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Abstract
Natural enemies locate their herbivorous host and prey through kairomones emitted by host plants and herbivores. These
kairomones could be exploited to attract and retain natural enemies in crop fields for insect pest control. The parasitoid
Encarsia formosa preferentially parasitises its whitefly host, Trialeurodes vaporariorum, a major pest of tomato Solanum
lycopersicum, thus offering an effective way to improve whitefly control. However, little is known about the chemical interac-
tions that occur in E. formosa-T. vaporariorum-S. lycopersicum tritrophic system. Using behavioural assays and chemical
analyses, we investigated the kairomones mediating attraction of the parasitoid to host-infested tomato plants. In Y-tube olfac-
tometer bioassays, unlike volatiles of healthy tomato plants, those of T. vaporariorum-infested tomato plants attracted
E. formosa, and this response varied with host infestation density. Coupled gas chromatography/mass spectrometric analyses
revealed that host infestation densities induced varying qualitative and quantitative differences in volatile compositions between
healthy and T. vaporariorum adult-infested tomato plants. Bioassays using synthetic chemicals revealed the attractiveness of 3-
carene, β-ocimene, β-myrcene and α-phellandrene to the parasitoid, and the blend of the four compounds elicited the greatest
attraction. Our results suggest that these terpenes could be used as an attractant lure to recruit the parasitoid E. formosa for the
control of whiteflies in tomato crop fields.
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Introduction

Natural enemies exploit kairomones from plants and herbi-
vores to locate oviposition sites and feeding resources for their
survival, growth and reproductive success (Afsheen et al.
2008; Colazza andWanjberg 2013). Kairomones are chemical
signals mediating interspecific interactions that are beneficial
to organisms that detect them. Although healthy plants emit
volatile organic compounds, herbivory results in the release of

herbivore-induced plant volatiles (HIPVs), which serve as
long-range kairomones for natural enemies seeking host and
prey (Kessler and Baldwin 2001; Mumm and Dicke 2010;
Takabayashi and Shiojiri 2019). Kairomones have been
exploited to attract parasitoids for the biological control of
insect pests (Kaplan 2012; Peri et al. 2018). For example, 4′-
ethyl-acetophenone, a castor bean (Ricinus communis L.
(Euphorbiaceae)) plant-emitted HIPV induced by Apolygus
lucorum (Meyer-Dür) (Hemiptera: Miridae), has been applied
to attract the parasitoid Peristenus spretus Chen & van
Achterberg (Hymenoptera: Braconidae) for the control of the
insect pest in the field (Xiu et al. 2019). However, HIPV blend
compositions are influenced by biotic factors such as the
herbivore-infesting species, its infestation density, infesting
instar, and the host plant species, which in turn influence par-
asitoid responses (De Moraes et al. 1998; McCormick et al.
2012). Besides HIPVs, chemical cues from the host or prey, or
its by-products such as feces and honeydew may also serve as
kairomone signals that enable natural enemies to locate their
host and prey (Afsheen et al. 2008). For example, the
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parasitoid Psyllaephagus pistaciae Ferrière (Hymenoptera:
Encyrtidae) is attracted to volatiles from honeydew excreted
by its host, Agonoscena pistaciae Burckhardt and Lauterer
(Hemiptera: Psylloidae) (Mehrnejad and Copland 2006).
Kairomones identified from tritrophic interactions have been
used for the recruitment of insect parasitoids to increase par-
asitism rates in field crops (Murali-Baskaran et al. 2018;
Peñaflor and Bento 2013).

Encarsia formosa Gahan (Hymenoptera: Aphelinidae) is
one the most efficient parasitoids used for controlling
Trialeurodes vaporariorum (Westwood) and Bemisia tabaci
(Gennadius) (Hemiptera: Aleyrodidae) whiteflies (De Vis and
van Lenteren 2008; Hoddle et al. 1998; Liu et al. 2015). The
parasitoid preferably parasitises third and fourth nymphal in-
stars of both T. vaporariorum and B. tabaci (Antony et al.
2003; Hu et al. 2002). Trialeurodes vaporariorum and
B. tabaci are devastating insect pests of tomato (Solanum
lycopersicum L. (Solanaceae)) crops, responsible for 30 to
100% yield losses in both open fields and greenhouses world-
wide (Gamarra et al. 2016; Hanssen and Lapidot 2012;
Perring et al. 2018). Damage is mainly due to whitefly-
vectored viruses which cause interveinal yellowing, irregular
fruit ripening and poor plant growth (Hanssen and Lapidot
2012; Navas-Castillo et al. 2014). The phloem sap sucking
feeding behaviour of whiteflies also causes plant wilting and
defoliation, and their honeydew provides a medium which
promotes sooty mold development on leaves, which in turn
interferes with photosynthesis, and consequently limits plant
growth (Gamarra et al. 2016; Palumbo et al. 2000).
Trialeurodes vaporariorum is an invasive species in Europe
and sub-Saharan Africa where it threatens tomato production
(Hanssen and Lapidot 2012; Gamarra et al. 2016).
Trialeurodes vaporariorum completes its life cycle (eggs,
nymphs and adults) on tomato plants within 25 ± 2 days at
25 °C, with the completion of up to three to four generations
before tomato harvest (Gamarra et al. 2016). Successful con-
trol of invasive insect pests is often challenging as their repro-
duction and population growth times are typically rapid, mak-
ing them very destructive and more competitive than native
pests (Wagh et al. 2014). However, the parasitoid E. formosa
has been reported to successfully control T. vaporariorum on
tomato plants grown in greenhouses (De Vis and van Lenteren
2008; Hoddle et al. 1998), and this performance could be
achieved in the field with the application of kairomones to
attract and retain the parasitoid in tomato crops.

Previous studies have demonstrated that kairomones attract
E. formosa to various host plant species infested by whiteflies
(Inbar and Gerling 2008; Zhang et al. 2013a). For example,
E. formosa is attracted to volatiles from Phaseolus vulgaris L.
(Fabaceae) infested by T. vaporariorum, and to volatiles of
Arabidopsis thaliana (L.) (Brassicaceae) infested by B. tabaci
(Birkett et al. 2003; Zhang et al. 2013a). Birkett et al. (2003)
reported that the HIPVs (Z)-3-hexen-1-ol, 4,8-dimethyl-1,3,7-

nonatriene, and 3-octanone released by T. vaporariorum-
infested P. vulgaris attract E. formosa. However, E. formosa
preferably parasitises its hosts, T. vaporariorum and B. tabaci
on tomato (S. lycopersicum) plants compared to other host
plants from Fabaceae, Brassicaceae and Solanaceae families
(Kos et al. 2009; Zhang et al. 2005). These findings suggest
that whitefly-infested S. lycopersicum plants release specific
volatile compounds which attract E. formosa. Although, plant
colour plays a role in host plant location by E. formosa
(Romeis and Zebitz 1997), a field observation also reported
that the density of the whitefly B. tabaci on plants influenced
the abundance of Encarsia species (Kishinevsky et al. 2016).
Hence, it would be interesting to investigate the kairomones
allowing for a functional response to T. vaporariorum density
on tomato plants. We thus assessed the attractiveness of
E. formosa to tomato plant volatiles in relation to host infes-
tation densities and identified the attractant compounds. We
discuss our results in the light of the potential application of
these attractants as kairomone-based lures to recruit the para-
sitoid for T. vaporariorum control in tomato crop fields.

Materials and Methods

Plant The Kilele F1 tomato hybrid (Syngenta, Nairobi,
Kenya) was used in the experiments. Seeds were sown in
nurseries on a 1:1 mixture of soil: manure placed in a seedling
plastic tray. Three weeks after sowing, the seedlings were
individually transplanted in plastic pots (10 × 15 cm) contain-
ing 3:1 soil: manure mixture and grown in a screen house at
30 ± 5 °C, 65 ± 5% RH at the International Centre of Insect
Physiology and Ecology (icipe), Nairobi, Kenya. Plants were
watered as needed, and water-dipped fertiliser containing 18%
N, 20% P2O5, and 21% K2O (Easygrow, Osho Chemical
Industries Ltd) was provided once a week. The plants were
grown without insecticide application. Four-week-old plants
with four developed leaves were used for behavioural assays
and volatile chemical analyses.

Insects Colonies of the experimental insect species,
T. vaporariorum and E. formosa were initiated with field col-
lected nymphs and adults from tomato fields at the Kenyan
Agricultural and Livestock Research Organization (KALRO)
in Kimbimbi (0°37′11.3”S 37°22′08.0″E), Mwea county,
Kirinyaga region. Insects were reared in the laboratory and
maintained at 25 ± 2 °C and 65 ± 5% RH under a 12:12 L:D
photoperiod regime.

Trialeurodes vaporariorumwas reared on tomato plants in
laboratory Plexiglass cages (40 × 40 × 50 cm). Six-week-old
plants were exposed to whiteflies for oviposition for three
days. Infested plants were thereafter transferred into a separate
screen house where the eggs developed into nymphs. Three-
week post-infestation leaves with mature nymphs (mostly
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fourth instars) were cut from plants and returned to the original
infestation cage where the adults emerged.

Encarsia formosa was reared on T. vaporariorum-infested
tomato plants. Four infested plants at 14–21 days post infes-
tation were offered to parasitoids in a laboratory Plexiglass
cage (40 × 40 × 50 cm) for parasitism. Every three days, the
oldest parasitoid-exposed plant was removed and replaced
with a plant 14 days post-infestation. Plants with parasitised
nymphs were placed in another Plexiglass cage where the
insects emerged. Newly emerged parasitoid adults were
returned to the original cage. Encarsia formosa adults were
provided 80% honey solution and water twice a week. Naive
3–5-day-old E. formosa females were used in the experiments
as the parasitoid fecundity is known to be higher within this
age interval (Qiu et al. 2004).

Y-Tube Olfactometer Bioassays The attractiveness of
E. formosa to plant odours was assessed in dual choice assays
using a vertically-oriented Y-tube olfactometer (0.5 cm inter-
nal diameter; 6 cm stem; two 6 cm side arms). A 10 L glass jar
serving as an odour source container was connected to each
side arm. A cardboard box (35 × 35 × 55 cm) served as obser-
vation chamber in which the Y-tube was placed, thus
preventing insects from using plant visual cues. Uniform
lighting was provided in the observation chamber using a
220–240 V cool white fluorescent light placed above the Y-
tube. A unidirectional charcoal-filtered airflow was generated
by an air pump (KNF lab LABOPORT N86KT.18, France)
and passed through each odour source container toward the
arms at a constant flow rate of 120 mL min−1 that was set
using an AALBORG flow meter (Orangeburg, USA). Pots
of growing test plants were wrapped in aluminium foil to
avoid volatile contamination from the pot and soil.
Experimental insects were individually introduced at the base
of the Y-tube stem, and the insect was given 5 min during
which its first choice was recorded. An insect was considered
to havemade a choice when it walked and reached the end of a
given arm, and remained there for 30 s. Insects which did not
make a choice within 5 min were considered as non-
respondent and were subsequently not included in the data
analysis. Ten insects were tested per plant per treatment per
day, and the Y-tube was cleaned with dichloromethane after
five insects and the volatile sources switched between the
arms (left and right) to prevent contamination and positional
bias. Overall, 80 insects were tested per choice test.

Encarsia formosa olfactory responses to volatiles from
healthy and T. vaporariorum adult-infested tomato plants
were investigated by performing the following dual choices
(i) air vs. air (control); (ii) air vs. healthy plant; (iii) air vs.
T. vaporariorum-infested plant; (iv) healthy plant vs.
T. vaporariorum-infested plant. Infested plants were obtained
by exposing a single 4-week-old plant to 50, 100 or
200 T. vaporariorum adults of mixed ages and sexes in a

ventilated plastic box (35 × 25 × 35 cm) for four days which
was enough to induce changes in volatile emission from to-
mato plants infested by B. tabaci adults (Su et al. 2018).

Collection of Volatiles Tomato headspace volatiles were col-
lected using a dynamic push-pull system, and trapped onto
prepacked 30 mg super-Q adsorbent (Analytical Research
Systems, Gainesville, FL, USA). Volatiles were collected
from healthy and T. vaporariorum adult-infested tomato
plants, as well as from empty volatile collection chamber
and pot without plant (controls). Healthy or infested plants,
and the pots, were separately placed in a 10 L glass jar used in
the behavioural response assays. A charcoal-filtered airflow
was directed into the containers at a rate of 200 mL min−1

using an air pump (KNF lab LABOPORT N86KT.18,
France). Collection of volatiles was done for 24 h with 4
replications. Volatiles were eluted with 150 μL of dichloro-
methane, then the solution was concentrated to 50 μL to
which 5 μL of biphenyl (20 ng/μL) was added as internal
standard, and then stored at −80 °C until analysis.

Analysis of Volatiles An aliquot (1 μL) of headspace tomato
plant volatile extract was analysed by gas chromatography/
mass spectrometry (GC/MS) on a Shimadzu QP2010 Ultra
GC/MS (GL Sciences, Tokyo, Japan). The mass spectrometer
was equipped with an Inert Cap 5MS/NP capillary column
(5% diphenyl and 95% dimethylpolysiloxane, 30 m ×
0.25 mm× 0.25 μm film thickness). Analysis was performed
in the splitless 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 programmed to increase at
10 °C min−1 until reaching a final temperature of 280 °C at
which it was held for 10.5 min. The ion source temperature
was set at 250 °C with an interface temperature of 270 °C, and
spectra were recorded at 70 eV. Compound identification was
done using retention time, library mass spectra (NIST11,
Wiley9), and Kovats retention indices (RIs) determined using
retention times of n-alkane (C8-C23) standards. All peaks de-
tected in the control were considered as contaminants and
therefore discarded in the volatile analysis. Compounds were
quantified relative to peak area and concentration of the inter-
nal standard.

Response of E. formosa to Synthetic Plant Volatile
CompoundsA total of 11 compounds were found to be highly
associated with 100-T. vaporariorum adult-infested tomato
plants (see Results) which attracted the parasitoid. These
VOCs included: β-myrcene, α-phellandrene, 3-carene, p-
cymene, β-phellandrene, (E)-β-ocimene, terpinolene, allo-
ocimene, β-elemene and (E)-β-caryophylene and α-
humulene. They were therefore used in the bioassays with
synthetic compounds, except β-phellandrene which was not
commercially available. Based on the natural release rate (ng/
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plant/h) of the compounds (Table 1), each compound was
tested at doses corresponding to release rates of 10, 100 and
1000 equivalent plants in an hour. Based on the results obtain-
ed, four of these compounds (3-carene, β-ocimene, β-
myrcene and α-phellandrene), found to be attractive to the
parasitoid were formulated into a blend (B1) using their indi-
vidual optimal attractant doses (100 ng 3-carene, 200 ng α-
phellandrene, 600 ng β-ocimene and 800 ng β-myrcene).
Two other blends B2 (100 ng 3-carene, 200 ng α-
phellandrene, 60 ng β-ocimene and 80 ng β-myrcene) and
B3 (1 ng 3-carene, 20 ng α-phellandrene, 6 ng β-ocimene
and 8 ng β-myrcene) were tested. The test compounds were
diluted in dichloromethane and a 10 μL aliquot of the test
solution was applied on a filter paper (2 × 2 cm) (Whatman,
UK) and tested against the control (i.e. filter paper loaded with
10 μL dichloromethane). The solvent was allowed to evapo-
rate for 30 s. Thereafter, the impregnated filter papers were
placed in Pasteur pipettes which were directly connected to
the olfactometer arms. The test aliquot was used for a single
insect with a 5 min observation period, and 80 insects were
tested per choice test.

Chemicals The β-myrcene, α-phellandrene, 3-carene, p-
cymene, β-ocimene, terpinolene, allo-ocimene, β-elemene,
(E)-β-caryophylene andα-humulene synthetic standards used
in the bioassays were all purchased from Sigma-Aldrich
(France). All the chemicals were at 90–99% purity, except
β-elemene (80% purity) and α-phellandrene (85% purity).
Dichloromethane (99.9% purity) was purchased from
Merck, Germany.

Statistical Analyses Encarsia formosa preference for odours in
the Y-tube olfactometer was determined by comparing the
recorded frequencies of choice of either of the olfactometer
arms using a chi-squared test. Analysis of concentrations of
volatile compounds between healthy and whitefly-infested
plants was performed using a non-parametric Kruskal-Wallis
test to account for distribution normality and variance homo-
geneity, and when a significant difference was noted a post-
hoc Dunn’s test associated with Bonferroni’s adjustment was
applied for mean separation (Dinno 2015). The Random
Forest (RF) analysis (Breiman 2001) was used to select the
most discriminant volat i les between healthy and
T. vaporariorum adult-infested tomato plants, as used in pre-
vious studies (Ranganathan and Borges 2010; McCormick
et al. 2014, 2016). The most predictive variables (VOCs in
our case) were defined using the RF “importance” function
which provides the mean decrease in accuracy (MDA), where
a higher MDA indicates higher importance in the classifica-
tion (Liaw and Wiener 2002; Ranganathan and Borges 2010).
Using concentrations of the most discriminant volatile com-
pounds, a Sparse Partial Least Square Discriminant Analysis
(sPLS-DA) biplot was performed to highlight variations in the

emission of compounds between healthy and herbivore-
infested plants, and to identify VOCs highly associated with
the attractant plants (i.e. 100-T. vaporariorum adult-infested
plants) using the mixOmics package (Hervé et al. 2018; Lê
Cao et al. 2011). The sPLS-DAmodel was validated using the
“perf” function and the leave-one-group-out cross-validation
method in the mixOmics package (Rohart et al. 2017). All
statistical analyses were performed using R statistical soft-
ware, version 4.0.2 (R Core Team 2020).

Results

Olfactory Response of E. formosa to Plant Volatiles The
whitefly parasitoid E. formosa was attracted to volatiles from
tomato plants infested with 100 T. vaporariorum adults com-
pared to clean air (control) (χ2= 9.59, df = 1, P = 0.002) and
healthy tomato plant volatiles (χ2= 4.63, df = 1, P = 0.031)
(Fig. 1). However, volatiles from tomato plants infested with
either 50 (χ2= 0.63, df = 1, P = 0.428; χ2= 0.01, df = 1, P =
0.91) or 200 T. vaporariorum adults (χ2 = 0, df = 1, P = 1; χ2

= 0.11, df = 1, P = 0.737) did not attract the parasitoid when
compared to clean air or healthy tomato plant volatiles, re-
spectively. Similarly, the parasitoid was not attracted to vola-
tiles of healthy tomato plants compared to clean air (χ2= 1.04,
df = 1, P = 0.308).

Analysis of Tomato Volatiles A total of 25 volatile organic
compounds (VOCs) belonging to six chemical classes: mono-
terpene (14), sesquiterpene (6), ketone (2), homoterpene (1),
aldehyde (1) and benzenoid (1) were detected in the volatile
profiles of both healthy and whitefly-infested tomato plants
(Table 1; Fig. 2). Quantitative and qualitative differences were
observed in volatile emission between healthy and
T. vaporariorum adult-infested tomato volatiles (Table 1;
Fig. 2). The monoterpenes 2-carene and β-phellandrene were
the most abundant compounds and accounted for about 80%
of the total volatiles released from healthy and whitefly-
infested tomato plants (Table 1; Fig. 2). Six VOCs, i.e. benz-
aldehyde (aldehyde); β-pinene, 6-methyl-5-hepten-2-one, 3-
carene, allo-ocimene (monoterpenes) and β-elemene
(sesquiterpene) were specific to T. vaporariorum-infested to-
mato plants. Among these compounds, 3-carene, allo-
ocimene and β-elemene were found only in volatiles of plants
infested with 100 T. vaporariorum adults.

Emission rates of some VOCs such as p-cymene, α-
phellandrene, β-phellandrene, (E)-β-ocimene, α-pinene, β-
myrcene, terpinolene and δ-elemene increased by ≥2 fold in
plants infested with 100 T. vaporariorum adults than in
healthy plants (Table 1). Differences in some VOCs such as
the monoterpenesα-phellandrene and (E)-β-ocimene, and the
sesquiterpenes (E)-β-caryophyllene and α-humulene were al-
so observed between the different infestation densities, with a
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decline in the emission at the highest whitefly infestation den-
sity (Table 1). However, the emission rates of 3,7,7-trimethyl-
1,3,5-cycloheptatriene, α-cedrene and γ-elemene did not
change between healthy plants and T. vaporariorum adult-
infested plants.

Determination of Discriminant Volatiles for Bioassays with
Synthetic Compounds The RF analysis and the sPLS-DA
biplot highlighted the VOCs that mostly characterised the at-
tractant 100-T. vaporariorum adult-infested plants compared
to the unattractant plants (combination of healthy, 50 and 200-
T. vaporariorum adult-infested plants). The results of the RF
analysis revealed 13 VOCs discriminating T. vaporariorum
adult-infested tomato plants and healthy plants (Fig. 3a).
Using these VOCs, the sPLS-DA classified healthy and
whitefly-infested plants into two clusters: one group

composed of 100-T. vaporariorum adult-infested plants,
which was separated from the other group composed of
healthy, and 50 or 200-T. vaporariorum adult-infested plants
(Fig. 3b). The sPLS-DA biplot displayed the correlation be-
tween the discriminant VOCs and the plants (Fig. 3c). The
first two dimensions of the sPLS-DA explained 62% of the
total variation (Fig. 3c). Dimension 1 explained 47% of the
total variation and was highly associated mainly with (E)-β-
caryophyllene, β-elemene, allo-ocimene, 3-carene and α-
phellandrene. Whereas dimension 2 accounted for 15% of
the total variation, and was closely correlated mainly with p-
cymene, (Z)-β-ocimene and 6-methyl-5-hepten-2-one.
Heatmap clustering was performed to illustrate variations in
VOCs across replicates of healthy and infested tomato plants,
and the findings showed that most of the discriminant VOCs
were abundan t in t oma to p l an t s in f e s t ed wi th

Fig. 1 Responses of Encarsia
formosa to volatiles from healthy
tomato plants and others infested
with different densities of
Trialeurodes vaporariorum
adults in a Y-tube olfactometer
choice tests. 80 insects were test-
ed per choice. nr = number of
non-respondent insects (i.e. no
choice). P = statistical signifi-
cance level with ns = no signifi-
cant difference (P > 0.05); *,
** = significant differences at
P < 0.05 or P < 0.01 from χ2 test
at α = 0.05

Fig. 2 GC/MS profiles of
headspace volatiles from healthy
tomato plants and
100 Trialeurodes vaporariorum
adult-infested tomato plants.
Numbers correspond to volatile
compounds indicated on Table 1.
IS = internal standard (biphenyl)
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100 T. vaporariorum adults (Fig. 3d). According to the hori-
zontal direction of the heatmap, all samples were classified in
two main groups, i.e. one composed of plants infested with
100 T. vaporariorum adults, and another group composed of
the rest of the samples (i.e. combination of healthy plants and
others infested with 50 and 200 T. vaporariorum adults). The
results of the sPLS-DA biplot specifically showed that (E)-β-
caryophyllene, β-elemene, allo-ocimene, α-phellandrene,
(E)-β-ocimene, β-phellandrene, 3-carene, terpinolene, p-
cymene, β-myrcene and α-humulene were highly associated
with plants infested with 100 T. vaporariorum adults, which
attracted the parasitoid. Therefore, we focused on these VOCs
for testing the attractiveness of the parasitoid E. formosa to
synthetic compounds.

Bioassays with Synthetic Compounds Encarsia formosa
responded differently to the various doses of compounds
tested individually (Fig. 4). The parasitoid was attracted
to β-ocimene at 60 ng (χ2 = 5.06, df = 1, P = 0.024) and

600 ng (χ2 = 8.01, df = 1, P = 0.003) doses compared to
the control (dichloromethane). The parasitoid was also
attracted to β-myrcene at 80 ng (χ2 = 4.63, df = 1, P =
0.03) and 800 ng (χ2 = 6.13, df = 1, P = 0.013) doses com-
pared to the control. Moreover, 3-carene attracted
E. formosa only at the 100 ng dose (χ2 = 6.13, df = 1,
P = 0.013) and α-phellandrene at 200 ng dose (χ2 = 7.81,
df = 1, P = 0.005) compared to the control. On the other
hand, terpinolene, p-cymene, α-humulene and (E)-β-
caryophyllene were not attractive to the parasitoid at any
of the tested doses (Fig. 4).

The parasitoid E. formosa was attracted to the blend of
the four attractants 3-carene, α-phellandrene, β-myrcene
and β-ocimene mixed at their optimal attractant doses
(B1) compared to the control (dichloromethane) (χ2 =
6.28, df = 1, P = 0.012) (Fig. 5). However, the parasitoid
was highly attracted to the mixture of the four attractants
when blended at the intermediate attractant doses (B2)
compared to the control (χ2 = 11.39, df = 1, P < 0.001).

Fig. 3 Determination of the most discriminant volatiles and their
correlation with healthy tomato plants and tomato plants infested by 50,
100 and 200 Trialeurodes vaporariorum adults (50Tv-inf, 100Tv-inf and
200Tv-inf, respectively). a The 13 most discriminant volatiles between
healthy and infested tomato plants are listed in decreasing importance
based on the mean decrease in accuracy (MDA> 1) in the random forest

analysis. b A sPLS-DA plot displaying the distribution of healthy and
infested tomato plants. cA sPLS-DA biplot showing the correlation of the
most discriminant volatiles with healthy and infested tomato plants. d
Heatmap clustering showing the abundance (in decreasing colour inten-
sity) of the most discriminant VOCs across replicates of healthy and
infested tomato plants
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On the other hand, E. formosa was not attracted to the
blend when the attractant compounds were mixed at their
lowest doses (B3) compared to the control (χ2 = 3.24, df-
= 1, P = 0.072) (Fig. 5).

Discussion

We have shown that the parasitoid E. formosa responded to
volatiles of T. vaporariorum adult-infested tomato plants, and
this response variedwith the host infestation density.Encarsia
formosa was attracted to volatiles of plants infested with
100 T. vaporariorum adults, and the parasitoid preferred
100-T. vaporariorum adult-infested tomato plant volatiles
compared to healthy plant volatiles. Hence, plants infested
with 100 T. vaporariorum adults produced specific induced
plant volatiles which are detected by the parasitoid to discrim-
inate between infested and healthy tomato plants. Our results
support previous studies on other plant-host-parasitoid sys-
tems. For example, E. formosa was reported to be attracted
to volatiles of T. vaporariorum adult-infested P. vulgaris
plants and B. tabaci adult-infested A. thaliana plants com-
pared to volatiles of healthy plants (Birkett et al. 2003;
Zhang et al. 2013a). Similarly, E. formosa preferred Myzus
persicae (Sulzer) (Hemiptera: Aphididae) adult-infested to-
mato plant volatiles relative to volatiles of healthy plants
(Tan and Liu 2014). The attraction of parasitoids to specific
host infestation density is the result of qualitative and

Fig. 4 Olfactory responses of Encarsia formosa to three doses of selected
synthetic volatile compounds. 80 insects were tested per choice. DCM=
dichloromethane. nr = number of non-respondent insects (i.e. no choice).

P = statistical significance level with ns = no significant difference at
P> 0.05; *, ** = significant differences at P < 0.05 and P < 0.01 from
χ2 test at α = 0.05

Fig. 5 Encarsia formosa attractiveness to mixtures of attractant
compounds blended at the attractant doses of (B1): 100 ng 3-carene,
200 ng α-phellandrene, 600 ng β-ocimene and 800 ng β-myrcene and
(B2): 100 ng 3-carene, 200 ng α-phellandrene, 60 ng β-ocimene and
80 ng β-myrcene, and at lowest tested doses of (B3): 1 ng 3-carene,
20 ng α-phellandrene, 6 ng β-ocimene and 8 ng β-myrcene. 80 insects
were tested per choice test. DCM= dichloromethane. nr = number of non-
respondent insects (i.e. no choice). P = statistical significance level with
ns = no significant difference (P > 0.05); *, *** = significant differences
at P < 0.05 and P < 0.001 from χ2 test at α = 0.05

199J Chem Ecol  (2021) 47:192–203



quantitative differences in volatile emission between healthy
and herbivore-infested plants (McCormick et al. 2012; Shiojiri
et al. 2010). We found that the infestation density of
100 T. vaporariorum adults changed the quality and quantity
of released volatile compounds in tomato plants. Our tomato
volatile analysis showed that volatile emission reached a max-
imum at an intermediate host density (100 T. vaporariorum
adults). Similarly volatile emission by Brasica nigra L.
(Brassicaceae) plants infested with Myzus persicae (Sulzer)
(Hemiptera: Aphididae) aphid increased at the infestation den-
sity of 50 aphid adults compared to infestation by lower (i.e.
25) and higher (i.e. 100) host densities (Ponzio et al. 2016).
The VOCs β-pinene, 6-methyl-5-hepten-2-one, benzalde-
hyde, 3-carene, allo-ocimene and β-elemene were specific to
100-T. vaporariorum adult-infested tomato plants, and levels
of p-cymene, α-phellandrene, (E)-β-ocimene and (E)-β-
c a r y o p h y l l e n e i n c r e a s e d i n t h e a t t r a c t a n t
100 T. vaporariorum adult-infested tomato plants compared
to healthy plants.

The parasitoid E. formosa was, however, not attracted to
volatiles produced by tomato plants infested with 50 or
200 T. vaporariorum adults. Our findings on the host infesta-
tion density dependent-olfactory response in E. formosa cor-
roborated the findings of previous studies on other parasitoid
species of phloem-feeding herbivores, where an infestation
threshold is generally required for the parasitoids for optimal
response to herbivore-infested plants (Lou et al. 2005; Ponzio
et al. 2016). Lou et al. (2005) reported that the parasitoid
Anagrus nilaparvatae Pang and Wang (Hymenoptera:
Mymaridae) was attracted to volatiles of Oryza sativa L.
(Poaceae) plants infested with 10 or 20 Nilaparvata lugens
Stål (Hemiptera: Delphacidae) adults, but there was no attrac-
tion to plants with lower (1 or 5) or higher (40 or 80) infesta-
tion densities. This density-dependent olfactory response was
also reported for the parasitoid Dieaeretiella rapae
(McIntoch) (Hymenoptera: Braconidae) which preferred vol-
atiles of B. nigra plants infested with 25 M. persicae aphid
nymphs over those of healthy plants, but it showed no attrac-
tion to plants infested with higher host infestation density, i.e.
50 or 100 M. persicae nymphs (Ponzio et al. 2016).

In our study, the relatively low attraction of E. formosa to
plants infested by either low or high T. vaporariorum adult
infestation densities could be explained by the results obtained
from our volatile analysis. Phloem-feeding herbivores such as
whiteflies and aphids which are salicylic acid pathway in-
ducers may activate or suppress the plant defence mecha-
nisms, thus emission of volatiles, depending on their density
and the infestation or feeding duration (Lou et al. 2005;
Walling 2008; Zhang et al. 2013b). We found that 50 whitefly
adults induced minor changes in the plant volatiles, where
benzaldehyde, β-pinene, and 6-methyl-5-hepten-2-one were
only released in 50 whitefly adult-infested tomato plants com-
pared to healthy plants. On the other hand, we found that

volatile emission declined in tomato plants infested with
200 T. vaporariorum adults compared to plants infested with
100 T. vaporariorum adults. Specifically, α-phellandrene, p-
cymene, (E)-β-caryophyllene and α-humulene decreased in
200-T. vaporariorum adult-infested plants compared to 100-
T. vaporariorum adult-infested plants, and also (E)-β-
caryophyllene decreased in 200-T. vaporariorum adult-
infested plants compared to healthy plants. Darshanee et al.
(2017) reported that α-humulene and (E)-β-caryophyllene
emission decreased in tomato plants infested with
200 T. vaporariorum adults compared to healthy plants. The
decrease of volatile emission at the highest T. vaporariorum
infestation density could be explained by an inhibitory effect
on the jasmonic acid-regulated pathway, as observed for
B. tabaci feeding on Arabidopsis and tomato plants (Su
et al. 2018; Zarate et al. 2007; Zhang et al. 2013b, 2019).
Estrada-Hernandez et al. (2009) also reported that a high
B. tabaci feeding intensity on tomato plants led to downregu-
lation of genes associated with photosynthesis and secondary
metabolites. Therefore, we speculate that the high
T. vaporariorum infestation rate could have induced a reduc-
tion in photosynthetic activity and secondary metabolite syn-
thesis. Moreover, it is likely that the high T. vaporariorum
density which correlated with a high feeding intensity could
have weakened the plant quality and thus its ability to main-
tain normal physiological processes, which could potentially
decrease whitefly survival and fitness, which in turn affects
the fitness of the parasitoid. It has been observed that a high
infestation density and longer feeding period of B. tabaci
whiteflies on cucumber crops resulted in a reduction in plant
photosynthetic activity (Shannag and Freihat 2009). Palumbo
et al. (2000) also reported that heavy Bemisiawhitefly density
led to a reduction in the growth and vigor of alfalfa (Medicago
sativa L. (Fabaceae)) plants through the reduction in the plant
crude protein content.

Herbivore-induced plant volatiles serve as kairomones dur-
ing host location by parasitoids. We found that synthetic 3-
carene, β-myrcene, β-ocimene and α-phellandrene tested in-
dividually attracted E. formosa. These attractant compounds
were either specific to or abundant in the attractant 100-
T. vaporariorum adult-infested plants compared to
unattractant plants, i.e. healthy plants and plants infested with
50 and 200 T. vaporariorum adults. Among these compounds,
only β-myrcene has been previously identified as an attractant
to E. formosa, from a study on HIPV of B. tabaci adult-
infested A. thaliana plants (Zhang et al. 2013a). However,
other E. formosa attractants: (Z)-3-hexen-1-ol, 4,8-dimethyl-
1,3,7-nonatriene, and 3-octanone have been identified in
T. vaporariorum adult-infested P. vulgaris plant volatiles
(Birkett et al. 2003). The E. formosa-attracting compounds
identified in our study have been reported to mediate olfactory
responses in other parasitoid species. For instance, α-
phellandrene and (E)-β-ocimene induced by phloem-feeding
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aphids were reported to be attractants for the aphid parasitoid
Aphidius erviHaliday (Hymenoptera: Braconidae) (Takemoto
and Takabayashi 2015). Moreover, 3-carene attracted
Chouioia cunea (Yang) (Hymenoptera: Eulophidae), a pupal
parasitoid of Hypanthia cunea (Drury) (Lepidoptera:
Arctiidae) (Pan et al. 2020). The dose-response assays in our
study revealed that, except for α-phellandrene, the proportion
of attracted parasitoids slightly increased as the test dose in-
creased. Doses of compounds attractive to E. formosa in pre-
vious studies were: e.g. 360 ng β-myrcene in olfactometer
(Zhang et al. 2013a), and 10 μg (Z)-3-hexen-1-ol in wind
tunnels (Birkett et al. 2003), suggesting that the doses tested
in our study were in relevant range to elicit attraction in the
parasitoid. Natural enemies are likely to use blend of odours
when foraging for host and prey (Conchou et al. 2019;
Thomas-Danguin et al. 2014). Our results showed that the
parasitoid E. formosa was highly attracted to the blend of
the four attractants, i.e. 3-carene, β-myrcene, β-ocimene and
α-phellandrene when tested against clean air. However, the
parasitoid attractiveness was reduced when concentrations of
two compounds, β-myrcene and β-ocimene, were increased
by 10-fold, indicating that the parasitoid could be sensitive to
the relative concentration and ratio of these compounds in the
blend. A previous study reported that the mixture of (Z)-3-
hexen-1-ol and 3-octanone elicited the greatest attraction by
E. formosa in wind tunnel assays (Birkett et al. 2003).

In summary, our findings show that the density of the
whitefly T. vaporariorum adults on tomato plants influences
both the olfactory response of E. formosa and the volatile
composition of infested tomato plants. We also demonstrate
that terpenes are responsible for E. formosa attraction to
T. vaporariorum adult-infested tomato plants. The 4-
component terpene blend of 3-carene, β-myrcene, β-
ocimene and α-phellandrene, could be used as a kairomone-
based attractant lure to recruit and retain the parasitoid for the
control of T. vaporariorum in tomato crop fields.
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