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Abstract The soybean aphid (Aphis glycines
Matsumura) is a pest of soybean (Glycine max (L.)
Merr.) in many soybean-growing countries of the world,
mainly in Asia and North America. While numerous
aphid-resistance loci have been mapped, new and viru-
lent aphid biotypes continue to be identified. PI
606390A confers resistance to all four characterized
soybean aphid biotypes. The objectives of this study
were to identify single nucleotide polymorphism
(SNP) markers closely linked to the loci conferring
resistance to soybean aphid biotypes 3 and 4. One
hundred and eight F6:7 families from a cross between
the susceptible experimental line HR09-018 and the
resistant PI 606390A plus the two parental lines were
screened with aphid biotypes 3 and 4 using greenhouse
choice tests. Broad-sense heritability estimates ranged

from 0.69 to 0.91. Correlation between biotype 3 and
biotype 4 resistance was also moderate (45–55%). A
total of 1847 SNP markers were mapped to 22 linkage
groups, and loci for resistance to both aphid biotypes
were mapped to a 14 cM region on chromosome 18
using composite interval mapping. The locus explained
between 26 and 40% of the phenotypic variation sug-
gests the presence of a major locus and additional un-
identified minor quantitative trait loci (QTL). A new
symbol qRag-G is proposed to designate this new locus
that will be useful for the development of durable aphid-
resistant soybean cultivars.
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Introduction

Glycine max (soybean) is one of the two most important
field crops cultivated in the USA, with about 90 million
acres planted in 2017 (NASS 2018). The soybean aphid,
Aphis glycines Matsumura (Hemiptera: Aphididae), was
first found in the USA in 2000 and has become one of the
most economically important pests threatening soybean
production in theMidwestern states (Hartman et al. 2001).
Severe infestations of aphids in soybean fields can result
in leaf curling, wilting, and premature leaf drop (DiFonzo
and Hines 2002). Yield losses in soybean attributed to the
aphid were reported to be greater than 50% in Minnesota
(Ostlie 2002), and significant losses of seed oil content
have also been observed (Riedell and Catangui 2006). In
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addition to feeding damage, aphids can transmit plant
viruses including alfalfa mosaic virus, soybean dwarf
virus, and soybean mosaic virus to soybean (Iwaki et al.
1980; Hartman et al. 2001; Hill et al. 2001).

Host plant resistance is one of the most environmen-
tally friendly and economically sustainable approaches
to reducing pest damage to crop plants. In 2006, two
cultivars BDowling^ and BJackson^ were identified as
having strong resistance to the soybean aphid in Illinois
(biotype 1). A single dominant gene, Rag1 (resistant to
Aphis glycines), was mapped to chromosome 7 of the
soybean genome (Hill et al. 2006a, 2006b). In Ohio,
Rag1, was defeated by a new virulent aphid (biotype 2)
(Kim et al. 2010b). Rag2, a single dominant gene from
PI 243540, was mapped to chromosome 13 and con-
ferred resistance against both biotypes 1 and 2 (Mian
et al. 2008). Rag3, a single dominant gene, was mapped
on chromosome 16 from PI 567543C (Zhang et al.
2010) and Rag4, a recessive gene on chromosome 13,
each confers resistance to soybean aphids in Michigan
(Zhang et al. 2009). Rag5 was also mapped on chromo-
some 13 and provides antixenosis resistance to biotypes
1 and 2 (Jun et al. 2012). More recently, additional
resistance loci have been identified and new aphid bio-
types have also been discovered. Rag6 and Rag3c from
a Glycine soja accession were fine-mapped to loci on
chromosomes 8 and 16, respectively (Zhang et al.
2017). These new loci conferred resistance to soybean
aphids were found in Michigan that defeated both Rag1
and Rag2, revealing new virulent biotypes.

Currently, there are four characterized biotypes of the
soybean aphid (Alt and Ryan-Mahmutagic 2013). How-
ever, these biotypes were identified before Rag gene
introgressed cultivars were deployed, suggesting pre-
existing virulence diversity or a rapid capacity of aphids
to adapt to new resistant plants (Michel et al. 2011). Yet,
the evolution of soybean aphid virulence is still unclear.
Genetic analysis of aphid populations has not revealed a
correlation to geographic location or biotype (Wenger
and Michel 2013). More recently, genetic differences
among biotypes were associated with a microbial endo-
symbiont Buchnera aphidicola (Cassone et al. 2015).
The bacterial endosymbiont Arsenophonus also had an
added benefit to virulent aphids grown on aphid-
resistant soybeans (Wulff and White 2015; Enders and
Miller 2016). Microbiomes of aphids include obligate
and facultative symbionts, with the latter exhibiting
more rapid genome evolution and horizontal transfer
between host species (Oliver et al. 2010). Therefore,

continual identification of aphid-resistance genes is nec-
essary to keep pace with aphid virulence acquisition.

PI 606390A is a maturity group (MG) IV soybean
accession collected from Vietnam that was previously
identified as exhibiting resistance to soybean aphid bio-
types 1, 2, and 3 (Bansal et al. 2013). In the current
study, we also observed strong resistance to aphid bio-
type 4 in this line. The objective of this study was tomap
host plant resistance QTL in PI 606390A for soybean
aphid biotypes 3 and 4 to provide new resources for the
development of cultivars with broad and more durable
resistance against the aphid.

Materials and methods

Aphid colonies

Aphis glycine biotype 3 was originally collected in a
greenhouse at the OARDC in Wooster, OH. The colony
has been maintained asexually in the Department of
Plant Pathology at the OARDC campus. A. glycine bio-
type 4 was originally collected in Arlington, WI, in
2013. The colony has been asexually maintained by
Dr. Andy Michel in the Department of Entomology at
the OARDC inWooster, OH. Colonies were maintained
in growth chambers or rearing rooms at temperatures
between 22 and 24 °C, with a photosynthetically active
radiation of 330 mol m−2 s−1 for 15 h daily and 60–70%
relative humidity (Hill et al. 2004).

Mapping population and soybean aphid resistance
assessment

HR09-018 is a high-yielding experimental line devel-
oped by USDA-ARS in Wooster, OH, that is highly
susceptible to the soybean aphid. PI 243540 is a matu-
rity group IV soybean plant introduction from Japan that
carries a single dominant gene Rag2 conferring resis-
tance to soybean aphid biotypes 1 and 2 (Mian et al.
2008). PI 606390A is a maturity group IV soybean plant
introduction from Vietnam that is resistance to soybean
aphid biotypes 1, 2, and 3 (Bansal et al. 2013). Rag1/
Rag2 (Rag1/2) stack is an experimental line homozy-
gous for both aphid-resistance loci (Wiarda et al. 2012).
Soybean genotypes were planted into 13.9 cm diameter
× 10.5 cm deep pots with four plants per pot and two
replicates per genotype in a completely randomized
design. Pots were infested with five wingless biotype 3
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or biotype 4 adult aphids per plant at the V1 stage in
choice tests then evaluated for aphid resistance by
counting the number of aphids per plant at 14 days post
infestation. Each soybean aphid biotype experiment was
separated by space on different greenhouse tables.

A population of 108 F6:7 recombinant inbred lines
(RILs) derived from a cross of a USDA experimental
line HR09-018 × PI 606390A advanced by single seed
decent and the two parental lines were used in this study.
The parents and the F6:7 families were assessed for their
responses to soybean aphid biotypes 3 and 4 in choice
tests in greenhouses inWooster, OH, using methods and
conditions previously described by Jun et al. (2012).
Soybean genotypes were planted into 13.9 cm diameter
× 10.5 cm deep pots with four plants per pot. Each plant
was infested with five wingless adult aphids at the V1
stage in choice tests using a completely randomized
design. Biotype 3 aphid resistance was evaluated
4 weeks post infestation from (B3rep1) May 24th to
June 21st and (B3rep2) October 4th to November 1st in
2017. In initial screening, plants with high levels of
biotype 4 susceptibility became sooty with black mold
between 3 and 4 weeks after infestation (data not
shown); thus, biotype 4 aphid resistance was evaluated
3 weeks post infestation from (B4rep1) August 16th to
September 6th, 2017, and (B4rep2) December 24th,
2017, to January 17th, 2018. Each line was evaluated
for aphid resistance by counting the number of aphids
per plant.

Molecular marker genotyping and linkage analysis

The construction of the genetic map was carried out
using all 108 RILs and the two parental lines. DNA
was extracted from the first trifoliate leaves using
DNeasy Plant Minikit (Qiagen). SNP genotyping
was performed at the Genome Center, University
of California, Davis, using the Illumina Infinium
BARCSoySNP6K v2 BeadChip. Marker genotypes
were analyzed for quality using the GenomeStudio
software version 2.0 (Illumina Inc., San Diego, CA).
Unique polymorphic SNPs were filtered for missing
data and heterozygosity (< 10%). The genetic map
was constructed with 1847 unique SNPs (31% of the
BeadChip) using Kosambi’s mapping function in
JoinMap4 (Van Ooijen 2006). Linkage group assign-
ment was called with a logarithm of odds (LOD)
threshold of 4.0 and a maximum recombination fre-
quency of 0.4.

Statistical and mapping analysis

The soybean genotype mean of aphid number data from
each biotype and experiment were analyzed separately.
Data normalization was performed using the square root
(sqrt) of the aphid number. Analysis of variance
(ANOVA) and broad-sense heritability estimates were
performed in R using the package (Rcmdr) R command-
er (Fox, 2005). Composite interval mapping (CIM) was
conducted using the Haley-Knott regression in R using
the package (Rqtl) (Broman et al. 2003). The genome-
wide LOD threshold at 5% significance level was deter-
mined using a 1000 permutation test for each experi-
ment individually. The phenotypic variation explained
by each locus was calculated from the value at the QTL
peak indicated by CIM.

Results

Evaluation of aphid resistance

The numbers of soybean aphid biotype 3 on HR09-018,
PI 243540 (Rag2), PI 606390A, and Rag1/2 stack plants
ranged from 33.75 to 162.25 at 2 weeks post infestation
(wpi), whereas the numbers of biotype 4 aphids ranged
52.75–378.75 in choice tests at 2 wpi (Table 1). Analysis
of variance of the mean number of aphids indicated that
the main effects of aphid biotype and soybean genotype
were both significant (P = 1.05 × 10−8 and P = 8.58 ×
10−10, respectively). A significant interaction between
aphid biotype × soybean genotype was also detected
(P < 1.05 × 10−4). PI 606390Awas more resistant to soy-
bean aphid biotype 3 than HR09-018 and PI 243540 and
was more resistant to biotype 4 than HR09-018, PI
243540, and Rag1/2 stack (Tukey’s test, P < 0.05).

In the experiments to characterize the genetics of
aphid resistance in PI 606390A, significantly more bio-
type 3 (P < 0.0018) and biotype 4 (P < 0.00013) aphids
were found on the susceptible parent HR09-018 than the
resistance parent PI 606390A. The frequency distribu-
tions of aphid numbers for the RILs population were
continuous, but not normal, and were skewed toward the
resistant parent (Fig. 1). Broad-sense heritability esti-
mates ranged from 0.69 to 0.78 for biotype 3 aphid
numbers and from 0.85 to 0.91 for biotype 4 numbers
(Table 2). In addition, correlation coefficients between
biotypes 3 and 4 in the summer (0.45; B3rep1 and
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B4rep1) and in the autumn (0.55; B3rep2 and B4rep2)
were significant (P < 0.001) (Table 2).

Linkage analysis and QTL mapping

Genotyping with the Infinium BARCSoySNP6K
BeadChip revealed 2696 polymorphic SNPs (44.9%)
between HR09-018 and PI 606390A that segregated in
the RIL population. Across all markers and individuals,
genotypic frequencies were consistent with a F6 popu-
lation (AA, 47.6%; AB, 3.3%; BB, 49.1%). A total of
1847 unique SNPs were mapped into 22 linkage groups
where markers from chromosomes 14 and 19mapped to
two linkage groups each. The total length of the map

was 2497.94 cM with a mean linkage group length of
113.54 cM. Averagemarker interval ranged from 0.78 to
3.97 cM with an overall mean of 1.47 cM (Table 3);
however, two large gaps (> 20 cM) were observed on
chromosome 1. Seven SNPs were mapped to linkage
groups that did not correspond to previously determined
chromosomal assignments (Supplemental Data 1).

A single genomic region on the genetic map was
significantly associated with soybean aphid biotype 3
and 4 resistance using composite CIM (Fig. 2). Fourteen
markers in the interval between 92 and 100 cM on
chromosome 18 were associated with biotype 3 resis-
tance in B3rep1 (Table 4). Among these markers,
Gm18_56839033_A_C had the most significant

Table 1 Responses of soybean lines to Aphis glycines biotypes 3 and 4 in choice test

Genotypea,c Biotype 3b,c Biotype 4b,c

Mean SEM Tukeyd Mean SEM Tukeyd

HR09-018 162.25 23.56 b 347.50 26.18 c

PI 243540 (Rag2) 128.25 20.39 b 378.75 30.37 c

PI 606390A 33.75 7.32 a 52.75 5.11 a

Rag1/2 90.50 19.82 ab 170.75 30.11 b

aDifferences among soybean genotypes to infestation with aphids were identified by analysis of variance (ANOVA; P= 8.58E-10)
b ANOVA indicated aphid biotype was significant (P = 1.05E-8)
c ANOVA indicated genotype × biotype was significant (P= 1.04E-4)
dMeans followed by the same letter are not significantly different (P< 0.05; Tukey’s test)

Fig. 1 Frequency distribution of soybean aphid counts for 97 F6:7 lines derived from the HR09-018 × PI 606390A cross. a Soybean aphid
biotype 3 counts at 4 wpi. b Soybean aphid biotype 4 counts at 3 wpi
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association, explaining 40.35% of the phenotypic varia-
tion (LOD 14.54) of the aphid resistance (Table 4). In
B3rep2, biotype 3 resistance was associated with six
markers between 98 and 104 cM on chromosome 18. A
composite marker, c18.loc100, had the highest LOD
score (8.36) and explained 26.43% of the phenotypic
variation (Table 4). The same ten markers in an interval
between 98 and 106.54 cM on chromosome 18 were
associated with soybean aphid biotype 4 resistance in
B4rep1 and B4rep2 (Table 4). Themost significant mark-
er for B4rep1 was Gm18_57832929_C_A, while a com-
posite marker c18.loc102 had the highest LOD score
(12.13) for B4rep2. Each marker explained 32.53 and
35.31% of the phenotypic variation in each of the soy-
bean aphid biotype 4 screening, respectively (Table 4).
Estimates of the additive effect ranged between − 16.61
and − 66.43 aphids per plant (Supplemental Fig. S1).

Discussion

Host plant resistance in PI 606390A to soybean aphid
biotypes 1, 2, and 3 was first reported by Bansal et al.
(2013). We developed a RIL population from a cross
between HR09-018 (aphid susceptible) and PI 606390A
(aphid resistant) to map soybean aphid resistance. In an
initial study, choice tests were performed in the green-
house using biotype 3 and biotype 4 aphids on HR09-

018, PI 243540 (Rag2), PI 606390A, and a Rag1/2 stack
line. Soybean aphid biotype 3 numbers on PI 243540 in
this study were consistent with results (aphid numbers =
100–200, 2 wpi) from Bansal et al. (2013). We found
that, under the same environmental conditions, biotype
4 numbers on Rag1/2 were larger than those for biotype
3. Greater biotype 4 numbers than biotype 3 numbers on
a different Rag1/2 line was also observed by Ajayi-
Oyetunde et al. (2016). A significant interaction of aphid
biotype × soybean genotype was observed which indi-
cates that the soybean aphid biotypes were biologically
different. Moreover, PI 606390A was more resistant to
biotype 4 aphids than HR09-018, PI 243540, and Rag1/
Rag2 (Table 1).

A linkage map was constructed using 1847 SNP
markers distributed across 22 linkage groups (Table 3).

Table 2 Responses of PI 606390A, HR09-018, and their F6:7
progenies to infestation with soybean aphid biotypes 3 and 4

Trial Parentsa F6:7 families (n = 97)

PI 606390A HR09–018 Mean Range H2

Biotype 3

B3rep1b 80.16a 326.83b 127.06 16–477 0.69

B3rep2c 5.16a 45.50b 36.60 2–198 0.78

Biotype 4

B4rep1b 68.50a 373.75b 114.08 10–600 0.85

B4rep2c 15.25a 180.25b 71.66 6–398 0.91

All lines were replicated (n = 4) per biotype and screening
replication
aMeans followed by the same letter are not significantly different
(P < 0.001; Tukey’s test)
b Pearson’s correlation coefficient between biotypes 3 and 4 rep 1
experiments (r = 0.45; P < 0.001)
c Pearson’s correlation coefficient between biotypes 3 and 4 rep 2
experiments (r = 0.55; P < 0.001)

Table 3 Properties of the HR09-018 × PI 606390A genetic map

LG Chr cM SNPs Average interval (cM)

D1a Gm01 147.04 37 3.97

D1b Gm02 159.44 121 1.32

N Gm03 136.29 104 1.31

C1 Gm04 122.35 81 1.51

A1 Gm05 89.10 114 0.78

C2 Gm06 97.28 108 0.90

M Gm07 142.74 111 1.29

A2 Gm08 142.81 108 1.32

K Gm09 134.65 90 1.50

O Gm10 131.89 76 1.74

B1 Gm11 143.59 91 1.58

H Gm12 115.51 72 1.60

F Gm13 154.99 131 1.18

B2 Gm14 73.72 79 0.93

B2 Gm14 26.10 24 1.09

E Gm15 112.30 82 1.37

J Gm16 99.97 42 2.38

D2 Gm17 122.19 88 1.39

G Gm18 122.52 114 1.07

L Gm19 81.32 67 1.21

L Gm19 48.33 27 1.79

I Gm20 93.82 80 1.17

Total 2497.95 1847

Average 113.54 83.95 1.47

Markers from chromosomes 14 and 19 did not coalesce to single
linkage groups, respectively

LG, linkage groups from Soybase.org; Chr, chromosome; cM,
centimorgan
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Overall, the linkage map corresponded well with the
Soybean Consensus Map 4.0 for the total length of the
genetic map (2537 cM) (Hyten et al. 2010) and a more
recent and improved high-resolution map (2346 cM)
(Lee et al. 2015a). Markers from chromosomes 14 and
19 were each mapped to two independent linkage
groups. Splitting of chromosomes into multiple linkage
groups can be the result of poor marker coverage and/or
large regions of heterochromatin with reduced recombi-
nation rates. In Williams 82, heterochromatic regions
were recently shown to extend from 9.7 to 43.7 Mb and
8.9 to 34.3Mb on chromosomes 14 and 19, respectively
(Song et al. 2016). In addition, several markers mapped
to linkage groups comprised markers from a different
chromosome (Supplemental data 1). This erroneous
linkage may be due to sequence variation between the
reference genome (Williams 82) and the parental germ-
plasm or possible hybridization of the oligonucleotides
to paralogous sequences (Schmutz et al. 2010).

To identify QTLs associated with soybean aphid
biotype 3 and 4 resistance, we used a F6:7 population
derived from the cross of HR09-018 × PI 606390A.
Aphid numbers on test plants were lower in experiments
run in the late fall (B3rep2 and B4rep2) compared with
those carried out in the summer (B3rep1 and B4rep1)
regardless of biotype, consistent with reduced rates of
aphid population doubling at sub-optimal temperatures
(McCornack et al. 2004). In both tests of soybean re-
sponses to aphid biotypes 3 and 4, the frequency distri-
bution of aphid numbers was continuous and skewed
toward lower aphid numbers suggesting polygenic re-
sistance (Fig. 1). However, the moderate correlation of
aphid numbers on individuals in the summer (B3rep1
vs. B4rep1; 45%) and late fall (B3rep2 and B4rep2;
55%) indicated the presence of a single gene or tightly
linked genes conferring resistance to both biotypes 3
and 4. Resistance to both aphid biotypes mapped to an
overlapping 14 cM long region of chromosome 18 in PI

Fig. 2 Locations of soybean aphid-resistance loci determined using composite interval mapping method on chromosome 18. The genome-
wide LOD threshold at the 5% significance level (black line) was determined using a 1000 permutation test (LOD = 6.30)
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606390A. Across all trials, the locus explained was
between 26 and 40% of the phenotypic variation; how-
ever, the lowest R2 value was observed in the fall bio-
type 3 screening (B3rep2) when aphid counts were the
lowest. Further research is needed to test whether resis-
tance to both biotypes is conferred through a single gene
or two tightly linked genes. Moreover, the locus ex-
plained between 26 and 40% of the phenotypic variation
suggesting additional QTL may be present that requires
a larger population size to elucidate.

Rag2 was identified as a single dominant locus on
chromosome 13 conferring resistance to soybean aphid
biotypes 1 and 2 (Mian et al. 2008); however, this locus is
defeated by soybean aphid biotypes 3 and 4. Pyramiding
Rag1 (Chr 7) and Rag3 (Chr 16) or Rag1, Rag2, and
Rag3 is required for strong biotype 3 resistance and
moderate resistance to biotype 4 (Ajayi-Oyetunde et al.
2016). In addition, five soybean PIs with resistance to
biotype 4 aphids were recently characterized; although,
resistance mapped to previously known Rag loci. These
PIs originated from China (Hill et al. 2017). PI 606390A
was collected from Vietnam, suggesting a genetically
distinct resistance mechanism. Soybean aphid-resistance
loci have not previously been mapped to chromosome
18. Using the convention of the Soybean Genetics Com-
mittee, the newmajor locus identified in PI 606390Awill
be designated qRag-G, standing for resistant to Aphis
glycines QTL on linkage group G.

The region of chromosome 18 most strongly corre-
lated with resistance includes a 6.18 cM segment
(0.99 Mb) that encodes 121 putative genes in the Wil-
liams 82 v2 genome assembly (www.soybase.org). Of
these genes, there are several defense-related genes in-
cluding 10 kinases (five leucine-rich repeat receptor-like
kinases, LRR-RLK) along with an AUTOPHAGY 4-
RELATED gene. LRR-RLKs have been shown to func-
t ion in pest perception and as init iators of
pathogen/microbe/damage-associated molecular pat-
terns (Goff and Ramonell 2007). Rag5 also maps to a
region where 4 of 13 candidate genes are LRR proteins.
Moreover, transcriptome analysis of near-isogenic lines
with and without Rag5 indicated a suite of differentially
expressed genes consistent with the host response to
phloem-feeding insects (Lee et al. 2017). In addition,
fine mapping of Rag1 and Rag2 has revealed the pres-
ence of nucleotide-binding site leucine-rich repeat
(NBS-LRR) genes within the QTL segments that confer
biotype-specific resistance to the soybean aphid (Kim
et al. 2010a, 2010b).

qRag-G also overlaps several QTLs which confer
biotype-specific resistance to Aulacorthum solani fox-
glove aphid. These QTLs were mapped in PI 366121, a
Glycine soja accession (wild soybean). A major fox-
glove aphid-resistance locus, Raso2, also mapped in PI
366121 corresponds to the Rag1 interval on chromo-
some 7 (Lee et al. 2015b). The sources of Rag1,G. max
cv. BJackson^ and BDowling^ were not resistant to
A. solani. Thus, further research is needed to determine
if Rag genes evolved from Raso genes during the do-
mestication of G. max.

In summary, a new major locus conferring resistance
to the soybean aphid biotypes 3 and 4 has been identi-
fied and mapped to chromosome 18. The qRag-G locus
is independent from all other previously mapped Rag
loci. SNP markers linked to qRag-G will be useful for
fine mapping and marker-assisted selection of aphid
resistance into high-yielding cultivars. Due to the iden-
tification of four known soybean aphid biotypes,
pyramiding of qRag-G with other Rag loci may enhance
the durability of soybean lines with various combina-
tions of aphid-resistance loci.
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