
ORIGINAL PAPER

Mapping soybean aphid resistance genes in PI 567598B

Carmille Bales • Guorong Zhang • Menghan Liu •

Clarice Mensah • Cuihua Gu • Qijian Song •

David Hyten • Perry Cregan • Dechun Wang

Received: 7 November 2012 / Accepted: 8 May 2013 / Published online: 21 May 2013

� Springer-Verlag Berlin Heidelberg 2013

Abstract The soybean aphid (Aphis glycines Matsumura)

has been a major pest of soybean [Glycine max (L.) Merr.]

in North America since it was first reported in 2000. Our

previous study revealed that the strong aphid resistance of

plant introduction (PI) 567598B was controlled by two

recessive genes. The objective of this study was to locate

these two genes on the soybean genetic linkage map using

molecular markers. A mapping population of 282 F4:5 lines

derived from IA2070 9 E06902 was evaluated for aphid

resistance in a field trial in 2009 and a greenhouse trial in

2010. Two quantitative trait loci (QTLs) were identified

using the composite and multiple interval mapping meth-

ods, and were mapped on chromosomes 7 (linkage group

M) and 16 (linkage group J), respectively. E06902, a parent

derived from PI 567598B, conferred resistance at both loci.

In the 2010 greenhouse trial, each of the two QTLs

explained over 30 % of the phenotypic variation. Signifi-

cant epistatic interaction was also found between these two

QTLs. However, in the 2009 field trial, only the QTL on

chromosome 16 was found and it explained 56.1 % of the

phenotypic variation. These two QTLs and their interaction

were confirmed with another population consisting of 94

F2:5 lines in the 2008 and 2009 greenhouse trials. For both

trials in the alternative population, these two loci explained

about 50 and 80.4 % of the total phenotypic variation,

respectively. Our study shows that soybean aphid isolate

used in the 2009 field trial defeated the QTL found on

chromosome 7. Presence of the QTL on chromosome 16

conferred soybean aphid resistance in all trials. The

markers linked to the aphid-resistant QTLs in PI 567598B

or its derived lines can be used in marker-assisted breeding

for aphid resistance.

Introduction

The soybean aphid is one of the most damaging pests on

soybean. It can reduce yield either by feeding directly on

soybean or transmitting various viruses (Wu et al. 2004);

such loss can reach up to 88 %. Soybean aphids can also

affect seed quality by reducing the oil content (Beckendorf

et al. 2008).

Host resistance is considered an effective, economical,

and environmentally friendly means for pest control. There

are two types of host resistance to insects: antibiosis and

antixenosis (Painter 1951). Antibiosis affects insect biology

and reduces insect populations. Antixenosis affects insect

behavior and is expressed as non-preference for certain

plants. Researchers in the US have identified several aphid-

resistant germplasm accessions (Hill et al. 2004; Mensah

et al. 2005; Diaz-Montano et al. 2006; Hesler et al. 2007;

Hesler and Dashiell 2008; Mian et al. 2008a). Genetic studies

have shown that the antibiosis resistance in Dowling and

Jackson were both controlled by a single dominant gene (Hill
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et al. 2006a, b). The gene in Dowling was named Rag1 (Hill

et al. 2006a). Later, Rag1 and the resistance gene (Rag) in

Jackson were both mapped in the same genomic region on

chromosome 7 [linkage group (LG) M] (Li et al. 2007).

Similarly, a single dominant gene, Rag2, controlled antibi-

osis resistance in PI 243540 (Kang et al. 2008) was mapped

on chromosome 13 (LG F) (Mian et al. 2008b). A single

dominant gene controlling the antibiosis resistance in PI

200538 was mapped in the same genomic region as Rag2

(Hill et al. 2009). A codominant gene, Rag3, on chromosome

16 (LG J) controls the antixenosis resistance in PI 567543C

(Zhang et al. 2010). However, the antibiosis resistance in

both PI 567541B and PI 567598B is controlled by two

recessive genes (Mensah et al. 2008). A genetic mapping

study located the two genes in PI 567541B on chromosomes

7 and 13 (LG M and F) (Zhang et al. 2009). The gene on

chromosome 7 (LG M) was mapped in the same genomic

region as Rag1 and was later designated rag1_c. The gene on

chromosome 13 (LG F) was located far from Rag2 and was

later designated rag4 (Zhang et al. 2009). Significant epi-

static interaction was also found between the two genes

identified in PI 567541B (Zhang et al. 2009).

Dominant and recessive genes were found to control

aphid resistance in other crops such as cowpea, barley,

peach, wheat, corn and peanut. The aphid (Aphis cracci-

vora Koch) resistance in cowpea (Vigna unguiculata L.)

involves a single dominant gene (Pathak 1988). The aphid

resistance in spring barley (Hordeum vulgare L.) is con-

trolled by two dominant genes (Mornhinweg et al. 2002).

In the peach cultivar ‘Rubira’, the resistance to the green

peach aphid (Myzus persicae) is controlled by a single

dominant gene (Pascal et al. 2002). In wheat (Triticum

spp.), eight independent dominant genes each confer

resistance to the Russian wheat aphid (Diuraphis noxia)

from different resistance sources (Liu et al. 2005), while

one recessive gene contributes to the resistance in Triticum

tauschii line SQ24 (Nkongolo et al. 1991). A single

recessive gene was also found to control resistance to corn

leaf aphid (Rhopalosiphum maidis Fitch) (So et al. 2010)

and the groundnut rosette disease vector, Aphis craccivora,

infesting peanut (Herselman et al. 2004).

Commercial varieties with Rag1 have been available in

the US. However, at least three biotypes of soybean aphid

have been identified and Rag1 is only effective against bio-

type 1 (Kim et al. 2008, Hill et al. 2010). The soybean aphid

in Michigan might be another biotype, since it overcame both

Rag1 and Rag2 (unpublished data). Using microsatellite

markers, Michel et al. (2009) found that the population

genetic structure of soybean aphids in Michigan differed

from those collected from the other eight states. Therefore,

finding new sources of resistance and new resistance genes is

necessary to control the newly discovered or evolved bio-

types. PI 567598B and its derived lines have strong antibiosis

resistance (Mensah et al. 2005) and resistance to soybean

aphids as shown by biotype studies conducted in several

states (Cooper 2012; Mian et al. 2008a). However, little is

known about the genomic locations of the two recessive

genes for the aphid resistance in PI 567598B; this could

hinder its utilization. Quantitative trait loci (QTL) analysis is

a powerful tool to explore the genetic mechanisms, since it

not only identifies the loci, but also determines their effects.

The objective of this study was to map the aphid resistance

loci in PI 567598B with molecular markers.

Materials and methods

QTL mapping

Plant materials

A population with 282 F4:5 recombinant inbred lines (RILs)

was developed from a cross between E06902 and IA2070

through the single seed descent method and used for the

mapping study. E06902 is an elite advanced breeding line

derived from Titan x PI 567598B and possesses aphid

resistance similar to that of PI 567598B in field evaluations

(unpublished data). Titan (Diers et al. 1999) is susceptible

to soybean aphids. IA2070 is an experimental line from

Iowa State University and is susceptible to soybean aphids.

Aphid resistance evaluation

The F4:5 RILs, parent, and the grandparent PI 567598B

were evaluated for aphid damage without replication in the

field in the summer of 2009. Evaluation was carried out in

a 12.2 9 18.3 m aphid- and predator-proof cage (Redwood

Empire Awning Co., Santa Rosa, CA, USA) on the

Agronomy Farm at Michigan State University (MSU).

Each line was planted in a single-row plot, 60 cm long with

a row spacing of 60 cm. The average number of plants per

plot was more than 10 with most lines having 12 plants.

Greenhouse evaluations were conducted for the map-

ping population (F4:6 lines) in the fall of 2010 without

replication, while the parental lines and PI 567598B were

replicated three times. Eight seeds per line were planted in

a large plastic pot 105 mm in diameter and 125 mm deep.

The greenhouse was maintained at 26/15 �C day/night

temperature and sodium vapor lights were used to sup-

plement light intensity during the day (14 h).

In both field and greenhouse trials, each plant was inoc-

ulated at the V2 stage with two wingless soybean aphids. All

aphid resistance evaluation trials were choice tests, which

identified resistance genotypes with either antibiosis or an-

tixenosis resistance. The aphids used for infestation in the

field trial were collected from a naturally infested field on the
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MSU Agronomy Farm during the summer of 2009. The

aphids used in the greenhouse infestation in the fall of 2010

were from greenhouse-maintained aphids originally col-

lected from a naturally infested field on the MSU Agronomy

Farm in the summer of 2010.

Aphid resistance was visually rated for each plant

3 weeks after infestation in the summer 2009 test and 3 and

4 weeks after infestation in the fall 2010 test, using a scale

of 0–4 developed by Mensah et al. (2005, 2008). The fol-

lowing criteria were used: 0 = no aphids; 0.5 = less than

10 aphids per plant, no colony formed; 1 = 11–100 aphids

per plant, plant appears healthy; 1.5 = 101–150 aphids per

plant, plant appears healthy; 2 = 151–300 aphids per plant,

mostly on the young leaves or tender stems, plant appears

healthy; 2.5 = 301–500 aphids per plant, plant appears

healthy; 3 = 501–800 aphids per plant, young leaves and

tender stems covered with aphids, leaves slightly curly and

shiny; 3.5 = More than 800 aphids per plant, plants stun-

ted, leaves curled and slightly yellow, no sooty mold and

few cast skins; 4 = more than 800 aphids per plant, plant

stunted, leaves severely curled and yellow, covered with

sooty mold and cast skins.

A damage index (DI) for each line was calculated by the

following formula (Mensah et al. 2005): DI =
P

(Scale

value 9 No. of plants in the category)/(4 9 Total no. of

plants) 9 100. The DI ranges between 0 for no infestation

and 100 for the most severe damage. The DI was used as an

indicator of aphid resistance and was applied in the fol-

lowing analyses.

DNA extraction and marker analysis

Before infestation, the non-expanded trifoliate leaves from

each line were bulk harvested for genomic DNA isolation.

The DNA was extracted with the CTAB (hexadecyl-

trimethylammonium bromide) method as described by

Kisha et al. (1997), and the concentration was determined

with a ND-1000 Spectrophotometer (NanoDrop Technolo-

gies, Inc., Wilmington, DE, USA). Simple sequence repeat

(SSR) markers (Song et al. 2004) were used to amplify the

genomic DNA according to the PCR protocol described by

Cregan and Quigley (1997), using a MJ TetradTM thermal

cycler (MJ Research, Waltham, MA). PCR products were

detected on 6 % non-denaturing polyacrylamide gels using

a DASG-400-50 electrophoresis system (C.B.S. Scientific

Co., Del Mar, CA, USA) as described by Wang et al.

(2003). Gels stained with ethidium bromide were photo-

graphed, and scored under UV light.

To accelerate the location of the loci associated with the

aphid resistance, the bulked segregant analysis method

described by Michelmore et al. (1991) was used. Based on

the 2010 phenotypic data, 10 resistant lines with the lowest

DI values and 10 susceptible lines with the highest DI

values were selected to form a resistant pool and a sus-

ceptible pool, respectively. Parental polymorphic SSR

markers at approximately every 15 cM of the integrated

soybean map of Song et al. (2004) were selected to test the

polymorphism between the two bulked DNA pools. The

polymorphic markers between the two pools were chosen

to genotype the individual lines in the two pools together

with the two parents. The markers that appeared to be

associated with the aphid resistance were genotyped on the

remaining lines of the whole mapping population. The

genomic regions associated with the aphid resistance were

then saturated with additional markers. Additional SSR

markers within the candidate region were selected from

33,065 BARCSOYSSR_1.0 database (Song et al. 2010)

and were screened. Primers and hybridization probes for

single nucleotide polymorphic (SNP) markers were

developed for TaqMan� endpoint genotyping assay (Life

Technologies, Carlsbad, CA, USA) performed using

Lightcycler� 480 (Roche Applied Science, Indianapolis,

IN, USA). The SNP markers were selected from the Soy-

SNP50K genotyping array for Illumina Infinium II assay

(Song et al. 2013). Flanking sequences were extracted

based on the genomic physical position from the soybean

whole genome sequence assembly, Glyma v1.0 (www.

phytozome.net/soybean).

Statistical and QTL analysis

Pearson correlation for the aphid resistance between trials

was calculated using R statistical software (R Development

Core Team 2008). A linkage map was constructed with the

Kosambi function and a LOD score of 3 using JoinMap 4.0

(Van Ooijen 2006). Then, linkage groups were assigned to

specific chromosomes according to the soybean consensus

map (Song et al. 2004). The maps and QTL intervals were

drawn using MapChart (Voorrips 2002). Composite inter-

val mapping (CIM) was performed to locate the aphid

resistance QTLs using QTL Cartographer V2.5 with the

standard model Zmapqtl 6 (Wang et al. 2008). The CIM

analysis uses markers other than the interval being tested as

cofactors to control the genetic background (Zeng 1994).

The forward and backward regression method was used to

select markers as cofactors. The walking speed chosen for

CIM was 1 cM. The empirical LOD threshold at 5 %

probability level was determined by a 1,000-permutation

test (Churchill and Doerge 1994). The QTL 9 QTL

interaction was further determined using the multiple

interval mapping (MIM) method of QTL Cartographer.

Alternative population

A population of 94 F2-derived lines was developed from a

cross of PI 567598B 9 Titan and was used as an

Theor Appl Genet (2013) 126:2081–2091 2083

123

http://www.phytozome.net/soybean
http://www.phytozome.net/soybean


alternative population to confirm the presence of the QTLs

found from the mapping population.

Two greenhouse trials were conducted for aphid resis-

tance evaluation in the greenhouse on the MSU campus in

2008 and 2009 using the same procedure as described for

the mapping population. Six seeds per line were planted in

small plastic pots. The same aphid infestation and damage

rating methods were used as described for the mapping

population, but the aphids used for infestation were from a

clone collected and maintained from the naturally infested

field on the MSU Agronomy Farm in 2002. DNA extrac-

tion, genotyping, and QTL analysis were conducted as

described for the mapping population; but only polymor-

phic SSR markers were genotyped for this alternative

population.

Results

Phenotypic analysis

The phenotypic values of the 282 F4-derived RILs and its

parents, and the resistant source PI 567598B are summa-

rized in Table 1. In both field and greenhouse trials, the

susceptible parent, IA2070, was severely damaged by the

aphids, while the resistant parent E06902 and PI 567598B

were not. There was no significant difference in aphid

resistance between E06902 and PI 567598B. Correlation

between the 3- and 4-week ratings from the 2010 green-

house trial was strong (r = 0.88, P \ 0.0001). However,

ratings from the 2010 greenhouse trial were not strongly

correlated with the 2009 field ratings (0.37 and 0.44 for the

week 3 and 4 ratings, respectively, P \ 0.0001). The dis-

tributions for the population ratings in both field and

greenhouse trials were continuous, but not normal

(W = 0.80, 0.92 and 0.92, respectively at P \ 0.0001), and

the distribution in the field trial appeared bimodal (Fig. 1a,

b, c). This indicates that a limited number of major genes

might control the aphid resistance in PI 567598B.

QTL analysis

Among 1056 SSR markers, 38 revealed polymorphism

between the resistant and the susceptible bulk DNA sam-

ples. These 38 markers were from chromosomes 1, 3, 7, 13,

16 and 18 (LGs D1a, N, M, F, J and G). Only Satt654 and

Sct_001 on chromosome 16 (LG J) and Satt435 on chro-

mosome 7 (LG M) appeared to be associated with aphid

resistance when the individual lines from the DNA pools

were genotyped. Therefore, these two regions were satu-

rated with parental polymorphic markers within ±20 cM

in the consensus map (Song et al. 2004) using the whole

population. Based on the markers from BARCSOYSSR 1.0

database (Song et al. 2010), 48 additional markers were

screened for polymorphism within the identified intervals.

BARCSOYSSR16_0366 on chromosome 16 was found to

be associated with aphid resistance, while four other

markers between Satt435 and Satt323 in the chromosome 7

interval were found to be polymorphic. SNP markers in

these two chromosome intervals were also extracted from

the SNP list in SoySNP50K genotyping array (Song et al.

2013) and designed for TaqMan� endpoint genotyping

assay.

A total of eight SSR and four SNP markers were map-

ped to the interval on chromosome 16, spanning a total of

43.5 cM (Fig. 2a); while seven SSR and one SNP marker

were mapped to the interval on chromosome 7, spanning a

total of 45.9 cM (Fig. 2d).

The QTL analysis detected two QTLs based on the

greenhouse trial, while only the one on chromosome 16

was significant in the field trial. In both trials, the allele

from E06902 conferred resistance against soybean aphids

at the identified QTLs. Using the CIM method, the QTL on

chromosome 16 was consistently mapped between

Gm16_6262227_C_T and Gm16_6424067_A_G and

explained 30.7–45.8 % of the phenotypic variation, with

the field trial having the highest percentage (Table 2;

Fig. 2a). The QTL on chromosome 7 was only detected in

the greenhouse trials and located between Satt435 and

Table 1 Mean damage index of the F4-derived main mapping population and its parental lines and grandparent, PI 567598B, in the field trial in

summer 2009 and greenhouse trial in fall 2010

Trial Parentsa Grandparenta F4-derived lines

IA2070 E06902 PI 567598B Mean Range SE

Field 2009

3-week rating 87.5b 16.8a 12.5a 57.0 12.5*87.5 24.0

Greenhouse 2010

3-week rating 85.5b 19.0a 16.3a 46.5 12.5*87.5 23.3

4-week rating 87.5b 15.5a 23.3a 46.8 12.5*97.5 30.5

a Within trials and ratings, means followed by the same letters are not significantly different according to Fisher’s Protected LSD (P = 0.05)
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BARCSOYSSR_07_0309, explaining over 30 % of the

phenotypic variation (Table 2; Fig. 2d).

The MIM method was further conducted to determine

whether there was significant QTL interaction. The MIM

method detected the same QTLs as CIM method with two

QTLs in the greenhouse trial and one QTL in the field trial

(Table 4). For the week 4 ratings in the greenhouse trial,

MIM method detected a significant additive 9 additive

interaction between the two QTLs located on chromosome

7 and 16, but this was not the case for the week 3 ratings.

The LOD score of the QTL interaction is 3.4 and explained

1.2 % of the total phenotypic variations. The two QTLs

together with their interaction explained 41.7 % of the total

phenotypic variation. For the week 3 ratings, these two

QTLs together explained 33.6 % of the phenotypic varia-

tion. The QTL on chromosome 16 detected in the field trial

explained the highest phenotypic variation, 56.1 %.

QTL confirmation

For the alternative population, a dense aphid population

developed on the susceptible parent Titan while resistant

parent PI 567598B had very few aphids in both 2008 and

2009 trials (Table 3). A total of four markers on chromo-

some 7 and four markers on chromosome 16 were geno-

typed. The marker orders were highly comparable with

those in the consensus map (Song et al. 2004).

With the CIM method, one QTL was detected on each

linkage group in both trials (Fig. 2c, f). The QTLs were

located in similar regions between trials. The QTL on

chromosome 7 was located between Satt567 and Satt435,

explaining about 15 and 20 % of the total phenotypic

variation in the 2008 and 2009 trials, respectively

(Table 2). The QTL on chromosome 16 was located

between Satt285 and Satt414 and explained about 30 and

40 % of the total phenotypic variation in the 2008 and 2009

trials, respectively. The PI 567598B allele at both loci

conferred resistance.

The two QTLs identified with the CIM method were

also found using the MIM method in each trial (Table 4).

No QTL interactions were found in the 2008 trial. How-

ever, a significant additive 9 additive interaction between

the two QTLs was detected in the 2009 trial. The LOD

score of the QTL interaction was 6.0 and it explained

9.2 % of the total phenotypic variation. The two QTLs

Fig. 1 Frequency distribution of soybean aphid damage index (%)

taken from F4-derived lines of the cross IA2070 9 E06902. Parental

lines, PI 567598B, and Dowling ratings are shown by arrows.

a Three-week rating in the field trial in summer 2009, b 3-week rating

in the greenhouse trial in fall 2010, c 4-week rating in the greenhouse

trial in fall 2010

b
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together with their interaction explained 80.4 % of the total

phenotypic variation. Results presented from the alterna-

tive population confirmed the QTLs found from the map-

ping population. Since the QTLs from this study were

mapped to similar regions as Rag1 (Li et al. 2007) and

Rag3 (Zhang et al. 2009), we named the locus on chro-

mosome 7 as rag1b and the locus on chromosome 16 as

rag3, according to the conventions of the Soybean Genetics

Committee.

Effect of the combination of QTL alternative alleles

The F4-derived lines from the mapping population were

classified based on the SNP and SSR alleles within the

QTL regions identified in E06902. Four distinct genotypes

were defined by the presence or absence of the allele from

E06902 for those QTL-associated markers on chromo-

somes 7 and 16 (Table 5). A total of 139 lines were

grouped into the defined genotypes and only individual

lines with complete and unambiguous genotype data for all

loci were included. Mean soybean aphid damage index for

all lines within each genotypic group was obtained for each

of the trials in 2009 and 2010. In the 2010 greenhouse trial,

the presence of E06902 alleles at both rag1b and rag3 gave

the lowest aphid damage, while absence of alleles at both

QTLs made lines very susceptible (Fig. 3a). The absence

of E06902 allele at one QTL (either rag1b or rag3) gave

intermediate resistance against aphids. However, in the

Fig. 2 Locations of soybean

aphid resistance QTLs using

composite interval mapping

method. Solid bars represent

QTLs for the three-week rating

in the 2009 field trial

(2009Field-Wk3). Diagonally

hatched bars represent QTLs

for the 3-week rating in the

2010 trial (2010GH-Wk3). Open

bars represent QTLs for the

4-week rating in the 2010 trial

(2010GH-Wk4) a and d Maps of

chromosome 16 (LG J) and 7

(LG M) in the mapping

population, the QTL positions

are listed at its left side; b and

e Consensus maps of

chromosome 16 (LG J) and 7

(LG M) (Song et al. 2004);

c and f Maps of chromosome 16

(LG J) and 7 (LG M) in the

alternative population, the QTL

positions are listed at its right

side
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2009 field cage trial, the lines without rag3 were as sus-

ceptible as those with none of the two QTL alleles from

E06902 (Fig. 3b). On the other hand, genotypes containing

only rag3 gave resistant phenotypes that were comparable

to the lines that had both resistant alleles. It seems that the

QTL on chromosome 7 (rag1b) failed to confer resistance

in the field trial, while only QTL on chromosome 16 (rag3)

conferred resistance. This shows that the QTLs identified in

this study confer differential reactions against the soybean

aphids in the field and greenhouse trials.

Discussion

In this study, two QTLs for controlling the aphid resistance

in PI 567598B or its derived line were consistently detected

in all three years. These two QTLs explained most of the

phenotypic variation, indicating that two major genes

control the aphid resistance in PI 567598B. This finding is

consistent with the conclusion of Mensah et al. (2008), who

conducted a genetic study and suggested a two-gene model

for the aphid resistance in PI 567598B. Other than soy-

beans, single recessive genes controlling aphid resistance

have been previously reported for wheat (Nkongolo et al.

1991), peanut (Herselman et al. 2004), and corn (So et al.

Table 2 Summary of QTLs for soybean aphid resistance detected in the main mapping population (IA2070 9 E06902) and alternative pop-

ulation (PI 567598B 9 Titan) using the composite interval mapping method

Trials Chr/LGa Peak posb Flanking markersc QTLd

LOD R2e af

IA2070 9 E06902 population

Field 2009

3-week rating 16/J 7.5 Gm16_6424067_A_G 42.5 45.8 -22.1

Greenhouse 2010

3-week rating 7/M 3.6 Satt435-BARCSOYSSR_07_0295 16.6 35.5 -11.2

16/J 5.5 Gm16_6262227_C_T–Gm16_6423098_G_A 12.5 35.9 -9.2

4-week rating 7/M 5.3 BARCSOYSSR_07_0295–BARCSOYSSR_07_0309 16.7 31.2 -10.3

16/J 7.3 Gm16_6423098_G_A–Gm16_6424067_A_G 15.9 30.7 -9.9

PI 567598B 9 Titan population

Greenhouse 2008

3-week rating 7/M 23.4 Satt567-Sattt435 2.7 14.0 6.5g

16/J 12.0 Satt285-Satt414 5.0 32.6 11.5

4-week rating 7/M 23.4 Satt567-Sattt435 3.2 17.0 8.3

16/J 10.0 Satt285-Satt414 4.1 28.4 12.7

Greenhouse 2009

3-week rating 7/M 30.3 Satt567-Satt435 7.8 20.9 12.0

16/J 17.8 Sct_046-Satt414 10.0 39.7 16.2

a Chromosome/Linkage group. The chromosome number and linkage group name are according to the SoyBase (Grant et al. 2010)
b QTL peak position is expressed in cM
c Markers flanking the peak position
d The LOD thresholds are 3.89, 1.78, 2.3, 2.4, and 5.1 for the field 2009 rating, the 3-week rating in 2010, the 4-week rating in 2010, the 3-week

rating in 2008 and the 2009 rating, respectively
e R2, percentage of phenotypic variation explained by a QTL
f Additive effect: the negative value implies that the IA2070 allele increases the phenotypic value
g Additive effect: the positive value implies that the PI 567598B allele decreases the phenotypic value

Table 3 Aphid damage index of the F2 derived alternative popula-

tion and its parents PI 567598B and Titan in the greenhouse trials in

2008 and 2009

Trial Parentsa,b F2 population

PI 567598B Titan Mean Range SE

Greenhouse 2008

3-week rating 17.2 70.0 53.0 12.5*87.5 19.0

4-week rating 25.0 87.5 70.1 25.0*100.0 21.9

Greenhouse 2009

3-week rating 12.5a 80.4b 41.0 12.5*83.3 20.4

a Within trials and ratings, means followed by the same letters are not

significantly different according to Fisher’s Protected LSD

(P = 0.05)
b Greenhouse trials in 2008 did not have replicated pots for the

parents
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Table 4 Summary of QTLs for soybean aphid resistance detected in the main mapping population (IA2070 9 E06902) and alternative pop-

ulation (PI 567598B 9 Titan) using the multiple interval mapping method

Trials Chr/LGa Peak pos.b Flanking markersc Genetic effect

LODd R2e af

IA2070 9 E06902 population

Field 2009

3-week rating 16/J 7.5 Gm16_6424067_A_G 56.0 56.1 -26.8

Greenhouse 2010

3-week rating 07/M 5.3 BARCSOYSSR_07_0295–BARCSOYSSR_07_0309 17.3 20.4 -12.9

16/J 7.5 Gm16_6424067_A_G 12.3 13.2 -10.5

Total 33.6

4-week rating 07/M 6.3 BARCSOYSSR_07_0295–BARCSOYSSR_07_0309 19.9 21.2 -13.0

16/J 7.5 Gm16_6424067_A_G 20.0 19.3 -12.6

Interaction 3.4 1.2 -4.7

Total 41.7

PI 567598B 9 Titan population

Greenhouse 2008

3-week rating 07/M 23.4 Satt567-Sattt435 3.5 12.3 7.0g

16/J 12.0 Satt285-Satt414 5.5 37.9 13.3

Total 50.2

4-week rating 07/M 23.4 Satt567-Sattt435 3.4 11.7 8.0

16/J 10.0 Satt285-Satt414 4.9 30.1 13.6

Total 41.8

Greenhouse 2009

3-week rating 07/M 31.6 Satt435 8.5 12.2 9.8

16/J 17.8 Sct_046-Satt414 18.1 59.0 17.9

Interaction 6.0 9.2 8.1

Total 80.4

a Chromosome/Linkage group: the chromosome number and linkage group name are according to the SoyBase (Grant et al. 2010)
b QTL peak position is expressed in cM
c Markers flanking the peak position or the marker at the peak position
d Using the same LOD thresholds as in the composite interval mapping method (Table 3)
e R2, percentage of phenotypic variation explained by a QTL
f Additive effect: the negative value implies that the IA2070 allele increases the phenotypic value
g Additive effect: the positive value implies that the PI 567598B allele decreases the phenotypic value

Table 5 Genotypic groups of 139 F4-derived lines from the mapping population IA2070 9 E06902 containing alternative alleles of the

associated markers on chromosome 7 (rag1b) and 16 (rag3)

Genotype No. of lines SSR and SNP Markers

Chromosome 7 Chromosome 16

Satt435 BARCSOYSSR_

07_0295

BARCSOYSSR_

07_0309

Gm16_6262227

_C_T

Gm16_6423098_ G_A Gm16_6424067

_A_G

rag1b/rag3 43 ? ? ? ? ? ?

rag1b/- 35 ? ? ? – – –

-/rag3 40 – – – ? ? ?

-/- 21 – – – – – –

? Implies allele from the E06902 resistant source. - Implies allele from susceptible parent
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2010). The difference or similarity of action between

dominant and recessive aphid resistance genes in soybeans

remains to be investigated.

The QTLs detected in this study are located in similar

genomic regions as Rag1 on chromosome 7 (Li et al. 2007,

Kim et al. 2010) and Rag3 on chromosome 16 (Zhang et al.

2010). Although the two resistant genes in PI 567598B

were considered recessive (Mensah et al. 2008), and Rag1

or Rag3 was considered dominant or co-dominant (Hill

et al. 2006a; Zhang et al. 2010), they may still be the same

genes as Rag1 and Rag3, since the susceptible parent in

this study was different from the ones used for character-

izing Rag1 and Rag3. It is also possible that the two genes

discovered in this study are allelic to Rag1 or Rag3, or

different genes, but tightly linked to Rag1 or Rag3. Rag1 in

Dowling can be overcome by the Michigan aphids and

Rag3 in PI 567543C did not provide antibiosis resistance

(Mensah et al. 2005). PI 567598B had a relatively lower DI

value than PI 567543C (unpublished data). The better

resistance of PI 567598B compared with Dowling and PI
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Fig. 3 Mean soybean aphid damage index (%) for selected lines

having alternate alleles within the intervals of Satt435 and BAR-

CSOYSSR_07_0309 (chromosome 7) and with Gm16_6262227_C_T

and Gm16_6424067_A_G (chromosome 16) in the mapping popu-

lation IA2070 9 E06902. a Three-week and 4-week rating in the

greenhouse trial in fall 2010, b Three-week rating in the field trial in

summer 2009. Lines shown are standard error. Bars with the same

letter are not significantly different according to Fisher’s Protected

LSD (P = 0.05)
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567543C might be due to one or more of the following

factors: (1) the stacking of resistant genes rag1b and rag3;

(2) different resistant alleles at rag1b or rag3, or both loci

conferring better resistance than the alleles in Dowling and

PI 567543C; (3) one or two new genes closely linked to

Rag1 and/or Rag3 have better resistance than Rag1 and

Rag3. Further investigations, such as fine mapping or gene

cloning, might be necessary to elucidate their relationships

with Rag1 and Rag3.

Different sources of aphids could determine the resistant

reaction of a soybean plant containing any of the Rag genes.

Our QTL analysis revealed that only rag3 was detected in the

field trial. Zhang et al. (2009) also found that the two resis-

tance genes from PI 567541B were expressed differently in

the field and greenhouse trials, which was explained by the

different aphid biotypes. In fact, Mensah et al. (2007) found

that the Rag1 in Dowling was first overcome by the Michigan

aphids in 2006. The mixture of aphids used in the 2009 field

trial in this study was collected from the Michigan field,

which infested Dowling (unpublished data) in that year. This

may explain why the QTL on chromosome 7 was not

detected in our field trial. However, in the 2010 greenhouse

trial, the single aphid clone collected from the field in 2010

was used, and Dowling was resistant to this clone (unpub-

lished data). Consequently, the QTL on chromosome 7 was

significant in this trial. This QTL was confirmed with the

alternative population infested with the 2002 aphid clone

used from the same trial as Mensah et al. (2005), which was

not virulent to Rag1 and Rag sources. This provides addi-

tional information that the QTL on chromosome 7 (rag1b)

may have the same gene action as Rag1. The present study

demonstrated that PI 567598B can still be effective to aphids

even if one of the resistance genes is overcome, indicating

that the presence of both rag1b and rag3 can confer broader

aphid resistance. This supports the hypothesis that stacking

more than one aphid resistance gene will provide durable

resistance against soybean aphids.

PI 567598B possesses strong and broad resistance to

soybean aphids; therefore, it is a promising resistant source

for improving aphid resistance in soybean. The localization

of the two resistance genes in PI 567598B using molecular

markers in this study could be useful to breeders in marker-

assisted selection for aphid resistance lines.
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