
INTRODUCTION

A rice planthopper, Nilaparvata lugens Stål, is
one of the important rice pests in Asian countries.
Post-treatment resurgence of the pest after applica-
tion of chemical insecticides has been reported in
Southeast Asia and China. Insecticide-induced pest
outbreaks have been attributed mainly to destruc-
tion of natural enemies by chemicals. Controlled
studies which excluded the natural enemies of hop-
pers indicated that the reproductive rate of hoppers
increased when they were confined to rice plants
treated with sublethal doses of insecticides (Chel-
liah and Heinrichs, 1980; Chelliah et al., 1980).
Resurgence of insect pests after pesticide applica-
tions is a well-documented phenomenon. One of
the important factors causing the resurgence of in-
sect pests is the stimulation of reproduction and

survival by sublethal doses of insecticides; for ex-
ample, jingganmycin (an antibiotic compound) and
bisultap (a nereistoxin insecticide) increased the
survival rate of N. lugens nymphs (Wu et al.,
2001a). Jingganmycin at 75 g a.i.ha�1 significantly
increased the brown planthopper (BPH) population
(Wu et al., 2001a, b). Insecticides with low lethality
to natural enemies may cause outbreaks of insect
pests.

Resurgence of BPH occurred during 2007–2008
because of resistance of the insect pest to fipronil
and overuse of insecticides. Fipronil is the first
member of the phenylpyrazole insecticides class
(Li et al., 2007). Since 1997, fipronil has been gen-
erally used to control the rice planthopper in China
and it was found that fipronil is efficient for con-
trolling N. lugens. In 2002, resistance to fipronil
was first found in a field population from Zhejiang
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Abstract
Applications of fipronil (1.25�10�2 mg) and fipronil (7.50�10�3 mg) significantly stimulated the fecundity of Nila-
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ing fecundity in G5 generation. Compared with the susceptible strain, resistant insects had a relative fitness of only
0.577 and 0.750. The lower fitness includes a lower larval survival rate from 3rd to 5th instar (in G8 generation), lower
adult emergence rate (in G8 generation), lower copulation rate (in G8 generation), lower fecundity (in G5 generation)
and fewer offspring. It was concluded that the brown planthopper had the potential to develop high resistance to
fipronil but that the lower fitness of resistant hoppers could result in quick recovery of sensitivity when the population
did not come into contact with fipronil. This means that a reasonable resistance management program with less
fipronil use may efficiently delay or even stop resistance development.
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province of China, and subsequently, the resistance
level had increased to nearly 20-fold by 2007
(Cheng et al., 2008). Therefore, it is very important
to evaluate the risk of resistance developing in
BPH and to perform a resistance management pro-
gram.

It is urgent to establish the causes of resurgence.
The following studies were undertaken to investi-
gate the stimulatory effects on BPH reproduction
and feeding by fipronil. Honeydew weights were
measured to quantify the amount of feeding by
hoppers. We also tried to evaluate the fipronil re-
sistance risk on BPH by resistance selection and
fitness analysis.

MATERIALS AND METHODS

Insects and insecticide. The susceptible strain
of BPH has been maintained for 6 years in the lab-
oratory of Zhaoqing Academy of Agricultural Sci-
ence and the State Key Laboratory for Biocontrol
without any exposure to insecticides. Fipronil (87%)
was purchased from Bayer CropScience Hangzhou
Company (Hangzhou, China). Fipronil was diluted
to generate 25 mg/l dilution with distilled water
containing 0.05% Triton X-100 (to facilitate uni-
form treatment with the active ingredient).

Resistance selection. Resistance was selected
by the following method for 8 generations. Seedlings
in soilless cultured were placed in the selection
cage (30 cm�30 cm�45 cm), and then 100–200 3rd
instar larvae were placed in the cage. Three hours
later, 25 mg/l fipronil was sprayed on seedlings
with BPH using a Houtou model sprayer (pur-
chased from Medical Company, Shanghai, China).
The cage was placed in an observation room, at
25�1°C, 16L8D. More than 2,000 larvae were
treated for each generation.

Bioassay. Macropterous adult female BPH, in-
cluding a susceptible strain and resistant strain,
were used. The average body weight of BPH fe-
males was 1.9 mg. After anesthetization with car-
bon dioxide, a 0.2 m l droplet of insecticide dis-
solved in acetone was applied to the dorsal side of
the thorax with a microapplicator fitted with a 50
m l syringe. Thirty insects (per dose) were used 
to determine LD50. Mortality was recorded 24 h
after treatment. LD50 values, including the suscep-
tible strain and resistant strain, were determined 
by probit analysis. The LD50 value of the suscepti-

ble strain was 7.79�10�4 mg. The LD50 values 
of resistant strains were 7.79�10�4 mg, 1.17�10�3

mg, 2.37�10�3 mg, 7.95�10�3 mg, 1.39�10�2 mg,
1.42�10�2 mg, 1.88�10�2 mg, 2.341�10�2 mg, re-
spectively. The resistance ratio (RR)�LD50 of resist-
ant strain/LD50 of susceptible strain.

Effect of fipronil on fecundity of BPH. Firstly,
thirty-day-old rice seedlings were transplanted into
plastic pots (16 cm diameter�30 cm high) on 20
August 2008, with one hill in each pot. Secondly,
BPH treatment was as follows: After anesthetiza-
tion with carbon dioxide, a 0.2 m l droplet of
fipronil dissolved in acetone was applied to the
dorsal side of the thorax with a microapplicator 
fitted with a 50 m l syringe. The application concen-
trations (mg/l) of fipronil were: 12.5, 25, 37.5, 
50, 62.5, respectively; therefore, the quantities 
of fipronil applied to one BPH were: 2.50�10�3

mg, 5.00�10�3 mg, 7.50�10�3 mg, 1.00�10�2 mg,
1.25�10�2 mg, respectively. After treatment, one
female and one male were released into each pot
for mating on 26 August. After they had died, egg
masses in the rice plant were counted. The num-
bers of hatched nymphs of the next generation 
in each pot were recorded. The numbers 
of unhatched eggs were also counted. Total eggs
were calculated (total eggs�number of hatched
nymphs�number of unhatched eggs).

Life table study. The life table was constructed
according to the method of Liu and Han (2006).

One hundred neonates were collected randomly
from the susceptible strain and the offspring of the
survivors from two selected generations (G5 and
G8) as founders of the experimental population
and reared for a generation at 27�1°C and 16L8D.
When they had developed into 3rd and 5th instars,
the hoppers were transferred to fresh rearing cages
and assessed for the survival rate from neonate to
3rd instar (Su1) and from 3rd to 5th instar (Su2).
The emerged males and females were thereafter
collected every day and coupled into families (one
female plus one male, about ten families for each
replication, about 30 for each strain), which were
reared separately in glass tubes. At the same time,
the emergence rate (Er) and female ratio (Fr) were
recorded. When neonates of the new generation ap-
peared, the families were checked every 2 days and
the neonates were counted and removed until the
female died. The food rice shoots were then
checked thoroughly and the numbers of unhatched
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eggs were counted. Females which had not pro-
duced any neonates were considered to have failed
in copulation, and the copulation rate (Cr) was ac-
counted accordingly. Fecundity (Fy) was recorded
as the average number of eggs produced by copu-
lated females, and the hatchability (Hy) was
recorded as (all neonates)/(all neonates plus all un-
hatched eggs). The experiments were carried out
with six replications. The population growth index
(I) was calculated by the following equation:

Nt�No�Su1�Su2�Er�Fr�Cr�Fy�Hy
I�Nt/No

Relative fitness (RF) was calculated by the follow-
ing equation:

RF�Ir/Is

Where No is the number of individuals in the initial
population, Nt is the number of individuals in the
population of the next generation. Ir is the increase
trend index of the resistant population and Is is the
increase trend index of the susceptible population.

Honeydew excretion. BPH were treated with
fipronil to investigate the impact of fipronil on
BPH feeding. BPH treatment was as follows: After
anesthetization with carbon dioxide, a 0.2 m l
droplet of fipronil dissolved in acetone was applied
to the dorsal side of the thorax with a microappli-
cator fitted with a 50 m l syringe. The application
concentrations of fipronil were: 12.5 mg/l, 25 mg/l,
37.5 mg/l, 50 mg/l, 62.5 mg/l, respectively; there-
fore, the quantities of fipronil applied to the BPH
were: 2.50�10�3 mg, 5.00�10�3 mg, 7.50�10�3

mg, 1.00�10�2 mg, 1.25�10�2 mg. Previous stud-
ies (Sogawa and Pathak, 1970) indicated a positive
relationship between ingestion and honeydew ex-
cretion by BPH so in our experiments the quantity
of honeydew excretion was used as an indicator of
the feeding rate of the hopper. A Parafilm sachet
was hung on a rice stem about 5 cm above the
water surface. A treated 3rd instar BPH nymph was
placed into each sachet, with an empty sachet as a
control. There were four replications for each treat-
ment. Honeydew was measured 7 d, 15 d and 30 d
after pesticide treatment. The planthoppers were
starved for 2 h before release. After 24-h feeding,
the sachet was opened and BPH was removed. Fil-
ter paper was used to absorb the honeydew on the
Parafilm and stem, and was weighed using a Met-
tler-Toledo electronic balance (1/10,000 g sensitiv-

ity) before and after absorption, respectively.
Honeydew excretion per insect (H) was calcu-

lated as follows:

H�(Wt1 Wt0) (Wc1 Wc0),

where Wt1 and Wt0 are the weights of the filter
paper after and before absorption during treatment,
respectively, and Wc1 and Wc0 are the weights of
the filter paper after and before absorption in the
control, respectively.

Statistical analyses. All data were analyzed by
SPSS software, and the means were compared
using the test of least significant differences (LSD).
Student’s t-test was used to determine the signifi-
cance of differences between fipronil treatments
and the control.

RESULTS

Fipronil resistance selection
BPH of the susceptible population were col-

lected from the laboratory of the State Key Labora-
tory for Biocontrol and continuously selected with
fipronil for 8 generations in the laboratory. The
change in the resistance ratio (RR) for fipronil dur-
ing selection is shown in Fig. 1 and showed that se-
lection with fipronil led to a continuous increase in
the resistance ratio (from 1.0 to 30.05) in eight
generations.

Stimulation with fipronil on fecundity of BPH
The study showed that applications of fipronil

(1.25�10�2 mg) and fipronil (7.50�10�3 mg) sig-
nificantly stimulated the fecundity of N. lugens
compared with the control (untreated) (Table 1), in-
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Fig. 1. Dynamics of fipronil resistance in Nilaparvata lu-
gens during resistance selection. All experiments were per-
formed four times and the results are the mean�SD.



creasing egg numbers by 132.51% and 111.11%,
respectively. There was also a stimulating effect on
2.50�10�3 mg, 5.00�10�3 mg, and 1.00�10�2 mg
fipronil. The stimulating effect of fipronil on fecun-
dity was dose-dependent, as shown in Table 1.

Effects of BPH treated with fipronil on honey-
dew amount of BPH

Seven days after pesticide treatment, honeydew
excretion by 3rd instar nymphs had not been influ-
enced by pesticide application (Table 2); however,
15 days after treatment, the effect of fipronil on the
quantity of honeydew was dose-dependent, as
shown in Table 2. The quantity of honeydew sig-
nificantly increased (p�0.05) with 1.25�10�2 mg
fipronil treatment and honeydew quantity increased
by 227.9%, compared with the control. Thirty days
after treatment, the quantity of honeydew had in-
creased by 272.8% in 1.25�10�2 mg fipronil treat-

ment, compared with the control.

Influence of fipronil resistance on the fitness of 
BPH

The effects of the pesticide on the fitness of BPH
were evaluated in terms of developmental and re-
productive characteristics by constructing and
comparing life tables. The results in Table 3 re-
vealed that the fipronil treatment group had devel-
opmental disadvantages, including a lower larval
survival rate from 3rd to 5th instar and a lower
adult emergence rate (in G8 generation), as well as
reproductive disadvantages such as a lower copula-
tion rate in G8 generation and lower fecundity in
G5 generation. The fitness of the fipronil treatment
groups (G5 and G8) was determined by comparing
the population number tendency index (I) with the
control as standard. The relative fitness value for
the fipronil treatment (G5) was calculated as 0.577
and fipronil treatment (G8) was 0.750. It can there-
fore be concluded that fipronil resistance results in
lower fitness costs.

DISCUSSION

Insecticide-stimulated pest reproduction is an
important ecological mechanism of pest resur-
gence. Some insecticides, including deltamethrin,
methyl parathion, and fenvalerate, stimulate the re-
productive capacity of BPH. It was suggested that
triazophos increased the productivity of macropter-
ous and brachypterous BPH significantly (Zhuang
et al., 1999). When triazophos was applied to con-
trol rice stem borers and paddy borers, the oviposi-
tion of BPH was promoted in local areas and immi-
grated areas. It was reported that imidacloprid
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Table 1. Changes in fecundity of one female treated 
with fipronil

Treatment Mean no. of Mean no.
dose/ egg masses/ of eggs/

female female female

1.25�10�2 mg 25.25�5.79* 565.00�10.98**
1.00�10�2 mg 27.75�4.09* 555.00�2.55*
7.50�10�3 mg 14.25�1.65 513.00�11.57*
5.00�10�3 mg 18.00�4.38 360.00�4.56
2.50�10�3 mg 32.50�9.26* 285.00�8.78
Control 13.75�1.80 243.00�12.13

(no-pesticide)

Mean�SE is the mean of four replicates and standard error.
Student’s t-test: * and ** indicate significant differences be-
tween the treatment and control at p�0.05 and p�0.01, re-
spectively.

Table 2. Honeydew excretion of BPH third-instar nymphs treated with fipronil

Honeydew excretion (mg)
Treatment dose/nymph

7DAT 15DAT 30DAT

1.25�10�2 mg 0.650�0.064 3.525�0.238* 5.070�2.247**
1.00�10�2 mg 0.538�0.196 2.400�0.734* 1.675�0.829
7.50�10�3 mg 0.550�0.119 1.725�0.032 2.425�1.662
5.00�10�3 mg 0.750�0.156 1.550�0.278 2.525�0.050
2.50�10�3 mg 0.625�0.048 1.425�0.206 4.350�1.550*
Control (no-pesticide) 0.500�0.041 1.075�0.243 1.360�0.435

Mean�SE of four replicates. Student’s t-test: * and ** indicate significant differences between the treatment and control at
p�0.05 and p�0.01, respectively. Data in the table are the average honeydew excretion (mg). DAT: days after treatment.



stimulated the fecundity of the twospotted spider
mite, resulting in 10–26% more eggs during the
first 12 d of adult life and 19–23% more eggs dur-
ing complete adulthood compared with water-only
treatment (Wang et al., 2005). Fecundity in
Tetranychus urticae was also increased by systemic
exposure to imidacloprid by watering a young
dwarf bean plant besides direct exposure (James
and Price, 2002). In our experiment, fipronil (2.50�
10�3 mg, 5.00�10�3 mg, 7.50�10�3 mg, 1.00�10�2

mg, 1.25�10�2 mg) increased the reproductive rate
of BPH and might eventually lead to the resur-
gence of this pest following treatment.

The feeding rate is an important factor for resur-
gence and honeydew excretion is widely used as a
measurement of feeding activity (Begum and
Wilkins, 1998; Elsa et al., 2003). Fipronil increases
not only the fecundity of BPH, but also the quan-
tity of honeydew, an indicator of ingestion, of
BPH. In our experiment, for example, 15 and 30
days after treatment, the quantity of honeydew sig-
nificantly had increased with 1.25�10�2 mg fipronil
treatment. Fifteen days after treatment, the effect of
fipronil on the quantity of honeydew was dose-de-
pendent. The quantity of honeydew excreted was
the highest in 1.25�10�2 mg fipronil-treated hop-
pers; therefore, we inferred that fipronil might act
as a feeding stimulus to hoppers and increased
feeding of BPH might be a factor for resurgence.

Resistance of BPH to fipronil is an important
factor contributing to resurgence. In 2003, fipronil
resistance to BPH in a field population was very
low (Cheng et al., 2008); however, since then, high
fipronil resistance has been reported in a range of

other insect species, including field populations of
diamondback moth (Sayyed and Wright, 2004),
Chilo suppressalis Walker (Li et al., 2007), and the
cotton bollworm (Cheng et al., 2008). Resistance
selection in our laboratory showed that BPH can
develop medium resistance to fipronil, with the po-
tential to develop high resistance. Interestingly, in
our experiment, resistance of BPH to fipronil was
accompanied with fitness costs, such as a de-
creased survival rate from 3rd to 5th instar in G8
generation and decreased fecundity in G5 genera-
tion relative to susceptible insects. Fipronil resist-
ance loaded BPH with lower fitness costs, which
could promote the slow development of resistance
in field populations. On the other hand, the fecun-
dity of the resistant strain of BPH in G8 generation
was higher than that of the susceptible strain of
BPH in the control group (Table 3). Females with
fully developed ovaries and high fecundity con-
tributed to the greatest tendency to migrate (Zhang
et al., 2002). Migration with lower fitness costs re-
sults in resurgence in other areas, which might be
another mechanism of insecticide-induced resur-
gence. Studies of fipronil resistance, its fitness cost,
and cross-resistance will therefore help to assess
the resistance risk and to design resistance man-
agement to delay resistance development in the
field.

In summary, fipronil increases the fecundity and
quantity of honeydew, an indicator of ingestion, of
BPH. We also found that the fitness cost of
fipronil-resistant BPH was low. Therefore, we con-
clude that the properties of this insecticide cause
insect resurgence after its application.
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Table 3. Effect of fipronil resistance on the relative fitness of BPH

Parameter Control G5 generation G8 generation

Neonate number 100 100 100
Survival rate from 1st to 3rd instar (%) 74.00�3.66 b 75.93�2.67 b 93.16�0.91 a
Survival rate from 3rd to 5th instar (%) 91.73�2.65 a 80.06�1.47 ab 65.66�1.51 b
Emergence rate (%) 75.36�1.14 ab 80.11�5.32 a 65.99�1.71 b
Females (%) 51.99�0.64 a 51.20�1.49 a 51.23�0.27 a
Copulation rate (%) 75.00�10.21 b 93.75�6.25 a 62.50�21.65 b
Fecundity (eggs per female) 513.50�11.06 a 242.00�12.52 b 565.50�10.57 a
Hatchability (%) 60.18�8.10 a 62.89�7.92 a 63.29�11.24 a
N, predicted number of offspring 6,163.93 3,557.57 4,625.73
I, population trend index 61.64 35.58 46.26
Relative fitness 1 0.577 0.750

Mean�SE of six replicates. Means within column followed by the same letter are not significantly different (p�0.05, LSD test).
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