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Abstract Soybean cyst nematode (SCN), Heterodera
glycines Ichinohe, causes severe damage to soybean
[Glycine max (L.) Merr] throughout North America
and worldwide. Molecular markers associated with loci
conferring SCN resistance would be useful in breeding
programs using marker-assisted selection (MAS). In
this study, 200 F

2 :3
families derived from two contrast-

ing parents, SCN-resistant ‘Peking’ with relatively low
protein and oil concentrations, and SCN-susceptible
‘Essex’ with high protein and oil concentrations, were
used to determine loci underlying the SCN resistance
and seed composition. Three different SCN Race iso-
lates (1, 3, and 5) were used to screen both parents and
F
2 :3

families. The parents were surveyed with 216 re-
striction fragment length polymorphism (RFLP)
probes with five different restriction enzymes. Fifty-six
were polymorphic and contrasted with trait data from
bioassays to identify molecular markers associated
with loci controlling resistance to SCN and seed com-
position. Five RFLP markers, A593 and T005 on link-
age group (LG) B, A018 on LG E, and K014 and B072
on LG H, were significantly linked to resistance loci for
Race 1 isolate, which jointly explained 57.7% of the
total phenotypic variation. Three markers (B072 and
K014, both on LG H; T005 on LG B) were associated
with resistance to the Race 3 isolate and jointly ex-
plained 21.4% of the total phenotypic variation. Two
markers (K011 on LG I, A963 on LG E) associated
with resistance to the Race 5 isolate together explained
14.0% of the total phenotypic variation. In the same
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population we also identified two RFLP markers (B072
on LG H, B148 on LG F) associated with loci confer-
ring protein concentration, which jointly explained
32.3% of the total phenotypic variation. Marker B072
was also linked to loci controlling the concentration
of seed oil, which explained 21% of the total
phenotypic variation. Clustering among quantitative
trait loci (QTLs) conditioning resistance to different
SCN Race isolates and seed protein and oil concentra-
tions may exist in this population. We believe that
markers located near these QTLs could be used to
select for new SCN resistance and higher levels of seed
protein and oil concentrations in breeding improved
soybean cultivars.

Key words SCN · RFLP · QTL · Molecular
marker · Soybean

Introduction

Soybean cyst nematode (SCN) is the most widespread
pest infesting soybean plants. First reported in the
United States in 1954 (Winstead et al. 1955), the SCN
has since spread throughout most of the soybean pro-
duction states. In 1988, the SCN was ranked as the
number one crop disease in the southern United States
(Sciumbato 1993). The estimated reduction in soybean
yield in the United States in 1994 was 1.99]106 tons
(Wrather et al. 1995, 1997), amounting to approxim-
ately $438.8 million loss to soybean producers. After
field infestation with SCN, the number of nematodes
may be reduced by carefully managing crop rotation,
but it is difficult to completely eliminate them. The
most efficient way to control the infestation of this pest
is to plant SCN-resistant cultivars.

‘Peking’ is an important source of resistance to SCN,
giving resistance to Races 1, 3, and 5. Genetic studies
have shown that SCN resistance is conditioned by



multiple genes. Caldwell et al. (1960) reported that
‘Peking’ possessed three resistance genes, and an addi-
tional dominant gene was documented by Matson and
Williams (1965). Rao Arelli et al. (1992) have verified
three genes (rgh1, rgh2, and Rhg4 ) for resistance to SCN
Race 3 isolate in ‘Peking’. Myers et al. (1989) reported
that in PI437654 there were three genes controlling
resistance to SCN Race 3 isolate, which were in com-
mon with that in ‘Peking’. In our previous study, we
reported that resistance to isolates of SCN Races 1, 3,
and 5 in ‘Peking’ was each controlled by three genes,
one dominant and two recessive (Qiu et al. 1997). Most
recently, new germplasm for resistance to SCN Races
1 and 2 has been reported (Rao Arelli et al. 1997).
Screening for new resistant germplasm is important in
the breeding of improved soybean cultivars, but it is
tedious. The complexity of SCN multiple resistance
genes in soybean and the heterogeneity of indigenous
field SCN Race populations greatly slow down the
efficiency in breeding resistant soybean cultivars. Iden-
tification and characterization of resistance genes in
soybean by molecular markers may play an important
role in tagging and introgressing these desirable genes
into improved cultivars. The efficiency of marker assist-
ed selection (MAS) has been previously documented
(Lande and Thompson 1990). Hospital et al. (1997)
estimated genetic gains over 12 years based on the
alternate selection of markers with and without
phenotypic evaluation and concluded that MAS was
more efficient than phenotypic selection alone, even for
traits with high heritability (h250.5).

Molecular markers have been used for mapping res-
istance genes in many crops (McMullen and Louie
1991; Pineda et al. 1992; Hartl et al. 1993; Yu et al.
1996). Molecular markers were also used to map SCN
resistance loci in soybean, and several molecular
markers were found to be linked to resistance loci of
SCN Race 3 (Concibido et al. 1994; Mahalingam and
Skorupska 1995; Webb et al. 1995; Vierling et al. 1996;
Chang et al. 1997). However, little is known on DNA
markers conferring resistance to isolates of SCN Races
1 and 5 in soybean.

Soybean seed protein and oil concentrations are
polygenic traits (Burton et al. 1987) and are highly
influenced by environmental factors. Molecular mark-
ers can be used to characterize quantitative trait loci
(QTLs) conditioning these traits. That may simplify
genetic analysis. However, only limited information is
available on the association of DNA markers and
soybean protein or oil concentration (Diers et al. 1992;
Mansur et al. 1993, 1996; Lark et al. 1994; Lee et al.
1996).

The objectives of the investigation presented here
were to: (1) identify DNA markers associated with
SCN resistance loci to isolates of SCN Races 1, 3, and
5 in ‘Peking’ and (2) screen DNA markers linked to
QTLs controlling soybean seed protein and oil concen-
trations in ‘Essex’.

Materials and methods

Plant materials

F
1

hybrids were obtained in 1992 from a cross between ‘Peking’,
which is resistant to isolates of SCN Races 1, 3, and 5 and has low
protein and oil concentrations, and ‘Essex’, which is susceptible to
all known SCN Races and has high protein and oil concentrations.
An F

2
population was derived from F

1
plants and further selfed to

generate F
2 :3

families. The F
2 :3

families were divided into three
subgroups, with 5 individuals from each of the F

2 :3
families forming

a subgroup. These subgroups have been screened against three
different isolates of Races 1, 3, and 5, respectively, and used for
mapping SCN resistance loci. The same F

2 :3
families were also used

for evaluating the association between DNA markers and seed
protein and oil concentrations.

Sources of SCN race isolates

Race 1

The SCN Race 1 isolate was initially collected from a field in Cape
Girardeau County, Mo. in the summer of 1994, where soybean had
a history of infection by SCN. The susceptible cultivar ‘Hutcheson’
(Buss et al. 1988) was used for maintaining and increasing white
females and cysts for several generations to achieve a near-
homogeneous population. The SCN Race 1 isolate was confirmed
by Race determination tests using four standard differentials
(‘Pickett-71’, ‘Peking’, PI90763, and PI88788), and one susceptible
check (‘Hutcheson’).

Race 3

The SCN Race 3 isolate was obtained from a soybean field at Ames
Plantation, located near Grand Junction, Ten. (courtesy of L.D.
Young, USDA-ARS, Jackson, Ten.) in the summer of 1994. This
population was increased on the roots of ‘Essex’ for several genera-
tions. The near-homogeneous population was classified as a Race
3 isolate based on the reactions from four standard differentials (the
same as ones used for the Race 1 isolate above).

Race 5

A Race 5 population was collected at the Rhoades Farm of the
University of Missouri-Columbia, near Clarkton, Mo. in summer of
1994, where soybean cv ‘Bedford’ (Hartwig et al. 1978) was grown.
The Race 5 population was reproduced and increased on the roots of
soybean PI88788 to achieve a near-homogeneous population, which
was classified as a Race 5 isolate based on standard Race determina-
tion tests.

SCN bioassay

The SCN bioassays were performed in the greenhouse at the Univer-
sity of Missouri-Columbia during the winter of 1995 following
previous methods (Rao Arelli 1994). Two parents, 1000 F

2 :3
indi-

viduals (200 F
2 :3

families with 5 individuals each), and the standard
host differentials were germinated and transplanted into micropots
filled with steam-pasteurized soil, with 1 seedling in each pot,
and maintained at 27°$1°C in a waterbath controlled by a
cooling system (Forma Scientific, Inc., Marietta, Ohio). A total of
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Table 1 Mean and standard
deviation (SD) of SCN scores and
soybean protein and oil
concentrations in parents and
their F

2 :3
individuals

SCN races and Peking Essex F
2 :3seed compositions

Mean! SD Mean! SD Mean! SD

Races"
Race 1 0.60 0.89 308.25 27.02 31.88 38.90
Race 3 0.25 0.50 117.27 25.96 41.80 39.82
Race 5 1.00 1.00 201.50 20.51 32.74 25.47

Seed composition#

Protein (g/kg) 405.67 2.3785 425.67 2.3725 417.35 3.7865
Oil (g/kg) 164.67 2.0946 204.77 1.9556 186.36 3.0577

!,"Mean IP values of SCN scores for Race isolates
!,# Mean seed composition,

2000($50) eggs were used to inoculate the roots of each 4-day-old
seedling using an automatic pipet (Model 40A, Scientific Equipment,
Baltimore, Md.) to ensure relatively accurate numbers of white
females and cysts on all individual plants. Thirty days after inocula-
tion, white females and cysts were dislodged from the roots using
pressurized water, counted under a stereo-microscope, and then
converted to index of parasitism (IP) values. The number of females
and cysts from 5 individuals in each subgroup was averaged and
used for evaluating the SCN response for its corresponding F

2
plant.

Based on the standard SCN classification systems (Golden et al.
1970; Riggs and Schmitt 1988) and previous genetic studies (Rao
Arelli et al. 1992), the index of parasitism (IP) was calculated as
follows, and used as bioassay data for regression analysis and
MAPMAKER/QTL interval mapping.

IP"

Mean number of females in a given subfamily

Mean number of females on susceptible ‘Essex’
] 100

Seed protein and oil evaluation

The same F
2 :3

families were used for seed protein and oil evaluation.
These F

2 :3
families were grown at the Bradford Research Center,

University of Missouri, at Columbia in 1996. Twenty-five grams of
dry seed from each of the F

2 :3
families was used for measuring the

percentage of protein and oil. These analyses were performed using
a near-infrared (NIR) food and feed analyzer located at the USDA
National Center for Agricultural Utilization Research, Peoria, Ill.
All individuals with black seed-coat color were re-analyzed by
grinding seeds into powder to avoid the misreading of extreme data
by NIR due to the dark pigmentation. The original data of the seed
protein and oil concentrations from each of the F

2 :3
families were

used for statistical analysis and QTL detection.

DNA preparation and hybridization

Standard methods were used for DNA preparation (Saghai Maroof
et al. 1984). Briefly, young leaf tissues were harvested from the two
parents and each of the 200 F

2
plants and used for DNA extraction

and marker identification. Two-hundred and sixteen RFLP probes
were used for screening both parents. The desirable clone/enzyme
combinations from the screenings were selected for Southern hybrid-
ization in the 200 F

2
populations. DNA probes used in this study

were initially developed by P. Keim and R. C. Shoemaker (Iowa
State University, USDA-ARS, Ames, Iowa), and purchased from
Biogenetic Services, Brookings, S.D. These inserts were recovered
either by polymerase chain reaction (PCR) amplification (Saiki et al.
1988) or by stab-culturing and plasmid mini-preps. All DNA sam-

ples extracted from each of the 200 F
2

individuals were digested
using five different restriction enzymes, EcoRI, EcoRV, HindIII,
DraI, and ¹aqI. Digested DNA fragments were separated by 10 g/l
(1.0%) agarose gel electrophoresis and transferred onto MSI mag-
nacharge Nylon membrane (Micro Separations, Westborough,
Mass.) using the method adopted by Southern (1975). Procedures
for oligo-labelling were based on the methods of Feinberg and
Vogelstein (1983).

Data analysis

Two-way regression analyses (SAS 1990) were performed to detect
the association between restriction fragment length polymorphism
(RFLP) markers and loci controlling resistance to SCN Race iso-
lates, and QTL conferring protein and oil concentrations. Coeffi-
cient of regression (R2) values were used for estimating the amount
of phenotypic variation explained by the associated molecular
markers.

Computer software MAPMAKER/EXP 3.0 (Lincoln et al. 1993)
was used for determining genetic linkage and distance between
different DNA markers by using maximum-likelihood analysis of
the segregation for the RFLP-marker patterns in the F

2
populations.

MAPMAKER/QTL 1.1 (Lincoln and Lander 1990) was used for
scanning the QTLs in each linkage group of the genome. A LOD
(logarithm of odd) score of 3.0 was set as the threshold in declaring
linkage between a marker and a QTL. The position of the QTL
relative to its nearby marker(s) was estimated based on the peaks
from MAPMAKER/QTL scans.

Results

Distribution of SCN scores and seed compositions

The mean IP values of the F
2 :3

families for Races 1, 3,
and 5 isolates were 31.9, 41.8, and 32.7, respectively
(Table 1). Based on the untransformed data, the distri-
butions of Races 1, 3, and 5 were abnormal (Race 1:
¼"0.9449, P"0.0001; Race 3: ¼"0.9346, P"
0.0001; Race 5: ¼"0.8694, P"0.001), with a slight
shifting to the low cyst frequency side (Figs. 1A—C).
After square-root transformation of the SCN score
data, Races 1 and 3 showed a normal distribution with
¼"0.9786, P"0.2463 and ¼"0.9827, P"0.6819,
respectively. However, the transformation of the SCN
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Fig. 1 A Frequency of distribution of the index of parasitism (IP) for
SCN Race 1 among 200 F

2 :3
families. The mean SCN score for

‘Peking’ was 0.60 (IP"0.19) and for ‘Essex’ 79.00 (IP"100).
B Frequency of distribution of the index of parasitism (IP) for SCN
Race 3 among 200 F

2 :3
families. The mean SCN score for ‘Peking’

was 0.25 (IP"0.22) and for ‘Essex’ 308.25 (IP"100). C Frequency
of distribution of the index of parasitism (IP) for SCN Race 5 among
200 F

2 :3
families. The mean SCN score for ‘Peking’ was 1.00

(IP"0.43) and for ‘Essex’ 246.00 (IP"100)

score data for Race 5 did not achieve the normalization
(Fig. 1C), with significant skewness (!0.3529) and kur-
tosis (!0.7932) remaining and ¼"0.9387, P"0.0020.

The protein concentration data showed an approx-
imately normal distribution (Fig. 2A), with ¼"0.9675
and P"0.0898. The frequency distribution of the orig-
inal data from oil concentration was not normal with
significant skewness (1.3736) and kurtosis (5.6614),
¼"0.9314 and P"0.0001 (Fig. 2B), but the square-

Fig. 2 A Frequency of distribution of seed protein concentration
among F

2 :3
families. The mean seed protein concentration for ‘Pe-

king’ was 405.67 g/kg and for ‘Essex’ 425.67 g/kg. B Frequency of
distribution of seed oil concentration among F

2 :3
families. The mean

seed oil concentration for ‘Peking’ was 164.67 g/kg and for ‘Essex’
194.00 g/kg.

root transformation normalized the original data, with
¼"0.9621 and P"0.0329.

RFLP linkage map

A total of 216 RFLP probes were screened, and 56
were found to be polymorphic between parental lines.
These polymorphic probes were further surveyed
among the 200 F

2
individuals. The computer program

MAPMAKER/QTL was used for anchoring the poly-
morphic markers, first then the anchored RFLP
markers were used to identify the possible linkage
groups based on information provided by the public
soybean RFLP linkage map (Shoemaker and Specht
1995). Since there were only limited polymorphic
markers in this study, the linkage map was generated
tentatively, and only markers that were significantly
associated with resistance to SCN or seed composition
are presented (Table 2 and Fig. 3).
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Table 2 Molecular markers significantly (P(0.01) associated with resistance loci to SCN Race 1, 3 and 5, isolates and seed composition

Loci LG! R2 P'F Sources" D/A ratio Gene actions Alellic means#

A H B

Race 1
A593 B 0.21 0.0001 Peking !0.12 Additive 19 30 44
A018 E 0.16 0.0001 Peking — — (25)$
T005 B 0.15 0.0001 Peking !0.10 Additive 19 28 39
B072 H 0.13 0.0022 Peking 0.07 Additive 22 29 35
K014 H 0.12 0.0023 Peking !0.14 Additive 13 19 27

Race 3
B072 H 0.13 0.0030 Peking !0.65 Partial Dominance 41 47 75
K014 H 0.09 0.0030 Peking !0.21 Partial Dominance 40 51 68
T005 B 0.09 0.0009 Peking !0.09 Additive 43 53 65

Race 5
K011 I 0.11 0.0010 Peking !0.77 Partial Dominance 25 30 70
A963 E 0.09 0.0062 Peking — — (33)$ 53

Protein
B072 H 0.32 0.0018 Essex 0.20 Additive 46 43 41
B148 F 0.17 0.0001 Essex 0.50 Partial Dominance 45 42 41

Oil
B072 H 0.21 0.0020 Essex 0.00 Additive 17 18 19

!Soybean genome linkage group
"Sources of favorable alleles
#A, Homozygous alleles for resistance to SCN and higher level of seed protein concentration or lower level of oil concentration, H,
heterozygous alelles for SCN resistance or seed composition, B, homozygous alleles for susceptibility to SCN and lower level of seed protein
concentration or higher level of oil concentration
$ Including both heterozygous and homozygous alleles for resistance to SCN, and seed composition

Fig. 3 MAPMAKER-QTL scans of the genomic regions on LG
H covering SCN resistance loci for Races 1 and 3 isolates in a
‘Peking’]‘Essex’ population. Filled rectangle represents putative
QTLs conferring SCN resistance to Races 1 and 3 isolates. Distances
are given as Haldane centiMorgans (cM)

RFLP markers associated with SCN resistance

Associations between DNA markers and SCN resist-
ance or seed composition were evaluated using both
original and square-root transformed data in ANOVA
and MAPMAKER/QTL analyses. Since the calculated
R2 values between the original and transformed data
(data not shown) were not changed substantially, all
results of the associations between DNA markers and
traits using untransformed data are presented.

Five RFLP markers (A593, A018, T005, K014, and
B072) were significantly associated with resistance to
the SCN Race 1 isolate. Together they explained 57.7%
of the total phenotypic variation (Table 3). Three
markers (B072, K014, and T005) were significantly lin-
ked to resistance for Race 3 isolate (Table 2), jointly
explaining 21.4% of the total phenotypic variation.
Two markers (K011, and A963) were associated with
resistance to SCN Race 5 isolate (Table 2), accounting
for 14.0% of the total phenotypic variation. In this
population it was found that all favorable alleles of
resistance to SCN Races 1, 3, and 5 came from ‘Peking’
(Table 2), suggesting that ‘Peking’ is the donor of the
resistance source.

On linkage group H, MAPMAKER-QTL scans
showed one LOD peak near marker B072 for the QTL
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Table 3 Combinations of RFLP
markers and stepwise regression
analysis for selected
F
2

individuals for ‘Peking’ and
‘Essex’ markertypes against SCN
Race 1 isolate

Combinations of markers! F-test

A593 A018 T005 B072 K014 F P'F R2

# # ! ! ! 19.06 0.0001** 0.2828
# ! # ! ! 20.77 0.0001** 0.2956
# ! ! # ! 12.27 0.0001** 0.3615
# ! ! ! # 13.66 0.0001** 0.3664
! # # ! ! 16.29 0.0001** 0.2263
! # ! # ! 10.21 0.0001** 0.1755
! # ! ! # 5.69 0.0015* 0.1269
! ! # # ! 14.20 0.0001** 0.2831
! ! # ! # 10.93 0.0001** 0.2492
! ! ! # # 3.99 0.0110 0.1393
# # # ! ! 14.15 0.0001** 0.3742
# # ! # ! 8.38 0.0001** 0.4128
# # ! ! # 10.89 0.0001** 0.3764
# ! # # ! 8.99 0.0001** 0.4292
# ! # ! # 13.02 0.0001** 0.4213
# ! ! # # 11.13 0.0001** 0.3688
! # # # ! 9.41 0.0001** 0.2758
! # # ! # 8.54 0.0001** 0.2403
! # ! # # 3.55 0.0042* 0.1353
! ! # # # 5.73 0.0001** 0.2679
# # # # ! 7.93 0.0001** 0.4569
# # # ! # 8.78 0.0001** 0.6815
# # ! # # 5.12 0.0001** 0.3789
# ! # # # 9.18 0.0001** 0.5813
! # # # # 3.88 0.0005** 0.2585
# # # # # 6.80 0.0001** 0.5770

* Significant at P(0.005; ** Significant at P(0.005
! ‘#’, present; ‘!’, absent

conditioning resistance to Race 1 isolate (LOD"5.0),
and another peak on the other side of the same marker
(LOD"7.5) conditioning resistance to Race 3 isolate
(Fig. 3). This indicated the locations of putative
QTLs for resistance to SCN Race 1 and 3 isolates in
‘Peking’.

Molecular markers that were associated with resist-
ance to Race 1 showed additive gene action (Table 2).
RFLP markers linked to Races 1 and 2 showed mostly
partial dominance gene action except marker T005,
which showed additive gene action.

Associated RFLP markers for protein
and oil concentrations

RFLP marker B072 (LG H) was found to be signifi-
cantly linked to protein concentration (R2"32%,
P(0.0018). Marker B148 (LG F) was also associated
with protein concentration with a R2"17% and
P(0.0001 (Table 2). These two markers jointly ex-
plained 33% of the total phenotypic variation. Marker
B072 (LG H) was shown to be linked to loci governing
oil (R2"21%, P"0.0020) and protein concentrations
(Table 1).

In this study, soybean seed protein concentration
was found to be inversely correlated with seed oil con-
centration, with a correlation coefficient r"!0.8860

(R2"0.7850, P"0.0001). This finding is consistent
with the results from a study by Lark et al. (1994).

Molecular markers B072 (LG H) and B148 (LG F)
had additive and partial dominant gene actions, respec-
tively, in determining protein concentration. The
sources of the favorable alleles for protein and oil
concentrations in this study are all from ‘Essex’
(Table 2), implying that ‘Essex’ could be a potential
source for breeding high levels of seed protein and oil
concentrations. Compared with the parents, some het-
erozygous individuals in the F

2 :3
progenies had ex-

treme phenotypes exceeding those of the parental
values (Table 1). This transgressive segregation pattern
suggests that both parents might have beneficial alleles
at different loci controlling protein and oil concentra-
tions, which could allow their progenies to be valuable
sources of new germplasm in breeding cultivars with
high protein and oil concentrations.

Discussion

Clustering of QTL

The clustering of QTLs has reported for a number
of crops (Martin et al. 1993; Mansur et al. 1996;
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McMullen et al. 1995; Chang et al. 1997). Clusters of
QTLs may also exist in this population. We found that
five RFLP markers, located in LG B, E and H, were
associated with loci controlling resistance to the SCN
Race 1 isolate (Table 2). Among these 5 markers, three
(B072 and K014 on LG H, T005 on LG B) were also
linked to loci conferring resistance to the Race 3 isolate
but not to the Race 5 isolate. The marker B072 on LG
H was associated with both resistance loci to SCN
(Races 1 and 3 isolates) and QTLs governing protein
and oil concentrations (Table 2). The genomic region in
LG H may contain a cluster of unique, but closely
adjacent QTLs conferring traits. The possibility of
pleiotropism among loci for SCN resistance to different
Races was not eliminated in this population. In fact,
MAPMAKER/QTL scans showed that the locations of
QTLs conferring SCN resistance to both Races 1 and
3 isolates traversed across marker B072 (Fig. 3), sug-
gesting the possible existence of a pleiotropic effect of
a single gene for resistance to both Races 1 and 3 iso-
lates. Data from regression analysis between mean IP
scores from Race 1 and Race 3 isolates supported both
the hypotheses of pleiotropism and clustering of QTLs
(R2"8.05%, P"0.0001).

Genetic variation of SCN QTLs

Several DNA markers have been reported to be asso-
ciated with SCN Race 3 isolate in LGs A, G, and M in
different populations (Webb et al. 1995; Concibido
et al. 1996), including populations involving cv ‘Peking’
(Mahalingam and Skorupska 1995) or Forrest (Chang
et al. 1997), a ‘Peking’-derived SCN-resistant cultivar.
Our results showed that DNA markers linked to resist-
ance loci for SCN Races 1 and 3 isolates were involved
in LGs B, E, and H. The different locations for the SCN
resistance QTLs we identified in this population may
indicate the existence of unique resistance loci in our
soybean lines.

The genetic variation among QTL for resistance to
SCN may vary in different populations. Molecular
marker A006 (LG B) was found to be highly linked to
a locus conferring the SCN Race 3 inbred isolate
(R2"91%, P"0.0001) in a population ‘Williams]
Hartwig’ (Vierling et al. 1996). Concibido et al.
(1996) showed that marker Bng122 (LG G) was
significantly linked to resistance for SCN Race 3
(R2"28.1%, LOD"6.94) in a population derived
from ‘Evans]Peking’. However, these two markers
(A006 and Bng122) were not polymorphic in our popu-
lation when screened using five different enzymes,
EcoRI, EcoRV, HindIII, DraI, and ¹aqI. Mahalingam
and Skorupska (1995) reported that RFLP marker
A136 on LG A2 (R2"12.5%, P"0.0001) and pA635
(R2"8.0%, P"0.0001) were significantly linked to
resistance loci for SCN Race 3 using an F

2 :3
popula-

tion from a cross between ‘Peking’ and ‘Essex’. How-

ever, these RFLP markers did not reach significant
levels in our population. The resistant ‘Peking’ used in
each population could be different since genetic diver-
sity among different sources of ‘Peking’ has been re-
ported (Skorupska et al. 1994). These variations could
also result from environmental factors, such as SCN
screening in the greenhouse or genetic variation among
SCN populations.

Mansur et al. (1993) reported that RFLP marker K1
was linked to loci controlling oil concentration
(R2"11%, P"0.02), and that marker L48 was asso-
ciated with loci underlying soybean protein concentra-
tion (R2"20%, P"0.004) in a F

5
population derived

from a cross between ‘Minsoy’ (Bernard et al. 1988) and
‘Noir1’. We used a different population, derived from
a cross between ‘Peking’ and ‘Essex’, and found two
different RFLP markers on LG H (B072) and LG
F (B148) which were associated with loci controlling
seed protein concentration. Marker B072 was also as-
sociated with loci conditioning oil concentration
(Table 2). Data showing different molecular markers in
different populations may indicate the existence of sev-
eral different QTLs controlling seed protein and oil
traits. Genome or population specificity of QTLs for
soybean seed protein and oil concentrations has also
been reported in another study (Diers 1992; Lee et al.
1996).

Marker-assisted selection

In breeding improved SCN-resistant cultivars using
marker-assisted selection, it is necessary to choose the
best marker combinations. We estimated the amount of
phenotypic variations explained by different marker
combinations for the Race 1 isolate. The efficiency for
selecting resistant genotypes was evaluated using vari-
ous combinations of five selected molecular markers in
this study (Table 3). The 5 markers associated with
resistance to the SCN Race 1 isolate could appear in 26
different combinations. Of these 26 combinations 23
statistically reached the P(0.001 level, and two com-
binations reached the P(0.005 level in regression
analysis. The R2 values ranged from 12.7% to 36.6% in
the various two-marker combinations, 13.5% to 42.9%
in the three-marker combinations, and 25.9% to 68.2%
in different four-marker combinations (Table 3), indic-
ating that when different marker combinations are
used, different efficiencies in marker-assisted selection
will likely result. A two-marker combination (e.g. A593
and K014) selected a total of 38 individuals in terms
of parental genotypes, 20 with ‘Peking’-type RFLP
patterns and 18 with ‘Essex’-type patterns, which
explained 36% of the total phenotypic variation in
the SCN responses. When a three-marker combination
(A593, T005, and B72) was used as a selection tool,
a total of 37 parental types were selected, explaining
42% of the total phenotypic variation. With a
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four-marker combination (A593, A018, T005 and
K014), approximately 68% of the total phenotypic
variation to SCN reactions was explained. When all
five markers (A593, A018, T005, B072 and K014) were
used as a marker-assisted selection tool, 57% of the
total phenotypic variation was explained (Table 3).
These data show that different marker combinations
could have different efficiencies in marker-assisted se-
lection. In theory, the more markers used the more
reliable marker-assisted selection would be because
various markers could simultaneously select desirable
soybean genotypes based on all these different markers.
This may eliminate the selection of false positives based
on only one marker. In breeding practices, considera-
tion has to be given to the number of markers
employed and the efficiency of different marker combina-
tions. The comparison of efficiencies of different marker
combinations may provide valuable information on
choosing desirable marker combinations for optimiz-
ing marker-assisted selection in soybean breeding
programs.
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