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Abstract—The effects of limonene, a mixture of limonene + carvone (1:1, v/v),
and methyl jasmonate (MeJA) on diamondback moth (DBM) (Plutella
xylostella L.) oviposition, larval feeding, and the behavior of its larval
parasitoid Cotesia plutellae (Kurdjumov) with cabbage (Brassica oleracea L.
ssp. capitata, cvs. Rinda and Lennox) and broccoli (B. oleracea subsp. Italica
cv Lucky) were tested. Limonene showed no deterrent effect on DBM when
plants were sprayed with or exposed to limonene, although there was a
cultivar difference. A mixture of limonene and carvone released from
vermiculite showed a significant repellent effect, reducing the number of
eggs laid on the cabbages. MeJA treatment reduced the relative growth rate
(RGR) of larvae on cv Lennox leaves. In Y-tube olfactometer tests, C.
plutellae preferred the odors of limonene and MeJA to filtered air. In cv
Lennox, the parasitoid preferred DBM-damaged plants with limonene to such
plants without limonene. C. plutellae females were repelled by the mixture of
limonene + carvone. In both cultivars, exogenous MeJA induced the emission
of the sesquiterpene (E,E)-a-farnesene, the homoterpene (E)-4,8-dimethyl-
1,3,7-nonatriene (DMNT), and green leaf volatile (Z)-3-hexenyl acetate +
octanal. The attractive effect of limonene and MeJA predicts that these two
compounds can be used in sustainable plant protection strategies in organic
farming.
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INTRODUCTION

The diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera: Ypono-
metidae) is economically the most important pest of cruciferous crops
throughout the world (Talekar and Shelton, 1993). DBM feeds on all
cruciferous crop plants, cole crops, and several greenhouse plants (Reddy et al.,
2004). In this context, one of the most important biological control agents for
DBM is the braconid Cotesia plutellae (Kurdjumov) (Hymenoptera: Braconidae).
C. plutellae is a potential larval parasitoid that can parasitize in the first three
instars of DBM larvae (Reddy et al., 2002; Zu-hua et al., 2002).

Plants can defend themselves against herbivores by direct and indirect
defense mechanisms. Direct defense affects the insect herbivore through toxic
or antinutritional compounds or through repellents or deterrents (Karban and
Baldwin, 1997). In indirect defense, after herbivore damage, plants produce
volatiles that can attract predators or parasitoids, as has been shown in many
plants (Dickens, 1999; Shiojiri et al., 2001; Dicke et al., 2003; Vuorinen et al.,
2004a,b). These volatile compounds permit insect parasitoids and predators to
discriminate between intact and damaged plants (Reddy and Guerrero, 2004;
Vuorinen et al., 2004a). The parasitoid C. plutellae prefers the odor of damaged
cabbage plants to that of intact cabbage in Y-tube olfactometer tests (Vuorinen
et al., 2004a).

In previous studies, limonene alone or with other monoterpenes is deterrent
(Ntiamoah et al., 1996; Ntiamoah and Borden, 1996) or repellent (Peterson et al.,
1994; Nehlin et al., 1994; Ibrahim et al., 2001) toward insects. Chenier and
Philogene (1989), for example, reported that monoterpenes, including limonene,
attracted predators of conifer bark beetles. Carvone has been reported to inhibit
the feeding of pales weevil (Hylobius pales) on Pinus strobus seedlings (Salom
et al., 1996), of pine weevil (Hylobius abietis, Coleoptera: Curculionidae)
on Scots pine (Pinus sylvestris) (Klepzig and Schlyter, 1999; Schlyter et al.,
2004), and of the slug Arion lusitanicus on lettuce (Frank et al., 2002). Tripathi
et al. (2003) reported feeding deterrence and contact and fumigant toxicity of
carvone against stored product beetles, whereas Den Ouden et al. (1993) found
a short-term oviposition repellence of carvone against cabbage root fly (Delia
radicum).

Methyl jasmonate (MeJA) (a volatile derivative of jasmonic acid), which is
involved in plant defense against herbivores, increases the activity of defense-
related proteins (Thaler et al., 1996). MeJA was reported to protect genetically
modified Arabidopsis plants (deficient in the jasmonate precursor linolenic acid)
from attack by larvae of Bradysia impatiens (Diptera: Sciaridae) (McConn et al.,
1997). The relative growth rate (RGR) of Spodoptera exigua larvae fed on
MelJA-treated leaflets was found to be lower than that of those reared on control
leaflets (Thaler et al., 1996). However, Oka et al. (1999) found that MeJA did
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not show promising results as a nematocide to protect tomato from root-knot
nematodes.

Natural compounds originating from plants might be potential alternative
pesticide (Lee et al., 2001; Ibrahim et al., 2004) that are not persistent in the
environment and are safe to natural enemies, nontarget organisms, and human
beings for use in sustainable agriculture (Lacey and Shapiro-Ilan, 2003).
Therefore, our aim was to investigate the role of limonene, a mixture of
limonene + carvone, and MeJA in DBM control and the effects of these
compounds on the parasitoid C. plutellae.

METHODS AND MATERIALS

Plant Material and Insects. Cabbage (Brassica oleracea L. ssp. capitata,
cvs. Rinda and Lennox) and broccoli (B. oleracea subsp. Italica cv Lucky)
seedlings, 4 to 5 wk-old, grown at 24/18°C (day/night) and relative humidity
(RH) of 60% were used. Diamondback moth P. xylostella L. and the parasitoid
C. plutellae (Kurdjumov) were from our own mass rearings (Vuorinen et al.,
2004a). Second and third instars of P. xylostella feeding on broccoli plants were
offered to C. plutellae females for egg laying. The emerged adults of C.
plutellae were collected and released into a clean insect cage, and a
honey—water solution (1:1) was provided for feeding. One- to three-d-old C.
plutellae females were used in the behavioral assay.

Test Compounds. (S)-(+)-Carvone and (R)-(+)-limonene are the major
compounds in the essential oil of caraway seeds (Bouwmeester et al., 1995, 1998;
Hannukkala et al., 2002). Recently, there has been some interest in the use of
caraway oil for plant protection purposes (Iacobellis et al., 2005). (R)-(+)-Limonene
has been found to be more effective than (S)-(—)-limonene against the pine
processionary caterpillar, Thaumetopoea pitvocampa (Tiberi et al., 1999). (R)-(+)-
Limonene (97% purity) and (S)-(+)-carvone (96%) obtained from Aldrich
Chemical Co. Ltd. (Milwaukee, WI, USA), and methyl jasmonate (96%) provided
by Bedoukian Research Inc. (Danbury, CT, USA) were used in this study.

DBM Egg-Laying Experiments. The following three experiments were
conducted for the egg-laying study.

Experiment 1: Cabbage plants sprayed with 3% limonene solution in a 5%
ethanol (99.5% purity) solution in water were offered to DBMs for egg laying in
a two-choice test where the moths were allowed to choose between two
treatments (control and treated) 24 hr after spraying in an acrylic polyester
gauze cage (60 x 33 x 33 cm, external dimensions). Plants sprayed with 5%
ethanol in 95 ml of water were used as controls. The amount of solution
reaching the plant surface was estimated to be 3—4 ml. The test was replicated
15 times.
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Experiment 2: Cabbage plants were exposed to limonene released from
vermiculite (phyllosilicate mineral). Fifteen milliliters of limonene were mixed
into 300 ml of vermiculite by vigorous stirring, and 25 ml of the mixture were
placed at the base of each plant. For controls, 25 ml of vermiculite without
limonene were placed at the base of the plants. Thereafter, the plants were
introduced into the cages individually in a no-choice test where there was only
one plant in a cage. The two tests were conducted simultaneously in two
separate growth chambers, and each test was replicated ten times.

Experiment 3: As previously, 7.5 ml of limonene and 7.5 ml of carvone were
mixed into 300 ml of vermiculite, and thereafter 25 ml of the mixture were placed
at the base of each plant. For controls, 25 ml of vermiculite without test compounds
were placed at the base of each cabbage and broccoli plant. Each test was
replicated ten times.

Ten moths (1:1 sex ratio) were released into the cage and allowed to lay
eggs for 48 hr for all three experiments. The moths were then removed from the
cage and the eggs were counted.

Feeding Experiment. Cabbage (cv Lennox and Rinda) plants sprayed with
3% limonene (prepared as previously) or 4.5 mM MelJA in 5% ethanol (99.5%
purity) in water were used. Plants sprayed with 5% ethanol in water served as
controls. Twenty-four hr after spraying, the fully developed leaves of the sprayed
plants were cut, and the petiole was inserted into a 1.5-ml Eppendorf tube filled
with tap water. Thereafter, the leaf was placed into a plastic container (250 ml)
with a lid. Late second or early third instars of DBM larvae were introduced
onto the leaf and allowed to feed for 48 hr. The initial and final weights of larvae
were measured to calculate the RGR, using the following formula: In(W;) —
In(W;), where Wr is the final weight and W; the initial weight. The experiment
was replicated 20 times for limonene and 15 times for MeJA treatments.

Olfactometer Experiments. Cabbage plants from the above-mentioned
cultivars and broccoli were used. Ten microliters of limonene, 10 pl of MeJA,
and 2 pl of a mixture of limonene + carvone (1:1 v/v) were applied by pipetting
on Whatman filter paper (42.5 mm?) and left in a fume hood for 10 min to
evaporate. The filter paper with the elicitor was introduced into the glass
container, as the odor source with a plant or without, depending on the test. The
filter paper was placed on a piece of aluminum foil in the glass container. This
experiment was conducted in a Y-tube olfactometer (main arm 10.5 cm, other
arms 10 cm, inner diam 1.6 cm, angle between two arms ~90°). Plants were
placed into 1-1 glass containers closed with Teflon-sealed lids with two inlets.
Pressurized air was filtered through activated-charcoal and passed through the
glass container holding the plant with the odor source (with or without
limonene, with or without limonene + carvone, and with or without MeJa), and
then to one of the Y-tube arms. C. plutellae females were released individually
into the opening of the main arm end of the Y tube and observed for 5 min or
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until they made the final choice. This choice was recorded as the insect passed
into the end of the Y-tube arm. The Y tube was rotated 180° after each test run.
The source of the odor, the glass container, the Y-tube device, and the lids of
the containers were replaced after testing eight C. plutellae females in the
limonene and MeJA experiments. Ten females were used for each test in the
limonene + carvone assays, the filter papers with the mixture, and the Y tube
being replaced after testing five females.

Collection of Volatile Compounds. Volatiles emitted from the foliage of
the two cultivars of cabbage plants were collected using the headspace
collection technique and analyzed by gas chromatography—mass spectrometry
(GC-MS) as described by Vuorinen et al. (2004a) 1 d after spraying with 3%
limonene in 5% ethanol in water or 4.5 mM MeJA in 5% ethanol in water. Five
and six (Lennox and Rinda, respectively) randomly selected seedlings per
treatment were used for volatile collections. The roots of each sample plant
were washed and pruned slightly before being inserted into a 15 ml vial filled
with water. Thereafter, the whole plant was enclosed in a 1.5 1 (Lennox) or
1-1 (Rinda) glass vessel. The glass vessels had two inlets, one for purified air
and one for sampling. Charcoal-filtered air was led through Teflon tubing at a
flow rate of 200 ml min~' to the Tenax TA adsorbent tubes (150 mg), where the
volatiles were collected for 30 min per sample. Samples were analyzed by GC-
MS (Hewlett Packard GC type 6890, MSD 5973). Compounds collected on the
Tenax TA adsorbent tubes were released by thermodesorption at 250°C for 10
min. Compounds were cryofocused in a cold trap at —30°C and subsequently
injected onto an HP-5 capillary column (50.0 m x 0.2 mm i.d. x 0.50 pm film
thickness). The column temperature was first held at 40°C for 1 min. Thereafter,
the temperature was programmed to increase from 40°C to 210°C at 5°C min ™"
and finally to 250°C at 20°C min~'. An interval of 30 to 300 m/z range was
considered for the MS runs. Compounds were identified with different external
standards, one for terpenoids and one for green leaf volatiles (GLVs), by
comparing the mass spectra of a single compound with those of pure standards
and those in the Wiley library. The amount of a-thujene, (£)-4,8-dimethyl-
1,3,7-nonatriene (DMNT), and (E,E)-a-farnesene was calculated by assuming
that the responses to them were the same as those to a-pinene, (Z)-ocimene, and
(E)-B-farnesene, respectively. The shoot biomass of sample plants was deter-
mined to calculate the volatile emissions as nanograms per gram dry weight per
hour (ng g DW ' h™1). Volatiles were collected at a room temperature of 22°C
and light intensity of 250 pmol m ™2 s~ '. Light intensity was measured with
Quantum Sensor LI-185B (LI-COR, inc. Lincoln, NE, USA).

Statistics. Statistical analysis was performed using the SPSS 11.5 for
Windows statistical package. One-way ANOVA and general linear models
(GLM) procedures followed by Tukey’s or Dunnett’s T3 multiple comparison
tests were used to determine the RGR of larvae and for normally distributed
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volatile compounds. Other compounds that were not normally distributed were
tested with the nonparametric Kruskal-Wallis test. The Mann—Whitney test
with Bonferroni correction was used to analyze differences between treatments.
Data from the DBM egg-laying tests were analyzed with the independent-
samples ¢ test. The response of C. plutellae was analyzed with the non-
parametric binomial test.

RESULTS

Egg-Laying Experiments. DBM females laid marginally significantly more
eggs on cabbage (cv. Rinda) plants sprayed with limonene (Figure 1A) in the
two-choice tests and when limonene was released from vermiculite (Figure 1B)
in the no-choice test than on control plants. The number of eggs laid by females
on cabbage plants treated with limonene + carvone released from vermiculite
was lower in both cultivars in the no-choice tests (Figure 1C). On broccoli
plants, the difference was not significant.

Feeding Experiment. Limonene had no deterrent effect on DBM larvae
when detached leaves from plants sprayed with this compound were offered to
them. Larval weight was not influenced by limonene (Figure 2A), but was
significantly lower in cv Lennox sprayed with MeJA (Figure 2B).

A O Control m Limonene|

120

P=0.051
100 1

801

60 1

401

Mean eggs/plant

204

Lennox Rinda

FIG. 1. P. xylostella ovipositioning results on (A) cabbage plants sprayed with 3% of
limonene (N = 15) in 5% ethanol in water, (B) cabbage plants with limonene released
from vermiculite (N = 10), and (C) cabbage (cv Lennox and Rinda) and broccoli plants
exposed to the combination of limonene + carvone released from vermiculite (N = 10).
The data were analyzed with independent samples ¢ test, and error bars are from SE
values. *P < 0.05.
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FIG. 1. CONTINUED.

Olfactometer Experiments. Females of C. plutellae preferred the odors
of pure compounds (limonene and MeJA) to filtered air without plants in the
Y-tube olfactometer tests (Figure 3A), but did not significantly discriminate
between the limonene—carvone mixture and clean air. However, the number (N
= 12) of C. plutellae females responding to any of the odor sources was lower
(P < 0.001) than that of females (N = 38) that did not choose any of the odor
source (Figure 3A). In another case, C. plutellae females showed a significant
preference for the damaged plant with limonene over the damaged plant alone
in cv Lennox (Figure 3B). In the tests with broccoli and with both cabbage
cultivars, females preferred the damaged plant without limonene + carvone to
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FIG. 2. Detached leaves from cabbage plants (cv Rinda and Lennox) sprayed with (A)
3% of limonene in 5% ethanol in water or (B) 4.5 mM of MeJA in 5% ethanol (99.5%) in
water were fed to the DBM larvae for 48 hr and their RGR was calculated. Data were
analyzed with one-way ANOVA and error bars are from SE values. *P < 0.05.

the damaged plant with the mixture of limonene + carvone (Figure 3C).
Females were not able to differentiate between intact cabbage plants with
limonene and those without it (Figure 3D). In the MeJA treatment, females did
not show significant preference for any of the odor sources when tested with
intact or damaged plants (data not shown).

Collection of Volatile Compounds. In both cultivars, emission of homo-
terpene DMNT and the sesquiterpene (E,E)-o-farnesene was induced in the
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Total Volatiles without plants Clean air No choice
50 Limocarvone 38
92 wx | MeJA | 1
64  xx Limonene | 8
100 50 0 50 100
% of C.plutellae to volatiles
Total Damaged plants + limonene Damaged plants without limonene No choice
80 R 12
80  #xx L 10
100 50 0 50 100

% of C.plutellae to cabbage plants

FIG. 3. C. plutellae responses in Y-tube olfactometer tests to (A) the odors of limonene,
MelJA, and limonene + carvone without plants (treatment) and clean air; (B) damaged
plants by DBM larvae + limonene (treatment) or damaged plants without limonene as
control; (C) damaged plants with limonene + carvone as treatment or damaged plants
without limonene + carvone serving as controls; and (D) intact plants + limonene
(treatment) or without limonene as control. B = Broccoli, L = Lennox, R = Rinda. Total =
the total number of females used in the experiment. No choice = the number of females
that did not choose any of the odor sources. The data were analyzed using binomial tests:
*P < 0.05, **P < 0.01, ***P < 0.001.

MelJA treatment (Tables 1 and 2). In cv Rinda, the concentration of total mono-
terpenes was higher in the limonene treatment than in the other two treatments
(Table 2). In cv Lennox, sabinene concentration was lower in the MeJA treat-
ment. In both cultivars, the GLV (Z)-3-hexenyl acetate + octanal was higher in



1978 IBRAHIM ET AL.

c Total Damaged plants + limocarv Damaged plants without limocarv No choice
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84 L 12
100 50 0 50 100

% of C.plutellae to cabbage plants

FIG. 3. CONTINUED.

the MeJA treatment than in the other two treatments. In cv Rinda, the total
GLVs were higher in the MeJA treatment.

DISCUSSION

Limonene Attracts DBM and Its Parasitoid C. plutellae. We demonstrated
for the first time that exogenous limonene alone attracts DBM females to
cabbage cv Rinda for ovipositioning. Previously, Pivnick et al. (1994) showed
that DBMs are highly sensitive to an uncharacterized combination of volatiles
released by intact plants and probably dominated by terpenes. In this regard,
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TABLE 1. CONCENTRATION (NG G DW ™! H_l) OF MONO- AND SESQUITERPENES AND
SOME GREEN LEAF VOLATILES IN THE HEADSPACE EMISSIONS OF CABBAGE CULTIVAR
LENNOX 24 HR AFTER TREATMENT

Compounds Control Limonene MeJA
Thujene 20.6 £ 1.7a 25.7 £ 4.6a 19.6 £ 5.5a
o-Pinene 11.6 £ 0.8a 14.5 + 2.5a 8.5+ 0.5a
Sabinene 61.6 £ 5.8a 77.1 £ 15.3ab 394 +2.1b
B-Pinene + myrcene 23.6 £2.2a 293 £5.7a 16.7 £ 0.7a
Limonene 40.3 £+ 3.8a 254.9 + 65.2a 355+ 1.4a
1,8-Cineole 30.1 £ 3.4a 354 + 6.4a 232 +0.8a
Total monoterpenes 187.9 £ 17.4a 436.8 + 96.6a 1429 + 7.4a
DMNT [(E)-4,8- 0.0 £ 0.0a 0.0 £ 0.0a 109 + 1.2b
dimethyl-1,3,7-nonatriene]
(E,E)-o-farnesene 4.6 + 4.6a 0.7 + 0.6a 49.3 + 5.3b
n-Heptanal 0.1 +£0.1a 0.0 + 0.0a 0.0 + 0.0a
(2)-3-Hexenyl acetate + octanal 0.2 +0.1a 1.0 £ 0.7a 29.8 £ 6.7b

Control = 5% ethanol in water; limonene = 3% of limonene in 5% ethanol in water; MeJA = 4.5 mM
of methyl jasmonate in 5% ethanol in water (N = 5). Values are means = SE. Means followed by
different letters are significantly (P < 0.05) different.

TABLE 2. CONCENTRATION (NG G DW ™! H™!) OF MONO- AND SESQUITERPENES AND
SOME GREEN LEAF VOLATILES IN THE HEADSPACE EMISSIONS OF CABBAGE CULTIVAR
RINDA 24 HR AFTER TREATMENT

Compounds Control Limonene MeJA
Thujene 38.29 £ 4.48a 27.05 £ 6.93a 27.71 + 7.45a
o-Pinene 23.78 + 2.45a 22.88 + 1.33a 20.38 + 2.06a
Sabinene 131.19 + 16.63a 125.96 + 5.49a 103.04 + 13.59a
B-Pinene + B-myrcene 48.29 £ 6.95a 47.34 £ 2.63a 43.27 £ 531a
Limonene 77.11 + 10.65a 528.07 £ 157.89b 99.97 £ 11.87a
1,8-Cineole 5223 £6.22a 58.13 £2.82a 53.58 £ 5.90a
y-Terpinene 0.00 £ 0.00a 0.00 £ 0.00a 0.60 £ 0.60a
Total monoterpenes 370.89 + 46.89a 809.422 + 154.74b 348.55 £ 44.33a
DMNT [(E)-4,8- 0.00 £ 0.00a 6.46 £ 6.46ab 27.44 + 3.86b

dimethyl-1,3,7-nonatriene]

(E,E)-a-Farnesene 18.72 £ 15.17a 27.64 + 21.03a 202.22 + 38.74b

3-Hexen-1-o0l 0.00 £ 0.00a 6.72 + 4.35a 5.82 £2.47a
1-Hexanol 0.00 + 0.00a 7.29 + 3.00a 0.00 + 0.00a
1-Octen-3-ol 0.00 £ 0.00a 17.09 + 6.16a 0.00 £ 0.00a
(Z)-3-Hexenyl acetate + octanal 34.02 + 15.38a 35.73 £ 9.81a 108.81 £ 20.57b
Nonanal 60.88 = 3.90a 48.57 £ 12.75a 60.41 £ 3.22a
Total GLVs 9491 £ 14.80a 115.42 + 17.02ab 175.03 + 24.06b

Control = 5% ethanol in water; limonene = 3% of limonene in 5% ethanol in water; MeJA = 4.5 mM
of methyl jasmonate in 5% ethanol in water; GLV = green leaf volatile. (N = 6). Values are
means + SE. Means followed by different letters are significantly (P < 0.05) different.
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limonene is one of the main volatile compounds in the headspace of intact
cabbages (Shiojiri et al., 2001; Vuorinen et al., 2004b). However, DBM moths
prefer the volatiles released from conspecific-damaged cabbage plants over
undamaged plants (Shiojiri and Takabayashi, 2003). Vuorinen et al. (2004a)
found that emission of total monoterpenes from cv Rinda was induced by the
48-hr feeding damage of DBM larvae. We found that the total monoterpene
emission from limonene-treated cv Rinda was significantly higher than that in
other treatments. This suggests that the volatile emission from exogenously
limonene-treated cabbage cv Rinda resembles that of DBM-damaged cv Rinda.

Our results show that limonene has no deterrent effect on DBM larval
feeding. This contrasts with the findings with other pest insects by Peterson et al.
(1994), Nehlin et al. (1994), and Ntiamoah et al. (1996), who have shown that
limonene deterred the oviposition of pickleworm moths (Diaphania nitidalis),
carrot psyllids (7rioza apicalis), and onion maggots (Delia antiqua M.), re-
spectively. In Y-tube olfactometer tests, C. plutellae females preferred infested
plants with limonene to infested plants without limonene in cv Lennox. This
observation agrees with our previous study, which indicated that limonene at-
tracts the generalist predator Podisus maculiventris (Hemiptera: Pentatomidae)
(Ibrahim and Holopainen, 2002).

Limonene + Carvone Improves the Repellent and Deterrent Effect. We
found that a mixture of limonene and carvone reduces the number of eggs
laid by DBMs on cabbage. These results are consistent with the findings of
Ntiamoah et al. (1996) and those of Ntiamoah and Borden (1996), who have
shown that a mixture of limonene, 3-carene, and p-cymene deters oviposition by
the onion maggot (D. antique M.), and by the cabbage maggot (D. radicum L.),
respectively. Similarly, limonene + carvone repels females of C. plutellae in Y-
tube olfactometer tests. Although the use of this mixture in the Y-tube olfac-
tometer has not been reported previously, our findings principally agree with
those of Nehlin et al. (1994), Ntiamoah et al. (1996), and Ntiamoah and Borden
(1996). This demonstrates that the deterrent effect of single monoterpene
increases when it is combined with other terpenoids. In previous studies, Salom
et al. (1996), Klepzig and Schlyter (1999), Frank et al. (2002), and Schlyter et
al. (2004) reported a feeding deterrent effect of carvone on insects and slugs.

MeJA Induces the Emission of Volatiles. We found that MeJA treatment
induces the emission of the sesquiterpene (E,E)-ao-farnesene and the homo-
terpene DMNT, as previously reported by Rodriguez et al. (2001) for cotton
plants treated with exogenous MeJA. Similarly, the exogenous application of
MeJA on oilseed rape (Brassica rapa subsp. oleifera) increases the amount of
these compounds (Loivamiki et al., 2004). In addition to constitutive mono-
terpenes (sabinene, limonene, B-pinene, myrcene, 1,8-cineole, o-thujene, and
o-pinene), infested cabbage plants emit induced compounds such as DMNT,
and (E,E)-a-farnesene, which are known to attract herbivores and their natural



LIMONENE ATTRACTS Plutella xylostella AND ITS PARASITOID 1981

enemies (Dicke et al., 1999; Rodriguez et al., 2001; Vuorinen et al., 2004a,b).
Although the mechanism whereby MeJA induces DMNT and (£,E)-o-farnesene
is not fully understood, Mandujano-Chavez et al. (2000) found that MeJA can
induce the expression of sesquiterpene cyclase genes in tobacco cell cultures.
However, MeJA has limited ability to induce later steps in the sesqui-
terpene pathway (Mandujano-Chavez et al., 2000). On the other hand, MeJA
induces the expression of lipoxygenase in common bean (Porta et al., 1999) and
in maize (Kim et al., 2003), which suggests that MeJA affects the emission of
DMNT and (E,E)-a-farnesene via lipoxygenase pathway by inducing the accu-
mulation of endogenous jasmonic acid.

As reported (Bogahawatte and van Emden, 1996; Potting et al., 1999;
Vuorinen et al., 2004a), the volatile compounds emitted from plants damaged by
DBM allow C. plutellae to discriminate between intact and damaged plants. In the
present study, we demonstrated that the parasitoid C. plutellae is able to
discriminate between limonene, MeJA, and clean air. The response of C. plutellae
varies with the plant species and probably with the cultivar (Liu and Jiang, 2003),
and the volatiles induced from infested plants seem to be important cues to C.
plutellae (Shiojiri et al., 2001; Shiojiri and Takabayashi, 2003). Reddy et al. (2002)
have also shown that DBM parasitoids, including C. plutellae, are attracted to a
variety of chemical cues related to their host.

In summary, our results suggest that limonene and MeJA can be used as
attractants for natural enemies of insect herbivores, particularly those of DBM,
in organic agriculture. A mixture of limonene with carvone can act as a deterrent
on crop plants, but deterrents have negative effects on natural enemies of DBM.
Limonene can perhaps be used as an attractant of DMB on trap crop plants.
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