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linked to the four Rag loci. The phenotyping results indi-
cate that soybean aphid resistance is controlled by a sin-
gle dominant gene in 14 PIs, by two genes in three PIs, 
and four PIs had no clear Mendelian inheritance patterns. 
Genetic markers flanking Rag2 were significantly associ-
ated with aphid resistance in 20 PIs, the Rag1 region was 
significantly identified in five PIs, and the Rag3 region was 
identified in one PI. These results show that single domi-
nant gene action at the Rag2 region may be a major source 
for aphid resistance in the USDA soybean germplasm 
collection.

Abbreviations
BSA	� Bulked segregant analysis
MG	� Maturity group
PCR	� Polymerase chain reaction
PI	� Plant introduction
SNP	� Single nucleotide polymorphism
SSR	� Simple sequence repeats

Introduction

The soybean aphid, Aphis glycines Matsumura (Hemip-
tera: Aphididae), is a common insect pest of soybean 
[Glycine max (L.) Merr] in China and other Asian coun-
tries (Wu et al. 2004). The soybean aphid was first discov-
ered in North America in 2000 (Hartman et al. 2001) and 
is now considered to be one of the most important insect 
pests on soybean in the northern USA and Canada (Rags-
dale et  al. 2011). Aphid feeding is associated with plant 
stunting, leaf yellowing and wrinkling, reduced photosyn-
thesis, poor pod fill, and reduced yield, seed size, and seed 
quality (Beckendorf et  al. 2008; Kang et  al. 2008; Mac-
edo et  al. 2003; Mensah et  al. 2005). Under heavy aphid 
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pressure, yield losses can exceed 50 % (Ostlie 2002; Wu 
et al. 2004).

Initially, chemical insecticides were used to control the 
soybean aphid, but resistance genes have been discovered 
that can provide an alternative control method. Between 
2001 and 2004, Hill et al. (2004) evaluated approximately 
1,700 soybean cultivars for aphid resistance, including 
commercial cultivars, Asian cultivars, and ancestral lines. 
Three North American ancestral cultivars were found to 
exhibit resistance: Dowling, Jackson, and plant introduc-
tion (PI) 71506. Resistance in Dowling and Jackson was 
found to be controlled by a single dominant gene (Hill et al. 
2006a, b) mapping to a region on chromosome 7 [link-
age group (LG) M] (Li et al. 2007). The gene in Dowling 
was named Rag1 and the gene in Jackson was named Rag 
because the genetic relationship between the two genes was 
unknown. Field studies indicated that Rag1 had no negative 
effects on seed yield and other important agronomic traits 
when it was introgressed into breeding lines adapted to 
the Midwestern USA (Kim and Diers 2009; Mardorf et al. 
2010).

Mian et  al. (2008a) identified three PIs that exhibited 
aphid resistance, PI 243540, PI 567301B, and PI 567324. 
The resistance in PI 243540 was found to be controlled by 
a single dominant gene named Rag2 on chromosome 13 
(LG F) that provided antibiosis-type resistance (Kang et al. 
2008; Mian et al. 2008b). PI 200538 also was found to have 
a major soybean aphid resistance gene mapping to the same 
region on chromosome 13 as Rag2 from PI 243540 (Hill 
et al. 2009; Kim et al. 2010b). Cultivars with Rag2 and the 
combination of Rag1 and Rag2 were shown by Brace and 
Fehr (2012) to have comparable agronomic performance 
to susceptible cultivars. In contrast, Kim and Diers (2013) 
showed a negative yield association with Rag2 in two 
genetic backgrounds. Two more resistance loci have since 
been identified including Rag3 in PI 567543C, which was 
mapped to chromosome 16 (LG J) (Zhang et al. 2010) and 
rag4 in PI 567541B on chromosome 13 over 65 cM away 
from Rag2 (Zhang et al. 2009). Additional resistance genes 
continue to be identified, including genes mapping near 
Rag2 (Jun et al. 2012) and Rag3 (Zhang et al. 2013), and 
other soybean aphid-resistant sources have been found that 
could possess new genes or alleles for resistance (Diaz-
Montano et al. 2006; Hesler and Dashiell 2008; Mian et al. 
2008a).

Soybean aphid biotypes distinguished by differential vir-
ulence profiles on known resistance sources also have been 
discovered. A recent review by Hill et al. (2012) summarizes 
current knowledge on soybean aphid resistance in soybean 
and virulence in the soybean aphid. Soybean aphid biotype 
1 cannot colonize plants with Rag1 or Rag2. Biotype 2 is 
able to colonize plants with Rag1 but not Rag2 (Kim et al. 
2008) and biotype 3 colonizes plants with Rag2 (Hill et al. 

2010). With the discovery of soybean aphid biotypes that 
indicate virulence diversity in North America, it has become 
especially critical to identify new resistance genes for the 
development of cultivars with resistance to emerging soy-
bean aphid biotypes. The objective of this research was to 
examine the inheritance of soybean aphid resistance in 21 
soybean aphid-resistant PIs and determine whether resist-
ance in these PIs was associated with the Rag1 to rag4 loci.

Materials and methods

Plant material and greenhouse resistance tests

An evaluation of over 3,000 PI accessions identified 50 PIs 
with resistance to soybean aphid biotypes 1 and 2 in both 
choice and no-choice tests (unpublished data). The resistant 
PIs primarily originate from China and Japan, and maturity 
groups (MGs) range from II to X (Table 1). In 2007–2008, 
F2 populations were developed by using the aphid-resistant 
PIs as male parents and soybean aphid-susceptible lines 
as female parents in crosses. The susceptible parents were 
high-yielding experimental lines with good agronomic 
traits developed from the University of Illinois soybean 
breeding program. The subsequent F1 plants were selfed in 
the greenhouse in 2008 to produce F2 populations for study.

From the resulting populations, 21 F2 populations were 
evaluated for soybean aphid resistance between 2008 and 
2011. These populations were selected to have a broad 
diversity of PI maturity groups and origins. Maturity group 
specifies the latitude (day length) and climate that the soy-
bean genotype is adapted to, with lower MGs adapted to 
longer days and higher MGs adapted to shorter days. The 
wide range of MGs indicates that soybean PIs from a broad 
range of geographic areas were included in this study. Soy-
bean aphid biotype 1 was used to infest soybean plants in 
the tests because it is avirulent to all known soybean aphid 
resistance genes. The parents, 100–300 F2 plants from each 
population, and aphid-resistant and susceptible checks 
were tested in the greenhouse using methods previously 
described by Hill et al. (2006a) and briefly described below. 
Resistant checks were Dowling (Rag1) and PI 200538 
(Rag2), and the susceptible checks were Ina, Loda, Pana, 
and Williams 82. The experiment was performed between 
late fall and spring, with supplemental greenhouse lighting 
set at 13 h and the temperature was controlled to 24 °C dur-
ing the daytime and 18  °C at night. Each population was 
planted in a completely randomized design in plastic multi-
pot trays containing 48 pots organized as 12 four-pot rows 
(Hummert Intl., Earth City, MO, USA). The susceptible 
and resistant check cultivars were planted in rows in ran-
dom locations throughout each test tray. Susceptible check 
cultivars comprised about 25–30  % of the rows to create 
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aphid refuges and maintain high aphid pressure after the 
plants were infested.

Soybean seedlings were infested with aphids when 
the seedlings had completely expanded unifoliolates and 
expanding first trifoliolates, at the VC to V1 growth stage 
(Fehr and Caviness 1977) by distributing aphid-infested 
leaves and stems of Williams 82 evenly on top of the 

seedlings. The plants were rated when there was maximum 
aphid colonization on the susceptible check cultivars, usu-
ally between the V4 and V6 growth stage, when the plants 
had 3–5 fully expanded trifoliolates, about 3  weeks after 
inoculation. For 13 populations, aphid colonization on 
each plant was visually assessed on a 1–4 scale to esti-
mate the degree of aphid colonization and plant damage 

Table 1   Soybean aphid greenhouse test results and significant Rag region associations for each plant introduction resistance source using soy-
bean aphid biotype 1

a  Maturity group of the resistant parent
b  Observed number of plants exhibiting resistant and susceptible responses (R:S)
c  The expected Mendelian ratio predicted from the observed R:S responses
d  The SSR (simple sequence repeats) or SNP (single nucleotide polymorphism) marker that was significantly associated with aphid resistance in 
each Rag region, identified by the non-parametric Kruskal–Wallis test
e  Significance level of resistance-associated marker calculated by the non-parametric Kruskal–Wallis test
f  Total phenotypic variation explained by the identified marker estimated using a parametric ANOVA analysis
g  The significant Rag region identified by the GoldenGate (GG) assay using the bulked segregant analysis

Resistance 
source

MGa Origin Susceptible 
parent

F2 plants 
tested

Observed 
R:Sb

Expected 
R:Sc

χ2 test p 
value

Significant 
Rag region

Significant 
markerd

Marker p 
valuee

R2 f GG 
regiong

PI 71506 IV China LD03-6566 266 130:136 9:7 0.02 Rag1 Satt540 0.0003 0.06 Rag1

Rag3 Satt414 0.02 0.03

Interaction 0.0002 0.02

PI 88508 II China LD03-6566 149 94:55 3:1 0.001 Rag2 SNP #20 <0.0001 0.55 –

PI 437696 V China LD03-6566 276 265:11 15:1 0.12 Rag1 Satt540 0.02 0.03 Rag2

Rag2 Satt114 <0.0001 0.24

Interaction <0.0001 0.06

PI 499955 VII China LD02-4485 160 122:38 3:1 0.72 Rag2 SNP #20 <0.0001 0.82 –

PI 507298 VI Japan LD03-6566 126 97:29 3:1 0.61 Rag2 SNP #20 <0.0001 0.41 Rag2

PI 548237 VII USA LD02-4485 160 126:34 3:1 0.27 Rag2 SNP #20 <0.0001 0.72 –

PI 567391 VII China LD02-4485 143 114:29 3:1 0.19 Rag2 Satt114 <0.0001 0.66 Rag2

PI 587656 VII China LD03-6566 97 57:40 3:1 0.00 Rag2 SNP #20 <0.0001 0.63 –

PI 587669 VI China LD02-5320 130 80:50 3:1 0.00 Rag2 SNP #20 0.003 0.11 –

PI 587775 VII China LD03-6566 151 109:42 3:1 0.42 Rag2 SNP #20 <0.0001 0.66 –

PI 587870 VII China LD03-6566 159 124:35 13:3 0.29 Rag1 SNP 65906.2 <0.003 0.13 –

Rag2 SNP #20 <0.0001 0.51

Interaction <0.0001 0.08

PI 587871 VII China LD02-5320 127 93:34 3:1 0.64 Rag2 SNP #20 <0.0001 0.52 –

PI 587899 VII China LD03-10504 140 111:29 3:1 0.24 Rag2 SNP #20 <0.0001 0.44 Rag2

PI 588000 X China LD02-4485 150 125:25 13:3 0.52 Rag1 Satt540 0.04 0.07

Rag2 SNP #20 <0.0001 0.39 –

Interaction <0.0001 0.02

PI 588040 VII China LD02-5320 130 90:40 3:1 0.13 Rag2 SNP #20 <0.0001 0.28 –

PI 594431 V China LD02-5320 124 93:31 3:1 1.00 Rag2 SNP #20 <0.0001 0.55 –

PI 594499 VIII China LD03-6566 127 89:38 3:1 0.20 Rag2 SNP #20 <0.0001 0.67 –

PI 594573 VI China LD03-6566 136 93:43 3:1 0.07 Rag1 Satt463 0.01 0.07 –

Rag2 SNP #20 <0.0001 0.54

Interaction –

PI 594707 VII China LD02-5320 155 113:42 3:1 0.55 Rag2 SNP #20 <0.0001 0.84 –

PI 594822 IX China LD02-5320 145 108:37 3:1 0.89 Rag2 SNP #20 <0.0001 0.54 –

PI 594879 VII China LD03-6566 107 75:32 3:1 0.24 Rag2 Satt114 <0.0001 0.33 Rag2
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caused by aphid feeding (Hill et  al. 2006a, b, 2010). A 
score of 1  =  few solitary live aphids, often with dead 
aphids; 2  =  several transient aphids present along with 
some viviparous aptera surrounded by a few nymphs, but 
without established colonies; 3  =  dense aphid colonies; 
and 4  =  dense colonies accompanied by plant damage 
such as leaf distortion and stunting. A score of 1 or 2 was 
considered a resistant response and a score of 3 or 4 was 
considered a susceptible response, and phenotypic ratios of 
resistant:susceptible were used to test different Mendelian 
models to estimate the number of major genes controlling 
resistance in each PI resistance source.

Eight F2 populations, developed using PI 88508, PI 
499955, PI 548237, PI 587669, PI 587656, PI 587775, PI 
587870, and PI 594707, were scored on a 1–5 scale for 
the resistance evaluations, where 1 = no aphids present; 
2  = few solitary live aphids, often with dead aphids; 
3 =  several transient aphids present, but without estab-
lished colonies; 4 = dense aphid colonies; and 5 = dense 
colonies accompanied by plant damage (Kim et  al. 
2008). The five-point rating scale was used to differenti-
ate plants that had zero aphids on them from plants that 
had aphids present at very low levels. The combination 
of ratings 1 and 2 under the five-point scale is equivalent 
to a rating of 1 under the four-point scale. The ratings 3, 
4, and 5 under the five-point scale correspond with the 
ratings 2, 3, and 4 under the four-point scale. Using the 
five-point scale, scores of 1, 2, and 3 were considered 
resistant responses and scores of 4 and 5 were considered 
susceptible responses.

Genotyping and marker associations

Leaf tissue was collected from young trifoliolates of all 
F2 plants and the parents in each population and genomic 
DNA was extracted using a CTAB (cetyltrimethylammo-
nium bromide) extraction procedure described by Keim 
and Shoemaker (1988). The parents of the populations 
were first screened to identify polymorphic genetic markers 
in the Rag1 to 4 regions using single nucleotide polymor-
phism (SNP) and simple sequence repeat (SSR) markers, 
and information for the SSR markers can be found at the 
SoyBase website (http://soybase.org). In the Rag1 region, 
the SSR marker Satt540 was frequently used to genotype 
the populations; SNP 65906.2 (Kim et al. 2010a) and SSR 
markers Satt435 and Satt463 were also used for some of 
the populations when Satt540 was not polymorphic. The 
SNP marker #20 (Kim et al. 2010b) was used to genotype 
the Rag2 region for 16 of the 21 populations; the 5 remain-
ing populations were genotyped with either SSR marker 
Satt114 or Satt510. The Rag3 and rag4 regions did not have 
consistently polymorphic markers across the majority of the 
populations, and a few markers were required to genotype 

the two regions. SSR markers Satt654 and Satt406 were 
most commonly used for genotyping the Rag3 region, with 
Satt285, Satt693, and Satt596 also used for some popula-
tions. In the rag4 region, SSR markers Satt586, Satt649, 
and Satt569 were commonly used to genotype the popula-
tions. One or two polymorphic markers in each Rag region 
were selected to genotype each F2 population. Polymerase 
chain reactions (PCR) for the SSR markers were performed 
(Cregan and Quigley 1997) and the resulting PCR products 
were analyzed using non-denatured polyacrylamide gel 
electrophoresis (Wang et  al. 2003). SNP marker analyses 
were performed using TaqMan assays conducted with a 
Roche LightCycler 480 System (Roche Diagnostics, Indi-
anapolis, IN) as described by Kaczorowski et al. (2008).

To identify potential genetic regions associated with 
soybean aphid resistance, six F2 populations developed 
using PI 71506, PI 437696, PI 507298, PI 567391, PI 
587899, and PI 594879 were further tested by bulked seg-
regant analysis (BSA) (Michelmore et al. 1991) using the 
Illumina GoldenGate 1,536 Universal Soy Linkage Panel 
1.0 (USLP 1.0) as previously described (Hyten et al. 2008, 
2010). For each population, DNA from ten F2 plants with 
resistant phenotypes and ten plants with susceptible pheno-
types were selected and bulked separately. Each bulk was 
further sub-divided into two samples containing DNA of 
five plants each. The SNP genotypes of the resistant and 
susceptible bulks were compared with the SNP genotypes 
of the population parents to determine probable genetic 
regions associated with soybean aphid resistance across the 
entire genome.

Statistical analyses

Reactions of each plant to soybean aphid feeding were 
classified as resistant or susceptible using the aphid colo-
nization ratings as previously described. The ratio between 
resistant and susceptible plants segregating in each F2 pop-
ulation was analyzed using the Chi-square procedure to 
predict Mendelian inheritance patterns and the number of 
genes involved in aphid resistance. For each population, a 
small number of basic Mendelian ratios were considered, 
and the most probable ratio (i.e., the theoretical ratio clos-
est to the observed ratio) was selected for the Chi-square 
test.

Significant associations between genetic markers and 
resistance were identified using the NPAR1WAY pro-
cedure of SAS v9.2 (SAS Institute 2008) to perform the 
non-parametric Kruskal–Wallis test. The Kruskal–Wallis 
test was chosen because it tests the distribution of an ordi-
nally scaled response variable (aphid rating) using a Chi-
square distribution (Stokes et al. 2000). Markers identified 
as significantly associated with resistance ratings were 
further tested with the GLM procedure of SAS to identify 

http://soybase.org
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interactions between significant markers and to estimate 
the proportion of phenotypic variation for soybean aphid 
colonization ratings explained by the genotypes of the sig-
nificant marker (R2), providing information about the pro-
portion of the overall resistance the identified marker is 
explaining. Fisher’s least significant difference (LSD) was 
used to rank the genotypes for aphid resistance.

Results

In many crops, aphid resistance originating from a single 
resistance source is controlled by one or two genes (Mian 
et al. 2008a; Smith and Boyko 2007). With the assumption 
that this trend continues to hold true for the soybean aphid, 
Mendelian segregation ratios for one or two genes (such as 
3:1 or 15:1) were tested in each F2 population. The segre-
gation of resistant and susceptible phenotypes in the 21 F2 
populations fit models suggesting that soybean aphid resist-
ance was controlled by a single dominant gene in 14 PIs 
and two genes in three PIs, while four F2 populations had 
no clear Mendelian segregation ratio between resistant and 
susceptible plants in the tests (Table 1).

Using genetic marker analyses, the Rag2 region was 
found to be significantly associated with resistance in 20 
of the 21 populations evaluated (Table 1). The Rag1 region 
was significantly associated with resistance in five F2 pop-
ulations and the Rag3 region was associated with aphid 
resistance in one F2 population. There was no association 
between markers flanking rag4 and resistance in any of the 
populations evaluated. The phenotypic variance explained 
by the most significant marker associated with resistance 
(R2) ranged from 0.03 to 0.84 in the F2 populations, with 
an average value of 0.43. There did not appear to be any 
relationship between the MG of the PI parent of the popu-
lations and the identified resistance regions. PIs with the 
Rag1 region significantly identified originated from MG 
IV, V, VII VII, and X. Five F2 populations, developed using 
the resistance sources PI 71506, PI 437696, PI 587870, 
PI 588000, and PI 594573, were found to have significant 
associations with markers for two different Rag regions. 
No significant interaction between the two identified Rag 
regions was identified in the PI 594573 population, while 
significant interactions were found in the remaining four 
populations. Across the four populations with interactions 
between the two significant Rag regions, the average per-
centage of phenotypic variance explained by the interaction 
(R2) was 5 % (Table 1).

Among the five populations that were identified as hav-
ing two significant regions associated with resistance, four 
of the populations, developed from PI 437696, PI 587870, 
PI 588000, and PI 594573, were identified as having a sig-
nificant association at the Rag1 and Rag2 regions. For all 

of these populations, plants homozygous for the suscep-
tible parent allele at both Rag regions were significantly 
more susceptible to the soybean aphid than plants with 
two resistant parent alleles at both regions. When a test 
of Fisher’s LSD was used to group the genotypes, geno-
types with resistant PI alleles at the Rag2 region scored as 
slightly more resistant than genotypes with PI alleles at the 
Rag1 region. Plants having one or both of the resistant par-
ent alleles in the Rag2 region, regardless of the alleles at 
the Rag1 region, did not significantly differ from the most 
resistant class in both populations. In the PI 71506 popu-
lation, the Rag1 and Rag3 regions were both significantly 
associated with resistance although the R2 value associ-
ated with each marker was low. Plants homozygous for 
PI alleles at the Rag1 and Rag3 regions were significantly 
more resistant to soybean aphid than plants with two sus-
ceptible parent alleles in these regions. In this population, 
the separation between genotypic classes was less distinct 
compared with the previous four populations. In general, 
plant resistance increased with the total number of resistant 
PI alleles at the Rag1 and Rag3 regions in the genotype.

For all of the populations, the phenotypic aphid response 
average for each genotypic class was examined using the 
identified significant markers. In 10 of the 21 populations 
there was no significant difference between the pheno-
typic response of the plants homozygous for the PI allele 
and the heterozygous plants at the major resistance locus, 
indicating the inheritance of the resistance gene was com-
pletely dominant. In the 11 remaining populations, the 
plants homozygous for the PI allele at the Rag region had 
a significantly greater resistant response than heterozygous 
plants. However, the plants with heterozygous alleles at the 
locus scored numerically closer to the resistance score of 
plants homozygous for the PI allele than plants homozy-
gous for the susceptible parent allele. In no case did the sin-
gle-marker analysis find recessive resistance among the 21 
populations, which is consistent with the greenhouse Men-
delian segregation ratios that were observed.

With the GoldenGate BSA assay, SNP markers across 
the entire genome were tested for association with aphid 
resistance. The GoldenGate BSA tests resulted in the iden-
tification of a single major genetic region in each of the 
six F2 populations that were evaluated using this method 
(Table  1) and these regions were consistent with those 
identified with the single-marker analysis. The SNP mark-
ers flanking the Rag2 region were identified as potentially 
associated with resistance in five populations and the 
markers near Rag1 were identified in one population with 
the GoldenGate BSA tests. These tests revealed no other 
regions of the soybean genome that were associated with 
aphid resistance in any of the six populations. In two pop-
ulations, developed using PI 437696 and PI 71506 as the 
resistant source parents, single-marker analysis identified a 
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second significant genetic region in addition to the region 
identified by the BSA using the GoldenGate assay. In these 
cases, the second genetic region detected by single-marker 
analysis had a lower R2 value than the region identified by 
both the single-marker analysis and the GoldenGate assay.

Discussion

Among the PI accessions evaluated, the Rag2 region was 
commonly identified as associated with resistance. The 
results also showed that soybean aphid resistance was 
controlled by one or two genes, which is consistent with 
previous studies (Hill et  al. 2006a, b, 2009; Kang et  al. 
2008; Mensah et al. 2008). The greenhouse phenotypic and 
genetic marker results both indicated that resistance in most 
of the PIs is dominant. For the populations where resist-
ance was not completely dominant, the aphid resistance 
rating of the heterozygous class was numerically closer to 
the homozygous resistant genotype class rating, suggesting 
that possession of just one resistant PI allele still can con-
tribute a large component of resistance, and this resistance 
may be augmented in some genotypes when two resistant 
alleles are present in a homozygous state.

For 17 of the populations, the phenotypic variation 
explained by the major significant markers was moder-
ate to high (R2 = 0.30–0.72). This is an acceptable range 
assuming a single major resistance gene and considering 
that the phenotyping was done on individual F2 plants in 
populations which would have lower heritabilities com-
pared to replicated testing of more advanced generations 
of experimental material. For four populations, the phe-
notypic variation explained by the significant marker was 
low (R2 < 0.30). These low R2 values could be attributed to 
phenotyping error, which may be strongly affected by the 
evaluation environment. Accurate phenotyping for soybean 
aphid resistance is influenced by the aphid pressure on the 
soybean population and pressure that is too high or low 
may result in inaccurate phenotypic reactions that could 
hinder the identification of resistance gene(s). Aphid pres-
sure can vary based on the percentage of susceptible plants 
in a population, the number of aphids initially applied, tim-
ing of aphid infestation, and the greenhouse environment.

Low R2 values also may have occurred if the identi-
fied resistance region was not the major gene controlling 
resistance, leaving the primary resistance gene unidentified 
after genotyping. In this case, there is the possibility that 
unknown major genes may still be involved in resistance 
in some of the populations that were examined, particularly 
the PI 71506 resistance source which had very low R2 val-
ues associated with markers in two genetic regions identi-
fied in the population developed from this PI. A potential 
reason for the low R2 value is that aphid pressure was 

moderately heavy during the greenhouse evaluation for 
the PI 71506 population, which may have confounded the 
clear identification of aphid resistance genes. Heavier aphid 
pressure skews the aphid response ratings towards the sus-
ceptible end, resulting in a narrower range of phenotypic 
responses which may have hindered the strong identifica-
tion of resistance regions. Rescreening the populations with 
low R2 values or using F2:3 progeny from these populations 
for a second evaluation may help improving the pheno-
typing accuracy and the marker R2 values, increasing our 
ability to predict the number of major genes involved in 
resistance and could aid in identifying other genetic regions 
significantly associated with resistance.

PI 71506 was previously studied by other researchers in 
a population developed using this PI as a parent and segre-
gation for resistance in this population was consistent with 
a single dominant gene (Nurden et al. 2010). In this previ-
ous study, the resistance from PI 71506 was weaker than 
the resistance provided by Dowling, which carries Rag1, 
indicating that resistance from PI 71506 is potentially dif-
ferent from Rag1 in Dowling.

Researchers are currently attempting to fine map and 
discover the genes associated with identified Rag loci. The 
Rag2 locus is located in a region that contains genes con-
trolling resistance to biotic stresses including Pseudomonas 
syringae pv. glycinea (Coerper) Young et  al. (Rpg1), Phy-
tophthora sojae (Kaufmann and Gerdemann) (Rps3), soy-
bean mosaic virus (Rsv1), root-knot nematode [Meloido-
gyne incognita (Kofoid and White, 1919) Chitwood, 1949], 
and corn ear worm [Helicoverpa zea (Boddie)] (Mian et al. 
2008b). The Rag2 locus in PI 200538 has been fine mapped 
to a 54-kb interval on the Williams 82 assembly that contains 
one possible nucleotide binding leucine-rich repeat (NBS-
LRR) candidate gene, Glyma13g26000 (Kim et al. 2010b). 
The Rag1 region was associated with resistance in three pop-
ulations, and the region Rag1 maps  to encompasses genes 
for resistance to corn ear worm and soybean cyst nematode 
(Heterodera glycines Ichinohe) (Li et  al. 2007), indicating 
that these regions could contain complexes of pest-resistance 
genes or that there may be a single locus that commonly acts 
in the resistance pathway against a number of pests. The 
region Rag1 is located in also has been fine mapped and con-
tains two NBS-LRR genes that may be candidates for Rag1 
(Kim et al. 2010a). The candidate genes for both Rag1 and 
Rag2 were identified from the genome sequence of the soy-
bean aphid-susceptible cultivar Williams 82, requiring Rag1 
and Rag2 to be cloned from resistant genotypes before the 
genes can be definitively identified.

This study showed that soybean aphid resistance is often 
controlled by one or two major genes, acting in a domi-
nant manner. Single-gene-dominant aphid resistance has 
been found among many crop species including resistance 
against the pea aphid in Medicago truncatula (Gao et  al. 



49Theor Appl Genet (2014) 127:43–50	

1 3

2008), the Russian wheat aphid in wheat (Triticum aesti-
vum) (Dong and Quick 1995), the lettuce root aphid in let-
tuce (Latuca satvia) (Ellis et al. 1994), and the cotton-melon 
aphid in melon (Cucumis melo) (Klingler et  al. 2001). 
Single-gene aphid resistance is not universal, however, and 
corn leaf aphid resistance in maize (Zea mays) may be con-
trolled by multiple genes (Carena and Glogoza 2004). For 
breeders, the simple inheritance of soybean aphid resistance 
implies that incorporating new resistance genes into exist-
ing cultivars may be relatively straightforward and easily 
accomplished. It also seems likely that additional secondary 
or modifying genes could be present in some of the resistant 
PIs, and that these genes may be useful in strengthening or 
broadening the resistance provided by a major gene. Even 
though the Rag2 region was frequently associated with 
resistance, it is not known whether all of the PIs evaluated 
possess the same allele at the Rag2 locus or if the PIs con-
tain different resistance genes closely linked to Rag2 that 
could be effective against emerging soybean aphid biotypes.

Additional research still needs to be performed to discern 
if any of the PIs with soybean aphid resistance at the Rag2 
region have novel alleles or new genes that could be used 
to breed soybean varieties with resistance against a broader 
spectrum of soybean aphid biotypes. With the current results, 
it is impossible to tell which, if any, of the resistant PI parents 
possess new and valuable alleles at or close to Rag2. One 
route to identify new resistance alleles or genes is through 
the high-density genotyping, or sequencing and cloning, of 
the Rag2 region. Over the last few years, genotyping using 
molecular markers and genome sequencing has become 
more efficient and less expensive, making this technique a 
viable option for allele discovery that could help identify 
soybean aphid resistance sources as having unique alleles 
at the Rag2 locus. As soybean aphid biotypes continue to be 
discovered that can overcome the known Rag genes, it will 
become increasingly important to focus on identifying new 
Rag genes and alleles that can protect soybean yield from the 
damage resulting from the soybean aphid.
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