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Abstract

Two major determinants of soybean [Glycine max (L.) Merr.] 
seed yield were  resistances to the soybean cyst nematode 
(SCN) and sudden death syndrome (SDS). Two loci were 
identified rhg1/Rfs2 and rhg3/rfs5 (for resistance to SCN, Het-
erodera glycines (I.) HG Type 1.3- (race 14), HG Type 0 (race 
3) and SDS caused by Fusarium virguliforme (Roy & Rupe)). The 
aim of this study was to identify quantitative trait loci (QTL) 
underlying seed yield. Used were 142 microsatellite mark-
ers and the recombinant inbred line population (RIL) ‘Flyer’ 
× ‘Hartwig’ (F × H; n=92). Flyer (F) was high yielding but 
SCN and SDS susceptible. Hartwig (H) was lower yielding 
but resistant to all SCN Hg Types and SDS. Four regions on 3 
chromosomes were associated with seed yield. The first re-
gion on chromosome 9 (Gm9, qYld09.1), identified by the mi-
crosatellite marker Satt539-Satt242 (LOD 2.9, 13% variation) 
derived the beneficial allele from Hartwig (F allele 2.76 ± 
0.06 Mg/Ha; H allele 2.98 ± 0.03 Mg/ha).  The second region 
on Gm9 (qYld09.2) between Satt337 and Satt326 spanned 
1.4 cM (LOD of 5.31, 20.2% variation) and the beneficial 
allele derived from Flyer (0.22 Mg/ha F allele 2.98 ± 0.03, 
H allele 2.77 ± 0.04 Mg/Ha). The third and fourth QTL were 
identified in genetic linkage groups D2 (qYld19.1) and G 
(qYld18.1) in regions previously associated with resistance 
to SCN. The region encompassing rhg1/Rfs2 on Gm18 be-
tween the microsatellite marker TMD1 and Satt610 spanned 
15.5 cM (LOD 3.05, 15.8 % variation, F allele 2.37 ± 0.035; H 
allele 2.91 ± 0.058 Mg/Ha). The region on linkage group D2 
between Satt514 and Satt488 spanned 32.6 cM (LOD 2.57, 

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecom-
mons.org/licenses/by/3.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided the origi-
nal work is properly cited. 

Introduction

The main goal of plant breeders is to increase crop yield 
(Fehr, 1987). Overtime yield improvement has two major inputs; 
genetic gain and production efficiency (Specht et al., 1999). 
Genetic gain expressed as seed yield potential, largely derives 
from improvement in stress and disease resistances. Farmers are 
responsible for production efficiency by choosing the best vari-
eties and the best production technology. 

Soybean seed yield is a multigenic trait (Mansur et al., 1993). 
Genotype by environment (G × E) interactions, genomic duplica-
tions and epistasis complicates phenotypic selection for soybean 
seed yield (Lark et al., 1996). Further, seed yield at harvest 
maturity (R8) is a composite trait composed of loci that control 
plant performance during the growing season (Sun et al., 2006; 
Palomeque et al., 2009). Hence a wide set of contributing loci 
are expected. To date the yield potential of lines derived by 
intercrossing has been difficult to predict without extensive field 
tests that are expensive and time consuming (Maughan et al., 
1996). Components of yield such as maturity, lodging, growth 
habit (Fehr 1987; Specht et al., 1999) and disease resistance 
in pathogen infested environments (Concibido et al., 2004; Kas-

13.3% variation, F allele 2.79 ± 0.049; H allele 3.1 ± 0.043 
Mg/Ha). The QTL detected will allow marker assisted selec-
tion to stack seed yield, with pest resistance traits (rhg1/Rfs2/
qYld18.1; H/H/H allele) and recombinant loci (Rhg5/Rfs2/
qYld19.1; H/F/H alleles).
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sem et al., 2006) have major effects on yield potential in many 
segregating populations. 

DNA molecular markers have been used extensively to iden-
tify and screen for QTL that underlie soybean seed yield and 
yield components (Mansur et al., 1994; Mansur et al., 1996; 
Orf et al., 1999b; Yuan et al., 2002; Kassem et al., 2006). The 
yield QTL identified to date are large genomic regions where 
at least two distinct alleles have been shown to influence yield. 
Individual yield QTL regions can explain up to 25% of yield 
variability and can be detected by bulked segregant analysis. 
Some have been stable in different genetic backgrounds and 
environments (Yuan et al., 2002) and some have not (Reyna and 
Sneller 2001). Some seed yield loci have been shown to be clus-
ters of loci active at different states in plant and seed develop-
ment (Palomeque et al., 2009)

Molecular markers closely linked to accurately mapped 
seed yield QTL allow the possibility of early selection of lines 
by genotype in soybean (Palomeque et al., 2009). Toward this 
end, hundreds of seed yield QTL have been mapped in diverse 
germplasms. Several seed yield QTL have been identified in ev-
ery linkage group of the soybean genome. For example, Orf et 
al. (1999a,b) identified QTL for seed yield in different linkage 
groups A2, B1, B2, D1a+Q, D1b+W, D2, F, J, L, and M of the 
soybean genome. Other authors identified QTL for yield on link-
age groups C2, H, M (Specht et al., 1999), F (Reyna and Sneller 
2001), J, L, M (Mansur et al., 1993, 1996), and N (Kassem et al., 
2006) of the soybean genome. Three QTL for yield were found 
on linkage groups C1, I, and K using 136 SSR markers and a RIL 
population of Essex × Forrest (E × F) (Yuan et al., 2002). Two 
genomic regions associated with yield were also identified and 
mapped on linkage group K using a RIL population of Flyer × 
Hartwig (F × H)(Yuan et al., 2002).

Here we describe further analysis of seed yield loci in the 
recombinant inbred line (RIL) population derived from F × H 
(Yuan et al., 2002; Kazi et al., 2008). The population was used 
because it segregates for growth habit (determinate to semi-
determinate) and about 100 -114 days in maturity. Yield QTL 
could be examined in the presence of these potentially con-
founding factors. Here, we report seed yield QTL identified in 
this populations based on a more extensive map than reported 
previously.  

Materials and Methods

Plant Material

The genetic material used in this study consisted of the F × H 
RILs (n = 92; Yuan et al., 2002; Kazi et al., 2008). Populations 
were advanced to the F5:14 from 2003 to 2005 and seed were 
released in 2007 (Kazi et al., 2008). The cross was selected be-
cause it showed segregation for seed yield and many pest resis-
tances, including well characterized reactions to SDS, and SCN. 
Hartwig was lower yielding but consistently resistant to SDS in 
most locations (Njiti et al., 1997, 2001; Mueller et al., 2003) 
and strongly resistant to most HG Types of SCN (Anand 1992). 
Flyer was higher yielding but susceptible to most SCN HG Types 
and to SDS (Yuan et al., 2002; Kazi et al., 2007, 2008, 2010).

Methods of  Field Trait Measurements

Field trait measurements were measured from 1997 to 2010 
by methods described in Yuan et al., (2002).  Briefly, the F × H 
RIL population along with two parents was grown for increase 
in non-infested fields. Locations were planted with 4 row plots 
6.1 m long and row spacing was 0.75 m apart in a randomized 
complete block design with three replications. Weeds were con-
trolled with pre- and post- plant herbicides and hand weeding. 
Rows were examined to remove contaminants or off-types at 
flowering. Only the center two of the four rows were harvested. 
Seed yield was measured with cleaned seed at 13 % (w/v) 
moisture without discarding broken seed.  Lodging was score on 
a 1-5 scale before harvest. Days after planting to maturity was 
measured at R6 and R8.

SDS Analysis

The population was planted in SDS infested environments as 
described in Yuan et al. (2002) and Kazi et al. (2007). Briefly 
at the Southern Illinois University Carbondale Agonomy research 
center (ARC), Ullin (U) and Ridgway (R) disease incidence (DI), 
disease severity (DS) and root infection severity (IS) were mea-
sured from 1997 to 2000.   For disease rating RILs were planted 
as 2 row plots in a randomized complete block design with 3 
replications.

SCN Scores

SCN resistance was determined as described by Yuan et al. 
(2002) with the following modifications. The complete F5:11 F × H 
RIL (n=92) population was tested for reactions for SCN Hg Type 
0 (PA-3; race 3). Of the HG Type 0 resistant lines the reactions 
to HG types 1.3.6.7 (PA-14, race 14) and HG Type 1.2.3.5.6.7 
(PA2, race 2) were determined (Kazi et al., 2007). Five, three 
and two single-plant replications were used respectively per RIL 
line. Cultivar Hutcheson was used as the susceptible control while 
Peking, Pickett, PI 88788 and PI 90763 were used as the stan-
dard differentials to determine Hg biotype. 

DNA Marker Analysis

DNA was extracted and used for microsatellite amplifica-
tions as in Yuan et al. (2002) as modified by Kazi et al. (2007). 
Briefly, more than 350 BARC-Satt markers spaced at 5-10 cM 
intervals (Song et al., 2004) were used. In addition, 140 SIUC-
BES-SSR primers from the build 2 MTP BES clones (Shultz et al., 
2006ab, 2007) were used chosen to be spaced at 10,000 kbp 
intervals from the soybean physical map (Shultz et al., 2006ab, 
2007). Amplification reactions in 10 µl, used 15 ng of genomic 
DNA, 0.75 µl Taq polymerase (1 unit), 0.75 mM dNTPs, and 
15 nM of forward and reverse primers. The PCR products were 
separated on 4 % (w/v) agarose gels by electrophoresis at 92 
V for 4 hours. Gels were stained with ethidium bromide, DNA 
visualized under UV light and photographed. Flyer and Hartwig 
amplified DNA samples were included as controls to facilitate 
manual scoring.
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Heritability Estimation

The heritability (h2) estimates, a ratio of genotypic varia-
tion over phenotypic variation of seed yield were calculated 
using variance components obtained through analysis of vari-
ance (ANOVA; SAS Institute Inc. Cary, NC), as described in Fehr 
(1987). Narrow sense heritability for each trait was calculated. 
All correlations were calculated using the PROC CORR function 
of SAS.

Construction of  the Genetic Linkage Map

Following Kazi et al. (2007) a linkage map was created us-
ing MAPMAKER/EXP 3.0 (Lander et al., 1987). Briefly, centim-
organs (cM, Haldane units), LOD 3.0, and maximum distance 50 
cM were used. Heterogenous scores for lines were excluded. The 
recombinant inbred line (RI-selfing genetic model) was used with 
error detection. Conflicts among the positions of linked markers 
in F × H were resolved in favor of experimental evidence when 
the maps generated at LOD 3.0 disagreed with the composite 
map of Song et al. (2004).

Construction of  QTL Maps

Following Kazi et al. (2008) three methods were used to de-
tect QTL, single point analysis; interval mapping and composite 
interval mapping.

A. Single Point Analysis was accomplished by line mean com-
parisons by  ANOVA, with mean separation by LSD as described 
by Njiti et al. (1998). A significant difference (P < 0.005) was 
considered to be a preliminary indication of an association be-
tween a marker and a QTL for the trait in question. A value 
of P ≤ 0.0005 was suggested by an approximate Bonferroni 
correction. However, at genomic regions where gaps between 
adjacent markers were greater than 10 cM in the map associa-
tions 0.005>P>0.0005 were accepted as a potentially signifi-
cant association. Precedents (Hnetkovsky et al., 1996; Chang et 
al., 1997; Njiti et al., 1997; Kassem et al., 2006) have shown 
these criteria to be valid in later maps (Meksem et al., 2001a; 
Njiti et al., 2002; Yuan et al., 2002; Triwitaykorn et al., 2005; 
Ruben et al., 2006).

B.  Interval Maps of QTL were first analyzed by Mapmaker/
QTL 1.1 using the F2 -backcross genetic model for trait seg-
regation (Kazi et al., 2008). Putative QTL were inferred when 
LOD scores exceeded 2.0, equivalent (but not equal) to a single 
marker P < 0.005 in one-way ANOVA. The position of the QTL 
was inferred from the LOD peaks at individual loci detected by 
maximum likelihood tests at positions every 2 cM between adja-
cent linked markers.

C. Composite Interval Maps of QTL (CIM) used WinQTL 
Cartographer (version 2.5; Jansen and Stam 1994; Basten et 
al., 2001). Following Kazi et al. (2008) a walk speed of 2 cM 
and the forward regression method were selected. QTL were 
inferred when LOD score peaks exceeded 2.0. To confirm link-
age, experiment-wise threshold level was calculated from 1,000 
permutations of each genotype marker against the phenotype 
in the population. Linkage was reported as significant if the two 

statistics for a marker were significant. The use of lower LOD 
values has been justified previously (Hnetkovsky et al., 1996; 
Prabhu et al., 1999; Kazi et al., 2007, 2008, 2010).

Results

Seed Yield Trait Distributions

Grand seed yield (Mg ha-1) across four environments and 
2 years among the 92 recombinant inbred lines from Flyer 
× Hartwig showed no significant departure from normality 
(P>0.0001; Figure 1). The frequency distribution of mean yield 
was skewed (-0.54) toward low yield limiting parent Hartwig. 
The distribution was continuous, uni-modal and a significant kur-
tosis (0.82) that reflected a peaked distribution. There was no 
line whose yield was higher than Flyer and 18 lines had a mean 
lower than Hartwig. Nine of the extreme lines were significant 
transgressive segregants (standard deviation 0.29; P < 0.0001).

The mean seed yield at Nashville in 1998 (N98) showed uni-
modal and relatively intermediate distribution (Figure 2A). The 
distribution is skewed towards low yield like Hartwig. Fifteen 
lines with a mean yield higher than Flyer were significant trans-
gressive segregants (at standard deviation 0.31; P<0.0001). 
Twelve lines had a N98 mean lower than Hartwig and were 
significant transgressive segregants. 

As shown in Figure 2B, the frequency distribution of the seed 
yield at Ridgway in 1998 (R98; Mg ha-1) showed a bimodal dis-
tribution. There was evidence for peaks at 3.51 and 4.01. The 
distribution was skewed towards low yield. A negative kurtosis 
(-0.08) reflected a platykurtic distribution as these curves have 
fewer extreme scores than found in a normal distribution. Four 
lines with a mean yield higher than Flyer (Figure 1) were three 
were significant transgressive segregants (at standard devia-
tion 0.50; P < 0.0001). Nineteen lines had a mean lower than 
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Figure 1. Frequency distributions of the mean seed yield (Mg 
ha-1) across four field locations among 92 recombinant inbred 
lines from a cross between cultivars Flyer and Hartwig. The 
mean yield score for the parents were arrowed. The least sig-
nificant difference between parent and line means was 0.015 
(P < 0.05). The number of SCN resistant RILs in each yield 
class is shown by light colored boxes. The highest yielding RILs 
were also SCN resistant.  RIL 95 was resistant to both races 3 
and 14, whereas RIL 78 was only resistant to race 3.
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Hartwig and nine were significantly transgressive.
The frequency distribution at Harrisburg in 1999 (H99; Mg 

ha-1) showed unimodal distribution as there was peak below 
2.78 (Figure 2C). A significant positive kurtosis (1.20) reflected 
a leptokurtic (‘lepto’ means slender or narrow) distribution and 
skewed towards lower yield (left). Here, Hartwig yielded well 
too. There were five lines that have higher mean yield than Flyer. 
(P<0.0001).

As shown in Figure 2D, the frequency distribution of the seed 
yield at Nashville in 1999 (N99; Mg ha-1) showed an approxi-

mately normal (P = 0.001) and continuous distribution, although 
there is evidence for a peak below 2.28. Its distribution was 
skewed towards low yield Hartwig. A significant kurtosis (0.15) 
reflected a mesokurtic distribution. Thirteen lines with a mean 
yield higher than Flyer (Figure 1) were statistically significant 
transgressive segregants (at standard deviation 0.31; P < 
0.0001). Eighteen lines had a mean lower than Hartwig and 
nine were significantly transgressive segregating lines.  

Trait Heritability and Correlations

The heritability of mean seed yield on a line mean ba-
sis among the recombinant inbred lines was 57% across four 
environments. Among locations heritability ranged from 72 to 
89%. All of the SCN resistant progeny had higher yields than 
the Hartwig, SCN resistant parent. However, none yielded bet-
ter and only two as well as the SCN susceptible parent Flyer 
(Figure 1). There were a significant correlations between mean 
yield and resistance to SCN race 3(P = 0.005, R2 = 31%); SCN 
race 14 (P = 0.005, R2 = 24%); mean SDS in other field loca-
tions infested with F. virguliforme (P = 0.001, R2 = 33% for DX) 
and (P = 0.006, R2 = 19% for IS at R8). There was no significant 
association between yield and growth habit (P = 0.06, R2 = 
4.0%) or yield and lodging (P = 0.055, R2 = 9%) in the loca-
tions tested for yield. Yield means were 2.92 + 0.03 and 2.79 
+ 0.07 Mg ha-1 for indeterminate (n = 72) and determinate (n 
= 22) lines, respectively.

Significant Genomic Regions for Yield

There were two regions detected on linkage group K (Figure 
3) associated with mean seed yield across four environments 
and two consecutive years by CIM (Table 1; Figure 3). The first 
region on linkage group K, identified by the microsatellite mark-
er Satt539-Satt242, was significantly associated (P=0.0005, 
R2=20.5%). The interval identified by IM had a peak LOD 
score of 2.9 and explained about 13% of total variation of 
soybean yield. However, the interval was not associated with 
seed yield at every location. The interval was significantly as-
sociated (P=0.0001, R2=34.5%) with yield at Harrisburg, IL in 
1999 (H99) and at Nashville in 1999 (P=0.01, R2=6%). It was 
not associated with yield at Ridgway or at Nashville in 1998 
(P=0.056, R2=2.4%). Neither Satt539 nor Satt242 was associ-
ated with soybean yield at Ridgway in 1998 by IM or ANOVA 
(not shown). The region derived beneficial allele for seed yield 
from Hartwig (the Flyer allelic mean was 2.76 ± 0.06 Mg ha-1; 
the Hartwig allelic mean was 2.98 ± 0.03 Mg ha-1). 

The second region of linkage group K associated with mean 
seed yield (Figure 3) was the interval between Satt337 and 
Satt326. The interval contained a mean seed yield QTL that 
spanned 1.4cM had a peak LOD of 5.31 and explained about 
25.2% (0.4 Mg ha-1) of total variation in soybean yield (Figure 
3). The region derived the beneficial allele from Flyer (Table 1). 
However, at individual locations the interval was no associated 
with mean seed yield. In addition, by ANOVA the associated 
locus was only significantly associated with seed yield in N98 
and the mean of all locations (Table 1). 
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Figure 2. Frequency distributions of the mean yield (Mg ha-1) at 
four field locations (Nashville 98, Ridgway 98, Harrisburg 99 and 
Nashville 99) among 92 recombinant inbred lines from the cross 
F × H. The mean yield for each parent Flyer, Hartwig and lines 
mean were arrowed.
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Population, marker 
Yield mean±SEM (Mg ha-1) 

(alleles from)
and map position Location P value R2 LOD QTL var Flyer Hartwig

Satt337 LG K (Gm9) N98 0.0042 10 5.9 27 3.20 ± 0.06 2.69 ± 0.08
47.4 cM N99 0.0001 27 2.2 26 2.53 ± 0.05 2.36 ± 0.04

Mean 0.0006 14 2.7 14 2.98 ± 0.03 2.77 ± 0.05
Satt326 LG K (Gm9) N98 0.0001 26 5.4 26 3.20 ± 0.06 2.69 ± 0.08
49.5 cM N99 0.0082 9 1.6 8 2.52 ± 0.06 2.33 ± 0.04

Mean 0.0004 15 3 15 2.98 ± 0.04 2.76 ± 0.05
Satt539 LG K (Gm9) R98 0.049 5 1.8 5 3.39 ± 0.09 3.62 ± 0.07
2.0 cM H99 0.0006 15 2.6 13 2.45 ± 0.07 2.74 ± 0.04

N99 0.012 8 1.5 8 2.35 ± 0.05 2.54 ± 0.05
Mean 0.0008 14 2.5 13 2.77 ± 0.06 2.99 ± 0.03

TMD1 LG G (Gm18) ‡ N98 0.0047 11 2.5 10 2.88± 0.07 3.38± 0.05
R98 0.9552 3 0.5 2 3.50± 0.04 3.70± 0.07
H99 0.0029 10 2.8 11 2.54 ± 0.07 2.99± 0.06
N99 0.0001 16 4.1 17 2.33± 0.06 2.79± 0.07
Mean 0.0007 9.7 3.1 27.4 2.32 ± 0.03 2.64 ± 0.05

Satt514_LGD2 (Gm17)
85.7 cM

Mean 
0.0006 8.0 2.52 12.1 2.77±0.048 3.0±0.041

†Mean involves all location used for evaluation within each population.
‡ Also significantly associated with SCN resistance (within the intron of the receptor like kinase at rhg1).

Table 1. Examples of markers associated with seed yield at harvest among recombinant inbred lines in two 
soybean populations. Essex × Forrest was evaluated in Carbondale, IL (C96) and Ridgway, IL (R96) in 1996 and 
in Desoto, IL (D97) in 1997. Flyer × Hartwig was evaluated in Nashville, IL (N98 and N99) in 1998 and 1999; 
Ridgway, IL (R98) in 1998 and Harrisburg, IL (H99) in 1999. Clustered yield QTL were found on LG K (Gm9) 
and G (Gm18) that could be fine mapped in NILs. Loci on C1 (Gm4) and I(Gm20) proved difficult to isolate in 
NILs and so might be inaccurately mapped or blends of conditional QTL.

Marker Location P value R2 (%) LODa QTL
var.b

Yield Means ± SEM (Mg ha  
-1) with Alleles from

Flyer Hartwig
a. ANOVA ANOVA IM IM IM IM
Satt337

(K)
Satt326

(K)

Nashville 98
Mean yield
Nashville98
YieldMN98
Mean yield

0.0001
0.002
0.0001
0.006
0.001

12.4
4.6
15.4
10
6.2

2.06
2.2
2.14
2.6
2.50

25.2
20.2
14.5
7.7
5.5

3.19±0.05
2.98±0.03
3.14±0.07
3.38±0.05
2.97±0.04

2.69± 0.07
2.77±0.04
3.35±0.05
3.08±0.07
2.75±0.04

b. CIM CIM CIM CIM

Satt337-
Satt326

(K)

Nashville 98
Ridgway 98
Mean yield

-
-
-

-
-
-

5.31
2.48
2.55

25.2
13.6
13.8

-
-

2.98±0.03

-
-

2.77±0.04

Satt539-
Satt242

(K)

Nashville 98
Ridgway 98
Mean 98
Harrisburg99
Nashville 99
Mean 99
Mean yield 

0.056
-
0.0001
0.0001
0.01
0.001
0.0005

2.4
-
7.12
34.5
6.0
5.1
6.5

1.04
-
3.76
2.81
1.3
2.65
2.9

5.6
-
13.1
14.5
9.2
13.6
13.0

3.01±0.08
-

3.13±0.08
2.44±0.03
2.34±0.05
2.41±0.05
2.76±0.05

2.94± 0.07
-

3.34±0.05
2.747±0.05
2.52±0.52
2.61±0.03
2.98±0.03

a. LOD was the probability of the presence of a locus.
b. var. was the amount of variability in seed yield explained by the marker loci.

Table 2. Regions detected by CIM (a.) and ANOVA or IM (b.)  that were associated with mean yield (Mg ha-1) 
across various locations in the Flyer by Hartwig (RIL) population on linkage group K.
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Figure 3. Genetic map of seed yield QTL on linkage group D2, G and K (chromosomes 17, 18 
and 12 respectively) in the F × H RIL population. Estimated map distances are shown (cM). QTL 
are presented to the right of the linkage group as arrows. Discontinuous black arrows are QTL 
underlying seed yield. The QTL underlying resistance to SDS are black stippled arrows. The QTL 
underlying resistance to SCN race 14 are grey stippled arrows. The QTL underlying resistance 
to SCN race 3 are black solid arrows.

Figure 4. Parents and ancestors of Hartwig and Flyer. SDS and SCN resistance is indicated 
along with approximate year of release and percent of  heterozygosis in a single plant esti-
mated by GBS where known (blue number; Li et al., 2014).
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Two additional QTL were identified in genetic linkage groups 
D2 and G of the F × H population. One region on linkage group 
G (chromosomes 17 and 18: Figure 3) identified by the micro-
satellite marker TMD1 was significantly (P=0.0005, R2=9.7 %) 
associated with mean yield over two years (1998, 1999) in the 
population. The adjacent marker was Satt610. The interval be-
tween these two markers spanned a genetic distance of about 
15.5 cM contained a yield QTL (Figure 3) and had a peak Log-
likelihood (LOD) of 3.05 and explained about 15.8 % of total 
variation in mean yield (Table 2). This region was also signifi-
cantly associated with resistance to SCN HG Types 0 and 1.3.5- 
(Kazi et al., 2007, 2009) and is the likely location for rhg1.
The region on linkage group D2 (Figure 3) identified by the 
microsatellite marker Satt514 was significantly (P=0.0006, 
R2=7.4%) associated with seed yield (across environment Grand 
mean yield; 1998-1999) in the population at four locations. The 
adjacent marker was Satt488. The interval between these two 
markers spanned a genetic distance of about 32.6 cM. The yield 
QTL had peak Log-likelihood (LOD) of 2.57 and explained 
about 13.3% of total variation (Table 2). 
 
Discussion

The F × H population was very important for the analysis of 
seed yield QTL and other agronomic traits because it segre-
gates for many traits (Kazi et al., 2007). A QTL for DAP (days 
after planting) maturity was found to be located on Linkage 
group C2 by Satt277 that gave a highly significant Peak-LOD 
of 6.45 and underlies segregation across maturity groups 4 and 
5. Previously, this locus has been found significantly associated 
with lodging and plant height in Minsoy × Archer (Orf et al., 
1999a), seed weight and seed yield in Noir1 × Archer (Orf et 
al., 1999a) and  plant height/maturity date in Noir1 × Archer 
(Orf et al., 1999b).  

For quantitative traits, genotype and environment interactions 
(G × E) are commonly observed (Kearsey and Farquar 1998). 
Specific environmental conditions have effects on quantitative 
trait values like yield and lodging (Brim 1973). Environment 
seems to be an important factor in the number of QTL detected. 
For instance, in F × H, there was no yield QTL that associates 
with all environments, suggesting that these QTL might be en-
vironment specific (Palomeque et al., 2009). The QTL that was 
identified based on average data from two years may be the 
most significant QTL for breeders, because these may represent 
the genes that will lead to yield stability irrespective of the en-
vironment. 

QTL detected in one population could be detected at similar 
positions in different populations (Lin et al., 1995). Most popula-
tions had a reasonably good distribution of markers across the 
major linkage groups, like in E × F (Meksem et al., 1999) but 
inevitably gaps were present that prevented detection of QTL 
across populations. Also, different QTL could be identified in 
different populations due to genetic background effects. This is 
probably the reason why a large effect is detected in one popu-
lation but not in others (Brummer et al., 1997). As all populations 
were not mapped with the same markers, it is difficult to provide 
reliable estimates of the number of QTL that are common across 
various populations. However, common QTL are detected. 

In this study, F × H RIL verified putative QTL for yield on 
linkage group K. The genetic marker Satt337 was significantly 
associated with yield in both F × H and E × F population (Yuan 
et al., 2002; Table 3). This indicates that the QTL associated with 
this marker is consistent. Here the susceptible parent, Flyer, in F 
× H provided the beneficial allele. As shown in Figure 4, these 
parents share a significant amount of their genome with Essex 
and Forrest i.e. Flyer originated from the cross Essex ×  L24. On 
the other hand, Hartwig was derived from a cross between For-
rest3 × PI437654. Two new QTL for yield were also detected 

Marker or 
Interval

Location P value R2 (%) LODa QTL var.b 

(%)
Yield Means ± SEM (Mg ha-1) 

With Alleles from
Flyer Hartwig

a. ANOVA ANOVA IM IM IM IM
TMD1

(G/18)
Satt610
(G/18)

Mean yield

Mean yield

0.0007

0.01

9.7

9.0

.07

2.57

27.4

11.8

2.32±0.03

2.72±0.09

.64±0.05

.96±0.052

Satt514 
(D2/17)

Mean yield 0.0006 8.0 2.52 12.1 2.77±0.048 3.0±0.041

b. CIM CIM CIM CIM
TMD1-
Satt610 
(15.5cM)
(G/18)

Mean yield
- - 3.05 15.8 2.37±0.035 2.91±0.058

Satt514-
Satt488 
(32.6cM)
(D2/17)

Mean yield
- - 2.57 13.3 2.79±0.049 3.1±0.043

a. LOD was the probability of the presence of a locus.
b. var. was the amount of variability in seed yield explained by the marker loci.

Table 3. Regions on linkage groups G (18) and D2 (17) detected by ANOVA and IM (a.) or CIM (b.)  that were associ-
ated with mean yield (Mg ha-1) and disease resistance in the Flyer by Hartwig (RIL) population.
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in linkage group G (TMD1) and D2 (Satt514) but they were not 
responsible for yield drag associated with SCN resistance. It is 
possible low SCN pressures in the environment used were suf-
ficient to reduce yield in susceptible lines. Cultivars that have 
shown a history of high yield should be crossed with cultivars 
with alleles or genes for SDS and SCN.  Recombination events 
should be identified within the loci reported and used for breed-
ing purposes to provide a good source for high yielding and 
resistant genes.
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