
Abstract The soybean aphid, Aphis glycines

Matsumura, is a pest of soybean [Glycine max

L. (Merrill)] in Asia, and its recent establishment

in North America has led to large, recurring

outbreaks that have challenged pest management

practitioners there to seek environmentally

responsible means for its control. Growth-cham-

ber experiments were conducted to determine

and characterize host-plant resistance among

several soybean accessions. Soybean plants were

first screened for resistance by rating the popula-

tion growth of A. glycines in two tests. All plants

of PI 230977 and 25% of PI 71506 plants were

resistant (£100 aphids per plant) in the first

screening test. All ‘Dowling’, PI 71506 and PI

230977 were resistant (£150 aphids per plant), and

50% of plants of line ‘G93-9223’ were resistant in

the second test. Follow-up experiments showed

that antixenosis was a modality of resistance

based on reduced nymphiposition by A. glycines

on Dowling, PI 230977 and PI 71506 in no-choice

tests and on fewer numbers of A. glycines on

Dowling, PI 230977, PI 71506 and G93-5223 in

distribution tests. Antixenosis in Dowling and PI

230977 was stronger in the unifoliolate leaves

than in other shoot structures, whereas distribu-

tion of A. glycines within plants of PI 71506 and

G93-5223 suggested comparable suitability be-

tween unifoliolate leaves and other shoot struc-

tures of these accessions. Antibiosis to A. glycines

was evident as a lower proportion of aphids that

reproduced on PI 230977 and from fewer progeny

on PI 230977 and Dowling than on 91B91. The

number of days from birth to reproduction by A.

glycines did not differ among accessions. Results

confirmed Dowling and PI 71506 as strong

sources of resistance to A. glycines. The levels

of antixenosis and antibiosis to A. glycines in PI

230977 and antixenosis to A. glycines in G93-9223

suggest that these accessions may also be valuable

to soybean breeding programs as sources of

resistance.
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Introduction

The soybean aphid, Aphis glycines Matsumura, is

a soybean pest native to Asia (Wang et al. 1996).

It was discovered infesting U.S. soybean fields

in summer 2000 and has spread over a

substantial portion of soybean-producing areas

in North America (Venette and Ragsdale 2004).

A. glycines has become a principal pest in infested
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areas, as large populations develop on plants and

cause yield loss (Myers et al. 2005). In addition to

causing direct physiological damage by feeding,

A. glycines transmits soybean mosaic virus and

other viruses to soybean plants (Clark and Perry

2002; Domier et al. 2003). Large, recurring

outbreaks of soybean aphid in North America

have challenged pest management practitioners

to devise environmentally responsible means of

protecting soybeans (Rutledge et al. 2004). Cur-

rently, insecticides are recommended as an imme-

diate measure against soybean aphid until other

management approaches, such as host-plant resis-

tance, can be evaluated and developed (Rutledge

et al. 2004).

Plant resistance is often the hub of an inte-

grated pest management program for insect pests

(Panda and Khush 1995; Wiseman 1998, 1999),

and thus there is need to develop soybean

varieties that are resistant to A. glycines. New

sources of resistance should be categorized to

understand the effect on the target insect and to

optimize their development and use in cultivars

(Panda and Khush 1995). The three basic cate-

gories of host-plant resistance are antixenosis,

antibiosis, and tolerance (Kogan and Ortman

1978; Painter 1951; Smith 2005). Antixenosis and

antibiosis are measured in terms of aphid

responses to host plants, whereas tolerance is

measured as differential responses among host

plants to specific levels of aphid infestation.

Antixenosis deters or reduces colonization by

insects, whereas antibiosis causes adverse effects

on insect life history. Tolerance is the ability of a

plant to grow and reproduce despite supporting

an infestation that would limit growth and repro-

duction of a susceptible host.

Sources resistant to A. glycines have recently

been identified, with antibiosis and antixenosis as

resistance modalities. Hill et al. (2004) reported

resistance to A. glycines in several soybean

accessions, including ‘Dowling’, ‘Jackson’, ‘Sugao

Zarai’ and the plant introduction line (PI) 71506.

Hill et al. (2004) and Li et al. (2004) showed that

cultivars Dowling, Jackson, and Sugao Zarai

possess antibiosis to A. glycines, and Hill et al.

(2004) characterized PI 71506 as antixenotic. Hill

et al. (2004) also noted that PI 230977 was

resistant to A. glycines in a choice test, but did

not further characterize its resistance. Mensah

et al. (2005) identified resistance PI 567541B and

PI 567598B as antixenotic, and showed that PI

567543C and PI 567597C have antibiosis resis-

tance to A. glycines.

Because of the limited information on A.

glycines-resistance in PI 230977, additional testing

with it and related lines is warranted. PI 71506 is a

grandparent and PI 230977 is a great-grandparent

of lines used in F4-derivation, respectively, of the

cultivar ‘Ripley’ (Cooper et al. 1990) and the

advanced soybean line ‘G93-9223’ (Luzzi et al.

1997). We are unaware of any information about

resistance to A. glycines in Ripley and G93-9223.

However, adapted germplasm, such Ripley and

G93-9223, is generally more useful in breeding

programs, and thus testing for A. glycines-resis-

tance in these two lines is needed. The objectives

of this study were to characterize the type of

resistance to A. glycines in the progenitor lines PI

71506 and PI 230977 and two cultivars derived

from them (G93-9223 and Ripley).

Materials and methods

We conducted experiments with the soybean

accessions listed in Table 1. We performed four

types of growth-chamber experiments to deter-

mine resistance to A. glycines among soybean

accessions. The first experiment was used to

screen accessions for resistance by rating popula-

tion growth of A. glycines on plants. Three types

of follow-up experiments were conducted to

characterize resistance responsible for differences

in population growth of A. glycines observed

among accessions. In follow-up experiments, only

six accessions were used, with Dowling as an A.

glycines-resistant control, ‘91B91’ as the suscep-

tible control, and PI 71506, PI 230977, G93-9223,

and Ripley as other test entries. All experiments

were conducted at the North Central Agricultural

Research Laboratory, Brookings, SD, USA.

Plant accessions and aphids

Experimental plants were prepared by placing

two seeds of an accession into an 8.5-cm square

plastic pot filled with a 2:1:1 mixture of soil
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(fine-loamy, mixed Calcic Hapludolls), perlite,

and coarsely ground coconut shells (Coir, J.R.

Johnson Supply Inc., Roseville, MN, USA). One

week after planting, pots were thinned to one

seedling each based on uniform seedling growth.

One plant of each accession was placed into a

26.5-cm · 51-cm plastic flat for a total of seven to

nine accession plants per flat. Each flat was used

as an experimental block, with experiments set up

in a randomized complete block design with at

least seven blocks (replications). Experiments

commenced by placing A. glycines by artist’s

brush onto the abaxial surface of expanding

unifoliolate leaves of 2-week-old plants (interme-

diate VC stage; Pedersen 2004), and they were

run under a 16:8::L:D photoregime and

22�C:18�C::L:D temperature range.

All A. glycines used in the experiments were

obtained from a virus-free, multiclonal stock

colony maintained on soybean variety ‘Asgrow

0801’ (Monsanto Corp., St Louis, MO, USA)

plants in growth chambers (16:8::L:D photore-

gime with 22�C:18�C::L:D temperature range) at

our laboratory. The aphid colony was established

by collecting aphids from a soybean field in

Brookings County, SD, USA, in summer 2002

and re-stocked with aphids in summer 2005.

Field-collected aphids were caged and checked

every few hours, with neonate offspring deposited

within the first 30 h transferred to non-infested

plants to ensure that colony plants were free of

aphid-transmitted plant virus. Infested colony

plants were maintained 3–4 weeks, and then

infested shoots were cut and transferred to non-

infested, 2-week-old soybean plants to maintain

the colony.

Rating the population growth of Aphis

glycines

Population-growth experiments were conducted

with tested seven to nine accessions at a time, and

commenced by placing five A. glycines on the

underside of each unifoliolate leaf (ten aphids per

individual accession plant). This was a choice test,

as aphids were not caged on plants. After 14 days,

A. glycines populations were evaluated on each

plant. In the first test, individual plants were rated

as resistant if they had £100 aphids (categories 1

and 2 of Hill et al. 2004). In that test, aphid

response was generally bimodal, with individual

plants either having about 100 aphids or having

distinctly >>100 aphids. However, plants with

slightly >100 aphids were not rated as resistant,

and their potential for meaningful resistance to A.

glycines could have been missed. Thus, the cutoff

of the rating scale was raised to 150 A. glycines

per plant in the second screening test to include

accession plants with slightly >100 A. glycines as

resistant. Data for population ratings were placed

in a frequency table and analyzed for differences

among accessions using a two-tailed, Fisher’s

Table 1 Soybean accessions used in host-plant-resistance experiments with Aphis glycines

Accession Comments

Pioneer 91B91 Pioneer Hi-Bred International Inc., Johnston, IA, USA; favorable to substantial population growth of
A. glycines (Beckendorf 2005)

Williams 82 Susceptible to A. glycines (Hill et al. 2004)
Dowling Pedigree: Semmes · PI 200492 (adapted from NGRP 2006); antibiosis (Hill et al. 2004) and antixenosis

(Li et al. 2004) to A. glycines
PI 71506 Antixenosis to A. glycines (Hill et al. 2004)
PI 230977 Resistant to A. glycines (Hill et al. 2004)
G93-9223 (PI

595099)
Pedigree: F4-derived line from G83-559 · (G80-1515(2) · PI 230977) (NGRP 2006; Luzzi et al. 1997)

Ripley Pedigree: F4-derived line from Hodgson · (York · PI 71506) (NGRP 2006; Cooper et al. 1990)
Early Sunrise Also known as ‘FC 32141’; pureline adapted to South Dakota, USA (NGRP 2006)
Manchukota Selection from ‘Manchu’ adapted to South Dakota, USA (NGRP 2006)
S19-V2RR Syngenta Inc., Wilmington, DE, USA
S24-K4RR Syngenta Inc., Wilmington, DE, USA
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Exact Test (Zar 1998; PROC FREQ feature, SAS

Institute 2002).

Distribution of aphids within and among

plants

Based on observations of the distribution of A.

glycines among test accessions in the population-

growth tests, we hypothesized that aphids initially

placed on unifoliolate leaves would differentially

distribute themselves by remaining on or moving

off of unifoliolate leaves and that patterns in their

distribution on shoot structures would vary by

accession and time. To test this, we placed five

adult or third-instar A. glycines per each unifo-

liolate leaf (ten aphids per plant) without caging

on the various accessions. The aphids were not

caged, and thus were free to redistribute them-

selves on the test plants. Accessions were ran-

domized and appeared once within each of ten

replicate blocks. At 24 and 48 h after infesting,

separate counts of adult aphids were made on the

unifoliolate leaves and on the remaining shoot of

each plant. A categorical log-linear model (Ag-

resti 1990; PROC CATMOD feature, SAS Insti-

tute 2002) was used to analyze the effects of

accession, shoot structure, and time and their

interactions on the counts of A. glycines per

plant.

No-choice nymphiposition

We hypothesized that differences in the popula-

tion growth of A. glycines among accessions

stemmed, at least in part, from differential nym-

phiposition by A. glycines. To test this, we

performed two, no-choice nymphiposition tests

in which A. glycines were confined by clip cages

similar to those used by Hill et al. (2004) and

Puterka and Peters (1988). The cages were made

from plastic tubing (12 mm i.d., 12 mm long) and

steel tension-clips (4.6 mm long; Hairart, Gar-

dena, CA, USA). The tubing was glued to a

perpendicularly bent clip prong. One end of the

tube was covered with fine mesh screen (150-lm

openings; BioQuip, Rancho Dominguez, CA,

USA), and the other was glued to a fiber washer

(0.9 mm i.d., 19 mm o.d.). This washer had been

glued to a similarly shaped piece of 1-mm thick

felt, and another washer was glued to the inner

surface of the other clip prong to align with the

felt and opposite washer. Aphids used in the test

were selected arbitrarily from colony plants, and

not necessarily uniform in age. They were trans-

ferred by small brush from colony plants to

accession plants. Aphids were caged for 24 h

(three adults) or 48 h (five adults), respectively,

on an accession plant. At the end of each test

period, the number of nymphs (alive and dead)

per plant was counted and subjected to analysis of

variance (PROC ANOVA feature; SAS Institute

2002).

Developmental time and number of progeny

This experiment was a continuation of the 24-h,

no-choice nymphiposition test, and was used to

test whether accessions affected (1) the number of

days from birth to onset of reproduction and (2)

the number of nymphs produced by individual

A. glycines in the first 7 days of adulthood. After

the number of nymphs per leaf was tallied for the

initial 24-h nymphiposition period, aphids were

thinned to one neonate per plant and re-caged.

Beginning 5 days later, plants were checked daily

for reproductive maturity of the remaining caged

aphid. The number of A. glycines and the time

(in days) to reach reproductive maturity was

recorded. When reproduction began, second-

generation neonates were counted and removed

daily over a 7-day period. For some accessions,

several nymphs did not survive to reproduce.

Because of missing values for aphids that did not

reach reproductive maturity, the number of days

to reproduction was analyzed by a chi-square test

of mean values for each accession (Zar 1998). If

aphids failed to complete 7 days of reproduction,

the number of second-generation nymphs was

recorded as zero on days which the adult aphid

was absent. Analysis of variance (PROC ANO-

VA) was used to test the effect of accession on

the number of nymphs deposited over 7 days.

Following a significant ANOVA (a = 0.05),

means for a response variable were separated by

accession using Tukey’s honest significant differ-

ence (Zar 1998). Because some accessions had a

low proportion of aphids reach reproductive

maturity, Fisher’s Exact Test was used to
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determine the probability of observing the distri-

bution in survival of aphids among accessions.

This was followed by a Tukey-type multiple

comparison test (a = 0.05; Zar 1998) to compare

the proportion of plants in which aphids reached

reproductive maturity among accessions.

Results

Rating the population growth of

Aphis glycines

Frequencies in the ratings of aphid population

growth differed among accessions in both tests

(Table 2; P < 0.001, Fisher’s Exact Test). In the

first test, 100% of PI 230977 plants and 25% of PI

71506 plants were rated as resistant to aphid

population growth (£100 A. glycines per plant);

other accessions had no plants rated as resistant.

In the second test, three accessions (Dowling, PI

71506, PI 230977) had 100% of plants rated as

resistant to population growth of A. glycines

(£150 aphids per plant), and 50% of G93-9223

plants were rated as resistant. Other soybean

accessions had no plants rated as resistant, as

numbers of A. glycines were much >150 per plant.

Distribution within and among plants

The numbers of A. glycines on soybean plants

differed by accession, shoot structure, and the

accession · shoot structure and shoot struc-

ture · time interactions (Table 3). Across acces-

sions, A. glycines were distributed more on

unifoliolate leaves than other shoot structures

(stems and trifoliolate leaf), but the difference

decreased over time. At 24 h, there were 5.1 ± 2.8

aphids per unifoliolate pair vs 3.1 ± 2.8 aphids on

other shoot structures, whereas 48 h after infesta-

tion, there were 4.3 ± 3.1 aphids per unifoliolate

pair vs 3.2 ± 2.1 aphids on other shoot structures.

Figure 1 illustrates that the numbers of A. gly-

cines differed markedly among accessions and

between the two categories of shoot structures

(unifoliolate leaves vs stems and trifoliolate leaf).

The relatively low numbers of A. glycines on the

shoots of PI 71506, G93-9223, Dowling and PI

230977 showed that plants of these accessions

were antixenotic. A. glycines generally accepted

placement on unifoliolate leaves of accessions

91B91 and Ripley, whereas distribution of aphids

on other accessions showed that unifoliolate

leaves were roughly equally (PI 71506 and G93-

9223) or less acceptable (Dowling and PI 230977)

to A. glycines compared to the stem and emerging

trifoliolate leaf.

Table 2 Proportion of soybean accessions rated as
resistant to Aphis glycines 2 weeks after initial infestation
with ten aphids per plant

Accession Proportion resistanta

Test 1 Test 2

91B91 0.00 0.00
PI 71506 0.25 1.00
PI 230977 1.00 1.00
Dowling –b 1.00
G93-9223 0.00 0.50
Ripley 0.00 0.00
Early Sunrise 0.00 –
Manchukota 0.00 –
S19-V2RR 0.00 –
S24-K4RR 0.00 –
Williams 82 – 0.00

aFrequencies of plants rated as aphid resistant were not
equal among accessions in each test (P < 0.001, Fisher’s
Exact Test). Test 1—resistant if < 100 A. glycines per plant
(n = 8); test 2— < 150 A. glycines per plant (n = 8)
b Not included in test

Table 3 Sources of variation in numbers of Aphis glycines
per plant: distribution test

Source df v2 P value

Accession 5 16.63 0.005
Shoot structurea 1 14.70 0.001
Timeb 1 1.64 0.201
Accession · shoot structure 5 154.24 <0.001
Accession · time 5 6.23 0.285
Shoot structure · time 1 4.71 0.030
Three-way interaction 5 2.41 0.790

Results from analysis categorical log-linear model
(adapted from Agresti 1990; PROC CATMOD feature,
SAS Institute 2002)
a Unifoliolate leaves vs stem and emerging trifoliolate leaf
b At 24 and 48 h after infestation with ten A. glycines per
unifoliolate leaves

Euphytica

123



No-choice nymphiposition

In the first test, the number of nymphs deposited

over 48 h differed among accessions (Table 3;

F = 11.40; df = 5, 24; P < 0.001). A. glycines

deposited fewer nymphs on Dowling, PI 71506,

and PI 230977 than on 91B91 and Ripley. The

number of nymphs on G93-9223 did not differ

from that on other accessions.

In the second test, the number of nymphs

deposited over 24 h differed among accessions

(Table 4; F = 8.38; df = 5, 43; P < 0.001). A.

glycines deposited fewer nymphs on Dowling

and PI 230977 than on 91B91, G93-9223, and

Ripley. The number of nymphs on PI 71506 did

not differ from that on other accessions.

Developmental time and number of progeny

The number of A. glycines reaching reproductive

maturity differed among accessions (Fisher’s

Exact Test, P < 0.001). A lower proportion of

A. glycines reached reproductive maturity on PI

230977 than on 91B91, G93-9223, and PI 71506

(Table 5); a smallr proportion of aphids matured

on Dowling than on PI 71506. The mean number

of days to reproductive maturity for A. glycines

did not differ among accessions (v2 = 4.06; df = 1;

P = 0.54). Accessions differed in the number of

nymphs that A. glycines produced in the first 7

days of reproduction (F = 15.03; df = 5, 43;

P < 0.001), with fewer A. glycines progeny on

Dowling and PI 230977 than on 91B91, Ripley,

and PI 71506 (Table 5). The number of nymphs

produced on G93-9223 did not differ from that on

other accessions.

Discussion

The results of our screening tests are consistent

with a high level of resistance to A. glycines in

soybean accessions Dowling and PI 230977

reported by Hill et al. (2004). We also found that

PI 71506 was resistant to A. glycines, particularly

when the resistance ratings included infestations

up to 150 aphids per plant. In contrast, Hill et al.

(2004) found that PI 71506 was highly resistant to

A. glycines. The differences between our results

and those of Hill et al. (2004) with regard to PI

71506 are unknown, but may have stemmed from

different aphid test populations or perhaps their

use of shorter test periods (<14 days). Our
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Fig. 1 Number of Aphis
glycines on unifoliolate
leaves vs stems and
trifoliolate leaf of various
soybean accessions. Bars
represent the mean
number of aphids counted
at 24 and 48 h after initial
infestation with ten
A. glycines per plant
(n = 9). Sums for each
pair of bars per accession
may not equal 90 aphids
due to abandonment of
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Table 4 Number of nymphs deposited over 48 h by five
apterous Aphis glycines per plant caged on various
soybean accessions

Accession Mean ± SE

91B91 13.0 ± 1.5 a
Dowling 3.8 ± 1.3 b
PI 71506 8.1 ± 0.5 b
PI 230977 3.7 ± 0.6 b
G93-9223 8.2 ± 1.3 ab
Ripley 13.0 ± 1.5 a

Euphytica

123



screening also showed that 50% of accession G93-

9223 plants were A. glycines-resistant when rated

using an expanded resistance scale. PI 71506 and

G93-9223 had some test plants that were charac-

terized as resistant and others that were not. The

lack of uniformity in resistance ratings may have

arisen for two reasons. First, there is often rather

large, general variability inherent in plant intro-

ductions such as PI 71506 and that variability is

often preserved while such accessions are main-

tained in governmental and other institutional

seed storage and preservation facilities (Smith

2005). Second, to our knowledge, neither PI

71506 nor G93-9223 had previously been selected

for resistance to A. glycines, and thus susceptible

plants of each accession could be expected.

The screening tests identified lines resistant to

population growth of A. glycines, but further tests

were conducted to determine whether the resis-

tance was due to antixenosis, antibiosis, or both

modalities. Antixenosis may be measured by

choice or no-choice tests (Harris 1980). Choice

tests determine the relative suitability of hosts as

sites for feeding, shelter, progeny deposition, etc.,

whereas no-choice tests determine the inherent

suitability of a resistant candidate as a host

(Harris 1980). The no-choice nymphiposition

tests in our study revealed Dowling, PI 230977,

and PI 71506 are less suitable hosts for nymphi-

position by A. glycines. In some cases, a decreased

rate of nymphiposition may be classified as

antibiosis, largely because the host plant on which

the mother aphid developed may have adversely

affected its fecundity (Adams and van Emden

1972; Smith 2005). However, the A. glycines used

in our nymphiposition tests had been reared on a

suitable host (Asgrow 0801), and thus diminished

nymphiposition on particular accessions was a

behavior indicating unsuitability (i.e., antixenosis)

of the plant host.

Antixenosis was also evident from the fewer

numbers of A. glycines on Dowling, PI 230977, PI

71506, and G93-5223 in the distribution test. The

A. glycines in our tests may have been differen-

tially distributed between unifoliolate leaves and

other shoot tissue, in part, because of a preference

for younger shoot tissue, but the overall decrease

in aphid numbers on Dowling, PI 230977, PI

71506, and G93-5223 suggests that antixenosis

was a factor in these accessions. Moreover, the

expression of antixenosis in the shoot structures

of Dowling and PI 230977 differed from that in PI

71506 and G93-5223. The distribution of A.

glycines within plants of PI 71506 and G93-5223

suggested that the expression of antixenosis was

comparable between unifoliolate leaves and other

shoot structures of these two accessions. This

contrasted with results for Dowling and PI 230977

in which antixenosis was stronger in the unifoli-

olate leaves than in other shoot structures based

on the differences in aphid numbers. Hill et al.

(2004) also demonstrated antixenosis to A. gly-

cines in Dowling and PI 71506. Li et al. (2004)

found that A. glycines departed from the trifoli-

olate leaves of Dowling 8–24 h after being placed

on them, but comparisons between unifoliolate vs

Table 5 Performance of Aphis glycines caged on unifoliolate leaves of various soybean accessions

Accession Nymphs deposited within 24 h
of infestation (mean ± SE)a

Proportion of aphids
maturing to reproductionb

Days to
reproduction
(mean ± SE)a

Second-generation nymphs
produced (mean ± SE)a

91B91 3.2 ± 0.4 a 0.75 ab 6.3 ± 0.2 a 19.8 ± 3.7 a
Dowling 1.0 ± 0.0 b 0.29 bc 8.0 ± 1.0 a 2.4 ± 2.1 b
PI 71506 2.4 ± 0.4 ab 1.00 a 7.4 ± 0.4 a 13.7 ± 1.7 a
PI 230977 1.4 ± 0.3 b 0.18 c 6.0 ± 3.0 a 0.5 ± 0.3 b
G93-9223 4.0 ± 0.4 a 0.78 ab 6.6 ± 0.2 a 9.4 ± 2.1 ab
Ripley 3.7 ± 0.5 a 0.67 abc 6.8 ± 0.3 a 13.2 ± 3.0 a

a Means ± SE within a column not followed by the same letter are significantly different. (Nymphs in 24 h: F = 8.38; df = 5,
43; P < 0.001, Tukey’s HSD test; days to reproduction: v2 = 4.06; df = 5; P = 0.54; second-generation nymphs: F = 15.03;
df = 5, 40; P < 0.001, Tukey’s HSD test.)
b Proportions not followed by the same letter are significantly different (P < 0.05, Tukey-type multiple comparison test;
adapted from Zar 1998)
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trifoliolate leaves were not made in their study. In

tests with the corn earworm, Helicoverpa zea

(Boddie), Nault et al. (1992) found that third

instars preferred older leaves of both resistant

and susceptible soybean lines.

Antibiosis to A. glycines was apparent in

Dowling and PI 230977 from the decreased

number of progeny produced by adults that had

matured on those plants, and in PI 230977 from

the low number of aphids surviving to repro-

ductive maturity. Our results agree with Hill

et al. (2004) and Li et al. (2004), who found

strong antibiosis in Dowling due to diminished

rates of population growth, but they found high

mortality of A. glycines on caged plants. Hill

et al. (2004) found evidence for antixenosis, but

not antibiosis, to A. glycines in PI 71506. Strong

antibiosis, such as present in Dowling and PI

230977, may prevent aphids from reaching

economic damage levels and is particularly

useful to limit the secondary spread of plants

viruses by aphids within crop fields (Gibson and

Plumb 1977; Kennedy 1976).

Accessions G93-9223 and Ripley have pedi-

grees that include lines resistant to A. glycines.

However, resistance to A. glycines was not

apparent in our tests with Ripley, and resistance

in G93-9223 was modest compared to its ancestor,

PI 230977. Nonetheless, modest levels of resis-

tance in G93-9223 may still effectively limit aphid

infestations, particularly if complemented with

other aphid management approaches such as

biological control. Given this, and that G93-9223

is an improved breeding line, it may prove useful

in programs to breed for A. glycines resistance.

Our study was restricted to evaluating antixe-

nosis and antibiosis against A. glycines. Tolerance

is an additional resistance modality that allows

growth or yield of host plants when challenged

with insect infestations that would significantly

limit susceptible accessions (Panda and Khush

1995; Smith 2005). However, antixenosis and

antibiosis are such dominant modalities in Dow-

ling and PI 230977 that maintaining sufficient

infestation levels of A. glycines to test for toler-

ance is impractical with these accessions. How-

ever, the lack of antibiosis resistance in PI 71506

and G93-9223 may allow sufficient numbers of A.

glycines to be caged on plants for tolerance

testing. We suggest that future studies test for

tolerance in PI 71506 and G93-9223.

There are now several sources of soybeans that

have been identified with resistance to A. glycines

(Hill et al. 2004; Li et al. 2004; Mensah et al. 2005;

our data). The resistance to A. glycines is

controlled by a single dominant gene (Rag1) in

Dowling and Jackson (Hill et al. 2006a, b). The

other A. glycines-resistant sources should be

compared to understand the genetics and molec-

ular biology of resistance in order to determine

whether common genes for aphid resistance occur

among accessions (Hill et al. 2004). This infor-

mation is particularly important to develop effec-

tive strategies for the sustainable use of aphid-

resistant lines because crop resistance to aphids

from single genes has often been overcome by

virulent biotypes within only a few years (Panda

and Khush 1995; Smith 2005).

Nonetheless, the resistance found in PI 230977,

Dowling, Jackson, and various other soybean

accessions offers great potential for management

of A. glycines. For instance, protection from A.

glycines by the resistance manifested in Dowling

was comparable to protection afforded by insec-

ticide treatment of soybean plants in a field-cage

experiment (Hill et al. 2004). PI 230977 showed a

comparable level of resistance to Dowling (our

data; Hill et al. 2004) and other highly resistant

accessions (Hill et al. 2004). Thus, the deployment

and proper management of cultivars with resis-

tance to A. glycines has the potential to greatly

reduce the frequency of aphicide application and

the ensuing economic and environmental costs in

soybean production systems.

Acknowledgments Eric Beckendorf, David Mills, Joshua
Pedro, and Ryan Rubbelke provided technical assistance.
Paul Evenson, Mark West, and Michael Lehman provided
advice regarding statistical analyses. The National
Soybean Collection, USDA-ARS, and Michael Catangui,
South Dakota State University, supplied seed of some
soybean accessions. Kelley Tilmon, Roy Scott, Eric
Beckendorf, and Lauren Hesler graciously reviewed
drafts of this paper. The article reports the results of
research only. Mention of a trademark or a proprietary
product does not constitute a guarantee or warranty of the
product by the USDA and does not imply its approval to
the exclusion of other products that may also be suitable.

Euphytica

123



References

Adams JB, van Emden HF (1972) The biological proper-
ties of aphids and their host plant relationships. In:
van Emden HF (eds) Aphid technology. Academic,
London, pp 48–104

Agresti A (1990) Categorical data analysis. Wiley, New
York

Beckendorf EA (2005) Soybean aphid Aphis glycines
Matsumura (Homoptera, Aphididae) in South Dako-
ta: impact on soybean Glycine max (L.) Merrill
(Fabales, Fabaceae) development and yield. Master’s
thesis, South Dakota State University

Clark AJ, Perry KL (2002) Transmissibility of field isolates
of soybean viruses by Aphis glycines. Plant Dis
86:1219–1222

Cooper RL, Martin RJ, McBlain BA, Fioritto RJ, St.
Martin SK, Calip-DuBois A, Schmitthenner AF
(1990) Ripley soybean. Crop Sci 30:963

Domier LL, Latorre IJ, Steinlage TA, McCoppin N,
Hartman GL (2003) Variability and transmission by
Aphis glycines of North American and Asian Soybean
mosaic virus isolates. Arch Virol 148:1925–1941

Gibson RW, Plumb RT (1977) Breeding plants for
resistance to aphid infestation. In: Harris KF, Mara-
morosch K (eds) Aphids and virus vectors. Academic,
New York

Harris MK (1980) Arthropod–plant interactions related to
agriculture, emphasizing host plant resistance. In:
Harris MK (ed) Biology and breeding for resistance
to arthropods and pathogens in agricultural plants.
Texas Agricultural Experiment Station, Texas A&M
University, College Station, and Agency for Interna-
tional Development, University of California, Berke-
ley, pp 23–51

Hill CB, Li Y, Hartman GL (2004) Resistance to the
soybean aphid in soybean germplasm. Crop Sci 44:98–
106

Hill CB, Li Y, Hartman GL (2006a) A single dominant
gene for resistance to the soybean aphid in the
soybean cultivar Dowling. Crop Sci 46:1601–1605

Hill CB, Li Y, Hartman GL (2006b) Soybean aphid
resistance in soybean Jackson is controlled by a single
dominant gene. Crop Sci 46:1606–1608

Kennedy GG (1976) Host plant resistance and the spread
of plant viruses. Environ Entomol 5:827–832

Kogan M, Ortman EE (1978) Antixenosis—a new term
proposed to replace Painter’s ‘nonpreference’ modal-
ity of resistance. Bull Entomol Soc Am 24:175–176

Li Y, Hill CB, Hartman GL (2004) Effect of three resistant
soybean genotypes on the fecundity, mortality, and
maturation of soybean aphid (Homoptera: Aphidi-
dae). J Econ Entomol 97:1106–1111

Luzzi BM, Boerma HR, Hussy RS, Phillips DV, Tamul-
onis J, Finnerty SL, Wood ED (1997) G93-9223
soybean germplasm. Crop Sci 37:1035

Mensah C, DiFonzo C, Nelson RL, Wong D (2005)
Resistance to soybean aphid in early maturing soy-
bean germplasm. Crop Sci 45:2228–2233

Myers SW, Gratton C, Wolkowski RP, Hogg DB, Wed-
berg JL (2005) Effect of soil potassium availability on
soybean aphid (Hemiptera: Aphididae) population
dynamics and soybean yield. J Econ Entomol 98:113–
120

Nault BA, All JN, Boerma HR (1992) Influence of
soybean planting date and leaf age on resistance to
corn earworm (Lepidoptera: Noctuidae). Environ
Entomol 21:264–268

NGRP (National Genetic Resources Program) (2006) U.
S. Department of Agriculture, Germplasm Resources
Information Network, National Germplasm Re-
sources Laboratory, Beltsville. Available at http://
www.ars-grin.gov/npgs/acc/acc_queries.html. Cited 06
May 2006

Painter WH (1951) Insect resistance in crop plants.
MacMillan, New York

Panda N, Khush GS (1995) Host plant resistance to
insects. CAB International, Oxon

Pedersen P (2004) Soybean growth and development.
Publication PM 1945, University Extension, Iowa
State University, Ames

Puterka GJ, Peters DC (1988) Rapid technique for
determining greenbug (Homoptera: Aphididae) bio-
types B, C, E and F. J Econ Entomol 81:396–399

Rutledge CE, O’Neil RJ, Fox TB, Landis DA (2004)
Soybean aphid predators and their use in integrated
pest management. Ann Entomol Soc Am 97:240–248

SAS Institute (2002) SAS� Proprietary Software, version
9.1. SAS Institute Inc., Cary

Smith CM (2005) Plant resistance to arthropods. Springer,
Berlin Heidelberg New York

Venette RC, Ragsdale DW (2004) Assessing the invasion
by soybean aphid (Homoptera: Aphididae): where
will it end? Ann Entomol Soc Am 97:219–225

Wang SY, Bao XZ, Sun YJ, Chen RL, Zhai BP (1996)
Effect of population dynamics of the soybean aphid
(Aphis glycines) on soybean growth and yield. Soyb
Sci 15:243–247

Wiseman BR (1998) Assessment of soybean germplasm
for multiple insect resistance. In: Clement SL, Qui-
senberry SS (eds) Global plant and genetic resources
for insect-resistant crops. CRC, Boca Raton, pp 101–
129

Wiseman BR (1999) Successes in plant resistance to
insects. In: Wiseman BR, Webster JA (eds) Eco-
nomic, environmental, and social benefits of resis-
tance in field crops. Proc Thomas Say Publ
Entomol, Entomological Society of America, Lan-
ham, pp 3–15

Zar JH (1998) Biostatistical analysis, 4th edn. Prentice-
Hall, Upper Saddle River

Euphytica

123


	Characterization of resistance to Aphis glycines in soybean accessions
	Abstract
	Introduction
	Materials and methods
	Plant accessions and aphids
	Rating the population growth of Aphis glycines
	Distribution of aphids within and among plants
	No-choice nymphiposition
	Developmental time and number of progeny

	Results
	Rating the population growth of �Aphis glycines
	Distribution within and among plants
	No-choice nymphiposition
	Developmental time and number of progeny

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


