
INSECTICIDERESISTANCEANDRESISTANCEMANAGEMENT

Effects of Apple Leaf Allelochemistry on Tufted Apple Bud Moth
(Lepidoptera: Tortricidae) Resistance to Azinphosmethyl

MARK D. HUNTER,l DAVID J. BIDDINGER,2 EDWARD J. CARLINI,2
BRUCE A. McPHERON,2 AND LARRY A. HULLJ

Department of Entomology, Pennsylvania State University,
University Park, PA 16802

J. Econ. Entomol. 87(6): 142~1429 (1994)
ABSTRACT The dihydrochalcone glycoside phloridzin is a dominant allelochemical in
foliage of apple. This allelochemical varies within and among apple cultivars and can
influence distribution and abundance of tufted apple bud moth, Platynota idaeusalis
(Walker), in orchards. Laboratory bioassays were used to investigate the influence of
phloridzin on tolerance of both susceptible and resistant colonies of P. idaeusalis to the
organophosphate insecticide azinphosmethyI. Addition of phloridzin to diet did not influ-
ence tolerance of first ins tars of the susceptible strain to azinphosmethyI. Third instars of
the susceptible strain exhibited reduced tolerance to aZinphosmethyl in the presence of
phloridzin, and this response was associated with inhibition of the activities of glutathione
transferase, esterase, and aniline hydroxylation enzymes. Neonate larvae of the resistant
strain fed on diet with phloridzin were more tolerant to azinphosmethyl at high insecticide
concentrations only. Third instars of the resistant strain were equally tolerant to azinphos-
methyl in the presence and absence of phloridzin. Although phloridzin inhibited gluta-
thione transferase activity in resistant larvae, as in the susceptible strain, it increased
activity of esterases. Our data provide further evidence that both host-plant allelochemistry
and insect selection history influence results of pesticide bioassays.
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AT LEASTSOME insect pests use the same enzy-
matic pathways for the detoxification of host-plant
allelochemicals and pesticides (Muehleisen et al.
1989). Moreover, several studies have demon-
strated that plant secondary compounds can in-
duce or inhibit the enzymes associated with
pesticide detoxification (Krieger et al. 1971,
Brattsten etal.1977, Yu etal. 1979, Abd-Elghafar
et al. 1989). These studies suggest two clear con-
sequences. First, artificial insect diets that do not
contain appropriate host-plant allelochemicals
may be unrealistic media on which to test new
pesticides or estimate resistance levels to those
already in use (Seigfried & Mullin 1989, Robert-
son et al. 1990). Second, estimates of pesticide
resistance derived from field-collected insects
represent the influence of both genetic and en-
vironmental (host quality) factors on resistance
and not a simple measure of genetically based
resistance (Robertson et al. 1990). Despite an
increasing number of studies that demonstrate
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effects of host-plant allelochemicals on the effi-
cacy of both conventional (Abd-Elghafar et al.
1989, Muehleisen et al. 1989, Mulrooney et al.
1993) and microbial (Keating et al. 1988, 1990;
Hunter & Schultz 1993) insecticides, most stud-
ies both of resistance to established insecticides
and of novel pesticide development still ignore
effects of variability in the allelochemistry of the
host plants of the target organism.

Separating genetic resistance from environ-
mentally induced pesticide tolerance could be
important in many systems. For example, resis-
tance of the tufted apple bud moth, Platynota
idaeusalis (Walker), to organophosphate insecti-
cides, particularly azinphosmethyl, is of increas-
ing concern to apple growers in several states in
the eastern United States (Knight & Hull 1988,
1989, 1992a,b; Knight et al. 1990). Alternative
insecticides, although currently effective against
P. idaeusalis, threaten the biological control of
phytophagous mites by the coccinellid predator
Stethorus punctum (Le Conte) (Hull 1979,
David 1982, Hull & Starner 1983). Because judi-
cious application of organophosphates has little
effect on the control of mites by S. punctum,
their continued use in apple orchard integrated
pest management (IPM) is desirable. However,
prediction of the development, spread, and per-
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sistence of resistance to azinphosmethyl among
P. idaeusalis populations is not possible without
knowing to what extent observed resistance in
the field reflects genetically based resistance or
host-plant-induced tolerance.

Here we report the results of an initial inves-
tigation of the effects of apple-foliage allelo-
chemistry on the susceptibility of P. idaeusalis to
azinphosmethyl. The secondary chemistry of ap-
ple foliage is dominated by the dihydrochalcone
glycoside phloridzin, a phenolic-based com-
pound found in the foliage of Malus species (Wil-
liams 1964, Growchowska & Ciurzynska 1979).
We have shown previously that phloridzin and its
hydrolysis products vary within and among apple
cultivars (Hunter & Hull 1993) and that apple
orchards present a spatial and temporal mosaic of
allelochemistry for potential pests. Moreover,
phloridzin may influence the distribution and
abundance of P. idaeusalis under field conditions
both within and among trees (Hunter et al. 1994).
Specifically, trees with high foliar concentrations
of phloridzin tend to suffer higher levels of fruit
damage by P. idaeusalis and drop fruit earlier
than trees with lower foliar concentrations of
phloridzin (Hunter et al. 1994). In the study re-
ported here, we considered possible toxicological
interactions between phloridzin and azinphos-
methyl resistance. The objectives of our labora-
tory study were to determine whether the pres-
ence of phloridzin in diet influences the
toxicological response of P. idaeusalis larvae to
azinphosmethyl, if azinphosmethyl-resistant and
-susceptible strains ofp. idaeusalis respond differ-
ently to azinphosmethyl in the presence of phlo-
ridzin, and whether phloridzin could induce
changes in P. idaeusalis enzyme systems that are
consistent with patterns of resistance to azinphos-
methyl.

Materials and Methods

Strains of P. idaeusalis. Both the resistant and
susceptible strains of P. idaeusalis were main-
tained at the Pennsylvania State University Fruit
Research Laboratory, Biglerville. All larvae were
reared on a semisynthetic lima bean diet in
28-ml plastic cups at 20 ± 2°C, with a photope-
riod of 16:8 (L:D) h (Meagher 1985). The
azinphosmethyl-resistant field strain of P. idaeu-
salis originated from several thousand overwin-
tering larvae that were collected in March 1990
from six commercial apple orchards in Adams
County, Pennsylvania. These larvae had been
maintained for 10 generations without pesticide
selection at the time of our bioassays, but 50:50
infusions of field-collected (resistant) larvae
were done every second generation to maintain
the resistant nature of the colony. The laboratory
susceptible strain had been in continuous cul-
ture on lima bean diet for> 10 yr without pesti-
cide selection. It was collected originally from

apple orchards in North Carolina (Rock & Shal-
tout 1983) and was supplemented before 1985
with larvae from Pennsylvania (Meagher 1985).
Experiments were done in late winter and early
spring of 1992 at the same temperature and pho-
toperiod at which the two strains were reared.

Bioassays with Azinphosmethyl. P. idaeusalis
larvae of both strains were challenged with azin-
phosmethyl on artificial diet following the meth-
ods of Biddinger (1993). Larvae were fed from
eclosion on diet, either with or without the dihy-
drochalcone glycoside phloridzin (Sigma Chem-
ical, St. Louis, MO), and challenged with azin-
phosmethyl on the diet either as neonates or at
third instar. The entire test thus consisted of
eight groups of larvae challenged with azinphos-
methyl (two strains, two diets, two ages). Subsets
of each of the groups were given one of six con-
centrations of azinphosmethyl to estimate con-
centration-response lines. The actual concentra-
tions used varied with larval strain and age but
were designed from preliminary trials to cause
mortality ranging from "=20to 80% (Robertson &
Preisler 1992). Approximately 50 larvae were
challenged at each concentration of azinphos-
methyl within each treatment (n "=300 for seven
of the eight treatment groups). Lower than ex-
pected mortality of resistant strain neonates in
the presence of phloridzin caused us to test an
additional 50 larvae at a seventh concentration of
azinphosmethyl for this group only (n = 350). We
included two additional control groups per strain
(100 larvae on diet with and without phloridzin)
that were treated with distilled water in place of
azinphosmethyl.

Formulated azinphosmethyl was applied (0.5
ml) in serially diluted aqueous solution to the
surface of 7-10 ml of lima bean diet in plastic
cups; the diet was allowed to air dry for 2-3 h.
Test applications with 0.5 ml of an aqueous dye
solution penetrated 3-4 mm into the diet. Care
was taken to use cups in which the diet was
uniformly flat and without bubbles, where insec-
ticide residues might concentrate when drying.
During the drying process, the cups were rotated
every 15 min to distribute excess solution evenly
on the surface of the diet. Phloridzin was added
to diet during preparation at a single concentra-
tion of 7.5% dry weight. Previous high-pressure
liquid chromatography (HPLC) analysis has
shown that phloridzin is stable in artificial diet
for at least the larval life span of P. idaeusalis
(Hunter et aI. 1994). The concentration of phlo-
ridzin chosen represents an average foliar con-
centration for five economically important apple
cultivars in Pennsylvania (Hunter & Hull 1993).
Larvae were introduced into diet cups in groups
of five (neonates) or two (third instars). Mortality
was assessed after 7 d; larvae were considered
dead if they did not respond to repeated stimu-
lation with a fine paintbrush.
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Table I. Responses of neonates of an azinphosmethyl-susceptible strain of tufted apple bud moth to azinpho.methyl
in the presence and absence of phloridzin

%
Diet with phloridzinQ Diet without phloridzin

LC ratios
Mortality

lib CC Slope LC value, ppm lib CC Slope LC value, ppm (95% CL)
(±SEM) (95% CL) (±SEM) (95% CL)

10 300 23.0 2.25 2.40 299 12.1 2.67 2.61 1.09
(0.45) (0.98- 3.68) (0.50) (1.03- 3.93) (0.51-2.33)

25 4.47 4.41
(2.60- 6.01) (2.46- 5.84)

50 8.90 7.88 0.89
(6.75- 11.76) (5.99- 9.85) (0.64-1.23)

80 21.04 16.27
(15.12- 39.88) (12.52- 27.37)

90 32.98 23.76 0.72
(21.46- 81.09) (16.82- 51.17) (0.35-1.47)

99 95.93 58.41
(47.51-543.95) (32.49-235.75)

" Likelihood ratio tests indicate that probit lines for response with and without phloridzin are not significantly different (P =
0.05).

b Nurn ber of larvae tested.
C Control mortality.

Enzyme Activity. General esterase, glutathion
S-transferase (GST), O-demethylation, and ani-
line hydroxylation activities were measured from
whole-larvae homogenates of both azinphos-
methyl-resistant and -susceptible larvae (n =
18-20 larvae per test per treatment). For each
strain, larvae were reared to third ins tar on lima
bean diet either with or without phloridzin
present (7.5% dry weight, as before). Individual
larvae were placed into separate l.5-ml polypro-
pylene microfuge tubes on ice and homogenized
in 100 ILlof 50 mM sodium phosphate buffer (pH
7.4). The homogenate then was centrifuged for
10 min at 12,000 x g at 4°C to separate large
debris. Larvae for cytochrome P450 monooxy-
genase assays were decapitated first to eliminate
endogenous enzyme inhibitors located in the
head (Matthews & Hodgson 1966, Chakraborty
et al. 1967). In all cases, the supernatant was
used without further purification.

General esterase activity (van Asperen 1962)
was measured spectrophotometrically (Perkin-
Elmer Lambda 3B [Perkin-Elmer, Exton, PAl
interfaced with Swan 286/12 computer) by using
the model substrates a-naphthyl acetate and
a-naphthyl butyrate (modified from Gomori
[1953]). Glutathione S-transferase activity (Arm-
strong & Suckling 1988) was measured using
both dichloronitrobenzene (DCNB) and chlo-
rodinitrobenzene (CDNB) as model substrates
(Gomori 1953, Seigfried & Mullin 1989, Arm-
strong & Suckling 1990). O-demethylation (p-
nitroanisole as substrate) and aniline hydrox-
ylation activities were measured by using the
methods of Hansen & Hodgson (1971) and Arm-
strong & Suckling (1990).

Concentration-response regressions of larvae
treated with azinphosmethyl were estimated by
pro bit analysiS (LeOra Software 1987). For neo-
nates, each cup of five larvae was a replicate (10
replications per concentration); for third instars,

groups of 10 larvae (five cups of two larvae per
cup) were replicates (five replications per con-
centration). Combining larvae among different
cups for the third-ins tar treatment generates suf-
ficient sample sizes for estimating percentage
mortality with low error (Biddinger 1993) while
avoiding the interference among larvae that re-
sults from too many third instars per cup. To
determine the effects of phloridzin on azinphos-
methyl response, lethal concentration (LC) ratios
were calculated by dividing the LC values for
larvae on phloridzin-free diet by those deter-
mined for larvae on diet with phloridzin. Com-
parisons were made only between larvae of the
same instar and laboratory strain. Confidence
limits at the 95% level were calculated for LC
ratios at LCw, LCso, and LCgo (Robertson &
Preisler 1992) by using the variance-covariance
matrix of both concentration-mortality lines be-
ing compared. Differences in the activity of de-
toxification enzymes between larvae fed diet
with or without phloridzin were determined by
two-tailed t-tests.

Results

Azinphosmethyl-Susceptible Strain. Concen-
tration responses of neonate P. idaeusalis larvae
of the susceptible strain were unaffected by the
presence of phloridzin in the diet (Table 1). The
mortality of third instars, however, was higher
in the presence of phloridzin (Table 2). Analysis
of third-instar detoxification enzymes demon-
strated that phloridzin in the diet inhibited
DCNB- and CDNB-specific GST activity (50 and
35% reductions, respectively), a-napthyl acetate-
specific esterase activity (34% reduction), and an-
iline hydroxylation activity (60% reduction) (Ta-
ble 3). Other enzyme systems of the susceptible
strain were unaffected by the presence of phlorid-
zin in the diet.
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Table 2. Responses of third instars of an azinphosmethyl-susceptible strain of tufted apple bud moth to azinphos-
methyl in the presence and absence of phloridzin

%
Diet with phloridzino Diet without phloridzin

LC ratios
Mortality nb CC Slope LC value, ppm nb CO Slope LC value. ppm (95% CL)

(±SEM) (95%CL) (±SEM) (95% CL)

10 300 0.0 1.63 7.5 300 4.0 4.05 66.2 8.86·
(0.29) (1.3- 17.8) (0.54) (43.5- 86.1) (2.6<h30.19)

25 17.6 93.5
(4.8- 34.2) (68.4-114.9)

50 45.7 137.3 3.00·
(19.8- 71.4) (111.1-161.4) (1.63-5.54)

80 150.4 221.7
(105.9- 199.4) (189.9-263.9)

90 280.3 284.8 1.02
(211.2- 410.7) (241.5-355.2) (0.71-1.47)

99 1228.8 516.2
(721.2-3,446.0) (403.6-761.9)

° Likelihood ratio tests indicate that probit lines for response with and without phloridzin are neither parallel nor equal (P =
0.05).

b Number of larvae tested.
C Control mortality .
• , Ratios are significantly different from 1(P < 0.05).

Azinphosmethyl-Resistant Strain. Neonate lar-
vae of the resistant strain of P. idaeusalis fed on
diet with phloridzin were less susceptible to
azinphosmethyl at high insecticide concentra-
tions than neonates fed diet without phloridzin.
At lower azinphosmethyl concentrations, LC ra-
tios were not significantly different (Table 4).
Resistant third ins tars fed on diet with or without
phloridzin did not differ in their responses to
azinphosmethyl (Table 5). Phloridzin inhibited
DCNB- and CDNB-specific GST activity of the
resistant larvae even more than it did for the
susceptible larvae (91 and 97% reductions, re-
spectively [Table 3]). However, phloridzin did
not affect aniline hydroxylation activity of resis-
tant larvae, and it induced significant increases
in general esterase activity (104 and 46% in-
creases for a-naphthyl acetate and a-naphthyl
butyrate as model substrates, respectively [Table
3]).

Discussion

Resistance of P. idaeusalis to azinphosmethyl
has been associated with increased activities of
both general esterases (Carlini et al. 1991, Bush
et aI. 1993) and glutathione S-transferases
(McPheron & Carlini 1992). Both enzyme sys-
tems also have been implicated in the resistance
of other apple pests to azinphosmethyl (Arm-
strong & Suckling 1990). Our results demon-
strate that phloridzin, a dominant dihydrochal-
cone glycoside in the foliage of apple, can
influence the activities of both enzyme systems.

Glutathione S-transferase activity of both the
susceptible- and resistant-strain P. idaeusalis lar-
vae was inhibited by the presence of phloridZin
in diet (Table 3). Aniline hydroxylation and
a-naphthyl acetate-specific esterase activities in
larvae of the susceptible strain also were inhib-
ited by phloridzin. This effect is consistent with

Table 3. Activities of detoxification enzymes of third-instar azinphosmethyl-resistant and -susceptible tufted apple
bud moth, in the presence (+P) and absence (- P) of phloridzin in the diet

Strains GST/CDNB GSTIDCNB Esterase/A-NA Esterase/A-NB O-demethylation Aniline hydroxylation
(±SEM) (±SEM) (±SEM) (±SEM) (±SEM) (±SEM)

Resistant (- P) 4.77 139.10 0.58 0.53 79.72 3.62
(0.49) (24.61) (0.10) (0.09) (8.50) (0.54)

Resistant (+ P) 0.42 4.52 1.19 0.77 111.31 3.13
(0.04) (0.59) (0.14) (0.08) (13.55) (0.39)

Plevel 0.0001 0.0001 0.0016 0.0492 n.s. n.s.
Susceptible (- P) 1.348 75.98 0.94 0.92 6.90 0.31

(0.16) (9.14) (0.10) (0.13) (0.95) (0.05)
Susceptible (+P) 0.87° 38.34b 0.63 0.68 5.97 0.12

(0.13) (5.36) (0.05) (0.04) (0.84) (0.02)
P level 0.0311 0.0016 0.0101 n.s. n.s. 0.0035

Units are as follows: mM min-1 mg-1 (CDNB, A-NA, A-NB), /LMmin-1 mg-1 (DCNB, O-demethylation, aniline hydroxylation).
n = 20 for all means except O(n = 18) and b(n = 19).
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Table 4. Responses of neonates of an azinphosmethyl-resistant strain of tufted apple bud moth to azinphosmethyl in
the presence and absence of phloridzin

%
Diet with phloridzin" Diet without phloridzin

LC ratios
Mortality nb CC Slope LC value, ppm nb CC Slope LC value, ppm (95% CL)

(±SEM) (95% CL) (±SEM) (95% CL)

10 350 18.0 1.42 2.85 300 20.8 3.14 11.27 3.95
(0.27) (0.53- 6.30) (0.73) (2.10- 19.68) (0.95-15.0)

25 7.63 17.60
(2.48- 13.18) (5.18- 26.62)

50 22.81 28.88 1.27
(13.23- 31.51) (13.98- 37.62) (0.75- 2.14)

80 89.40 53.59
(64.66- 154.58) (43.16- 64.76)

90 182.56 74.03 0.41·
(115.36- 455.97) (61.78-108.76) (0.21- 0.78)

99 994.91 159.47
(412.65-6,580.20) (108.76-489.77)

a Likelihood ratio tests indicate that probit lines for response with and without phloridzin are neither parallel nor equal (P =
0.05).

/, Number of larvae tested.
C Control mortality .
• , Ratios are Significantly different from I (P < 0.05).

the higher mortality of third-instar susceptible-
strain larvae on diet containing phloridzin than
on phloridzin-free diet (Table 2). We suggest that
resistant-strain larvae did not suffer higher mor-
tality on diet with phloridzin (Table 5) for two
reasons. First, the inhibition of CST activity in
these larvae may have been counterbalanced by
the induction of general esterase activity, absent
in susceptible larvae (Table 3). Simultaneous in-
duction and inhibition of different enzyme sys-
tems by the same allelochemical has been ob-
served previously (Yu et al. 1979). Second,
aniline hydroxylation activity of resistant larvae
was unaffected by phloridzin; it was inhibited in
susceptible larvae.

Mortality of neonate larvae of the susceptible
strain was unaffected by the presence of phlorid-
zin in diet, suggesting that the inhibition of
enzyme activity is time- or instar-dependent.

Lower mortality of resistant-strain neonates in
the presence of phloridzin may reflect a more
rapid (and earlier) induction of esterase activity
than inhibition of CST activity. Further assays
are required to determine the exact age at which
phloridzin can influence the activity of detoxifi-
cation enzymes, but our results support a dual
role for general esterases and glutathione trans-
ferases in the resistance of P. idaeusalis to azin-
phosmethyl in orchards (Carlini et al. 1991,
McPheron & Carlini 1992, Bush et al. 1993).
They further suggest that aniline hydroxylation
activity might be considered an additional factor
in azinphosmethyl resistance because its inhibi-
tion also was associated with a reduction in tol-
erance of susceptible-strain larvae to azinphos-
methyl.

Even without a complete understanding of the
enzyme systems involved, we can conclude that

Table 5. Responses ofthird instar8 of an azinphosmethyl-resistant strains of tufted apple bud moth to azinphosmethyl
in the presence and absence of phloridzin

%
Diet with phloridzin" Diet without phloridzin

LC ratios
Mortality nb CC Slope LC value, ppm nb CC Slope LC value, ppm (95% CL)

(±SEM) (95% CL) (±SEM) (95% CL)

10 300 8.0 13.36 622.8 298 2.0 15.86 642.7 1.03
(3.07) (477.7- 689.2) (2.88) (512.8- 702.7) (0.87-1.22)

25 691.5 701.9
(579.7- 743.9) (601.8- 750.2)

50 776.8 774.1 1.00
(710.3- 819.5) (711.0- 816.6) (0.93-1.07)

80 898.1 874.6
(850.0- 995.7) (828.8- 958.3)

90 986.9 932.3 0.94
(904.7-1,137.6) (876.0-1,067.9) (0.86-1.07)

99 1160.1 1085.01
(1,031.3-1,588.1) (981.2-1,406.5)

" Likelihood ratio tests indicate that probit lines for response with and without phloridzin are neither parallel nor equal (P <
0.05).

b Number of larvae tested.
C Control mortality.
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the responses of P. idaeusalis larvae to azinphos-
methyl are dependent upon phloridzin and that
the effects of phloridzin on azinphosmethyl tol-
erance vary among strains of P. idaeusalis. We
stress that our susceptible and resistant strains of
P. idaeusalis should not be considered mimics of
susceptible and resistant populations in the field.
Instead, they demonstrate which enzyme sys-
tems might be involved in resistance and how
they are affected by phloridzin. Our results are
consistent with other work on apple pests that
has shown that host-plant quality and the type of
insect strain used can influence the results of
pesticide bioassays. For example, Robertson et
al. (1990) demonstrated that tolerance of the light
brown apple moth, Epiphyas postvittana (Walk-
er), to azinphosmethyl varied with both the host-
plant species and insect strain used in bioassays.
Furthermore, the particular enzyme activities
measured among the different diets varied ac-
cording to the insect strain (Robertson et aI.
1990), a strain-by-diet interaction similar to that
observed in our study. We concur with other
authors who have expressed concerns about the
reliability of resistance estimates based on stan-
dard insect strains reared on artificial diet
(Seigfried & Mullin 1989, Robertson et al. 1990).
There is now sufficient evidence to conclude that
host-plant allelochemistry, insect resistance sta-
tus, and age should be considered integral com-
ponents of studies of pesticide efficacy and resis-
tance development (Yu et al. 1979; Keating et aI.
1988, 1990; Abd-Elghafar et aI. 1989; Muehl-
eisen et al. 1989; Rossiter et al. 1990; Hunter &
Schultz 1993; Mulrooney et al. 1993).
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