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ABSTRACT We determined that spinosad interacts synergistically with the biocontrol agentMetar-
hizium anisopliae (Metch) Sorokin to increase the mortality of two wild-collected wireworm species,
Agriotes lineatus(L.), andAgriotes obscurus(L.).BioassayswereperformedusingaM.anisopliae isolate
originally acquired from a local wireworm cadaver.M. anisopliaewas applied as a soil drench at 3.3 �
102 and 104 conidia per gram sand, respectively. Soil drenches also were prepared using a commercial
formulation of the actinomycete toxins spinosyn-A and spinosyn-D (common name spinosad) at
sublethal doses of 1.5, 3, and 6 ppm active ingredient per gram sand. Combined treatments of spinosad
and M. anisopliae were synergistic in causing mortality for all spinosad concentrations. Wireworm
feeding activity was reduced after exposure to both spinosad and M. anisopliae and was found to be
concentration dependent. The high mortality and reduced rate of wireworm feeding suggest that
spinosad and M. anisopliae treatment combinations should be tested in the Þeld.
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Two exotic species of wirewormAgriotes lineatus (L.),
and A. obscurus (L.) (Coleoptera: Elateridae) are es-
tablished in British Columbia as signiÞcant crop pests,
especially of potato, Solanum tuberosum L., and corn,
Zea mays L. (Vernon and Pats 1997, Vernon et al.
2001). The wirewormÕs threat to agriculture is due to
several factors, including their 3Ð6-yr larval develop-
ment, their polyphagous diet, their hardiness, and
their difÞculty to target in the subterranean environ-
ment. In Canada, no treatments are available after
planting, and most pesticides previously used to con-
trol wireworm have been withdrawn from registra-
tion. With unchecked expansion of wireworm popu-
lations and few crops having registered treatment
options, a viable pest management strategy is needed.

Hyphomycetes are commonly encountered insect
pathogens and are described as facultative Þlamentous
fungi that reproduce via asexual conidia on solid sub-
strate and via yeast-like hyphal bodies within the host
(McCauleyandZacharuk1968,Goettel and Inglis 1997).
Metarhizium anisopliae (Metch) Sorokin (Hypocreales:
Clavicipitaceae) is a ubiquitous fungus found globally in
most soils. It is known to be pathogenic to a wide range
of insects (Huxham et al. 1989); this wide host range is
facilitated by many unique isolates ofM. anisopliae that

are able to produce a suite of cuticle degrading proteases
(StLegeret al. 1987)and immunosuppressivedestruxins
toward the host insect (Zacharuk 1981). Other differ-
ences in observed virulence are due to factors related to
the hostÕs health, developmental stage, and its particular
ability to resist infection (Gillespie et al. 2000). Soil tem-
perature, moisture, and exposure time to conidia also
havebeenshowntobeimportantcontributors incausing
mortality.M.anisopliaecauseswirewormmortality inthe
laboratory, and inundative Þeld applications have been
associated with wireworm mycosis and reduced feeding
damage in potato crops (Kabaluk et al. 2005). However,
when wireworm populations were high, the sole appli-
cation of M. anisopliae was not sufÞcient in preventing
the potato crop from sustaining economically signiÞcant
feeding damage.

Similar deÞciencies with other control agents have
led to the formulation of binary treatments of biolog-
ical and physical controls with insecticides (Pacham-
uthu and Kamble 2000, Furlong and Groden 2001),
nematodes (Ansari et al. 2004), boric acid (Zurek et al.
2002), diatomaceous earth (Akbar et al. 2004), and
other biological agents (Inglis et al. 1997, Thomas et al.
2003) or metabolites (Brousseau et al. 1998) to syn-
ergize the total control potential. It is unclear why or
how these combined treatments interact, but it is clear
that the physiological effects caused by one agent can
increase the virulence of the biological agent and
thereby cause higher mortality. These studies also
indicate that combination formulations use less of
each active ingredient than would be required if they
were to be applied individually. Although many treat-

1 Faculty of Land and Food Systems, 2357 Main Mall, University of
British Columbia, Vancouver, British Columbia, Canada V6T 1Z4.

2 PaciÞc Agricultural Research Centre, Agriculture & Agri-Food
Canada, Box 1000, Agassiz, British Columbia, Canada V0M 1A0.

3 Corresponding author, e-mail: ericsson@zoology.ubc.ca.
4 Lethbridge Research Centre, Agriculture & Agri-Food Canada,

Lethbridge, Alberta, Canada T1J 4B1.



ment combinations interact synergistically, and cause
signiÞcantly higher mortality than predicted, not all
combinations interact favorably. Some combinations
are antagonistic and cause lower mortality than pre-
dicted; thus, it can be difÞcult to foresee which prod-
ucts will compliment each other.

Spinosad is registered under a new class of reduced-
risk insecticides called naturalytes, compounds that
are produced by living organisms. Spinosyns are pro-
duced by the actinomycete Saccharopolyspora spinosa
(Actinomycetales: Pseudonocardiaceae), and are
known to be active against many noxious pests as well
as some parasitoids and pollinators, but they are oth-
erwise harmless to nontarget organisms (Wilson et al.
2003). Spinosyns are classiÞed as macrolides and are
neurotoxic through the inhibition of nicotinal acetyl-
choline receptors, and GABA receptors by means of
an undeÞned mode of action (Salgado 1998, Wilson et
al. 2003).

Here, we report tests of the interaction ofM. aniso-
pliae and spinosad in causing mortality by exposing the
wireworms to different dose combinations. We found
that a metabolite from an unrelated soil microbe in-
creases the virulence of an entomopathogenic fungus.

Materials and Methods

Wireworm Collection and Selection. Wireworms
were collected from land with a 30-yr history of pes-
ticide-free management (UBC Farm, Vancouver, Brit-
ish Columbia, Canada). The species composition, de-
termined through pheromone trap catches of adult
males was found to consist of two dominant species,A.
lineatus andA. obscurus,with an estimated prevalence
of 88 and 12%, respectively. After collection, the mixed
population of wireworms was transferred to 27-liter
plastic tubs, kept at 7�C in the soil, and wireworms
were periodically fed wheat, Triticum aestivum L.,
seed. Twenty-four hours before the bioassay, the tubs
of soil were warmed to 22�C, and 8 h before the
bioassay, sections of potato were buried near the soil
surface to attract actively feeding wireworm. From
these wireworms, those within a 10-cm range of the
potato bait, and within a 19Ð24-mm range in length,
were selected for experimentation. The masses of
wireworms ranged from 32 to 42 mg, and the size range
corresponded to A. lineatus instars 11Ð13 (Kabanov
1975). A. lineatus and A. obscurus are difÞcult to dis-
tinguish by their larval characteristics alone (Wilkin-
son 1963), and because both species are pests to local
crops,noattemptwasmade to identifyeachwireworm
beyond the genus.
Preliminary Bioassay. Industrial sand (Target Prod-

ucts Ltd., Burnaby, British Columbia, Canada), and
course sands of varying particle size (0.1Ð0.4 mm in
diameter) were rinsed 10 times, heat sterilized, and
equivalent amounts of each were thoroughly mixed.
To each 35-ml plastic cup, 30 g of the sand mixture was
added and subsequently hydrated to 7% moisture (wt:
wt). Spinosad and conidia treatments were both ap-
plied as a drench (described below), and the volume
of ßuid added was included in the total moisture cal-

culation such that each plastic cup received equiva-
lent hydration.

Three stock solutions of spinosad (Tracer, DOW
Agrosciences, Indianapolis, IN) were prepared that
were 0, 45, and 90 ppm (AI)/ml. One milliliter of each
stock spinosad solution was added to each plastic cup
to raise the sand concentration to 0, 1.5, and 3 ppm
(AI)/g. Two levels of M. anisopliae treatments (as
described below) were applied as a 1-ml drench (0
and 1.42 � 106 conidia per ml). The M. anisopliae
isolate was acquired from a local, naturally infected
Agriotes sp. cadaver, and was grown in pure culture on
10-cm petri plates of Sabaroud dextrose agar amended
with yeast (SDAY) culture media at 28�C for 18 d.
Conidia were washed with 25 ml of distilled H2O
(dH2O) amended with 0.0025% Triton X-100, and the
stock suspension was kept in total darkness at room
temperature until application the same day. Germi-
nation of the conidia was determined 20 h after
spreading on the SDAY media.

Both spinosad and M. anisopliae treatments were
mixed into the sand with a glass rod, and sterile tap
water was added to adjust the moisture to 7% (wt:wt).
Each wireworm was weighed to verify uniformity of
size and was then placed individually in a 35-ml plastic
cup Þlled with the sand mixture. One T. aestivum
wheat seed was pushed into the sand of each plastic
cup so that it was just below the surface, and then
Þtted, unventilated lids were applied to the plastic
cups. Five replicate cups from each treatment com-
bination were randomized in a covered plastic tray
lined with moistened paper towels to maintain hu-
midity. Three replicate trays were prepared, covered
with aluminum foil to maintain darkness, and kept at
a constant 22�C for duration of trial. Mortality was
assessed periodically throughout the trial by mechan-
ically stimulating the wireworm with a blunt object.
Wireworm were considered dead when they no
longer moved their mandibles or prolegs after stimu-
lation.
Synergy Bioassay. The preliminary assay indicated

that additional concentrations of conidia and spinosad
should be tested. Thus, the methods described above
were followed exactly, except four levels of spinosad
(0, 1.5, 3, and 6 ppm/g sand) were combined with
three levels of conidia (0, 3.3 � 102, and 3.3 � 104

conidia per g sand). Four stock solutions of spinosad
were prepared at 0, 45, 90, and 180 ppm (AI)/ml, and
1 ml of each stock solution was added to each cup to
raise the sand concentration to 0, 1.5, 3, and 6 ppm
(AI)/g. Conidia prepared from the same isolate de-
scribed above were washed from the petri plate with
25 ml of dH2O amended with 0.025% Triton X-100, and
the stock suspension was adjusted to a concentration
of 104 and 106 conidia per ml with an Improved
Neubauer hemocytometer. The resulting suspension
was kept in total darkness at room temperature until
application the same day. Mortality was determined as
described above. The trial was repeated twice.
Feeding Activity. On each evaluation date, the

amount of feeding that had occurred on each wheat
seed and the proportion of wireworms feeding in each
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bioassay tray were recorded. If the wheat seed had
been consumed, another seed was added to the plastic
cup, and if the wireworm had died, its feeding activity
was not included in the analysis.
Fungus Viability. For each experiment, conidia vi-

ability was determined by enumerating the percent-
age of germinated conidia 20 h after spreading on fresh
SDAY media. One hundred microliters of a conidia
suspension (�107 conidia per ml, 0.025% Triton
X-100) was spread on a 110-mm petri plate containing
20 ml of SDAY media (30 g/liter SDAY agar; Sigma-
Aldrich, St. Louis, MO). Plates were then incubated at
27�C, in complete darkness for 20 h. Germination per-
centage was determined by Þrst placing three 18-mm
square coverslips directly on media surface and then
by counting the number of germinated conidia and
total number of conidia per Þeld of view at 250�
magniÞcation. Three to four Þelds of view were ob-
served per coverslip, so that a minimum of 10 counts
was performed for each petri plate. Conidia were
considered germinated when a distinct germ tube had
formed.
Combination Treatment Compatibility. Because

studies have shown that insecticides can interfere with
growth and sporulation of M. anisopliae (Li and Hol-
dom 1994), it was important to determine whether
spinosad was fungicidal against M. anisopliae. Quan-
titative microplate assays of Þlamentous fungal growth
have identiÞed a linear relationship between the
change in biomass and the change in absorbance at
particular wavelengths (Broekaert et al. 1990). These
methods are sensitive to fungal growth, and they were
used to identify fungicidal effects of spinosad, and the
concentrations that should be avoided during coap-
plication.

To each well of the 96-well, polystyrene, ßat-bot-
tomed microplate (Sigma-Aldrich), 100 �l of Sabo-
raudÕs dextrose broth amended with yeast extract (15
g/liter SDAY, Sigma-Aldrich), 10 �l from one of 11
concentrations of spinosad, and 10 �l from a conidia
suspension (0 and 200 spores per �l) was added. Final
spinosad concentrations of 768, 384, 192, 96, 48, 24, 12,
6, 3, 1.5, and 0 ppm AI (vol:vol) per well were tested

with and without 2,000 spores ofM. anisopliae per well
for changes in biomass. All cultures were incubated at
25�C under continuous darkness and were shaken at
150 rpm until spectrometer analysis. Absorbance was
measured at 595 nm every 24 h in an automated plate-
reader (SpectraMax 190, Molecular Devices, Sunny-
vale, CA) up to 96 h after starting the experiment. The
absorbance from each sample containing only spi-
nosad was subtracted from the corresponding absor-
bance of the spinosad and fungus combinations, so
that differences in absorbance were only due to in-
creases in biomass of the fungus.
Experimental Design and Statistical Analysis. For

the preliminary assay, two levels (0 and 106 conidia per
g sand) ofM. anisopliae and three levels (0, 1.5, and 3)
of spinosad were analyzed as a complete random de-
sign. Fifteen replicates of each treatment combination
were prepared, and 10 repeated measurements of the
percentage of mortality were taken over the 60-d trial.
Expected mortality (E) was generated from the fol-
lowing formula: E � OSpin � OMet (1 � OSpin), where
E is the expected mortality, and OSpin and OMet rep-
resent the proportion mortality due to treatments of
pure spinosad and pure M. anisopliae, respectively.
This formula has been used in similar studies to eval-
uate the effects of combined treatments (Trisyono
and Whalon 1999, Hummelbrunner and Isman 2001).
The predicted effects of spinosad and M. anisopliae
treatments (E) were compared with the observed
mortality of the binary treatments (O) with the fol-
lowing formula, �2 � {(O � E)2}/E.

For the synergy bioassay, each of the 12 treatment
combinations, three levels (0, 102, and 104 conidia per
g sand) of M. anisopliae and four levels (0, 1.5, 3, and
6 ppm [AI]) spinosad were replicated 15 times per
trial with 10 repeated measurements of proportion
mortality, and feeding status over 60 d. A KaplanÐ
Meier survivorship analysis was performed to deter-
mine whether the addition of spinosad had an effect
on the wirewormÕs time to death. For synergy effects,
the expected mortality (E) was generated by the for-
mula described above and was compared with the
observed mortality (O) of the binary treatments by a

Table 1. Preliminary bioassay: wireworm mortality from spinosad and M. anisopliae treatment combinations on each sampling date
10–60 d after exposure

Treatment
Time (d)

Wireworm mortality (%)a
�2b

Fungus (spores/g) Spinosad (ppm) Fungi Spinosad Expected Observed

105 1.5 10 13.3 0 13.3 0 13.3*
20 20.0 0 20 13.3 2.24
30 26.7 0 26.7 33.3 1.63
40 33.3 0 33.3 66.7 33.5*
50 33.3 0 33.3 73.3 48.1*
60 46.7 0 46.7 80.0 23.7*

105 3 10 13.3 0 13.3 0 13.3*
20 20.0 0 20 13.3 2.24
30 26.7 0 26.7 60.0 41.5*
40 33.3 0 33.3 73.3 48.1*
50 33.3 0 33.3 86.7 85.6*
60 46.7 0 46.7 93.3 46.5*

a Average mortality from 15 wireworm per treatment combination.
b A chi-square comparison that exceeds 3.84, with df � 1 and � � 0.05, is considered synergistic and is denoted by an asterisk (*).
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chi-square assessment. All statistical analysis was per-
formed with JMP IN version 5.1 statistical software
package (SAS Institute 2005).

For the feeding activity assay, the percentage of
individuals feeding at each sampling date was aver-

aged over two experiments, and the treatment means
were subject to analysis of variance (ANOVA).

For the compatibility assay, the growth rate was
determined by the slope of the regression line from
the absorbance data. Four replicate wells were pre-

Table 2. Mean survival time of Agriotes sp. wireworms after exposure to each treatment combination of M. anisopliae and spinosad

Spinosad concn (ppm)
Survival time (d)a

0 M. anisopliae (conidia/g) 102 M. anisopliae (conidia/g) 104 M. anisopliae (conidia/g)

0 61.78 (2.79) 59.38 (3.07) 32.75 (3.13)
1 58.78 (2.96) 45.8 (3.38) 27.78 (2.39)
3 58.3 (3.05) 46.53 (3.44) 23.53 (2.45)
6 52.28 (3.54) 47.63 (3.31) 22.33 (1.53)
Wilcoxon test �2 � 5.56b �2 � 11.64b �2 � 9.71b

P � 0.1352 P� 0.0087 P� 0.0212

a Standard error shown in parentheses.
bWilcoxon tests performed for each level of fungus.

Table 3. Synergy bioassay: wireworm mortality from spinosad and M. anisopliae treatment combinations on each sampling date 15–60
d after exposure

Treatment
Time (d)

Wireworm mortality (%)a

Fungus (spores/g) Spinosad (ppm) Fungi Spinosad Expected Observed �2b

102 1.5 15 0 5 (5) 5.0 2.5 1.25
20 0 5 (5) 5.0 7.5 1.25
27 0 5 (5) 5.0 15.0 20.00*
34 2.5 (2.5) 5 (5) 7.4 15.0 7.88*
40 6.3 (3.8) 5 (5) 11.0 23.8 14.95*
50 7.5 (2.5) 15.5 (5) 21.4 37.5 12.16*
60 28.5 (11.3) 20 (10) 43.0 45 0.09

102 3 15 0 5 (5) 5.0 15.0 20.00*
20 0 5 (5) 5.0 22.5 61.25*
27 0 10 (5) 10.0 25.0 22.50*
34 2.5 (2.5) 12.5 (7) 14.7 35.7 30.06*
40 6.3 (3.8) 16.2 (14) 21.5 51.3 41.40*
50 7.5 (2.5) 22.5 (17) 28.3 60 35.46*
60 28.5 (11.3) 22.5 (17) 44.8 78.8 25.76*

102 6 15 0 5 (5) 5.0 15 20.00*
20 0 5 (5) 5.0 27.5 101.25*
27 0 5 (5) 5.0 27.0 96.80*
34 2.5 (2.5) 7.5 (5) 9.8 30 41.53*
40 6.3 (3.8) 13.8 (6.3) 19.2 42.5 28.16*
50 7.5 (2.5) 15 (5) 21.4 57.5 61.05*
60 28.5 (11.3) 18.8 (1.3) 42.2 65.0 12.34*

104 1.5 15 22.5 (7.5) 5 (5) 26.4 37.5 4.69*
20 35.5 (5.0) 5 (5) 38.3 57.5 9.69*
27 55 (15) 5 (5) 57.3 65 1.05
34 70 (5.1) 5 (5) 71.5 75 0.17
40 72.5 (7.5) 5 (5) 73.9 86.3 2.09
50 75 (5) 15 (5) 78.8 95 3.35
60 83.8 (3.8) 20 (10) 87.0 93.8 0.53

104 3 15 22.5 (7.5) 5 (5) 26.4 42.5 9.86*
20 35.0 (5) 5 (5) 38.3 70.0 26.35*
27 55.0 (15) 10 (5) 59.5 85.0 10.93*
34 70.0 (5.1) 12.5 (7) 73.8 90.0 3.58
40 72.5 (7.5) 16.2 (14) 77.0 92.5 3.14
50 75.0 (5) 22.5 (17) 80.6 95.0 2.56
60 83.8 (3.8) 22.5 (17) 87.4 97.5 1.16

104 6 15 22.5 (7.5) 5.0 (5) 26.4 52.5 25.88*
20 35.5 (5) 5.0 (5) 38.3 72.5 30.67*
27 55.0 (15) 5.0 (5) 57.3 80.0 9.04*
34 70.0 (5.1) 7.5 (5) 72.3 85.0 2.25
40 72.5 (7.5) 13.8 (6.3) 76.3 98.7 6.58*
50 75.0 (5) 15.0 (5) 78.8 100 5.73*
60 83.8 (3.8) 18.8 (10) 86.8 100 1.99

a Average mortality from 30 wireworm; standard deviation is in parentheses.
bChi-square comparison that exceeds 3.84, with df � 1 and � � 0.05, is considered synergistic and is denoted by an asterisk (*).
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pared for each treatment combination, two replicate
microplates were prepared for each trial, and each
trial was repeated twice. Four repeated measurements
of absorbance were taken at 24, 48, 72, and 96 h after
the initiation of experiment. The slopes from all trials
for each spinosad level were subject to ANOVA, and
means were separated via the TukeyÕs honestly sig-
niÞcant difference (HSD) test (� � 0.05).

Results

Preliminary Bioassay. Thirty days after exposure,
combined treatments of spinosad and M. anisopliae
produced signiÞcantly higher mortality than expected
at spinosad concentrations of 1.5 and 3 ppm (Table 1).
The synergistic results led to the design of a more
sensitive factorial experiment with additional levels of
spinosad and fungus. No wireworm mortality was ob-
served in any of the spinosad-only or control treat-
ments, which indicated that the levels tested were
sublethal.
Synergy Bioassay. The KaplanÐMeier survivorship

analysis detected signiÞcant differences in the time to

death due to spinosad for both levels of fungus (Table
2).M. anisopliae levels of 102 and 104 conidia per g soil
were deemed low to medium based on data from
previous trials (Kabaluk et al. 2005). However, when
a locally obtained isolate was applied as a drench,
conidia at 102/g sand caused 29% mortality over the
60-d trial, and conidia at 104/g caused 84% mortality
after 60 d. Spinosad treatments caused symptoms con-
sistent with neurological poisoning and only caused a
low level of mortality when applied alone. When spi-
nosad and M. anisopliae were applied together as a
combination treatment, mortality was signiÞcantly
higher than the expected value of their additive effect,
which indicates a synergistic interaction. Based on
individual treatment levels, the greatest synergistic
effect occurred when 102 conidia per g sand were used
with 6 ppm spinosad (Table 3). Similar mortality was
achieved at this dose as that in the levels of fungi 2
orders of magnitude higher without spinosad (Fig. 1).
In the 104 conidia per g treatments, mortality was
consistent in all treatments, but it was higher than
predicted when spinosad was added.

Fig. 1. Observed and expected effects of spinosad on wireworm mortality at two concentrations ofM. anisopliae. (Top)
High rate of conidia. Combination treatments consist of spinosad at 0 (diamond), 1.5 (triangle), 3 (square), and 6 (circle)
ppm soil concentration withM. anisopliae at 3.3 � 104 conidia/g sand. (Bottom) Low rate of conidia. Combination treatments
consist of spinosad at 0 (diamond), 1.5 (triangle), 3 (square), and 6 (circle) ppm soil concentration withM. anisopliae at 3.3 �
102 conidia/g sand. The average percentage of mortality is reported along with the standard error.
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Feeding Activity. Over 60 d, wireworm behavior
alternated between periods of intense feeding and
periods of inactivity. Sometimes, larvae fed only on the
embryos of the germinated seed, and other times they
consumed the entire seed and all shoot and root
growth. The average percentage of wireworm feeding
activity decreased as bothM. anisopliae concentration
and spinosad concentration increased (Fig. 2).
Fungus Viability. Conidia viability was determined

for each bioassay as well as for each compatibility
assay to verify the quality of spores. In all experiments,
M. anisopliae conidia germination was found to be 96%
or higher after 20 h on SDAY media.
Combination Treatment Compatibility. The con-

centration of spinosad causedM. anisopliae to grow at
signiÞcantly different rates than the control (F �
13.28; df � 10, 22; P � 0.0001). Although a nonsignif-
icant increase in growth rate was detected at low
concentrations of spinosad, the mean growth rate was
signiÞcantly decreased when spinosad concentrations
were 192 ppm or higher (Fig. 3). This result indicates
that spinosad and M. anisopliae are compatible in the
soil at the rates tested in the bioassay, but if both
conidia and spinosad are to be applied as a drench they
should not be applied in the same solution when spi-
nosad concentrations exceed 96 ppm.

Discussion

In this study, we found that a combined treatment
of spinosad and M. anisopliae caused signiÞcantly

higher mortality than either treatment alone. This
suggests that low levels of a reduced-risk pesticide can
be combined with a biological agent to reduce wire-
worm populations without traditional pesticide strat-
egies.

The mechanism for the observed interaction be-
tween spinosad and M. anisopliae remains unclear.
However, given thatM.anisopliaeproduces toxins that
interrupt the metabolism and immune function of
many insects (Suzuki et al. 1971, Zacharuk 1981),
these molecules may have to be detoxiÞed by the
insect to prolong its survival. As a result, when a
wireworm becomes infected, several resistance path-
ways may be induced, including cellular or humeral
immune mechanisms to destroy the pathogen as well
as detoxifying pathways to clear the metabolites. Be-
cause M. anisopliae proliferates as yeast-like hyphal
fragments in the hostÕs hemocoel (Goettel and Inglis
1997), it is reasonable to expect toxin levels in the
hemolymph to increase as the number of fungal cells
increases. If death of an insect is dependent on the
type and rate of toxins produced by the pathogen, then
a compound that inhibits any of the detoxifying mech-
anisms would increase the speed of kill. Despite that
spinosyns are neurotoxins that act by way of a novel
mechanism, they also may alter the sensitivity of the
wireworm to fungal toxins or the potency of its im-
mune response to M. anisopliae.

A positive side effect of the treatments is that both
spinosad andM. anisopliae reduce larval feeding, even
though the average percentage of individuals feeding
was never �50% of the control group. Although in-
termittent feeding behavior is typical ofAgrioteswire-
worms (Furlan 1998), it is also known that both im-
mune responses (Rolff and Siva-Jothy 2003) and
detoxiÞcation processes (Ahmad et al. 1987) are bio-
chemically expensive to sustain. Therefore, growing
wireworms may rely on nutritional inputs to facilitate
their response against M. anisopliae for detoxiÞcation
of the xenobiotic molecules, or both, and thus must
feed.

Wireworm need several years to develop and many
infested Þelds consist of larval populations of mixed
ages, stages of development (Kabanov 1975), and spe-

Fig. 2. Average percentage of surviving wireworm feed-
ing while under continuous exposure to treatment combi-
nations. (Top) M. anisopliae was found to cause signiÞcant
reductions in feeding, that are concentration dependent (F�
12.163; df � 2, 93;P� 0.0001). (Bottom) Spinosad treatments
also were found to cause signiÞcant concentration-depen-
dent reductions in feeding(F�3.3639;df�3, 92;P�0.0220).
Means followed by the same letter are not signiÞcantly dif-
ferent (TukeyÕs HSD; � � 0.05).

Fig. 3. AverageM. anisopliae growth rate during contin-
uous exposure to spinosad concentrations ranging from 0 to
768 ppm active ingredient (vol:vol). Means followed by the
same letter are not signiÞcantly different (TukeyÕs HSD; � �
0.05).
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cies (Brian 1947, Vernon and Pats 1997). Thus, a viable
biological control treatment must be able to overcome
abiotic factors as well as immunological and behav-
ioraldifferencesassociatedwith themixedpopulation.
Because M. anisopliae is known to gradually degrade
in the soil, the inclusion of spinosad treatments could
extend the total control period provided by one ap-
plication of the fungus. This laboratory study suggests
that Þeld trials should be carried out to determine
whether combined treatments of spinosad and M.
anisopliae are practical and effective against exotic
wireworms.
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