Pesticide Biochemistry and Physiology 139 (2017) 53-59

Contents lists available at ScienceDirect

Pesticide Biochemistry and Physiology

journal homepage: www.elsevier.com/locate/pest

Fitness and inheritance of metaflumizone resistance in Plutella xylostella

@ CrossMark

2 Hubei Insect Resources Utilization and Sustainable Pest Management Key Laboratory, College of Plant Science and Technology, Huazhong Agricultural University, Wuhan 430070, PR China
b Department of Plant Protection, Chinese Academy of Agricultural Sciences, Beijing 100081, China

Shen Jun?, Li Dongyang?, Zhang Shuzhen ?, Zhu Xun®, Wan Hu?, Li Jianhong **

ARTICLE INFO ABSTRACT

Article history:

Received 19 October 2016

Received in revised form 12 April 2017
Accepted 16 April 2017

Available online 6 May 2017

The diamondback moth, Plutella xylostella (L.) has developed resistance to many types of insecticides in the field.
To study inheritance and fitness cost of metaflumizone resistance, a susceptible strain of diamondback moth was
continuously selected with metaflumizone during 37 generations under laboratory conditions. The resistance to
metaflumizone was at a high level (resistance ratios from 250.37 to 1450.47-fold). We investigated a
metaflumizone resistance strain (G,7) and a susceptible strain of P. xylostella, using the age-stage, two-sex life
table approach. Compared to the susceptible strain, egg duration, the developmental time of the first and second
instar larvae, pupae duration, adult preoviposition period (APOP), total preoviposition period (TPOP), egg hatch-
ability, the survival rate of second instar larva and the mean generation time (T) were significantly differences in
the resistant strain. The resistant strain had a relative fitness of 0.78. The inheritance of metaflumizone resistance
was also studied by crossing the metaflumizone resistant and susceptible populations. Results revealed an auto-
somal and incompletely recessive mode of inheritance for metaflumizone resistance in the resistant population
of P. xylostella. The present study provided useful information for planning potential management strategies to
delay development of metaflumizone resistance in P. xylostella.
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1. Introduction

The diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera:
Plutellidae) is the major pest of Brassica vegetable and oilseed crops
worldwide. Globally, direct losses and control costs are estimated to be
US$4-5 billion [1]. In China, losses is estimated to be approximately
US$0.77 billion annually [2]. To Date, the DBM has developed resistance
to 95 active ingredients of insecticides including metaflumizone [3],
which was introduced into the China market by BASF in 2009 and regis-
tered to control P. xylostella on vegetables [4,5].

Metaflumizone is a novel sodium channel blocker insecticide (SCBIs)
in the semicarbazone class, which binds selectively to the slow-
inactivated state of the sodium channel [6], leading to flaccid paralysis
and, eventually, death of the affected insects [7]. Metaflumizone has
been effectively used for control of a wide range of pests, including eco-
nomically important lepidopterous pests and other pests in the orders Co-
leoptera, Hemiptera, Hymenoptera, Diptera, Isoptera, and Siphonaptera
[8]. However, a high level resistance to metaflumizone has been reported
in Spodoptera exigua (Hiibner) (Lepidoptera: Noctuidae) in south China
[9]. The resistance in the field populations of P. xylostella to
metaflumizone was at medium levels (10-70-fold) to metaflumizone
compared to the susceptible population [10].
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Fitness costs can occur in resistant individuals and include reduced
survival on nontreated plants and reduced fecundity [11]. Fitness cost as-
sociated with insecticide resistance is well documented in P. xylostella re-
sistance to tebufenozide, fufenozide, abamectin and cyantraniliprole [12,
13,14,15]. Other examples of this phenomenon include Musca domestica
L. (Diptera: Muscidae) to imidacloprid [16], Spodoptera litura (Fabricius)
to imidacloprid and emamectin benzoate [17,18], Nilaparvata lugens
(Hemiptera: Delphacidae) to imidacloprid [19], Heliothis virescens
(Fabricius) (Lepidoptera: Noctuidae) to indoxacarb and deltamethrin
[20] and S. exigua to tebufenozide [21]. Relative fitness is the ability of a
resistant strain to survive and reproduce compared to the susceptible
strain [18]. Studying the relative fitness of resistant strains is essential
for understanding and managing resistance problems [22]. Fitness costs
of metaflumizone resistance have not yet reported in P. xylostella any-
where in its worldwide distribution.

Selection for metaflumizone resistance in the laboratory and studies
of its mode of inheritance and fitness costs is essential to the sustainable
production of cruciferous vegetables and to establish management strat-
egies to delay metaflumizone resistance development in the field. There-
fore, the authors of this study used a laboratory-selected metaflumizone
resistant and a susceptible strain to construct life tables and to investi-
gate if there were fitness costs associated with metaflumizone resistance
in P. xylostella. Studying the inheritance of metaflumizone resistance will
enable researchers to develop programs to reduce resistance develop-
ment to insecticides.
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2. Materials and methods
2.1. Insect cultures

The susceptible strain (SS) of DBM was provided by the Department
of Entomology, China Agricultural University, Beijing, China. The strain
which was originally collected from a cabbage (Brassica oleracea var.
capitata) field in Xuanhua, Hebei Province, China (40.37°N, 115.03°E)
in 1996, was reared continuously in the laboratory without exposure to
insecticides for over 10 years. The resistant strain (metaflu-SEL) was con-
tinuously selected with metaflumizone from this susceptible strain. The
larvae were reared on vermiculite-grown radish (Raphanus stivus L.)
seedlings, which were cultured in an aluminium container (20.5 x 12.5
% 5.5 cm) with vermiculite growing medium. The adults were provided
with a 10% honey/water solution in the laboratory and allowed to ovi-
posit on radish seedlings (Raphanus sativus L.). All populations were
maintained at 25 £+ 1 °C, 65 &+ 5% RH and L: D = 16: 8 h in a separate
greenhouse.

2.2. Insecticide

Bioassays on P. xylostella were performed with the insecticide
metaflumizone (240 g/L SC; BASF Chemical Co., Ltd., Shanghai, China).

2.3. Bioassay

The leaf-dip bioassay method as described by IRAC method 18 [23]
was used to determine the susceptibility of the third instar larvae of P.
xylostella to metaflumizone. The insecticide was serially diluted to five
to seven concentrations with water containing 0.1% Triton X-100 (a sur-
factant which facilitates uniform leaf disc coverage with its active ingre-
dient). Cabbage (Brassica oleracea) leaf discs (7.0 cm diameter) were cut
and dipped into those solutions for 10 s. Controls were treated with 0.1%
Triton X-100 solution in water alone. The leaf discs were dried at room
temperature for 1-2 h. Each treated leaf disc with 10 third instar larvae
was placed in a separate plastic Petri dish (7.0 cm diameter) and kept at
25 4+ 1°C, 65 + 5% RH, and a photoperiod of 16: 8 (L: D) h in a growth
chamber. Three replicates of 10 third instar larvae were tested for each
concentration. The mortality was assessed 72 h after exposure to
metaflumizone. Larvae were considered to be dead if they did not re-
spond to being touched with a probe. Control mortality was <5% in all
bioassays.

2.4. Resistance selection

The resistant strain derived from the SS strain was continuously se-
lected with metaflumizone during 37 generations under laboratory con-
ditions since 2013. The concentrations of metaflumizone used for
selection in the different generations were determined as LC3y-LCsg of
their parent's generation. Metaflumizone solution (25 mL) was sprayed
onto the seedlings when they had reached 7-8 cm in height. Then the
treated seedlings were moved into clear cages and reared the third instar
larval to pupate. The number of larvae selected per generation ranged
between 1000 and 2000. Viable pupae were collected and bred to the
next generation, which were reared free from insecticides for resistance
monitoring.

2.5. Genetics of resistance to metaflumizone

To determine the dominancy of metaflumizone resistance, reciprocal
crosses were performed between the metaflu-SEL (Gs;) and SS of P.
xylostella to produce two lines: F; (100 metaflu-SEL @ x 100 SS &) and
Fy’ (100 metaflu-SEL &' x 100 SS Q).

The degree of dominance (D) was estimated on the basis of dose re-
sponses (LCso) of F; or Fy’ progeny from reciprocal crosses according to

Stone's method [24]:

b 26=Xi—Xs
T Xi—X3

where X;, X5 and X5 are the logLCsq values for metaflu-SEL, the recipro-
cal progeny (F; or F;’) and the susceptible strain, respectively; D = 1 in-
dicates complete dominant, 0 < D < 1 indicates incomplete dominant,
—1 < D <0 indicates incomplete recessive and D = — 1 indicates com-
plete recessive. Maternal effects and sex linkage were estimated accord-
ing to log dose-probit lines and the LCsq values of reciprocal progeny (F,
or Fy"). The inheritance of resistance to metaflumizone was autosomal if
the log dose-probit lines of F; and F,’ progeny were mainly superposed
and the LCsq values did not differ between F; and F;’ progeny; other-
wise, the inheritance of resistance was sex linked.

2.6. Fitness comparison

Life tables were separately constructed for SS and metaflu-SEL popu-
lations using the age-stage, two-sex life table approach [25]. 151 and 144
eggs, which laid on the same day by SS and metaflu-SEL (G,;) popula-
tions, respectively, were collected from at least ten pairs of adults to
allow for adequate individuals. The eggs were individually transferred
to the numbered plastic culture dish (7.0 cm diameter) containing a
fresh cabbage leaf on the top of absorbent paper, and kept separately in
the growth chamber at 25 + 1 °C and 65 £ 5% RH, with a photoperiod
of 16: 8 L: D. The incubation period was determined by observing each
egg daily. After eggs hatched, the developmental time of individual
larva was assessed and the leaves were replaced daily. Individual pupa
was collected and placed individually in 1.5 mL centrifuge tubes. After
emergence, its sex was determined, and the numbers of eggs laid by
each female were recorded daily. Each adult was observed daily for
survivorship.

The relative fitness of the resistant strain was calculated as [12,26]:
Ry = Ry of the resistant strain/Ry of the susceptible strain. Ry> 1 suggests
that the fecundity of resistant strain is enhanced; Ry< 1 suggests that the
resistant strain has a fitness defect.

2.7. Statistical analysis

The program Probit-MS Chart [27] was used for probit analysis of con-
centration- response data. Classification of the insecticide resistance
level was according to Shao et al. [28]: Low resistance (RR < 10), medium
resistance (10 < RR < 100) and high resistance (RR > 100). The raw data
of the life cycle of each individual was analyzed using the age stage, two-
sex life table theory [25,29]. The basic life-table parameters, such as age-
stage survival rate (s;) (where x is the age and j is the stage), age-specific
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Fig. 1. Dynamics of metaflumizone resistance in P. xylostella during selection.



7.0

6.5

6.0

55

5.0

4.5

4.0

3.5

3.0

Probit

7.0

6.5

6.0

55

5.0

45

4.0

3.5

3.0

J. Shen et al. / Pesticide Biochemistry and Physiology 139 (2017) 53-59

SS

Observed
Expected
Lower 95% FL
Upper 95% FL

5.0

4.5

4.0

3.5

FEFEP PR EPEPER EPEPEE a|

metaflu-SEL

1=0.8738+1.3151x
LCs(=1372.83mg/L (1182.7.3~1593.2)

-

T \ 3.0
0.0 05 10 20

7.0

25

3.0

3.5 4.

Pl EPEFEPE BN EPEPE B

FEFEFEE B PP

6.5
6.0 4
55
5.0
45

4.0

y=4.1034+1.1612x
LCs50=5.92mg/L (3.3~10.8)
D=-0.59

3.5 o

Fy

¥=4.2420+1.0621x
LCs0=5.17mg/L (3.3-8.0)
D=-0.63

S
]

Table 1

3.0

0.5 1.0 1.5 20 -05

logDose

0.0

0.5 1.0 15

Fig. 2. Response to metaflumizone of SS and metaflu-SEL parental strains of P. xylostella and reciprocal crosses F; and Fy’.
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Duration of the development, reproduction, survival rate and life table parameters for the susceptible and metaflu-SEL strains of P. xylostella. Standard errors (SE) were estimated with
bootstrapping (200,000 re-samplings).

Stage Strain

n SS n metaflu-SEL P 95% CI*
Egg 127 3.07 £ 0.03 134 2.81 + 0.04 0.000 0.158-0.372
L1 123 2.55 + 0.06 127 3.29 £ 0.07 0.000 0.555-0.922
L2 121 231 £ 0.05 119 2.76 + 0.07 0.000 0.273-0.628
L3 120 2.47 £+ 0.07 116 2.59 + 0.06 0.165 —0.050-0.289
L4 113 343 +£0.11 109 345 +0.12 0.920 —0.300-0.333
Pupa 97 4.54 4+ 0.06 91 4.77 £+ 0.06 0.006 0.068-0.398
Female adult 45 9.69 + 0.61 44 10.66 + 0.52 0.225 —0.600-2.545
Male adult 52 9.88 + 0.62 47 9.94 + 0.54 0.949 —1.550-1.656
APOP (day) 43 0.72 £ 0.23 43 1.67 £ 0.31 0.014 0.198-1.708
TPOP (day) 43 18.42 + 0.36 43 20.35 £+ 049 0.002 0.736-3.123
Oviposition days 45 5.74 + 0.41 44 5.70 + 0.42 0.939 —1.106-1.197
Fecundity (eggs) 45 12642 + 13.71 44 95.74 4+ 10.94 0.080 —3.649-65.012
Survival rate (%)
Egg 127 84.10 + 0.03 134 93.05 + 0.02 0.013 0.018-0.161
L1 123 97.35 4 0.01 127 95.14 £ 0.02 0.278 —0.021-0.066
L2 121 98.67 & 0.01 119 94.45 £ 0.02 0.035 0.001-0.084
L3 120 99.34 4+ 0.01 116 97.92 + 0.01 0.216 —0.012-0.041
L4 113 95.37 £ 0.02 109 95.14 £ 0.02 0.890 —0.046-0.051
Pupa 97 89.42 4 0.03 91 87.51 £ 0.03 0.638 —0.054-0.092
Female adult 45 70.20 + 0.04 44 69.44 + 0.04 0.876 —0.097-0.112
Male adult 52 65.56 + 0.04 47 67.36 £ 0.04 0.756 —0.090-0.126
Parameters
r(d=") 0.1820 £ 0.01 0.1603 + 0.01 0.099 —0.004-0.048
AT 1.1996 + 0.01 1.1738 £ 0.01 0.099 —0.005-5.632
Ry (offspring individual =) 37.67 £ 6.21 29.26 £ 4.95 0.287 —7.142-23.969
T(d) 19.96 4+ 0.29 21.09 £+ 0.26 0.005 0.364-1.893
Ry 0.78

2 The difference between two treatments was evaluated by using paired bootstrap test. If the CI includes 0, there is no difference.
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fecundity of female (f;;), age-specific survival rate (1), age-specific fecun-
dity (m,), age-specific maternity (L), age-stage specific life expectan-
cy (ey), reproductive value (vy;), instinsic rate of increase (r), finite rate of
increase (), net reproductive rate (Rg) and mean generation time (T),
were calculated using the computer program TWOSEX-MS Chart [30].
The variances and standard errors of the population parameters were es-
timated using the bootstrap procedure include in the TWOSEX-MS Chart
with 200,000 random resampling. The developmental time, adult lon-
gevity, APOP, TPOP, oviposition days, fecundity and the population pa-
rameters (r, A, Ro, and T) were compared by using the paired bootstrap
test based on the confidence interval of differences [31,32].

3. Results
3.1. Metaflumizone resistance selection

A susceptible population of DBM was continuously selected with
metaflumizone for 37 generations in the laboratory (Fig. 1). The results
showed that the resistance increased slightly (RR increased from 0.52 to
8.96 -fold) from the G, to the G;5 generation. While from the G to the
G,7 generation, the resistance developed quickly (RR increased from
70.24 to 1338.99-fold). However, the resistance appeared to remain at
a constant high level, with the last eleven selections showing no obvious
resistance increase.

3.2. Genetics of resistance to metaflumizone

Reciprocal crosses were made between the metaflu-SEL (Gs7, RR =
933.90 -fold) and SS strains. The LCsq values did not differ significantly
between the F; and F,’ progeny of the reciprocal crosses (Fig. 2). Similar-
ly, the mean slope of the concentration-mortality did not differ signifi-
cantly (P~ 0.05) between the reciprocal crosses. These indicate that the
inheritance of resistance to metaflumizone was autosomal. The degree
of dominance (D) was —0.59 and — 0.63 for F; and F;’ strains, respec-
tively, suggesting that the resistance to metaflumizone was incompletely
recessive.

3.3. Fitness comparison

The biotic fitness of metaflu-SEL and SS strains of P. xylostella were
compared when the resistant ratio was 1338.99-fold (G,7). Compared
to the SS, egg duration of the metaflu-SEL strain was significantly short-
ened (Table 1). While the developmental time of first and second-instar
larvae, pupae duration, APOP and TPOP were significantly longer in the
metaflu-SEL strain than in the SS strain, which was delayed about 0.74,
0.45,0.23, 0.85 and 1.83 days, respectively (Table 1). The egg hatchability
of metaflu-SEL strain (93.05 + 0.02%) was greatly increased compared
with that of the susceptible strain (84.10 4 0.03%) (Table 1). The survival
rate of second instar larva was significantly lower in the metaflu-SEL
strain (94.45 + 0.02%) than in the SS strain (98.67 + 0.01%) (Table 1).
There were no significant differences in the developmental time of the
third and fourth instar larvae, female and male adult lifespans between
the metaflu-SEL and SS strains (Table 1), whereas female and male adults
of SS strain emerged at the 15th day and reached their maximal mean
longevity at the 37th day, which were 1 day earlier than metaflu-SEL
strain (Figs. 3 and 4). Similarly, The oviposition period and total fecundity
of the two strains were also not significantly different (Table 1), but the
highest age-stage specific fecundity (fy7) peaks occurred on the 18th day
with 30.8 offspring in the metaflu-SEL strain, and on the 15th day with
68.0 offspring in the SS strain, showing that the oviposition peak was de-
layed in the metaflu-SEL strain (Fig. 4). No significant differences were
found in r, A and Ry values between the metaflu-SEL and SS strains
(Table 1). However, the mean generation time (T) was significantly
prolonged in the metaflu-SEL strain (21.09 day) compared to the SS
strain (19.96 day) (Table 1). Compared with the SS strain, the relative fit-
ness value of metaflu-SEL was calculated to be 0.78, indicating that
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Fig. 3. Age-stage specific survival rates (s;) of P. xylostella in the metaflu-SEL and SS
strains.

fitness costs were associated with metaflumizone resistance in the
metaflu-SEL strain of P. xylostella.

The age-stage survival rate (s,;) represents the probability that a
newly laid egg will survive to age x and stage j (Fig. 3). Owing to the var-
iable developmental rates among individuals, significant overlaps be-
tween stages were clearly observed between the metaflu-SEL and SS
strains. The projected curves for each developmental stage of the
metaflu-SEL and SS, showed a similar pattern. The life expectancy (ey)
is the length of time that an individual of age x and stage j is excepted
to live after age x. In most instances, the e,; values were higher in the
metaflu-SEL strain than in the susceptible strain. For example, the lon-
gevity of DBM at age zero (ep;) was higher in the metaflu-SEL strain
(24.13 days) than in the SS group (22.17 days) (Fig. 5). The age-stage-
specific reproductive values (vy;) of P. xylostella represented the contri-
bution of an individual at age x and stage j to the next generation. The
reproductive value increased significantly when P. xylostella began to
lay eggs. In the SS strain, the increase in reproductive value occurred
at age 15 days and reached a peak of 180. In the metaflu-SEL strain,
the reproductive value increased at age 16 days and remained at high
reproduction for a few days (Fig. 6).

4. Discussion

Metaflumizone, which belongs to the voltage-dependent sodium
channel blockers class of insecticides, was registered to control P.
xylostella on cabbage in China in 2009 [4,5]. In this study, after 37 gener-
ations of selection with metaflumizone under laboratory conditions, the
resistance to metaflumizone was >1000-fold compared with the
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Fig. 4. Age-specific survival rate (l,), age-specific fecundity (m,), age-specific maternity
(lymy), and age-stage specific adult female fecundity (f,7) of P. xylostella in the metaflu-
SEL and SS strains.

susceptible strain (SS) of P. xylostella, indicating that the DBM has the ca-
pability of developing a high resistance level to metaflumizone. Develop-
ment of metaflumizone resistance has previously been reported only in
field populations of S. exigua and P. xylostella [5,9,10]. However, in anoth-
er SCBI, indoxacarb [33], highly resistant strains were obtained quite
readily from field populations after consecutive selection for only three
and seven generations in M. domestica and P. xylostella, respectively
[34,35]. Thus, insects have the potential to develop high resistance to so-
dium channel blockers insecticides, and it should be used with a protec-
tive resistance management procedures.

In the present study, logistic regression analysis of F; and F;’ recipro-
cal crosses between metaflu-SEL and SS indicated that resistance to
metaflumizone is inherited as an autosomal, incompletely recessive
trait. Likewise, Sayyed and Wright [34] reported that in indoxacarb resis-
tant P. xylostella, the resistance was an incompletely recessive trait.
Nehare et al. [36] also observed similar results in indoxacarb resistant
P. xylostella showing autosomal and an incompletely recessive trait.
This information should be useful to delay the development of
metaflumizone resistance in pest insects. More specifically, based on
the assumption that indoxacarb resistance is an incompletely recessive
trait, a high-dose/refuge strategy was used to delay the development of
indoxacarb resistance [35,36]. Due to the genetic basis of metaflumizone
resistance, it is possible that the development of metaflumizone resis-
tance in P. xylostella strains can be delayed by the use of a high-dose/ref-
uge strategy [37,38].

Fitness cost determination is very important in homozygous-resis-
tant individuals [21]. The genetic background of populations can affect
the fitness associated with resistance [39]. Having a similar genetic back-
ground, the resistant and susceptible populations differ only in small re-
gions of the genome, which facilitates the assessment of fitness costs. We

30
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Fig. 5. Age-stage life expectancy (ey;) of P. xylostella in the metaflu-SELand SS strains.

therefore selected a population of P. xylostella with a high-level of resis-
tance to metaflumizone under laboratory conditions and a susceptible
to evaluate the fitness associated with metaflumizone resistance.
Fitness costs of insecticide resistance are considered to be a major fac-
tor affecting the evolution of resistance, and a better understanding of
the costs may be invaluable in devising effective resistance management
strategies [14]. Fitness costs related to insecticide resistance occur when
the development of insecticide resistance is accompanied by a reduction
in fitness. This may involve a longer development time, lower survival
rate, or reduced reproductive performance, in the absence of insecticide
[37,40]. Generally, biological characteristics such as increases in develop-
ment duration, reduced fecundity and reproductive rate, affect the rela-
tive fitness [16]. Decreases in fitness due to the development of various
insecticide resistances have been observed in P. xylostella [11-15]. Fac-
tors selected for resistance may present direct pleiotropic effects in one
or more life-trait aspects, and alterations in different traits can be consid-
ered manifestations of the insect physiological commitment to face the
challenge represented by insecticide exposure [41]. For instance, devel-
opmental time is a primary aspect of fitness in dispersing mosquito pop-
ulations [42]. A delay in developmental dynamics was observed in a
Spodoptera exigua strain selected with fenvalerate [43], in two Cydia
pomonella strains selected in the laboratory with deltamethrin and
with diflubenzuron [44], and in a Aedes aegypti population selected in
the laboratory with deltamethrin [41]. The current study also demon-
strates that metaflumizone resistance could decrease fitness in P.
xylostella. The developmental time of first and second instar larval,
pupal duration, APOP and TPOP were significantly prolonged in



58 J. Shen et al. / Pesticide Biochemistry and Physiology 139 (2017) 53-59

200

metaflu-SEL e Ex

—a— L1

—v— L2
—i— L3
150 —a— L4
—&— Pupa
—2— Female

100

50

200

Reproductive value (ij)

150

100

50

Age (day)
Fig. 6. Age-stage reproductive value (vy;) of P. xylostella in the metaflu-SEL and SS strains.

metaflu-SEL strain compared to the susceptible population. Therefore,
metaflumizone resistance in P. xylostella corresponds with a significant
disadvantage in developmental duration. The mean generation time
(T) is an important indicator of population dynamics, which prolonged
in resistant strain would lead to apparent fitness defects [17,45]. Our re-
sults showed that the metaflu-SEL strain had a significantly longer the
mean generation time (T), with a relative fitness of 0.78. Of the life histo-
ry traits examined in our study, the major differences affecting fitness
costs are the significant differences found in the developmental duration
of the resistant and susceptible strains. Based on the developmental data,
it can be concluded that the metaflu-SEL strain would not be able to in-
crease as rapidly as the susceptible strain if metaflumizone selection
was discontinued.

In summary, this study demonstrates that P. xylostella have the po-
tential to develop resistance to metaflumizone. The resistance was
shown to have an autosomal and incompletely recessive mode of inher-
itance. Using the age-stage-specific life table, a population projection
can reveal the change of stage structure during growth of a given popu-
lation. Understanding stage structure is important to pest management
because the dispersal and damage capability of insects varies with stage.
This study demonstrates that the life table is capable of providing a com-
prehensive description of the fitness of an insect population. The data
obtained from the two life tables calculated for the metaflu-SEL and SS
strains of P. xylostella provide a wealth of interesting and useful informa-
tion that will ultimately by invaluable in IPM programs and/or other
studies involving P. xylostella biology. Our study reveals that selection
pressure can have a disadvantageous effect on the population fitness-
related traits of P. xylostella. Specifically, we found that population traits
such as first and second larval duration, pupal duration, APOP and TPOP

as well as on the population demographic parameters (T) were signifi-
cantly prolonged, and the survival rate of second larval was significantly
decreased in the metaflu-SEL strain, suggesting the rotational use of
metaflumizone with other types of insecticides may delay the develop-
ment of resistance.

Author Contributions

J. S, XZ, HW,, and ].H.L designed the experiment; J. S., S.Z.Z., and
D.Y.L collected data; J.S. and J. L analyzed the data and wrote the manu-
script, J. S.,S.ZZ,,D.Y.L, X.Z, HW. and J.H.L read, corrected and approved
the manuscript.

Competing financial interests

The authors declare no competing financial interests.

Acknowledgments

We thank Prof. Xiwu Gao (Department of Entomology, China Agri-
cultural University, Beijing, China) for supplying the susceptible popula-
tion of Plutella xylostella and thank Prof. Dr. Hsin Chi (Laboratory of
Theoretical Ecology, Department of Entomology, National Chung Hsing
University, Taichung, China) for help with analysis of the life table data
and revision of the manuscript. This research was supported by a grant
from the Special Fund for Agro-scientific Research in the Public Interest
of China (201103021) and the National Natural Science Foundation of
China (31672048).

References

[1] M.P. Zalucki, A. Shabbir, R. Silva, D. Adamson, S.S. Liu, M.J. Furlong, Estimating the
economic cost of one of the world's major insect pests, Plutella xylostella (Lepidop-
tera: Plutellidae): just how long is a piece of string? J. Econ. Entomol. 105 (2012)
1115-1129.

[2] ZY.1i, X. Feng, S.S. Liu, M.S. You, M.J. Furlong, Biology, ecology, and management of

the diamondback moth in China, Annu. Rev. Entomol. 61 (2016) 277-296.

APRD, Arthropod Pesticide Resistance Database, Michigan State University, 2016

http://www.pesticideresistance.org/display.php?page=species&arld=571 Date of

access: 14/12/2016.

[4] Anonymous, Metaflumizone, Pestic. Sci. Adm. 30 (2009) 58.

[5] XR.Tian, X.X. Sun, J.Y. Su, Biochemical mechanisms for metaflumizone resistance in
beet armyworm, Spodoptera exigua, Pestic. Biochem. Physiol. 113 (2014) 8-14.

[6] V.L Salgado, J.H. Hayashi, Metaflumizone is a novel sodium channel blocker insecti-

cide, Vet. Parasitol. 150 (2007) 182-189.

N.S. Chatterjee, S. Gupta, Persistence of metaflumizone on cabbage (Brassica oleracea

Linne) and soil, and its risk assessment, Environ. Monit. Assess. 185 (2013)

6201-6208.

BASF, Agricultural Products: Metaflumizone Worldwide Technical Brochure, BASF,

Germany, 2007.

[9] J.Y. Su, X.X. Sun, High level of metaflumizone resistance and multiple insecticide re-
sistance in field populations of Spodoptera exigua (Lepidoptera: Noctuidae) in
Guangdong Province, China, Crop. Prot. 61 (2014) 58-63.

[10] X.L.Wang, W. Su,]J.H. Zhang, Y.H. Yang, K. Dong, Y.D. Wu, Two novel sodium channel
mutations associated with resistance to indoxacarb and metaflumizone in the dia-
mondback moth, Plutella xylostella, Insect Sci. 23 (2016) 50-58.

[11] AH.Sayyed, S. Saeed, M. Noor-ul-ane, N. Crickmore, Genetic, biochemical and phys-
iological characterization of spinosad resistance in Plutella xylostella (Lepidoptera:
Plutellidae), J. Econ. Entomol. 101 (2008) 1658-1666.

[12] G.C.Cao, ZJ. Han, Tebufenozide resistance selected in Plutella xylostella and its cross-
resistance and fitness cost, Pest Manag. Sci. 62 (2006) 746-751.

[13] J. Sun, P. Liang, X.W. Gao, Cross-resistance patterns and fitness in fufenozide-resis-
tant diamondback moth, Plutella xylostella (Lepidoptera: Plutellidae), Pest Manag.
Sci. 68 (2012) 285-289.

[14] R. Wang, Y.D. Wu, Dominant fitness costs of abamectin resistance in Plutella
xylostella, Pest Manag. Sci. 70 (2014) 1872-1876.

[15] X. Liy, Y.B. Ning, H.Y. Wang, K.Y. Wang, Cross-resistance, mode of inheritance, syn-
ergism, and fitness effects of cyantraniliprole resistance in Plutella xylostella,
Entomol. Exp. Appl. 157 (2015) 271-278.

[16] N. Abbas, H. Khan, S.A. Shad, Cross-resistance, stability, and fitness cost of resistance
to imidacloprid in Musca domestica L., (Diptera: Muscidae), Parasitol. Res. 114
(2015) 247-255.

[17] N. Abbas, S.A. Shad, M. Razagq, Fitness cost, cross-resistance and realized heritability
of resistance to imidacloprid in Spodoptera litura (Lepidoptera: Noctuidae), Pestic.
Biochem. Physiol. 103 (2012) 181-188.

3

17

8


http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0005
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0005
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0005
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0005
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0010
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0010
http://www.pesticideresistance.org/display.php?page=species&amp;arId=571
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0020
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0025
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0025
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0030
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0030
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0035
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0035
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0035
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0040
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0040
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0045
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0045
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0045
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0050
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0050
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0050
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0055
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0055
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0055
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0060
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0060
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0065
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0065
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0065
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0070
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0070
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0075
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0075
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0075
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0080
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0080
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0080
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0085
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0085
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0085

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

J. Shen et al. / Pesticide Biochemistry and Physiology 139 (2017) 53-59 59

S.M. Zaka, N. Abbas, S.A. Shad, R.M. Shah, Effect of emamectin benzoate on life his-
tory traits and relative fitness of Spodoptera litura (Lepidoptera: Noctuidae),
Phytoparasitica 42 (2014) 493-501.

ZW. Liu, Z.J. Han, Fitness costs of laboratory selected imidacloprid resistance in the
brown planthopper, Nilaparvata lugens (Stal), Pest Manag. Sci. 62 (2006) 279-282.
AH. Sayyed, M. Ahmad, N. Crickmore, Fitness costs limit the development of resis-
tance to indoxacarb and deltamethrin in Heliothis virescens (Lepidoptera:
Noctuidae), J. Econ. Entomol. 101 (2008) 1927-1933.

B.T. Jia, YJ. Liu, Y.C. Zhu, X. Liu, C.F. Gao, J.L. Shen, Inheritance, fitness cost and mech-
anism of resistance to tebufenozide in Spodoptera exigua (Hiibner) (Lepidoptera:
Noctuidae), Pest Manag. Sci. 65 (2009) 996-1002.

G.P. Georghiou, C.E. Taylor, Genetic and biological influences in the evolution of in-
secticide resistance, J. Econ. Entomol. 70 (1977) 319-323.

IRAC, Insecticide Resistance Action Committee, IRAC Susceptibility Test Methods Se-
ries, Method No: 018, Version: 3.4, www.irac-online.org 2011 Date of access: 30/06/
2011.

B.F. Stone, A formula for determining degree of dominance in cases of monofactorial
inheritance of resistance to chemicals, Bull. World Health Organ. 38 (1968)
325-326.

H. Chi, Life-table analysis incorporating both sexes and variable development rate
among individuals, Environ. Entomol. 17 (1988) 26-34.

N. Abbas, S. Samiullah, A. Shad, M. Razaq, A. Waheed, M., Aslam, resistance of
Spodoptera litura (Lepidoptera: Noctuidae) to profenofos: relative fitness and
cross resistance, Crop. Prot. 58 (2014) 49-54.

H. Chi, Probit-MS Chart: A Computer Program for Probit Analysis, National Chung
Hsing University, Taichung, Taiwan, 2015.

ZR. Shao, X. Feng, S. Li, Z.Y. Li, ].D. Huang, H. Chen, Z.D. Hu, Guideline for Insecticide
Resistance Monitoring of Plutella xylostella (L.) on Cruciferous Vegetables, China Ag-
riculture Press, 2013.

H. Chi, H. Liu, Two new methods for the study of insect population ecology, Bull. Inst.
Zool. Acad. Sin. 24 (1985) 225-240.

H. Chi, TWOSEX-MSChart: A Computer Program for the Population Projection Based
on age-Stage, Two-sex Life Table, National Chung Hsing University, Taichung, Tai-
wan, 2016.

B. Efron, RJ. Tibshirani, An introduction to the bootstrap, Monographs on Statistics
and Applied Probability, Chapman and Hall, London, 1993.

P.E. Akkoprdi, R. Atlihan, H. Okut, H. Chi, Demographic assessment of plant cultivar
resistance to insect pests: a case study of the dusky-veined walnut aphid

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

(Hemiptera: Callaphididae) on five walnut cultivars, J. Econ. Entomol. 108 (2015)
378-387.

K.S. Silver, W. Song, Y. Nomura, V.L. Salgado, K. Dong, Mechanism of action of sodi-
um channel blocker insecticides (SCBIs) on insect sodium channels, Pestic. Biochem.
Physiol. 97 (2010) 87-92.

T. Shono, L. Zang, ].G. Scott, Indoxacarb resistance in the house fly, Musca domestica,
Pestic. Biochem. Physiol. 80 (2004) 106-112.

AH. Sayyed, DJ. Wright, Genetics and evidence for an esterase associated mecha-
nism of resistance to indoxacarb in a field population of diamondback moth (Lepi-
doptera: Plutellidae), Pest Manag. Sci. 62 (2006) 1045-1051.

S.Nehare, B.S. Ghodki, G.K. Lande, R. Pawadev, A.S. Thakare, Inheritance of resistance
and cross resistance pattern in indoxacarb-resistant diamondback moth Plutella
xylostella L, Entomol. Res. 40 (2010) 18-25.

X.Zhu, YJ.Yang, QJ. Wu, S.L. Wang, W. Xie, ZJ. Guo, S. Kang, ] X. Xia, Y.J. Zhang, Lack
of fitness costs and inheritance of resistance to Bacillus thuringiensis Cry1Ac toxin in
a near-isogenic strain of Plutella xylostella (Lepidoptera: Plutellidae), Pest Manag.
Sci. 72 (2016) 289-297.

S.L. Bates, J.Z. Zhao, R.T. Roush, A.M. Shelton, Insect resistance management in GM
crops: past, present and future, Nat. Biotechnol. 23 (2005) 57-62.

AJ. Gassmann, Y. Carriére, B.E. Tabashnik, Fitness costs of insect resistance to Bacillus
thuringiensis, Annu. Rev. Entomol. 54 (2009) 147-163.

A. Kliot, M. Ghanim, Fitness costs associated with insecticide resistance, Pest Manag.
Sci. 68 (2012) 1431-1437.

AJ. Martins, C.D. Ribeiro, D.F. Bellinato, A.A. Peixoto, D. Valle, ].B. Lima, Effect of in-
secticide resistance on development, longevity and reproduction of field or labora-
tory selected Aedes aegypti populations, PLoS One 7 (2012), e31889. .

B. Charlesworth, Evolution in age-Structured Populations, Cambridge University
Press, 1980.

M.J. Brewer, J.T. Trumble, Inheritance and fitness consequences of resistance to
fenvalerate in Spodoptera exigua (Lepidoptera, Noctuidae), J. Econ. Entomol. 84
(1991) 1638-1644.

J.C. Bouvier, R. Bués, T. Boivin, L. Boudinhon, D. Beslay, B. Sauphanor, Deltamethrin
resistance in the codling moth (Lepidoptera: Tortricidae): inheritance and number
of genes involved, Heredity 87 (2001) 456-462.

H. Liy, RY. Lu, Improvement on the index of relative fitness in resistant population
of insects, J. Environ. Entomol. 38 (2016) 393-400.


http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0090
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0090
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0090
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0095
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0095
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0100
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0100
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0100
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0105
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0105
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0105
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0110
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0110
http://www.irac-online.org
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0120
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0120
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0120
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0125
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0125
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0130
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0130
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0130
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0135
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0135
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0140
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0140
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0140
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0145
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0145
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0150
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0150
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0150
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0155
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0155
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0160
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0160
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0160
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0160
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0165
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0165
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0165
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0170
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0170
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0175
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0175
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0175
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0180
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0180
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0180
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0185
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0185
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0185
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0185
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0190
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0190
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0195
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0195
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0200
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0200
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0205
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0205
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0205
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0210
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0210
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0215
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0215
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0215
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0220
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0220
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0220
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0225
http://refhub.elsevier.com/S0048-3575(16)30126-2/rf0225

	Fitness and inheritance of metaflumizone resistance in Plutella xylostella
	1. Introduction
	2. Materials and methods
	2.1. Insect cultures
	2.2. Insecticide
	2.3. Bioassay
	2.4. Resistance selection
	2.5. Genetics of resistance to metaflumizone
	2.6. Fitness comparison
	2.7. Statistical analysis

	3. Results
	3.1. Metaflumizone resistance selection
	3.2. Genetics of resistance to metaflumizone
	3.3. Fitness comparison

	4. Discussion
	Author Contributions
	Competing financial interests
	Acknowledgments
	References


