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Abstract
The use of chemical pesticides as a main pest control strategy has been highly criticised due to environmental pollution and 
negative effects on natural enemies of pests. In modern farming, it is essential to implement integrated pest management 
approaches that seek to control insect pests without causing environmental damage, e.g. the use of companion plants. Basil 
and Mexican marigold are often used as companion plants to attract greenhouse whiteflies, hence reducing damage to sola-
naceous crops, but the mechanism and role of volatile cues in crop protection strategies are unknown. This study found that 
both flowering basil and marigold were preferred to tomato by the greenhouse whitefly (Trialeurodes vaporariorum) in Y-tube 
olfactometer bioassays. PCA revealed that some volatiles were more correlated to one stage than to another. The dominant 
volatile constituents of Mexican marigold are limonene, dihydrotagetone, (Z)-β-ocimene, α-pinene, (Z)-3-hexenyl acetate, 
and those from basil are linalool, 1,8-cineole, eugenol and β-elemene. Among these dominant compounds, 1,8-cineole and 
(Z)-3-hexenyl acetate elicited strong attraction in greenhouse whitefly at 0.01%, whereas (Z)-β-ocimene and linalool elicited 
strong repellence at 0.1% and 1% dosages. This suggested that the basil flowering stage attraction is due to 1,8-cineole. These 
volatiles demonstrated potential as lures or bio-repellents and could be used in a “push–pull” semiochemical approach for 
greenhouse whitefly management.

Keywords  Basil · Mexican marigold · Volatiles · Y-tube olfactometer

Introduction

Conventional farming systems currently generally involve 
monocultures with heavy reliance on synthetic chemical 
insecticides (Tilman et al. 2002). This has prompted severe 
widespread criticism because of the associated biodiversity 
losses, human health issues, and environmental pollution 

worldwide (Niggli et al. 2007; Bengtsson et al. 2005). How-
ever, vegetation diversity has been shown to suppress pests 
via several causal pathways, as reviewed by Ratnadass et al. 
(2012): (1) pest-suppressing effects via visual and olfactory 
cues; (2) below-ground bottom-up allelopathic effects; (3) 
disruption of the spatial cycle via non-host effects; (4) dis-
ruption of the temporal cycle via crop rotation with non-
host plants; (5) physiological resistance due to improved 
crop nutrition; (6) facilitation of top–down effects on aerial 
crop pests via natural enemy conservation; (7) stimulation 
of specific below-ground antagonists of pests; and (8) direct 
and indirect architectural effects (physical barrier effects, 
microclimate alteration). The incorporation of vegetation in 
agroecosystems for the purpose of pest control is also called 
“companion planting”, while trap cropping is encompassed 
in companion planting (Manson 2005).

Trap crops have been defined as “plant stands grown 
to attract insects to protect target crops from pest attack, 
preventing the pests from reaching the crop or concentrat-
ing them in a certain part of the field where they can be 
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economically destroyed” (Hokkanen 1991) or, in broader 
definition, “as plant stands that are, per se or via manipula-
tion, deployed to attract, divert, intercept, and/or retain tar-
geted insects or the pathogens they vector to reduce damage 
to the main crop” (Shelton and Badenes-Perez 2006). There 
are different kinds of trap cropping: (1) conventional trap 
cropping where the trap crop has to be more attractive than 
the target crop to reduce pest damage to the target crop, (2) 
“dead-end trap cropping” where the trap crop is an attract-
ant for insect pests but it does not support the growth of the 
insects, which therefore cannot survive and complete their 
life cycle, hence stalling pest movement to the target crop, 
(3) genetically engineered trap cropping where the trap crop-
ping plant has been modified to increase their attractiveness 
or add a dead-end characteristic to the trap crop.

Field observations revealed that Mexican marigold 
(Tagetes minuta) and basil (Ocimum basilicum) attract the 
greenhouse whitefly (Trialeurodes vaporariorum, West-
wood, Hemiptera: Aleyrodidae). The greenhouse whitefly 
is a worldwide pest which causes devastating vegetable 
and ornamental plant losses in many parts of the world, 
including tomato which is a vital vegetable crop with world 
production of about 180 billion tons (Bleeker et al. 2009, 
FAO 2018). This pest causes damage through the reduction 
of plant productivity directly by extracting phloem sap or 
indirectly by excreting honeydew on foliage, leading to the 
development of sooty molds that reduce leaf photosynthe-
sis, and by the transmission of viruses, such as the tomato 
chlorosis crinivirus (Inbar and Gerling 2008; Moodley et al. 
2019). Greenhouse whitefly damage has been reported to 
cause 5–30% losses on fresh tomatoes marketed in the sub-
Saharan region (Johnson et al. 1992).

Although farmers use a set of integrated pest management 
tools to manage the greenhouse whitefly, chemical control 
is the most commonly used by many farmers (Gorman et al. 
2002). However, chemical control treatments have recently 
been heavily criticised different agencies and governments 
due to their environmental impact, especially due to their 
direct connection to their destruction of bee colonies (Gross 
2013). Moreover, greenhouse whiteflies have developed 
some resistance to several neonicotinoids, pyrethroids and 
ketoenols, thus making them ineffective for pest control 
(Kapantaidaki et al. 2018). This has led many producers to 
shift to more biological control methods which are by nature 
environmentally friendly, such as the use of natural enemies 
and pathogens of greenhouse whiteflies (Pilkington et al. 
2010). This trend paved the way to a study on how com-
panion plants influence the greenhouse whitefly behaviour 
and how to exploit the different volatile chemicals for the 
management of this pest (Schlaeger et al. 2018).

Our study was focused on two companion plants, i.e. 
basil and Mexican marigold, both of which have been 
reported to affect the greenhouse whitefly behaviour in 

previous studies. In two previous field experiments in 
Kenya, we observed that marigold significantly reduced 
the greenhouse whitefly population in cowpea crops, while 
basil and tomato intercropping led to a 68.7% reduction 
in the whitefly population (Diabate et al. 2019; Mutisya 
et al. 2016). Moreover, when tomato was intercropped 
with basil, its yields increased to up to 96.5 t ha−1 in Bra-
zil (Carvalho et al. 2009). Moreover, basil essential oil, 
when added to yellow sticky traps, increased the attractive-
ness for greenhouse whiteflies by 4.8-fold (Górski 2004). 
These studies illustrated that marigold and basil play an 
important role in reducing crop losses associated with T. 
vaporariorum, but their mode of action is still unclear. The 
aim of this study was to investigate the likely involvement 
of olfactory cues, which could then subsequently be used 
to develop lures and repellents for greenhouse whitefly 
management. This study focused on evaluating the behav-
ioural response of T. vaporariorum to basil and Mexican 
marigold volatiles at the different phenological stages and 
comparing their response with the high attractant tomato 
cultivar red beauty F1. We hypothesized that basil and 
marigold would be more attractant for whiteflies than 
tomato plants. Then, we studied the effect of the major 
volatile compounds of the companion plant.

Materials and methods

Plant material

Red beauty F1 tomato cultivar seeds and basil (Ocimum 
basilicum L.) seeds were purchased from Amiran Kenya 
Limited. Mexican marigold (Tagetes minuta L.) seeds were 
collected from plants growing in the Kenya Agricultural and 
Livestock Research Organization (KALRO) station in Kim-
bimbi, Kirinyaga County, Kenya (0°37′11.3″ S, 37°22′08.0″ 
E). French beans (Phaseolus vulgaris) were purchased from 
Kenya Seeds Company Limited. Red soil and manure (ratio 
3:1 v/v) were used to raise the seedlings which were grown 
in a screen house (27 ± 1 °C temperature, 65 ± 5% relative 
humidity) at the International Center of Insect Physiology 
and Ecology (icipe), Duduville, Nairobi Campus, Kenya 
(1°13′17.9″ S 36°53′48.1″ E). Plants were raised in plastic 
pots (15 cm dia. × 15 cm height) free of pesticides, watered 
regularly and nourished with Agrofeed (Osho chemicals, 
Kenya), a vegetative fertilizer N:P:K (12:10:8), 2 weeks 
after transplanting. Basil and marigold were used for the 
bioassay experiment at both vegetative (2 months old) and 
flowering stages (3–4 months old). Red beauty F1 tomatoes 
in the vegetative stage were used 4 weeks after transplant-
ing to conduct bioassays, while French beans were used for 
greenhouse whitefly rearing 4 weeks after transplanting.
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Insects and bioassays

Greenhouse whitefly colonies were collected on tomato 
plants at the KALRO station and reared in a cage 
(40 cm × 40 cm × 50 cm) on 4-week-old potted French bean 
plants at the icipe laboratory. The cage was kept in a labora-
tory maintained at 25 ± 1 °C temperature, 50–60% relative 
humidity and 12:12 L:D photoperiod. Greenhouse whitefly 
females were allowed to oviposit for 2 days and then a new 
French bean plant was placed in the cage. 1–3 days prior to 
adult emergence, all French bean leaves bearing whiteflies 
at the 4th nymph stage were removed and placed inside a 
different cage with fresh plants where they developed into 
adults. The newly emerged adults were not sexed, hence both 
male and female insects were used to conduct the bioassays, 
while the insects used were 1–7 days old.

The behavioural responses of greenhouse whiteflies to 
tomato, basil and Mexican marigold were examined in a 
Y-tube olfactometer consisting of a Y-shaped glass tube 
(0.6 cm internal dia.; 10.5 cm arm length, 9.5 cm stem 
length and a 60° angle at the junction intersection). Com-
pressed air from an electrical pump (KnF, Laboport, Lagal-
lais, PA Sainte, France) was purified through activated char-
coal and regulated by a flow meter (Aalborg, Orangeburg, 
NY, USA) at 50 mL/min and split into two before being 
pumped into Nalophan cooking bags (38 cm high × 25 cm 
wide, Chevalier Diffusion, F33890 Pessac-sur-Dordogne, 
France) containing a plant or empty (control), with clean air 
passing through and into the Y-tube olfactometer arms. Prior 
to the experiment, plastic pots bearing the test plants were 
covered with aluminium foil to avoid odour pollution (or 
excess background contaminants). The olfactory-behavioural 
choices of greenhouse whitefly were tested on: (a) vegeta-
tive basil versus clean air; (b) flowering basil versus clean 
air; (c) vegetative basil versus tomato; (d) flowering basil 
versus tomato (e) vegetative marigold versus clean air; (f) 
flowering marigold versus clean air; (g) vegetative marigold 
versus tomato; (h) flowering marigold versus tomato, and (i) 
clean air versus tomato.

The Y-tube bioassay was conducted from 9:00 to 17:00 h 
in a laboratory that was maintained at 25 ± 1 °C tempera-
ture and 60 ± 5% relative humidity. The Y-tube arena was 
positioned inside a box (20 cm × 20 cm × 30 cm) and was 
illuminated from above with an 8 W fluorescent lamp. Prior 
to the experiment, greenhouse whiteflies to be used were 
starved for 2 h. A greenhouse whitefly was introduced at the 
Y-tube stem base, then allowed for 10 min to make a choice 
depending on the Y-tube arm of choice. Each tested green-
house whitefly was considered to have made a choice when 
it had moved halfway through the Y-tube arm towards any 
of the odour sources. A no-choice response was recorded 
when the whitefly did not make any choice within 10 min. 
After five insects were tested, the entire Y-tube setup was 

rotated 180° to avoid any asymmetry bias in the setup. 60 
replications were performed for each treatment. The glass 
Y-tube was cleaned with 70% ethanol between every insect 
tested and oven-dried at the end of the day.

Headspace volatile collection

Volatile compounds from intact vegetative red beauty F1 
tomato, vegetative/flowering basil, and vegetative/flowering 
marigold plants were collected using a headspace sampling 
method. The flowering stage was characterized by pedicel-
late flowers and small leaves. Before use, Porapak Q (50/80) 
150/75 mg adsorbent (SUPELCO solutions, Bellefonte, PA, 
USA) was pre-cleaned with 5 ml of dichloromethane (Sig-
mana Aldrich, Gillingham, UK; purity ≥ 99%) to remove 
contaminants before drying in a stream of nitrogen. Nalo-
phan bags were baked overnight in an oven at 100 °C before 
use. Volatiles of tomato, basil and Mexican marigold were 
collected by covering the single intact plant with the nalo-
phan bag that was held tight around the stem with cotton 
wool and a rubber band to create airtight conditions while 
avoiding injury to the plant. Compressed air from an electri-
cal pump (KnF, Laboport, Lagallais, PA Sainte, France) was 
purified through activated charcoal and pushed through nalo-
phan bags at a 200 mL/min flow rate and pulled out through 
Porapak Q traps at 150 mL/min for 24 h. The difference in 
flow rates prevented unfiltered air from entering the system 
(Webster et al. 2008). Volatile collections from each of five 
plant replicates of tomato, basil and Mexican marigold were 
extracted with 150 µL dichloromethane (DCM) and concen-
trated to 50 µL using nitrogen gas on ice. Extracts were used 
immediately or stored at − 80 °C until GC–MS analysis.

Volatile analysis

Plant volatiles produced by tomato, basil and marigold were 
analysed using coupled gas chromatography-mass spectrom-
etry (GC–MS) on an Agilent Technologies 7890A GC linked 
to a 5975 mass spectrometer which was equipped with an 
MSD Chemstation E.02.00.493, Wiley 9th/NIST 2008 MS 
library and a HP-5 MS column (30 m × 0.25 mm internal 
dia. × 0.25 µm film thickness) (JandW, Folsom, CA, USA). 
The concentrated volatiles in a 1 µL aliquot were analysed 
in splitless mode using helium as carrier gas at 1.2 mL/min. 
The oven temperature was held at 35 °C for 5 min after 
sample injection, then programmed at 10 °C/min to 280 °C 
and held for 5.5 min. Spectra were recorded at 70 eV in 
electron impact (EI) ionisation mode. Volatile compounds 
were then identified by comparison of the mass spectra data 
with MS libraries (Adams, Chemoecol and, NIST) and con-
firmed with synthetic standards and the comparison between 
the calculated retention indices of compounds relative to 
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n-alkane standards (C8-C30) and retention indices from the 
literature (RIs obtained on HP-5 columns).

Chemicals

The synthetic standards: (Z)-3-hexenyl acetate (chemical 
purity 98%), (R)-(+)-limonene (96%), (S)-(-)-limonene 
(96%), ocimene (90%, chiral purity was not known), 
(+)-α-pinene (98%), 1,8-cineole (99%), (+)-linalool (97%), 
β-elemene (98%), eugenol (99%), and dichloromethane 
(99%) were obtained from Sigma-Aldrich (France). Dihy-
drotagetone (95%) was obtained from Santa Cruz Biotech-
nology (USA).

Olfactory assay with synthetic standards

We used the same Y-tube olfactometer assay as described 
earlier to evaluate the behavioral effects of the synthetic 
standards of compounds identified from basil and Mexican 
marigold. We tested the most abundant compounds from 
both basil and marigold identified in our GC–MS analysis:

limonene, dihydrotagetone, (Z)-β-ocimene, (Z)-3-hexenyl 
acetate, and α-pinene for Mexican marigold and linalool, 
1,8-cineole, eugenol, and β-elemene for basil. Linalool and 
1,8-cineole were also tenfold more abundant in flowering 
basil the attractant stage than in the vegetative stage. Indi-
vidual compounds were tested at the following dilutions: 
100 µL of the original compound was diluted with 900 µL 
of dichloromethane to form 10% (v/v) and then further 
serial dilution to obtain solutions of 0.01%, 0.1% and 1% 
(v/v) and each was individually tested against the control 
(dichloromethane). When testing the volatiles, a volume of 
50 µL aliquot of each solution (i.e. 5, 50 and 500 nl/paper 
of active compound) was applied on filter paper and left 
for 30 s at 25 ± 1 °C to allow the solvent to vaporize before 
being placed in the test chamber. The impregnated filter 
paper was then placed in nalophan bags (38 cm high × 25 cm 
wide) connected to the olfactometer arms via PTFE tubing 
and used for only 1 h.

A Mexican marigold blend of the five compounds at 
a ratio of (27:26:20:11:16) [limonene: dihydrotagetone: 
(Z)-β-ocimene: α-pinene: (Z)-3-hexenyl acetate] was pre-
pared to obtain 100 µL, which was diluted with 900 µL to 
obtain a 10% concentration blend which was further serial-
diluted to form a 0.01%, 0.1% and 1% (v/v) blend of identi-
fied compounds. The basil blend was prepared at a ratio of 
(34:29:27:10) [linalool: 1,8-cineole: eugenol: β-elemene] 
and similar dilution procedure as used for marigold was fol-
lowed to obtain blends of 1%, 0.1% and 0.01% (v/v) solution. 
Greenhouse whitefly responses were compared to each blend 
versus dichloromethane and then the blend versus vegeta-
tive tomato plants. The filter paper was replaced after 10 

greenhouse whiteflies had been tested. 60 replications were 
performed for each treatment.

Statistical analysis

The frequency count data were subjected to a Chi-square 
test (χ2) with Bonferroni corrections to test the hypothesis 
that the greenhouse whitefly choice between a pair of odours 
deviates from the null model of odour source chosen with 
equal frequency. The null hypothesis was that greenhouse 
whiteflies had a 50:50 distribution across the two arms of the 
olfactometer. Non-respondent greenhouse whiteflies were 
not included in the analysis. A non‐parametric Mann–Whit-
ney–Wilcoxon test was used to analyse differences in the 
emission quantity of volatiles between vegetative and 
flowering stages of basil and marigold plants. Moreover, 
a graphical approach was used to visualise chemical vari-
ations between the flowering and vegetative stages of the 
companion plants based on component correlations. We 
hypothesized that the volatile release would vary between 
the two stages. Principal component analysis (PCA) (“ade4” 
package (Dray and Dufour 2007)) was used to highlight 
the relationship between the vegetative and flowering of 
basil and marigold plants based on the emission of vola-
tile compounds (compound peak areas from GC–MS) using 
a graphical approach. On the factorial map, the more two 
points (plant samples) were distant on the graph, the more 
they were considered different. On the loading plot, only 
the long arrows (the most correlated) were used to interpret 
differences between plant samples. The more a sample was 
towards the front of an arrow (see coordinates), the more it 
had a high value for this variable (volatiles compounds). All 
statistical analyses were conducted in the R environment (R 
Core Team 2018).

Results

Behavioural response of greenhouse whiteflies 
to clean air, tomato, basil, and Mexican marigold

We hypothesized that basil and Mexican marigold are 
trap crops for greenhouse whiteflies. Hence, they have to 
be attractant, and more attractant than tomato. In the first 
tests, the red beauty tomato cultivar elicited an attraction 
of the greenhouse whitefly compared to clean air (Fig. 1). 
In addition, whiteflies only preferred flowering basil rela-
tive to clean air, whereas vegetative basil did not elicit any 
significant behavioural response in greenhouse whiteflies. 
However, greenhouse whiteflies also showed a preference for 
marigold at both vegetative and flowering stages compared 
to clean air.
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The flowering stages of basil and marigold were preferred 
by greenhouse whiteflies over tomato (Fig. 1). In contrast, 
the vegetative stages of both did not elicit any significant 
response of greenhouse whiteflies when compared to tomato.

Analysis of volatiles emitted by tomato, basil 
and Mexican marigold

As the behavioural responses of greenhouse whiteflies dif-
fered, we hypothesized that there were differences in the vol-
atile release by the companion plants at different stages and 
by tomato plants, particularly between marigold flowering 
and vegetative stages as flowering basil was attractant and 
not in the vegetative stage. A total of 51 volatile compounds 

were identified from the red beauty F1 tomato cultivar, basil, 
and marigold (Table 1). The five most abundant volatiles of 
the red beauty F1 tomato cultivar in order were: α-pinene, 
p-cymene, 2-carene, sabinene and β-pinene. The five major 
volatiles of vegetative basil in order were: 2-carene, euge-
nol, α-pinene, bicyclogermacrene and α-humulene and of 
the flowering stage were: linalool, 1,8-cineole, eugenol, 
β-pinene and bornyl acetate. The five major volatiles of 
vegetative marigold in order were: α-pinene, p-cymene, 
limonene, dihydrotagetone and (Z)-3-hexenyl acetate, and 
of the flowering stage were: (Z)-tagetone, dihydrotagetone, 
(Z)-β-ocimene, limonene and car-3-en-2-one.

The PCA on basil explained 86.61% of the variance. 
According to PCA, the flowering stage was correlated with 

Fig. 1   Behavioral response 
of greenhouse whiteflies to 
vegetative and flowering basil; 
and vegetative and flowering 
Mexican marigold vs clean air 
(a) and tomato (b) in a Y-tube 
olfactometer test. n number of 
responding insects, total number 
of insects tested per pairing 
was 60. Asterisks represent the 
significance level of x2 tests 
at *P < 0.05, (Chi-square with 
Bonferonni correction)
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positive PC-1 values and negative PC-2 values, compounds 
with PC-1 > 0.7 and negative PC-2 were myrcene, linalool, 
1,8-cineole, β-copaene, α-guaiene, γ-muurolene, valencene, 
α-bulnesene, sabinene hydrate and γ-cadinene, which con-
tributed to the flowering stage, while the vegetative stage 
was correlated with zero PC-1 values, compounds with 
PC-1 < 0.3 were α-pinene, 2-carene, α-terpinene, p-cymene, 
(Z)-β-ocimene, γ-terpinene, methyl eugenol and sesquiter-
pene contributed to the vegetative stage (Table 2).

The PCA on marigold explained 76.63% of the variance. 
According to PCA, the flowering stage was correlated with 
positive PC-1 values, compounds with PC-1 > 0.7 were sabi-
nene, limonene, (Z)-β-ocimene, dihydrotagetone, car-3-en-
2-one, bornyl acetate, (E)-β-caryophyllene, α-humulene, 
germacrene D and bicyclogermacrene, which contributed to 
the flowering stage, while the vegetative stage was correlated 
with negative PC-1 values, compounds with PC-1 < 0.67 
were (Z)-3-hexenol, camphene, β-pinene, p-cymene, 1,8-cin-
eole and terpinolene, which contributed to the vegetative 
stage (Table 3).

Myrcene, 1,8-cineole, linalool, β-copaene, α-bulnesene 
and γ-cadinene were more abundant volatiles from the 
flowering stage of basil than from the vegetative stage, 
contrary to eugenol, which was less abundant (bold num-
bers, Table 3). (Z)-3-hexenyl acetate, camphor, α-cubebene, 
γ-muurolene and δ-cadinene were only detected in the flower 
stage. (Z)-tagetone and germacrene were more abundant in 
the flowering stage of marigold than in the vegative stage, 
in contrast, (Z)-3-hexenol and α-pinene were less abundant 
(bold numbers, Table 3). (Z)-3-hexenal, β-pinene, p-cymene, 
1,8-cineole, (E)-β-ocimene and terpinolene were only pre-
sent in the vegetative stage, contrary to α-humulene and 
bicyclogermacrene which were only present in the flower-
ing stage.

Response of greenhouse whitefly to volatile 
compounds of basil

Based on GC–MS analysis, we tested the most abundant 
compound as we hypothesized they were responsible for 
the attraction of greenhouse whiteflies. Moreover, linalool 
and 1,8-cineole were also tenfold more abundant in flow-
ering basil, i.e. the attractant stage, than in the vegetative 
stage. Among the four dominant compounds identified in 
basil, 1,8-cineole elicited attraction at two concentrations, 
i.e. 0.01% and 0.1% (Fig. 2); eugenol was only attractant at 
0.01%; and β-elemene was only attractant at 0.1%. Linalool 
elicited a repellent behavioral response at all three tested 
concentrations.

Greenhouse whiteflies were attracted to the basil blend 
(34:29:27:10) [linalool: 1,8-cineole: eugenol: β-elemene] at 
both 0.01% and 0.1% concentration rates (Fig. 2). In pair-
wise experiments with red beauty F1 tomato, greenhouse 

whiteflies were attracted to the basil blend at 0.1%, but 
at 0.01%. Similarly, when the basil blend + red beauty F1 
tomato were jointly compared against tomato, greenhouse 
whiteflies were only attracted to the basil blend at 0.1%.

Response of greenhouse whiteflies to volatile 
compounds of Mexican marigold

Based on GC–MS analysis, we tested the most abundant 
compound as we hypothesized they were responsible for 
the attraction of greenhouse whiteflies. Among the five 
major volatiles produced by marigold, (Z)-3-hexenyl ace-
tate elicited an attractive response at all tested concentra-
tions (Fig. 3). However, greenhouse whiteflies were repelled 
by (Z)-β-ocimene at all tested concentrations. Limonene 
was also repellent to greenhouse whiteflies at 0.01% and 
0.1%. α-pinene elicited a repellent behavioural response in 
greenhouse whiteflies at 1%. Dihydrotagetone did not elicit 
responses at all concentration rates.

The chemical blend [limonene: dihydrotagetone: (Z)-β-
ocimene: α-pinene: (Z)-3-hexenyl acetate] (27:26:20:11:16) 
representing marigold was attractant at 0.1%, while at 1%, 
the blend was repellent compared to the control (Fig. 3). 
Red beauty F1 cultivar tomato plants were less preferred by 
greenhouse whiteflies compared to the marigold blend at 
0.1%. The marigold blend was repellent at 1% compared to 
tomato (Fig. 3c). Joint comparison of the Mexican marigold 
blend + tomato to tomato showed repellence to greenhouse 
whiteflies at 1%.

Discussion

From the Y-tube olfactory assays, basil and Mexican mari-
gold at flowering stages exhibited strong attraction of green-
house whiteflies. Mexican marigold elicited a similar behav-
ioural response at the vegetative stage. Whiteflies further 
showed significant attraction towards both flowering basil 
and marigold compared to the red beauty F1 tomato culti-
var. These findings support previous field observations of 
a study conducted by Diabate et al. (2019), and offer an 
avenue for making effective use of basil and marigold as 
trap crops, while also using their bioactive semiochemi-
cals for sustainable management of greenhouse whiteflies. 
The findings of a previous study showed that basil varieties 
could be potential hosts for greenhouse whiteflies, with some 
varieties reported to have high attractiveness, i.e. able to 
host > 30 eggs cm−2 (Roditakis, 1990). Intercropping basil 
with tomato was previously found to reduce adult whitefly 
populations on tomato (Carvalho et al. 2017). Contrary to 
our findings, greenhouse whiteflies were repelled by a floral 
extract of Irish lace (Tagetes filifolia) in a Y-tube olfactom-
eter assay, mainly due to the presence of trans-anethole, a 
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Table 2   Principal component coordinates (Factorial map (up) and loading plot (below)) used to show the relationship between vegetative and 
flowering based stage of basil, Ocimum basilicum L.

Compound PC-1 PC-2

A α-Pinene 0.1365422 0.97064978 V

B Camphene 0.75858408 0.18985285
C β-Pinene 0.90040542 0.11098903
D Myrcene 0.82036881 − 0.3843099 F
E 2-Carene 0.08667507 0.97971069 V
F (Z)-3-Hexanyl acetate 0.60741858 − 0.34692474
G α-Terpinene 0.10043276 0.96738833 V
H p-Cymene 0.07568275 0.98792715 V
I Limonene 0.41714419 0.82668967
J 1,8-Cineole 0.94323971 − 0.23511384 F
K (Z)-β-Ocimene 0.23834966 0.9480734 V
L (E)-β-Ocimene 0.88606229 0.43408209
M γ-Terpinene 0.09393599 0.97970516 V
N Cis Sabinene hydrate 0.90496277 − 0.00912746 F
O Terpinolene 0.72327299 0.67545592
P Linalool 0.95998972 − 0.15039288 F
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repellent compound (Camarillo and Rodriguez 2009) which 
was not found in the Mexican marigold study.

As basil is a highly aromatic plant that is well docu-
mented as a key herb (Pushpangadan and George 2012), 
volatiles identified from basil have high levels of linalool, 

1–8, cineole, β-elemene and eugenol. The basil blend, when 
mixed at a natural ratio of [linalool: 1–8, cineole: eugenol:β-
elemene] (34:29:27:10) and tested against clean air in the 
dual choice assay, was found to attract T. vaporariorum 
at both 0.1% and 0.01% concentration rates when tested 

Table 2   (continued)

Compound PC-1 PC-2

Q (E)-Epoxy-ocimene 0.45598986 0.77040285

R Camphor 0.90854508 − 0.29211588 F

S Borneol 0.97494831 0.04127683

T α-Terpineol 0.94303457 − 0.0620544 F

U Bornyl acetate 0.98209526 − 0.08220738 F

V α-Cubebene 0.75603982 − 0.3795813 F

W Eugenol 0.95258901 0.15631362

X α-Copaene 0.96720135 0.21161041

Y β-Elemene 0.21161041 0.34623208

Z Methyl eugenol 0.0279472 0.96602613 V

AA Sesquiterpene 0.0090629 0.98167475 V

AB β-Copaene 0.95990706 − 0.15755899 F

AC α-Guaiene 0.95512774 − 0.17132863 F

AD α-Humulene 0.95755435 0.26274104

AE γ-Muurolene 0.92781712 − 0.3201388 F

AF Germacrene D 0.63505995 − 0.17869244

AG Valencene 0.93100478 − 0.32911874 F

AH Bicyclogermacrene 0.64826926 − 0.10108227

AI α-Bulnesene 0.90716494 − 0.30464774 F

AJ γ-Cadinene 0.98455753 − 0.12202023 F

AK δ-Cadinene 0.92923358 − 0.32289059 F

Data points represent individual replicates (n = 5). pc-1 first principal component coordinate and pc-2 s principal component coordinate
V compound highly correlated to vegetative stage, F compound highly correlated to flowering stage
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Table 3   Principal component coordinates (Factorial map (up) and loading plot (below)) used to show the relationship between vegetative and 
flowering based stage of Mexican marigold, Tagetes minuta L.

Compound PC-1 PC-2

A (Z)-3-Hexanal − 0.58254245 0.4867003

B Ethyl-2-methylbutanoate 0.33571438 0.3706558
C (Z)-3-Hexanol − 0.73722663 0.49084 V
D α-Pinene − 0.36161725 0.1237623
E Camphene − 0.68103873 0.581668 V
F Sabinene 0.73287823 0.5737486 F
G β-Pinene − 0.66959187 0.5783726 V
H Myrcene − 0.36997454 0.7480725
I (Z)-3-Hexenyl acetate − 0.5140053 0.5213842
J p-Cymene − 0.78002324 0.541248 V
K Limonene 0.73601349 0.4729841 F
L 1,8-Cineole − 0.66844389 0.574649 V
M (Z)-β-Ocimene 0.85462692 0.5067676 F
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against clean air and was also found to attract T. vaporari-
orum at 0.1% when tested against tomato. Previous stud-
ies have shown the basil major volatile constituents were 
linalool (3.94 mg/g), eugenol (0.896 mg/g) and 1,8-cineole 
(0.288 mg/g), which coincided with our findings. Linalool 
and 1,8-cineole were the main compounds in both vegetative 
and flowering stages, as also observed in different studies 
(Di Cesare et al. 2003; Vieira and Simon 2006; Hussain et al. 
2008; Calín-Sánchez et al. 2012). Based on PCA analysis, 
the flowering stage released mainly linalool, myrcene,1,8-
cineole, β-copaene, α-guaiene, γ-muurolene, valencene, 
α-bulnesene and γ-cadinene, whereas the vegetative stage 
released α-pinene, 2-carene, α-terpinene, p-cymene, (Z)-β-
ocimene, γ-terpinene, methyl eugenol and an unidentified 

sesquiterpene. Linalool and 1,8-cineole were also tenfold 
more abundant in flowering basil, the attractant stage, than 
in the vegetative stage, thus suggesting they are responsible 
for the basil attractiveness. We found that 72.4% greenhouse 
whiteflies were attracted to the four component-blend of key 
basil compounds, while the maximum for a single compound 
was 67.9%. We, therefore, hypothesised that the basil blend 
could be used alone or in combination with physical traps, 
such as yellow sticky traps, in greenhouse whitefly manage-
ment. However, further studies need to be carried out on the 
response of greenhouse whiteflies to the basil blend because 
creation of realistic and effective blend ratios is key but not 
easy due to many possible permutations which increase 
geometrically (Szendrei and Rodriguez-Saona 2010). 

Table 3   (continued)

Compound PC-1 PC-2

N (E)-β-Ocimene − 0.53146419 0.2603434

O Dihydrotagetone 0.8713007 0.4601212 F

P Terpinolene − 0.77910578 0.5814976 V

Q (E)-Epoxy-ocimene 0.05931229 0.7071167

R (E)-Tagetone 0.37344671 − 0.2785782

S (Z)-Tagetone 0.5397904 − 0.2809059

T (E)-Ocimenone 0.4047658 − 0.1772154

U Car-3-en-2-one 0.86613358 0.3021869 F

V Bornyl acetate 0.7804849 0.2803774 F

W (E)-β-Caryophyllene 0.89952415 0.4162223 F

X α-Humulene 0.85297259 0.4134816 F

Y Germacrene D 0.87485821 0.4431602 F

Z Bicyclogermacrene 0.70349138 0.5388573 F

Data points represent individual replicates (n = 5). pc-1 first principal component coordinate and pc-2 s principal component coordinate
V compound highly correlated to vegetative stage, F compound highly correlated to flowering stage
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Greenhouse whiteflies were attracted to either 1,8-cineole, 
eugenol, or β-elemene at both 0.1% and 0.01% concentration 
compared to clean air. These compounds are at least partly 

responsible for the attractiveness of basil. Sweet potato 
whiteflies (Bemisia tabaci) were also previously found to 
be attracted to 1,8-cineole and eugenol (Cao et al. 2008).

Fig. 2   Behavioral response 
of greenhouse whiteflies to 
five major Mexican marigold 
volatiles tested individually and 
as a blend mixed at the ratio of 
27:26:20:11:16 vs. clean air or 
tomato tested at 0.01% (a), 0.1% 
(b), and 1% (c) concentration 
in a Y-tube olfactometer test. n 
number of responding insects, 
total number of insects tested 
per pairing was 60. Asterisks 
represent the significance 
level of x2 tests at *P < 0.05, 
(Chi-square with Bonferonni 
correction)
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Marigold volatiles are known to contain monoterpe-
nes, such as limonene and (Z)-ocimene and oxygenated 
ketones, such as dihydrotagetone, (E) and (Z)-tagetone 

and (Z)-ocimenone (Kumar et al. 2012). Based on PCA 
analysis, the Mexican marigold flowering stage (the most 
attractant stage) was positively correlated with limonene, 

Fig. 3   Behavioral response of 
greenhouse whiteflies to four 
major basil volatiles, i.e. lin-
alool, 1,8-cineole, eugenol and 
β-elemene tested individually 
and as a lend mixed at the ratio 
of 34:29:27:10 vs. clean air or 
tomato tested at 0.01% (a), 0.1% 
(b), and 1% (c) concentration 
in a Y-tube olfactometer test. n 
number of responding insects, 
total number of insects tested 
per pairing was 60. Asterisks 
represent the significance 
level of x2 tests at *P < 0.05, 
(Chi-square with Bonferonni 
correction)
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(Z)-β-ocimene, dihydrotagetone, etc., which could be mainly 
responsible for the marigold attractiveness. However, olfac-
tometry tests of greenhouse whiteflies against the five major 
compounds of marigold [limonene: dihydrotagetone: (Z)-β-
ocimene: α-pinene: (Z)-3-hexenyl acetate] in their natural 
ratio elicited an attraction behavioural response towards the 
blend at 0.1%, and repellence at 1%. (Z)-3-hexenyl acetate, 
when tested individually on T.vaporariorum, was attract-
ant at 0.01%, 0.1%, and 1%, indicating that it is the active 
compound responsible for attractiveness in the blend at 0.1% 
concentration. This hypothesis is supported by the findings 
of a study conducted on another whitefly (Bemisia tabaci) 
response to 3-hexenyl acetate, where the compound was 
found to elicit an attractant behavioural response in both 
Y-tube olfactometer and greenhouse assays (Li et al. 2014). 
Moreover, (Z)-3-hexenyl acetate, a key green leaf volatile 
released upon injury on plants, was found to be an attract-
ant of greenhouse whiteflies by (Scala et al. 2013). This 
green leaf volatile has been reported to synergize attraction 
of corn earworms and codling moths to their respective sex 
pheromones (Light et al. 1993). The repellent nature of the 
volatile blend, as indicated at 1% concentration, could be 
due to: (1) the concentration, i.e. at high concentration some 
compounds become repellent (Nyasembe et al. 2012) or (2) 
the interaction of two or more compounds. For example, 
limonene and (Z)-β-ocimene, which were found to repel T. 
vaporariorum, can as a blend be even more repellent than 
the compounds alone. In a previous study, limonene dispens-
ers were successfully used to repel T.vaporariorum from 
tomato and recommended for use alongside marigold plants 
in greenhouse trials (Conboy et al. 2019). As ocimene is 
an acyclic monoterpene, it is often released as a defence 
volatile in response to herbivory to repel pests (Bohlmann 
et al. 2000). (Z)-β-ocimene could also be used as a repel-
lent stimulus to divert the pest from the crop or used in a 
push–pull system.

Conclusion

This study showed that different phenological stages of both 
basil (Ocimum basilicum L.) and Mexican marigold (Tagetes 
minuta L.) produce volatile cues which influence greenhouse 
whitefly (Trialeurode vaporariorum) behaviour. We further 
demonstrated that the flowering phenological stages of both 
plants were more attractive to whiteflies than tomato; hence, 
they may be good trap crop candidates for whitefly manage-
ment. The attractiveness of marigold was found to be partly 
due to (Z)-3-hexenyl acetate, which at all tested concentra-
tions was attractive to whiteflies while the insect’s attraction 
to flowering basil could be due to 1,8-cineole, eugenol and 
β-elemene. Moreover, the study revealed promising repel-
lent compounds from both plants, i.e. compounds, such as 

limonene and (Z)-β-ocimene, from marigold and linalool 
from basil. The volatiles have potential as lures or bio-repel-
lents in whitefly management.
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