN5 qSCN002-01 
TA54513_3847 

Expressed protein [Oryza sativa (japonica cultivar-
group)] 

2

CIM_FI SCN5 qSCN002-03 
CA910878 

Expressed protein [Oryza sativa (japonica cultivar-
group)] 

2

CIM_FI SCN5 qSCN002-02 
TA49604_3847 

IMP dehydrogenase/GMP reductase [Medicago 
truncatula (Barrel medic)] 

2

CIM_FI SCN5 qSCN002-03 
TA65691_3847 

IMP dehydrogenase/GMP reductase [Medicago 
truncatula (Barrel medic)] 

2

CIM_FI SCN5 qSCN002-02 
BE805951 

Pathogenesis-related transcriptional factor and ERF 
[Medicago truncatula (Barrel medic)] 

2

CIM_FI SCN5 qSCN002-03 
TA53626_3847 

Pathogenesis-related transcriptional factor and ERF 
[Medicago truncatula (Barrel medic)] 

2

CIM_FI SCN5 qSCN002-02 
BI426783 

Putative bHLH transcription factor [Arabidopsis thaliana 
(Mouse-ear cress)] 

2

CIM_FI SCN5 qSCN002-03 
BE346647 

Putative bHLH transcription factor [Arabidopsis thaliana 
(Mouse-ear cress)] 

2

CIM_FI SCN3 qSCN001-01 
TA50770_3847 

RNA-binding region RNP-1 [Medicago truncatula (Barrel 
medic)] 

2

CIM_FI SCN5 qSCN002-03 
TA63841_3847 

RNA-binding region RNP-1 [Medicago truncatula (Barrel 
medic)] 

2

CIM_FI SCN3 qSCN001-03 
BG550778 

Serine carboxypeptidase [Prunus mume (Japanese 
flowering apricot)] 

2

CIM_FI SCN5 qSCN002-03 
TA63856_3847 

Serine carboxypeptidase [Prunus mume (Japanese 
flowering apricot)] 

2

CIM_FI SCN3 qSCN001-03 
DW247151 

Serine carboxypeptidase [Vigna radiata] 2

CIM_FI SCN5 qSCN002-03 
BQ612344 

Serine carboxypeptidase [Vigna radiata] 2

CIM_FI SCN3 qSCN001-03 
TA55260_3847 

unknown protein [Arabidopsis thaliana] 2

CIM_FI SCN5 qSCN002-03 
CA783631 

unknown protein [Arabidopsis thaliana] 2

CIM_FI SCN3 qSCN001-03 
AW568004 

Expressed protein [Arabidopsis thaliana (Mouse-ear 
cress)] 

3

CIM_FI SCN5 qSCN002-02 
AV780986 

Expressed protein [Arabidopsis thaliana (Mouse-ear 
cress)] 

3

CIM_FI SCN5 qSCN002-03 
AV407437 

Expressed protein [Arabidopsis thaliana (Mouse-ear 
cress)] 

3

CIM_FI SCN3 qSCN001-03 
TA57221_3847 

Hypothetical protein [Medicago truncatula (Barrel 
medic)] 

3

CIM_FI SCN5 qSCN002-02 
TA62904_3847 

Hypothetical protein [Medicago truncatula (Barrel 
medic)] 

3

CIM_FI SCN5 qSCN002-03 
BI315865 

Hypothetical protein [Medicago truncatula (Barrel 
medic)] 

3

CIM_FI SCN3 qSCN001-01 
BM188802 

Hypothetical protein [Arabidopsis thaliana (Mouse-ear 
cress)] 

4

CIM_FI SCN3 qSCN001-03 
AV413006 

Hypothetical protein [Arabidopsis thaliana (Mouse-ear 
cress)] 

4

CIM_FI SCN5 qSCN002-02 
TA54574_3847 

Hypothetical protein [Arabidopsis thaliana (Mouse-ear 
cress)] 

4

CIM_FI SCN5 qSCN002-03 
BM887276 

Hypothetical protein [Arabidopsis thaliana (Mouse-ear 
cress)] 

4



Figure 2. The positions of the eight QTL that confer resistance to SCN races 3 and 5 found in this PI438489B by ‘Hamilton’ RIL population (n=50).
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plant height (Mansur et al., 1996), and several other agronomic 
traits were identified (SoyBase, 2014).  
Similarly, four QTL for resistance to SCN race 5 were identified 
and mapped on chromosomes 5, 8, and 11. These QTL were 
qSCN002-01, qSCN002-02, qSCN002-03, and qSCN002-04, 
respectively. Interestingly, two QTL for SCN resistance to races 
2 and 3 were identified and mapped on chromosome 5b (LG 
A1) (Concibido et al., 2004). One of these QTL was mapped at 
the same position of qSCN002-01 identified in this study using 
the same RIL population (Yue et al., 2001a; Concibido et al., 
2004). Therefore, this QTL can be designated as cqSCN002-01. 
Chromosome 8 (LG A2) is of interest because it contains Rhg4 
that was identified in 4 different genetic backgrounds (Conci-
bido et al., 2004). Moreover, Rhg4 was also mapped in ‘Essex’ 
by ‘Forrest’ RIL population (Meksem et al., 1999, 2001). The 
QTL for SCN resistance to race 5 identified on this chromosome 
(qSCN002-02), maps at the same region of Rhg4. This QTL was 
not identified previously in this population (Yue et al., 2001a) 
and is another confirmation of Rhg4 in a 6th genetic back-
ground. Interestingly, this chromosome contains also a cluster of 
QTL for sudden death syndrome (SDS) resistance. A total of five 
QTL were identified on this chromosome: two for SCN resistance 
and three for SDS resistance (Kassem et al., 2012) Three QTL 
for SCN resistance to races 1, 2, 3, 5, and 14 have been previ-
ously reported on chromosome 11b (LG B1) (Concibido et al., 
2004) including one in this population (Yue et al., 2001a). This 
QTL is confirmed here and can be designated cqSCN002-03. 
The fourth QTL for SCN resistance to race 5 (qSCN002-04), 
identified by IM, is the second QTL for SCN resistance identified 

on chromosome 8 (LG A2) and is very close to the cluster of SDS 
resistance QTL previously reported in this population (Kassem et 
al., 2012). This QTL overlaps with a QTL for resistance to SDS 
root rot resistance (qRRS001-02, Figure 2) previously reported 
in this same population (Kassem et al., 2012). 

Several recent studies confirmed previously reported QTL 
or identified new ones for SCN resistance to several nematode 
races. For example, a QTL on chromosome 16 (LG J) was con-
firmed using near isogenic lines (NILs) along with Rhg1 (Glover 
et al., 2004). Two new SCN resistance QTL were identified on 
chromosome 18 (LG G) and chromosome 15 (LG E) (Kabelka et 
al., 2005). These QTL confer resistance to race 3, were identi-
fied using a cross between G. soja and ‘PI 468916’, and were 
different from the SCN-resistance QTL previously reported on 
these two chromosomes (Kabelka et al., 2005). Interestingly, the 
SCN-resistance QTL on chromosome 15 (LG E) is at the same 
position of qSCN001-03 identified in this study. Therefore, this 
QTL is also confirmed and can be identified as cqSCN001-03. 
Another study identified QTL for SCN resistance to (1) race 5 
on chromosome 3 (LG N), (2) race 1 (Rhg4) on chromosome 8 
(LG A2), (3) races 2 and 5 on chromosome 11 (LG B1), and (4) 
races 1, 2, and 5 (Rhg1) on chromosome 18 (LG G) (Guo et al., 
2006a). The SCN resistance QTL identified on chromosome 11 
(LG B1) (Guo et al., 2006a) is <10 cM from the QTL reported 
in this study. Moreover, the same QTL was recently reported in 
the same position (Wu et al., 2009). This QTL confirmed by two 
independent studies; therefore, this QTL may be designated 
cqSCN002-03. A recent study confirmed SCN resistance QTL on 
chromosomes 8 (LG A2), 11 (LG B1), 15 (LG E), 16 (LG J), and 
18 (LG G) using a meta-analysis of their locations (Guo et al., 
2006b). In this study, we reported QTL for SCN resistance in all 
these chromosomes except chromosome 18 (LG G). Another re-
cent study identified and refined the major SCN-resistance QTL 
on chromosomes 8 (LG A2), 11 (LG B1), and 18 (LG G; Wu et 
al., 2009). The study identified other minor SCN-resistance QTL 
in all chromosomes of soybean except on chromosomes 2 (LG 
D1b) and 14 (LG B2) (Wu et al., 2009). However, a minor SCN-
resistance QTL was identified previously on chromosome 2 (LG 
D1b) (Kassem et al., 2007). Therefore, QTL for SCN resistance 
were identified and mapped in all soybean chromosomes (Con-
cibido et al., 2004; Glover et al., 2004; Kabelka et al., 2005; 
Guo et al., 2006a,b; Kassem et al., 2007; Wu et al., 2008; Kazi 
et al., 2010). Two of the recent studies (Guo et al., 2006a; Wu 
et al., 2009) confirmed the SCN-resistance QTL identified and 
reported in this study (cqSCN002-03). Another recent study con-
firmed Rhg1 (LG G), Rhg4 (LG A2), and identified a new SCN 
resistance QTL on chromosome 17 (LG D2) using the ‘Flyer’ by 
‘Hartwig’ RIL population (Kazi et al., 2010). The QTL on LG D2 
was also identified in several other genetic backgrounds (Con-
cibido et al., 2004) and is confirmed (cqSCN-005; Kazi et al., 
2010).  

GO annotation identified many genes in the QTL regions 
containing QTL for resistance to SCN races 3 and 5; however, 
these genes are reduced to 26 genes which play similar roles 
in plants. Among these genes are several expressed proteins in 
rice (Hossain et al., 2010); IMP dehydrogenase  / GMP reduc-
tase, a pathogenesis-related transcriptional factor and ERF, and 
RNA-binding region RNP-1 in Medicago truncatula (Joseph et 
al., unpublished; Town, 2005); a putative bHLH transcriptional 
factor, expressed protein, and unknown protein in Arabidopsis 
thaliana (Heim et al., 2003; Lin et al., 2000).

    

Figure 2. Coninued.
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Conclusions

The PI438489 and Hamilton genetic linkage map contained 
648 SNPs, 31 LGs, a map coverage of 1,524.7 cM, and an 
average distance of 2.35 cM between markers (Kassem et al., 
2012). This map was used to map QTL for SDS resistance (Kas-
sem et al., 2012) and SCN resistance to races 3 and 5 in this 
study. 

A total of 8 QTL that underlie SCN resistance were identi-
fied and mapped on 7 different chromosomes of the soybean 
genome. The relationship between the nematode and the host is 
complex and poorly understood; however, the recently devel-
oped SCN genetic linkage map will be of great use to identify 
candidate genes involved in virulence and parasitism (Atibalent-
ja et al., 2005). Moreover, the QTL identified here may be in-
troduced in breeding programs to develop cultivars with dual 
resistance to SDS and SCN.

GO annotation identified 26 important genes in these ge-
nomic regions containing QTL for resistance to SCN races 3 and 
5. These could be potential candidate genes that need to be 
studied further to understand their role in SCN resistance in soy-
bean.   
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