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Terpenes from herbivore-induced tomato
plant volatiles attract Nesidiocoris tenuis
(Hemiptera: Miridae), a predator of major
tomato pests
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Samira A Mohameda and Emilie Deletrea,c*

Abstract

BACKGROUND: Biological control plays a key role in reducing crop damage by Tuta absoluta (Meyrick) and Trialeurodes vapor-
ariorum (Westwood), which cause huge yield losses in tomato (Solanum lycopersicum L.). The mirid predator Nesidiocoris tenuis
(Reuter) preys heavily on these pests, with satisfying control levels in tomato greenhouses. Although N. tenuis is known to be
attracted to volatiles of tomato plants infested by T. absoluta and whitefly, little is known about the specific attractive com-
pounds and the effect of prey density on the predator response.

RESULTS: Y-tube olfactometer bioassays revealed that the attraction of N. tenuis to tomato volatiles was positively correlated
with the density of T. absoluta infestation, unlike T. vaporariorum infestation. The predator was also attracted to volatiles of
T. absoluta larval frass, but not to T. vaporariorum honeydew or T. absoluta sex pheromone. Among the herbivore-induced plant
volatiles (HIPVs) that characterised the attractive plants infested with 20 T. absoluta larvae, olfactometer bioassays revealed
that N. tenuis is attracted to the monoterpenes ⊍-pinene, ⊍-phellandrene, 3-carene, ⊎-phellandrene and ⊎-ocimene, whereas
(E)-⊎-caryophyllene was found to repel the predator. In dose–response bioassays, the five-component blend of the attractants
elicited a relatively low attraction in the predator, and removal of ⊎-phellandrene from the blend enhanced the attraction of the
predator to the resulting four-component blend, suggesting synergism among four monoterpenes.

CONCLUSION: These findings suggest that a four-component blend of ⊍-pinene, ⊍-phellandrene, 3-carene and ⊎-ocimene could
be used as a kairomone-based lure to recruit the predator for the biological control of T. absoluta and T. vaporariorum.
© 2021 The Authors. Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.
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1 INTRODUCTION
Biological control is based on the use of natural enemies to reduce
the population density of pest organisms and their damage to
field crops to below economic threshold levels.1 Biological control
is one of the most promising alternatives to spraying synthetic
pesticides widely for the management of insect pests.2 However,
the use of pesticides has turned to be unsustainable for pest con-
trol due to development of resistance in the pest and negative
impacts on the environment and on human health.2 Four main
biological control strategies are used to control insect pests: clas-
sical, augmentation, conservation and natural.3 Classical biologi-
cal control involves controlling an exotic pest by introducing a
natural enemy from the pest's aboriginal home into the invaded
area for long-term pest control.1,3 Augmentation biological con-
trol is the periodic release of a natural enemy to enable rapid
control of the pest.4 Conservation biological control, on the other
hand, does not require release of natural enemies, but habitat
manipulation by human actions to provide resources to natural
enemies, especially resident ones, to build up their populations
in the target crop.5 Natural biological control is pest control by

resident natural enemies without human intervention.3 However,
all these control strategies face challenges in term of retaining the
populations of natural enemies in the target crop and limiting
their emigration to keep them within the target crop to achieve
a satisfactory level of pest control. These challenges may be over-
come using semiochemical-based lures to attract and/or retain
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natural enemies in crop fields, thereby enhancing the biological
control of insect pests.6–8

To locate their hosts or prey, natural enemies rely on specific
kairomones contained in the chemical blends released by
herbivore-infested plants or the infesting herbivores.8,9

Herbivore-induced plant volatiles (HIPVs) act primarily as long-
range kairomones for natural enemies in locating the target feed-
ing and oviposition sites.8,10,11 For instance, methyl salicylate, an
HIPV released by rose plants infested by the potato aphid Macro-
siphum euphorbiae (Thom.), enhanced the attraction of the pred-
ator Chrysoperla rufilabris Burmeister to field crops.12 Similarly,
natural enemies eavesdrop on the pheromones and other chem-
ical cues derived from eggs, larvae/nymphs and adults or by-
products (frass, honeydew, oral secretions) of their host or prey
species to find them.9

The South American tomato pinworm or leafminer, Tuta abso-
luta (Meyrick) (Lepidoptera: Gelechiidae), and the greenhouse
whitefly, Trialeurodes vaporariorum (Westwood) (Hemiptera:
Aleyrodidae), are major pests of tomato worldwide.13–16 Since
the invasion of T. absoluta in Europe and sub-Saharan Africa
(SSA), this pest has caused 80–100% yield losses to tomato when
no control measures are applied.13,15 Adults of the whiteflies
T. vaporariorum and Bemisia tabaci (Gennadius) are vectors of
viruses which in combination with the sap-sucking feeding
behaviour of these pests cause 30–100% yield losses in the
absence of control measures, posing a serious threat to tomato
production in Europe and SSA.14,16,17

The use of zoophytophagous hemipteran predators for the bio-
logical control of insect pests has received considerable attention
in recent years.18,19 These predators can also feed on plants in the
absence of prey, allowing them to survive.20 The generalist pred-
atory bugN. tenuis (Reuter) (Hemiptera: Miridae) plays a key role in
suppressing the leafminer T. absoluta and the whitefly
T. vaporariorum in tomato (Solanum lycopersicum L.) plants, prey-
ing heavily on eggs of the leaf miner, and on the third and fourth
nymphal instars of the whitefly.21–23 N. tenuis is native in Europe
and SSA24,25 where T. absoluta and T. vaporariorum are invasive
pests.14,26 Despite the huge potential of N. tenuis to suppress
these pests,19,22,23 countries that host the predator are still
experiencing substantial tomato yield losses,13,15 suggesting that
the populations of this predator in the crop fields are too small to
satisfactorily control the pests. The development of kairomone-
based lures could help recruit and retain the predator on tomato
crops, thereby improving biological control of T. absoluta and
whiteflies. N. tenuis is known to be attracted to volatiles of tomato
plants infested by its prey, T. absoluta and B. tabaci,27 but the spe-
cific attractive compounds have not been identified. Terpenes are
the dominant volatiles commonly found in plant secretions,28 as
well as in tomato plants infested by T. absoluta and
whiteflies,29,30 and these volatiles are known to play a key role
in attracting natural enemies.31 We thus hypothesised that ter-
penes are responsible for the attraction of the mirid predator
N. tenuis to volatiles of tomato plants infested by T. absoluta and
whiteflies. Volatiles from prey or their by-products such as frass
and honeydew also play a kairomonal role in the attraction of
predatory insects.32,33 Except for pheromones reported to be
unattractive to the predator N. tenuis,27 the response of this pred-
ator to the kairomones from its prey is not known. We thus
assessed the attractiveness of plant and prey semiochemicals to
the predator N. tenuis in relation to infestation densities of
T. absoluta and T. vaporariorum, compared the choices made by
the predator between volatiles of tomato plants infested with

T. absoluta and those of plants infested with T. vaporariorum,
and then analysed the volatiles emitted by the most attractant
odour source and identified the specific compounds that are
attractive to N. tenuis. We discuss our findings in relation to the
potential use of these attractants to formulate a kairomone-based
lure to recruit and retain N. tenuis in the vicinity of tomato crop
fields to enhance augmentation and conservation biological con-
trol of leafminers and whiteflies.

2 MATERIALS AND METHODS
2.1 Plants
Tomato (S. lycopersicum L. cv. Kilele F1 Hybrid) plants were grown
in a screen greenhouse at the International Centre of Insect Phys-
iology and Ecology (icipe, Nairobi, Kenya) with provision of water
and fertilizer, but without application of pesticides, as described
by Ayelo et al.30

2.2 Insects
All insect species were reared in the laboratory at icipe, under 23–
28 °C, 50–65% relative humidity (RH) and a 12:12 h light:dark (L:D)
photoperiod regime.
T. absoluta were reared on 6- to 8-week-old tomato plants

placed in Plexiglass cages (60 × 60 × 80 cm). Plants were
exposed to oviposition by adult insects for 1 week and renewed
weekly. The infested plants were then placed in an empty Plexi-
glass cage and kept for 2 weeks. All emerged adults were trans-
ferred into another rearing cage for plant infestation. T. absoluta
adults were fed on 80% honey solution.
T. vaporariorum were reared on 6-week-old tomato plants in

Plexiglass cages (40 × 40 × 50 cm). The adults were allowed to
oviposit for 3 days, after which the infested plants were trans-
ferred to a screen house (25–30 °C, 50–70% RH). From 15–18 days
postinfestation, the leaves were checked every day and those
with the fourth instar nymphs were cut off and their petioles
inserted into water-soaked floral foam. These nymph-infested
leaves were thereafter returned to the rearing Plexiglass cages,
where the adults emerged.
N. tenuis were reared on 6- to 8-week-old tomato plants in Plex-

iglass cages (40 × 40 × 50 cm). The insects were provided with
80% honey solution (Icipe, Nairobi, Kenya), nonviable eggs of
Ephestia kueniella Zeuler (Biotop, Livron, France) and commercial
pollen (M. Lacarte, Terce, France) twice a week. To avoid cannibal-
ism on the youngest nymphal instars, each week the emerging
adults were collected and transferred to another Plexiglass cage.
Male and female adults of N. tenuis (1:1 ratio) between 2 and
7 days old were used in the experiments. Since what adults of
N. tenuis experience during rearing affects their subsequent
choice preference,34 the experimental insects were starved for
48 h (deprived of their host plant and prey but provided with
water and 80% honey solution).

2.3 Y-tube olfactometer bioassays
Dual-choice tests were performed to evaluate the olfactory
response of N. tenuis to plant and prey odours using a Y-tube
olfactometer setup. The Y-shaped glass tube (2.5 cm internal
diameter) consisted of a 12-cm stem and two 6-cm arms forming
a 60° angle, and was oriented vertically as suggested for Miridae
species.35 The Y-tube was mounted inside a cardboard box
(35 × 35 × 55 cm) used as observation chamber which was uni-
formly lit using a 220–240 V cool white fluorescent tube placed
above the Y-tube. A vacuum pump (KNF Laboport type
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N86KT.18, France) was used to suck the air which then was filtered
by an active carbon-based filter and passed through the odour
source container, which was a 10-L cylindrical glass jar, at a con-
stant flow rate of 150 mL min−1 to enter the olfactometer arms,
making an air flow rate of 300 mL min−1 in the Y-tube stem or
control arm of the olfactometer. A single N. tenuis was placed at
the base of the Y-tube stem, and its first choice was recorded over
a 10 min observation period. The insect was considered to have
made a choice when it climbed and penetrated 3 cm inside a
given arm. Eighty insects were tested per choice test and
10 insects were tested per day. Insects which did not choose
either arm within the observation period (i.e. nonresponsive
insects) accounted for 1–10% of all the insects tested and were
not included in the data analysis. One plant was used for
10 insects, and after five insects the Y-tube was replaced by
another one, and the positions of the volatile sources were
switched between the olfactometer arms to account for posi-
tional bias. Between the choice assays, the Y-tubes were cleaned
with dichloromethane, and before they were used again on
another day they were cleaned with Teepol odourless detergent
and hot water, rinsed with acetone and distilled water, then oven-
dried at 150 °C overnight.

2.3.1 Response of N. tenuis to plant volatiles
The olfactory response of N. tenuis to volatiles emitted by healthy
and prey-infested tomato plants was investigated. Infested plants
were obtained by exposing a single 4-week-old plant to 50, 100 or
200 T. vaporariorum adults or to 5, 10 or 20 T. absoluta second-
and third-instar larvae for 4 days. The pot containing the plant
was wrapped in aluminum foil to prevent volatile contamination
from the soil, and the tested plant was thereafter placed in the
glass jar container. The following combinations were tested: (i) air
versus air (control), (ii) air versus healthy plant, (iii) air versus
T. absoluta-infested plant, (iv) air versus T. vaporariorum-infested
plant, (v) healthy plant versus T. absoluta-infested plant, (vi) healthy
plant versus T. vaporariorum-infested plant, (vii) T. vaporariorum-
infested plant versus T. absoluta-infested plant and (viii) plant with
high infestation of T. absoluta versus plant with low infestation of
T. absoluta.

2.3.2 Response of N. tenuis to prey semiochemicals
N. tenuis olfactory response to semiochemicals emitted by prey
(second and third larval instars of T. absoluta, and third and fourth
nymphal instars of T. vaporariorum) and the prey's by-products
(larval frass and commercial lure of the sex pheromone of
T. absoluta and T. vaporariorum nymph honeydew) was evaluated.
T. absoluta sex pheromone lure is made of (E,Z,Z)-3,8,11-tetrade-
catrien-1-yl acetate and (E,Z)-3,8-tetradecadien-1-yl acetate (both
98.5% purity) in a ratio of 90:10 loaded inside a rubber septum dis-
penser (Biological Systems Ltd, Nairobi, Kenya), and the lure was
purchased from Koppert (Biological Systems Ltd, Nairobi, Kenya).
The larval frass was collected from T. absoluta larvae-infested
tomato leaves, while the droplets of honeydew produced by the
nymphs were collected from tomato plant leaves heavily infested
by T. vaporariorum nymphs (about 500–700 nymphs per leaf)
using a fine camel hairbrush, as in the study by Hung et al.36 Bio-
assays were conducted by testing the clean air (blank, control)
against (i) a piece of the commercial sex pheromone lure,
(ii) three T. absoluta larva densities (5, 10 and 20), (iii) three doses
of fresh T. absoluta larval frass (15, 30 and 60 mg), (iv) three
T. vaporariorum nymph densities (50, 100 and 200) and (v) three
doses of honeydew (15, 30 and 60 mg). Each test sample was

placed in an Eppendorf tube and tested against an empty Eppen-
dorf tube (control). The Eppendorf tubes serving as odour con-
tainers were connected to the edge of the olfactometer arms and
linked to the air flow meter using Teflon tube (PTFE, 4 mm internal
diameter × 6 mm external diameter). The charcoal-filtered air flow
of 150 mL min−1 passed through the Eppendorf tubes, where it car-
ried the test odours to enter the olfactometer arms. The insects were
tested and their choices recorded as described above.

2.4 Collection and analysis of headspace plant volatiles
The headspace tomato plant volatiles were collected using a
dynamic push–pull system and then analysed by coupled gas
chromatography–mass spectrometry (GC–MS), as described in
Ayelo et al.30 A charcoal-filtered airflow was pulled at a rate of
200 mL min−1 into the odour source containers, which were the
same as the 10-L glass jars used in the behavioural assays. Volatiles
were collected only from healthy and T. absoluta-infested tomato
plants since volatiles of plants infested with T. absolutawere more
attractive to the predator than volatiles of plants infested with
T. vaporariorum (see section 3). Headspace volatiles were trapped
onto precleaned 30-mg Super-Q adsorbent traps (Gainesville, FL,
USA) for 24 h with four replicates. The volatiles were eluted with
150 μL of dichloromethane (DCM) after which the eluent was con-
centrated to 50 μL under a gentle nitrogen flow and 5 μL of biphe-
nyl (99% purity) solution (20 ng μL−1) was added as internal
standard. The solution was stored at −80 °C until analysis.
One microlitre of volatile extract was analysed on a Shimadzu

QP2010 Ultra GC–MS equipped with an Inert Cap 5MS/NP nonpo-
lar and low bleed capillary column made of 5% diphenyl and 95%
dimethylpolysiloxane, 30 m × 0.25 mm × 0.25 μm film thickness
(GL Sciences, Tokyo, Japan). Analysis was performed in the split-
less mode using helium as carrier gas at a constant flow rate of
1 mL min−1. The oven temperature was set at 35 °C for 5 min
and then increased at 10 °C min−1 to reach a final temperature
of 280 °C, which was held for 10.5 min. The retention time, library
mass spectra (NIST11 and Wiley9), electron ionization spectrum
and Kovats retention indices (RIs) were used to tentatively identify
the compounds and comparisonwith publishedmass spectra and
Kovats RIs from online NIST library was done. RIs of the identified
compounds were determined using retention times of a mixture
of straight-chain alkane (C8–C23) standards. Synthetic standards,
where available, were run to confirm the identification of com-
pounds by comparison of the expected retention time and the
MS spectra. The compounds were quantified (ng plant−1 h−1) rel-
ative to the peak area and the concentration of the internal stan-
dard using formula adapted from Wang et al.,37 as follows:

Rr=
Ca×V
24

and Ca=
PAa
PAis

×Cis×5μL

V

where Rr is the release rate (ng plant−1 h−1), which is equal to the
concentration Ca (ng μL−1) of the analyte in the volatile eluent
multiplied by the volume (V, μL) of the volatile eluent in which
the aliquot (5 μL) of internal standard has been applied, and then
divided by the volatile collection period (24 h). PAa is the peak
area of the identified analyte, PAis is the peak area of the
internal standard and Cis is the concentration (ng μL−1) of
internal standard.

2.5 Chemicals
All synthetic standards used to confirm the identified compounds
were purchased from Merck (France) and included (Z)-3-hexen-
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1-ol, p-xylene, ⊍-pinene, sabinene, ⊎-pinene, 6-methyl-5-hepten-
2-one, ⊎-myrcene, 2-carene, ⊍-phellandrene, 3-carene, ⊍-terpi-
nene, p-cymene, ⊎-phellandrene, ⊎-ocimene, ⊍-terpineol, linalool,
allo-ocimene, methyl salicylate, γ-terpinene, terpinolene, γ-ele-
mene, ⊎-elemene, (E)-⊎-caryophyllene, geranyl acetone,
⊍-humulene and ⊎-ionone. Chemical purity was between 90%
and 99%, except for ⊍-phellandrene (85%) and sabinene (75%).
DCM (99.9% purity) was purchased from Merck (Germany).

2.6 Bioassays with synthetic compounds
The attractiveness of synthetic ⊍-pinene, ⊎-pinene, ⊎-myrcene,
2-carene, ⊍-phellandrene, 3-carene, ⊍-terpinene, ⊎-phellandrene,
⊎-ocimene, terpinolene, ⊎-elemene, γ-terpinene, (E)-⊎-caryophyllene
and ⊍-humulene to the predator N. tenuis was tested using the pre-
viously described Y-tube olfactometer setup. Each compound was
tested at three doses: its natural release rate per plant (dose in
ng plant−1 h−1 from plants infested with 20 T. absoluta larvae)
(Table 1), then 10- and 100-fold higher doses, which correspond to
the release rates of 10 and 100 equivalent plants in an hour. Thereaf-
ter, the five compounds (⊍-pinene, ⊍-phellandrene, 3-carene,
⊎-phellandrene and ⊎-ocimene) found to be attractive to the preda-
tor were tested in a five-component blend of the five attractants and
in a four-component blend (mixture of ⊍-pinene, ⊍-phellandrene,
3-carene and ⊎-ocimene blend without the most abundant com-
pound, ⊎-phellandrene). Each blend was tested at four doses: a mix-
ture of the attractive doses (i.e. 230 ng 3-carene, 320 ng ⊎-ocimene,
1310 ng ⊍-pinene, 1640 ng ⊍-phellandrene and 1823 ng ⊎-phellan-
drene), blend B1, which was subsequently diluted to one-half (blend
B2), one-fourth (blend B3) and one-tenth (blend B4). DCM (solvent)
was used to dilute the compounds, then a 10-μL aliquot of the test
solution was loaded onto a 2 × 2-cm filter paper and tested against
a filter paper loaded with 10-μL DCM (control). After 30 s to allow for
the evaporation of the solvent, the impregnated filter papers were
placed at the edge of the olfactometer arms and renewed for every
insect. Eighty insects were tested per choice test as described above.

2.7 Statistical analyses
The frequencies of odours chosen by N. tenuis were compared
using a chi-squared test. The data of the Volatile Organic Com-
pounds (VOC) release rates (doses in ng plant−1 h−1) (Table 1)
were tested for normality using Shapiro–Wilk's test, and homoge-
neity of variance using Bartlett's test. These data were not nor-
mally distributed, and their variance was not homogenous,
hence a nonparametric Kruskal–Wallis ANOVA test was applied
for their comparison between healthy and T. absoluta-infested
plants, followed by a Dunn's test with Bonferroni's adjustment as
post hoc test to separate means.38 A random forest
(RF) analysis39 was performed to select the VOCs that best distin-
guished T. absoluta-infested tomato plants from healthy plants,
based on the mean decrease in accuracy (MDA) obtained using
the RF ‘importance’ function and the out of bag (OOB) error, which
allowed measuring the prediction error of random forests (100%,
OOB error).40,41 Using the function ‘MDSplot’ of the RF package,
a multidimensional scaling (MDS) plot42 was performed to visual-
ise the similarity among healthy plant and T. absoluta-infested
plant categories. A sparse partial least square discriminant analysis
(sPLS-DA) biplot was performed in the mixOmics package43 to
illustrate how the discriminating VOCs were correlated with
healthy and T. absoluta-infested plants. The function ‘perf’ and
the ‘leave-one-group-out’ cross-validation method in the mixO-
mics package, as well as the sPLS-DA parameters (R2X, R2Y and
Q2) served to validate the sPLS-DAmodel.44 A clustering heatmap,

using the function ‘cim’ in the mixOmics package,44 was per-
formed to illustrate variations in the emission of the most discrim-
inating VOCs across replicates of healthy and T. absoluta larvae-
infested plants. For bioassays with synthetic compounds, we used
compounds that were commercially available among the top dis-
criminating VOCs (i.e. VOCs with MDA ≥ 60), which were highly
correlated with the 20 T. absoluta larvae-infested plants since
these plants were more attractive to the predator than each of
the other attractant plants (i.e. plants infested with 10 T. absoluta
larvae or 100 T. vaporariorum adults) (see section 3). All statistical
analyses were performed using R, version 4.0.2.45

3 RESULTS
3.1 Response of N. tenuis to plant volatiles
N. tenuis was attracted to T. absoluta- and T. vaporariorum-
induced tomato plant volatiles and this olfactory response was
dependent on prey infestation density (Fig. 1). The predator
was attracted to volatiles released by plants infested with 10 or
20 T. absoluta larvae when compared to clean air (χ2 = 10.45,
P = 0.001 and χ2 = 14.63, P < 0.001, respectively) or to volatiles
of healthy plants (χ2 = 7.48, P = 0.006 and χ2 = 9.35, P = 0.002,
respectively) (Fig. 1). Additionally, volatiles of plants infested with
20 T. absoluta larvae were more attractive to the predator than
volatiles of plants infested with 10 or five T. absoluta larvae
(χ2 = 8.56, P = 0.003 and χ2 = 9.35, P = 0.002, respectively). On
the other hand, N. tenuis displayed no preference for volatiles of
plants infested with five T. absoluta larvae compared to volatiles
of healthy plants (χ2 = 0.68, P = 0.409) or clean air (χ2 = 2.88,
P = 0.089) (Fig. 1). Similarly, the predator was not attracted to vol-
atiles of healthy plants compared to clean air (χ2 = 0.36,
P = 0.831) (Fig. 1).
T. vaporariorum-infested tomato plant volatiles were more

attractive to N. tenuis than clean air only when the plants were
infested with 100 whiteflies (χ2 = 8.22, P = 0.004) (Fig. 1). The
predator did not discriminate between clean air and volatiles of
plants infested with 50 (χ2 = 0.47, P = 0.494) or 200 T. vaporar-
iorum adults (χ2 = 1.87, P = 0.171). No significant differences were
observed in the frequencies of predators that chose volatiles of
healthy plants when compared to volatiles of plants infested with
50 (χ2 = 0.33, P = 0.566), 100 (χ2 = 2.22, P = 0.136) or 200 T. vapor-
ariorum adults (χ2 = 0.85, P = 0.356) (Fig. 1).
Comparison of the predator choice between volatiles of the attrac-

tant T. vaporariorum- and T. absoluta-infested tomato plants revealed
that volatiles of plants infested with T. absoluta larvae were more
attractive to N. tenuis than volatiles of plants infested with
100 T. vaporariorum adults (χ2 = 4.21, P = 0.04 and χ2 = 8.01,
P=0.005 for10and20T.absoluta larvaldensities, respectively) (Fig. 1).

3.2 Response of N. tenuis to prey-associated
semiochemicals
N. tenuis was significantly attracted to volatiles from T. absoluta lar-
vae frass at a dose of 60 mg compared to clean air (χ2 = 9.01,
P = 0.003), but volatiles from lower frass doses of 30 mg (χ2 = 2.54,
P = 0.11) or 15 mg (χ2 = 0.01, P = 0.91) did not attract the predator
(Fig. 2). Compared with clean air, the predator was not attracted to
T. absoluta sex pheromone lure (χ2 = 0.22, P = 0.61) or to volatiles
of T. vaporariorum nymphhoneydew tested at 15, 30 or 60 mgdoses
(χ2 = 0.02, P = 0.91; χ2 = 0.09, P = 0.77; χ2 = 0, P = 1, respectively).
Similarly,N. tenuiswas not attracted to odours from T. absoluta larvae
or T. vaporariorum nymphs at any of the densities tested compared
to clean air (Fig. 2).
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3.3 Analysis of tomato volatiles
A total of 36 volatile organic compounds (VOCs) were detected in
the volatile profiles of T. absoluta-infested tomato plants (Table 1
and Fig. 3). The VOCs belonged to seven chemical classes domi-
nated by monoterpenes and sesquiterpenes (Table 1). The mono-
terpenes were dominated by 2-carene and ⊎-phellandrene, and
represented 92.6%, 92%, 90.7% and 87.2% of the total amount
of volatiles released from healthy plants and plants infested with
5, 10 and 20 T. absoluta larvae, respectively (Table 1 and Fig. 3).
Sesquiterpenes accounted for 4.3%, 5.1%, 4.2% and 7.5% of the
total amount of volatiles released from healthy plants and plants
infested with 5, 10 and 20 T. absoluta larvae, respectively, (E)-
⊎-caryophyllene, ⊐-elemene and ⊍-humulene being the most
abundant sesquiterpenes (Table 1).
The composition of volatiles varied quantitatively and qualita-

tively between constitutive and T. absoluta-induced tomato plant
volatiles (Table 1 and Fig. 3). Herbivory by T. absoluta larvae
induced 17 specific VOCs, including (Z)-3-hexenol, allo-ocimene,
(Z)-3-hexenyl butanoate, ⊍-terpineol, methyl salicylate and (Z)-jas-
mone. Quantitative differences were mainly observed between
plants infested with 10 or 20 T. absoluta larvae and healthy plants.
This was reflected in the VOCs for which emission rates increased

with an increase in the infestation density, as seen for ⊍-pinene,
3,7,7-trimethyl-1,3,5-cycloheptatriene, 2-carene, ⊍-phellandrene,
⊍-terpinene, ⊎-phellandrene, (E)-⊎-caryophyllene, ⊐-elemene and
⊍-humulene. On the other hand, emission rates of some VOCs,
e.g. p-xylene, (Z)-⊎-ocimene, linalool and ⊍-cedrene, did not vary
between healthy and T. absoluta-infested plants (Table 1).

3.4 Selection of volatile compounds for bioassays with
authentic standards
The 25 VOCs that best distinguished healthy plants from plants
infested with 5, 10 and 20 T. absoluta larvae were highlighted by
the MDA of the RF analysis (Fig. 4(A)). Using the top discriminating
VOCs (MDA ≥ 60), the MDS plot grouped the plant categories into
four distinct clusters: one composed of healthy plants, the second
composed of five T. absoluta larvae-infested plants, the third com-
posed of plants infested with 10 T. absoluta larvae and the fourth
group composed of plants infested with 20 T. absoluta larvae
(Fig. 4(B)). The sPLS-DA biplot revealed that most of the discrimi-
nating VOCs were associated with plants infested with
20 T. absoluta larvae (Fig. 4(C)). The first two dimensions of the
sPLS-DA explained 92.9% of total variation, with dimension
1 accounting for 90.6% and mainly correlated with ⊍-pinene,

Figure 1. Responses (%) of Nesidiocoris tenuis to volatiles of healthy tomato plants or plants infested with Tuta absoluta or Trialeurodes vaporariorum in a
Y-tube olfactometer choice test. nr, number of nonresponsive insects (i.e. insects that made no choice) out of 80 insects tested per choice test. P indicates
statistical significance levels with ns = no significant difference (P > 0.05); *, **, *** = significant differences, respectively, at P < 0.05, P < 0.01 and
P < 0.001 from χ2 test at ⊍ = 0.05.
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2-carene, trans-isolimonene, 3,7,7-trimethyl-1,3,5-cycloheptatriene,
⊎-pinene, ⊐-elemene, ⊎-phellandrene, (E)-⊎-ocimene, ⊍-humulene,
terpinolene, ⊎-myrcene and (E)-⊎-caryophyllene. Dimension

2 explained only 2.5% of total variation and was highly correlated
with ⊍-phellandrene and ⊎-elemene. Heatmap clustering showed
that most of the discriminating VOCs were abundant in

Figure 2. Responses (%) of Nesidiocoris tenuis to volatiles of prey and prey by-products in a Y-tube olfactometer choice test. nr, number of nonresponsive
insects (i.e. insects that made no choice) out of 80 insects tested per choice test; cph, one piece of the commercial sex pheromone of Tuta absoluta.
P indicates statistical significance levels with ns = no significant difference (P > 0.05) and ** = significant difference at P < 0.01 from χ2 test at ⊍ = 0.05.

Figure 3. GC–MS profiles of headspace volatiles from healthy tomato plants and plants infested with 5, 10 and 20 Tuta absoluta larvae (Ta-inf.). Numbers
correspond to the volatile compounds listed in Table 1. IS, internal standard (biphenyl).
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20T.absoluta larvae-infestedplants (Fig.4(D)).Amongthe17topdis-
criminatingVOCshighly correlatedwith theattractant20T. absoluta
larvae-infested plants, we tested the 14 compounds thatwere com-
mercially available, including ⊎-phellandrene, ⊍-pinene, 2-carene,
⊍-terpinene, ⊎-elemene, terpinolene, (E)-⊎-caryophyllene, ⊎-myr-
cene, 3-carene, ⊍-phellandrene, γ-terpinene, ⊎-pinene, ⊎-ocimene
and ⊍-humulene.

3.5 Bioassays with synthetic compounds
The predator N. tenuis was attracted to the highest of the doses
tested for 3-carene (250 ng) (□2 = 6.28, P = 0.012), ⊎-ocimene
(350 ng) (χ2 = 4.21, P = 0.04), ⊍-pinene (1310 ng) (χ2 = 4.32,
P = 0.037) and ⊍-phellandrene (1640 ng) (χ2 = 5.33, P = 0.021)
compared to the control (DCM) (Fig. 5). However, lower doses of
one-tenth and one-hundredth of these attractant doses were
not attractive to the predator compared to the control (Fig. 5).
⊎-phellandrene at a dose of 1823 ng attracted N. tenuis (χ2 = 5.8,
P = 0.016) compared to the control, whereas 10-fold lower
(182.3 ng) (χ2 = 0.01, P = 0.091) or higher (18 230 ng) (χ2 = 0.73,

P = 0.118) doses did not. On the other hand, 1460 ng of (E)-
⊎-caryophyllene was repellent to N. tenuis (χ2 = 4.32, P = 0.037),
and the predator was not sensitive to the lower doses of 1.46 ng
(χ2 = 0, P = 1) and 146 ng (χ2 = 0.48, P = 0.49) compared to the
control. The other compounds, ⊎-pinene, ⊎-myrcene, 2-carene,
⊍-terpinene, γ-terpinene, terpinolene, ⊎-elemene and ⊍-humu-
lene, were not attractive to the predator at the doses tested in
our experiments (Fig. 5).
N. tenuis was attracted to the blend of the five attractants

(⊍-pinene, ⊍-phellandrene, 3-carene, ⊎-phellandrene and ⊎-oci-
mene) only when mixed at one-quarter of their attractive doses
compared to the control (χ2 = 4.32, P = 0.037) (Fig. 6). The preda-
tor was not attracted to the five-component blend of the attrac-
tive compounds mixed at their attractive doses (χ2 = 0.01,
P = 0.91) or when the doses were diluted to one-half (χ2 = 0.33,
P = 0.57) or one-tenth (χ2 = 0.05, P = 0.82) compared to the con-
trol. However, when the most abundant compound (⊎-phellan-
drene) was left out of the five-component blend, the predator
was more attracted to the resulting four-component blend of

Figure 4. Determination of the most discriminating volatiles and their correlation with healthy tomato plants and plants infested with 5, 10 and 20 Tuta
absoluta larvae (5Ta-inf, 10Ta-inf and 20Ta-inf, respectively). (A) The 25 volatiles that best distinguished between healthy and infested plants are ranked in
decreasing order based on mean decrease in accuracy of the random forest analysis. (B) Multidimensional scaling (MDS) plot showing the distribution of
healthy and infested plants using the top 17 discriminating VOCs (MDA ≥ 60) (R2X = 0.993, R2Y = 0.949, Q2 = 0.768). (C) sPLS-DA biplot showing the cor-
relation of the top discriminating volatiles with healthy and infested plants (R2X= 0.993, R2Y= 0.949, Q2= 0.768). (D) Clustering heatmap showing abun-
dance of the top discriminating VOCs across replicates of healthy and infested plants.
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⊍-pinene, ⊍-phellandrene, 3-carene and ⊎-ocimene mixed at their
attractive doses (χ2= 3.91, P= 0.048), as well as to the blends con-
taining one-half (χ2 = 8.22, P = 0.004) and one-quarter (χ2 = 4.21,
P = 0.04) of the compound attractive doses compared to the con-
trol (Fig. 6).

4 DISCUSSION
The olfactory responses of the generalist predator N. tenuis to
semiochemicals emitted by tomato plants and the prey
T. absoluta and T. vaporariorum were investigated. Our findings
revealed that N. tenuis is attracted to tomato volatiles induced

Figure 5. Behavioural responses of Nesidiocoris tenuis to synthetic compounds tested at three doses corresponding to release rates by 1, 10 and
100 equivalent plants in 1 h. nr, number of nonresponsive insects (i.e. insects that made no choice) out of 80 insects tested per choice test. DCM, dichlor-
omethane. P, statistical significance levels with ns = no significant difference (P > 0.05); * = significant difference (P < 0.05) from χ2 test at ⊍ = 0.05.
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by the feeding of its prey, and that the predator prefers volatiles of
plants infested with T. absoluta over those of plants infested with
T. vaporariorum. Rim et al.46 reported that N. tenuis was more
attracted to volatiles of eggplant, Solanum melongena
L. infested with the cotton leafworm, Spodoptera litura Fabricius
compared to volatiles of eggplant infested with the two spotted
spider mite, Tetranychus urticae Koch. In our study, the preference
of N. tenuis may be explained by the differences in the composi-
tion of the volatiles induced by either prey species or by the pred-
ator's innate preference for prey species. Relative to volatiles
released by tomato plants infested with T. vaporariorum,30 we
found that the plants released larger amounts of volatiles when
infested with T. absoluta, as previously reported for volatiles of
T. absoluta-infested tomato plants compared to those of
B. tabaci-infested plants.29 T. absoluta and T. vaporariorum have
different feeding modes (leaf mining versus phloem sap sucking),
and the variation in volatile signature is consequently attributed
to differences in the plant defence pathways induced by these
herbivores.47 Leaf mining or chewing larvae activate the jasmonic
acid pathway in host plants and trigger the emission of large
amounts of volatiles compared to phloem sap-sucking whiteflies,
which are known to activate the salicylic acid pathway.47,48

SinceN. tenuispreysmore on T. absoluta than onwhiteflies,22,23 it is
possible that the predator has an innate preference for plant odours
inducedby its preferredprey species. Thegeneralist anthocoridpred-
ator Orius majusculus (Reuter) was reported to be more attracted to
volatiles of maize plants infested with its preferred prey, the leafhop-
per Zyginidia scutellaris (Herrich-Schäffer), than to those of plants
infested with Dalbulus maidis (DeLong & Wolcott).49,50 On the con-
trary, the mirid predator Orius laevigatus (Fieber) fed more on thrips
Frankliniella occidentalis (Pergande) than on spidermites Tetranychus
urticae Koch but preferred volatiles of spidermite-infested cucumber

plants to thoseof thrip-infestedplants.51However, itmightbehard to
separate the effect of the prey preference from that of theHIPV emis-
sion, since in our study and that of Ardanuyet al.,49 the preferredprey
induced larger levels of volatiles than the less acceptedprey. It is likely
that the combinationofprey andplant speciesdetermines theattrac-
tion ofN. tenuis. The efficacy of this predator for long-term control of
T. absoluta could depend on the performance of the predator on its
preferred prey, T. absoluta. However, the preference-performance
hypothesis does not necessarily correlate with the choice of foraging
patch.52T.absolutaeggswerefoundtobeofpoorquality, i.e. lowerfer-
tilityand longerdevelopmental time, for theperformanceof themirid
predatorM. pygmaeus compared to other prey, including nymphs of
the whitefly B. tabaci.53 If the same effect applies to the predator
N. tenuis, theprovisionof suitablealternativeprey to increase thepop-
ulation of the predator could provide good long-term control of T.
absoluta.53,54

Considering the infesting prey species separately, our results
showed that the pattern of N. tenuis response to volatiles of tomato
plants infested by T. absoluta differed from that to volatiles of plants
infestedwithT. vaporariorum. Thefindings indicated thatN. tenuisdis-
played a density-dependent olfactory response to volatiles induced
byT.absoluta,wherebythepredatorwasshowntobehighlyattracted
to volatiles of plants infestedwith highprey density, i.e. 20 T. absoluta
larvae compared to thoseof plants infestedwith lower preydensities,
i.e. five or 10 T. absoluta larvae. Similarly, the generalistmirid predator
Macrolophus pygmaeus (Rambur) (Hemiptera: Miridae) has been
reported to prefer volatiles of tomato plants infested with
20 T. absoluta larvae over those of plants infested with five larvae.55

Generalist mirid predators searching for prey are known to exploit
quantitative and qualitative differences in volatile compositions
between healthy plants and prey-infested plants.56,57 We found that
volatiles from healthy and T. absoluta larvae-infested tomato plants
weredominatedby themonoterpenes 2-carene and ⊎-phellandrene,
as previously reported in other tomato cultivars, particularly Money-
makerandSemiramisbyDe-Backeretal.,56andAnastasakietal.,58Sur-
prisingly, Silva et al.,29 found the monoterpenes ⊍-terpinene and
limonene tobe themostdominant volatiles, although theseauthours
usedtheMoneymakercultivar.Also,uponherbivorybyT.absoluta,we
found an increase in the emission rates of the monoterpenes
⊍-pinene, ⊎-myrcene, ⊍-phellandrene, (E)-⊎-ocimene and the sesqui-
terpene (E)-⊎-caryophyllene, as reported in previous studies.29,55 On
the other hand, differences among these studies were more pro-
nounced in the compositionsof thenovel compounds releasedupon
herbivory. The herbivore-induced specific volatiles in our study
included (Z)-3-hexenol, methyl salicylate, linalool, (Z)-3-hexenyl
butanoate and (Z)-jasmone previously reported in the Semiramis
tomato cultivar,58 as well as sabinene, allo-ocimene and ⊎-elemene,
which were not found to be specific to the volatiles of Moneymaker
tomato cultivar infestedwith T. absoluta.29,55

Herbivore-induced plant volatiles are exploited by natural ene-
mies in the location of plants infested by their hosts or prey.8,31

Our findings showed that the monoterpene HIPVs ⊍-pinene,
3-carene, ⊍-phellandrene, ⊎ phellandrene and ⊎-ocimene are
among the compounds responsible for the attraction of the pred-
ator N. tenuis to volatiles of T. absoluta-infested tomato plants. A
previous study reported that phytophagy of tomato plants by
N. tenuis induces the emission of volatiles, including the alcohol
(Z)-3-hexenol, the benzenoid ester methyl salicylate and the
green leaf volatiles hexenyl butyrate, (Z)-3-hexenyl propanoate
and (Z)-3-hexenyl butanoate,57 which attracted conspecific indi-
viduals.59 In our study, the attractive compounds were identified
by testing a range of concentrations in relation to what we could

Figure 6. Behavioural responses of Nesidiocoris tenuis to (A) the five-
component blend of the attractive compounds, ⊍-pinene, ⊍-phellandrene,
3-carene, ⊎-phellandrene and ⊎-ocimene, and (B) the four-component
blend containing ⊍-pinene, ⊍-phellandrene, 3-carene and ⊎-ocimene.
The compounds were mixed at their attractive doses to make the blend
B1, which was subsequently diluted to one-half (B2), one-fourth (B3) and
one-tenth (B4). nr, number of nonresponsive insects (i.e. insects that made
no choice) out of 80 insects tested per choice test. DCM, dichloromethane.
P, statistical significance levels with ns = no significant difference
(P > 0.05); *, ** = significant differences, respectively, at P < 0.05 and
P < 0.01 from χ2 test at ⊍ = 0.05.
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expect under conditions of tomato fields where thousands of
plants continuously release volatiles to remotely attract natural
enemies. It is known that the concentration of odour plumes is
diluted by the wind over distances in the field, suggesting that
doses of kairomones to be applied to attract natural enemies in
the field would be higher than doses that elicited attraction when
tested in laboratory assays.60 In the dose–response assays, we
thus increased the volatile concentrations from the release rate
of a plant (dose in ng plant−1 h−1) to doses released by 10 and
100 equivalent plants in an hour to get insights into the threshold
concentrations detectable by and attractive to the predator
N. tenuis for future field application purposes. Some of the mono-
terpenes shown here to be attractive to N. tenuis have been
reported to attract other mirid predators, such as M. pygmaeus,
which was attracted to ⊍-pinene and ⊎-phellandrene.56 Contrary
to our expectation, the blend of the five attractants, ⊍-pinene,
⊍-phellandrene, 3-carene, ⊎-phellandrene and ⊎-ocimene (mixed
at their attractive doses), elicited a relatively low attraction in
N. tenuis. It is known that in a blend, some compounds might
inhibit the activity of another compound depending on their con-
centrations and ratios, thereby reducing overall detection and the
excitatory activity of the blend on the insect's olfactory neurons
and behavioural responses.61,62 We found that removing
⊎-phellandrene from the blend enhanced the attraction of the
predator to the resulting four-component blend containing
⊍-pinene, ⊍-phellandrene, 3-carene and ⊎-ocimene, and the
four-component blend was attractive to the predator in a range
of concentrations. This finding suggests that the use of this blend
as a kairomone in the field crop is promising for the recruitment of
the predator. The repellent effect of (E)-⊎-caryophyllene on
N. tenuis response and the relatively low attraction of the predator
to the blend containing ⊎-phellandrene suggest that high con-
centrations of these compounds in the plant background odour
could interfere with the effectiveness of the four-component
blend in attracting the predator. Such negative interference could
be reduced by using the kairomone blend in crops for which the
background odour contains no or low amounts of the above com-
pounds, and by improving its formulation in terms of concentra-
tions and ratios of the attractants involved, as well as the
solvent and the dispenser to be used to ensure convenient diffu-
sion of the lure in field crops.8

N. tenuis response to volatiles of T. vaporariorum-infested
tomato plant did not correlate with the infestation density. Vola-
tiles of plants infested with 100 whiteflies attracted N. tenuis com-
pared to clean air, but the predator did not distinguish volatiles of
whitefly-infested plants from those of healthy plants. There are
two possible explanations for these findings: the insect previous
experience (naïve versus odour learning) and the volatile signa-
ture. It is known that previous experience of host plant volatile
affects subsequent preference of zoophytophagous predators,
including N. tenuis.33 Lins et al.,27 reported that naïve N. tenuis
were not attracted to volatiles of B. tabaci-infested tomato plants
compared to those of healthy plants, whereas experienced pred-
ators, i.e. those that had been exposed to prey or prey-infested
plants for feeding and habituation to prey and plant odours, were
foundtoprefervolatilesofprey-infestedplantsovervolatilesofhealthy
plants. Although tomato plants infested with 100 T. vaporariorum
adults released volatiles that arequantitatively andqualitatively differ-
ent from volatiles of healthy plants, it is possible that the low levels of
the attractive compounds (⊍-pinene, ⊍-phellandrene, 3-carene,
⊎-phellandreneand⊎-ocimene) inT. vaporariorum-infestedplantvola-
tiles30 did not enable the predator to distinguish volatiles of the two

plantcategories.Phloemsapsuckingbywhiteflies inducesamoderate
increase in tomato plant volatile emission, whereas whiteflies at high
densities suppress the emission of volatiles in tomato plants.30 The
varying responses of N. tenuis to whitefly-infested plants have been
reported in other predatory insects of phloem feeding herbivores, as
seen in the predator Harmonia axyridis (Pallas), which was attracted
to volatiles of cabbage plants infested with 60 adults of the green
peach aphid Myzus persicae (Sülzer), but not to volatiles of plants
infested with lower (10 and 30) or higher (90) prey densities.63 In our
study, the attraction of N. tenuis to volatiles of plants infested with
100T. vaporariorumadults is explainedby the increaseof theemission
level of the monoterpenes ⊍-pinene, 3-carene, ⊍-phellandrene,
⊎-phellandrene and ⊎-ocimene,30 which attracted the predator.
AlthoughweusednaïveN. tenuis inour study,wedonot think that this
will affect theapplicationof theseattractants for the recruitmentof the
predators in the field. Lins et al.,27 found both naïve and experienced
N. tenuis tobeattracted tovolatilesofB. tabaci-infestedplantsbutonly
experienced N. tenuis preferred volatiles of infested plants to those of
healthy plants. These findings imply that naïve and experienced
N. tenuis candetect the sameplant odours, here the kairomoneblend,
but theymaybedifferently sensitive to the concentrationof the kairo-
mone. Inour study,naïveN. tenuiswereattracted toa rangeofconcen-
trations of the four-component blend of the attractants (⊍-pinene,
3-carene,⊍-phellandreneand⊎-ocimene).Hence, it is likelythatthekai-
romone blend will still be attractive to wild N. tenuiswhich may have
experienced/learnt the individual attractants in nature.
Natural enemies also exploit kairomones emitted by prey and

hosts to locate them.9,32,33 However, our results revealed that
prey-associated kairomones play a minor role in the attraction of
the generalist predator N. tenuis. Volatiles of T. absoluta larval frass
attracted the predator N. tenuis, but volatiles of T. vaporariorum
nymph honeydew did not. The chrysopid predator Chrysoperla
carnea (Stephens) was attracted to volatiles from frass of the dia-
mondback moth, Plutella xylostella (L.), larvae that fed on cabbage
plants.64 In a previous study, we observed that the volatile com-
pounds emitted by T. absoluta larval frass are mainly composed
of the volatiles of plants infested with T. absoluta (Ayelo et al.,
unpublished). Unlike N. tenuis, the mirid predator Cyrtorhinus livi-
dipennis Reuter was attracted to volatiles of the honeydew of its
prey, the brown leafhopper Nilaparvata lugens (Stål).33 The nonat-
traction of N. tenuis to honeydew volatiles may be explained by
the fact that it is a zoophytophagous generalist predator which
would prefer to feed on plants rather than on honeydew, or that
the concentrations of volatiles in the honeydew are too low to
attract the predator. It is known that honeydews emit low levels
of volatiles65 and mainly supplement the dietary need of preda-
tory insects for carbohydrates.66 N. tenuis was not attracted to
the commercial sex pheromone of T. absoluta, confirming previ-
ous findings by Lins et al.,27 who reported that N. tenuis was not
attracted to the blend of synthetics of the two compounds found
in T. absoluta sex pheromone or to the pheromone naturally pro-
duced by T. absoluta females. The nonattraction to the sex phero-
mones may be explained by the fact that the predator is a
generalist and may not have coevolved with the prey species, as
reported for the generalist predators of bark beetles, some of
which were shown to be attracted to their prey's pheromone,
while others were unable to eavesdrop on the pheromonal
cues.67 Our findings imply that the pheromone-based mass trap-
ping technique for controlling T. absoluta68 will not interfere with
the foraging behaviour of the predator nor reduce its population
dynamics in the field. Similarly, N. tenuis was not attracted to
odours of the prey themselves, as also reported in the hemipteran
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predator Geocoris spp., which was not attracted to the headspace
body volatiles of its prey, the larvae of the tobacco hawkmoth,
Manduca sexta (L.), reared on Nicotiana attenuata Torr. ex
S. Watson plants.69 However, the prey kairomones may serve as
contact signals for prey recognition and acceptance by predatory
insects,70 which was not investigated in the present study.

5 CONCLUSION
Our study reveals that the densities of T. absoluta larvae and
T. vaporariorum adults on tomato plants influence the response of
the generalist mirid predator N. tenuis to volatiles produced by the
prey-infested tomato plants. The predator preferred volatiles of
T. absoluta-infested plants over those of T. vaporariorum-infested
plants, mainly due to quantitative differences in the plant HIPVs.
Our findings show that the four-component blend of the monoter-
penes ⊍-pinene, 3-carene, ⊍-phellandrene and ⊎-ocimene elicits a
strong attraction in the predator, suggesting synergismamong these
fourmonoterpenes. These attractive compounds could thus be used
to formulate a kairomone-based lure to enhance biological control
and to complement other integrated pest management approaches
against T. absoluta and T. vaporariorum. Specifically, the kairomone
lure could be used to recruit and retainN. tenuis for conservation bio-
logical control or to trap the predators to be released in greenhouses
for augmentation biological control of these pests in tomato crops.
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