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Abstract

A resistant strain of Nilaparvata lugens has been continuously selected in the presence of nitenpyram for 27 generations under
laboratory conditions in order to study the fitness cost of nitenpyram resistance. The resistance to nitenpyram in N. lugens
was at a high level (resistance ratio = 144.7-fold). Life-tables of the nitenpyram-resistant strain and the susceptible strain
(SS) of N. lugens were studied by using the age-stage, two-sex life-table approach. Compared to the SS, the relative fitness
of the resistant strain of N. lugens was 0.55, with a lower intrinsic rate of increase (r) and net reproductive rate (R,;). Changes
in some life-history traits of the resistant strain were also observed. The duration of the egg stage, the development times of
the first-, third- and fourth-instar nymphs, the adult preoviposition period and the total preoviposition period of the resistant
strain were significantly increased, whereas the longevity, egg survival rate and fecundity (eggs/female) (absolute fitness)
were significantly decreased in the resistant strain of N. lugens. The lower intrinsic rate of increase () and net reproductive
rate (R,) seemed to be largely due to number of eggs laid, developmental time and egg survival rate. These results showed
that the development of nitenpyram resistance may lead to significant fitness costs in resistant populations of N. lugens.
This study provided valuable information for facilitating the development of nitenpyram-resistance management strategies.
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Key message e A laboratory-selected, nitenpyram-resistant strain and a

susceptible strain were used to construct two-sex life-
tables and investigated the fitness costs associated with

e The brown planthopper (BPH) Nilaparvata lugens (Stal) nitenpyram resistance in N. lugens.
is the most common pest of rice around the world. Niten- e The changes in life-history traits were exactly those
pyram is a popular insecticide for N. lugens control, and responsible for the fitness differences.

insecticide resistance was inevitable. Thus, understand-
ing the fitness costs associated with insecticide resistance
is critical to resistance management. Introduction

The brown planthopper (BPH) Nilaparvata lugens (Stal)
(Hemiptera: Delphacidae) is the major pest of rice in Asia,

Communicated by E. Roditakis. and this pest has caused large losses in yield through direct
. . . . . sucking, ovipositing and virus transmission. The aver-
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(2006-2015) (Liu et al. 2016). Insecticides have been
regarded as an important tool for controlling N. lugens in
order to reduce yield loss (Zhang et al. 2014, 2017; Liu et al.
Hubei Insect Resources Utilization and Sustainable Pest 2015; Tong and Feng 2016). Currently, N. lugens is resistant
Management Key Laboratory, College of Plant Science to more than 31 active ingredients of insecticides, including

and Technology, Huazhong Agricultural University, organochlorine, organophosphates, carbamates, pyrethroids,
Wuhan 430070, People’s Republic of China

>4 Jianhong Li
jianhl@mail.hzau.edu.cn

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10340-018-0972-2&domain=pdf
https://doi.org/10.1007/s10340-018-0972-2

1146

Journal of Pest Science (2018) 91:1145-1151

neonicotinoids, phenylpyrazoles, insect growth regulators
and pyridine azomethine insecticides (Nagata and Moriya
1974; Tang et al. 1982; Wang et al. 2008, 2013; Zhao et al.
2011; Matsumura et al. 2014; Min et al. 2014; Zhang et al.
2014, 20164, b, 2017; Malathi et al. 2017; Liao et al. 2017).

Nitenpyram, a second-generation neonicotinoid insec-
ticide, was commercialized in China in 2007 (Liang et al.
2012). It was a popular insecticide for N. lugens control
because it was highly efficient, showed systemic action and
long-lasting effects and good environmental safety profile
(Akayama and Minamida 1999). However, the most recent
report on nitenpyram showed that field populations of N.
lugens had developed resistance to nitenpyram (Zhang et al.
2017). In addition, field populations of other pests, such as
Aphis gossypii Glover, Bemisia tabaci Gennadius, Leptino-
tarsa decemlineata Say, etc., have also developed resistance
to nitenpyram (Mota-Sanchez et al. 2006; Yuan et al. 2012;
Matsuura and Nakamura 2014; Abbas et al. 2015a, b; Naeem
et al. 2016; Saddiq et al. 2015; Ullah et al. 2016; Mansoor
et al. 2017; Wang et al. 2017). These findings suggest that
nitenpyram resistance has developed to become widespread
in populations of some insect pests.

The fitness cost of insecticide resistance is a high ener-
getic cost or a significant disadvantage accompanying
the development of resistance to an insecticide that could
diminish the resistant insect’s survival and fecundity in
the absence of insecticides compared with its susceptible
counterpart in the population (Kliot and Ghanim 2012). Fit-
ness costs associated with resistance to insecticides have
been documented in N. lugens and other insects belonging
to different orders (Liu and Hang 2006; Feng et al. 2009;
Gassmann et al. 2009; Kliot and Ghanim 2012; Wang and
Wu 2014; Abbas et al. 2015a, b; Afzal et al. 2015; Gordon
etal. 2015; Shen et al. 2017; Tieu et al. 2017). These studies
also indicated that these insects adapted to insecticides suf-
fer a fitness cost derived from a pleiotrophic genetic effect
(Kliot and Ghanim 2012). These pleiotropic effects associ-
ated with resistance include changes in survival rate, egg
hatching, fecundity, and development time, among others
(Abbas et al. 2012; Kliot and Ghanim 2012).

In addition, fitness costs as a result of resistance to insec-
ticides could be beneficial for pest management. If the insect
pest has the potential to develop high levels of resistance
to insecticides, but this lowers the fitness of this resistant
strain, it is easy to recover susceptibility to insecticides when

the population is not exposed to those insecticides (Liu and
Hang 2006; Feng et al. 2009; Kliot and Ghanim 2012). In
other words, fitness costs that occur in insecticide-resistant
individuals can delay the development of resistance in the
population under certain conditions (Carriere and Tabashnik
2001). Therefore, studies of fitness costs may be valuable for
designing an integrated pest management (IPM) program for
managing the spread of the resistant population (Abbas et al.
2012; Sun et al. 2012; Santos-Amaya et al. 2017). To the
best of our knowledge, a fitness cost of nitenpyram resist-
ance has not yet been reported in N. lugens. Thus, there is
an urgent need to evaluate the fitness of nitenpyram-resistant
strains of N. lugens.

Here, we used a susceptible strain selected for its high
level of resistance to nitenpyram using rice seedling contain-
ing this insecticide solution to minimize confounding effects
related to genetic differences between susceptible and resist-
ant populations. Laboratory-selected nitenpyram-resistant
and susceptible strains were used to construct life-tables and
to investigate development, reproduction and survival. Con-
sequently, we hypothesized potential fitness costs associated
with nitenpyram resistance in N. lugens and expected nega-
tive effects on life-history traits in the resistant strain leading
to such costs. Assessment of such effects will be relevant
to document the impact of nitenpyram on N. lugens more
thoroughly, and thus to optimize its use against this pest.

Materials and methods
Resistant and susceptible strains

The susceptible strain of N. lugens was collected from a
rice paddy at the Hunan Academy of Agricultural Sciences
and reared on rice seedlings in the laboratory without expo-
sure to any insecticide for more than 10 years. The resistant
strain derived from this susceptible strain was continuously
selected through 27 generations of exposure to nitenp-
yram (Table 1). The concentrations of nitenpyram used for
selection in the different generations were determined as
LC;y—LCjs of their parent’s generation. Rice seedlings of
14-20 days were sprayed with 200 ml nitenpyram solution.
These rice seedlings were air-dried at room temperature for
2-4 h. Then, the solution on the plate was discarded and
distilled water was added tothe plate. Then, the treated rice

Table 1 The LCs, values of
resistant (RS) and susceptible

strains (SS) SS 405

Strains n LCs, (95% CL) (mg/L) Slope (SE) ;(2 dh Resistance ratio (RR)
0.19 (0.17-0.22) 2.20 (0.37) 0.16 (3) 1.0
RS (F,;) 360 27.49 (21.60-34.81) 2.10 (0.26) 0.85 (4) 144.7 (106.6-206.4)*

“The criteria of resistance level significance was that, if the 95% CI includes 1, then the LCsgs are not sig-

nificantly different
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seedlings were moved into clear cages and reared to the
third-instar nymph for 96 h. The number of nymphs selected
per generation ranged between 1000 and 2000. The mortal-
ity during individual selection cycles was about 50-80%.
These strains were reared on rice seedlings at 27 +1 °C
under 70-80% relative humidity and a 16-h/8-h light/dark
photoperiod.

Insecticide

The insecticide nitenpyram (96%, technical grade, CAS
150824-47-8) was purchased from Hubei KangBaoTai Fine
Chemical, Wuhan, China.

Bioassays

Bioassays were performed with third-instar nymphs of
N. lugens using a previously described rice-stem dipping
method (Wang et al. 2008). Briefly, a nitenpyram stock solu-
tion was prepared by dissolving nitenpyram in double-dis-
tilled water containing 0.1% Triton X-100 (v/v). Rice plants
in the tillering to early booting stage were pulled from the
soil, washed thoroughly, cut to a length of approximately
10 cm including the roots, and air-dried. Three rice stems
were grouped together and immersed in the appropriate
insecticide solution for 30 s and then air-dried at room tem-
perature for at least 30 min. The stems were then wrapped
with water-impregnated cotton and placed into 500-mL plas-
tic cups (one group of three stems per cup). Third-instar
nymphs were collected with a homemade aspirating device,
and 15 nymphs were transferred into each cup. There were
three replicates for each dose (concentration) and 6-9 doses
for each insecticide. The control rice stems were treated
with only the 0.1% Triton X-100 water solution. All treat-
ments were maintained at 27 + 1 °C under 70-80% relative
humidity and a 16-h/8-h light/dark photoperiod. Mortality
was assessed after exposure to nitenpyram for 96 h. The
nymphs were considered dead if they were unable to move
after being gently prodded with a fine brush.

Fitness comparisons

Life-tables were constructed separately for the suscepti-
ble (SS) and highly resistant (RS) strains. Rice plants with
eggs laid by each of these strains within a 24-h period were
collected from at least 20 pairs of adults. After hatching,
approximately 100 neonates were randomly selected and
transferred individually to a new rice plant. As the nymphs
became adults, pairs of males and females were placed in a
glass tube with a single fresh rice seedling. The rice seedling
was changed every day during the experiment. The newly
hatched nymphs were counted and then discarded. The rice
stems were then checked thoroughly using a microscope, and

the numbers of neonates and unhatched eggs were noted.
During this study, the following observations were made:
the development rate of each instar stage, the emergence
of adults, the life duration of the adult stage, fecundity and
hatchability. The life-table experiment was conducted in an
insectary at 27 + 1 °C under 70-80% relative humidity and
a 16-h/8-h light/dark photoperiod.

Statistical analysis

The LCs, values with 95% CI, resistance ratio with 95%
CI, slopes with standard error (SE) and Chi square value
(7 with degrees of freedom (df) were calculated using a
regression model based on a probit transformation of mor-
talities and a logarithmic transformation of the concentra-
tions tested, i.e., a log-probit model by Polo Plus software.
The criteria of resistance level significant classification was
that, if the 95% Cl includes 1, then the LCys are not signifi-
cantly different (Robertson et al. 2007). The raw life-cycle
data of each individual were analyzed using the age-stage,
two-sex life-table approach (Chi and Liu 1985; Chi 1988).
The basic life-table parameters, including intrinsic rate of
increase (r), net reproductive rate (R,) and mean generation
time (7), were calculated by using the computer program
TWOSEX-MS Chart (Chi 2016). The variances and standard
errors of the population parameters were estimated using
the bootstrap procedure included in TWOSEX-MS Chart
with 200,000 random resamplings. The development time,
adult longevity, adult preoviposition period (APOP), total
preoviposition period (TPOP), oviposition days, fecundity
(absolute fitness) and population parameters (r, R, and T)
were compared by using the paired bootstrap test based on
the confidence intervals of differences (Efron and Tibshi-
rani 1993; Akkoprii et al. 2015). The relative fitness of the
resistant strain was calculated following Shen et al. (2017):
Relative fitness (R =R, of the resistant strain/R,, of the sus-
ceptible strain.

Results

Means of life-history traits of RS and SS strains of N. lugens
are given in Table 2. The survival rates from first to fifth
instar, female and male of strains of RS and SS were not
significantly different. There was also no significant differ-
ence observed in the developmental time of second-instar
larvae, duration of female, longevity, nymph and adult sur-
vival rates (Table 2; Supplementary Figs. 1, 2, 3, 4). And the
female ratio of RS was not significantly different compared
with that of SS (Table 2). However, the development time
of the eggs and the first-, third- and fourth-instar larvae as
well as longevity, the APOP, and the mean of the TPOP,
were significantly different between the RS and SS (Table 2;
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Table 2 Duration of the. Development duration of Susceptible strain (SS) Resistant strain (RS) 95% CI°

deve.loprnent, repr.oductlon, different stages '

survival rate and life table n Mean (SE?) n Mean (SE)

parameters for the susceptible

and resistant strains of N. lugens Egg 99 7.30 (0.09) 89 7.79 (0.11) 0.20-0.77*
First instar 88 2.89 (0.07) 77 3.13 (0.09) 0.03-0.45*
Second instar 84 2.69 (0.07) 71 2.76 (0.07) —0.12-0.26
Third instar 81 2.35 (0.06) 67 2.61 (0.07) 0.07-0.46*
Fourth instar 78 2.37 (0.08) 63 2.63 (0.09) 0.03-0.49*
Fifth instar 74 3.26 (0.11) 58 3.38 (0.10) —0.17-0.42
Adult 74 16.65 (0.62) 58 15.55 (0.89) —1.00-3.23
Female 36 18.11 (0.85) 29 16.17 (1.30) —1.10-4.99
Female total longevity 36 39.22 (0.88) 29 38.66 (1.39) —-2.61-3.76
Male total longevity 38 36.69 (0.98) 29 36.11 (1.24) —2.51-3.68
Longevity 107 29.63 (1.27) 115 25.17 (1.29) 0.91-7.98*
APOP 35 3.17 (0.09) 25 3.48 (0.12) 0.02-0.59*
TPOP 35 24.29 (0.26) 25 26.00 (0.32) 0.91-2.51%*
Fecundity (eggs/female) 36 328.06 (16.94) 29 241.76 (22.67) 30.98-141.84*
Ovi-days 36 15.06 (0.73) 29 13.88 (0.74) —0.83-3.22
Egg survival 99 0.93 (0.03) 89 0.77 (0.04) 0.06-0.24*
L1 survival 88 0.90 (0.03) 77 0.90 (0.03) —0.08-0.08
L2 survival 84 0.96 (0.02) 71 0.95 (0.02) —0.04-0.07
L3 survival 81 0.97 (0.02) 67 0.96 (0.02) —0.04-0.05
L4 survival 78 0.97 (0.02) 63 0.97 (0.02) —0.04-0.05
L5 survival 74 0.96 (1.83) 58 0.95 (1.90) —0.05-0.06
Female survival 36 0.66 (0.05) 29 0.74 (0.04) —0.04-0.20
Male survival 38 0.65 (0.04) 29 0.75 (0.05) —0.02-0.22

*Significant difference at the P=0.05 level

4Standard errors (SE) were estimated using bootstrapping (200,000 re-samplings)

"The difference between two treatments was evaluated by using a paired bootstrap test. If the CI includes 0,

there is no difference at 5% level

Supplementary Figs. 1, 2, 3, 4). Compared with the SS, the
durations of the egg and the first-, third- and fourth-instar
nymph stages as well as the APOP and TPOP were signifi-
cantly prolonged in the RS by 0.49, 0.24, 0.26, 0.26, 0.31
and 1.71 days, respectively, while the longevity of the RS
was significantly decreased by 4.46 days (Table 2). Moreo-
ver, the fecundity (eggs/female) (absolute fitness) of RS was
also significantly different from that of SS. The RS females
produced significantly fewer eggs per female compared to
the SS females. Also, egg survival rate of RS was signifi-
cantly different from that of SS (Table 2). The survival rate
of eggs also showed a decline from 0.93 in the SS to 0.77 in
the RS. The percent egg hatching of RR and SS were not sig-
nificantly different. In this generation, RR and SS produced
4695 and 9713 larvae, respectively (Table 2).

In addition, similar effects of duration of nymphs, lon-
gevity (days) and fecundity (eggs per female) (absolute fit-
ness) were seen at the intrinsic rate of increase (r), the net
reproduction rate (R;) and the mean generation time (7).
The intrinsic rate of increase (r) and the net reproduction
rate (R,) of RS were also significant lower than that of SS

@ Springer

(Table 3), a pattern that was consistent for fecundity (abso-
lute fitness) measurements. However, the mean generation
time (7) was significantly prolonged in RS (33.14 days)
compared to the SS (31.35 days) (Table 3). The relative fit-
ness of the resistant strain of N. lugens was 0.55 compared
to the susceptible strain (SS) (Table 3).

Table 3 The means and standard errors of population parameters of
different strains of N. lugens

Parameters Susceptible strain ~ Resistant strain 95% CI*

(SS) (RS)
r(d™" 0.15 (0.005) 0.12 (0.006) 0.01-0.04*
R, 110.37 (16.04) 60.97 (11.27) 10.88-87.92*
T(d) 31.35(0.30) 33.14 (0.39) 0.82-2.75*
R® - 0.55 -

*Significant difference at the P=0.05 level

?The difference between two treatments was evaluated by using
paired bootstrap test (200,000 re-samplings). If the 95% CI includes
0, there is no difference at 5% level

be= R, of the resistant strain/R,, of the susceptible strain
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Discussion

The use of chemical insecticides to control insect pests is
extremely widespread, which often causes the develop-
ment of insecticide resistance within insect populations
(Yang et al. 2017). The development of resistance to insec-
ticides is accompanied by a high energetic cost or signifi-
cant disadvantage that diminishes the insect’s fitness in
the absence of insecticides (Kliot and Ghanim 2012). The
fitness cost of insecticide resistance is considered to be a
factor affecting the evolution of resistance, and a better
understanding of the fitness cost could be invaluable in
devising effective resistance management strategies (Liu
and Hang 2006; Kliot and Ghanim 2012; Sun et al. 2012;
Shen et al. 2017). Therefore, to examine the fitness of a
resistant strain is important for creating a resistance man-
agement strategy.

It is vitally important to keep a similar genetic back-
ground when testing for the fitness costs associated with
resistance, due to the genetic background of populations
confusing the determination of the fitness costs (Wang
and Wu 2014). Having a similar genetic background,
the resistant and susceptible strains differ only in small
regions of the genome, which facilitates the assessment
of fitness costs (Shen et al. 2017). Therefore, the resist-
ant strain derived from a susceptible strain was selected
in this study, and their genetic backgrounds were similar
and homogenized. Although laboratory experiments do
not completely reflect field conditions, the present analysis
can serve as an early warning for pest managers. Previ-
ous studies have indicated that the detoxification enzyme
cytochrome P450 monooxygenase is a more likely contrib-
uting factor to nitenpyram resistance in field populations
of N. lugens (Zhang et al. 2017). The same was found for
the laboratory-selected strain of N. lugens (RS). In gen-
eral, cytochrome P450 monooxygenase was involved in
nitenpyram resistance in RS (Zhang et al. 2017). These
may illustrate the resistance profile of field populations,
and the laboratory-selected strain of N. lugens was similar.

Fitness in N. lugens strains resistant to nitenpyram were
examined in this study, which demonstrated that the devel-
opment of increased nitenpyram resistance could decrease
fitness in the resistant strain of N. lugens, involving a
longer development time, lower survival rate, or reduced
reproductive performance in the absence of insecticides.
Similarly, fitness costs associated with resistance in the
absence of insecticides are common in N. lugens (Liu and
Hang 2006; Ling et al. 2009; Yang et al. 2017). Delete-
rious effects on some life-history traits (larval survival,
egg hatching and fecundity) and reduced mating success
of resistant males have been reported in resistant strains
of N. lugens (Liu and Hang 2006; Ling et al. 2009; Kliot

and Ghanim 2012; Yang et al. 2017). A fitness analysis
using life-tables demonstrated that imidacloprid-resistant
N. lugens had obvious disadvantages in their reproduc-
tion, including significantly lower larval survival rate,
adult emergence rate, copulation rate, fecundity (absolute
fitness) and hatchability, and the field strain of N. lugens
with imidacloprid resistance also showed reduced fit-
ness (0.169 and 0.104) (Liu and Hang 2006). In another
laboratory strain of N. lugens with 253-fold resistance to
chlorpyrifos, relative fitness was 0.206 with a low survival
rate, low emergence rate, low female ratio, low fecundity
(absolute fitness) and low hatchability compared with a
susceptible strain (Yang et al. 2017).

In the current study, in the absence of nitenpyram, the
development time of the egg incubation period, APOP and
TPOP, as well as the durations of the first-, third- and fourth-
instar larvae were prolonged in the resistant strain compared
to the susceptible strain; in contrast, the longevity and ovi-
days in the resistant strain were shorter than those in the
susceptible strain. The fecundity (eggs/female) (absolute fit-
ness) and egg survival rate of RS were decreased. Therefore,
these indicated that nitenpyram resistance in N. lugens cor-
responds with a significant disadvantage in developmental
duration, and also showed the presence of a trade-off in the
distribution of resources between resistance and fitness of N.
lugens. Also, these life-history traits suggest the dominance
of fitness costs due to significant differences in the traits of
RS and SS. These fitness effects have also been reported in
other resistant strains (Kliot and Ghanim 2012). The mean
generation time (7) is an important indicator of population
dynamics, which if prolonged in the resistant strain would
lead to apparent fitness costs (Shen et al. 2017). The mean
generation time (7) of RS were significantly prolonged
compared with SS, and the relative fitness of RS was 0.55.
Moreover, the resistant strain also showed lower survival of
eggs and lower fecundity (absolute fitness) compared with
the susceptible strain, and this was also consistent for a sig-
nificantly lower intrinsic rate of population increase () and
a lower net reproductive rate (R,)) compared with the suscep-
tible strain. This lower intrinsic rate of population increase
(r) seemed to be largely due to the number of eggs laid, the
developmental time and the survival rates of the eggs. These
demographic parameters (7, R, and 7) are important indices
for evaluating the biological characteristics of insect popula-
tions. Based on these parameters, it was concluded that the
impact of resistance on life-history traits seems to be very
strong, which could help delay the evolution of resistance.

In summary, we found fitness costs associated with niten-
pyram resistance in the RR strain. The delayed development
time and reduced fecundity (absolute fitness) and fertility
of the resistant strain were the major factors substantially
impacting the population growth potential, leading to fitness
costs. These data may also provide a wealth of interesting
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and useful information that will be invaluable in IPM pro-
grams and in delaying N. lugens resistance. The frequencies
of resistance alleles could decline when the selection pres-
sure is removed (Ferre and Van Rie 2002). Previous studies
have also indicated that low fitness could result in a quick
recovery of population susceptibility when the application
of the insecticide was suspended (Liu and Hang 2006; Feng
et al. 2009). In the current study, the nitenpyram-resistant
strain had a disadvantage compared to the susceptible strain,
suggesting that the development of resistance to nitenpyram
would be delayed. These data indicate a favorable condi-
tion for nitenpyram resistance management; for example,
managing resistance to insecticides depends on associated
fitness costs such that the frequency of resistance alleles
will decline when selection is reduced (Abbas et al. 2012).
In addition, field populations of N. lugens have developed
resistance to nitenpyram. In those populations, an effective
resistance management strategy (use of suitable rotation
partners for nitenpyram) should be implemented to retard
the further development of resistance to nitenpyram in N.
lugens.
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