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Simple Summary: This study used field observations to demonstrate that intercropping okra in
a pear orchard reduced pheromone trap catches of Grapholita molesta in two years, whereas inter-
cropping with castor bean reduced them in one year, relative to natural grass cover. GC-MS assays
showed that hydrocarbons, phenols, and ketones predominated in the volatiles emitted from okra,
whereas aldehydes, ketones, and esters were the most abundant volatiles emitted from castor bean.
Five of these compounds exhibited repellency to G. molesta in olfactometry assays, especially cin-
namaldehyde, dibutyl phthalate, and thymol; the former also served as an attractant for the egg
parasitoid Trichogamma dendrolimi, which is often used in augmentation biocontrol of the moth.

Abstract: Intercrops can lower pest densities by increasing plant diversity, altering chemical com-
munication in the arthropod community, and integrating well with other IPM tactics. We used two
years of field observations and Y-tube olfactometer assays to explore the effects of intercropping
a pear orchard with okra and castor bean on the cosmopolitan fruit-boring pest Grapholita molesta
(Lepidoptera: Tortricidae). Intercropping okra reduced G. molesta trap catches in the pear orchard in
both years, and intercropping with castor bean reduced them in the second year. Hydrocarbons, phe-
nols, and ketones predominated in the GC-MS assay of okra volatiles, whereas castor bean volatiles
were rich in aldehydes, ketones, and esters. Five of the commercially available volatiles released
by these plants exhibited repellency to G. molesta in olfactometer trials, especially cinnamaldehyde,
dibutyl phthalate, and thymol; the former compound also exhibited attraction to the egg parasitoid
Trichogamma dendrolimi (Hymenoptera: Trichogrammatidae). In addition to their repellent properties,
okra and castor bean may enhance integrated control of G. molesta in orchards by hosting prey that
support populations of generalist predators that either provide biological pest control services within
the orchard ecosystem or generate non-consumptive effects that contribute to pest deterence. Among
the plant volatiles evaluated, cinnamaldehyde has the best potential for deployment in orchards to
repel G. molesta without disrupting augmentative releases of T. dendrolimi.

Keywords: cinnamaldehyde; dibutyl phthalate; integrated pest management; repellents; thymol;
Trichogramma dendrolimi
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1. Introduction

An effective integrated pest management (IPM) strategy should harness natural eco-
logical mechanisms to maintain pests below their economic thresholds in a cropping
system using tactics that are cost-effective relative to alternative control measures [1–3].
Intercropping is a cultural control tactic dating back to antiquity that has recently drawn
renewed attention for its potential to deliver multiple ecological benefits, including in-
creased biodiversity and enhanced chemical communication among plants, pests, and
natural enemies [4–6]. Intercropping has been most thoroughly studied in annual crops,
yielding management benefits that include repulsion of crop pests, attraction and reten-
tion of natural enemies that enhance pest suppression, and improved plant resistance
via nutritional enhancement and water retention [7]. In comparison, perennial orchards
provide a more temporally stable habitat that is intrinsically more amenable to natural pest
control, unless management practices disrupt these services [8]. Intercropping orchards
with flowers and grasses, whether wild or artificially sown, has been shown to promote
functional diversity and natural enemy residence, often supplementing other IPM tactics [9].
In addition, any value the intercrop might have as either food or forage will reduce the
cost of its deployment. Nevertheless, research is limited to intercropping cash crops in
orchards for pest control purposes, and the potential functions of their semiochemicals in
mediating ecological communications among plants, pests, and natural enemies remain
largely unexplored in horticultural agroecosystems.

The oriental fruit moth, Grapholita molesta (Busck) (Lepidoptera: Tortricidae), is a
cosmopolitan pest of rosaceous fruit trees in temperate climates [10]. In recent years, losses
in fruit production due to damage by G. molesta have worsened as global warming drives
changes in thermal regimes and cultural practices [11]. Control of G. molesta is challenging
because larvae feed internally within plant parts from eclosion until pupation; there are
3–6 overlapping generations per season; and many populations have evolved resistance to
commonly used insecticides [12,13]. Current management of G. molesta in fruit orchards
relies on a combination of insecticide applications targeting adult moths, mating disrup-
tion with sex pheromones, and inundative releases of Trichogramma spp. egg parasitoids
(Hymenoptera: Trichogrammatidae) during peak oviposition periods [14,15]. However,
IPM programs for G. molesta would benefit from the integration of novel control tactics,
given the diminishing efficiency of mating disruption [16], its evolution of resistance to
organophosphate and carbamate insecticides [12,13], and the susceptibility of egg para-
sitoids to environmental factors [17,18]. Intercropping orchards with cash crops have the
potential to enhance the IPM of G. molesta while providing off-setting economic returns.

Okra is the fruit of a plant in the mallow family (Malvaceae), Abelmoschus (Hibiscus)
esculentus (L.) Moench, which has a high nutritional value for human consumption. It
has economic value as a vegetable crop worldwide, especially in eastern Europe, Africa,
and Asia [19,20]. Okra is the source of more than a hundred phytochemicals, including
many with pharmacological and toxicological uses and pest-resistant properties [20]. For
example, extracts of Hibiscus abelmoschus L. have demonstrated larvicidal activity against
mosquitoes [21].

Castor bean, Ricinus communis L. (Euphorbiaceae), is an important non-edible oilseed
crop of value to the manufacturing industry [22], and its oil contains many bioactive com-
pounds with a wide range of pharmaceutical properties [23]. Castor oil exhibits direct
toxicity to the pickleworm, Diaphania nitidalis (Stoll) (Lepidoptera: Crambidae) [24], the
diamondback moth, Plutella xylostella L. (Lepidoptera: Plutellidae) [25], and also inhibits
reproduction in the cattle tick, Rhipicephalus microplus [26]. Volatiles from flowering R.
communis plants are repellent to the whitefly Bemisia tabaci (Gennadius) (Hemiptera: Aley-
rodidae) [27], and leaf extracts have shown insecticidal and oviposition deterrent activity
against the bruchid beetle Callosobruchus chinensis (L.) (Coleoptera: Bruchidae) [28] and
toxicity to the yellow sugarcane aphid, Sipha flava (Forbes) (Hemiptera: Aphididae) [29].
Here we explored the potential benefits of intercropping okra and castor bean in a pear
orchard for integrated pest management of G. molesta.
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The objectives of the present study were: (1) to compare the effects of okra and castor
bean intercrops, relative to grass cover, on G. molesta abundance; (2) to analyze the profile
of volatile organic compounds released by okra and castor bean plants; and (3) to test the
responses of G. molesta adults and its egg parasitoid, T. dendrolimi, to okra and castor bean
volatiles in olfactory bioassays. The results were expected to identify the potential benefits
of these plants for IPM of G. molesta in an orchard environment.

2. Materials and Methods
2.1. Intercrop Experiment

The experiment was conducted in 2018 and 2019 in a 54-hectare organic pear orchard
in Daxing district, Beijing, China (116.45◦ E, 39.98◦ N). The majority of trees were Pyrus
pyrifolia (cv. Cuiyu), five years old with an average height of 2.5 m, planted ca. 0.7 m
apart with 3.3 m row spacing. Prior to the study, the orchard had a history of losses
due to fruit damage by G. molesta. The orchard was divided into four main parts by
two roads running across it: east-west and north-south. The southwest quadrant was
divided into three plots, each separated by a buffer of 15 m, and intercropped with either
natural grass cover, okra, or castor bean (Figure 1). The intercrops were planted in mid-
April and were watered and weeded weekly. For each treatment, five blocks of pear trees
(330 m2 each) were established as experimental replicates, and the flight activity of male
G. molesta moths was monitored from June to October by means of a sex pheromone trap
(PHEROBIO, Beijing, China), each attached to a pear tree at a height of 1.5 m at the center
of each block, with one trap per section. Although it could be argued that this layout did
not provide sufficient treatment replication, we contend that the replication of treatment
blocks within plots, together with the buffers between plots, was sufficient to provide
adequate interspersion of treatments [30], effectively resolving treatment effects that would
not likely have been observed if plot-specific factors had biased results. The traps were
checked and sticky sheets replaced weekly, and pheromone lures were replaced monthly,
per the manufacturer. The entire orchard was managed conventionally throughout the
investigation period, with applications of the pesticides spirotetramat, emamectin benzoate,
abamectin, pyridaben, and thiamethoxam applied at petal-fall, post-bloom, fruit set, young
fruit, and fruit enlargement stages, respectively, to control a complex of phloem-feeding
pests (aphids, psyllids, and scales) and folivores (lepidopterous larvae and mites).

2.2. Volatile Collection and Analysis

Volatiles were collected from fresh samples of leaves, flowers, and fruits of okra and
leaves and flowers of castor bean (ca. 30 g each) using a dynamic headspace air collection
device (model QC-1, Beijing Municipal Institute of Labor Protection, Beijing, China) as
described in previous work [31]. Porapak Q (80/100, 50 mg) tubes were used to absorb
odors, and these were connected to an oven bag (Reynolds, 406 mm× 444 mm, Lake Forest,
IL, USA) where the volatiles were delivered. Air entering the collection device is first
passed through activated charcoal and distilled water, and then through a bag containing
the odor source. Volatiles were collected from each sample for 2 h at 25 ◦C with an airflow
rate of 50 mL min−1. After collection, the absorbent was eluted three times with hexane
in a total volume of 1 mL, and the sample obtained was analyzed using GC/MS (Agilent
7890B&7200, Agilent, Santa Clara, CA, USA). One microliter of each sample was injected
into a 200 ◦C injector with a column temperature of 40 ◦C for 3 min, and the temperature
was increased to 270 ◦C at a rate of 6 ◦C min−1. Compounds were identified by comparing
the mass spectra against the NIST 11 Mass Spectral Library (NIST/2011/EPA/NIH), and
the relative ratio of each compound in samples was calculated accordingly using the area
normalization method.
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Figure 1. A schematic diagram of the three regions of the pear orchard depicts the placement of the
natural grass cover, okra, and castor bean intercrop treatments.

2.3. Insect Rearing

Larvae of G. molesta (ca. 300) were collected from pear orchards in the Institute
of Pomology in Liaoning province, China (120.12◦ E, 40.1◦ N) and used to establish a
laboratory colony. Larvae were reared on Fuji apple fruits for more than thirty generations
under constant conditions of 25 ± 1 ◦C, 70 ± 5% RH, and a 16:8 (L:D) photoperiod [32].
Briefly, pupae were sexed and placed in ventilated cylindrical plastic containers (15.0 cm
diam× 9.0 cm ht), 40 per container (sex ratio = 1:1). Upon emergence, adults were provided
with a 10% honey solution on balls of cotton (replaced daily), and females laid eggs on
the inner surface of the container. Eggs were harvested daily by moving adults to new
containers and cutting the containers into pieces to produce cards bearing ca. 20 eggs
each. Twenty cards were then placed with 10 apples in each of a series of plastic baskets
(50 × 30 × 10 cm), so that eclosing neonates could bore into the fruit directly. Larvae
emerged from the fruit as mature fifth-instars and pupated in layers of gauze placed on the
top and bottom of each basket.
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A laboratory colony of T. dendrolimi was established with wasps purchased from
Gongzhuling Jinong Green Agriculture High-tech Development Co., Ltd., Jilin, China,
and reared on eggs of Antheraea pernyi (Guerin-Meneville) (Lepidoptera: Saturniidae) as a
factitious host. Female T. dendrolimi used in olfactometry were reared on eggs of G. molesta
for one generation at 25 ± 1 ◦C, 70 ± 5% RH, and a 14:10 (L:D) photoperiod [15]. Briefly,
one d-old T. dendrolimi females (n = 100) were confined with males (n = 100) in plastic Petri
dishes (9 cm diam) for 24 to permit mating. Wasps were provisioned with a 10% honey
solution smeared on the Petri dish covers. Host eggs were parasitized by confining female
mated wasps for 24 h in plastic Petri dishes (n = 2 wasps per dish), each containing a G.
molesta egg card with ca. 50 eggs.

2.4. Olfactometry

In order to test the responses of G. molesta adults and female T. dendrolimi adults to
volatiles emanating from okra and castor bean, choice tests were conducted in a Y-tube
olfactometer (2.0 cm internal diam) with a stem length of 10 cm and arms 8 cm long, with
a 75◦ angle at the branch point. Five volatile organic compounds were selected as odor
sources based on their identification as constituents of okra headspace (α-copaene, thymol,
and 6-methylhept-5-en-2-one) and castor bean headspace (cinnamaldehyde and dibutyl
phthalate) and their commercial availability. Among these, α-copaene is known to be
an effective attractant for various herbivores [33,34], whereas cinnamaldehyde has both
repellent and insecticidal activity [35–37]. All compounds were purchased from Sigma-
Aldrich Corp. with a purity of 98.0–99.5% and tested at concentrations of 5%, 2%, and
1% using ethanol as a carrier solvent. A 10 µL droplet of each compound in solution was
placed on a piece of filter paper (8 cm2), and individual samples were placed inside a
ground glass stoppered flask (4 cm diameter, 10 cm height); filter paper with a droplet
of pure ethanol served as a control. Air was drawn through the apparatus by means of
a vacuum pump (as above) placed upstream of the release chamber to carry the volatile
compounds through the arms of the olfactometer. The air was first purified by passage
through activated charcoal, humidified by passage through distilled water, and entered
each odor source bottle at a flow rate of 500 mL min−1. Tests were carried out at 25.0 ◦C
under a red light placed directly above the apparatus. Bioassays were conducted between
19:00 and 22:00 h for G. molesta, the typical period of moth activity, and between 9:00 and
16:00 h for T. dendrolimi. Each moth or female parasitoid was introduced singly at the
entrance of the main arm and walked upwind to choose between the two odor sources.
Choices were recorded when an insect walked >2 cm beyond the branch point or reached
the end of one arm; otherwise, no choice was recorded after 10 min of observation. The
Y-tube was reversed after each observation, all tubes were rinsed with 95% ethanol before
reuse, and the Y-tube was replaced after every ten observations.

2.5. Statistical Analysis

Statistical analyses were all performed using the SPSS Statistics package ver. 17.0 [38].
Total trap catches of G. molesta were compared among intercrop treatments by one-way
ANOVA followed by Tukey’s test after square-root transformation of the data with the
formula of

√
x + 0.5, where x represents the catch number [39]. Insect responses to different

odor sources were compared by chi-square.

3. Results
3.1. Intercrop Experiment

Two peaks of G. molesta activity were observed in 2018, a small peak in early Au-
gust and a larger one in early September (Figure 2A), whereas in 2019, there were two
small peaks in July and two larger ones in late August/early September (Figure 2B).
Total catches of G. molesta males in 2018 were significantly lower in the okra intercrop
(mean ± SE = 110.4 ± 8.4) than in either the grass cover (mean± SE = 179.4± 8.9) or castor
bean (mean± SE = 165.6± 8.8) treatments (F2,4 = 17.40, p < 0.001), and in 2019, catches were
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lower in both the okra (mean± SE = 88.4± 18.5) and castor bean (mean ± SE = 111.0 ± 11.0)
treatments than in the grass cover control (mean ± SE = 182.6 ± 26.4) (F2,4 = 9.07, p = 0.004).
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3.2. Volatile Analysis

Six principle types of volatile compounds were collected from okra and castor bean:
hydrocarbons, alcohols, phenols, aldehydes, ketones, and esters (Tables S1–S5). A higher
diversity of volatiles and comparatively more hydrocarbons emanated from okra, whereas
castor bean released more aldehydes, ketones, and esters (Figure 3).
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3.3. Olfactometry of Grapholita molesta

Five commercially available volatile compounds, identified from okra (thymol, 6-
methylhept-5-en-2-one, and α-copaene) and castor bean (cinnamaldehyde and dibutyl
phthalate), were tested against clean air for attraction/repulsion of G. molesta moths in
an olfactometer. Negative responses to most compounds were observed, although results
were variable across concentrations (Figure 4). Compared with the three okra volatiles, the
two compounds from castor showed more obvious repellency to both male and female G.
molesta, especially cinnamaldehyde (Figure 4D).

3.4. Olfactometry of Trichogramma dendrolimi Females

Similar to the response of G. molesta, female T. dendrolimi expressed negative responses
to the three volatiles of okra and one volatile (dibutyl phthalate) from caster bean (Figure 5).
However, cinnamaldehyde exhibited a significant attractive effect when diluted 50-fold
(χ2 = 21.87, p < 0.001; Figure 5D).
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Figure 5. Percentages of Trichogramma dendrolimi females (n = 50 wasps per trial, tested singly)
responding to three volatiles from okra: α-copaene (A), thymol (B), and 6-methylhept-5-en-2-one (C),
and two volatiles from castor bean: cinnamaldehyde (D) and dibutyl phthalate (E), when presented
versus clean air in a Y-tube olfactometer (chi-square test, *: p ≤ 0.05, **: p ≤ 0.01). Each compound
was tested at three dilutions; numbers in parentheses indicate the percentage of wasps responding in
each test.
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4. Discussion

Results of the orchard trial revealed that both okra and castor bean intercrops could
reduce the density of G. molesta moths recruited to the pear orchard, although the effect
of castor bean was significant only in the second year of observations and actually led to
higher moth densities during the period of peak flight in the first year. However, in both
years, the number of G. molesta trapped in the okra intercrop treatment was significantly
lower than the number trapped in the grass cover treatment. Previous work in the same
orchard has shown that trap catches of G. molesta provide a good estimate of levels of
subsequent fruit damage [15].

Volatile organic compounds collected from okra were predominantly hydrocarbons,
phenols, and ketones, whereas the headspace of castor bean was rich in aldehydes, ketones,
and esters. Certain volatile hydrocarbons emitted by plants can be repellent to herbivorous
insects [40]. Although many benzenoid compounds were identified in the headspace of
okra, their potential to influence herbivore behavior remains unexplored to date. Certain
ketones, such as the primary component in the essential oil of Artemisia annua, exhibit
antimicrobial activity and repellency to storage pests [41]. Another originally extracted
from wild tomato plants, methyl nonyl ketone (also known as 2-undecanone), exhibits
repellency toward ticks [42]. Of the ketones identified in the present study, analogues
of β-damascone, identified from castor bean, have been shown to inhibit aphid feeding
behavior [43]. On the other hand, the alcohols, aldehydes, and esters that are abundant
in castor bean volatiles are often associated with the attraction of insects to plants [40].
Methyl jasmonate, an important signaling molecule triggering plant defensive reactions,
was detected in both okra and castor bean, with higher amounts emanating from okra.
Despite some uncertainty with respect to the roles of specific compounds, we can infer that
the volatile emissions of both okra and castor bean were likely responsible for the observed
reductions in G. molesta trap catches in sections of the pear orchard where these plants were
intercropped. It is also possible that the presence of intercrops increased biodiversity by
attracting additional insect species, including arthropod predators, that may have deterred
moth recruitment via ‘ecology of fear’ effects [44].

Based on the GC-MS results, five commercially available volatile organic compounds
were tested for olfactory repellency to G. molesta and its egg parasitoid, T. dendrolimi. Some
level of repellency to G. molesta was observed for all five compounds, but particularly for
cinnamaldehyde, dibutyl phthalate, and thymol. Cinnamaldehyde, a component of castor
bean volatiles, exhibits antibacterial activity [45] and has been studied in nanoencapsulated
form as a potential mosquito repellent when applied to fabrics [46] and as a repellent to the
Indian meal moth, Plodia interpunctella (Hübner) (Lepidoptera: Pyralidae), when incorpo-
rated into packaging material for stored products [47]. It has also shown repellency toward
weevil pests in stored products [48,49], insecticidal activity against Spodoptera littoralis (Bois-
duval) (Lepidoptera: Noctuidae) [50] and Musca domestica L. (Diptera: Muscidae) [37], and
feeding inhibition in Drosophila suzukii (Matsumura) (Diptera: Drosophilidae) [51]. In our
study, cinnamaldehyde was deterrent to both male and female G. molesta (although not for
males at 50-fold dilution) but exhibited no deterrency to T. dendrolimi females, even serving
to attract them in the 50-fold dilution trial. Thus, cinnamaldehyde emerged as the most
promising compound for potential deployment in management programs for G. molesta
in pear orchards. Given that the primary source of cinnamaldehyde is cinnamon itself, a
widely used and valuable cooking spice, Cinnamomum spp. could merit investigation as an
intercrop with cash value in addition to repellent properties.

Dibutyl phthalate, a primary component of castor bean volatiles, exhibited repellency
to G. molesta moths, particularly when diluted 20-fold, although it was also repellent
to T. dendrolimi. Dibutyl phthalate is an endocrine-disrupting chemical causing various
mammalian pathologies [52] that has acaricidal activity against dust mites [53], but there
has been no examination to date of any possible effects on insect behavior. Of the three
volatile constituents identified from okra, α-copaene was repellent to male G. molesta at
50-fold dilution, repellent to females at 100-fold dilution, and lacked repellency to the egg
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parasitoid at these concentrations. This compound has been identified as one of several
sesqueterpenes released by chili peppers in response to feeding by the aphid Myzus persicae
(Sulzer) (Hemiptera: Aphididae) that causes aphid-infested plants to become less attractive
to the whitefly B. tabaci [54]. Although thymol was repellent to male moths at all tested
dilution rates and to T. dendrolimi at the 20-fold rate, it did not repel females and even
attracted them at the 50-fold rate. Similarly, 6-methylhept-5-en-2-one repelled male G.
molesta at 50- and 100-fold dilutions and T. dendrolimi at 50-fold, but had no measurable
effect on female moths. Thymol has been implicated in synergizing the antimicrobial
effect of nicotine on the trypanosome gut parasitoid Crithidia bombi, Lipa, and Triggiani
(Kinetoplastea: Trypanosomatidae) when supplied in the diet of the bumble bee Bombus
impatiens [55].

Given that our behavioral assays were limited to the five volatile components that
were commercially available, we cannot overlook the potential importance of other volatile
constituents to the inhibitory effect of these intercrops on the recruitment of G. molesta
to the pear orchard. It is also possible that the reduced trap catches of moths observed
in the intercropped orchard plots result from net responses to combinations of volatiles
or interactions (antagonisms and synergisms) between constituents and thus may not be
attributable to any single compound. Furthermore, if the intercrops altered the composition
of the local arthropod community, the increased insect diversity could have generated
non-consumptive, enemy-risk effects that contributed to G. molesta deterrence.

Okra and castor beans offer other potential benefits to orchard pest management that
were not assessed in the present study. In addition to their repellency to G. molesta adults,
the presence of these plants as intercrops may contribute to arthropod diversity in the
orchard, thus promoting biological control of other pests. For example, okra can host leaf
beetles, cotton aphids, and whiteflies that will support populations of generalist predators
such as spiders, syrphids, coccinellids, and lacewings [19], which may then contribute
to the control of aphids, psyllids, and gall midges on the pear trees. Castor bean has
allelopathic properties that may assist with suppression of weed species [56] and has been
successfully employed as a banker plant to enhance populations of the whitefly parasitoid
Encarsia formosa Gahan (Hymenoptera: Aphelinidae) for control of B. tabaci in tomato [57];
feeding by whiteflies on R. communis elicits the production of volatiles that attract the
parasitoid [58]. Therefore, more robust assessments of the impact of these intercrops on
the arthropod community in pear orchards are warranted to identify potentially broader
ecological benefits. These should include estimates of the degree to which fruit infestation
can be reduced by okra and caster bean intercrops or by the application of their specific
volatile components.

5. Conclusions

We conclude that okra and castor bean emit volatiles that are repellent to G. molesta
adults and can reduce the recruitment of moths when these plants are intercropped in
pear orchards (Figure 6). Given that okra and castor bean host various herbivorous in-
sects that serve as prey for generalist arthropod predators contributing to biological pest
control within the orchard ecosystem, they may also serve as banker plants that further
enhance integrated pest management programs in pear orchards. Among the plant volatiles
evaluated, cinnamaldehyde, either directly applied or emanating from intercropped Cinam-
momum spp., could serve to repel G. molesta without disrupting augmentative releases of
T. dendrolimi.



Insects 2023, 14, 885 11 of 14

Insects 2023, 14, x FOR PEER REVIEW 12 of 15 
 

 

Okra and castor beans offer other potential benefits to orchard pest management that 
were not assessed in the present study. In addition to their repellency to G. molesta adults, 
the presence of these plants as intercrops may contribute to arthropod diversity in the 
orchard, thus promoting biological control of other pests. For example, okra can host leaf 
beetles, cotton aphids, and whiteflies that will support populations of generalist predators 
such as spiders, syrphids, coccinellids, and lacewings [19], which may then contribute to 
the control of aphids, psyllids, and gall midges on the pear trees. Castor bean has 
allelopathic properties that may assist with suppression of weed species [56] and has been 
successfully employed as a banker plant to enhance populations of the whitefly parasitoid 
Encarsia formosa Gahan (Hymenoptera: Aphelinidae) for control of B. tabaci in tomato [57]; 
feeding by whiteflies on R. communis elicits the production of volatiles that attract the 
parasitoid [58]. Therefore, more robust assessments of the impact of these intercrops on 
the arthropod community in pear orchards are warranted to identify potentially broader 
ecological benefits. These should include estimates of the degree to which fruit infestation 
can be reduced by okra and caster bean intercrops or by the application of their specific 
volatile components.  

5. Conclusions 
We conclude that okra and castor bean emit volatiles that are repellent to G. molesta 

adults and can reduce the recruitment of moths when these plants are intercropped in 
pear orchards (Figure 6). Given that okra and castor bean host various herbivorous insects 
that serve as prey for generalist arthropod predators contributing to biological pest control 
within the orchard ecosystem, they may also serve as banker plants that further enhance 
integrated pest management programs in pear orchards. Among the plant volatiles 
evaluated, cinnamaldehyde, either directly applied or emanating from intercropped 
Cinammomum spp., could serve to repel G. molesta without disrupting augmentative 
releases of T. dendrolimi.  

 
Figure 6. Schematic diagram of hypothesized effects of okra and castor intercropping on population
control of Grapholita molesta in a pear orchard.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/insects14110885/s1, Table S1: Relative amounts of volatile compounds
collected from okra leaves; Table S2: Relative amounts of volatile compounds collected from okra
flowers; Table S3: Relative amounts of volatile compounds collected from okra fruits; Table S4:
Relative amounts of volatile compounds collected from castor bean leaves; Table S5: Relative amounts
of volatile compounds collected from castor bean flowers.

Author Contributions: Conceptualization: Z.L., X.L. and H.X. (Huanli Xu); methodology and data
collection: J.Y., H.X. (Haoyang Xu) and Y.L.; data analysis: Z.L., J.Y., J.P.M., H.X. (Haoyang Xu) and
Y.L.; writing, review, and editing: Z.L., J.P.M., H.X. (Huanli Xu) and X.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by the China Agriculture Research System (CARS-28).

Data Availability Statement: The data presented in this study are available on request from the first
author (Z.L).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Pimentel, D. Perspectives of integrated pest management. Crop. Prot. 1982, 1, 5–26. [CrossRef]
2. Pickett, J.A.; Woodcock, C.M.; Midega, C.A.O.; Khan, Z.R. Push-pull farming systems. Curr. Opin. Biotechnol. 2014, 26, 125–132.

[CrossRef]
3. Alkema, J.T.; Dicke, M.; Wertheim, B. Context-dependence and the development of push-pull approaches for integrated

management of Drosophila suzukii. Insects 2019, 10, 454. [CrossRef] [PubMed]
4. Cook, S.M.; Khan, Z.R.; Pickett, J.A. The use of push-pull strategies in integrated pest management. Annu. Rev. Entomol. 2007, 52,

375–400. [CrossRef] [PubMed]
5. Naeem, S.; Duffy, J.E.; Zavaleta, E. The functions of biological diversity in an age of extinction. Science 2012, 336, 1401–1406.

[CrossRef]
6. Turlings, T.C.J.; Erb, M. Tritrophic interactions mediated by herbivore-induced plant volatiles: Mechanisms, ecological relevance,

and application potential. Annu. Rev. Entomol. 2018, 63, 433–452. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/insects14110885/s1
https://www.mdpi.com/article/10.3390/insects14110885/s1
https://doi.org/10.1016/0261-2194(82)90054-0
https://doi.org/10.1016/j.copbio.2013.12.006
https://doi.org/10.3390/insects10120454
https://www.ncbi.nlm.nih.gov/pubmed/31847450
https://doi.org/10.1146/annurev.ento.52.110405.091407
https://www.ncbi.nlm.nih.gov/pubmed/16968206
https://doi.org/10.1126/science.1215855
https://doi.org/10.1146/annurev-ento-020117-043507
https://www.ncbi.nlm.nih.gov/pubmed/29324043


Insects 2023, 14, 885 12 of 14

7. Hassanali, A.; Herren, H.; Khan, Z.R.; Pickett, J.A.; Woodcock, C.M. Integrated pest management: The push-pull approach for
controlling insect pests and weeds of cereals, and its potential for other agricultural systems including animal husbandry. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 2008, 363, 611–621. [CrossRef] [PubMed]

8. Demestihas, C.; Plénet, D.; Génard, M.; Raynal, C.; Lescourret, F. Ecosystem services in orchards. A review. Agron. Sustain. Dev.
2017, 37, 12. [CrossRef]

9. Herz, A.; Cahenzli, F.; Penvern, S.; Pfiffner, L.; Tasin, M.; Sigsgaard, L. Managing floral resources in apple orchards for pest
control: Ideas, experiences and future directions. Insects 2019, 10, 247. [CrossRef]

10. Kirk, H.; Dorn, S.; Mazzi, D. Worldwide population genetic structure of the oriental fruit moth (Grapholita molesta), a globally
invasive pest. BMC Ecol. 2013, 13, 12. [CrossRef]

11. Zhang, Z.; Men, L.; Peng, Y.; Li, J.; Deng, A.; Chen, Y.; Liu, X.; Ma, R. Morphological differences of the reproductive system could
be used to predict the optimum Grapholita molesta (Busck) control period. Sci. Rep. 2017, 7, 8198. [CrossRef] [PubMed]

12. Kanga, L.H.B.; Pree, D.J.; van Lier, J.L.; Walker, G.M. Monitoring for resistance to organophosphorus, carbamate, and pyrethroid
insecticides in the oriental fruit moth (Lepidoptera: Tortricidae). Can. Entomol. 1999, 131, 441–450. [CrossRef]

13. Kanga, L.H.B.; Pree, D.J.; van Lier, J.L.; Walker, G.M. Management of insecticide resistance in oriental fruit moth (Grapholita
molesta; Lepidoptera: Tortricidae) populations from Ontario. Pest Manag. Sci. 2003, 59, 921–927. [CrossRef] [PubMed]

14. Rothschild, G.H.L.; Vickers, R.A. Biology, ecology and control of the oriental fruit moth. In Tortricid Pests: Their Biology, Natural
Enemies, and Control; van der Geest, L.P.S., Evenhuis, H.H., Eds.; Elsevier Science Publishers: Amsterdam, The Netherlands, 1991;
pp. 389–412.

15. Zhang, J.; Tang, R.; Fang, H.; Liu, X.; Michaud, J.P.; Zhou, Z.; Zhang, Q.; Li, Z. Laboratory and field studies supporting
augmentation biological control of oriental fruit moth, Grapholita molesta (Lepidoptera: Tortricidae), using Trichogramma dendrolimi
(Hymenoptera: Trichogrammatidae). Pest Manag. Sci. 2021, 77, 2795–2803. [CrossRef] [PubMed]

16. Benelli, G.; Lucchi, A.; Thomson, D.; Loriatti, C. Sex pheromone aerosol devices for mating disruption: Challenges for a brighter
future. Insects 2019, 10, 308. [CrossRef] [PubMed]

17. Grande, M.L.M.; de Queiroz, A.P.; Gonçalves, J.; Hayashida, R.; Ventura, M.U.; de Freitas Bueno, A. Impact of environmental
variables on parasitism and emergence of Trichogramma pretiosum, Telenomus remus and Telenomus podisi. Neotrop. Entomol. 2021,
50, 605–614. [CrossRef] [PubMed]

18. Zang, L.; Wang, S.; Zhang, F.; Desneux, N. Biological control with Trichogramma in China: History, present status, and perspectives.
Annu. Rev. Entomol. 2021, 66, 463–484. [CrossRef] [PubMed]

19. Singh, A.; Weisser, W.W.; Hanna, R.; Houmgny, R.; Zytynska, S. Reduced pests, enhance production: Benefits of intercropping at
high densities for okra farmers in Cameroon. Pest Manag. Sci. 2017, 73, 2017–2027. [CrossRef]

20. Luan, F.; Wu, Q.; Yang, Y.; Lv, H.; Liu, D.; Gan, Z.; Zeng, N. Traditional uses, chemical constituents, biological properties, clinical
settings, and toxicities of Abelmoschus manihot L.: A comprehensive review. Front. Pharmacol. 2020, 11, 1068. [CrossRef]

21. Dua, V.K.; Pandey, A.C.; Alam, M.F.; Dash, A.P. Larvicidal activity of Hibiscus abelmoschus Linn. (Malvaceae) against mosquitoes.
J. Am. Mosq. Control Assoc. 2006, 22, 155–157. [CrossRef]

22. Rao, M.S.; Rao, C.A.R.; Srinivas, K.; Pratibha, G.; Sekhar, S.M.V.; Vani, G.S.; Venkateswarlu, B. Intercropping for management of
insect pests of castor, Ricinus communis, in the semi-arid tropics of India. J. Insect Sci. 2012, 12, 14. [PubMed]

23. Rana, M.; Dhamija, H.K.; Prashar, B.; Sharma, S. Ricinus communis L.—A review. Int. J. Pharm. Tech. 2012, 4, 1706–1711.
24. Lima, V.D.S.; Celestino, F.; Pratissoli, D.; Dalvi, L.; de Carvalho, J.; Paes, J. Insecticidal activity of castor oil on Diaphania nitidalis

(Stoll) (Lepidoptera: Pyralidae).. Rev. Bras. Ciênc. Agrár. (Agrár) 2015, 10, 347–351.
25. Kodjo, T.A.; Gbénonchi, M.; Sadate, A.; Komi, A.; Yaovi, G.; Dieudonné, M.; Komla, S. Bio-insecticidal effects of plant extracts

and oil emulsions of Ricinus communis L. (Malpighiales: Euphorbiaceae) on the diamondback, Plutella xylostella L. (Lepidoptera:
Plutellidae) under laboratory and semi-field conditions. J. Appl. Biosci. 2011, 43, 2899–2914.

26. de Queiroz, V.T.; Campos, N.C.; Nunes, E.T.; Costa, A.V.; Coelho, J.D.; Trivilin, L.O.; de Melo, D.C.A.; Morais, P.A.B.; Martins,
I.V.F. 1,8-cineole and castor oil in sodium lauryl ether sulphate disrupt reproduction and ovarian tissue of Rhipicephalus (Boophilus)
microplus. Med. Vet. Entomol. 2020, 34, 316–326. [CrossRef] [PubMed]

27. Liu, Z.; Chen, W.; Zhang, S.; Chen, H.; Su, H.; Jing, T.; Yang, Y. Behavioral responses of Bemisia tabaci Mediterranean cryptic
species to three host plants and their volatiles. Insects 2022, 13, 703. [CrossRef] [PubMed]

28. Upasani, S.M.; Kotkar, H.M.; Mendki, P.S.; Maheshwari, V.L. Partial characterization and insecticidal properties of Ricinus
communis L foliage flavonoids. Pest Manag. Sci. 2003, 59, 1349–1354. [CrossRef]

29. Salinas-Sánchez, D.O.; Flores-Franco, G.; Avilés-Montes, D.; Valladares-Cisneros, M.G.; Arias-Ataide, D.M.; Mendoza-Catalán,
M.A.; Sotelo-Leyva, C. Bioactivity of a linoleic acid-rich fraction of Ricinus communis L. (Euphorbiaceae) leaves against the yellow
sugarcane aphid Sipha flava (Hemiptera: Aphididae). J. Food Prot. 2021, 84, 1524–1527. [CrossRef]

30. Hurlbert, S.H. Pseudoreplication and the design of ecological field experiments. Ecol. Mon. 1984, 54, 187–211. [CrossRef]
31. Li, Z.; Li, B.; Hu, Z.; Michaud, J.P.; Dong, J.; Zhang, Q.; Liu, X. The ectoparasitoid Scleroderma guani (Hymenoptera: Bethylidae) uses

innate and learned chemical cues to locate its host, larvae of the pine sawyer Monochamus alternatus (Coleoptera: Cerambycidae).
Fla. Entomol. 2015, 98, 1182–1187. [CrossRef]

https://doi.org/10.1098/rstb.2007.2173
https://www.ncbi.nlm.nih.gov/pubmed/17652071
https://doi.org/10.1007/s13593-017-0422-1
https://doi.org/10.3390/insects10080247
https://doi.org/10.1186/1472-6785-13-12
https://doi.org/10.1038/s41598-017-08549-y
https://www.ncbi.nlm.nih.gov/pubmed/28811621
https://doi.org/10.4039/Ent131441-4
https://doi.org/10.1002/ps.702
https://www.ncbi.nlm.nih.gov/pubmed/12916773
https://doi.org/10.1002/ps.6311
https://www.ncbi.nlm.nih.gov/pubmed/33522100
https://doi.org/10.3390/insects10100308
https://www.ncbi.nlm.nih.gov/pubmed/31547095
https://doi.org/10.1007/s13744-021-00874-2
https://www.ncbi.nlm.nih.gov/pubmed/33876392
https://doi.org/10.1146/annurev-ento-060120-091620
https://www.ncbi.nlm.nih.gov/pubmed/32976724
https://doi.org/10.1002/ps.4636
https://doi.org/10.3389/fphar.2020.01068
https://doi.org/10.2987/8756-971X(2006)22[155:LAOHAL]2.0.CO;2
https://www.ncbi.nlm.nih.gov/pubmed/22934569
https://doi.org/10.1111/mve.12444
https://www.ncbi.nlm.nih.gov/pubmed/32250481
https://doi.org/10.3390/insects13080703
https://www.ncbi.nlm.nih.gov/pubmed/36005328
https://doi.org/10.1002/ps.767
https://doi.org/10.4315/JFP-21-055
https://doi.org/10.2307/1942661
https://doi.org/10.1653/024.098.0425


Insects 2023, 14, 885 13 of 14

32. Wu, Y.; Fang, H.; Liu, X.; Michaud, J.P.; Xu, H.; Zhao, Z.; Zhang, S.; Li, Z. Laboratory evaluation of the compatibility of Beauveria
bassiana with the egg parasitoid Trichogramma dendrolimi (Hymenoptera: Trichogrammatidae) for joint application against the
oriental fruit moth, Grapholita molesta (Lepidoptera: Tortricidae). Pest Manag. Sci. 2022, 78, 3608–3619. [CrossRef] [PubMed]

33. de Alfonso, I.; Vacas, S.; Primo, J. Role of α-copaene in the susceptibility of olive fruits to Bactrocera oleae (Rossi). J. Agric. Food
Chem. 2014, 62, 11976–11979. [CrossRef] [PubMed]

34. Martini, X.; Hughes, M.A.; Conover, D.; Smith, J. Use of semiochemicals for the management of the redbay ambrosia beetle.
Insects 2020, 11, 796. [CrossRef] [PubMed]

35. Kim, I.H.; Han, J.; Na, J.H.; Chang, P.S.; Chung, M.S.; Park, K.H.; Min, S.C. Insect-resistant food packaging film development
using cinnamon oil and microencapsulation technologies. J. Food Sci. 2013, 78, E229–E237. [CrossRef] [PubMed]

36. Zaio, Y.P.; Gatti, G.; Ponce, A.A.; Saavedra Larranlde, N.A.; Martinez, M.J.; Zunino, M.P.; Zygadlo, J.A. Cinnamaldehyde and
related phenylpropanoids, natural repellents, and insecticides against Sitophilus zeamais (Motsch). A chemical structure-bioactivity
relationship. J. Sci. Food Agric. 2018, 98, 5822–5831. [CrossRef] [PubMed]

37. da Silva, B.C.; Melo, D.R.; Franco, C.T.; Maturano, R.; Fabri, R.L.; Daemon, E. Evaluation of eugenol and (E)-cinnamaldehyde
insecticidal activity against larvae and pupae of Musca domestica (Diptera: Muscidae). J. Med. Entomol. 2020, 57, 181–186.
[CrossRef]

38. SPSS, ver. 17.0; SSPS Inc.: Chicago, IL, USA, 2011.
39. Roelofs, W.L.; Cardé, R.T. Responses of Lepidoptera to synthetic sex pheromone chemicals and their analogues. Annu. Rev.

Entomol. 1977, 22, 377–405. [CrossRef]
40. Johnson, S.N.; Nielsen, U.N. Foraging in the dark-chemically mediated host plant location by belowground insect herbivores. J.

Chem. Ecol. 2012, 38, 604–614. [CrossRef]
41. Liu, H.; Guo, S.; Lu, L.; Li, D.; Liang, J.; Huang, Z.; Zhou, Y.M.; Zhang, W.J.; Du, S. Essential oil from Artemisia annua aerial parts:

Composition and repellent activity against two storage pests. Nat. Prod. Res. 2021, 35, 822–825. [CrossRef]
42. Bissinger, B.W.; Apperson, C.S.; Sonenshine, D.E.; Watson, D.W.; Roe, R.M. Efficacy of the new repellent BioUD against three

species of ixodid ticks. Exp. Appl. Acarol. 2009, 48, 239–250. [CrossRef]
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