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Beet armyworm, Spodoptera exigua (HUbner) is one of the most destructive pests that
causes significant losses in crops. Unfortunately, S. exigua have developed resistance
toward the majority of insecticides. Synergists may provide an important choice to deal
with the resistance problems. Dodecyl dimethyl benzyl ammonium chloride (DDBAC)
is a cationic surfactant, which displayed enhancement effect when combined with
chlorpyrifos against S. exigua, giving enhancement factors of 1.50 and 1.57 at the
concentrations of 90 and 810mg L~ In order to clarify the possible mechanisms, we
investigate the effects of DDBAC on detoxification enzymes. However, DDBAC showed
no inhibition on these enzymes activities. Meanwhile, scanning electron microscope
images indicated DDBAC did not affect the cuticle super micro structure of S. exigua.
The alterations in cuticular penetration rate have also been observed; indeed, it has
been suggested that synergism is obtained by an acceleration of insecticide penetration
through the cuticle. The chlorpyrifos penetration increased sharply when combined with
90 and 810mg L~" DDBAC, with only 12.6 and 8.5% of the initial chlorpyrifos recovered
by external rinsing after 8 h. In contrast, when there was no DDBAC, more than 23.3%
of the initial dose was recovered after 8 h.

Keywords: mechanism, cationic surfactant DDBAC, Spodoptera exigua, detoxification enzymes, cuticle super
micro structure, cuticular penetration

INTRODUCTION

Beet armyworm, Spodoptera exigua (Hubner) (Lepidoptera: Noctuidae), is a serious and
polyphagous pest feeding on many crops, such as asparagus, aubergine, celery, citrus, courgette,
lettuce, pepper, tomato, and watermelon. Although S. exigua is originally from south-eastern Asia,
it is now a worldwide pest that is abundant in North and Central America, Southern Asia, Europe,
Africa, and Australia (Smagghe et al., 2003; Lasa et al., 2007; Santis et al., 2012). S. exigua is a pest
of complete metamorphosis with a life cycle containing four stages; eggs, five larval instars, pupae,
and adults. Larvae feed on both foliage and fruit of crops, and S. exigua eats more cabbages than
the diamondback moth, Plutella xylostella (Linnaeus) (Li et al., 2013). Broad-spectrum insecticides
have been widely used singly or in cocktails at weekly intervals to control S. exigua infestations
(Lasa et al., 2007; Santis et al., 2012). As a result of the rampant application of insecticides, some
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S. exigua have developed resistance toward different classes of
insecticides (Moulton et al., 2000, 2002; Osorio et al., 2008).
Resistances of S. exigua to a great deal of insecticides have been
reported in the United States, in Pakistan, and other countries
(Brewer and Trumble, 1989, 1994; Ahmad and Arif, 2010; Ishtiaq
and Saleem, 2011; Ishtiaq et al., 2012). Che et al. reported that
S. exigua were resistant to chlorpyrifos with resistant ratios of 8
to 3,080-fold in China (Che et al., 2013). Even some populations
of S. exigua are resistant to the newer insecticides, such as
chlorantraniliprole, emamectin benzoate, indoxacarb, spinosad,
and tebufenozide (Che et al., 2013; Li et al., 2013).

Insecticide synergists make a great contribution to deal
with the resistance problems in insecticide applications. For
example, piperonyl butoxide (PBO) has been widely used as
a synergist for insecticide formulation. It plays an important
role in the control of insect pests (Jewess, 2000; Bao et al.,
2016). Besides, triphenyl phosphate (TPP) and diethyl maleate
(DEM) are also important synergists through inhibiting the
detoxification enzymes activities (Wang et al., 2013, 2014). In
addition, adjuvants are often used in combination with many
classes of pesticides to increase the control efficacy and reduce
the application amount (Cocco and Hoy, 2008). Depending on
the charge of the hydrophilic group, adjuvants are generally
categorized into cationic, anionic, and non-ionic compounds
(Olkowska et al., 2011). The cationic adjuvant contains positively
charged surface-active portion, for example, salt of a long-chain
amine and quaternary ammo-nium chloride. Dodecyl dimethyl
benzyl ammonium chloride (DDBAC) is a cationic adjuvant
applied to sterilize and remove algae, and is also used in
circulating water cooling systems (Wang et al., 2015). Liu et al.
reported that cationic DDBAC could enhance the insecticidal
activity of beta-cypermethrin, chlorpyrifos, and chlorfenapyr
against S. exigua and Helicoverpa armigera, but the specific
synergistic mechanism remains unclear (Liu et al., 2011).

In order to clarify the possible mechanisms by which
DDBAC increased the toxicity of chlorpyrifos against S.
exigua, we investigate the effects of DDBAC on detoxification
enzymes and target enzyme Vviz., cytochrome P450
monooxygenases, glutathione S-transferases, carboxylesterase,
and acetylcholinesterase. We also conducted cuticle super micro
structure assays for S.exigua treated with DDBAC. In addition,
the cuticle penetration of chlorpyrifos applied with DDBAC was
also studied.

INSECTS

S. exigua larvae were obtained from scallion fields in Taian,
Shandong Province, China, in 2013. S. exigua larvae were reared
in the laboratory on an artificial diet (corn meal, soybean flour,
and yeast as major ingredients) (27 & 1°C, 14:10 h light: dark
photoperiod). Adults were reared under the same conditions at
50-75% RH and fed with 10% honey solution. Males and females
were placed in 20 x 40 cm cages for mating and egg-laying.

Chemicals

Ninety-seven percentage chlorpyrifos were obtained from
DowAgro Sciences, 45% DDBAC (Dodecyl dimethyl benzyl
ammonium chloride) was purchased from Shandong (Taihe)

chemical factory, China. 1,2-Dichlora-4-nitrobenzene (DCNB),
p-nitrophenol (PNP), a-naphthyl acetate (¢-NA), 1-Naphthol,
fast blue B salt and coomassie brilliant blue G-250 were purchased
from Shanghai chemical factory, China. Bovine serumalbumin
(BSA) were purchased from Wuhan technology Co. Ltd, China.
Glutathione (GSH) was purchased from Wuhan alpha biotech
Co. Ltd. China, and SDS was purchased from Tianjin Kaitong
chemical reagent Co. Ltd. China.

Enhancement Effect of DDBAC on

Chlorpyrifos against S. exigua

The toxicity of chlorpyrifos with DDBAC against S. exigua
third-instar larvae was tested by insect-dip method. The stock
solution of chlorpyrifos (50,000 mg L~! in DMSO) was diluted
using 0.05% (w/v) triton X-100 aqueous solution containing 0,
10, 90, and 810 mg L™! DDBAC to the desired concentrations.
Individual S. exigua larvae were dipped in the solutions for 3s
and dried on tissue paper. Afterwards individual S. exigua larvaes
were transferred to separate clean glass scintillation vials (22-
mm diameter) and maintained on an artificial diet at 27 + 1°C
and 14:10 h light: dark photoperiod. All of the bioassays used
5 different insecticide concentrations with three replications per
concentration, and each replication included 24 S. exigua larvae.
Controls were tested with 0.05% triton X-100 aqueous solution
using the same methods. Mortalities were assessed after exposure
for 48 h, with any larvae not moving when touched with a
fine brush considered dead, and the dose response (LCsg) was
calculated.

Preparation of S. exigue Homogenate

The S. exigua third-instar larvae were treated by insect-dip
method with varying concentrations of DDBAC (10, 90, 810 mg
L™1). And S. exigua larvae were collected after exposure for 5 h. S.
exigua were homogenized on ice with 2 mL of 0.04 M phosphate
buffer pH 7.0 (CarE assay), 66 mM phosphate buffer pH 7.0 (GST
assay), 0.1 M phosphate buffer pH 7.4 (AchE assay), or 0.1 M
phosphate buffer pH 7.6 (containing 1mM EDTA, 0.1mM DTT,
ImM PTU, and 1mM PMSF) (cytochrome P450 assay). After
homogenization, the homogenate was centrifuged at 10, 000 rpm
for 15 min (4°C). The supernatant was used as enzyme source for
the measurement. The amount of protein of the enzyme source
was determined by the Bradford method using bovine serum
albumin as a standard.

Carboxyl Esterase (CarE) Assay

The activity of CarE was analyzed using a-naphthyl acetate as
substrate following the method of Van Asperen (Van Asperen,
1962) with slight modification. One milliliter of enzyme was
incubated with 5 mL of substrate solution containing 3 x
107 M a-NA and 1 x 10~* M physostigmine (an inhibitor
of acetylcholinesterase), for 30 min at 30°C. One milliliter of
distilled water containing 3 mg of fast blue B salt and 36 mg of
SDS was added to terminate the reaction. Absorbance at 600 nm
was read after 30 min using a Synergy HT multi-mode microplate
reader (BioTek, Winooski, VT). The results were expressed as
mODgyo min ! mg protein~!. Atleast three replicates of enzyme
sources were tested and five individuals for each replicate.
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Glutathione S-Transferase (GST) Assay

The activity of GST was analyzed using DCNB as substrate
(Habig et al., 1974). Enzyme solution (0.2 mL) was incubated
with 30 mM DCNB (0.1 mL) and 66 mM phosphate-buffered
saline (PBS 2.4 mL, pH 7.0). Enzyme activity was measured using
a Synergy HT multi-mode microplate reader at 340 nm (27°C)
using the kinetic mode for 5 min. The results were expressed
as mOD349 min~! mg protein~!. Three replicates of enzyme
sources were tested and five individuals for each replicate.

P450 Monooxygenase Assays

The activity of cytochrome-P450-dependent monooxygenase
(P450) was analyzed using p-NA as the substrate in accordance
with the method of Hansen et al. (Hansen and Hodgson, 1971),
with slight modification. 200 L mixture containing 100 wL of
p-NA (2 mM), 10 pL of NADPH (9.6 mM), and 90 pL of the
enzyme stock solution, was incubated at 27°C in air (2 min).
Enzyme activity was measured using a Synergy HT multi-mode
microplate reader at 405 nm (27°C) using the kinetic mode for
30 min. The results were expressed using mODygs min~! mg
protein~!. Three replicates of enzyme sources were tested and
five individuals for each replicate.

Acetylcholinesterase (AchE) assay

The activity of AchE was measured using acetylthiocholine iodide
as substrate following the method of Ellman (1961). 0.05 mL
of 75 mM acetylthiocholine iodide and 0.1 mL of 0.1 M DTNB
were prepared, then 0.05 mL of enzyme was added and incubated
with shaking at 27°C (15 min). This reaction was terminated by
adding 0.1 mL of 1 x 10~ physostigmine. Absorbance at 410 nm
was read using a Synergy HT multi-mode microplate reader. The
results were expressed as mODyj min~! mg protein_l. Three
replicates of enzyme sources were tested and five individuals for
each replicate.

Cuticle Penetration of Chlorpyrifos

The experiments were carried out to determine whether DDBAC
could increase the cuticle penetration rate of chlorpyrifos. The
dorsal surface of third-instar larvae was dosed individually with
0.5 pL of chlorpyrifos (408.5mg L~!, corresponding to the
LCsp value) containing 0, 10, 90, and 810 mg L~! DDBAC
using a micro-applicator (Burkhard Manufacturing Ltd, UK),
and ~500 larvae were included in each concentration. The
treated S. exigua were collected at 0, 1, 2, 4, and 8 h after
treatment. And 20 survivors were pooled to provide one sample
for each time point. Treatments were replicated three times.
To collect surface chlorpyrifos, S. exigua samples were washed
in acetone (3 x 1 mlL), after which, the eluate was dried
under pure N, at 20°C and then resuspended in 1 mL of
100% methanol. Each sample was determined using ultra-
high-performance liquid chromatography coupled to tandem
mass spectrometry (UHPLC-MS/MS) (Waters Corp., USA) with
an electrospray ionization source in positive mode (ESI+).
Chlorpyrifos was assayed using the method of Tian et al. (2016).
Dynamic of relative percentage of chlorpyrifos penetrated into
the 3th instar larvae body of S. exigua was calculated by A =
(1—B/C)x100%. (A-The cuticle penetration rate, B-Amount of

chlorpyrifos measured on the surface of 20 larvae, C-Amount of
chlorpyrifos dripped on the surface of 20 larvae).

Scanning Electron Microscopy (SEM)
Individual S. exigua third-instar larvae were dipped in the
DDBAC solutions (10, 90, and 810 mg L) for 3 s. Control
were tested with water solution using the same methods. The
treated larvae were transferred to the glass tubes (9 cm length,
2 cm diameter) and provided artificial diet. Three larvae per
concentration were collected after 24 h, immediately fixed in 4%
glutaraldehyde in 0.05 M phosphate buffer (pH 7.3) kept 30 min,
and then processed as follows. They were rinsed in a phosphate
buffer three times for 15 min. Finally, the cuticle were dehydrated
in a graded alcohol series of 30, 50, 70, 80, 90% in each case for
15 min, and in 100% twice for 30 min. Ethanol was then replaced
by liquid carbon dioxide and samples dried using HCP-2 critical
point drying apparatus (Hitachi, Japan). Immediately before the
observation, a 10 nm coating of gold-palladium was made using a
sputter coater. The cuticle wax layer was examined in a Hitachi S-
4800 cold field emission scanning electron microscope (Hitachi,
Japan).

Data Analysis

The LCs values were calculated by software SPSS 13.0 (SPSS Inc.,
Chicago, IL, USA). Data are presented as mean =+ standard error
(SE). Data were statistically analyzed using one-way analysis of
variance (ANOVA) followed by Fisher’s LSD test and ¢-test (P <
0.05) (Wang et al., 2009) Enhancement factors were calculated as
the LCsq of chlorpyrifos alone/LCs in presence of DDBAC.

RESULTS

The Toxicity of DDBAC and Its Effects on

Chlorpyrifos

The toxicity of chlorpyrifos plus DDBAC against S. exigua was
shown in Table 1. Chlorpyrifos showed low toxic to the strain
of S. exigua raised in the laboratory, and the LCsq value was as
high as 408.5mg L~!. DDBAC had much lower toxicity against
S. exigua. It is not toxic to S. exigua at the concentrations of 90
and 810 mg L™!, but it could increase the toxicity of chlorpyrifos
at these two concentrations. The LCsq values of chlorpyrifos in
presence of DDBAC (at the concentrations of 90 and 810 mg
L) were 272.9 and 260.6 mg L1, giving enhancement factors of
1.50 and 1.57, respectively. These results indicated that DDBAC
at the concentrations of 90 and 810mg L~! can significantly
synergized the effect of chlorpyrifos. But no synergistic effect
was found when DDBAC at 10mg L™!. And DDBAC at the
concentrations of 90 and 810 mg L™! could cause the reduction
of applied chlorpyrifos by 33.3 and 36.3% respectively.

Effects of DDBAC on the Detoxification
Enzymes and Target Enzyme Activities of
S. exigua

Many synergists exhibit synergistic effects on the toxicity of
insecticides, and the synergistic mechanism of most synergists is
through inhibiting the detoxification eznymes activities, such as
PBO inhibiting P450 monooxygenases activities, TPP inhibiting
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ESTs activities, and DEM inhibiting GSTs activities (Bao et al.,
2016). To find out whether DDBAC showed inhibition effects
on the activities of detoxification enzymes, DDBAC was applied
to insects and then the changes in enzyme activities were
determined. The activities of detoxification enzymes and target
enzyme viz., cytochrome P450, CarE, GST, and AchE in S. exigua
treated with DDBAC were presented in Figure 1. No significant
difference (F = 2.19, df1 = 3, df, =8, P = 0.17) was observed in
cytochrome P450 activity among three DDBAC treatments and
control. Although the activities of CarE, GST and AchE were
increased by DDBAC at the dose of 810 mg L™}, no statistically
significant changes in CarE (F = 2.30, df; = 3, df, =8, P =10.16),
GST (F =0.73, df1 = 3, df, = 8, P = 0.56), and AchE (F = 2.36,
df1 = 3, df, = 8, P = 0.15) were detected. The results clearly
revealed that DDBAC showed no inhibition on these enzymes
activities and it had a distinct mode of action as a synergist.

Penetration of Chlorpyrifos Combined with
DDBAC

An in vivo penetration assay revealed DDBAC significantly
increased the penetration of chlorpyrifos through the cuticle
of S. exigua (see Figure2). At the initial time point (1 h),
the rate of chlorpyrifos penetration across the cuticle was
greatly enhanced by DDBAC, with no notable differences among
three concentrations of DDBAC. However, after 2 h, only
90 and 810mg L~! DDBAC could increase the chlorpyrifos
penetration, and the penetration amount increased sharply (to
70.6 and 69.6%), a trend that continued throughout the time
course of the experiment, with only 12.6 and 8.5% of the
initial chlorpyrifos dose recovered by external rinsing after
8 h. In contrast, when there was no DDBAC, the levels of
chlorpyrifos penetrated across the cuticle increased at a much
slower rate, with only 20.6% of the applied dose penetrated

TABLE 1 | Enhancement effects of DDBAC to chlorpyrifos on the third-instar larvae of S.exigua.

Concentration of DDBAC (mg L) Slope + SE LCs0(mg L) 95% Fiducial limits xz(df) P values EF2
DDBAC >3,000
Chlorpyrifos 1.90 £0.19 408.52 339.83 ~ 487.59 3.42(13) 0.99
Chlorpyrifos + DDBAC 10 1.85+0.19 370.82 305.99 ~ 443.94 3.51(13) 0.99 1.10
90 1.92 £0.19 272.90 229.01 ~ 327.44 7.07(13) 0.90 1.50
810 1.88 £0.19 260.55 218.02 ~ 313.00 4.74(13) 0.98 1.57
@Enhancement Factor (EF) = LCsq for chlorpyrifos alone/LCsg in presence of DDBAC.
20, CYytochrome P450 CarE a
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FIGURE 1 | The activity of cytochrome P450, CarE, GST, and AchE of S. exigua treated with DDBAC (0, 10, 90, and 810 mg/L). The results were presented as means
+ SE. Same letters above the bars indicated no significant differences at P < 0.05 (one-way ANOVA, Duncan’s multiple range test).
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after 1 h and more than 23.3% of the initial dose recovered
after 8 h.

Effects of DDBAC on the Cuticle Super

Micro Structure of S. exigua

Scanning electron microscope (SEM) observation of S. exigua
treated with DDBAC revealed its effects on the morphology of the
cuticle wax layer (Figure 3). SEM images showed that there was
no difference in S. exigua cuticle super micro structure among
the treated groups (DDBAC at dosage of 10, 90, and 810 mg L™},
respectively) and control. This result indicated that DDBAC did
not affect the cuticle super micro structure of S. exigua.

[E== chlorpyrifos

g 100__ 7] chlorpyrifos+10 mg L DDBAC
oy 90 | B chlorpyrifos+90 mg L DDBAC
2 { = chlorpyrifos+810 mg L™ DDBAC i ¢
£ 5% NN
53 1 e N =
O O 704 // —
a0 =
= =775 =
&5 0 =7 \B=
52 =k =
Ex 1 a =k =
2 1 r — =

% — =
329l i = | B
= 2 4 005 —  —
o5 /?ﬁ' = =
g3 O A =7 N\B=
e 100 = \| B
5§~ - = =
= 10 ) = % =
2 T : = =
o —  —
) oLl = NE=
= —
E 4h

Time after treatment (h)

FIGURE 2 | Result of in vivo penetration of chlorpyrifos with DDBAC. Graph
showed the percentage of the initial chlorpyrifos dose penetrated into the
cuticle at different time points after application. The results were presented as
means + SE. Different letters above the bars indicated significant differences
at P < 0.05 (one-way ANOVA, Duncan’s multiple range test).

26'Jul 2010

FIGURE 3 | Scanning electron micrographs of the cuticle wax layer of S.
exigua treated with DDBAC 4000 x (A) section was the control S.exigua 4000
x (B-D) sections represented S. exigua treated with DDBAC at dosage of 10,
90, and 810mg L1, respectively.

DISCUSSION

There is a contradiction between the necessity of pesticides
application and its potential adverse effects. Reducing pesticide
application, increasing unit activity and selectivity, and reducing
pesticide resistance development rate are important ways to
deal with this dilemma. And the application of synergists is
an effective strategy to increase pesticides toxicity and reduce
pesticides usage amount (Bao et al., 2016). Here, we found that
DDBAC, a cationic adjuvant, showed significant enhancement
effect on chlorpyrifos, although DDBAC itself was inactive
against insect pests at these synergistic concentrations.

The impact of adjuvants on pesticides has been widely
investigated in the past. Adjuvants might impact the
physicochemical properties, such as viscosity and surface
tension with relevance for spray atomization and influence
the contact angle, droplet retention and deposit structure on
the target (Stock and Briggs, 2000; Wang and Liu, 2007; Melo
et al.,, 2015). Furthermore, some adjuvants could improve the
control efficacy of pesticides through increasing their bio-
availability on the target surfaces, for example, through raised or
faster penetration (Kudsk et al., 1991; Zabkiewicz et al., 1993).
The improvement of cuticular penetration may be directly
through improved deposit formation or structural and chemical
changes on target cuticle (Bukovac and Petracek, 1993; Kraemer
et al, 2009). Improving the efficacy of insecticides through
adjuvants is much more complex than increasing the activity
of herbicides (Knowles, 2001; Melo et al., 2015). So only few
studies are available for insecticides, although many studies have
exhibited fairly well the impact of adjuvants on herbicides and
fungicides. Our study indicated that DDBAC can enhance the
insecticide activity and possibly reduce the dose for insecticide
application.

PBO is the most universal insecticide synergist, which has
played an important role in the control of malaria mosquito
vectors and insect vectors of other diseases. And PBO is also
commonly used in formulations for the control of urban insect
pests (Jewess, 2000; Bao et al., 2016). The synergism for PBO
stems from its abilities to inhibit two major metabolic enzymes,
P450s and non-specific esterases, and to enhance the cuticular
penetration of insecticides into insects (Bingham et al., 2011).
However, DDBAC did not exhibit inhibition on the activity of
three important detoxification enzymes, P450 monooxygenases,
glutathione S-transferases, and carboxylesterase. The results
indicated that DDBAC might work in a different way from
inhibiting the activities of detoxification enzymes.

SEM images indicated that DDBAC did not affect the
cuticle super micro structure of S. exigua. However, DDBAC
significantly improved the penetration of chlorpyrifos through
the cuticle of S. exigua. DDBAC have a high infiltration capacity
and its positive charge can combine with the negative charge in
insect cuticle. It may also act as solvent to dissolve insecticides
and as surfactant on the “waxy” cuticle to enhance the speed of
insecticide arriving at the target site. The quicker the penetration
of insecticide, the lesser the opportunity for detoxification (Sun
and Johnson, 1972). So, the toxicity of insecticide can be
enhanced by DDBAC.
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Moreover, application of DDBAC is an important way to
lower the resistant levels of insecticides, because insecticide
resistance can be attributable to reduced cuticular penetration.
Insecticide resistance through decreased cuticular penetration
has been reported in several insect pests including housefly
[Musca domestica (L.), red flour beetle (Tribolium castaneum),
cotton bollworm (Helicoverpa armigera), German Cockroach
(Blattella germanica), corn earworm [Helicoverpa zea (Boddie)],
diamondback moth [P. xylostella (L.)], Heliothis virescens and
Mpyzus persicae (Ahmad et al., 2006; Puinean et al., 2010).
Szeicz et al. reported insecticides penetrated more rapidly and
reached higher concentrations in internal tissues of larvae of
the susceptible tobacco budworm (Szeicz et al, 1973). And
the penetration of deltamethrin into resistant H. armigera was
obviously slower than into susceptible individuals over 24 h. It
took only 1 h for 50% penetration of the applied deltamethrin
in the susceptible strain but 6 h for the resistant strains (Ahmad
et al., 2006).
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