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Abstract The production of resistant soybean [Glycine
max (L.) Merr.] cultivars is the most effective means for
controlling losses from soybean cyst nematode (SCN)
(Heterodera glycines Ichinohe). The major resistance
gene in most SCN resistance sources is rhg1, which has
been mapped as a quantitative trait locus onto linkage
group G. Our objective was to determine whether the
SCN resistance sources PI 437654 and PI 88788 have
different functional alleles at rhg1 based on resistance
phenotypes. Populations segregating for resistance al-
leles at rhg1 from both PI 88788 and PI 437654 and at
Rhg4, a second SCN resistance gene from PI 437654,
were developed. These populations were screened for
resistance to the H. glycines inbred isolates PA3 (HG
type 7) and TN14 (HG type 1.2.5.7) in the greenhouse
and evaluated with molecular markers linked to both
rhg1 and Rhg4. Each isolate test was repeated, and the
evaluations were done on a single-plant and a line-mean
basis in Test 1, and solely on a single-plant basis in
Test 2. Across two tests with the TN14 isolate, plants
with the PI 437654 allele for a marker linked to rhg1 had
significantly (P<0.0001) less SCN reproduction than
plants carrying the PI 88788 allele. A marker linked to
Rhg4, however, was not significantly associated with
resistance to TN14. Across two tests with the PA3 iso-
late, alleles of rhg1 from both sources gave a resistant
reaction, although plants homozygous for the PI 88788
allele had significantly (P<0.05) greater resistance than
plants with the PI 437654 allele. The marker allele from
PI 437654 linked to Rhg4 was significantly (P<0.0005)
associated with greater resistance than the PI 88788 al-
lele in both PA3 tests, and resistance was dominant.

There was a significant interaction between alleles at
rhg1 and Rhg4 in both PA3 tests. These results suggest
that PI 437654 and PI 88788 each have a different
functional SCN resistance allele at or close to rhg1.
These allelic differences have implications that breeders
should consider before incorporation into cultivars.

Introduction

Genetic mapping studies over the last decade have
provided information on the locations and effects of
many soybean cyst nematode (SCN) (Heterodera gly-
cines Ichinohe; HG) resistance quantitative trait loci
(QTLs; Concibido et al. 2004). A QTL mapping to
linkage group (LG) G, designated the rhg1 gene (also
designated cqSCN-001), is considered to be the most
important SCN resistance gene in soybean cultivars.
This gene has been mapped from PI 437654 (Webb et al.
1995), PI 209332 (Concibido et al. 1996), Peking,
PI 88788, PI 90763 (Concibido et al. 1997), and
PI 89772 (Yue et al. 2001). In most of these sources, rhg1
was found to provide the greatest SCN resistance among
all mapped resistance QTLs.

Although resistance at rhg1 has been mapped from
several SCN resistance sources, there have been no
studies to determine whether different functional alleles
exist at this locus. The screening of these sources with a
range of SCN isolates has shown that sources have dif-
ferent resistance profiles (Diers et al. 1997). These dif-
ferences could result from these sources having different
alleles at rhg1 or because they have unique sets of
additional SCN resistance QTLs. For example,
PI 437654 has been shown to carry rhg1, Rhg4, and at
least four additional resistance QTLs (Concibido et al.
2004). This may at least partially explain its resistance to
a broad range of SCN isolates. In contrast, PI 88788,
which has resistance to a narrower range of SCN iso-
lates, has been shown to have only one QTL in addition
to rhg1 (Concibido et al. 2004; Glover et al. 2004).
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It has been documented that a series of alleles exists
for some qualitative resistance genes in soybean. The
genes Rps1 and Rps3, which give resistance to Phy-
tophthora sojae Kaufmann and Gerdemann, each have
multiple alleles that are defined on the basis of their
responses to different races of Phytophthora sojae (Grau
et al. 2004). Unfortunately, it is not possible to test for
the presence of different alleles at a SCN resistance locus
using traditional allelism tests due to the quantitative
nature of SCN resistance and confounding effects from
other resistance loci. However, it should be possible to
test for different functional alleles at SCN resistance
genes using linked markers in populations segregating
for alleles from different sources. Information on whe-
ther the rhg1 alleles differ among resistance sources and
whether some alleles provide greater resistance than
others would be helpful to breeders as they develop
SCN-resistant cultivars. The objective of this study was
to determine if different functional alleles of rhg1 could
be detected from PI 437654 and PI 88788.

Materials and methods

Development of plant material

Populations of soybean [Glycine max (L.) Merr.] lines
segregating at rhg1 were developed from a cross of Bell
(Nickell et al. 1990), which carries SCN resistance from
PI 88788, with PI 437654 (Anand et al. 1988). Previous
studies have confirmed that Bell has resistance at rhg1
(Glover et al. 2004) and that the sizes of the simple se-
quence repeat (SSR) fragments for markers closely
linked to rhg1 in Bell are consistent with those from
PI 88788 (Fig. 1). Populations were developed from F2

plants that were heterozygous for Satt309, a SSR marker
located 0.4 cM from rhg1 (Cregan et al. 1999), and
Satt424, a SSR marker located approximately 16.5 cM
from Rhg4 (Soybase 2004). A population of F3 plants
derived from a selected F2 plant was grown in the field in
2003, and approximately 80 F3 plants were individually

threshed to form F3:4 lines. Some lines were discarded
due to insufficient seed production, and the remaining
lines were used in the Test 1 evaluations. In Test 2, a F3

plant grown in the field in 2003 that was heterozygous
for both rhg1 and Rhg4 and produced over 500 F4 seed
was selected. Each SCN isolate was tested on F4 plants
derived from this selected plant. By testing populations
that were selected from heterozygous F2 and F3 plants,
we were able to reduce the effect of background segre-
gation of other SCN resistance genes in our population.

Genetic marker evaluation

To increase the efficiency of Test 1, four plants from
each F3:4 line were genotyped with SSR markers to
identify those segregating for rhg1. Those lines identified
as segregating at this locus were not used in SCN screens
because they provide less power to detect QTLs than
homozygous lines. SSR marker evaluation was carried
out on tissue obtained from seedlings germinated on
germination paper in a growth chamber for 72 h. DNA
was extracted from the unifoliate leaves or cotyledons
using a slightly modified version of the quick extraction
method described by Bell-Johnson et al. (1998). PCR
was carried out according to Cregan and Quigley (1997)
with the SSR marker Satt309, and the products were
separated by electrophoresis on 6% non-denaturing
polyacrylamide gels (Wang et al. 2003), and visualized
under UV light. Low DNA quantity allowed only a few
lines to be identified as being derived from heterozygous
plants, and only 11 lines were discarded prior to the
evaluation of lines with the SCN isolate PA3 and eight
lines prior to evaluation with the TN14 isolate. For both
Tests 1 and 2, each plant in the SCN greenhouse test was
genotyped with fluorescently tagged versions of Satt309
and Satt424 using the previously described PCR condi-
tions. These PCR products were analyzed on an ABI
Prism 377 DNA Sequencer (Applied Biosystems-Perkin
Elmer, Foster City, Calif., USA). Gel images were
viewed with GENESCAN V3.1 analysis software (Applied
Biosystems) and manually scored.

Greenhouse assay

Plant evaluations for SCN resistance were done in a
thermo-regulated water bath system according to Ni-
black et al. (2002). Resistance tests were initiated by
germinating seed on germination paper for 48 h at 24�C.
On the day of transplanting, cysts were crushed to re-
lease the eggs (Riggs and Schmitt 1991), which were
counted along with J2s (second-stage juveniles) under a
microscope in five 25-ll samples to quantify the inocu-
lum. Seedlings of each entry were selected on viability
and uniformity and planted individually into a 2.5
(diameter) · 20-cm-long PVC tube filled with steam-
sterilized sandy soil that had been infested with
approximately 3,000 eggs+J2s. Prior to planting, 24

Fig. 1 Segregation of the SSR marker Satt309, which is linked to
rhg1. Glycine max (L.) Merr. cv. Williams is susceptible to SCN.
PI 437654 and PI 88788 are sources of resistance, and Bell is a
SCN-resistant cultivar that has resistance from PI 88788
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tubes were packed with soil into large plastic crocks.
Each crock was suspended in the water bath, and the
infected plants were grown under a 16/8-h (light/dark)
photoperiod and watered as needed for 30 days. The
water bath system maintains a constant soil temperature
of 27±1�C, thereby providing optimal conditions for
SCN growth. Fertilizer was applied bi-weekly to aid in
plant growth. Approximately 30 days after soil infesta-
tion, the cysts and females were washed from the roots
of each plant, collected on a 250-lm-aperture wire mesh
sieve, and counted under a stereo microscope. A female
index (FI) was calculated for each entry using the fol-
lowing formula (Golden et al. 1970): (N1/N2)·100, where
N1 is the average number of females per entry and N2 is
the average number of females on the susceptible check
Lee 74. Lines with FI of less than ten were classified as
resistant (Golden et al. 1970).

The soybean populations were evaluated with SCN
isolates TN14 and PA3. TN14 reproduces well on
PI 88788 but not on PI 437654, whereas both parents
are resistant to isolate PA3 (Table 1). In all tests, a single
plant in a tube was an experimental unit. Both Tests 1
and 2 and the evaluations with TN14 and PA3 were
separated by time. In each test, the test populations,
Bell, the susceptible check Lee 74, and the HG-type
differentials were arranged in a completely randomized
design. In the Test 1 evaluation of TN14, 56 lines were
replicated four times and Lee 74 was replicated six
times; Bell and the HG-type differentials were left out of
the test. In the Test 1 evaluation with PA3, 48 lines were
replicated three times, the differentials and Bell four
times, and Lee 74 eight times. In Test 2, 250 F4 plants
tracing to a single F3 plant were tested on an individual
plant basis for each SCN isolate. The HG-type differ-
entials and Bell were replicated five times for both iso-
lates, and Lee 74 was replicated ten times in the PA3
evaluation and seven times in the TN14 evaluation.

Data analysis

Data from the two tests and two isolates were analyzed
separately using analysis of variance with PROC GLM from
SAS (SAS Institute 1988). Associations between markers
and FI were tested in a one-factor analysis of variance.
For Test 1, the data were analyzed on a line mean basis

and an individual plant basis. For Test 2, the data were
analyzed only on an individual plant basis because the
population had no line structure. Dominant genetic ef-
fects were detected with a single degree of freedom
contrast that tested for the difference between the mid-
value between the two homozygous classes and the
heterozygous class. Two-factor analysis of variance was
employed to test for significant interactions between
Satt309 and Satt424. Chi-square analysis was done to
determine if each marker fit segregation expectations.
The Test 1 results on a progeny-mean basis and the
Test 2 results on a single-plant basis were tested for fit to
1/4 homozygous for alleles from PI 437654, 1/2 hetero-
zygous or heterogeneous, and 1/4 homozygous for al-
leles from PI 88788 (1:2:1). The Test 1 results on a
single-plant basis were tested for fit to 3/8 homozygous
PI 437654, 1/4 heterozygous, 3/8 homozygous for
PI 88788 (3:2:3).

Results

In both tests, SCN reproduction on the HG-type dif-
ferentials, the parent Bell, and the susceptible check
Lee 74 was as expected (Table 1). The mean number of
cysts and females on Lee 74 ranged from 102 for PA3 in
Test 1 to 844 for TN14 in Test 2. The HG type of PA3
was 0 in Test 1 and 7 in Test 2. Although this isolate is
inbred, we have previously found that it will alternate
between these two types in greenhouse tests. In Test 2,
TN14 was a HG-type 1.2.5.7, which is also consistent
with observations from previous studies. Both PI 437654
and Bell, the parents of the population, were resistant to
PA3. In contrast, PI 437654 was resistant to TN14 while
both Bell and its resistance source PI 88788 were sus-
ceptible (Table 1). This is consistent with the mean FI of
the population of 1.7 for PA3 in Test 1 and 3.0 in Test 2
compared with a mean FI of the population of 76.8 for
TN14 in Test 1 and 64.4 in Test 2. There was significant
genetic variability among lines for FI after inoculation
with TN14 and PA3 in Test 1 (P<0.0001).

The populations were tested for association between
resistance and Satt309, which is closely linked to rhg1
(Cregan et al. 1999). A significant association (P<0.05)
was found between Satt309 and resistance to both SCN
isolates on a single-plant and progeny-mean basis in

Table 1 Heterodera glycines (HG)-type test results for nematode isolates used to inoculate soybean populations

Isolate Test Number on Lee 74 Female Indexa Bell HG-type

1 2 3 4 5 6 7
Peking PI 88788 PI 90763 PI 437654 PI 209332 PI 89772 PI 548316

PA3 1 102.0 0.0 1.5 0.0 0.0 0.0 0.0 1.5 0.0 0
PA3 2 119.3 3.0 3.5 1.0 0.2 6.3 0.8 15.8 3.7 7
TN14 1 133.6 NDb ND ND ND ND ND ND ND ND
TN14 2 844.0 19.9 79.5 0.8 0.6 85.7 0.5 82.1 84.6 1.2.5.7

aFemale index = (average number of females on indicator line)/(average number of females on Lee 74) · 100
bND, Not determined because the HG-type test was not done for TN14 in Test 1
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Test 1 and on a single-plant basis for Test 2 (Table 2).
For TN14, lines or individual plants homozygous for the
PI 437654 allele had significantly (P<0.0001) greater
resistance than those homozygous for the PI 88788 al-
lele. The difference between the homozygous classes was
most dramatic in Test 2, ranging from a mean FI of 0.7
for homozygous PI 437654 plants to 84 for homozygous
PI 88788 plants. This response is consistent with the
greater resistance of PI 437654 to TN14 than PI 88788.
Significant dominant effects were observed on an indi-
vidual plant basis in both tests, with susceptibility to
TN14 being dominant over resistance. In neither test
was Satt424 significantly associated with resistance to
TN14.

Both Satt309 and Satt424 were significantly (P<0.05)
associated with resistance to PA3 on a progeny-mean
basis in Test 1 and on a single-plant basis in both tests.
This significance occurred despite all of the marker class
means having a FI below 10 and classified as resistant
(Golden et al. 1970). Plants or lines homozygous for the
PI 88788 allele of Satt309 showed greater resistance than
plants homozygous for the PI 437654 allele, which is
opposite the trend observed for TN14. A significant
dominance deviation was observed for Satt309 in Test 2
only. Consistent with the response to TN14, resistance
was recessive to susceptibility. For Satt424, which is
linked to Rhg4, greater resistance to PA3 was associated
with the allele from PI 437654. Significant dominance
deviations were associated with Satt424 in both tests. In
contrast to rhg1, resistance at Rhg4 was dominant to
susceptibility. Two-way analysis of variance revealed a
significant (P<0.05) interaction between Satt309 and
Satt424 on a single-plant basis in both PA3 tests, in-
dicating that an epistatic interaction exists between rhg1
and Rhg4. This interaction shows that the PI 437654
allele for rhg1 interacts with the PI 437654 allele for

Rhg4 to achieve full resistance to PA3 (Fig. 2). In con-
trast, full resistance occurs with the PI 88788 allele at
rhg1 regardless of the presence of the Rhg4 allele. This

Table 2 Female index values, probabilities for marker association, R2 values of markers, and probabilities for dominance deviation
identified in populations segregating for rhg1 and Rhg4. Plants or lines in the populations were placed into the homozygous PI 437654,
PI 88788, and heterozygous classes based on the segregation of Satt309 and Satt424

Test Isolate Marker Linked gene Genotypic classes Marker
(P>F)

R2 Dominance
(P>F)

PI 437654 Heterozygous PI 88788
Female Index:

Test 1:
Single planta TN14 Satt309 rhg1 21 (69)b 106 (36) 101(109) 0.0001 0.4 0.0001
Progeny mean TN14 Satt309 rhg1 24 (6) 76 (34) 113 (13) 0.0001 0.32 NSc

Single plant TN14 Satt424 Rhg4 76 (68) 80 (67) 74 (79) NS 0.00 NS
Progeny mean TN14 Satt424 Rhg4 72 (11) 80 (35) 63 (10) NS 0.00 NS
Single plant PA3 Satt309 rhg1 3 (57) 0.7 (42) 0.3 (41) 0.0001 0.12 NS
Progeny mean PA3 Satt309 rhg1 3 (12) 1 (25) 0.3 (11) 0.04 0.14 NS
Single plant PA3 Satt424 Rhg4 0.6 (46) 0.5 (49) 3 (46) 0.0001 0.15 0.006
Progeny mean PA3 Satt424 Rhg4 0.5 (8) 0.8 (31) 4 (9) 0.0005 0.29 0.02
Test 2:
Single plant TN14 Satt309 rhg1 0.7 (40) 78 (119) 84 (48) 0.0001 0.64 0.0001
Single plant TN14 Satt424 Rhg4 65 (55) 62 (103) 65 (49) NS 0.00 NS
Single plant PA3 Satt309 rhg1 3 (35) 4 (134) 2 (71) 0.01 0.04 0.05
Single plant PA3 Satt424 Rhg4 1 (61) 2 (123) 7 (56) 0.0001 0.17 0.004

aMeans of genotypic classes are determined on a single-plant or progeny-mean basis
bThe number of plants or lines are in parenthesis
cNot significant at P< 0.05

Fig. 2 Mean female index values of plants inoculated with
H. glycines isolate PA3. The means are of plants predicted to be
homozygous for a combination of rhg1, based on Satt309, and
Rhg4, based on Satt424. a Results from Test 1 on a single-plant
basis, b results from Test 2
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interaction was not significant on a progeny-mean basis
in Test 1, likely because of an insufficient number of
lines in each genotypic class.

Chi-square analysis revealed significant (P<0.05)
segregation distortion for Satt309 on both a single-
plant and progeny-mean basis for the TN14 evaluation
in Test 1 and for the PA3 evaluation in Test 2. In these
distorted populations, fewer plants or lines homozy-
gous for PI 437654 alleles were observed than expected
(Table 2). Satt309 is linked to rhg1, and both Webb
et al. (1995) and Glover et al. (2004) observed segre-
gation distortion associated with rhg1 in populations
developed from crosses between a susceptible cultivar
and PI 437654 or Bell. In both studies, they observed
fewer lines than expected that were homozygous for the
rhg1 resistance allele. Our results show that when the
PI 437654 and PI 88788 rhg1 alleles both segregate in a
population, there is selection against PI 437654 homo-
zygotes. For the distortion observed for Satt309 in
Test 2, the selection against the PI 437654 homozyg-
otes must have occurred during seed formation or
during seed germination and plant development, be-
cause the seed used in the test were harvested directly
from a heterozygous plant. Further research is needed
to uncover the mechanism of segregation distortion at
rhg1. Significant segregation distortion was also de-
tected for Satt424 in Test 1 on a single-plant basis with
PA3. This distortion resulted from an over-represen-
tation of heterozygotes. We are not aware of other
published reports of segregation distortion at Rhg4.

Discussion

We have shown that PI 437654 and PI 88788 have
different functional alleles at rhg1 based on resistance
phenotype. The rhg1 allele from PI 437654 provides
resistance to TN14, whereas the PI 88788 allele gives a
susceptible reaction. In contrast, both parents provide
a resistance reaction to PA3, although the PI 88788
allele confers greater resistance than the PI 437654
allele. In addition to demonstrating that different
functional alleles exist, these results clearly show that
the rhg1 allele from PI 88788 gives isolate specific
resistance to SCN. Although it has been previously
shown that SCN resistance QTLs provide varying
levels of resistance to SCN isolates (Concibido et al.
2004), we have more definitively demonstrated this
isolate specificity.

There is a possibility that we are not testing different
alleles at the same locus from these sources of resistance,
but instead are testing resistance alleles at closely linked
loci. Genetic tests or the cloning and validation of dif-
ferent alleles from each source are needed to resolve
whether these are the same or different genes. Although
rhg1 candidate genes have been cloned (Hauge et al.
2001; Meksem and Lightfoot 2001), complementation
studies to confirm this cloning have not been reported in
the literature.

Rhg4 was significantly associated with resistance to
PA3. The resistance allele for Rhg4 was from PI 437654,
which is consistent with previous results indicating that
PI 437654 has resistance at this locus (Webb et al. 1995).
There is no evidence that Bell or PI 88788, the latter
being the source of SCN resistance for Bell, has a
resistance allele at Rhg4 (Concibido et al. 1997; Glover
et al. 2004). This suggests that the populations were
segregating for alleles that confer resistance and sus-
ceptibility at Rhg4. In addition, Rhg4 conferred resis-
tance to PA3 only, similar to the PI 88788 allele from
rhg1.

The interaction we observed between rhg1 and Rhg4
is consistent with results observed by Meksem et al.
(2001) who studied a population developed from cross-
ing Forrest, which has SCN resistance from Peking, and
the susceptible cultivar Essex. In this population, they
reported an epistatic interaction between these genes and
found that only when the resistance alleles from both
genes were combined was full resistance achieved. This is
similar to the interaction we observed between the rhg1
and Rhg4 alleles from PI 437654 for PA3. Meksem et al.
(2001) also used the isolate PA3 to test their population
(P. Arelli, personal communication). The consistency of
this interaction in both Peking and PI 437654 combined
with their similar resistance profile and close genetic
distance (Diers et al. 1997) support the idea that these
two resistance sources have similar genes for SCN
resistance.

Our results also agree with previous reports that
resistance at rhg1 is recessive. The rhg1 gene symbol was
designated in a genetic study in which resistance in
Peking was explained by three recessive genes (Caldwell
et al. 1960). After SCN resistance QTLs were mapped,
the major SCN resistance gene on LG G was defined as
rhg1 because this placement was most consistent with
results from classical genetic studies (Cregan et al. 1999).
Concibido et al. (1997) described the resistance at rhg1
to be partially recessive in a mapping study, although
their ability to show recessiveness was hampered by their
use of partially inbred F2:3 lines. In most other soybean
mapping studies, inbred lines are used because of the
self-pollinating nature of the crop and the increased
ability to detect QTLs in inbred populations (Cowen
1988). The recessive resistance of rhg1 is unusual because
resistance genes are typically dominant (Agrios 1997).
One example of a recessive resistance gene is the mlo
gene that confers resistance to powdery mildew (Erysi-
phe graminis DC. f. sp. hordei Em. Marchal) in barley
(Hordeum vulgare L.). This gene has been cloned, and it
does not fit any of the major classes of disease resistance
genes (Buschges et al. 1997) and may be a negative
regulator of defense responses.

rhg1 has been classified as both a qualitative gene and
a QTL. The original genetics work done on SCN treated
the trait as qualitatively inherited, which allowed
researchers to name the resistance genes. However, when
resistant and susceptible genotypes are crossed, resis-
tance reactions typically segregate continuously in pop-
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ulations. In this study and in a previous study by
Brucker et al. (2005), we successfully evaluated rhg1 as
essentially a qualitative disease resistance gene. This was
done through the use of populations derived from par-
tially inbred plants, inoculations with inbred nematode
isolates, and careful greenhouse testing.

To our knowledge, this is the first report of allelic
diversity for nematode resistance genes. Our finding that
the widely deployed SCN resistance sources PI 88788
and PI 437654 have different functional alleles at rhg1
has implications for soybean breeders. In populations
developed from crosses between these sources of resis-
tance, breeders should be aware of which allele they are
selecting. If they are breeding cultivars that will be
grown in fields infested with SCN populations that have
a pathogenicity similar to the PA3, either rhg1 allele
could be selected, however the rhg1 allele from
PI 437654 would be preferable if fields are infested with
SCN populations similar to TN14. Breeders can select
for these alleles through markers-assisted selection or by
phenotyping plants for resistance. The SSR marker
Satt309 can differentiate between the rhg1 alleles and
could be used to select either allele (Fig. 1). Alterna-
tively, evaluation of plants that have been inoculated
with TN14 would discriminate between these alleles.

Further work is needed to more fully describe the
resistance profiles of the rhg1 alleles from PI 437654 and
PI 88788. For example, lines with SCN resistance from
PI 88788 are more resistant to a HG-type 1.2.3.6.7 iso-
late than lines with the PI 437654 source of resistance
(Cary 2003). This difference could be the result of the
PI 88788 allele at rhg1 providing greater resistance than
the PI 437654 allele to this isolate. In addition, more
work is needed to determine if other SCN resistance
sources have different functional rhg1 alleles.
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