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ABSTRACT Field-based experiments were used to determine the lethal activity of insecticides on
apple maggot, Rhagoletis pomonella (Walsh) (Diptera: Tephritidae), eggs and larvae in apple (Malis
spp.) fruit. The organophosphates azinphosmethyl and phosmet and the neonicotinoids thiacloprid,
acetamiprid, clothianidin, and thiamethoxam showed signiÞcant curative activity on the apple maggot
postinfestation, when applied topically to apple fruit 24 h postharvest. Of the compounds tested, only
phosmet showed signiÞcant curative activity on apple maggot when applied 14 d postharvest. The
pyrethroid esfenvalerate, oxadiazine indoxacarb, anthranilic diamide chlorantraniliprole, and spino-
syns spinosad and spinetoram did not show activity on apple maggot eggs and larvae in fruit. Residue
proÞles showed that for most compounds, the majority (�85%) of residues were found in the skin and
the outside 2 mm of the apple ßesh. For the neonicotinoid compounds, however, substantial portions
of residues were found to penetrate in and beyond the outer ßesh regions, and the total ßesh residue
recoveries were generally greater than those from the skin. Residues of azinphosmethyl and phosmet
were detected in all three ßesh regions, with the largest proportions recovered from the skin.

KEY WORDS curative activity, neonicotinoid, organophosphate, Rhagoletis pomonella, residue
proÞle

The apple maggot, Rhagoletis pomonella (Walsh)
(Diptera: Tephritidae), is a direct pest of apples (Ma-
lus spp.) in eastern North America (Dean and Chap-
man 1973). The apple maggot overwinters as a pupa
within the soil, and adult emergence typically begins
in late June after the accumulation of 482 growing
degree-days base 10�C (Howitt 1993). After emer-
gence, the female ßy requires �7 to 10 d to sexually
mature, and mate, after which she begins laying eggs
in fruit. Eggs are oviposited under the skin of ripening
apples and hatch in �5 d. Apple maggot larvae feed
and make tunnels through the ßesh of the fruit until
mature and then exit the fruit and enter the soil to
pupate. There is a zero tolerance threshold in most
commercial apple markets for live apple maggot larvae
in fruit at harvest, although infestation is usually not
detectable in fruit inspections until damage levels
reach 5% (Reissig and Agnello 1996).

Apple integrated pest management (IPM) pro-
grams in recent decades have primarily relied upon
baited traps and organophosphate insecticides to
monitor and control apple maggot adults as a means to
prevent fruit infestation (Reissig et al. 1980, Agnello et
al. 1990). Given the strong acute toxicity of organo-
phosphate insecticides on the adult apple maggot, this
strategy has been largely effective (Reissig et al. 1980,

Reissig 2003). However, since the United States con-
gress passed the Food Quality Protection Act (USEPA
1996), several key organophosphate uses have been
eliminated, including methyl parathion, postbloom
applications of chlorpyriphos. Azinphosmethyl has
not been eliminated, but use restrictions are increas-
ing as part of a scheduled phase-out (USEPA 2006).
Even though there are several new insecticide chem-
istries that have been recently registered for control of
the apple maggot, most of these require ingestion to
maximize lethal action against the adult ßy (Hu and
Prokopy 1998, Reissig 2003, Teixeira et al. 2008). Hu
and Prokopy (1998) found that imidacloprid concen-
trations needed to cause mortality to apple maggot
ßies were lower with a combined contact and inges-
tion exposure compared with strictly contact expo-
sure. Reissig (2003) showed that the lethal activity of
spinosad and imidacloprid to the apple maggot was
enhanced with the addition of sugar to the treatment
solution. The ingestive toxicity of chlorantraniliprole
to apple maggot adults was higher than tarsal contact
toxicity in laboratory assays (Teixeira et al. 2008).

Several laboratory studies have shown that new
insecticides elicit sublethal responses in the apple
maggot. Hu and Prokopy (1998) showed that ßies
exposed to sublethal concentrations of imidacloprid
had lower egg load levels than control ßies. Reissig
(2003) observed similar patterns of lethal and suble-
thal activities for the neonicotinoid insecticides imi-
dacloprid and thiamethoxam. Teixeira et al. (2008)
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documented delayed oviposition by apple maggot that
had ingested chlorantraniliprole.

Studying Þeld residual activity of imidacloprid, Hu
and Prokopy (1998) noticed that toxicity to adult
apple maggot decreased rapidly after 24 h of applica-
tion, presumably because surface residues diminished
from photodegration and absorption into the plant.
Yee et al. (2007) showed that when adult apple mag-
gots were exposed to 14-d-old spinetoram-treated ap-
ples, the resulting adult mortality was low, but ovipo-
sition stings were less than expected and no larvae
emerged. They suggested that spinetoram may have
reduced apple maggot oviposition, or eggs and larvae
in fruit may have been affected by spinetoram absorp-
tion into plant tissue.

Wise et al. (2006, 2007) showed for the neonicoti-
noid insecticides, imidacloprid, thiamethoxam, and
thiacloprid, that substantial portions of residues move
into early season immature apple fruit and leaf tissue.
In Þeld trials, Belanger et al. (1985) found residues of
pyrethroid and organophosphate insecticides in the
peel and pulp of apple at harvest time. Yee and Alston
(2006) demonstrated when insecticides were sprayed
on Rhagoletis indifferens Curran-infested cherries,
that the numbers of live larvae were reduced. Wise et
al. (2007) found that if organophosphate and neoni-
cotinoid insecticides are applied to early season apple
fruit after plum curculio oviposition, the survival of
plum curculio larvae was signiÞcantly reduced and
that associated insecticide residues could be measured
in associated regions of the fruit ßesh. These studies
suggest that the chemodynamic behavior of insecti-
cides with the plant and environment are important
factors in understanding the performance of insecti-
cides on internal fruit feeding pests of apple. However,
the contribution of insecticide sub-surface penetra-
tion in the control of the apple maggot in late season
fruit is not well understood.

Research on insecticide control of the apple maggot
has focused largely on the adult life stage of this pest,
with only inferences made to the secondary effects on
eggs and larvae in fruit. The objectives of this study
were to 1) determine the lethal activity of organo-
phosphate, neonicotinoid, pyrethroid, oxadiazine, an-
thranilic diamide, and spinosyn insecticides on apple
maggot eggs an larvae when applied to apples postin-
festation; and 2) quantify the penetration of insecti-
cide residues in apples.

Materials and Methods

Materials Tested. There were 10 chemical treat-
ments used in 2006: azinphosmethyl (Guthion 50W,
Bayer CropScience, Kansas City, MO), phosmet (Imi-
dan 70W, Gowan Corporation, Yuma, AZ), thiacloprid
(Calypso 4 F, Bayer CropScience), thiamethoxam
(Actara 30 WG, Syngenta, Greensboro, NC), acet-
amiprid(Assail 70WP,Cerexagri,KingofPrussia,PA),
clothianidin (Clutch 50 WDG, Valent USA, Walnut
Creek, CA), indoxacarb (Avaunt 30 WG, DuPont,
Wilmington, DE), novaluron (Rimon 0.83 EC, Chem-
tura U.S.A. Corporation, Middlebury, CT), esfenval-

erate (Asana XL 0.66 EC, DuPont), and spinosad
(SpinTor 2 SC, Dow AgroSciences LLC, Indianapolis,
IN). Treatment concentrations were selected based
on labeled Þeld rates applied with 935 liter/ha (100
gal/acre) water diluent. Treatment concentrations were
azinphosmethyl 1,198 ppm (1.12 kg [AI]/ha equivalent),
phosmet 2,516 ppm (2.35 kg [AI]/ha equivalent), thia-
cloprid 224 ppm (210 g [AI]/ha equivalent), acetamiprid
178 ppm (166.6 g [AI]/ha equivalent), clothianidin 225
ppm (210.1 g [AI]/ha equivalent), thiamethoxam 84 ppm
(78.7 g [AI]/ha equivalent), indoxacarb 135 ppm (126 g
[AI]/haequivalent),novaluron155ppm(145.3g[AI]/ha
equivalent), esfenvalerate 79 ppm (73.9 g [AI]/ha equiv-
alent), and spinosad 112 ppm (105 g [AI]/ha equivalent).

In 2007, there were six treatments: phosmet, thia-
cloprid, clothianidin, thiamethoxam, spinetoram
(Delegate 25 WG, Dow AgroSciences LLC), and chlo-
rantraniliprole (Altacor 35 WG, DuPont). Concentra-
tions used were phosmet 2,516 ppm (2.35 kg [AI]/ha
equivalent), thiacloprid 300 ppm (280.1 g [AI]/ha
equivalent), clothianidin 103 ppm (96.3 g [AI]/
ha equivalent), thiamethoxam 103 ppm (96.3 g [AI]/ha
equivalent), spinetoram 84 ppm (78.8 g [AI]/ha
equivalent), and chlorantraniliprole 131 ppm (122.5 g
[AI]/ha equivalent). Latron B-1956 was added at
0.125% by volume to all six treatments and to the
water-only untreated control in 2006 and 2007.
Experimental Procedure. Trials were conducted in

2006 and 2007 in Fennville, MI, within a 0.5-ha semi-
dwarf apple orchard, Malus domestica Borkhausen
ÔGolden DeliciousÕ. This orchard was known to con-
tainhigh residentpopulationsof applemaggot andhad
not received insecticide applications for �3 yr. Over
this same time period, a minimal fungicide, herbicide,
and fertilization program had been applied to main-
tain adequate tree vigor. In mid-June three 14- by
23-cm ammonium acetate-baited Pherocon AM sticky
traps (Great Lakes IPM, Vestaburg, MI) were distrib-
uted within the orchard to monitor the emergence of
adult apple maggots. These traps were checked a min-
imum of once per week and were replaced every 2 wk.
Within 48 h of the Þrst apple maggot capture in traps
15- by 17-cm paper bags (Wilson Orchard and Vine-
yard Supply Company, Yakima, WA) were placed
over �3,000 apples across eight trees in the center of
the orchard, to physically prevent egg laying from
apple maggot females into fruit. Bags were later re-
moved from the fruit for a single 8-d period to allow
for apple maggot oviposition and a uniform cohort of
eggs and larvae. These periods (1Ð9 August 2006, 2Ð10
August 2007) were chosen based on plentiful numbers
of adults captured in monitoring traps, and local
weather forecasts of warm, humid weather conditions
to support apple maggot egg-laying activity.

Fruit were harvested immediately after this ovipo-
sition period, and mechanically damaged or under-
sized fruit were removed. Remaining fruit were ran-
domly sorted into trays with hardware mesh bottoms.
In 2006, there were 44 batches of 45 fruit, and in 2007
there were 56 batches of 50 fruit. Visual inspections
assured that apple maggot infestations were relatively
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uniform, presumably consisting of both egg and early
larval stages based on the timing of the harvest.

In both years, four replicate batches of fruit for each
treatment compound were randomly selected and
sprayed 1 d after harvest with a ProSafe all-purpose
sprayer (Continental Commercial Products, Bridge-
ton, MO), set to a Þne mist. In 2007, this process was
repeated on separate batches of fruit 14 d after harvest
to examine the effects on larger larvae. After treat-
ment, fruit were placed on clean mesh racks over sand
in a shaded facility at ambient air temperature.
Emerged larvae that fell into the sand and pupated
were counted after 45 d. Fruit samples were held 7 d
beyond the last emerged larva to ensure completion.

Statistical comparisons of total recovered puparia
were made on square root transformed (SQR(X �
0.5)) data, with treatment comparisons by using anal-
ysis of variance (ANOVA) in ARM 7.2 (Kerchove
2005). Mean separations were done using TukeyÕs
honestly signiÞcant difference (HSD) (� � 0.05).

In 2007, a larval tunneling evaluation was conducted
to determine the extent of larval tunneling in apple
ßesh. After larval emergence measurements were
completed for the 1-d postharvest treatment batches,
10 fruit per treatment replicate were randomly se-
lected and two lateral slices made, each to the side of
the apple core, which were then scored according to
the apple maggot larval tunnels visible from the four
open ßesh surfaces. The scoring was as follows: 0, no
tunnels; 1, tunnels extending �1 mm into ßesh; and 2,
tunnels extending beyond 1 mm into ßesh. If more
than one tunnel was visible, the highest score value
was used. The number of fruit with incidence of each
score per replicate sample were summed and statis-
tical comparisons made on square root transformed
(SQR(X � 0.5)) data by using ANOVA in ARM
(“TIN” ARM Action Code, with syntax TIN[n,r1,r2],
where n is original data column number, r1 is smallest
value to include in count, and r2 is maximum value to
include in count) (Kerchove 2005). Mean separations
were done using TukeyÕs HSD (� � 0.05).
Residue Analysis of Insecticide Penetration in
Fruit. In 2006 and 2007, six apples for each of three
replicate samples per treatment compound were held
in a shaded location at 23 � 1�C for 24 h after treatment
and then frozen. Apples were sliced in half laterally
from the calyx to stem end, and two cores were taken
from each half, from the core to the skin with an
8-mm-diameter cork borer (Science, Art & More, Se-
attle, WA). Razor blades were used to separate apple
core samples into skin, outside 2 mm of ßesh, center
10 mm ßesh, and the remaining 5 � 1-mm section to
the seed cavity. Blades were cleaned with acetone
after each cut. Sections were placed in 20 ml of scin-
tillation vials with 10 ml of dichloromethane. Samples
were kept at �28�C until their preparation for residue
analysis.

At the Michigan State University Pesticide Analyt-
ical Laboratory (East Lansing, MI), each sample vial
was homogenized (model Pro200, ProScientiÞc Inc.,
Monroe, CT), rinsed with three volumes of 20 ml of
dichloromethane (Burdick & Jackson, Muskegon,

MI), and put through a Na2SO4 (EMD, Gibbstown,
NJ) column to remove water. The column was rinsed
with two volumes of 20 ml of dichloromethane. Sol-
vent volume was reduced to 2 ml by rotary evapora-
tion and placed in a 2.5-ml gas chromatography vial
(Supelco, Bellefonte, PA) before analysis. Any re-
maining particulates were removed by passing the
sample through a 0.45-�m Þlter (Pall Life Sciences,
East Hills, NY). This occurred after solvent reduction.

Thiamethoxam, thiacloprid, clothianadin, spinosad,
and spinetoram samples were analyzed with a 2695
Separator Module high-performance liquid chromato-
graph equipped with a Micromass ZQ mass spectrom-
eter (both from Waters, Milford, MA) and C18 re-
versed-phase column (3-mm bore; 50 mm long; and
3.5-�m particle size). For thiamethoxam and clothia-
nidin analysis, a ßow rate of 0.25 ml/min with solvent
A being water with 0.1% acetic acid and solvent B
methanol with 0.1% acetic acid. A gradient ßow start-
ing at 95% A for 3 min changing to 60% solvent A by
10 min and held there until 15 min, changing to 40%
solvent A by 19 min and held for 0.5 min, then re-
turning to 95% solvent A. The mass spectrometer was
monitoring for ions 292, 294, 249.9, 211, and 175.3.
Thiamethoxam was monitored and quantiÞed with 292
and clothianidan at 249.9. In 2007 we also monitored
the thiamethoxam samples for clothianidan, due to
clothianidan being a major metabolite of thiame-
thoxam. Thiacloprid had a ßow rate of 0.3 ml/min with
solvent A being 90% water with 10% methanol with
0.1% acetic acid and solvent B was 90% methanol
with 10% water with 0.1% acetic acid. A gradient ßow
starting at 15% solvent A held until 1 min, changing to
50% solvent A by 2 min, then changing to 0% solvent
A by 12 min and held there until 19 min and from there
returning to initial conditions of 90% solvent A. Spi-
nosad and spinetoram had a ßow rate of 0.5 ml/min
with a isocratic run with solvent of 50% water and 50%
methanol with 0.1% acetic acid. The mass spectrom-
eter was monitoring for ions 718.4, 731.71, and 745.86
for detection of spinosad and spinetoram.

Indoxacarb, novaluron, esfenvalerate, acetamiprid,
phosmet, chlorantraniliprole, and azinphosmethyl
were analyzed using gas chromatography/mass spec-
trometric detection (GC/MSD) (model 6890 gas
chromatograph [Agilent Technologies, Palo Alto, CA]
with a 5973N MSD) equipped with a Zebron ZB-5ms
30 m, 0.25 mm i.d. and a 0.25-�m Þlm thickness. For the
GC/MSD analysis settings the oven was held at 115�C
for 5 min with a ramp of 9�C/min to 280�C, followed
a ramp of 30�C/min to 310�C. The inlet was held at
200�C in a pulsed splitless mode with 78324 Pa and a
pulse pressure of 103421 Pa, a purge ßow of 50.0 ml
min�1 of helium gas. The MSD transfer line was held
at 285�C. The mass spectrometer was monitoring for
ions 223, 152, and 166 for acetamiprid; 335, 188, and 69
for novaluron; 527, 321, and 218 for indoxacarb; 125,
167, and 225 for esfenvalerate; 160, 317 for phosmet;
162, 238, and 240 for chlorantraniliprole; and 160, 132,
and 77 for azinphosmethyl. The injector was rinsed
three times with acetone and three times with dichlo-
romethane between and also before each injection to
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eliminate contamination between injections. All com-
pounds were quantitated against a standard curve, and
recovery data recorded as micrograms of active in-
gredient per gram (ppm) of fruit substrate. Limit of
detection (LOD) and limit of quantitation (LOQ)
recoveries ranged from 50 to 150% (Table 1).

Results

Curative Activity on AppleMaggot. In 2006, topical
treatments of azinphosmethyl, phosmet, thiacloprid,
acetamiprid, clothianidin, and thiamethoxam to apple
maggot infested fruit (treated 1 d postharvest) signif-
icantly reduced larval emergence, compared with the
untreated control (F� 161.15, df � 10, 33, P� 0.0001)
(Table 2). Apple maggot larval emergence was the
lowest in the azinphosmethyl- and phosmet-treated
fruit. Larval emergence in thiacloprid-treated fruit
was also signiÞcantly lower than that of thiamethoxam.
Fruit treated with indoxacarb, novaluron, spinosad,
and esfenvalerate did not reduce apple maggot larval
emergence compared with the untreated control.

In 2007, topical treatments of phosmet, thiacloprid,
clothianidin, and thiamethoxam to apple maggot-in-
fested fruit (treated 1 d postharvest) resulted in sig-
niÞcant reductions of larval emergence, compared
with the untreated control (F� 63.53; df � 6, 21; P�
0.0001) (Table 3). Apple maggot larval emergence was
the lowest in the phosmet-treated fruit. Larval emer-
gence in thiacloprid-treated fruit was also signiÞcantly
lower than thiamethoxam and clothianidin. Fruit
treated with spinetoram and chlorantraniliprole did
not reduce apple maggot larval emergence compared
with the untreated control. For applications made 14 d
postharvest, only the phosmet-treated fruit resulted in
a signiÞcant reduction of larval emergence, all others
having similar emergence numbers to the untreated
control (F � 17.27; df � 6, 21; P � 0.0001) (Table 3).

The larval tunneling evaluation conducted on the
fruit treated 1 d postharvest showed signiÞcant dif-
ferences in the number of fruit per sample with larval
tunnels extending 1 mm or further into the apple ßesh
(F� 16.41; df � 6, 21; P� 0.0001) (Table 4). Phosmet-
treated fruit had the lowest incidence of fruit with

Table 1. LOD and LOQ values for each treatment compound,
2006 and 2007 residue analysis

Chemical LOD (�g/g) LOQ (�g/g)

Azinphosmethyl 0.015 0.05
Phosmet 0.015 0.05
Thiacloprid 0.121 0.40
Acetamiprid 0.015 0.05
Clothianidan 0.015 0.05
Thiamethoxam 0.121 0.40
Indoxacarb 0.015 0.05
Novaluron 0.121 0.40
Spinosad 0.121 0.40
Esfenvalerate 0.015 0.05
Spinetoram 0.121 0.40
Chlorantraniliprole 0.015 0.05

The LOD and LOQ recoveries ranged from 50 to 150%.

Table 2. Lethal activity of insecticides on apple maggot from
topically treated fruit 1 d postharvest, 2006

Treatment
Applied insecticide

concn (ppma)

No. puparia per
45 fruit

(mean � SE)b

Control 171.5 (6.3)a
Azinphosmethyl 1,198 10.0 (1.9)d
Phosmet 2,516 8.3 (1.8)d
Thiacloprid 224 50.3 (4.0)c
Acetamiprid 178 56.0 (3.7)bc
Clothianidin 225 71.3 (3.2)bc
Thiamethoxam 84 76.3 (7.4)b
Indoxacarb 135 176.3 (12.1)a
Novaluron 155 188.3 (2.1)a
Spinosad 112 154.0 (4.8)a
Esfenvalerate 79 185.3 (14.4)a

Cumulative total of recovered puparia over the 45-d emergence
period. Means followed by the same letter are not signiÞcantly dif-
ferent (� � 0.05; TukeyÕs HSD).
a Insecticide concentrations based on labeled Þeld rates sprayed in

935 liters/ha water diluent.
b Raw data were square root transformed (SQR(X � 0.5)) before

ANOVA. Untransformed means shown for comparison.

Table 3. Lethal activity of insecticides on apple maggot postin-
festation from topically treated fruit 1 and 14 d postharvest, 2007

Treatment
Applied

insecticide
concn (ppma)

No. puparia per 50 fruit
(mean � SE)b

1 d
postharvest

14 d
postharvest

Control 61 (3.5)a 56.8 (3.4)a
Phosmet 2,516 1 (0.7)d 27.3 (2.6)b
Thiacloprid 300 11 (4.1)c 53 (2.4)a
Clothianidin 103 23.3 (3.9)b 55.8 (2.1)a
Thiamethoxam 103 24.5 (2.9)b 62.8 (3.5)a
Spinetoram 84 62.3 (1.6)a 59 (2.1)a
Chlorantraniliprole 131 59.5 (2.6)a 60.3 (5.6)a

Cumulative total of recovered puparia over the 45-d emergence
period. Means followed by the same letter within a post-harvest time
group are not signiÞcantly different (� � 0.05 TukeyÕs HSD).
a Insecticide concentrations based on labeled Þeld rates sprayed in

935 liters/ha water diluent.
b Raw data were square root transformed (SQR(X � 0.5)) before

ANOVA. Untransformed means shown for comparison.

Table 4. Larval tunneling evaluation on 1 d postharvest-
treated fruit, 2007

Treatment

No. fruit with tunnel scores
(mean � SE)a

No
tunnels

Tunnels
�1 mm

Tunnels
�1 mm

Control 1.5 (0.5)c 0.3 (0.3)a 8.3 (0.6)a
Phosmet 7.0 (0.6)a 2.0 (0.7)a 1.0 (0.4)d
Thiacloprid 4.5 (0.6)ab 2.0 (0.7)a 3.5 (0.9)c
Clothianidin 3.8 (0.5)abc 1.8 (0.5)a 4.5 (0.5)bc
Thiamethoxam 2.8 (0.6)bc 1.3 (0.8)a 6.0 (1.1)abc
Spinetoram 1.5 (0.6)c 0.5 (0.3)a 8.0 (0.6)ab
Chlorantraniliprole 2.8 (0.5)bc 0.8 (0.5)a 6.5 (0.6)abc

Values represent the mean number of fruit per replicate sample
with incidence of each score: 0, no tunnels; 1, tunnels extending �1
mm into ßesh; and 2, tunnels extending beyond 1 mm into ßesh. Mean
separations were done using TukeyÕs HSD (� � 0.05) after ANOVA.
aData were square root transformed (SQR(X � 0.5)) before

ANOVA. Untransformed means shown for comparison.
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larval tunnels 1 mm or longer, followed by thiacloprid
and clothianidin. The incidence of fruit with tunnels
1 mm or longer in thiamethoxam-, spinetoram-, and
chlorantraniliprole-treated fruit were not different
from the untreated control. There were signiÞcant
differences in the number of fruit per sample with no
evidence of larval tunnels, with phosmet having the
highest incidence, followed by thiacloprid, and all
other treatments not different than the untreated con-
trol (F� 8.03; df � 6, 21; P� 0.0001). There were no
treatment differences in the number of fruit per sam-
ple with larval tunnels �1 mm in length (F� 1.77; df �
6, 21; P � 0.1526).
Insecticide Penetration in Fruit.Residue proÞles in

2006 showed that for most compounds the greatest
proportions (�85%) of total recovered residues were
found in the skin and outside 2 mm of the apple ßesh
(Table 5). For thiacloprid, clothianidin, and indox-
acarb, however, substantial amounts of residues were
found to penetrate in and beyond the outer ßesh
regions such that the totals of residues in the apple
ßesh were greater than that found in the apple skin.
For azinphosmethyl, phosmet, and acetamiprid even
though the largest proportions of active ingredients
were recovered in the skin, residues were detected in
all three ßesh regions. Novaluron and thiamethoxam
residues were only found in the apple skin.

Residue proÞles in 2007 showed that for all com-
pounds, the greatest proportions (�85%) of total re-
covered residues were found in the skin and outside
2 mm of the apple ßesh (Table 6). Chlorantraniliprole
was the only compound that residues were not found
to penetrate beyond the apple skin. Phosmet, thiaclo-
prid, and spinetoram residues were found in the skin
and all three ßesh regions. Thiamethoxam (plus
clothianidin metabolites) residues were detected in
all regions, although the inner ßesh residues were
below the LOQ. Clothianidin was detected in the skin,
and outer and center ßesh regions, but the center ßesh
residues were below the LOQ. The difference in
clothianidin residue proÞles between 2006 and 2007
may be a result of the clothianidin rate being reduced
in 2007 (below the labeled Þeld rate) to match thia-
methoxam rate in actual concentration (ppm). This
was done to more closely compare clothianidin with

thiamethoxam penetration in fruit. The residue proÞle
comparison of thiamethoxam and clothianidin in the
2007 experiment suggests that at equal rates the for-
mulated thiamethoxam (plus clothianidin metabo-
lites) penetrates the apple more completely than
clothianidin. The differences in thiamethoxam residue
proÞles between 2006 and 2007 can be attributed to
the secondary metabolite (clothianidin) being quan-
tiÞed in the 2007 residue analysis.

Discussion

Curative activity has been deÞned as the lethal
action of an insecticide on a pest postinfestation from
the transitory penetration of the compound into plant
tissue (Wise and Whalon 2009). All of the organo-
phosphate and neonicotinoid insecticides tested were
shown to have curative activity on the apple maggot
in late season mature apples. It is not clear from this
study whether the higher level of curative activity of
the organophosphates compared (at labeled rates)
with the neonicotinoids is a result of broad-based
compound toxicity or whether there are differences in
life-stage activity among those that were tested? Hoff-
mann et al. (2008) showed that the LC50 value of
azinphosmethyl for the eggs of another internal apple
feeder, the plum curculio, Conotrachelus nenuphar
Herbst, was substantially lower than those of thiaclo-
prid and clothianidin. In our study, the residue recov-
eries from the outer 2 mm of apple ßesh were in a
relatively similar range (0.20Ð1.24 ppm) for most all
compounds, with only a few exceptions (spinosad,
indoxacarb, thiacloprid). Because the outer 2 mm of
ßesh is where apple maggot eggs would be exposed to
insecticide residues, this may be responsible for the
differences in the curative activity between treatment
compounds.Thatphosmethad the lowest incidenceof
fruit with larval tunnels (�1 mm) suggests that its
ovicidal activity might be greater than the nonorgano-
phosphate compounds. Similarly, the higher inci-
dence of fruit with no tunnels in the thiacloprid treat-
ments compared with thiamethoxam suggests that
thiacloprid may have greater ovicidal activity. Note
that for several compounds, spinosad, spinetoram, and
indoxacarb, residues were recovered in the egg expo-

Table 5. Distribution of insecticides in apple fruit 24 h after topical application, 2006

Treatment
AI recovered (ppm) (mean � SE)a

Skin Outside 2 mm ßesh Center 10 mm ßesh Inside 5 mm to core Total

Azinphosmethyl 7.31 (1.77) 0.66 (0.45) 0.13 (0.11) 0.07 (0.05) 8.17
Phosmet 3.76 (0.85) 0.82 (0.05) 0.40 (0.05) 0.23 (0.01) 5.21
Thiacloprid 40.92 (5.72) 23.53 (7.92) 38.32 (29.51) ND 102.77
Acetamiprid 40.63 (5.37) 1.24 (1.17) 2.82 (4.88) 0.56 (0.97) 45.25
Clothianidin 0.82 (0.41) 0.33 (0.36) 0.05 (0.05) 0.18 (0.16) 1.38
Thiamethoxam 0.35 (0.08) ND ND ND 0.35
Indoxacarb 54.70 (9.19) 58.60 (9.39) 0.90 (0.87) ND 114.20
Novaluron 0.32 (0.05) ND ND ND 0.32
Spinosad 26.70 (5.03) 58.40 (20.88) ND ND 85.10
Esfenvalerate 0.58 (0.05) 0.37 (0.33) 0.03 (0.05) ND 0.98

Data presented as mean residue recovery (ppm) from the apple skin, outside 2 mm of ßesh, center 10 mm of ßesh, and the 5 � 1 mm remaining
section to the core. ND, no detection.
a Insecticide concentration in micrograms of 	AI
 per gram of apple substrate.
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sure region, but they did not demonstrate curative
activity. Novaluron is known to be an ovicide (Hoff-
mann et al. 2008), but the residue proÞle indicates that
it does not penetrate into late season apple ßesh.

Based on the 8-d Þeld oviposition window in this
study, it is expected that most of the apple maggot
larvae would have been in the outer 2-mm and center
10-mm ßesh regions. Although known to be larvicides,
spinosad, spinetoram, indoxacarb and esfenvalerate
were not shown to be active on apple maggot larvae
at the residue levels found in the ßesh of late season
apples. Because novaluron and chlorantraniliprole did
not penetrate beyond the skin, activity on apple mag-
got larvae in the ßesh of the fruit was not expected.
The residue recoveries for the organophosphate and
neonicotinoid compounds (with the exception of thia-
cloprid in 2006) across the recovered ßesh regions
ranged from 0.01 to 2.98 ppm, concentrations gener-
ally declining with further distance from the fruit
surface. Although in this study it is impossible to di-
rectly compare larval toxicity of the treatment com-
pounds, the 14-d postharvest test (2007) may provide
some insight. In the 14-d test phosmet was the only
compound to show signiÞcant curative activity on
apple maggot. At this stage, the apple maggot larvae
wouldhavebeencomparatively largeranddeeper into
apple ßesh than at the 1-d postharvest test. Inspections
of independent parallel samples of untreated fruit in
our study showed that apple maggot larvae found 1-d
postharvest averaged 0.25 cm in length, at 7-d post-
harvest averaged 0.34 cm in length, and at 14-d post-
harvest averaged 0.46 cm length. The ability of or-
ganophosphates, such as phosmet, to kill larger larvae
suggests that they may be more toxic to apple maggot
larvae than the neonicotinoids.

The thiamethoxam-clothianidin comparison in 2007
provides some insight into the performance mecha-
nisms of these two related compounds. These com-
pounds showed overall equal levels of curative activ-
ity, but their performances may be based on different
interactions between penetrative and toxicity charac-
teristics. The residue proÞle comparison of thiame-
thoxam and clothianidin in the 2007 experiment sug-
gests that at equal rates the formulated thiamethoxam
penetrates the apple more substantially than formu-
lated clothianidin. However, the larval tunneling eval-
uation (Table 4) showed that although clothianidin-

treated fruit had a lower incidence of larval tunnels �1
mm than the untreated check, thiamethoxam did not.
One explanation is that clothianidin has superior ov-
icidal activity than thiamethoxam, resulting in fewer
hatched larvae to make tunnels. This was documented
for the plum curculio, where clothianidin was toxic to
eggs, but not thiamethoxam (Hoffmann et al. 2008).
Thiamethoxam is known under some circumstances to
show clothianidin as a metabolic by-product, which
may contribute to its overall insecticidal activity
(Nauen et al. 2003). If thiamethoxamÕs larvacidal ac-
tivity is enhanced with secondary conversion to
clothianidin, then the time necessary for metabolism
might result in a higher incidence of tunnels �1 mm
before larval death occurs. Overall, it seems that char-
acteristics of the formulated thiamethoxam are supe-
rior for fruit penetration, whereas those of clothiani-
din are superior for insecticidal toxicity.

There are several practical implications for under-
standing the levels of curative activity of these insec-
ticides on apple maggot at the labeled Þeld rates tested
in this study. It is important to recognize that the
curative activity of the organophosphates is part of
what made these the dominant tools for control over
the past 30� yr. Even though the apple maggot adult
will probably continue to be the primary target of
insecticide control strategies, those new chemistries
that do not hold curative attributes will require higher
levels of application precision to maintain adequate
performance.
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