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Soybean aphid (Hemiptera: Aphididae)
response to lambda-cyhalothrin varies with its
virulence status to aphid-resistant soybean
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Abstract

BACKGROUND: Soybean aphid, Aphis glycines, is an invasive insect in North America, considered one of the most important
pests of soybean. Their management relies heavily on foliar insecticides, but there is growing effort to expand these tools to
include aphid-resistant varieties. We explored if the LC50 and LC25 of lambda-cyhalothrin varied between virulent (resistant to
Aphis glycines (Rag) soybeans) and avirulent (susceptible to Rag-genes soybeans) populations of soybean aphid with a leaf-dip
bioassay. We also investigated the response to the LC25 of lambda-cyhalothrin on adults (F0) and their progeny (F1) for both
avirulent and virulent soybean aphid.

RESULTS: The LC50 of the virulent aphid population was significantly higher compared with the LC50 of the avirulent population.
The LC25 significantly reduced fecundity of the F0 generation of avirulent soybean aphid, but no significant effect was observed
for virulent aphids. In addition, the LC25 significantly shortened the adult pre-oviposition period (APOP) and lengthened the
total pre-oviposition period (TPOP) of avirulent aphids, while the mean generation time (T) was significantly increased. For
the virulent aphid, sublethal exposure significantly lengthened development time of first and third instars, TPOP, and adult
longevity. In addition, all demographic parameters of virulent soybean aphid were significantly affected when they were
exposed to the LC25 of lambda-cyhalothrin.

CONCLUSION: Our results demonstrate lambda-cyhalothrin is less toxic to virulent aphids and exposure to the LC25 can trigger
hormesis, which may have implications for the long-term management of this pest with this insecticide as well as with
aphid-resistant varieties of soybean.
© 2019 Society of Chemical Industry

Supporting information may be found in the online version of this article.
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1 INTRODUCTION
Insect pests can be exposed to a plethora of chemicals, including
defensive chemicals within the host plant1 and insecticides used
for their management.2,3 Mechanisms used by insects to overcome
plant defenses and chemical insecticides may be shared, which
in turn may affect the susceptibility of insects to insecticides.4–6

Indeed, decreased susceptibility to insecticides has been observed
in several pest species due to the effect of plant allelochemicals.6–8

Conversely, host plant resistance has also been reported to inter-
fere with susceptibility of pest species to insecticides.9–11

Insects can be exposed to sublethal concentrations of insec-
ticides in several situations within agro-ecosystems. Insecticide
degradation by rainfall, temperature, and sunlight can lead to a
reduction in concentration after initial application.3 In addition,
defective spraying equipment, drift, and misapplication may also
affect the final concentration of the insecticide that the target
insect experiences.12 Furthermore, if the pest colonizes a field after
an insecticide is applied, there is a potential for sublethal exposure
as the active ingredient degrades. A sublethal concentration of
an insecticide can induce hormesis in insects, a biphasic response

phenomenon where a low dose of an insecticide may have a
stimulatory effect on population parameters, while a high dose
leads to inhibition.2,13–15 These sublethal effects can favor pest
resurgence2,15 and the development of insecticide resistance.16

Soybean aphid, Aphis glycines Matsumura (Hemiptera: Aphidi-
dae), was first detected in the USA in 200017,18 and rapidly spread
across the major soybean production areas of the North Central
USA.18 This species has a complex life cycle18 and uses soybean
as a secondary host during the summer, resulting in as many as
15 generations.19 Soybean aphid feed on phloem while residing
on soybean leaves and stems,19 reducing pods per plant, seed per
pod, individual seed weight, and, consequently, seed yield.20,21 If
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these populations are left unmanaged, soybean aphids can reduce
yield by as much as a 40%.22

Evidence of hormesis in the form of stimulatory effects on
life history traits resulting in increased longevity and fecun-
dity have been observed in numerous arthropods species,2,15

including the soybean aphid.23,24 Soybean aphids were positively
affected by sublethal exposure to imidacloprid (Group 4A)23 and
beta-cypermethrin (Group 3A).24 Net reproduction rate was sig-
nificantly higher in aphids exposed to sublethal concentrations
of imidacloprid than those in the control treatment.23 Similarly,
net reproduction rate, intrinsic rate of increase, and finite rate
of increase were significantly higher when soybean aphids were
exposed to 0.005 μg mL−1 of beta-cypermethrin compared to
unexposed aphids.24 During the first 15 years of soybean aphid
occurrence in North America (NA), the most common active ingre-
dient used was lambda-cyhalothrin (Group 3A).18 To what extent
lambda-cyhalothrin produces hormesis in soybean aphids found
in NA is not known.

Despite passing through a genetic bottle-neck common for inva-
sive species, there is evidence of genetic diversity with soybean
aphid populations found in North America.25–27 This diversity has
implications for management, in the form of phenotypic variation
to genes conferring resistance to soybean aphid, i.e. Rag-genes.27

Populations avirulent to all Rag-genes are referred to as biotype
1.28 To date, several distinct virulent biotypes have been identified
in North America29 and found throughout a multi-state region of
the USA.28 The most virulent biotype, biotype 4, is capable of sur-
viving on soybeans with one or more Rag-genes.30

The role of Rag-genes against soybean aphids is not fully
understood. Soybean isolines containing Rag1 and Rag2 genes
confer resistance to soybean aphids primarily through antibio-
sis, although antixenosis may also play a role against soybean
aphids.31 The stress caused by the feeding of the aphid on a
Rag plant induces a higher expression of genes related to the
activation of response mechanisms common in resistant plants.32

The identity of products from these genes and subsequent mech-
anisms has not been identified. Enzymatic systems in a virulent
soybean aphid have been suggested to account for their capacity
to develop on Rag-containing varieties of soybeans.33 Although
there is overlap between the mechanisms conferring pesticide
resistance and resistance to plant toxins,34 especially for general-
ists herbivores, it is unclear if this relationship exists for specialists
herbivores like the soybean aphid.

We used two distinct biotypes of soybean aphid to deter-
mine if virulence affected the aphids’ susceptibility to
lambda-cyhalothrin. Furthermore, we explored how both pop-
ulations responded to the LC25 of lambda-cyhalothrin, and
if this induced hormesis. We first determined if the LC50 for
lambda-cyhalothrin varied between virulent and avirulent soy-
bean aphids. Once we established this baseline susceptibility, we
then tested if the biotypes responded differently to their respec-
tive LC25 for lambda-cyhalothrin. We predicted that a virulent
biotype would be less susceptible to lambda-cyhalothrin and
more likely to show evidence of hormesis than avirulent biotypes.
We looked for evidence for hormesis in adults (F0) exposed to
lambda-cyhalothrin as well as their offspring (F1).

2 MATERIALS AND METHODS
2.1 Insects, plants, and insecticides
We used avirulent (biotype 1) and virulent (biotype 4) soybean
aphids that came from colonies initially collected by colleagues at

Ohio State University. At Iowa State University, these colonies were
maintained on their respective susceptible plants in growth cham-
bers [25± 2 ∘C, 50% relative humidity (RH), and a photoperiod
of 16:8 (L:D)] without exposure to insecticides. Avirulent soybean
aphids (i.e. biotype 1) were reared on the soybean genotype
LD14-8007, which does not contain Rag-genes. Virulent soy-
bean aphids (i.e. biotype 4) were reared on soybean genotype
LD14-8001 expressing both Rag1 and Rag2 genes (written as
Rag1+ 2 throughout). For the sublethal exposure bioassays, aviru-
lent and virulent aphids were reared and tested on the respective
plant genotypes that they were kept on while in these colonies.
Technical grade of lambda-cyhalothrin (active ingredient 97.7%)
was obtained from Control Solutions Inc. (Pasadena, USA).

2.2 Concentration-mortality response for virulent
and avirulent soybean aphids
A leaf-dip bioassay35 was used to assess the susceptibility of
avirulent and virulent soybean aphids to a technical formulation of
lambda-cyhalothrin. A stock solution of lambda-cyhalothrin was
prepared in analytical acetone and diluted into seven to eight
concentrations with distilled water containing 0.05% (v/v) Triton
X-100 (Alfa Aesar, Tewksbury, USA). A control treatment contained
distilled water, 0.05% (v/v) Triton X-100, and 0.01% of acetone,
equal to the concentration of acetone in the treatment with the
highest concentration of lambda-cyhalothrin.

Soybean seeds were planted in plastic pots filled with a soil
mixture [Sungro Horticulture Products, SS#1-F1P, Agawam, MA,
USA) and kept in a greenhouse (25± 5 ∘C and a photoperiod
of 16:8 (L:D)]. Plants were watered three times per week and
after emergence they were fertilized weekly with a water-soluble
formulation (Peters Excel Multi-Purpose Fertilizer, 21-5-20 NPK).
Disks (3.8-cm diameter) from first and second trifoliate leaves
were cut with a hole punch (Fiskars, Helsinki, Finland) when
plants reached the mid-vegetative stage (V4).36 Leaf disks were
manually submerged with gentle agitation in a treatment solution
for 10 s and then allowed to air dry, abaxial side up on a paper
towel. Subsequently, leaf disks were placed with their abaxial
surface downward onto 29.6-mm plastic souffle cups (Choice
Paper Company, New York, USA) containing 1% w/v agar (Bacto™
Agar, Becton, Dickinson and Company, Franklin Lakes, USA) prior to
congealing. Each cup was filled with approximately 20 mm of agar,
leaving 10 mm to the top of the cups. A drop of distilled water was
added to the agar bed to increase leaf disk adherence.

We selected apterous, mixed-age adult aphids from our colonies
and transferred them to the bottom of Petri dishes containing filter
paper moistened with distilled water. We randomly selected 20
uninjured aphids from these Petri dishes, transferring them onto
a leaf disk. Each cup was sealed with a close-fitting, ventilated
lid. Cups were stored in a growth chamber [25± 2 ∘C, 70% RH
and 16:8 (L:D)]. Assessment of mortality was performed after 24
and 48 h and data from 48 h post treatment was used to estimate
the LC50. Aphids unable to right themselves within 10 s after they
were turned on their backs were considered dead.35,37 Each cup
contained 20 aphids and was considered an experimental unit, and
each concentration of lambda-cyhalothrin and the control was
replicated three times.

2.3 Effects of LC25 of lambda-cyhalothrin on F0 generation
The leaf-dip bioassay was used to determine the effects of
lambda-cyhalothrin on both virulent and avirulent soybean
aphids. We used data collected in the previous section to estimate
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Table 1. Concentration–mortality response and corrected mortality of both virulent and avirulent adult Aphis glycines to lambda-cyhalothrin

Population Slope± SEa LC50 (95% CI )b LC25 (95% CI ) 𝜒2 (df )c Mortality (%)d

Avirulent 2.20 ± 0.654 0.40 (0.23–0.57) b 0.25 (0.07–0.41) 9.30 (6) 23.70
Virulent 2.77 ± 0.480 0.78 (0.67–0.88) a 0.53 (0.40–0.64) 10.35 (5) 25.05

a SE, standard error.
b LC50 values designated by different letters within a column are significantly different from each other through non-overlap of 95% confidence
intervals .CI, confidence interval.
c Chi-square testing linearity of concentration-mortality responses.
d LC25 induced mortality; Henderson–Tilton correction.

the LC25 of lambda-cyhalothrin for each biotype. To determine
the response of soybean aphids to this concentration, the same
control treatment was used as described above, with adult aphids
exposed to their respective LC25 of lambda-cyhalothrin prepared
in acetone and diluted in distilled water containing 0.05% (v/v)
Triton X-100. Aphid mortality was assessed at 48 h after exposure,
and individual surviving aphids were gently transferred to an
untreated leaflet kept in a Petri dish within a growth chamber
[25± 2 ∘C, 50% RH and 16:8 (L:D)]. Each Petri dish contained a
moistened circular filter paper at the bottom and a string of
Parafilm (Fisher Scientific, Ottawa, Canada) was used to seal the
Petri dishes, preventing escape of aphids. Nymphs were recorded
and removed daily until the death of the adult aphid. The soybean
leaflet was replaced every 7 days, and filter paper was moistened
when necessary. Each aphid was considered an experimental
unit, and 100 adults were used for each treatment and biotype
combination, for a total of 400 adult aphids.

2.4 Effects of LC25 of lambda-cyhalothrin on F1 generation
We used the same experimental protocol as described above to
estimate the effect on the F1 generation of adult aphids exposed
to the LC25 of lambda-cyhalothrin. The same control was used
as described above, with adult aphids of virulent and avirulent
biotypes exposed to their respective LC25 of lambda-cyhalothrin
prepared in acetone and diluted in distilled water containing
0.05% (v/v) Triton X-100. Twenty-four hours after the F0 genera-
tion was exposed to a treatment, the F1 nymphs were removed
and only the adults (F0 generation) remained on the leaf disks. At
48 h post treatment of the F0 generation, the 24-h-old nymphs
(F1) were transferred to untreated soybean leaflets and main-
tained individually in a Petri dish as described for the parental
generation (F0). For the avirulent aphid, 100 nymphs were used
for the control treatment and 61 for the LC25 treatment. For
the virulent aphid, 100 nymphs were used for each treatment.
The following parameters were assessed daily during the lifes-
pan of the F1 generation: development time, number of surviv-
ing aphids at each life stage, nymphs per aphid, and longevity
of adults. Exuviae were removed once detected and the morpho-
logical characteristics of nymphs38,39 were used to assess growth
stage.

2.5 Data analysis
Concentration-mortality data was analyzed using a
three-parameter log-logistic function of the ‘drc’ package in
R40 to estimate slope, LC50 and LC25 of lambda-cyhalothrin,
and whether the LC50 of lambda-cyhalothrin differed between
avirulent and virulent aphid populations. Individual aphid devel-
opment time, survival rate, longevity, and daily fecundity of

virulent and avirulent soybean aphids exposed to the LC25 of
lambda-cyhalothrin and control treatments were analyzed fol-
lowing the age-stage, two-sex life table theory,41,42 using the
TWOSEX-MSChart program.43 Parameters such as age-stage spe-
cific survival rate (sxj), probability a newly emerged nymph would
survive to age x and stage j, (x is age in days and j is the stage),
age-specific survival rate (lx), age-specific fecundity (mx), intrinsic
rate of increase (r), net reproductive rate (R0), finite rate of increase
(𝜆), and mean generation time (T) were calculated according to
Chi and Liu41 and Chi.42 Means and standard error of population
parameters in the life table were estimated using a bootstrap
procedure,44 with 100 000 replicates. Differences between control
and treated aphids within life table parameters were analyzed
using a paired bootstrap test at 5% significant level using te
TWOSEX-MSChart program.43

3 RESULTS
3.1 LC50 for virulent and avirulent soybean aphids
Susceptibility to lambda-cyhalothrin varied significantly between
the two soybean aphid biotypes (Table 1). Lambda-cyhalothrin
was less toxic to the virulent biotype than the avirulent biotype.
Based on these data, we estimated an LC25 of 0.25 μg mL−1 and
0.53 μg mL−1 for avirulent and virulent biotypes, respectively. The
corrected mortality for adult aphids exposed to the LC25 was
23.70% and 25.02% for avirulent and virulent aphids, respectively.
Our estimate of the LC50 (0.40± 0.17 μg mL−1) for the avirulent
soybean aphid is similar to the LC50 (0.32–0.44 μg mL−1) reported
by Hanson37 using leaf-dip bioassays to evaluate the susceptibility
of biotype 1 to lambda-cyhalothrin. This comparison suggests that
our estimate is within the range of what others have reported for
avirulent soybean aphid populations.

3.2 Effects of LC25 of lambda-cyhalothrin on F0 generation
Regardless of virulence status, we did not observe a significant
effect of lambda-cyhalothrin applied at the LC25 on the longevity
of adults when compared to their respective controls. However,
the LC25 of lambda-cyhalothrin had a variable effect on fecundity
based on the virulence status of soybean aphid. The fecundity
of avirulent aphids exposed to their LC25 was significant lower
when compared with the control treatment (t = 3.045, df = 198,
P = 0.002), while the LC25 did not affect the fecundity of virulent
aphids (t = 0.1502, df = 198, P = 0.8808) (Table 2).

3.3 Effects of LC25 of lambda-cyhalothrin on F1 generation
of avirulent soybean aphid
Exposure to the LC25 of lambda-cyhalothrin had limited effects on
the biological and demographic parameters of avirulent soybean
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Table 2. Longevity and fecundity of adult Aphis glycines treated with the LC25 of lambda-cyhalothrin and untreated control treatments for 48 h post
exposure

Longevity (days) of soybean aphid adults± SE Fecundity (number of nymphs per aphid)± SE

Population Control LC25 df ta P Control LC25 df ta P

Avirulent 10.06 ± 0.49 8.82 ± 0.41 198 1.913 0.057 20.49 ± 1.23 15.43 ± 1.10 198 3.045 0.002
Virulent 7.31 ± 0.42 7.71 ± 0.43 198 −0.651 0.515 18.06 ± 1.23 17.8± 1.20 198 0.150 0.880

a Student’s t-test for differences between LC25 and control treatments for each biotype.

Table 3. Biological and demographic parameters of avirulent and virulent soybean aphid exposed to the LC25 of lambda-cyhalothrin

Avirulent Virulent

Control LC25 Control LC25

Biological parameter
N1 (days) 2.34± 0.06a 2.67± 0.07a 1.55± 0.00b 2.08± 0.00a
N2 (days) 1.53± 0.06a 1.54± 0.07a 1.38± 0.04a 1.26± 0.04a
N3 (days) 1.36± 0.06a 1.50± 0.06a 1.07± 0.02b 1.21± 0.04a
N4 (days) 1.20± 0.04a 1.24± 0.06a 1.21± 0.04a 1.19± 0.04a
APOP 1.12± 0.06a 0.98± 0.03b 0.52± 0.00a 0.45± 0.00a
TPOP 7.55± 0.11b 7.94± 0.13a 5.75± 0.07b 6.20± 0.05a
Oviposition period (days) 10.73± 0.37a 11.82± 0.42a 11.28± 0.30b 12.76± 0.25a
Adult longevity (days) 18.13± 0.78a 19.62± 0.85a 14.66± 0.53b 16.19± 0.37a
Fecundity (no. nymphs per female) 34.42± 1.31a 38.42± 1.56a 45.43± 1.45b 51.51± 1.00a
Demographic parameter
Net reproductive rate (Ro) 29.84± 1.64a 31.49± 2.27a 42.25± 1.78b 47.91± 1.61a
Finite rate of increase (𝜆, days−1) 1.32± 0.00a 1.30± 0.00a 1.44± 0.00a 1.41± 0.00b
Intrinsic rate of increase (r, days−1) 0.27± 0.00a 0.26± 0.00a 0.36± 0.00a 0.34± 0.00b
Mean generation time (T , days) 12.16± 0.16b 12.94± 0.16a 10.16± 0.06b 11.07± 0.07a
GRR 39.79± 1.12a 41.26± 0.99a 51.03± 0.95b 54.46± 0.87a

Mean± standard error (SE) was estimated using 100 000 bootstrap replications. Different letters within the same row for avirulent and virulent soybean
aphid indicate significant differences between the control and LC25 group at P < 0.05 level, with a paired bootstrap test.
APOP, adult pre-oviposition period; TPOP, total pre-oviposition period; GRR, gross reproductive rate.

aphid when compared to the control treatment (Table 3). The
developmental duration of first, second, third, and fourth instars
(N1 through N4), oviposition period, adult longevity, and fecundity
were not significantly affected by the exposure to the LC25 of
lambda-cyhalothrin. Conversely, the LC25 of lambda-cyhalothrin
significantly shortened the adult pre-oviposition period (APOP)
and lengthened the total pre-oviposition period (TPOP). There
were no significant differences in the net reproductive rate (Ro),
finite rate of increase (𝜆), intrinsic rate of increase (r), and gross
reproduction rate (GRR) of avirulent soybean aphids exposed to
LC25 when compared with the control treatment. However, the
mean generation time (T) significantly increased when avirulent
aphids were exposed to the LC25 of lambda-cyhalothrin.

Variability in developmental rates of individual avirulent soy-
bean aphids and overlap among stages were observed between
those exposed to the LC25 and control treatments (Fig. 1). Nymphal
development was delayed, as the peak of the fourth instar
occurred at 5 days in the control treatment and 6 days in the LC25

treatment (Fig. 1). The maximum survival time was decreased in
the LC25 treatment and a higher lx was observed in the control
group from age 2 to 12 days (Fig. 2). After 12 days, the lx decreased
and a higher lx was observed in the LC25 treatment from age 13 to
32 days. The age-specific maternity (lx mx) highest peaks occurred
earlier in the control treatment (age 12) compared to the LC25

treatment (age 15) (Fig. 2). However, the fecundity peaks were
higher for the LC25 treatment compared with control treatment (4
and 5.1 aphids/day, respectively). The age-stage life expectancy
(exj) (Supporting Information, Fig. S1) demonstrates the time that
an individual of age x and stage y is expected to live. In general, the
life expectancy decreased as age increased, and estimates of life
expectancy were similar for both control and treated aphids. The
age-stage reproductive values (vxj) peaked earlier for the control
treatment (12.12 at day 9; Supporting Information, Fig. S2) and
was lower than the peak for aphids receiving the LC25 treatment
(14.04 at day 10).

3.4 Effects of LC25 of lambda-cyhalothrin on F1 generation
of virulent soybean aphid
Exposure to an LC25 of lambda-cyhalothrin significantly affected
more biological and demographic parameters of the nymphs
of virulent aphids than the avirulent aphids (Table 3). Devel-
opment time of the first and third instars, TPOP, and adult
longevity were significantly longer for virulent aphids exposed to
lambda-cyhalothrin as compared to the control treatment. Net
reproductive rate, mean generation time, and GRR were signifi-
cantly lower for the treatment control. On the contrary, exposure
to the LC25 significantly reduced finite rate of increase (𝜆) and
intrinsic rate of increase (r). Overall, the effect of the LC25 on
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Figure 1. Age-stage specific survival rate (Sxj) of Aphis glycines exposed to control and LC25 of lambda-cyhalothrin: (A) avirulent control, (B) avirulent LC25,
(C) virulent control, and (D) virulent LC25.

virulent aphids was more pronounced than in the avirulent aphid.
For example, all the demographic parameters of the virulent
aphid were significantly affected by exposure to the LC25, while
for the avirulent aphid, only the mean generation time (T) was
significantly affected.

Overlapping between stages showing variable developmental
rates among individuals were observed in the control and LC25

treatments for the virulent soybean aphid (Fig. 1). Exposure to
the LC25 delayed the developmental time of the virulent aphid
(Fig. 1). The virulent aphid exposed to the control treatment had
a higher age-specific survival rate (lx) at the beginning (age 3 and
4 days), which then decreased and was lower than that observed
for aphids exposed to the LC25 from ages 6 to 27 days (Fig. 2). The
LC25 did not affect the maximal survival time of the virulent aphids.
The age-specific maternity (lx mx) peak occurred later for virulent
aphids exposed to the LC25 compared to the control treatment;
however, the number of aphids per day was higher in the LC25

treatment (Fig. 2). The age-stage life expectancy (exj) (Supporting
Information, Fig. S1) and the age-stage reproductive values (vxj)
(Supporting Information, Fig. S2) for the virulent aphid followed
a similar pattern as observed for the avirulent soybean aphid.
The age-stage reproductive peak occurred later and was higher
for the LC25 treatment when compared with control treatment
(Supporting Information, Fig. S2).

4 DISCUSSION
We observed differences between the two biotypes when exposed
to two different concentrations of lambda-cyhalothrin, one

representing a concentration more consistent with a lethal con-
centration (LC50) and a lower concentration (LC25) that could
represent a sublethal concentration . This latter concentration
produced an interesting difference in the response of aphids
consistent with hormesis in the F1 generation, at least for the
virulent biotype. Difference in response by the two biotypes to
lambda-cyhalothrin extended to effects on longevity and fecun-
dity of the F0 generation when exposed to the LC25. There were
no significant differences on longevity and fecundity of virulent
aphids exposed to the LC25 of lambda-cyhalothrin, whereas the
fecundity of avirulent aphids were significantly reduced when
exposed to the LC25 of lambda-cyhalothrin.

Based on life table analysis of the F1 generation, exposure to
the LC25 of lambda-cyhalothrin had a stimulatory effect on sev-
eral parameters for the virulent biotype but not the avirulent bio-
type. The F1 generation produced from virulent aphids exposed
to the LC25 of lambda-cyhalothrin had greater adult longevity,
longer oviposition period and produced more nymphs per female
than those produced from a generation exposed to the control
treatment. Furthermore, the LC25 exposure significantly increased
net reproductive and gross reproductive rates of virulent soybean
aphid compared to the untreated control. This is in contrast to
the avirulent aphids, whose net reproductive and GRR rates were
numerically higher, but did not significantly differ from the con-
trol treatment. All of these differences suggest a stimulatory effect
from the exposure of this concentration of lambda-cyhalothrin is
limited to the virulent biotype. These results suggest that this vir-
ulent biotype experiences hormesis when exposed to the LC25 of
lambda-cyhalothrin.

Pest Manag Sci (2019) © 2019 Society of Chemical Industry wileyonlinelibrary.com/journal/ps
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Figure 2. Age-specific survival rates (lx), age-specific fecundity (mx), and net maternity (lxmx) of Aphis glycines exposed to control and LC25 of
lambda-cyhalothrin: (A) avirulent control, (B) avirulent LC25, (C) virulent Control, and (D) virulent LC25.

Evidence of hormesis in the F1 generation of soybean aphid
exposed to another pyrethroid insecticide has been revealed
with lower concentrations. Soybean aphids exposed to the LC15

of beta-cypermethrin significantly decreased the intrinsic rate
and finite rate of increase, while a lower concentration (nearly
LC5) increased these parameters.24 The LC5 of beta-cypermethrin
significantly increased net reproduction rate, intrinsic rate of
increase, and finite rate of increase for soybean aphids compared
to the control treatment.24 Although we did not evaluate the
response of soybean aphids to a concentration below the LC25

for lambda-cyhalothrin, it is likely concentrations below the LC25

for lambda-cyhalothrin could produce an even greater stimulatory
effect, regardless of virulence status.

In summary, our results suggest that lambda-cyhalothrin was
less toxic to the virulent biotype of the soybean aphid at vary-
ing concentrations than the avirulent biotype. This is the first
evidence that virulence to Rag-genes affects the response to
insecticides. Variation in susceptibility to insecticides has been
demonstrated for sub-populations of other Hemipterans. For
example, sub-populations of Aphis gossypii Glover,45 Bemisia
tabaci Gennadius,10 and Bactericera cockerelli (Sulc),9 which vary
in their capacity to exploit different plant species, also had varying
levels of insecticide susceptibility. Unlike these previous studies
that include Hemipterans with a broad host-range, soybean aphid
is a specialist with a restricted host range (e.g. soybean as a sum-
mer host), and the sub-populations we used were identified based
on their response to a genetic difference in their host plant (i.e.
presence/absence of Rag-genes).

Although the mechanism for virulence to Rag-genes is not
known, a role for effector proteins secreted by the aphid into the
host plant46,47 and detoxification enzymes within the aphid have

been suggested.33 Variation in the form and amount of these
effector proteins injected into the plant by feeding aphids, as
well as variation in detoxification enzymes, may contribute to the
various biotype phenotypes observed in North America and Asia.
For example, up-regulation of P450s, glutathione S-transferases
(GSTs), carboxylesterases (COEs), and ABC transporters was
observed when avirulent soybean aphids fed on soybean contain-
ing Rag 1, suggesting a specific stress response to the xenobiotic
compounds produced by Rag 1 soybean variety.33 These mech-
anisms are similar to those used by insects against synthetic
insecticides,34,48 and could explain the difference in susceptibility
of avirulent and virulent soybean aphid to lambda-cyhalothrin,
assuming the virulent aphid also presents similar mechanisms
that allow them to survive on Rag1+ 2 plants. For example, similar
mechanisms against plant secondary compounds were observed
for Bradysia odoriphaga larva reared on garlic and humus, leading
to a higher tolerance to insecticides (e.g. phoxim and clothianidin)
compared with other host plants.11 Furthermore, Helicoverpa
armigera (Hübner) larvae fed on a gossypol-diet demonstrated
higher tolerance to deltamethrin, associated with an increase in
P450 activity within the midgut.7 The activities of esterases (EST)
and P450 were also associated with development of resistance to
deltamethrin in Spodoptera exigua (Hübner) fed gossypol.8

To what extent the response of the F0 generation of soybean
aphid to lambda-cyhalothrin is typical for other insecticides is not
clear. Similar experiments suggest effects on longevity and fecun-
dity for the F0 generation varies by aphid species and insecticide
combination. For example, the exposure of Myzus persicae (Sulzer)
to the LC25 of flupyradifurone significantly reduced adult longevity
and fecundity.49 However, no differences in longevity and fecun-
dity were observed for A. gossypii when exposed to the LC25 of
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flupyradifurone50 and sulfoxaflor.51 The longevity of A. gossypii was
not affected by the LC10 and LC50 of nitenpyram, but fecundity was
significantly reduced.52

Although we observed a difference in the LC50 between virulent
and avirulent biotypes when exposed to lambda-cyhalothrin, this
difference is likely not immediately important for management
of the soybean aphid. However, the difference observed at a
lower concentration (as defined by the LC25) is important for
soybean aphid management and reinforces a rational application
of insecticides within an integrated pest management program
(IPM) program.

Insecticide-induced hormesis in agricultural pests can be a seri-
ous problem because it can result in pest resurgence.16 Sublethal
exposure may also increase mutation frequencies and, if related
to the target-site of insecticides, it might reduce the pest’s sus-
ceptibility to insecticides.53 In addition, sublethal exposure to
insecticides may directly increase the selection of resistance by
stimulating the expression of advantageous phenotypes, and indi-
rectly by providing conditions that may prime the insect pest to
better tolerate stressful conditions (e.g. resistant host plants).54

Interestingly, our data suggest that the virulent soybean aphid
may have an advantage over avirulent aphid when exposed to low
concentrations of lambda-cyhalothrin. This is disconcerting given
the often prophylactic or calendar-based use of insecticides for
managing the soybean aphid in North America.55 This approach
to insect pest management may inadvertently favor the selection
of virulent over avirulent soybean aphids within North America.
Such selection pressure may limit the durability of aphid-resistant
soybean varieties that are in development,31,56 and this relatively
new technology also may suffer the consequences of unnecessary
insecticide applications in soybean fields.
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