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Abstract

The cotton aphid, Aphis gossypii is an economically significant insect pest infesting various
important crops and vegetables. The neonicotinoid, acetamiprid was recommended against
aphids with excellent results. Resistance emergence and environmental pollution makes
acetamiprid a favorable alternative to conventional insecticides. The aims of the present
work were to predict acetamiprid resistance risk in A. gossypii, investigate cross resistance
to other tested insecticides and explore acetamiprid stability in the absence of selection.
A field-collected population from Shargia governorate, Egypt was selected with acetami-
prid. After 16 generations of selection, there was a 22.55-fold increase in LC,_ and the real-
ized heritability (h?) of resistance was 0.17. Projected rates of resistance indicated that, if
h*=0.17 and 50% of the population was killed at each generation, then a tenfold increase in
LC,, would be expected in 12.2 generations. If h* was 0.27 then 7.63 generations would be
needed to achieve the same level. In contrast, with h? of 0.07 it necessitates about 30 genera-
tions of selection to reach the same level. Cross resistance studies exhibited that the selected
strain showed obvious cross resistance to the other tested neonicotinoid members, moder-
ate cross resistance to alpha-cypermethrin and no cross resistance to pymetrozine. Fortu-
nately, resistance to acetamiprid in the cotton aphid was unstable and resistance reverses
the nearby susceptible strain throughout five generations without exposure to acetamiprid.
Our results exhibited cotton aphid potential to develop resistance to acetamiprid under
continuous selection pressure. The instability of acetamiprid makes A. gossypii amenable to
resistance management tactics such as rotation with pymetrozine.
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Introduction

against Homoptera, Thysanoptera and Lepidoptera.

The cotton aphid, Aphis gossypii Glover (Homoptera:
Aphididae) is a key insect pest infesting a wide range of
vegetables and field crops around the world. Aphid in-
festation causes major yield losses due to their deleteri-
ous effects through direct feeding, honeydew excretion
and virus transmission (Xu et al. 2004). Cotton aphid
control is mainly dependent on the application of
various insecticide classes particularly neonicotinoids
which are widely used as alternatives to conventional
insecticides against sucking insects (Tomizawa and
Casida 2003). Acetamiprid showed excellent activities

Therefore, it represents an ideal alternative to combat
resistant pest populations. Despite the successful use
of neonicotinoids to combat target pests, several spe-
cies have now showed resistance levels that threaten
the control success of these insecticides (Bass et al.
2015). Repeated use of neonicotinoids has led to a re-
surgence of resistant cotton aphid populations (Hirata
et al. 2015). In Japan, a neonicotinoid-resistant cotton
aphid population exhibited high resistance to seven
neonicotinoids with an acetamiprid resistance ratio
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value of 104-fold (Matsuura and Nakamura 2014).
Similarly, in Australia, A. gossypii exhibited resistance
to the neonicotinoids acetamiprid, clothianidin and
thiamethoxam (Herron and Wilson 2011). Resistance
to neonicotinoids in other insect species was reported
including tobacco thrips (Frankliniella fusca Hinds)
(Huseth et al. 2016) and the brown planthopper, Nila-
parvata lugens L. (Yang et al. 2016).

Due to pest resistance potential, estimating the re-
sistance risk to a particular pesticide before its actual
occurrence in the field is of great importance to avoid
or at least delay resistance problems (Keiding 1986).
Resistance risk assessment can originate from several
sources, including selection experiments (Jutsum et al.
1998). Selection experiment data can be subjected to
quantitative genetic methods and the heritability of re-
sistance estimated. Realized heritability (h?) is an index
to quantify pushing degree to a trait in a population by
selection. It is defined as the ratio of genetic variance
to total phenotypic variance. It provides an effective
way to predict future resistance evolution in response
to selection (Tabashnik 1992). Therefore, resistance
risk assessment before resistance breaks out in the field
can provide useful information supporting a proactive
implementation of strategies to manage and maintain
susceptibility in field populations and sustain the ef-
ficacy of acetamiprid.

Consequently, preserving the efficacy of newly in-
troduced pesticides is an important goal of resistance
management. When resistance appears, certain tactics
are practiced such as rotation with non-cross resist-
ance pesticides cross generations. However, the suc-
cess of these tactics depends on certain factors such as
patterns of cross resistance with alternative pesticides.
Positive cross resistance correlation reduces the effec-
tiveness of resistance management programs. Cross
resistance in neonicotinoid resistant pests to other
neonicotinoid members and to other insecticides has
been reported in the cotton aphid (Wang et al. 2002;
Cui et al. 2016; Wei et al. 2017), the bird cherry-oat
aphid, Rhopalosiphum padi L. (Wang et al. 2017) and
the brown planthopper, Nilaparvata lugens (Stal) (Yang
et al. 2016).

In addition, it has been demonstrated within sev-
eral species that exploring resistance stability in the
absence of selection is essential and may be required
as a prerequisite for resistance management strategies
(Bush et al. 1993). Resistance reversion could be attrib-
uted to fitness disadvantages associated with resistance.
Resistance exerts negative effects on life history traits
such as pupae weight which correlates with reduced fe-
cundity as well as the inability of the resistant individ-
uals to compete effectively with the susceptible ones in
reproductive potential and other biotic factors (Ninsin
and Tanaka 2005). Acetamiprid resistance reversion
was investigated in the cotton mealy bug, Phenacoccus
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solenopsis (Tinsley), and found to be unstable in the
absence of acetamiprid selection (Afzal et al. 2015).

The current study aimed to investigate the risk of
resistance evolution in A. gossypii to acetamiprid as
a result of laboratory selection, cross resistance to
other insecticides and stability of acetamiprid resist-
ance in the absence of acetamiprid selection. The ob-
tained results will contribute in developing resistance
management strategies.

Materials and Methods

Insecticides

Tested insecticides were: acetamiprid (Acetamiprid
20% SP, Barighat India), dinotefuran (Oshin 20% SG,
Mitsui Chemicals, Inc., Japan), imidacloprid (Best 25%
WP, El-Help Pesticides and Chemicals, Egypt), thia-
cloprid (Thiacloprid 48% Sc, Jiangsu Flagchemicals In-
dustry Co., China), alpha-cypermethrin (Alpha-cyper
10% EC, the National Company for Agrochemicals &
Investment, Egypt) and pymetrozine (Chess 25% WP,
Syngenta Agro., Switzerland).

Insects

The cotton aphid, A. gossypii was collected from cot-
ton fields in Sharqia Governorate, Egypt, in Septem-
ber 2015 and divided into two parts. The first part
was maintained in the laboratory without exposure to
any insecticides and served as the susceptible strain
(S-strain). The other part was selected with acetamiprid
to develop the resistant strain (R-strain). Aphids were
reared on cotton seedlings under constant laboratory
conditions [22 + 2°C, 70 £ 5% relative humidity (RH)
and 12 : 12 light-dark photoperiod]. Cotton seedlings
were planted in plastic pots (15 cm diameter) and after
cotton seeds germination were thinned to one seedling
per pot and then used in four true leaf stages. Cotton
seedlings were continuously supplied until the neces-
sary aphids were obtained.

Bioassays

Leaf — dip bioassay was used to assess the toxicities of
the aforementioned insecticides according to Moores
et al. (1996). Cotton leaves were dipped in the desired
insecticide solution for about 10 s, allowed to dry on
a paper towel and then placed upside down on an agar
bed in Petri dishes (60 mm diameter). Ten apterous
adults were moved to the treated leaf for each replicate.
Leaves dipped in water were considered to be the con-
trol. Five to seven insecticide concentrations and five
replicates per each concentration were used. Aphids
were kept under laboratory conditions until mortality
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was recorded after 48 h. The resistance ratio (RR) was
calculated according to the formula:

RR = LCSOvalue of R-strain/LC, | value of S-strain,

where: LC, — the median lethal concentration.

Selection for resistance

Based on initial bioassay results, selection for acetami-
prid resistance was accomplished by the dipping tech-
nique of Guo et al. (1996). Apterous adults (more than
500 adults) were moved to four true leaf cotton seed-
lings (10—15 cm high) 24 h before treatment. The plants
bearing the aphids were dipped in insecticide dilution
for 10 s, allowed to air dry for about 1 h, and then set in
a rearing room. The aphids which survived were moved
to new plants and kept until they became apterous adults
of the next generation and then used for bioassay.

Estimation of realized heritability

Realized heritability (h?) of resistance to acetamiprid
in A. gossypii was estimated according to Tabashnik
(1992) as follows:

h*=R/S,

where: R — the response to selection, S — the selection
differential.

Response to selection was estimated as:
R = [log (final LC,)) - log (initial LC, )]/n,
where: n — the number of selected generations.

The final LC, is the LC,_ of A. gossypii offspring af-
ter n generations of selection. The initial LC_ is the LC_
of the parent generation before selection. The selection
differential (S) was estimated as: S = iap, where i rep-
resents the intensity of selection according to Falconer
and Mackay (Appendix A) (Falconer et al. 1996). The
phenotypic standard deviation (¢,) is the reciprocal of
the mean slopes originated from the probit analysis of
the selected strain (ap = 1/average slope).

Genetic parameters (such as R, S, and h?) were cal-
culated separately for both the first and the second
round of selection experiments to investigate their
changes during selection. Based on the R-value, the
number of generations required for a tenfold increase
in LC_ (G) is the reciprocal of R:

G=R"= (5"

The decline in resistance (DR) in R-strain was esti-
mated according to the following formula:

DR = [log (final LC, ) — log (initial LC,)]/n,

where: n — the number of generations reared without
acetamiprid selection pressure.
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Data analysis

Mortality was corrected using Abbott’s formula (Ab-
bott 1925) and data were analyzed by probit analysis
(Finney 1971) using the software package EPA probit
analysis version 1.5.

Results

Selection of resistance to acetamiprid

Selection with the LC,_ of acetamiprid for 16 consecu-
tive generations caused an increase in LC_; values from
0.55 to 12.18 ppm. The resistance ratio (RR) increased
36.98-fold as compared to the S-strain (Table 1).

Realized heritability (h?)

The overall estimated h* mean of acetamiprid resistance
in A. gossypii (FO—F15) was 0.17. The h* of acetamiprid
resistance was 0.22 and 0.13 in the first half and in the sec-
ond round of selection, respectively. Response to selection
was higher in the first round than in the second round of
selection causing an increased /? in the first round com-
pared to the second round of selection (Table 2).

Projected rate of acetamiprid resistance
development

The projected rate of resistance development is direc-
tly proportional to h* and selection intensity (Fig. 1).
For example, if we assume that the slope = 1.64 [the
value of mean slope for (R-strain) generations in this
study] and h* = 0.17, then 12-6 generations would
be required for a tenfold increase in the LC, at
a 50-90 percent selection intensity, respectively. How-
ever, at a similar slope, if > = 0.07, then 30—14 genera-
tions would be required for a tenfold increase in the
LC,, at a 50-90 percent selection intensity. Likewise, if
h* = 0.27, then the same would occur in 8-3 genera-
tions at 50—-90 percent selection intensity (Fig. 1).

The projected rate of resistance development is in-
versely proportional to the slope. For example, if we
assume that h* = 0.17 (heritability of acetamiprid re-
sistance estimated in this study) and slope = 1.64, then
atenfold increase in the LC, would occur in 12-6 gene-
rations at a 50—90 percent selection intensity, respec-
tively. However, at the same /2, if the slope = 2.64, then
20-11 generations would be required for a tenfold
increase in the LC, at 50-90 percent selection inten-
sity, respectively. Likewise, if the slope = 0.64, then the
same would occur in 5-2 generations at 50—-90 percent
selection intensity, respectively (Fig. 2).
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Table 1. Resistance levels of Aphis gossypii to acetamiprid during the laboratory selection process

Generation LCE:T:ZS.OIAjEL) Slope + SE X RR® RR®

S-strain 0.33 (0.03-0.65) 1.15+0.44 0.51 1.00

FO 0.55 (0.15-0.91) 1.62 £0.47 1.35 1.63 1.00

F1 1.75 (1.06-2.92) 1.38+0.33 0.41 5.30 3.18

F2 2.58(1.57-3.80) 1.78 £ 0.39 1.24 7.06 4.69

F3 3.10(1.91-4.57) 1.89+0.33 1.77 9.39 5.63

F4 3.34(1.96-4.83) 1.95+0.38 2.08 10.12 6.07

F5 4.16 (2.23-5.97) 2.07 £0.49 1.45 12.00 7.56

F6 4.53(1.96-9.64) 1.81+0.39 1.66 13.72 8.23

F7 4.66 (3.05-6.42) 1.76 £0.35 0.09 13.57 8.47

F8 5.33(3.67-7.53) 1.36+0.20 0.49 16.15 9.69

F9 6.69 (4.54-9.24) 1.58+0.26 0.41 20.27 12.16

F10 8.20 (5.40-14.35) 1.26 £0.26 1.00 24.84 14.90

F11 9.19 (5.19-14.08) 1.63+0.32 2.62 27.84 16.70

F12 10.02 (6.15—-19.08) 1.58 +0.42 0.1 30.36 18.21

F13 10.37 (6.30—24.14) 1.06 +0.25 1.77 31.42 18.85

F14 10.57 (6.95-16.24) 1.50+0.30 1.16 32.03 19.21

F15 12.18 (8.65-17.11) 1.71+0.31 1.54 36.98 22.14
*Resistance Ratio = LC,  of tested generation/LC, of susceptible strain
® Resistance Ratio = LC,  of tested generation/LC,, of parent generation (F0)
CL = Confidence Limit
Table 2. Estimated realized heritability (h?) of resistance to acetamiprid in Aphis gossypii

Estimate of mean Estimate of mean selection
Selected No. of response per generation differential per generation
) selected R S h?
generations generations Log initial Log final p ; mean o
LC,, LC,, slope 4

(FO-F7) 8 —-0.259 0.668 0.115 50.0 0.798 1.75 0.57 0456  0.25

(F8-F15) 8 0.726 1.085 0.044 50.0 0.798 1.48 0.68 0.539  0.08

(FO-F15) 16 —-0.259 1.085 0.084 50.0 0.798 1.64 0.61 0486 0.17

n = number of generations selected

P = mortality percent

R = response to selection R = [log(final LC ) — log(initial LC, )]/n

i = intensity of selection (Falconer 1989)

0,= the phenotypic standard deviation 0,=1/2 (initial slope + final slope)™
§ = selection differential S =i,

h? = realized heritability h’= R/S

Cross resistance in the acetamiprid-selected
strain

After 16 generations of selection, R-strain of A. gossypii
had low levels of cross resistance to alpha-cypermeth-
rin (5.33 fold) and dinotefuran (8.54 fold). In relation
to other neonicotinoids members, cross resistance was
10.78 and 11.67-fold for thiacloprid and imidacloprid,
respectively. In contrast, pymetrozine showed non-
cross resistance (Table 3).

Resistance reversion

The stability of acetamiprid resistance was investi-
gated. The R-strain strain was reared for an extra five

generations without exposure to the insecticide with
a declined resistance value of — 0.23 (Table 4).

Discussion

In our study, selection of a field population of cotton
aphids, A. gossypii for 16 generations with the neoni-
cotinoid, acetamiprid, resulted in the development of
resistance. It seems that the intensive use of neonico-
tinoids is the key factor in resistance development in
A. gossypii. In addition, several aphid species showed the
ability to develop resistance to various insecticides as
a result to selection pressure. For instance, A. craccivora
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Fig. 1. Effect of realized heritability (h?) on the number of
generations of Aphis gossypiirequired for a tenfold increase in LC, |
of acetamiprid (slope = 1.64) at different selection intensities
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Fig. 2. Effect of slope on the number of generations of Aphis
gossypii required for a tenfold increase in LC, of acetamiprid
(h?=0.17) at different selection intensities

Table 3. Cross-resistance to some tested insecticides in R-strain of Aphis gossypii

Strain Insecticide LCs (9.5% v Slope + SE X RR
[mga.i.-ml7]
S -strain
acetamiprid 0.33(0.20-0.44) 1.53+0.44 0.161 -
thiacloprid 0.95 (0.49-1.43) 1.45+0.30 0.67 -
dinotefuran 2.20(1.05-3.49) 1.56 £0.33 0.81 -
imidacloprid 1.07 (0.24-2.31) 0.87 £0.21 1.21 -
alpha-cypermethrin 0.15 (0.059-0.34) 0.57+0.14 0.12 -
pymetrozine 35.01 (22.29-64.57) 1.08 £0.25 0.74 -
Aceta-SEL (F15)
acetamiprid 12.18 (8.65-17.11) 1.71£0.31 1.54 36.98
thiacloprid 10.25 (6.55-14.03) 2.29£0.45 1.67 10.78
dinotefuran 18.78 (9.21-30.39) 1.64 £0.40 0.63 8.54
imidacloprid 12.49 (6.91-19.59) 2.14£0.65 0.41 11.67
alpha-cypermethrin 0.80 (0.48-1.31) 1.09 £0.25 0.21 533
pymetrozine 35.73 (24.61-58.28) 1.32£0.26 2.86 1.02
RR = Resistance Ratio
Table 4. Acetamiprid resistance reversion in R-strain of Aphis gossypii
LC,, (95% CL)
Generation Img - 1] Slope + SE X RF
S-strain 0.33 (0.20-0.44) 1.53+0.44 0.161 -
Reversed strain
F16 6.69 (4.76—10.04) 1.66 +0.37 1.9242 20.27
F17 5.16 (3.81-7.88) 1.61+0.33 0.6247 15.6
F18 2.55(1.80-3.83) 143 +0.27 0.4264 7.72
F19 2.23(1.65-3.45) 149 +£0.31 0.2212 6.75
F20 0.89(0.32-1.43) 1.12+0.36 0.5766 2.70

RF (Resistance Factor) = LC, | of R-strain/LC, of susceptible strain
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(Koch.) developed a high level of resistance to chlorpy-
rifos-methyl as a result of repeated selection pressure
(Mokbel 2015). Selection pressure of pesticides resulted
in increasing frequencies of resistant individuals in pest
populations, and consequently, resistance evolution. Se-
lection experiments can be used to estimate h* which
represents an effective tool to estimate resistance devel-
opment rate. The realized heritability value can be used
to predict future resistance status to any pesticide in cer-
tain pests (Abbas and Shad 2015). Realized heritability
is defined as the contribution of additive genetic vari-
ation in phenotypic variation. Lower h? reflects higher
phenotypic variation and lower additive genetic varia-
tion and vice versa (Tabashnik 1992).

The lower realized heritability value (0.17) after
16 generations of selection with acetamiprid suggests
that the A. gossypii field strain has a lower potential to
develop resistance to acetamiprid. Other findings with
several insect pests exhibited the same trend. Shah
et al. (2015) found that the h*value in the housefly, Mus-
ca domestica to methoxyfenozide was 0.17. Realized
heritability (h?) of resistance to lambda-cyhalothrin,
bifenthrin, methomyl, imidacloprid, and fipronil was
0.07, 0.05, 0.01, 0.08, and 0.08, respectively (Abbas and
Shad 2015). Realized heritability values indicate lower
additive genetic variations for acetamiprid resistance in
A. gossypii. Response to selection was declined as the se-
lection pressure of acetamiprid was continued, causing
lower h? in the second round than in the first round of
selection. Although laboratory trials are not similar to
field circumstances, the h? value can theoretically pre-
dict the future status resistance (Tabashnik 1992). In
the present study, the estimated realized heritability was
affected mainly by the response to the selection value.
The h?* was higher in the first round than in the second
round of selection. This indicates the reasonable pres-
ence of a resistance allele in the collected field popula-
tion and that the continuous selection #? was declined.

The realized heritability of resistance to certain in-
secticide varies between populations and within the
same population with time as a result of changes in al-
lele frequencies and/or environmental circumstances.
So, it is difficult to extrapolate laboratory selection
results to the field. However, the projected rate of re-
sistance evolution can be obtained with the equation
G = R. This equation enables us to predict the occur-
rence of resistance before its appearance in the field.
Resistance evolution is directly proportional to h* and
selection intensity while it is inversely proportional to
the slope of the probit line (Tabashnik 1992).

In the current study, acetamiprid induced cross resist-
ance to other neonicotinoids, imidacloprid (11.67 fold),
thiacloprid (10.78 fold) and dinotefuran (8.54 fold).
Alpha-cypermethrin showed moderate cross resistance
(5.33 fold). In contrast, the R-strain showed no cross
resistance to pymetrozine (1.02 fold). Cross resistance
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generally arises within the same group of pesticide clas-
ses. But, it is difficult to forecast cross resistance between
chemicals with different modes of action (Gorman et al.
2010). Cross resistance in neonicotinoids resistant pests
have been investigated by several authors and in several
insectspecies. In cottonaphids, theimidacloprid resistant
strain exhibited resistance to fenvalerate on cotton and
cucumber. In contrast, in other investigations the imida-
cloprid resistant strain showed no cross resistance to the
novel neonicotinoid, cycloxaprid (Wang et al. 2002; Cui
et al. 2016). Similarly, the thiamethoxam-resistant strain
showed increased levels of cross resistance to clothiani-
din and the tested pyrethroids but did not show cross
resistance to imidacloprid, organophosphate, carbamate
and sulfoxaflor (Wei et al. 2017). In the bird cherry-oat
aphid, Rhopalosiphum padi, an imidacloprid resistant
strain showed high cross resistance to acetamiprid and
thiamethoxam, low cross resistance to chlorpyrifos and
no cross resistance to cycloxaprid (Wang et al. 2017).
In the brown planthopper, Nilaparvata lugens, an imi-
dacloprid resistant strain showed no cross resistance to
pymetrozine (Yang et al. 2016). The obtained results ex-
plain the opportunity to rotate the insecticides without
cross resistance to reduce selection pressure. Rotating
insecticides without cross resistance can delay resistance
development and sustain the efficacy of new chemicals
by optimizing their use (Pu et al. 2010).

Resistance reversion in the absence of selection
pressure is of great importance in resistance manage-
ment. In the present study, acetamiprid resistance was
not stable and the LC, value was decreased under
laboratory conditions. Without selection pressure the
R-strain almost reached the S-strain after about five
generations. Resistance instability was noticed in sev-
eral insects with various insecticides. In the cowpea
aphid, A. craccivora (Koch), chloropyrifos-methyl re-
sistance was unstable and almost reached the S-strain
within 10 generations (Mokbel 2015). In agromized
leafminers, Liriomyza sativa, resistance to chloropyri-
fos was unstable in the absence of selection (Askari-
Saryazdi et al. 2015) and in the cotton mealybug, Phen-
acoccus solenopsis, acetamiprid resistance was unstable
in the absence of selection (Afzal et al. 2015).

In conclusion, the present work reveals that A. gos-
sypii has the potential to develop resistance to aceta-
miprid. Acetamiprid resistance instability provides the
opportunity to restore its efficacy by stopping its use
for a certain time. A cross resistance study showed that
pymetrozine has no cross resistance with acetamiprid.
So, it can be used in acetamiprid resistance risk man-
agement programs either through rotation to reduce
the possibility of resistance development in the field or
as an alternative in the case of a resistance crisis. Fi-
nally, further studies are needed to monitor resistance,
investigate resistance mechanisms and explore the role
of insecticide rotation in risk management.
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