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Abstract One hundred and thirty nine restriction frag-
ment length polymorphisms (RFLPs) were used to con-
struct a soybean (Glycine max L. Merr.) genetic linkage
map and to identify quantitative trait loci (QTLs) asso-
ciated with resistance to corn earworm (Helicoverpa
zea Boddie) in a population of 103 F

2
-derived lines

from a cross of ‘Cobb’ (susceptible) and PI229358 (re-
sistant). The genetic linkage map consisted of 128 mar-
kers which converged onto 30 linkage groups covering
approximately 1325 cM. There were 11 unlinked mar-
kers. The F

2
-derived lines and the two parents were

grown in the field under a plastic mesh cage near
Athens, Ga., in 1995. The plants were artificially infes-
ted with corn earworm and evaluated for the amount
of defoliation. Using interval-mapping analysis for
linked markers and single-factor analysis of variance
(ANOVA), markers were tested for an association with
resistance. One major and two minor QTLs for resist-
ance were identified in this population. The PI229358
allele contributed insect resistance at all three QTLs.
The major QTL is linked to the RFLP marker A584 on
linkage group (LG) ‘M’ of the USDA/Iowa State Uni-
versity public soybean genetic map. It accounts for 37%
of the total variation for resistance in this cross. The
minor QTLs are linked to the RFLP markers R249 (LG
‘H’) and Bng047 (LG ‘D1’). These markers explain 16%
and 10% of variation, respectively. The heritability (h2)
for resistance was estimated as 64% in this population.
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Introduction

Defoliating insects can cause significant damage to
soybean plants in the southeastern USA, often requir-
ing chemical control (Hanthrone et al. 1982). In 1991,
insect damage and insecticide applications cost
Georgia soybean growers $6 million (McPherson and
Douce 1992). Plant resistance to insects (PRI) can be an
effective component of an integrated pest-management
program. Breeding elite soybean cultivars with high
levels of PRI would reduce the need for chemical insec-
ticide applications and broaden the options of the pest
manager. A reduction of chemical pesticide inputs
would have both environmental and economic benefits.

The main sources of defoliating insect resistant
soybean germplasm are plant introductions (PIs) with
low agronomic value. Three such PIs, PI171451,
PI227687 and PI229358, were identified in the early
1970s (Van Duyn et al. 1971) and have shown resist-
ance to a number of defoliating insect species (Luedders
and Dickerson 1977; Lambert and Kilen 1984 b; All
et al. 1989). Insect resistance in these PIs is inherited
as a quantitative trait (Sisson et al. 1976; Luedders
and Dickerson 1977; Rufener et al. 1989; Kenty et al.
1996).

Antibiosis, antixenosis, and tolerance are the three
principal modes of PRI (Painter 1951; Kogan and
Ortman 1978). The PRI in PI229358 has both anti-
biotic and antixenotic properties (Lambert and Kilen
1984 a; Beach et al. 1985; All et al. 1989). Bioassays can
be designed to infer individual modes of PRI. The
present study was undertaken to identify QTLs asso-
ciated with antixenosis PRI. Heritability estimates for
antixenosis PRI in PI229358 range from 55 to 81%
(Sisson et al. 1976; Kenty et al. 1996). Inheritance stud-
ies indicate that there are approximately two genes
controlling this trait (Kenty et al. 1996).

Screening for PRI in soybean is labor-intensive
and time-consuming. Marker-assisted selection using



molecular markers tightly linked to PRI quantitative
trait loci (QTLs) would greatly enhance the ability of
soybean breeders to introgress high levels of PRI into
elite cultivars by allowing for the selection of PRI on
seedling plants and significantly reducing linkage drag
(Young and Tanksley 1989).

Molecular markers have been used to mark QTLs
for many agronomic traits in soybean, including seed
weight (Maughan et al. 1996; Main et al. 1996 b), seed
protein and oil content (Diers et al. 1992 a; Lee et al.
1996 c; Brummer et al. 1997), water-use efficiency and
leaf ash (Mian et al. 1996 a), hard seededness (Keim
et al. 1990), plant height, logding and maturity (Lee
et al. 1996 b, c), and sensitivity to the herbicide
Chlorimuron (Mian et al. 1996 c). Soybean plants resis-
tant to Phytophthora sojae (Diers et al. 1992 b; Lohnes
and Schmitthenner 1997), Fusarium solani (Hnetkovsky
et al. 1996), soybean mosaic-virus (Yu et al. 1994),
Meloidogyne incognita (Tamulonis et al. 1997), and
Heterodera glycines (Webb et al. 1995; Concibido et al.
1996; Vierling et al. 1996) have also been tagged using
molecular markers. In addition, QTLs for PRI have
been studied in other crop species including maize
(Schon et al. 1993), tomato (Maliepaard et al. 1995), and
potato (Bonierbale et al. 1994; Yencho et al. 1996).

Our objectives in the present study were to: (1) ident-
ify QTLs in soybean associated with antixenosis to
defoliating insects, (2) determine the genomic location
of these QTLs, and (3) quantify their magnitude and
gene action.

Materials and methods

A soybean population, derived from a cross between Cobb and
PI229358, was used to construct a genetic linkage map and to
evaluate insect resistance. Cobb is susceptible to defoliation-damage
by the corn earworm (CEW), Helicoverpa zea Boddie, whereas
PI229358 resists CEW damage (All et al. 1989). A total of 103
F
2:3

lines were developed from this cross. Each line originated from
a single F

2
plant grown at the University of Georgia Plant Sciences

Farm near Athens, Ga., in 1993. Leaves were harvested from these
F
2

plants for DNA isolation. DNA isolation, Southern blotting, and
hybridization procedures have been described previously (Lee et al.
1996 a, b). Approximately 400 probes from various sources, includ-
ing cDNA and/or genomic clones of soybean (R. C. Shoemaker,
USDA/Iowa State University; K. G. Lark, University of Utah; R. T.
Nagao, University of Georgia), »igna radiata (N.D. Young, Univer-
sity of Minnesota), Phaseolus vulgaris (J.M. Tohme, CIAT), Arachis
hypogaea (G.D. Kochert, University of Georgia) and Medicago
sativa (G.D. Kochert), were used to screen for restriction fragment
length polymorphisms (RFLPs) between Cobb and PI229358. Five
restriction enzymes (DraI, EcoRI, EcoRV, HindIII and ¹aqI) were
used to identify RFLPs. Polymorphic probes were used for genetic
mapping. Linkage maps were constructed from marker data using
the Kosambi map function of the MAPMAKER/EXP computer
program (Lander et al. 1987). For grouping linked markers, thre-
sholds with a minimum LOD score of 2.0 and a maximum distance
of 37.2 cM were employed.

For the insect bioassay, the parents and F
2:3

lines were grown in
a randomized complete block design with four replications in 1995
at the Plant Sciences Farm. Hill plots were planted 45 cm apart long

rows spaced 90 cm apart. Plots were over-seeded and later thinned
to six plants per hill. The entire experiment was approximately 30 m
long and 12 rows wide. Each replication contained a hill of six plants
from each F

2:3
line, plus six hills each of Cobb and PI229358. There

was a single border row of a susceptible cultivar, DPL726, which
surrounded the experiment and was distinguishable by its narrow-
leaflet phenotype. A plastic, fine-meshed cage was constructed over
the experiment to create conditions for an artificial insect infestation
(Rowan et al. 1991).

Corn earworm eggs were infested directly onto the plants at the
V4 stage of development (Fehr and Caviness 1977). The eggs were
applied in a corncob grifts medium (Wiseman et al. 1980) at a rate of
approximately 150 eggs per plant per week for 4 consecutive weeks.
The mesh cage prevented the escape of the hatching larvae, as well as
the adult moths that developed from these larvae. The cage also
prevented the invasion of predatory insects. The larvae were free to
feed on the plants where they hatched, or migrate to adjacent plants.
Moths developing from these larvae were allowed to oviposit freely
in the cage.

Visual defoliation ratings for the entire experiment were taken
when the susceptible parent, Cobb, had been significantly defoliated.
A percent-defoliation score was visually estimated for the combined
six plants of each hill. The defoliation data were checked for normal-
ity and subjected to ANOVA (SAS 1988) using replications and lines
as random effects.

The association between RFLP markers and QTLs was tested by
two different procedures. QTL-mapping analysis was performed
using the interval-mapping method (Lander and Botstein 1989) with
the MAPMAKER-QTL computer program (Lincoln et al. 1992).
A LOD score of 2.0 was chosen as the minimum to declare the
presence of a QTL in a given genomic region. The LOD score peak
was used to estimate the most-likely QTL position on the RFLP
linkage map. The percentage of variance explained by each QTL
and the additive (a) and dominant (d) effects were estimated at the
maximum-likelihood QTL position. The average degree of domi-
nance for each QTL was calculated as the ratio d/a. Single-factor
ANOVA was also used to determine significance (P(0.01) among
RFLP genotypic class means using an F-test from the Type-III
mean squares obtained from the General Linear Model Procedure
(Proc GLM; SAS 1988). Two-factor ANOVA was used on all mar-
kers to detect epistatic effects. Three-factor ANOVA was used only
on significant markers to detect a possible three-way interaction.

Results

One hundred and thirty nine polymorphic RFLP mar-
kers were screened in the F2 population. The genetic
linkage map consisted of 128 markers converged into
30 linkage groups covering approximately 1325 cM.
There were 11 unlinked markers.

The range of defoliation for F2:3 lines was from 9%
to 34% (Fig. 1). The mean defoliation for the parents
was 13% for PI229358 and 42% for Cobb. Thus, stat-
istically significant transgressive segregation was not
observed for either greater resistance or susceptibility
than that of the parents.

Based on interval mapping, three QTLs for resist-
ance were detected in this cross (Table 1). They were
present on linkage groups (LGs) ‘M’, ‘H’, and ‘D1’ (Fig.
2) of the USDA/Iowa State University public soybean
genetic linkage map (Shoemaker and Specht 1995).
These three QTLs were linked to RFLP markers A584,
R249, and Bng047 and accounted for 37, 16, and 10%
of the total genetic variation for resistance, respectively.
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Table 1 RFLP markers
associated with plant resistance
to defoliation by H. zea based on
MAPMAKER/QTL analysis.
Effects of each marker on de-
foliation rating were calculated to
obtain predicted marker means
based on additive genetics

Linkage Interval Interval Position LOD a" d/a R2 (%)
group length of QTL!

(cM) (cM)

M A584—A946.2 7.0 0.0 10.1 !4.1 !0.01 37
H R249—A131 3.3 0.0 4.0 !2.6 0.19 16
D1 Bng047—A808 16.1 1.4 2.0 !2.4 !0.13 10

! Position of LOD peak given as distance from the first marker listed in Interval
"Average change in defoliation for each allele from PI229358

Fig. 1 Distribution of F
2
-derived lines from the cross Cobb]

PI229358 based on insect defoliation rating

The marker Bng047 was detected by interval mapping
at a LOD score that was only slightly above the thre-
shold of 2.0 (Fig. 2). This marker’s significance was
confirmed by single-factor ANOVA (P"0.0055) (data
not shown).

All three QTLs detected derived PRI from the allele
of the resistant parent, PI229358. Each allele from
PI229358 reduced defoliation by 4.1, 2.6, and 2.4% at
the QTLs on LG M, H, and D1, respectively (Table 1).
The degree of dominance was calculated at each of the
three QTLs (Table 1). The low values for d/a indicate
that each of the three QTLs acts in an additive fashion
of else with a very low degree of partial dominance. No
epistasis was detected when all markers were tested in
two-factor and three-factor ANOVA models. While no
significant epistatic interactions were detected, the
three-way analysis including A584, R249, and Bng047
yielded an R2 value of 66%. This compares favourably
with the sum of the individual R2 values from these
markers (&"63%) and suggests that these markers act
additively.

The heritability (h2) for antixenosis in this popula-
tion was estimated to be 64%. We feel confident that
the three QTLs we have identified explain most of the
genetic variation for this trait. In general, these results
agree with previous estimates of gene number of this
trait (Kenty et al. 1996). Single-factor ANOVA yielded
similar results to those found using the interval-map-
ping procedure.

None of the three PRI QTLs detected in this study
could be associated with each other through an analy-

Fig. 2 QTL-likelihood maps from MAPMAKER/QTL. LOD
peaks are shown for PRI.QTLs on a USDA LG ‘M’, b USDA LG
‘H’, and c USDA LG ‘D1’. The dotted line in each panel represents
the minimum significant LOD score of 2.0. A bar representing 10 cM
of recombination distance is given for each panel

sis of soybean genome duplicated regions (Shoemaker
et al. 1996). However, a comparison of these PRI QTLs
with those detected in other soybean pest-resistance
studies reveals that a QTL for resistance to soybean
cyst nematode (SCN) has also been found on LG ‘D’
(Concibido et al. 1996). The SCN QTL on LG ‘D’
appears to lie near one end of LG ‘D’, whereas the PRI
QTL on LG ‘D1’ occurs in the center of the LG. This
suggests that these two QTLs are unlinked.

Attempts were made to associate the QTLs found in
this study with genetically mapped insect resistance
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regions in other legumes. A study comparing the gen-
etic maps of soybean, mungbean, and common bean
(Boutin et al. 1995) reveals that the gene for resistance
to seed beetle in mungbean (Young et al. 1992) maps to
a mungbean chromosomal region without conserved
soybean linkage blocks. This mungbean chromosome
also has no homologous RFLP markers from soybean
LG ‘M’, ‘H’, or ‘D1’. Thus it is unlikely that the mun-
gbean resistance gene is homologous to the soybean
insect resistance QTLs presented here. In addition,
a pair of aphid resistance genes mapped in cowpea
(Myers et al. 1996) occurred on cowpea LGs which
could not be associated, through comparative mapping
(Menancio-Hautea et al. 1993; Boutin et al. 1995) with
the soybean LGs indicated here.

Candidate regions for disease resistance genes have
been marked on the soybean genetic map, based on
homology to cloned disease resistance genes from other
plants (Kanazin et al. 1996; Yu et al. 1996). All three
insect resistance QTLs detected in this study were on
LGs which also contain resistance gene analogs
(Kanazin et al. 1996).

Discussion

Genetic mapping with molecular markers enables
a comparison of soybean PRI QTLs with other
soybean pest resistance QTLs. Insect resistance QTLs
can also be compared across legume species through
comparative mapping. If borne out, these comparisons
can give insight into possible relationships between
pest resistance QTLs.

Insect resistance in soybean has two components:
antibiosis and antixenosis. Bioassays can be designed
to study these components separately. While the QTLs
in this study are associated with antixenosis, QTLs for
antibiosis are also being sought (experiments in
progress). If independent QTLs for each of these com-
ponents are found, it would suggest independent
biochemical modes of action for antibiosis and anti-
xenosis. It would also allow plant breeders to select for
both components through marker-assisted selection.

The corn earworm was used in this study because of
availability, low cost, and amenability to experimental
use. However, previous work (All et al. 1989; Rowan et
al. 1991) indicates that soybean resistance to corn ear-
worm is highly correlated with resistance to other
soybean defoliators, including the soybean looper
(Pseudoplusia includens). Thus, introgression of the PRI
QTLs identified in this study should provide resistance
to a number of defoliating insect pests.

This study is concerned with PRI derived from
PI229358. Lambert and Kilen (1984 b) suggested that
there are likely to be further novel insect resistance
QTLs in the other two major soybean insect resistance
sources, PI171451 and PI227687. If this is true, soybean
breeders may be able to combine QTLs from all three

sources into highly resistant genotypes. Until now,
the polygenic nature of insect resistance, the linkage
drag associated with these genes, and perhaps the
lack of simultaneous selection for both antibiosis and
antixenosis, have largely prevented the successful
exploitation of PRI in a soybean breeding program.
With the availability of molecular markers, it is be-
coming possible to capitalize on the full potential of
these three plant introductions as sources of insect
resistance.

In this study we have been able to successfully inter-
val map one major and two minor QTLs associated
with PRI in PI229358 and determine their locations on
the public soybean genetic linkage map. Our results
have confirmed previous gene number estimates for
PRI in soybean. The markers associated with insect
resistance in this study should allow soybean breeders
to utilize marker-assisted selection for PRI.
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