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Abstract Aphis glycines Matsumura, the soybean
aphid, first arrived in North America in 2000 and has
since become the most important insect pest of
domestic soybean, causing significant yield loss and
increasing production costs annually in many parts of
the USA soybean belt. Research to identify sources of
resistance to the pest began shortly after it was found
and several sources were quickly identified in the
USDA soybean germplasm collection. Characterization
of resistance expression and mapping of resistance
genes in resistant germplasm accessions resulted in the
identification of six named soybean aphid resistance
genes: Ragl, raglc, Rag2, Rag3, rag4, and Rag5
(proposed). Simple sequence repeat markers flanking
the resistance genes were identified, facilitating efforts
to use marker-assisted selection to develop resistant
commercial cultivars. Saturation or fine-mapping with
single nucleotide polymorphism markers narrowed the
genomic regions containing Rag/ and Rag?2 genes. Two
potential NBS-LRR candidate genes for Rag/ and one
NBS-LRR gene for Rag2 were found within the
regions. Years before the release of the first resistant
soybean cultivar with Rag/ in 2009, a soybean aphid
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biotype, named biotype 2, was found that could
overcome the resistance gene. Later in 2010, biotype
3 was characterized for its ability to colonize plants
with Rag2 and other resistance genes. At present, three
biotypes have been reported that can be distinguished
by their virulence on Rag! and Rag?2 resistance genes.
Frequency and geographic distribution of soybean
aphid biotypes are unknown. Research is in progress
to determine the inheritance of virulence and develop
DNA markers tagging virulence genes to facilitate
monitoring of biotypes. With these research find-
ings and the availability of host lines with different
resistance genes and biotypes, the soybean aphid-
soybean pest-host system has become an important
model system for advanced research into the interaction
of an aphid with its plant host, and also the tritrophic
interaction that includes aphid endosymbionts.

Keywords Soybean aphids - Soybean aphid
biotypes - Soybean resistance

Introduction

Aphis glycines Matsumura (Hemiptera: Aphididae) is
known as the soybean aphid and is a significant insect
pest of soybean [Glycine max (L.) Merr.] in some
Asian countries and the most important soybean insect
pest in North America. It is the primary aphid species
known to colonize soybean in North America (Hill
et al. 2004a).
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The soybean aphid was first described in Japan in
1917 (Matsumura 1917) and is native to China,
Indonesia, Japan, Korea, Malaysia, the Philippines,
Taiwan, and Thailand (Tilmon et al. 2011). One of the
earliest reports on the significance of the soybean
aphid was from China in 1962 (Wang et al. 1962). The
first refereed publication on the soybean aphid occur-
ring outside of Asia was from the United States in
2001 (Hartman et al. 2001). There were unconfirmed
reports of earlier occurrences of the soybean aphid in
the USA (Ragsdale et al. 2011). The soybean aphid
became established across most of the main soybean-
growing belt in both Canada and the USA within a few
years (Venette and Ragsdale 2004). One of the key
factors aiding its establishment in North America was
the large pool of Rhamnus cathartica L. (common
buckthorn) present on the continent, which serves as
primary host for sexual reproduction and where the
aphid overwinters as eggs.

The major concern for crop loss is in soybean, the
secondary host, and not in the primary host that has no
crop value (Ragsdale et al. 2004). Of the known
secondary hosts, soybean is the most economically
important. Soybean is the fourth-leading crop planted in
the world with about 100 million ha in production
(Hartman et al. 2011). The soybean aphid was
highlighted as one of the top insect pest constraints to
soybean production worldwide (Hartman et al. 2011).
The global impact of the soybean aphid on this crop
would even be greater if it occurred in Argentina and
Brazil, because the combined soybean production of
those two countries exceeds the production in the USA
(Hartman et al. 2011). The economic impact of the
soybean aphid on soybean production has been esti-
mated to range from US $3.6 to $4.9 billion annually in
North America (Kim et al. 2008a). Part of this loss in
production is due directly to plant damage caused by the
soybean aphid, such as plant stunting, leaf distortion,
and reduced pod set and partly due to the increased crop
input costs from insecticide applications used to control
the pest (Ragsdale et al. 2004). In addition, aphid
infestation can indirectly reduce crop production
through soybean virus transmission and the buildup of
black sooty mold on aphid honeydew that restricts
photosynthesis (Hartman et al. 2001).

Although there are several management options,
including modified cultural practices, application of
insecticides, and release of natural enemies, this review
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focuses on soybean resistance and its interaction with
the soybean aphid.

Biology of Aphis glycines

The lifecycle of the soybean aphid is heterocious as two
hosts (primary and a secondary) are needed to complete
its life cycle, and it is holocyclic since it undergoes
sexual reproduction during part of its life cycle
(Ragsdale et al. 2004; Wang et al. 1962). In North
America, the common buckthorn serves as the main
primary host (Ragsdale et al. 2004), while R. davurica
Pall. (Dahurian buckthorn) and R. japonica Maxim.
were identified as primary hosts in China and Japan
(Takahashi et al. 1993). Native North American species
R. alnifolia 1"Hér. (alderleaf buckthorn), R. lanceolata
Pursh (lanceleaf buckthorn) and glossy buckthom,
Frangula alnus Mill. (syn. Rhamnus frangula) are also
known as winter hosts (Hill et al. 2010; Voegtlin et al.
2004b; Voegtlin et al. 2005). Soybean is the most
common secondary host, but genotypes of other
Glycine species such as wild soybean G. soja Sieb.
and Zucc., and the perennial species G. latifolia
(Benth.) Newell and Hymowitz also were reported to
be colonized (Hill et al. 2004a). In addition, various
other species of legumes, such as Medicago sativa
L. (alfalfa), Trifolium pratense L. (red clover), T. sub-
terraneum L. (subterranean clover), T. incarnatum L.
(crimson clover), T. alexandrinum L. (berseem clover),
and 7. ambiguum M. Bieb. (kura clover) (Hill et al.
2004a) were reported to be colonized by soybean
aphids in the greenhouse; however, to date, no reports
of natural field colonization by soybean aphids on crops
other than soybean are known.

The soybean aphid is a small (159 mm long)
greenish-yellow aphid. Diagnostic morphological char-
acters include pale antennae, dark siphunculi, and
elongated oval cauda with 7—11 setae. These characters
are often used to distinguish the soybean aphid from two
closely related species, A. gosyppii (cotton-melon
aphid) and A. nasturtii (buckthorn aphid), which also
colonize the primary host, R. cathartica (Voegtlin et al.
2004a).

Maturation of the soybean aphid occurs through
four instars before developing into either wingless
(apteran) or winged (alate) adults (Wu et al. 2004).
Alate development on the primary host is prompted by
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seasonal environmental cues, which facilitates the
movement of mature aphids from the primary to the
secondary host, while alate development on the
secondary host soybean appears to be prompted by
biotic factors such as overcrowding and poor plant
quality that signals the aphids to seek new sources of
food.

Insects are the most successful invertebrates known
and their success is primarily attributed to extremely
short developmental period combined with massive
reproductive potential. For instance, with a develop-
ment period of 5-7 days and fecundity potential of
20-75 aphids per female, the population doubling time
of the soybean aphid in optimum conditions is less
than 2 days, allowing the populations to explode at an
exponential rate (McCornack et al. 2004; Michel et al.
2010). This propensity to rapidly multiply makes the
soybean aphid the most important insect pest of
soybean.

The life cycle of the soybean aphid starts with the
hatching of first generation nymphs called fundatrices
from surviving overwintered eggs on the primary host
buckthorn. Egg hatching is tightly synchronized to the
burst of buckthorn leaf buds during the months of
March and April. Newly hatched fundatrices grow on
developing buckthorn leaves into apterous (wingless)
viviparous females that reproduce parthenogenetically
(Ragsdale et al. 2004; Voegtlin et al. 2005). Develop-
ment during this life stage is restricted to buckthorn,
where the soybean aphid spends 2-3 generations,
eventually producing viviparous alatae (winged
aphids), also referred to as spring migrants. With the
advent of warming temperatures and increasing pho-
toperiod, spring migrants leave buckthorn seeking
their summer host soybean.

Soybeans are receptive to soybean aphid coloniza-
tion soon after emergence and colonies have been
observed on developing unifoliolate leaves at the
seedling stage (Heimpel et al. 2004; Ragsdale et al.
2004). Initial colonization on soybean has been
reported as early as mid-June in North America
(Hodgson et al. 2005). Upon successful landing on
susceptible soybean plants, the aphids reproduce
parthenogenetically giving birth to viviparous apter-
ans, beginning the summer life stage. About 15-16
clonal generations occur on soybean during the crop
season. The soybean aphid is multivoltine with
overlapping generations and life stages occurring all
through summer (Wu et al. 2004). Winged forms are

produced in every generation, but a higher proportion
of alates occur under crowded conditions (Lu and
Chen 1993).

As the soybean crop matures, and with the onset of
cooler autumn temperatures and decreasing photope-
riod, the winged migrants, viviparous female gynop-
arae and sexual males, develop on senescing soybean
plants and move to Rhamnus (Wu et al. 2004). The
flight of gynoparae to Rhamnus is followed by winged
males, which mate with mature oviparae produced by
gynoparae. Mated oviparae move to lay fertilized eggs
at the base of the dormant buckthorn shoot buds and
twig crevices (Ragsdale et al. 2004). Egg hatch occurs
in the spring, completing the life cycle of the soybean
aphid.

Management of the soybean aphid

Soybean aphid outbreaks in North America are
primarily managed by using three different tech-
niques: chemical, biological, and more recently with
host plant resistance. In the beginning of the soybean
aphid invasion in the USA, the management focus was
placed on identifying efficacious, easy-to-apply,
economical, and readily available, registered insecti-
cides. Organophospates, synthetic pyrethroids, and
neonicotenoids are the most common chemicals
shown to achieve effective control of soybean aphid
as foliar sprays and the latter are also registered for
seed treatment (Chandrasena et al. 2011). In addition,
much work was done in determining the recom-
mended economic threshold population size of about
250 aphids per plant prompting insecticide applica-
tions and giving a sufficient lead time before aphid
populations cause economic damage (Ragsdale et al.
2007). While the timing of insecticide application is
very critical for effective control, multiple sprayings
and increasing use of insecticides pose a dire concern
not only for potential environmental damage but also
in promoting the development of insecticide resistance
in soybean aphids, which has already been shown in a
laboratory study (Chandrasena et al. 2011). Because of
this, sex pheromones and insect growth regulators
have been researched as potential alternate chemical
strategies (Richardson and Lagos 2007; Zhu et al.
2006).

Although native to Asia, soybean aphid population
outbreaks there have been sporadic and limited due to
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efficient control by natural enemies (Heimpel et al.
2004; Liu et al. 2004). In North America, endemic
soybean aphid enemies include generalist aphidopha-
gous predators, parasites, and entomopathogenic fungi
(Fox et al. 2005; Kaiser et al. 2007; Nielsen and Hajek
2005; Rutledge et al. 2004). The predominant and
most efficient predators include the multicolored
Asian lady beetle, Harmonia axyridis Pallas (Coleo-
petra: Coccinellidae), minute pirate bug, Orius insid-
iosus (Say) (Hemiptera: Anthocoridae) (Costamagna
et al. 2007; Fox et al. 2005; Mignault et al. 2006;
Nielsen and Hajek 2005; Ragsdale et al. 2007;
Rutledge et al. 2004; Schmidt et al. 2008), Aphidoletes
aphidimyza Rondani and Allograpta obliqua Say
predatory flies (Noma and Brewer 2008), and carabid
beetles Elaphropus anceps (Le Conte), Clavina
impressefrons Le Conte, Bembedion quadrimacula-
tum Say (Fox et al. 2005). In contrast, only six species
of parasitoids were found associated with soybean
aphid mummies in North America, of which two
braconid wasps, Lysiphlebus testaceipes Cresson and
Aphidius colemani Viereck were the most abundant
(Kaiser et al. 2007; Noma and Brewer 2008). Even
though there is a multitude of predators and parasites,
suppression of soybean aphid outbreaks by natural
enemies has not been effective in North America and
is considered inefficient (Nielsen and Hajek 2005).
This lack of efficiency of resident biological agents
has encouraged entomologists to explore host-specific
parasitoids of the soybean aphid in its native habitat of
Asia. A parasitic wasp from China, Binodoxys com-
munis (Gahan) (Chacon et al. 2008; Wyckhuys et al.
2009) was imported and released into the USA in 2007
and 2008, but has not been recovered to date, leading
to speculation that the parasitoid was unable to
overwinter (Hogg and Mahr 2007).

Discovery of soybean aphid resistance
in soybean and allies

Plant insect resistance is the most cost effective and
environmentally safe way to control insects such as the
soybean aphid (Luginbill 1969). Resistance to insects
is governed by genetic mechanisms similar to other
plant traits (Auclair 1989). Dominant aphid resistance
(R) genes have been identified in multiple crops,
including cereals, forages, fruits, and vegetables, as
reviewed in Smith (2005) and Smith and Boyko
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(2007). Two highly successful examples of the use of
resistance to control aphids were the deployment of
resistance to the Russian wheat aphid, Diuraphis
noxia, on wheat (Triticum aestivum L.) (Basky 2003;
Randolph et al. 2003) and on barley (Hordeum vulgare
L.) (Bregitzer et al. 2003). Russian wheat aphid-
resistant cultivars have been deployed widely through-
out South Africa and the USA.

Although earlier studies conducted in China prior to
the introduction of the soybean aphid into North
America found resistance to aphid infestation in
soybean genotypes (He et al. 1995; Hu et al. 1993;
Yue et al. 1989), there were no known reports on the
genetics of this resistance or the development of
aphid-resistant breeding lines or cultivars. Multiple
sources of resistance in soybean germplasm to the
soybean aphid were first reported in North America in
2004 using a greenhouse choice-test procedure and a
visual qualitative, non-parametric colonization rating
scheme with a locally collected soybean aphid isolate
(Hill et al. 2004b). First, commercial and pre-com-
mercial soybean germplasm adapted to Illinois and
surrounding states was screened and no resistance was
found. Next, since the aphid migrated from Asia, a set
of commercial Asian lines was screened without
finding any sources of resistance. Then, a set of
soybean ancestors and first progeny of ancestors
representing 99 % of the genetic variability in North
American public cultivars (Gizlice et al. 1994) was
screened. A few of the ancestors expressed resistance
in the choice tests (Hill et al. 2004b), including PI
548663 (cultivar Dowling) and PI 548657 (cultivar
Jackson), important ancestors of current cultivars
adapted to the southern USA Taking advantage of
this finding, a set of current southern-adapted cultivars
was screened for resistance; however, no resistance
was found. Cultivars with Dowling or Jackson ances-
try apparently lost aphid resistance during their
development, possibly due to the lack of soybean
aphids present to impose the selection pressure
necessary for soybean breeders to maintain the
resistance. Ancestors of Dowling and Jackson were
screened to identify their aphid resistance donors. PI
548445 (cultivar CNS), a grandparent of Dowling, and
PI 548657 (cultivar Palmetto), a parent of Jackson,
were found to be resistant to the soybean aphid (Hill
et al. 2004b).

With the knowledge that Mi root-knot nematode
resistance in tomato also gave resistance to potato



Euphytica (2012) 186:635-646

639

aphids (Rossi et al. 1998), sources of soybean root-knot
nematode resistance were screened for resistance to the
soybean aphid (Hill et al. 2004b). Strong antibiosis
resistance was found in PI 200538 and PI 230977, both
sources of resistance to Meloidogyne arenaria race 2
(Luzzi et al. 1995).

Resistance to the soybean aphid was reported in
early maturing maturity group (MG) 0 to MG III
germplasm accessions from northern China (Mensah
et al. 2005). Using a semi-quantitative resistance rating
scale, PI 567541B and PI 567598B were found to
have antibiosis and PI 567543C and PI 567597C had
antixenosis resistance expression. In addition, three
aphid-resistant soybean germplasm accessions, PI
243540, PI 567301B, and PI 567324, were reported
after screening a set of nearly 200 lines using a five
point aphid score based on estimated numbers of aphids
observed on individual plants (Mian et al. 2008a).
Choice and no-choice testing revealed that PI 243540
expressed primarily antibiosis-type resistance while the
other two accessions displayed mostly antixenosis.

A limited set of accessions of Glycine species was
screened for soybean aphid resistance (Hill et al. 2004a).
A few wild soybean, G. soja, lines expressed primarily
antibiosis-type resistance. Resistance that was stronger
or not significantly different from soybean Jackson was
also found in germplasm accessions of Glycine species
including G. argyrea, G. canescens, G. clandestine, G.
curvata, G. cyrtoloba, G. falcata, G. microphylla, G.
tabacina, and G. tomentella. Inheritance of resistance in
these accessions is unknown so far and resistance from
these sources has not been transferred to soybean.

Expression of soybean aphid resistance

Results of no-choice tests indicated that the resistance
expression in Dowling, Jackson, and other G. max
sources was primarily antibiosis (Hill et al. 2004b). This
resistance was not transferred from resistant to suscep-
tible stocks or scions in reciprocal grafts (unpublished
results) and appeared to be expressed during all soybean
growth stages (Hill et al. 2004b), in contrast with Mi-
resistance in tomato, which was not expressed until
plants were 6 weeks old (Kaloshian et al. 1995).
Antixenosis-type resistance was primarily expressed
in PI 71506 and PI 548445 (CNS). Further character-
ization of the expression of resistance indicated that the
antibiosis in Dowling, Jackson, and PI 200538 caused a

significant decrease in fecundity and longevity and
increased mortality of soybean aphids compared to the
susceptible soybean cultivar Pana (Li et al. 2004). Aphid
longevity was 7 days longer on Pana than on Dowling
and Jackson. First instar aphids placed on Dowling and
PI 200538 leaves did not mature to adulthood. Starva-
tion did not fully explain the effects of the antibiosis on
the aphids. Aphids stayed on leaves of the three
antibiotic genotypes for a significantly shorter time than
on Pana, suggesting antixenosis-type resistance expres-
sion in addition to antibiosis.

Antixenosis-resistance expression was confirmed in
Dowling, PI 71506, PI 230977, and in the breeding line
(G93-9223, as indicated by reduced aphid births in no-
choice tests and reduced population development in
choice tests with aphids from a local population
collected in South Dakota (Hesler et al. 2007). Anti-
biotic resistance comparable to Jackson was found in
the soybean cultivar Cobb (Hesler and Dashiell 2007)
and resistance with moderate expression, compared to
the resistance in Dowling, was also found in a few other
soybean genotypes, which were sources of resistance to
other insects (Hesler and Dashiell 2008).

Antibiosis-type resistance comparable to Dowling,
Jackson, and Palmetto was found in soybean geno-
types K1639 and Pioneer® 95B97, along with addi-
tional genotypes having moderate aphid resistance,
after comparing nymphal population development
during an initial screen followed by choice and no-
choice tests to characterize resistance (Diaz-Montano
et al. 2006). An electrical penetration graph technique
used to evaluate aphid-feeding behavior on K1639,
Pioneer® 95B97, Dowling, Jackson, and the suscep-
tible genotype KS4202 indicated increased time to
reach the first phloem sieve element and shorter time
within the sieve element on the resistant genotypes
compared to the susceptible genotype, suggesting that
antibiosis-expression originated in the phloem (Diaz-
Montano et al. 2007).

Genetics of soybean aphid resistance

Inheritance of soybean aphid resistance in Dowling
(Hill et al. 2006a) and Jackson (Hill et al. 2006b) was
found to be controlled by single, dominant genes. Both
genes were mapped in the same genetic region on
chromosome 7 or linkage group (LG) M in the soybean
genome (Li et al. 2007), suggesting they were the same
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Fig. 1 Soybean seedlings in a population segregating for a
single dominant gene for aphid resistance in a choice test (left
resistant plant without colonization and right, susceptible plant)

gene, allelic, or tightly linked. Because no common
ancestors of Dowling and Jackson were known (Hill
et al. 2004b), the Soybean Genetics Committee desig-
nated the gene in Dowling as Rag! (resistance to Aphis
glycines; Fig. 1) (Hill et al. 2006a) and the gene in
Jackson as Rag (Hill et al. 2006b). A subsequent genetic
allelism test (unpublished results) found no susceptible
plants among 1,000 Dowling x Jackson F2 plants,
supporting the hypothesis that the genes were allelic.
Simple sequence repeat (SSR) DNA markers were
identified (Li et al. 2007) that flank the resistant allele at
the Ragl locus to facilitate incorporation of the gene
into elite soybean genotypes through backcross breed-
ing. Results of screening the flanking markers Satt435
and Satt463 in Dowling ancestor CNS and Jackson
ancestor Palmetto indicated they carried the same
resistance alleles as Dowling and Jackson, supporting
the hypotheses that they were donors of soybean aphid
resistance (Hill et al. 2004b) and that the genes in
Dowling and Jackson were allelic (Somers et al. 2007).

Utilizing single nucleotide polymorphism (SNP)
markers developed using near-isogenic lines, the
Affymetrix Soybean GeneChip microarray (Kaczo-
rowski et al. 2008), and additional SNP markers
developed using advanced re-sequencing technique
with a preliminary soybean draft sequence, Ragl was
located within a 115-kb genetic interval (Kim et al.
2010). Gene annotation predicted 13 putative genes
within the interval; two genes appeared to be good
candidates for Ragl because they were nucleotide-
binding, leucine-rich repeat (NBS-LRR) genes with
high homology to disease resistance genes in Arabid-
opsis. NBS-LRR genes for aphid resistance have been
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found in tomato (Mi-1.2 gene), Lycopersicon peru-
vianum (L.) P. Mill. to Macrosiphum euphorbiae
Thomas (Rossi et al. 1998) and melon (Vat gene),
Cucumis melo L., to Aphis gossypii Glover (Klingler
etal. 1998). The candidate Rag/ NBS-LRR sequences
have been cloned. Work to confirm if one of them is
Ragl through transformation of susceptible soybean
plants with the cloned genes is in progress.

Analyses of transcript expression profiles in Dow-
ling and the susceptible genotype Williams 82 in
response to soybean aphid infestation indicated that
the gene expression response of Dowling plants was
similar to the incompatible response induced by
avirulent Pseudomonas syringae (Li et al. 2008).
Quantitative reverse transcription polymerase chain
reaction (QRT-PCR) of three soybean defense genes
indicated earlier and stronger response of Dowling
toward aphid infestation than Williams 82. This result
was consistent with gene-for-gene interactions found
between plants and pathogens and other plant-aphid
interactions (Smith and Boyko 2007).

Ragl was found not to be associated with a yield
drag, although it appeared to be associated with a
slight delay in crop maturity (Kim and Diers 2009).
With this encouraging result along with knowledge of
flanking DNA markers (Li et al. 2007) enabling
marker-assisted selection, soybean breeders pro-
ceeded to develop new cultivars with the gene, with
the initial release in 2008 (Caspers-Simmet 2008).

A second resistance gene named Rag2 was identi-
fied in PI 200538 (Hill et al. 2009) and in PI 243540
(Kang et al. 2008; Mian et al. 2008b). Because the
genes were mapped to the same location on soybean
chromosome 13 in LG F and had similar response to
different aphid isolates (Kim et al. 2008b), it is
assumed that the genes are identical or allelic. Fine-
mapping Rag2 in PI 200538 using SNP markers and
re-sequencing narrowed the interval containing the
resistance gene in the soybean genetic map to 54 kb
(Kim et al. 2010). One candidate NBS-LRR-type
resistance gene was identified within the region.

Additional soybean aphid resistance genes have been
identified over the last few years. Two recessive
resistance genes were identified in P1 567541B (Mensah
et al. 2008). One of these genes mapped to the same
region as Ragl in LG M, and initially was named
ragl_provisional, but is presently called raglc; the
other gene mapped to LG F in a different region from
Rag? and was named rag4 (Zhang et al. 2009). The
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potential allelic relationship between rag/c and Ragl
has not been determined. A dominant soybean aphid
resistance gene found in PI 567543C mapped to soybean
chromosome 16 in LG J and was named Rag3 (Zhang
et al. 2010). A major gene controlling resistance to the
soybean aphid in PI 567301B was mapped to chromo-
some 13 in LG F near Rag2; however, because
resistance expressed by PI 567301B was antixenosis
while Rag2-mediated resistance was antibiosis, this
indicated that different genes were being expressed.
Therefore, the gene in PI 567301B was considered
different from Rag2 and was proposed to be called Rag5
(Jun et al. 2012). Antixenosis-type resistance in PI
71506 was primarily controlled by a single, dominant
gene (Van Nurden et al. 2010). This gene apparently has
not yet been mapped in the soybean genome.

Known soybean aphid resistance genes in soybean are
listed in Table 1, along with sources, map location, and
resistance expression. Approximately a third of the
18,000-accession USDA soybean germplasm collection
has been screened to date. It is possible that other
resistance genes at new loci, or are allelic with presently
known genes, will be found in the future with further
screening.

Soybean aphid virulence

Most aphid species are specialized to feed on a
particular plant family or even a few plant species

within a family (Blackman and Eastop 2000; Powell
et al. 2006). The soybean aphid is also highly
specialized towards soybean and its closest relatives
(Hill et al. 2004a). The bases for this specialization on
Glycine species is not understood at present, however,
it is likely the result of a long period of co-evolution
between ancestors of the aphid and Glycine species in
their center of origin in present day China (Blackman
and Eastop 2000; Hymowitz and Bernard 1991).
Biotypes of aphids, defined as aphid genotypes that
can colonize specific host genotypes, have been
reported in many host-aphid systems (Smith 2005;
van Emden 2007).

Initial studies among soybean aphid populations
indicated that virulence variability was lacking in
North America. Results of early testing indicated that
virulence among three soybean aphid isolates col-
lected from a limited geographic area did not differ on
a set of soybean genotypes and showed no host
specialization (Hill et al. 2004b). In a recent study,
based on molecular microsatellite marker screening,
little genetic variation was found among aphid pop-
ulations collected from a wide geographic range
(Michel et al. 2009).

About the same time, while soybean breeding lines
possessing Ragl were being tested in the field in Ohio
in 2006, dense aphid colonies were observed on the
plants with Ragl, similar to levels of colonization
observed on previously known susceptible lines. An
isolate of aphids collected from these plants was tested

Table 1 Soybean genes for resistance to the soybean aphid, sources, map locations, type of resistance expression, and references

Soybean genetic
map location

Type of
resistance
expression

Reference(s)

Soybean Source(s)
resistance
gene
Ragl PI 548663 (cultivar Dowling)
and PI 548657 (cultivar Jackson)
raglc PI 567541B
Rag?2 PI 200538 and PI 243540
Rag3 PI 567543C
rag4 PI 567541B
Rag5 (proposed) PI 567301B

Chromosome 7
(Linkage group M)

Chromosome 13
(Linkage group F)

Chromosome 13
(Linkage group F)

Chromosome 16
(Linkage group J)

Chromosome 13
(Linkage group F)

Chromosome 13
(Linkage group F)

Primarily antibiosis

Antibiosis

Primarily antibiosis

Antixenosis
Antibiosis

Antixenosis

Hill et al. (2006a),
Hill et al. (2006b),
Li et al. (2007)

Zhang et al. (2009)

Hill et al. (2009),
Mian et al.
(2008b)

Zhang et al. (2010)

Zhang et al. (2009)

Jun et al. (2012)
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Table 2 Virulence of soybean aphids on plants with Rag/ and
Rag?2 soybean resistance genes

Biotype = Soybean resistance gene Reference

None Ragl Rag?2
1 + - — Hill et al. (2004b)
2 + + — Kim et al. (2008b)
3 + —/+* + Hill et al. (2010)

* A susceptible response was observed by biotype 3 in choice
tests and a resistant response in no-choice tests

in choice and non-choice experiments (Kim et al.
2008b). Results of the tests indicated that the Ohio
isolate was a distinct biotype, now called biotype 2
(Hill et al. 2009, 2010) differing from the aphid isolate
collected in Illinois, now called biotype 1, that was
used to identify and map Rag!. The biotypes could be
distinguished by their differential virulence on plants
possessing Ragl. Biotype 2 developed dense colonies
on plants with Ragl. In contrast, biotype 1 did not
colonize plants with Ragl. The serendipitous discov-
ery of biotype 2 was surprising because the resistance
gene had not yet been deployed in soybean production.
Another soybean aphid biotype was also recently
identified (Hill et al. 2010), named biotype 3, that was
distinguished by its virulence on plants with Rag2, but
colonized plants with other resistance genes as well. A
summary of the virulence of the three documented
soybean aphid biotypes on plants with Rag/ and Rag2,
or without the genes is presented in Table 2.

Discovery of soybean aphid biotypes before aphid
resistant cultivars were deployed in production indi-
cates a high potential for soybean aphid populations to
rapidly adapt to resistance genes. This suggests that
the effectiveness of deployed soybean aphid resistance
genes, especially those expressing antibiosis-type
resistance, could be short-lived in soybean production
fields. Resistance gene adaptation has become a major
concern to soybean breeders engaged in developing
new soybean aphid resistant cultivars. It is probable
that new soybean aphid biotypes will be identified as
new soybean resistance genes are discovered and
challenged with different aphid isolates. New sources
of resistance may need to be continually sought and
introduced into soybean to stay ahead of the ability of
the aphid to adapt to host resistance genes.

However, the actual risk of soybean aphid resis-
tance gene adaptation is uncertain at present because
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knowledge on the number and distribution of soybean
aphid biotypes and their ability to survive and multiply
is limited at present. Using a detached leaf bioassay,
samples of aphids collected from different fields in
Kansas, Ohio, and South Dakota were screened for
virulence on soybean genotype Jackson (Michel et al.
2010). Moderate virulence on Jackson was found in
Ohio, low virulence in Kansas, and only Jackson-
avirulent aphids were found in South Dakota. More
extensive sampling and testing is needed to assess the
geographic virulence variability of soybean aphids in
North America.

In contrast to the soybean aphid, it took several
years after the Russian wheat aphid was found in the
USA before biotypic variation was first discovered
(Burd et al. 2006; Haley et al. 2004; Smith et al. 2004).
Other secondary weedy grass hosts may have aided the
evolution of Russian wheat aphid biotypes, as was
found with greenbug (Anstead et al. 2003), Schizaphis
graminum (Rondani), another important economic
aphid pest of cereal crops. Several greenbug biotypes
have been identified and their virulence characterized
(Burd and Porter 2006). It is interesting to note that the
most virulent isolates of greenbug were collected from
non-cultivated hosts, which serve as a bridge host
between winter wheat crops and are also important for
aphid sexual reproduction. Although a few cultivated
legume hosts, such as scarlet runner bean, Phaseolus
coccineus L., and Trifolium species, were colonized by
soybean aphids in greenhouse tests, with significantly
lower populations than on susceptible G. max geno-
types (Hill et al. 2004a), there are no reports of
soybean aphid colonization in those crops in the field
nor of additional secondary hosts. However, new
biotypes in the soybean aphid may arise through
sexual recombination on its primary host. Indeed,
biotype 3 was found on Frangula alnus, the glossy
buckthorn, which was previously not thought to be an
important sexual host (Hill et al. 2010). Thus, the
soybean aphid may not only be evolving new biotypes
attacking specific soybean genotypes, but appears to
also be adapting to new over-wintering hosts.

The basis for the interaction between the Russian
wheat aphid and its host plants is thought to involve
gene-for-gene interaction similar to that found
between plants and plant pathogens (Flor 1971),
involving an elicitor/effector from the aphid that is
specifically recognized by a protein in the host plant,
resulting in a cascade of biochemical defense
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responses (Botha et al. 2005). The gene-for-gene
model has also been proposed for the tomato-potato
aphid system (Kaloshian 2004). With the results of
microarray analysis demonstrating the response of
defense-related genes (Li et al. 2008), cloning of NBS-
LRR resistance genes (Kim and Diers 2009; Kim et al.
2010), and the identification of biotypes (Hill et al.
2010; Kim et al. 2008b), supporting evidence for a
gene-for-gene interaction between soybean and the
soybean aphid appears to be accumulating.

On-going and future research

Research to identify and map virulence genes in the
soybean aphid is one of our current projects and results
will significantly increase our understanding of the
interaction between soybean resistance genes and
aphid virulence genes. Additionally, molecular mark-
ers flanking aphid virulence genes identified in this
research could be used to diagnose virulence potential
in soybean aphid samples and facilitate the intelligent
deployment of soybean resistance genes in geographic
regions where they would be most effective. This
effort will be aided through sequencing the soybean
aphid genome and transcriptomes of soybean aphid
biotypes. On-going collaborations to complete the
sequencing projects will facilitate the development of
new molecular markers to complement markers
developed by other research groups (Bai et al. 2010).

Potential roles of endosymbionts and gut bacteria in
soybean aphid fitness and virulence need to be inves-
tigated. There is increasing evidence that these organ-
isms may be involved in a tritrophic interaction with
their aphid hosts and host plants (Francis et al. 2010;
Tagu et al. 2008; Tsuchida et al. 2004; Walling 2000)
and a nematode with a plant host (Cortada et al. 2011).

Research to improve the durability of genetic
resistance in soybean through stacking of resistance
genes is also underway. Identification and mapping of
additional antixenosis-type resistance genes (Jun et al.
2012), may also facilitate development of increased
resistance durability in soybean because that type of
resistance may reduce selection pressure on soybean
aphids that promotes adaptation on resistance genes by
allowing limited colonization.

Currently, the interaction among different compo-
nents of integrated management of the soybean aphid,
such as use of host resistance, biological control, and

chemical applications is unknown. Knowledge of
potential negative or positive interactions among com-
ponents will improve soybean aphid IPM and could
increase the durability of resistance genes, insecticides,
and biological control agents over time. Studies on the
interaction between soybean aphid parasitoids with host
resistance have begun (Ragsdale et al. 2011).
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