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ABSTRACT

Navarro, P. D., J. G. McMullen II, and S. P. Stock. 2014. Effect of dinotefuran, indoxacarb, and imidacloprid on
survival and fitness of two Arizona-native entomopathogenic nematodes against Helicoverpa zea (Lepidoptera:
Noctuidae). Nematropica 44:64-73.

The effect of three insecticides commonly used in Arizona, dinotefuran, indoxacarb, and imidacloprid, was
evaluated on two Arizona-native entmopathogenic nematodes (EPN), Heterorhabditis sonorensis (Caborca strain)
and Steinernema riobrave (SR-5 strain), using Helicoverpa zea (Lepidoptera: Noctuidae) as the insect host.
Specifically, we assessed their effect on EPN survival and fitness (virulence and reproduction). Three application
timings were considered: i) EPN applied first, insecticide applied 24 h later, ii) insecticide applied first, EPN
applied 24 h later, and iii) simultaneous application of EPN and insecticide. Our results showed that infective
juvenile (1)) survival of S. riobrave and H. sonorensis was not significantly affected by the application of the
selected insecticides. Indoxacarb had an ambiguous effect on the S. riobrave life cycle showing a synergistic
effect in the virulence of this nematode but reducing its progeny production by two-fold. Similar results were
observed for nematode progeny production when H. sonorensis and indoxacarb were applied simultaneously. All
combinations of imidacloprid were antagonistic to the virulence of S. riobrave but additive with respect to the
virulence of H. sonorensis. Dinotefuran had an additive effect in all combinations and timings evaluated for both
EPN species. The negative effect of indoxacarb in the progeny of the tested EPN species suggests this insecticide
may have an impact in the recycling of 1Js in the soil.

Key words: Heterorhabditis sonorensis, interactions, Steinernema riobrave, synthetic insecticides.

RESUMEN

Navarro, P. D., J. G. McMullen I, and S. P. Stock. 2014. Efecto de dinotefuran, indoxacarb e imidacloprid en la
supervivencia y eficacia de dos especies de nematodos entomopatdgenos nativos de Arizona sobre Helicoverpa
zea (Lepidoptera: Noctuidae). Nematropica 44:64-73.

En esta investigacion se evaluo el efecto de tres insecticidas comunmente usados en Arizona, dinotefuran,
indoxacarb e imidacloprid con dos especies de nematodos entomopatogenos (NEP) nativos de Arizona:
Heterorhabditis sonorensis (cepa Caborca) y Steinernema riobrave (cepa SR-5). Especificamente, se evaluo
su efecto en la supervivencia, virulencia y reproduccion, de ambos NEP. Tres tiempos de aplicacion fueron
considerados: i) insecticida aplicado 24 h antes del NEP, ii) insecticida y NEP aplicados simultdneamente,
iii) insecticida aplicado 24 después del NEP. Los resultados mostraron que la supervivencia de los infectivos
juveniles de S. riobrave y H. sonorensis no fue afectada significativamente por la aplicacion de los insecticidas
seleccionados. Indoxacarb tuvo un efecto ambiguo en el ciclo de vida de S. riobrave. Por ejemplo, las aplicaciones
de indoxacarb después o simultineamente a S. riobrave tuvieron un efecto sinérgico en la virulencia de este
nematodo. Sin embargo, la produccion de progenie fue reducida a la mitad. De manera similar, la aplicacion
simultanea de H. sonorensis e indoxacarb redujo la progenie de este nematodo a la mitad. Todas las combinaciones
de imidacloprid resultaron antagonistas en la virulencia de H. sonorensis. Dinotefuran tuvo un efecto aditivo en
todas las combinaciones evaluadas por ambas especies de NEP. El efecto negativo de indoxacarb en la progenie
de los NEP evaluados sugiere que este insecticida puede tener un impacto en el reciclaje de 1Js en el suelo.

Palabras clave: Heterorhabditis sonorensis, insecticidas sintéticos, interacciones, Steinernema riobrave.
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INTRODUCTION

In Arizona, insecticides such as neonicotinoid
and oxadiazine are widely used for the control of
lepidopterous pests of lettuce, melons, and other
crops (Barkley and Ellsworth, 2004;; Prabhaker ef al.,
2005; Palumbo and Castle, 2009; Kerns and Palumbo,
2009). However, the excessive use of these products
has generated serious problems including selection for
insecticide resistance (Nauen and Denholm, 2005),
outbreaks of secondary pests (Szczepaniec et al.,2011),
and environmental concerns (Lacey et al., 2001). In
this respect, environmentally friendly alternatives such
as microbial entomopathogens and entomopathogenic
nematodes (EPN) including Steinernematidae and
Heterorhabditidae have been suggested to ameliorate
the negative consequences of these and other chemical
pesticides (Zimmermann, 1993; Tadeusz et al., 1998;
McCoy et al., 2002; Shapiro-llan et al., 2006a;
Ansari et al., 2007; Ebssa and Koppenhofer, 2012).
The rationale of combining natural pathogens and
synthetic insecticides is to achieve better control of
a single pest through a synergistic or additive effect
on the mortality of the targeted pest (Barbosa et al.,
1996; Koppenhofer and Grewal, 2005). Moreover, it
is expected that the amount of pesticide used would
be less than the amount considered for the application
of this pesticide alone. In addition to this positive
outcome, it is anticipated that resistance and outbreak
of secondary pests would also be diminished (Lacey
etal.,2001).

Entomopathogenic nematodes have been shown
to be a suitable non-chemical alternative for the
control of a wide range of insect pests. Indeed, many
investigations have shown their efficacy when applied
alone or combined with other entomopathogens and
(or) with synthetic insecticides (Zimmerman and
Cranshaw, 1990; Koppenhofer and Kaya, 1998;
Koppenhofer et al., 2000, 2002; Grewal et al., 2004;
Barbara and Buss, 2005; Shapiro-Ilan et al., 2009,
2012).

Many studies have evaluated the compatibility
of EPN with chemical insecticides and assessed
two key components: i) survival of the nematodes
in tank mix, and ii) the effect of the nematode-
insecticide combination on the targeted pest
(Rovesti et al., 1988; Vainio and Hokkanen, 1990;
Koppenhofer and Grewal, 2005; Shapiro-Ilan et al.,
2006b;). In this study, we evaluated the effect of
three commonly used insecticides (imidacloprid,
indoxacarb, and dinotefuran) on the survival,
virulence, and reproduction of two Arizona-native
EPN species, Heterorhabditis sonorensis (Caborca
strain) and Steinernema riobrave (SR-5 strain).
The corn earworm, Helicoverpa zea (Lepidoptera:
Noctuidae), an important insect pest of vegetable
crops in southwestern USA was the insect host for all
experiments.

MATERIALS AND METHODS
Insects, Nematodes, and Insecticides

The corn earworm, H. zea (Lepidoptera:
Noctuidae), was considered as the insect host for
all experiments. This insect was selected because
it is a major pest in various crops including leaf
vegetables, sweet corn, and melons in Arizona and
other southwestern states (Palumbo and Castle 2009).
Eggs of H. zea were obtained from Benzon Research
(Carlside, PA) and reared under laboratory conditions
at 28°C and 80% relative humidity following
procedures described by Waldbauer et al. (1984).
Fourth instar larvae were used in all assays. This
larval stage was chosen because it is the stage that
moves from the feeding site (aerial part of the plant)
to the soil for pupation; and in this environment, it
can encounter EPN. During experiments, larvae were
fed with 5 g of corn earworm artificial diet (Southland
Products Inc., Lake Village, AR).

Two Arizona-native EPN species, S. riobrave
and H. sonorensis, were studied. Nematodes were
propagated in vivo using the fifth instar of Galleria
mellonella (Lepidoptera: Pyrallidae) following
procedures described by Kaya and Stock (1997).
Infective juveniles less than 10 d old (the time since
initial emergence from insect cadavers) were used
in each assay and stored at 15°C. Three synthetic
insecticides,  dinotefuran  [ScorpionTM  35SL]
(Gowan, Yuma, AZ), indoxacarb [Avaunt®] (Dupont,
Wilmington, DE), and imidacloprid [Merit® 75 WP]
(Bayer, NC) were evaluated.

Insecticide and EPN Dose-Response Assays

Different concentrations of insecticides were
evaluated to determine their lethal concentration 50
(LC,)) on H. zea and the two EPN species considered
in this study. Insecticide concentrations were selected
as follows: 1) imidacloprid and dinotefuran: 1, 2, 4, 8,
12 g (ai)/ha and 1ii) indoxacarb: 1, 2.5, 25, 250, and
2,500 g (ai)/ha.

Assays to determine insecticide LC_ on H. zea
were conducted in SOLO® plastic cups (S? 0z; 10-cm
diam.). Each cup was filled with 4 g of sterile sand
(Quikrete® Play Sand, fine mesh) and one H. zea larva
was placed individually in each cup. Larvae were
fed once with 5 g of artificial diet at the beginning of
the experiment. Positive controls consisted of 1 ml
of nematode inoculum and each insecticide alone.
Negative controls consisted of the application of 1 ml
of distilled water per cup. There were 10 cups for each
treatment. Treatments were organized in blocks, and
each block of 10 cups was repeated three times. Insect
mortality was recorded daily for 10 d after initial
inoculation.
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Different EPN doses were also considered to
determine their LC, toward H. zea larvae. Evaluated
doses were: 1, 5, iO 100, 200 1J/ml for each EPN
species. Doses were calculated based on preliminary
assays conducted by Navarro (unpubl. data). For these
experiments, 1 ml of nematode suspension was evenly
dispensed on the sand surface for each cup. Treatments
(different EPN concentrations) were organized in
blocks where each block consisted of 10 cups. Each
block was repeated three times. Insect mortality was
recorded daily for 10 consecutive days after initial
inoculation.

Insecticide-EPN Compatibility Assays

Twelve-well  plates  (Corning®  Costar®
with  22-mm-diam. wells) were considered as
the experimental arena for the insecticide-EPN
compatibility experiments. Each EPN species was
evaluated separately. One ml of each insecticide/
concentration considered in the above experiments
was mixed with 100 IJs and added into each well.
There were six replicates for each insecticide type/
insecticide concentration/EPN species combination.
Each experiment was repeated three times. The
number of dead nematodes was recorded 10 d after
initial setup. Nematodes were examined under a
dissecting microscope (30x) and were probed with
a needle to check for motility. Nematodes that
responded to the probing were considered alive and
unresponsive nematodes were considered dead.

Effect of Insecticides on EPN Virulence and
Reproductive Fitness Assays

EPN virulence was measured by considering
percentage of insect mortality and 1J establishment (the
number of nematodes that successfully invaded each
insect). Entomopathogenic nematodes’ reproductive
fitness was measured as the total number of 1Js that
emerged from each cadaver in a 10-d period after
initial emergence. The effect of different application
timings of the selected insecticides on each EPN
species was also evaluated. Three applications were
used: 1) EPN applied first, insecticide applied 24 h
later, ii) insecticide applied first, EPN applied 24 h
later, and iii) one simultaneous application of EPN
and insecticide. Each nematode species was evaluated
separately.

EPN Virulence and 1J Establishment

Rates of nematode (S. riobrave: 3 1l/ml; H.
sonorensis: 7 1J/ml) and insecticide (obtained from
the dose-response assays) were used to assess EPN
virulence and 1J establishment. The assays were
conducted in SOLO® cups filled with 4 g of sterile
sand, where a single H. zea larva was added to each
cup. Each cup received 1 ml of inoculum containing

nematodes and (or) insecticide, which was applied
at different times. Positive controls consisted of 1 ml
of nematode inoculum and each insecticide alone.
Negative controls consisted of the application of 1
ml of distilled water per cup. Ten larvae (1 larva =
1 replicate) were evaluated for each treatment and
controls. The experiment was arranged in a completely
randomized block design. Each block was conducted
three times. Cups were incubated at 25 + 1°C and 80%
RH. Larval mortality was recorded daily during the 10
d post-inoculation. Cadavers with typical coloration
of EPN infection were removed from the cups. Half
of the cadavers (15 in total) were dissected to record
IJ establishment (after 72 h) using the enzymatic
digestion method described by Mauleon et al. (1993).
The remaining 15 cadavers were used to record
progeny production.

EPN Reproductive Fitness

Cadavers were thoroughly rinsed in distilled
water and individually placed in modified White traps
(Kaya and Stock, 1997). Daily observations were
made to record the first day of 1J progeny emergence.
Emerging 1Js were collected from each White trap
for 10 d after the first day of emergence, as described
by Koppenhofer and Kaya (1998), and stored in 250-
ml tissue culture flasks at 4°C until counted. Insect
cadavers that did not produce progeny were not
included.

Statistical Analysis

All experiments were analyzed by ANOVA using
the statistical software JMP® 8.0.2 (SAS Institute,
2008). Tukey’s test was considered when differences
among means were statistically significant. Nematode
mortality datawere subjected to probitanalyses (Finney,
1964) using the statistical software SPSS (SPSS 20.0,
2012). For experiments where the insect mortality was
calculated, the number of dead larvae was recorded,
and the percentage mortality was corrected using
Abbott’s formula (Abbott, 1925). Before analysis, and
to meet the assumption of normality, data were arcsine
(insect mortality) or log | (establishment and progeny
production) transformed. Insect mortality, nematode
establishment, and nematode progeny production
were considered as response variables. Timings of
application were considered as explanatory variables.

The nature of the interactions (additive,
antagonistic, or synergistic) between EPN and
insecticides was determined based on the analysis
used by Nishimatsu and Jackson (1998). The expected
mortality of larvae was calculated based on the
formula P, = P+ (1-P) (P) + (1-P) (1-P)) (P),
where P_is the expected mortahty on combination of
EPN and insecticide, P is the mortality in the control,
P, is the mortality after treatment with the insecticide

alone and P, is the mortality after treatment with
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the nematode alone. The determination of X*> was
calculated through the formula: X* = (L, — L )2/L, +
(D,—D,)2/Dy, where L is the number of 11V1ng larvae
observed L, 1s the number of living larvae expected,
D, is the number of dead larvae observed, and D, is
the number of dead larvae expected. The parameter)(2
was used to test the hypothesis of independence (df
=1 and P = 0.05). Combinations of nematode and
insecticide, where X? < 3.84, were defined as additive.
Synergism was denoted by X* >3.84 and P. > P_.
Antagonism was defined as X* > 3.84 and ﬁ <P
where P is the observed mortality of the insecticide
and nematode combination.

RESULTS
Insecticide and EPN Dose Response Assays

The LC, (Slope + SE with the 95% CL) obtained
for the selected insecticides agamst H. zea were the
following: imidacloprid 1.4 u ai/ha” (1.88 £ 0.5 with
0.4-2.4 CL), dinotefuran 1.0 pai/ha™ (3 + 0.4 with 0.3-
1.2 CL), and indoxacarb of 33 pai/ha’ (2.1 £ 0.9 with
22-56 CL). When these concentrations of insecticides
were tested on H. sonorensis and S. riobrave, no
significant effect on IJ survival was observed (F
=0,12; P = 0.3 for S. riobrave and F, , = 1.2; P'=
0.8 for H. sonorensis). For example, Survival of H.
sonorensis 1Js (average = SD) in combination with
dinotefuran was 95% = 0.9, with indoxacarb was 92%
+ 1.2, and with imidacloprid was 87% + 2.5. Survival
of S. riobrave (average = SD) was 94.5% =+ 0.6, with
indoxacarb was 86.6 + 2.3, and with imidacloprid was
91.5+0.4.

The LC_, of H. sonorensis and S. riobrave against
H. zea was 3 1Js/larva (2.1 + 0.8 with 2.3+ 9.1 CL) and
7 Us/larva (1.6 = 0.4 with 0.9 — 4.2 CL), respectively.
These concentrations were considered appropriate to
measure interactions between EPN and insecticides in
H. zea and were used in subsequent experiments.

Effect of Insecticides on EPN Virulence and
Reproductive Fitness

The combined application of dinotefuran (all
application timings) and H. sonorensis significantly
increased the virulence of this nematode (Fig. 1A).
A 30% increment on H. zea mortality was achieved
with any of the tested combinations compared with
the application of either nematode or dinotefuran
alone. Combinations of H. sonorensis with indoxacarb
did not show significant differences compared to
the application of H. sonmorensis alone; however,
simultaneous application of H. sonorensis and
indoxacarb resulted in H. zea mortality that was
significantly higher than with the application of
indoxacarb alone (Fig. 1B). Two of the imidacloprid
application timings (before or simultaneous),
significantly increased mortality of H. zea, when

compared with the application of H. sonorensis or
imidacloprid alone (Fig. 1C).

With respect to S. riobrave, all combination
timings with dinotefuran increased the virulence of this
EPN species when compared with the application of S.
riobrave or dinotefuran alone (Fig. 2A). Applications
of indoxacarb after or simultaneously with S. riobrave
increased the virulence of S. riobrave by increasing
mortality of H. zea when compared with the application
of either the nematode or the insecticide alone (Fig.
2B). Application of indoxacarb before S. riobrave was
statistically similar to the application of nematodes
alone. All application timings evaluated involving
indoxacarb and S. riobrave resulted in higher mortality
of H. zea than the application of indoxacarb alone.

None of the imidacloprid application timings
tested improved the virulence of S. riobrave (Fig. 1C).
Insect mortality was similar to that observed for the
applications of imidacloprid or EPN alone.

Most of the nematode and insecticide
combinations and application timings were considered
additive (Table 1). Only the two combination of S.
riobrave with indoxacarb (insecticide applied after or
simultaneously with the nematode) had a synergistic
effect on H. zea mortality. In contrast, antagonistic
effects were observed when indoxacarb was applied
before H. sonorensis and for all applications of
imidacloprid with S. riobrave (Table 1).

With respect to 1J establishment, none of the
insecticides (F, = 0,11; P = 0.18 for H. sonorensis;
F,4=0,09; P =09 for S. riobrave), and apphcatlon
tlmlngs (F 296 = 0,21; P =0.88 for H. sonorensis; F,
=0,78; P=10.5 for S. riobrave), or their interactions
(1nsect1c1de X appllcatlon type) (Fe 4= 0,39, P=0.87
for H. sonorensis; 4; P= 04 for 8. rlobmve)
affected the ab111ty of6 elther EPN species to penetrate
the insect host. For both nematodes, the average
number of penetrating 1J was 1.5 1Js/larva, which was
similar to the average number observed in the controls.

EPN Reproductive Fitness

Progeny production of H. sonorensis was
not significantly affected by the application of
dinotefuran and imidacloprid at any of application
timings evaluated, (F,,, = 1.3; P = 0.61) (Figs. 3A,
3B, and 3C). In contrast, a 50% reduction in progeny
production was observed for the simultaneous
application of indoxacarb and this nematode species
when compared with the control (Fig. 3B). For both
alternate application timings of indoxacarb and H.
sonorensis, no significant differences on the number
of emerging 1Js were observed when compared with
the control.

For S. riobrave, progeny production increased
with the application of dinotefuran for all application
timings (Fig.4A). However, 1J production was
reduced with the application of indoxicarb for all
application timings (Fig. 3B). Emerging 1J populations
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Fig. 1. Corrected mortality (£ SE) for Helicoverpa zea
exposed to combinations of Heterorhabdotis sonorensis
with different insecticides: A) dinotefuran, B) indoxacarb,
C) imidacloprid. Different letters above bars indicate
statistical differences (based on Tukey’s test, P = 0.05).
Data plotted are untransformed. References: C = control
(distilled water), I = insecticide, N = nematode, I/N =
insecticide first, nematode 24 h later, N/I = nematode first,
insecticide 24 h later, N+I = nematode and insecticide
applied simultaneously.
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Fig. 2. Corrected mortality (= SE) for Helicoverpa zea
exposed to combinations of Steinernema riobrave with
different insecticides: A) dinotefuran, B) indoxacarb, C)
imidacloprid. Different letters above bars indicate statistical
differences (based on Tukey test, P =0.05). Data plotted are
untransformed. References: C = control (distilled water), [ =
insecticide, N = nematode, I/N = insecticide first, nematode
24 h later, N/I = nematode first, insecticide 24 h later, N+I =
nematode and insecticide applied simultaneously.
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Fig. 4. Steinernema riobrave progeny production (+ SE)
when applied with: A) dinotefuran, B) indoxacarb, and C)
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statistical differences (based on Tukey’s test, P = 0.05).
Data plotted are untransformed. References: C = control
(distilled water), I = insecticide, N = nematode, I/N =
insecticide first, nematode 24 h later, N/I = nematode first,
insecticide 24 h later, N+I = nematode and insecticide
applied simultaneously.
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Table 1. Nature of the interactions of entomopathogenic nematodes - insecticide application timings on larval mortality

of Helicoverpa zea.

Mortality of H. zea

H. sonorensis S. riobrave
Insecticide ~ Treatment*  Obs Exp X» Interaction” Obs Exp X» Interaction”
Dinotefuran N/I 97 84 2.01 additive 97 90 0.48 additive
Dinotefuran I/N 90 84 0.42 additive 93 90 0.07 additive
Dinotefuran N+I 97 84 2.01 additive 97 90 0.48 additive
Indoxacarb N/I 73 72 0.01 additive 97 74 7.43 synergistic
Indoxacarb I/N 47 72 8.68  antagonistic 87 74 2.43 additive
Indoxacarb N+I 87 72 3.12 additive 97 74 7.43 synergistic
Imidacloprid N/ 80 85 0.29 additive 63 88 7.30  antagonistic
Imidacloprid I/N 93 85 0.75 additive 50 88 16.81 antagonistic
Imidacloprid N+I 97 85 1.60 additive 63 88 7.30  antagonistic

XI/N: insecticide applied first, nematode applied 24 h later; N/I: nematode applied first, insecticide applied 24 h later;

N+I: nematode and insecticide applied at the same time.

YInteraction based on X? mortality ratio (expected : observed).
‘Additive: X* < 3.84; Synergistic: X* >3.84 and P, > P_; Antagonistic: X* > 3.84 and P_.< P_, where P, is the observed
mortality of the insecticide and nematode combination and P, is the expected mortality of the combination.

were higher in cadavers exposed to the simultaneous
application of imidacloprid and S. riobrave (Fig.3C),
but no changes in progeny production were observed
with either of the alternate application timings.

DISCUSSION

In this study, we investigated the effect of three
insecticides commonly used for pest management in
Arizona on two Arizona-native EPN species under
laboratory conditions. Specifically, we assessed the
survival, virulence, and reproductive fitness of S.
riobrave (SRS strain) and H. sonorensis (Caborca
strain). None of the tested insecticide concentrations
significantly affected 1J survival of either nematode
species considered in this study. However both EPN
species responded differently to the effect of the
selected insecticides and timing of application. In
particular, virulence of 1Js and reproduction of adults
were the most affected parameters in the life cycle of
nematodes.

Dinotefuran increased the virulence of both EPN
species when compared with the application of the
nematodes alone or the insecticide alone. Interestingly,
dinotefuran did not significantly affect reproduction of
H. sonorensis as 1] progeny numbers remained about
the same when compared to those emerging from the
nematode application. Contrastingly, this insecticide
favored reproduction of S. riobrave as reflected by
an increment of the emerging 1J population when
compared with that produced by the nematode alone.

Indoxacarb, either applied simultaneously or
after EPN, showed a synergistic effect on S. riobrave
virulence. Indeed, insect mortality increased to 90%
or more when S. riobrave was applied in combination
with thisinsecticide at the above-mentioned inoculation
timings. In contrast, at the same inoculation timings,
the interaction of this insecticide with H. sonorensis
was only considered additive. Mortality of H. zea
was not significantly different when indoxacarb was
applied before the nematode inoculum. However,
an increase in larvae mortality was achieved when
both H. sonorensis and indoxacarb were inoculated
simultaneously. An antagonistic effect was observed
when indoxacarb was added prior to the inoculation
of H. sonorensis. Interestingly, none of the nematode-
insecticide combination timings significantly affected
nematode reproduction as observed by the numbers of
1Js produced.

This insecticide has a non-systemic effect that
targets the nervous system of the insects by blocking
sodium channels and causing paralysis of the larva
(Environmental Protection Agency, 2000). Gaugler et
al. (1994) reported feeding cessation of targeted insects
when this insecticide is applied and suggested that
this may cause changes in the behavior morphology
and physiology of the larvae, making them more
susceptible to EPN infection.

A similar scenario could help explain the results
of this study. For example, we also noticed that time
to death of H. zea larvae was augmented with any
of the EPN-indoxacarb treatments when compared
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with other EPN-insecticide combinations tested. On
average, it took 1 to 2 d for H. zea larvae to die after
exposure to the EPN-indoxacarb treatments and 5 to 7
d for any of the other EPN-insecticide treatments (data
not shown). It is possible that indoxacarb had a more
rapid debilitating effect on H. zea larvae than any
of the other insecticides studied and became a more
susceptible target for the nematodes to parasitize.

With respect to imidacloprid, previous studies have
shown that this insecticide had synergistic interactions
when combined with other EPN species such as H.
bacteriophora and S. glaseri (Koppenhodfer et al.,
2000; Koppenhdfer and Fuzy, 2008). Interestingly,
results of this study show opposite outcomes.
Specifically, all combinations of S. riobrave with
imidacloprid had an antagonistic effect. Imidacloprid
is a systemic insecticide that targets mostly sucking
insects including aphids, thrips, and whiteflies, and
also scarab beetles, as well as other insects (National
Pesticide Information Center, 2012). We speculate
that the antagonistic effects observed in this study may
be related to the fact that this insecticide is not suitable
for controlling lepidopteran pests such as H. zea.

Overall, results from this study show that none
of the insecticide-EPN combinations examined have
a clear advantage relative to the single application of
either the nematodes or the insecticides alone. From
all combinations tested, the synergistic effect observed
between the interaction of S. riobrave and indoxacarb
may be worth considering. Research to evaluate their
performance in greenhouse and (or) field settings
could prove instructive.

It is also interesting to note the contrasting effects
observed on nematode virulence and reproduction for
the assessed insecticide-EPN treatments. Why would
indoxacarb increase virulence of S. riobrave but
decrease its reproduction? Why would imidacloprid
decrease virulence of S. riobrave but increase
reproduction? These questions certainly warrant
further investigation.

ACKNOWLEDGMENTS

This study constituted partial fulfillment for
P. Navarro’s Ph.D. degree. We thank the USDA
Sustainable Agriculture Research and Education
(W-SARE) Graduate Grant Program for partially
funding this research. We acknowledge MGE@MSA/
Project 1000 (Arizona State University) for providing
funding to P. Navarro. We are also thankful to M.
Lamoreaux for technical assistance. We extend our
gratitude to I. Molnar, Y. Carri¢re, and P. Ellsworth
(dissertation committee members) for their insightful
comments and suggestions during this investigation
and preparation of this manuscript.

LITERATURE CITED

Abbott, W. S. 1925. A method for computing the
effectiveness of an insecticide. Journal of
Economic Entomology 18:265-267.

Anonymous, 1987. Integrated pest management for
cole crops and lettuce. University of California
Statewide [PM Project. Publication 3307.

Ansari, M. A., F. A. Shah., M. Whittaker., M. Prasad,
and M. T. Butt. 2007. Control of western flower
thrips (Frankliniella occidentalis) pupae with
Metharhizium anisopliae in peat alternative
growing media. Biological Control 40:293-297.

Barbara, K. A., and E. A. Buss. 2005. Integration
of insect parasitic nematodes (Rhabditida:
Steinernematidae) with insecticides for control
of pest mole cricket (Ortoptera: Grylotalpidae:
Scapteriscus spp.). Journal of Econonomic
Entomology 98:689-693.

Barbosa, B., R. Frulla, G. Grazzi and L. Rovesti.
1996. Compatibility of Steinernema carpocapsae
with pesticides.  International Organization
for Biological and Integrated Control Bulletin
19:136-139.

Barkley, V., and P. C. Ellsworth. 2004. Search for
effective chemical controls for Lygus bugs and
whiteflies in Arizona cotton. Pp. 187-197 in R.
Tronstad, ed., Cotton, A College of Agriculture
Report. Series P-138. University of Arizona,
College of Agriculture, Tucson, AZ.

Ebssa, L., and A. M. Koppenhofer. 2012.
Entomopathogenic nematodes for the management
of Agrostis ipsilon: Effect of instar, nematode
species, and nematode production method. Pest
Management Science 68:947-957.

Environmental Protection Agency. 2000. Pesticide
fact sheet: Indoxacarb. http://www.epa.gov/
opp00001/chem_search/reg_actions/registration/
fs PC-067710 30- Oct-10.pdf

Finney, D. J. 1964. Probit analysis. London:
Cambridge University Press.

Gaugler, R., I. Glazer, J. F. Campbell, , and N. Livan.
1994. Laboratory and field evaluation of EPN
genetically selected for improved host-finding.
Journal of Invertebrate Pathology 68:65-73.

Grewal, P. S., K. T.,, Power, S. K. Grewal, A.
Suggars, and S. Hauprich. 2004. Enhanced
consistency in biological control of white grubs
(Coleoptera: Scarabacidae) with new strains
of entomopathogenic nematodes. Biological
Control 30:73-82.

Kaya, H. K., and S. P. Stock. 1997. Techniques in
insect nematology. Pp. 281-324 in L. A. Lacey,
ed. Manual of techniques in insect pathology.
Biological Techniques Series. San Diego, CA:
Academic Press.



72

NEMATROPICA Vol. 44, No. 1, 2014

Kerns, D. L., and J. C. Palumbo. 2009. Lettuce IPM:
Southwestern USA, IPM World. http://ipmword.
umn.edu/chapters/kerns.htm.

Koppenhofer, A. M., Cowles, R. S., Cowles, E.
A., Fuzy, E. M., and L. Baumgartner. 2002.
Comparison of neonicotinoid insecticides as
synergistic for entomopathogenic nematodes.
Biological Control 8:131-137.

Koppenhofer,A.M.,and E. M. Fuzy. 2008. Early timing
and new combinations to increase the efficacy
of neonicotinoid-entomopathogenic nematode
(Rhabditida: Heterorhabditidae) combinations
against white grubs (Coleoptera: Scarabaeidae).
Pest Management Science 64:725-735.

Koppenhofer A. M., E. M. Fuzy, R. L. Crocker, W. D.
Gelenter, and S. Polavarapus. 2004. Pathogenicity
of Heterorhabditis bacteriophora, Steinernema
glaseri, and S. scarabaei  (Rhabditida:
Heterorhabditidae, Steinernematidae) against 12
white grub species (Coleoptera: Scarabaeidae).
Biocontrol Science and Technology 14:87-92.

Koppenhéfer, A. M., and P. S. Grewal. 2005.
Compatibility and interactions with agrochemicals
and other biocontrol agents. Pp. 363— 381 in
P.S. Grewal, R.U. Ehlers, and D.I. Shapiro-Ilan,
eds. Nematodes as biological control agents.
Wallingford, UK: CABI Publishing.

Koppenhéfer, A. M., and H. K. Kaya. 1998. Synergism
of imidacloprid and an entomopathogenic
nematode: A novel approach to the white grub
(Coleoptera: Scarabaeidae) control in turfgrass.
Journal of Economic Entomology 91:618-623.

Koppenhofer, A. M., P. S. Grewal, and H. K.
Kaya. 2000. Synergism of imidacloprid and
entomopathogenic nematodes against white grubs:
The mechanism. Entomology Experimentalis et
applicata 94:283-293.

Lacey, L.A., F. H. Frutos, K., Kaya, and V. Vail. 2001.
Insect Pathogens as Biological Control Agents:
Do they have a future? Biological Control 21:230-
248.

McCoy, C. W., R. J. Stuart, L. W. Duncan, and K.
Nguyen. 2002. Field efficacy of two commercial
preparations of entomopathogenic nematodes
against larvae of Diaprepes abbreviatus
(Coleoptera: Curculionidae) in alfisol type soil.
Florida Entomologist 85:537-672.

Mauléon, H., S. Briand, S. Laumond, and E.
Bonifassi. 1993. Utilisation d’enzyme digestives
pour I’étude du parasitisme des Steinernematidae
et Heterorhabditidae envers les larves d’insectes.
Fundamental and Applied Nematology 16:185-
186.

National Pesticide Information Center. 2012.
Imidacloprid Technical Fact Sheet. http://npic.
orst.edu/factsheets/imidacloprid.pdf.

Nauen, R. and I. Denholm. 2005. Resistance of
insect pests to neonicotinoid insecticides: current

status and future prospects. Archives of Insect
biochemistry and physiology. 58:200-215.

Nishimatsu, T., and J. J. Jackson. 1998. Interaction of
insecticides, entomopathogenic nematodes, and
larvae of the western corn rootworm (Coleoptera:
Chrysomelidae).  Journal  of  Economic
Entomology 91:410-418.

Palumbo J. C., and S. J. Castle. 2009. IPM for fresh-
market lettuce production in the desert southwest:
The produce paradox. Pest Management Science
65:1311-1320.

Prabhaker, N., S. J. Castle, N. Toscano, and T. J.
Henneberry. 2005. Assessment of cross-resistance
potential among neonicotinoid insecticides
in Bemisia tabaci (Hemiptera: Aleyrodidae).
Bulletin of Entomology Research 95:535-543.

Rovesti, L., E. W. Heinzpeter, F. Tagliente, and K. V.
Deseo. 1988. Compatibility of pesticides with
the entomopathogenic nematode Heterorhabditis
bacteriophora Poinar (Nematoda:
Heterorhabditidae). Nematology 34:462-476.

SAS Institute. 2008. JMP software: Version 8.2. SAS
Institute, Cary, NC.

Shapiro-Ilan, D. 1., T. E. Cottrel, R. F. Mizel IILD.
L. Horton, and J. Davis. 2009. A novel approach
to biological control with entomopathogenic
nematodes: Prohylactic control of the peachtree
borer, Synanthedon exitosa. Biological Control
48:259-263.

Shapiro-Ilan, D. 1., D. H. Gouge, S. J. Piggott,
and J. P. Fife. 2006a. Application technology
and environmental considerations for use of
entomopathogenic nematodes in biological
control. Biological Control 38: 124-133.

Shapiro-Ilan, D. 1., A. P. Nyczepir, and E. E. Lewis.
2006b.  Entomopathogenic nematodes and
bacteria applications for control of the pecan root-
knot nematode, Meloidogyne partityla, in the
greenhouse. Journal of Nematology 38:449-454.

Shapiro-Ilan, D. 1., and R. F. Mizell III. 2012.
Laboratory virulence of entomopathogenic
nematodes to two ornamental plant pests,
Corythuca ciliate (Hemiptera: Tingidae) and
Stethobaris nemesis (Coleoptera: Curculioniae).
Florida Entomologist 95:922-927.

Szczepaniec, A., S. F. Scott., K. L. Laskowski., J. P.
Nyrop, and M. J. Raupp. 2011. Neonicotinoid
insecticide imidacloprid causes outbreaks of
spiders mites on Elm trees in urban landscapes.
Plos One 6:1-10.

SPSS, Inc. 2012. Statistic Grad Pack 20.0. SPSS,
Inc., Chicago, IL.

Tadeusz, J. P, J. C. Legaspi, and P. E. Parker.
1998. Entomopathogenic fungi on Serangium
parcesetosum (Coleoptera: Coccinellidae), an
important predator of whiteflies (Homoptera:
Aleroydidae). Environmetal Entomology 27:785-
795.



Effect of synthetic insecticides on the life cycle of entomopathogenic nematodes: Navarro ef al.

Vainio, A., and H. Hokkanen. 1990. Side effects of
pesticides on the entomophagous nematode
Steinernema feltiae, and the entomopathogenic
fungi Metarhizium anisopliae and Beauveria
bassiana in the laboratory. V" Proceedings of
the International Colloquium on Invertebrate
Pathology and Microbiology, Adelaide, Australia.

Waldbauer, G. P., R. W. Cohen., and S. Fierdman.
1984. An improved procedure for laboratory
rearing of the corn earworm, Heliothis zea
(Lepidoptera: Noctuidae). The Great Lakes
Entomologist 17:113-118.

73

Zimmermann, G. 1993. The entomopathogenic fungus
Metharhizium anisopliae and its potential as a
biocontrol agent. Pesticide Science 37:375-379.

Zimmerman, R. J., and W. S. Cranshaw. 1990.
Compatibility of three entomogenous nematodes
(Rhabditida) in aqueous solutions of pesticides

Received:

16/VII/2013

Recibido:

used in turfgrass maintenance. Journal of
Economic Entomology 83:97-100.
Accepted for publication:

13/X1/2013

Aceptado para publicacion:



