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ABSTRACT In this study, we measured, under laboratory conditions, the direct and indirect effects
of insecticides on mealybug destroyer, Cryptolaemus montrouzieri Mulsant (Coleoptera: Coccinelli-
dae), and parasitoid Leptomastix dactylopii Howard (Hymenoptera: Encyrtidae), natural enemies of
citrus mealybug, Planococcus citri (Risso) (Homoptera: Pseudococcidae). The adult stages of both
natural enemies were exposed to sprays of the insecticides buprofezin, pyriproxyfen, ßonicamid,
acetamiprid, dinotefuran, and clothianidin at label-recommended rates to assess direct mortality after
24, 48, and 72 h, respectively. The effects of the insecticides on L. dactylopii parasitization rate and
percentage of parasitoid emergence also were monitored using the label and 4� the recommended
label rate. Dinotefuran was extremely detrimental to the adult parasitoid at the label rate with 100%
mortality after 24 h. Buprofezin, pyriproxyfen, and ßonicamid were not harmful to L. dactylopiiwhen
applied at the label rate. At 4� the recommended label rate, dinotefuran, acetamiprid, and clothianidin
were all harmful to the parasitoid with 100% mortality 72 h after application. Both buprofezin and
ßonicamid were not toxic to L. dactylopii with 100% adult survival after 72 h. Pyriproxyfen and
ßonicamid, at both the label and 4� the recommended label rate, did not negatively affectL.dactylopii
parasitization rate or percentage of parasitoid emergence. Acetamiprid, dinotefuran, and clothianidin
were toxic toC.montrouzieri adults with 100% mortality after 48 h, whereas buprofezin, pyriproxyfen,
and ßonicamid demonstrated minimal (10Ð20% mortality after 48 h) harmful effects to the predator.
Based on the results from our study, the indirect effects of the insect growth regulator (IGR)
buprofezin were not decisive; however, the IGR pyriproxyfen and the insecticide ßonicamid were not
directly or indirectly harmful to the predator C. montrouzieri and parastioid L. dactylopii, indicating
that these insecticides are compatible with both natural enemies when used together for control of
citrus mealybug in greenhouses and conservatories.

KEY WORDS compatibility, insecticides, citrus mealybug, natural enemies, pest management

Pest management of phytophagous insects in green-
houses, conservatories, and interior plantscapes gen-
erally involves the use of insecticides, commonly in
conjunction with natural enemies such as parasitoids,
predators, or pathogens. The sole use of biological
control may not always be sufÞcient to manage insect
pest populations, particularly in greenhouses (van
Lenteren 1987, Medina et al. 2003, Hassan and Van de
Veire 2004). As a result, research has investigated the
use of “biorational” or “reduced-risk” insecticides in
combination with natural enemies (Cloyd 2005). In-
secticides classiÞed as biorational or reduced-risk in-
clude horticultural oils, insecticidal soaps, microbials,
feeding inhibitors, and insect growth regulators
(IGRs). These insecticides are generally considered to

be less harmful to natural enemies compared with
conventional insecticides (Croft 1990).

Studies have been conducted to assess the compat-
ibility of biorational insecticides with predatory mites
(Osborne and Petitt 1985; Oetting and Latimer 1995;
Spollen and Isman 1996; Cabrera et al. 2004, 2005),
predatory bugs (Nagai 1990, Delbeke et al. 1997, James
2004), and parasitoids (Lemma and Poe 1978, Gerling
and Sinai 1994, Jones et al. 1998, Rothwangl et al.
2004). Additional studies have evaluated the compat-
ibility of biorational insecticides with predatory in-
sects, including the green lacewing, Chrysoperla car-
nea (Stephens) (Chrysopidae: Neuroptera) (Kiselek
1975, Niemczyk et al. 1985, Medina et al. 2003) and
ladybird beetles (Mazzone and Viggiani 1980, Kismali
and Erkin 1984, Smith and Papacek 1990, James and
Lighthart 1994, Hattingh and Tate 1995). Most of these
studies have been conducted under laboratory con-1 Corresponding author, e-mail: rcloyd@uiuc.edu.
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ditions, which provides a “worse-case scenario,” indi-
cating that if the insecticides demonstrate no harmful
effects under these conditions, then in all probability
they will not be detrimental when used in green-
houses, conservatories, or interior plantscapes (Cloyd
2005).

Most studies have primarily evaluated the lethal
effects of biorational insecticides, that is, whether the
natural enemy iskilled immediately.However, it is just
as important to assess the sublethal or long-term ef-
fects, which also may impact the feasibility of using
natural enemies with pesticides. For example, the sub-
lethal effects of biorational insecticides may involve
inhibiting oviposition (Medina et al. 2003), reducing
adult emergence (McNeil 1975, Lemma and Poe
1978), or sterilizing females (Hattingh and Tate 1995).

IGRs, which are most effective on the immature
stages of plant-feeding insects (Staal 1975, Parrella and
Murphy 1998), are commonly used in greenhouses,
conservatories, and interior plantscapes. Buprofezin
and pyriproxyfen are IGRs registered for control of
aphids, whiteßies, and mealybugs. Buprofezin (Talus,
SePro Corporation, Carmel, IN) is a chitin synthesis-
inhibiting IGR (Shibuya 1984, Uchida et al. 1985, Ger-
ling and Sinai 1994), whereas pyriproxyfen (Distance,
Valent USA Corp., Walnut Creek, CA) is a juvenile
hormone mimic (Ishaaya et al. 1994, Ware and Whi-
tacre 2004) that also has ovicidal activity on whiteßy
eggs (Ascher and Eliyahu 1988). Feeding inhibitors or
blockers are a relatively new class of insecticides that
prevent insects from feeding by interfering with neu-
ral regulation of ßuid intake into the mouthparts (Kay-
ser et al. 1994; Fuog et al. 1995, 1998). The insecticide
ßonicamid (Aria, FMC Corporation, Philadelphia,
PA), which was recently registered for use in green-
houses, is a feeding inhibitor for control of aphids and
whiteßies.

Neonicotinoid-based insecticides are a class of in-
secticides that have been commercially available since
the mid-1990s, and several newly introduced materials
that are registered for use in greenhouses include
acetamiprid (TriStar, Cleary Chemical Co., Dayton,
NJ), dinotefuran (Safari, Valent USA Corp.), and
clothianidin (Celero, Arysta LifeScience North Amer-
ica Corp., San Francisco, CA). These insecticides are
primarily used to control phloem-feeding insects such
as aphids, whiteßies, and mealybugs (Tomizawa and
Casida 2003).

There is relatively little information available on the
compatibility of the IGRs buprofezin and pyriproxy-
fen, the insecticide ßonicamid, and the neonicotinoid-
based insecticides mentioned above with the mealy-
bug destroyer, Cryptolaemus montrouzieri Mulsant
(Coleoptera: Coccinellidae), and the parasitoid Lep-
tomastix dactylopii Howard (Hymenoptera: Encyrti-
dae), which are commercially available natural ene-
mies used in greenhouses and conservatories for
control of citrus mealybug, Planococcus citri (Risso)
(Homoptera: Pseudococcidae) (Kole and Hennekam
1990). In this study, we report on the compatibility of
several IGRs and neonicotinoid-based insecticides,
and an insecticide that acts as a feeding inhibitor on

the natural enemies of citrus mealybug, including
mealybug destroyer andL.dactylopiiunder laboratory
conditions. We also make recommendations on how
these insecticides can be used in a pest management
program that includes the use of both natural enemies.

Materials and Methods

L. dactylopii

This study involved a series of experiments designed
to evaluate the direct or indirect effects of selected
insecticides on the parasitoid L. dactylopii. Direct re-
fers to any lethal or immediate effects, whereas indi-
rect refers to sublethal effects of the insecticides
tested. The parasitoids used for the study were ob-
tained from a laboratory colony reared on citrus mea-
lybugs feeding on butternut squash,Cucurbitamaxima
(L.), maintained in an environmental chamber
(model E7, Conviron, Winnipeg, Manitoba, Canada)
with a temperature of 20 � 2�C and a photoperiod of
14:10 (L:D) h. A honeyÐwater solution [50:50 (vol:
vol)] was freely available to L. dactylopii.
Experiment 1:Direct Effects of InsecticidesUsed at
Labeled Rates. A 100- by 20-mm glass petri dish was
inverted and Whatman No. 1 Þlter paper (Whatman,
Maidstone, England) was placed in the bottom of the
petri dish. A small amount (0.1 ml) of honeyÐwater
solution [50:50 (vol:vol)] was applied to the inside of
the lid of each petri dish. The petri dish and Þlter paper
were sprayed once with 0.8 ml of each treatment
solution by using a 946-ml spray bottle calibrated so
that the full spray trajectory thoroughly moistened the
entire petri dish and Þlter paper. Deionized water was
used as a solvent for all treatment applications. Newly
emerged (�24-h-old) male and female L. dactylopii
were collected from the laboratory colony by using an
aspirator and allowed to mate for 24 h in 9-dram vials
with a drop (0.05 ml) of honeyÐwater solution [50:50
(vol:vol)] applied to the inside portion of the lid. A
single-mated female parasitoid was then placed into
each petri dish immediately after the treatments had
been applied. Each female parasitoid was monitored
after 24, 48, and 72 h, respectively, to assess whether
they were alive or dead. After 48 h, a laboratory sy-
ringe was used to apply 0.8 ml of deionized water to
the Þlter paper of each petri dish to ensure that the
Þlter paper was constantly moist. The experiment was
set up as a completely randomized design with eight
treatments and Þve replications per treatment. The
number of replications conducted per treatment was
a result of the limited quantity of parasitoids (both
female and male) that emerged simultaneously for
use; however, we were still able to obtain a sufÞcient
cohort of same-aged females and males for mated
pairs. The insecticide rates used were based on the
label recommendations from the manufacturer. The
treatments and rates were buprofezin (Talus 40 SC,
SePRO Corporation) at 1.3 ml/946 ml, acetamiprid
(TriStar 30SG; Cleary Chemical Co.) at 0.18 g/946 ml,
dinotefuran (Safari 20SG, Valent USA Corp.) at 0.56
g/946 ml, pyriproxyfen (Distance 0.86 EC; Valent USA
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Corp.) at 0.88 ml/946 ml, clothianidin (Celero
16WSG; Arysta LifeScience North America Corp.) at
0.28 g/946 ml, and ßonicamid (Aria 50SG; FMC Cor-
poration) at 0.15 g/946 ml. There was also an un-
treated check (dried Þlter paper) and deionized water
control.
Experiment 2:Direct Effects of InsecticidesUsed at
Higher than Labeled Rates. The procedures used in
this experiment were similar to those of experiment 1
(see above) except we used 4� the recommended
label rate for all treatments, because it is not uncom-
mon for rates, that are above the recommended label
rate, to be inadvertently used (R.A.C., personal ob-
servation). There were eight treatments with 10 rep-
lications per treatment. The treatments and rates were
buprofezin at 5.2 ml/946 ml, acetamiprid at 0.72 g/946
ml, dinotefuran at 2.24 g/946 ml, pyriproxyfen at 3.52
ml/946 ml, clothianidin at 1.12 g/946 ml, and ßonic-
amid at 0.60 g/946 ml. There was also an untreated
check (dried Þlter paper) and deionized water con-
trol.
Experiment 3: Indirect Effects of Insecticides Used
at Labeled Rates on Parasitization Rate and Sex Ratio.
We evaluated the indirect effects of the insecticides
used in the previous two experiments, with the ex-
ception of dinotefuran, on the parasitization rate and
sex ratio of L. dactylopii.

Newly emerged male and female L. dactylopiiwere
collected from the laboratory colony by using an as-
pirator and placed into 9-dram vials with a drop (0.05
ml) of honey-water [50:50 (vol:vol)] solution placed
on the inside portion of the lid as a food source. Wasps
were allowed to mate for 24 h. Glass petri dishes (100
by 20 mm) were inverted, lined with a Whatman No.
1 Þlter paper, and a small volume (0.1 ml) of honey-
water solution was placed on the inside portion of the
lid to provide a food source. The Þlter paper was
moistened with 2.0 ml of deionized water by using a
946-ml spray bottle, and a green coleus, Solenostemon
scutellarioides (L.) Codd, leaf obtained from a stock
plant was positioned so that the leaf margins draped
over the exterior of the petri dish. Twenty late second
to early third instars of citrus mealybug were applied
to the leaf surface with a small camelÕs-hair brush.
Each petri dish containing the mealybugs was sprayed
with 0.8 ml of each treatment solution by using a
946-ml spray bottle, which thoroughly moistened the
mealybugs and coleus leaf. Deionized water was used
for all treatment applications. The recommended label
rates were used (refer to experiment 1). The petri dish
lid was then inserted into the base, and a weight was
placed on the petri dish to prevent the parasitoid and
mealybugs from escaping. The petri dish lid was po-
sitioned such that mealybugs could not move to the
underside of the leaf. This setup also prevented mea-
lybugs from escaping attack by the parasitoid. The
experiment was set up as a completely randomized
design with seven treatments and Þve replications per
treatment, per release time (n � 2), for a total of 70
replicates. In 35 of the replicates, the mated female L.
dactylopii was placed into the petri dish containing
citrusmealybugs immediatelyafter the treatmentshad

been applied, whereas in the remaining 35 replicates,
newly mated L. dactylopiiwere released into the petri
dishes 24 h after treatments had been applied. The
parasitoids were allowed to remain in the petri dishes
containing the citrus mealybugs for 24 h, after which
time they were removed. The Þlter paper, underneath
the coleus leaf, was moistened with 2.0 ml of deionized
water by using a laboratory syringe, 7 d after the
treatments had been applied to keep the leaves hy-
drated during the experiment. The petri dishes were
checked daily for 2 wk after mealybugs had been
parasitized (mummiÞed), to assess adult parasitoid
emergence. Parasitization rate denotes those parasi-
toids that survived to the mummy stage. Once emer-
gence began, petri dishes were monitored daily, and
the parasitoids were collected and sexed using anten-
nal morphology. The experiment was terminated 2 d
after no more adult parasitoids emerged from the
parasitized mealybugs.
Experiment 4: Indirect Effects of Insecticides Used
at Higher than Labeled Rates on Parasitization Rate
andSexRatio.The procedures used in this experiment
were similar to those in experiment 3 (see above).
However, we used 4� the recommended label rate for
the insecticides evaluated in experiment 3 with the
exception of acetamiprid, which was lethal at the rec-
ommended label rate. We tested the 4� rate because
it is not uncommon for rates, above the recommended
label rate, to be inadvertently used (R.A.C., personal
observation). There were six treatments with Þve rep-
lications per treatment, per release time (n� 2) for a
total of 60 replicates. In 30 of the replicates, the mated
female L. dactylopii was placed into the petri dish
containing citrus mealybugs immediately after the
treatments had been applied, whereas in the remain-
ing 30 replicates, newly mated L. dactylopii were re-
leased into the petri dishes 24 h after treatments had
been applied. The parasitoids were allowed to remain
in the petri dishes containing citrus mealybugs for
24 h, after which they were removed. The Þlter paper,
underneath the coleus leaf, was moistened with 2.0 ml
of deionized water by using a laboratory syringe, 7 d
after the treatments had been applied to keep the
leaves hydrated during the experiment. The petri
dishes were checked daily for 2 wk after mealybugs
had been parasitized (mummiÞed), to assess adult
parasitoid emergence. Parasitization rate denotes
those parasitoids that survived to the mummy stage.
Once emergence had begun, petri dishes were mon-
itored daily, and the parasitoids were collected and
sexed using antennal morphology. The experiment
was concluded 2 d after no more adult parasitoids
emerged from the parasitized mealybugs.

C. montrouzieri

DirectEffects of InsecticidesUsed atLabeledRates.
This experiment was designed to evaluate the direct
effects of the insecticides used in the L. dactylopii
study (described previously) on the mealybug de-
stroyer. Adult C. montrouzieri were obtained from a
commercial supplier of biological control agents (IPM
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Laboratories, Inc., Locke, NY). Upon arrival, the adult
beetles were processed immediately for the experi-
ment. Fifteen citrus mealybugs of varying ages, from
second to early fourth instar, were placed into an
upside down glass petri dish (100 by 20 mm) contain-
ing a green coleus leaf and moistened Whatman No.
1 Þlter paper located underneath the leaf. One adult
beetle was applied, with a moistened camelÕs-hair
brush, to each petri dish. The beetles were then al-
lowed to acclimate for 24 h. After 24 h, the treatments
were applied using a 946-ml plastic spray bottle, which
was calibrated to disperse 8.0 ml per 10 sprays. Each
petri dish received Þve sprays (4.0 ml). This volume
was enough to thoroughly moisten the adult C. mon-
trouzieri, the mealybugs, and coleus leaf. Deionized
water was used as a solvent for all treatment applica-
tions. Adult mortality was assessed after 24 and 48 h
after application of the treatments. The experiment
was set up as a completely randomized design. There
were a total of eight treatments with 10 replications
per treatment. The treatments and rates were the
same as those used for experiment 1 in theL.dactylopii
study.

Statistical Analysis

For experiments 1 and 2, all data were analyzed
using a logistic regression repeated measures proce-
dure, which combined both the 24- and 48-h time
intervals. A PROC GENMOD program, which is a
generalized linearmodelprogram,wasused toanalyze
the data in a SAS Statistical Software Program, SAS
Systems for Windows, version 9.1 (SAS Institute 2004)
with treatment as the main effect. This program de-
termines the likelihood of each treatment killing the
parasitoid compared with the untreated check.

For experiments 3 and 4, all data were analyzed
using a one-way analysis of variance (SAS Institute
2002) with treatment as the main effect. SigniÞcant
treatment means were separated using a FisherÕs pro-
tected least signiÞcant difference (LSD) test at P �
0.05.

For the C. montrouzieri experiment, all data were
analyzed using a logistic regression repeated measures
procedure. A PROC GENMOD program, which is a
generalized linearmodelprogram,wasused toanalyze
the data in a SAS Statistical Software Program, SAS

Systems for Windows, version 9.1 (SAS Institute 2004)
with treatment as the main effect. This program de-
termines the likelihood of each treatment killing the
predator compared with the untreated check.

Results

L. dactylopii

Experiment 1:Direct Effects of InsecticidesUsed at
Labeled Rates.The treatments buprofezin, pyriproxy-
fen, and ßonicamid were not toxic to L. dactylopii
adults based on percentage of mortality (Table 1). The
neonicotinoid-based insecticide dinotefuran was very
harmful to the parasitoid with a percentage of mor-
tality value of 100% after 24 h. In addition, dinotefuran
had a signiÞcantly higher likelihood of killing L. dac-
tylopii compared with the untreated check and other
treatments, based on the exp(beta) value (Table 1).
For example, the probability of killing the parasitoid
was 120 times greater for dinotefuran compared with
the untreated check and other treatments (Table 1).
The other neonicotinoid-based insecticides, acet-
amiprid and clothianidin were less toxic to the para-
sitoid with mortality values of 20% after 24, 48, and
72 h, respectively (Table 1).
Experiment 2: Direct Effects of Insecticides Used
Higher than Labeled Rates. At 4� the recommended
label rate, the treatments buprofezin and ßonicamid
were not lethal to L. dactylopii adults based on per-
centage of mortality (Table 2). The neonicotinoid-
based insecticides acetamiprid and dinotefuran were
very harmful to the parasitoid at the higher rates with
mortality values of 100% after 24 h (Table 2). The
neonicotinoid-based insecticide clothianidin was also
toxic to L. dactylopii with mortality values of 50, 60,
and 100% after 24, 48, and 72 h, respectively. In addi-
tion, all three insecticides had a signiÞcantly higher
probability of killing L. dactylopii compared with the
untreated check and other treatments, based on the
exp(beta) values. The probability of killing the para-
sitoid was 121 times greater for both acetamiprid and
dinotefuran and 33 times greater for clothianidin,
compared with the untreated check and other treat-
ments. Pyriproxyfen, at 4� the recommended label
rate, was more toxic to L. dactylopii than in the Þrst
experiment with a 50% mortality value after 72 h;

Table 1. Percentage of mortality, P values, and likelihood of L. dactylopii adults being killed by the designated treatments 24, 48,
and 72 h after insecticides had been applied using recommended labeled rates for experiment 1

Treatment n
Rate (/946

ml)

% mortality
P value Exp(beta)a

24 h 48 h 72 h

Buprofezin 5 1.30 ml 0 0 0 1.00 1.00
Acetamiprid 5 0.18 g 20 20 20 0.42 3.66
Dinotefuran 5 0.56 g 100 100 100 0.0018 120.99
Pyriproxyfen 5 0.88 ml 0 0 0 1.00 1.00
Clothianidin 5 0.28 g 20 20 20 0.42 3.66
Flonicamid 5 0.15 g 0 0 0 1.00 1.00
Untreated check 5 0 0 0
Water control 5 0 0 0 1.00 1.00

a Exp(beta) indicates the likelihood of the parasitoid being killed by the treatments compared with the untreated check.
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however, overall, pyriproxyfen was not signiÞcantly
toxic to L. dactylopii and was not statistically different
from the untreated check and water control (Table 2).
Experiment 3: Indirect Effects of Insecticides Used
at Labeled Rates on Parasitization Rate and Sex Ratio.
Treatment was signiÞcant for parasitization rate
(�number of mummies per parasitoid) (F � 37.88;
df � 6, 34; P � 0.0001) and percentage of parasitoid
emergence (F � 29.65; df � 6, 34; P � 0.0001) when
L. dactylopii were released immediately after the
treatments had been applied. However, sex ratio did
not signiÞcantly differ among the treatments (F �
0.96; df � 4, 24; P� 0.45). Both the pyriproxyfen and
ßonicamid treatments had parasitization rates that
were similar to the water control and were signiÞ-
cantly higher than the other treatments except for the
untreated check (Table 3). Flonicamid had the high-
est percentage of parasitoid emergence (60 � 7;
mean � SE) of all the treatments with the exception
of the untreated check (73 � 3) (Table 3).

Treatment was signiÞcant for the parasitization rate
(F � 10.18; df � 6, 34; P � 0.0001) and percentage of
parasitoid emergence (F� 9.13; df � 6, 34;P� 0.0001)
when L. dactylopii were released 24 h after the treat-
ments had been applied. However, sex ratios were not
signiÞcantly different among the treatments (F� 1.93;
df � 5, 29; P� 0.12). Similar to the immediate release
part of the experiment, both the pyriproxyfen and
ßonicamid treatments had parasitization rates that
were not statistically different from the water control
and untreated check (Table 3). In addition, both treat-
ments had percentage of parasitoid emergence values

that were signiÞcantly higher than the other treat-
ments but not statistically different from the untreated
check and water control (Table 3).
Experiment 4: Indirect Effects of Insecticides Used
at Higher than Labeled Rates on Parasitization Rate
and Sex Ratio. At 4� the recommended label rate,
treatment was signiÞcant for parasitization rate (F �
4.51; df � 5, 29; P � 0.0049) and percentage of para-
sitoid emergence (F � 5.66; df � 5, 29; P � 0.0014)
when L. dactylopii were released immediately after
the treatments had been applied. Sex ratio was not
signiÞcant (F � 1.86; df � 3, 19; P � 0.17). As in
experiment 3, both the pyriproxyfen and ßonicamid
treatments, even at 4� the recommended label rate,
had parasitization rates that were statistically similar
to the water control and untreated check (Table 4).
The ßonicamid treatment had a percentage of para-
sitoid emergence value (42 � 8; mean � SE) that was
not statistically different from the untreated check
and water control (Table 4). In addition, ßonicamid,
at 4� the recommended label rate had a percentage
of parasitoid emergence value not signiÞcantly differ-
ent from pyriproxyfen (Table 4).

Treatment was signiÞcant for parasitization rate
(F � 8.32; df � 5, 29; P � 0.0001) and for percentage
of parasitoid emergence (F � 7.54; df � 5, 29; P �
0.0002) whenL. dactylopiiwere released 24 h after the
treatments had been applied. Sex ratios were not sig-
niÞcantly different among the treatments (F � 2.12;
df � 5, 29; P� 0.09). Only the pyriproxyfen treatment
parasitization rate, which was the highest among the
treatments (15.4 � 1.3; mean � SE), was signiÞcantly

Table 2. Percentage of mortality, P values, and likelihood of L. dactylopii adults being killed by the designated treatments 24, 48,
and 72 h after insecticides had been applied using 4� the recommended labeled rates for experiment 2

Treatment n Rate (/946 ml)
% mortality

P value Exp(beta)a
24 h 48 h 72 h

Buprofezin 5 5.20 ml 0 0 0 1.00 1.00
Acetamiprid 5 0.72 g 100 100 100 0.0018 121.00
Dinotefuran 5 2.24 g 100 100 100 0.0018 121.00
Pyriproxyfen 5 3.52 ml 10 10 50 0.73 1.70
Clothianidin 5 1.12 g 50 60 100 0.013 33.00
Flonicamid 5 0.60 g 0 0 0 1.00 1.00
Untreated check 5 0 0 0
Water control 5 0 0 0 1.00 1.00

a Exp(beta) indicates the likelihood of the parasitoid being killed by the treatments compared with the untreated check.

Table 3. Mean � SE number of citrus mealybug mummies per L. dactylopii from 20 citrus mealybugs per petri dish, sex ratio
(female:male), and percentage of parasitoid progeny that emerged from mummies when the parasitoid was released immediately and 24 h
after treatments had been applied, using recommended label rates, for experiment 3

Treatment n
No. mummies/parasitoid Sex ratio % parasitoid emergence

Immediate 24 h Immediate 24 h Immediate 24 h

Buprofezin 5 8.4 � 1.0c 3.0 � 1.4b 1.4:1a 0.3:1a 21 � 4d 8 � 5b
Acetamiprid 5 0.0 � 0.0d 0.2 � 0.2b 0 � 0e 1 � 1b
Pyriproxyfen 5 12.4 � 1.2b 10.0 � 1.8a 0.9:1a 1.3:1a 45 � 8c 41 � 11a
Clothianidin 5 0.2 � 0.2d 2.4 � 0.2d 0.8:1a 1 � 1e 10 � 4b
Flonicamid 5 12.0 � 1.4b 9.8 � 0.5a 1.2:1a 2.1:1a 60 � 7ab 48 � 3a
Untreated check 5 15.6 � 0.6a 12.6 � 0.9a 1.6:1a 1.5:1a 73 � 3a 63 � 5a
Water control 5 12.2 � 1.3b 10.8 � 2.9a 3.2:1a 1.4:1a 59 � 6bc 54 � 15a

Means within a column not followed by a common letter are signiÞcantly different (P� 0.05) as determined by FisherÕs protected LSD mean
separation test.
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different from the other treatments, with the excep-
tion of the water control (Table 4). At 4� the rec-
ommended label rate, both the pyriproxyfen and ßoni-
camid treatments had parasitization rates and
percentage of parasitoid emergence values that were
not statistically different from the untreated check
and water control (Table 4).

C. montrouzieri

The treatments buprofezin, pyriproxyfen, and ßoni-
camid were less toxic to C. montrouzieri adults based
on percentage of mortality after 24 and 48 h than the
neonicotinoid-based insecticides, acetamiprid, di-
notefuran, and clothianidin (Table 5). Indeed, both
acetamiprid and clothianidin were highly toxic to the
adults after 24 h with 70% mortality values. The bu-
profezin, pyriproxyfen, and ßonicamid treatments re-
sulted in mortality values of 20% or less after 48 h
comparedwithall theneonicotinoid-based insecticide
treatments, which had mortality values of 100% after
48 h (Table 5).

All the neonicotinoid-based insecticides had signif-
icantly higher probabilities of killing, C. montrouzieri
adults based on the exp(beta) values compared with
the untreated check (Table 5). For example, the prob-
ability of killing the beetle was 32 times greater for
both acetamiprid and clothianidin and 13 times
greater for dinotefuran compared with the untreated
check (Table 5).

Discussion

The experiments, for both studies, were conducted
in a laboratory to simulate a worse case scenario to

demonstrate that those insecticides that were deter-
mined to be nontoxic to the natural enemies are likely
to be not harmful in a greenhouse, conservatory, or
interiorscape. The IGRs buprofezin and pyriproxyfen
and the insecticide ßonicamid demonstrated minimal,
if any, direct and indirect effects to mealybug de-
stroyer and the parasitoid L. dactylopii, whereas the
neonicotinoid-based insecticides tested were all di-
rectly and indirectly harmful to both natural enemies.

Minimal research has been conducted on the direct
and indirect effects of IGRs on L. dactylopii. Roth-
wangl et al. (2004) demonstrated that pyriproxyfen
was generally not harmful to L. dactylopii when re-
leased immediately, 24 h, and 48 h after treatment of
insecticides. This is consistent with our results in
which pyriproxyfen was not harmful to the parasitoid
based on measurement of mortality (Table 1). At 4�
the recommended label rate, pyriproxyfen did exhibit
toxic effects after 72 h with 50% mortality, although
this was still much lower than the direct effects of the
neonicotinoid-based insecticides (Table 1). More-
over, pyriproxyfen, even at 4� the recommended la-
bel rate, did not affect the parasitization rate of L.
dactylopii. The results of our study were also consis-
tent with Rothwangl et al. (2004) in that the sex ratio
of L. dactylopii was not affected by any of the insec-
ticide treatments. Hoddle et al. (2001) indicated that
pyriproxyfen was highly repellent to Eretmocerus er-
emicusRose & Zolnerowich (Hymenoptera: Aphelini-
dae) adult females and that females failed to forage on
silverleaf whiteßy, Bemisia argentifolii Bellows & Per-
ring (Homoptera: Aleyrodidae), nymphs treated with
pyriproxyfen. However, in our study, pyriproxyfen did
not demonstrate any repellent affects, because the

Table 5. Percentage of mortality, P values, and likelihood of mealybug destroyer adults being killed by the designated treatments 24
and 48 h after insecticides had been applied using the recommended label rates

Treatment n Rate (/946 ml)
% mortality

P value Exp(beta)a
24 h 48 h

Buprofezin 10 1.30 ml 0 10 0.34 0.29
Acetamiprid 10 0.18 g 70 100 0.0004 32.11
Dinotefuran 10 0.56 g 40 100 0.0032 13.22
Pyriproxyfen 10 0.88 ml 20 20 0.75 1.41
Clothianidin 10 0.28 g 70 100 0.0004 32.11
Flonicamid 10 0.15 g 10 10 0.72 0.62
Untreated check 10 10 2
Water control 10 10 20 1.00 1.00

Table 4. Mean � SE number of citrus mealybug mummies per L. dactylopii from 20 citrus mealybugs per petri dish, sex ratio
(female:male), and percentage of parasitoid progeny that emerged from mummies when the parasitoid was released immediately and 24 h
after treatments had been applied, using 4� the recommended label rates, for experiment 4

Treatment n
No. mummies/parasitoid Sex ratio % parasitoid emergence

Immediate 24 h Immediate 24 h Immediate 24 h

Buprofezin 5 3.0 � 1.3bc 9.4 � 2.2b 2.6:1a 8 � 4cd 21 � 6bc
Pyriproxyfen 5 6.8 � 2.5ab 15.4 � 1.3a 0.7:1a 1.9:1a 28 � 11bc 62 � 6a
Clothianidin 5 0.2 � 0.2c 1.8 � 0.6c 0.2:1a 1 � 1d 9 � 3c
Flonicamid 5 8.4 � 1.6a 8.8 � 1.1b 1.8:1a 1.3:1a 42 � 8ab 44 � 6ab
Untreated check 5 10.4 � 1.2a 10.2 � 0.9b 3.5:1a 1.1:1a 52 � 6a 51 � 5a
Water control 5 5.4 � 2.3ab 11.8 � 2.2ab 0.7:1a 1.9:1a 27 � 12bc 58 � 11a

Means within a column not followed by a common letter are signiÞcantly different (P� 0.05) as determined by FisherÕs protected LSD mean
separation test.
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parasitization rate, even at 4� the recommended label
rate, was comparable to the untreated check and wa-
ter control (Tables 3 and 4).

Hymenopteran parasitoids, including Encarsia lu-
teola Howard (Hymenoptera: Aphelinidae) (Gerling
and Sinai 1994), E. eremicus (Hoddle et al. 2001),
Eretmocerus tejanus Rose & Zolnerowich (Hymenop-
tera: Aphelinidae), and Eretmocerus mundus Mercet
(Hymenoptera: Aphelinidae) (Jones et al. 1998) have
been shown to be generally compatible with bupro-
fezin. Smith and Papacek (1990) tested the effects of
buprofezin on L. dactylopii and found that the IGR
was not toxic to the parasitoid based on percentage of
adult mortality after 48 h. We found that buprofezin
was not directly toxic to L. dactylopii even 72 h after
exposure to spray applications (Tables 1 and 2). Al-
though Smith and Papacek (1990) did not assess par-
asitization rate and percentage of parasitoid emer-
gence of L. dactylopii, in our study, we found that
buprofezin seemed to be less compatible with L. dac-
tylopii than pyriproxyfen and ßonicamid based on
parasitization rate (�number of mummies per para-
sitoid) and percentage of parasitoid emergence re-
gardless of release time (Table 3). Buprofezin has
been shown to have vapor activity (De Cock et al.
1990) and may have directly affected the foraging
behavior of L. dactylopii or inhibited acceptance by
reducing the quality of the citrus mealybugs. This may
explain the lower parasitization rate and percentage of
parasitoid emergence observed for buprofezin when
labeled rates were used in experiment three, whether
the parasitoid was released immediately or 24 h after
application. In all cases, the parasitization rate and
percentage of parasitoid emergence were signiÞcantly
lower than pyriproxyfen, ßonicamid, the untreated
check, and water control (Table 3). However, the in-
ßuence of vapor activity was negligible when 4� the
recommended label rate was used (Table 4). The reason
for the response at the 4� rate is not known at this time.

IGRs have been demonstrated to be toxic to certain
coccinellids (Peleg 1983, Biddinger and Hull 1995).
Indeed, buprofezin is not compatible with the vedalia
beetle, Rodolia cardinalis (Mulsant) (Coleoptera:
Coccinellidae) (Grafton-Cardwell and Gu 2003), or
Harmonia axyridis (Pallas) (Coleoptera: Coccinelli-
dae) (James 2004). However, these studies primarily
tested the larval stage, which may be a more suscep-
tible life stage compared with the adults (Croft 1990).
In our study, we found that buprofezin was not di-
rectly toxic to the adult stage of C. montrouzieri even
after 48-h exposure to spray residues, which is con-
sistent with Smith and Papacek (1990). Pyriproxyfen
also has been shown to negatively affect coccinellids
including C. montrouzieri (Hattingh and Tate 1995)
and the vedalia beetle, R. cardinalis (Grafton-Card-
well and Gu 2003). However, as with the studies men-
tioned above with buprofezin, these studies mainly
used the larval stage. We found that pyriproxyfen was
not signiÞcantly harmful to the adult stage of C. mon-
trouzieri after 48 h (Table 5). This suggests that dif-
ferences in susceptibility to IGRs are dependent on
the life stage.

Pymetrozine, which has a similar mode of action as
ßonicamid, has been shown to be nontoxic to the larval
stages of the ladybird beetle, Coccinella septempunc-
tata L. (Coleoptera: Coccinellidae) (Sechser et al.
2002), and the parasitoids E. eremicus (Hoddle et al.
2001) andE. formosa (Hassan and Van de Veire 2004).
Of all the insecticides we tested in this study, ßonic-
amid was the least toxic, both directly and indirectly
to C. montrouzieri and L. dactylopii. This study is the
Þrst to quantitatively demonstrate that ßonicamid is
compatible with the commercially available natural
enemies of the citrus mealybug.

All three of the neonicotinoid-based insecticides
tested were either directly or indirectly harmful to
bothC.montrouzieriandL.dactylopii,andas such they
are not compatible with these natural enemies. How-
ever, both dinotefuran and clothianidan are labeled
for applications to the growing medium, which may
negate their negative effects to both natural enemies,
whereas acetamiprid is only labeled for foliar appli-
cations indicating that this insecticide is less likely to
be compatible with the natural enemies of citrus mea-
lybug than dinotefuran and clothianidin. Our study is
the Þrst to assess the impact of acetamiprid, dinote-
furan, and clothianidin, on the natural enemies of
citrus mealybug. However, further studies are needed,
particularly under greenhouse conditions, to assess
the relative toxic effect of dry residues of the neoni-
cotinoid-based insecticides on both natural enemies.

The negative effects of the insecticides tested may
be due to direct exposure of the natural enemies to
sprays or indirectly when the natural enemies ingest
spray droplets to obtain moisture. The consumption of
these droplets, which typically contain the insecticide
active ingredient and inert ingredients such as carriers
and/or adjuvants, may lead to lethal or sublethal ef-
fects.

The IGRs buprofezin and pyriproxyfen and the in-
secticide ßonicamid, which is a feeding inhibitor, had
minimal direct effects and were not harmful to C.
montrouzieri and L. dactylopii. In addition, both ßoni-
camid and pyriproxyfen had minimal indirect effects,
based on parasitization rates and percentage of para-
sitoid emergence, on L. dactylopii, indicating that
these insecticides are most compatible with the pred-
ator and parasitoid when used together for control of
citrus mealybug in greenhouses and conservatories.
Based on the results of this study, greenhouse pro-
ducers and conservatory curators may use the insec-
ticides buprofezin, pyriproxyfen, and ßonicamid with
releases of C. montrouzieri and L. dactylopii without
forfeiting efÞcacy because of mortality.
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