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Abstract: Trichome is a hair-like structure involved in mechanical and chemical defenses of plants
against herbivorous insects. Nicotiana benthamiana, a wild tobacco plant, has well-developed glandular
trichomes that secrete sugar esters with potent repellent and insecticidal properties. However, there
is a lack of information about the effectiveness of trichome extract in the control of plant-sapping
insects. The objective of this study was to investigate the effects of N. benthamiana trichome exudates
on Bemisia tabaci MED (Gennadius) (Hemiptera: Aleyrodidae), a highly destructive insect pest that
poses significant threats to both vegetable and ornamental plants globally. First, we determined the
host preference and mortality of B. tabaci adults using the choice test and feeding assay towards
tomato and N. benthamiana plants. B. tabaci preferred tomato over N. benthamiana plants. Second, we
extracted N. benthamiana trichome exudates by washing the leaves with either water or ethanol and
evaluated their oral toxicities against B. tabaci adults using a parafilm feeding chamber containing 20%
sucrose solution. Oral ingestion of both extracts significantly increased mortality in a concentration-
dependent manner. Oral ingestion of ethanol-washed 10% trichome extract caused >60% mortality in
B. tabaci adults after 36 h. Third, trichome exudates were concentrated by drying to obtain a powder
form, which was more potent in killing whiteflies than the liquid form. Oral ingestion of 1% trichome
powder was completely lethal to B. tabaci within 36 h. N. benthamiana trichome exudates are highly
toxic to B. tabaci through oral ingestion, suggesting that N. benthamiana can be used as a potential
natural pesticide for whitefly management.
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1. Introduction

The sweetpotato whitefly Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) is a
species complex containing at least 40 cryptic species that are morphologically indistin-
guishable [1–3]. Among the species, the Middle East–Asia Minor 1 (also known as MEAM1
and previously known as B biotype) and Mediterranean (MED; previously known as Q
biotype) species are responsible for causing severe damage to a wide range of agricultural
plants [4]. B. tabaci is highly polyphagous and infests more than 600 plant species, including
various agricultural crop plants and weed plants worldwide [5,6]. It is a serious pest
that damages plants by direct feeding and by sooty mold fungus due to the excretion of
honeydew [7]. Furthermore, B. tabaci transmits more than 100 plant viruses, especially
begomoviruses [8,9].

Management of B. tabaci is difficult due to its short generation time, high reproduction
rate, wide host range, and significant genetic diversity in global invasion rate and pesticide
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resistance [10–12]. For instance, MEAM1 and MED, which are distributed worldwide, have
been found to develop high resistance to pesticides such as imidacloprid, acetamiprid,
and thiamethoxam [10,13,14]. Therefore, it is highly necessary to investigate and develop
alternate methods for the integrated management of B. tabaci.

In the evolutionary process, plants have developed various physical and chemical
defense mechanisms against herbivorous insects [15]. Trichomes are hair-like structures
present on the leaves and stems of plants and are used to disturb insect settlement on
plants [16]. These hairs primarily act as simple mechanical obstacles; however, some tri-
chomes also secrete sticky substances containing secondary metabolites, such as sugar
esters, terpenoids, and flavonoids [16,17]. Glandular trichomes are present in several
species of the Solanaceae family, such as the wild species of tomato and tobacco plants [18].
For instance, Lycopersicon pennellii Correll, a species of wild tomato, produces sticky ex-
udates from type IV glandular hairs on its leaves and stems [19]. Moreover, the wild
tobacco Nicotiana species are known to produce trichome exudate up to 15% of their dry
leaf weight [17].

Nicotiana benthamiana has been used as a model species for investigating the genet-
ics and molecular biology of plants [20]. N. benthamiana leaves possess two main types
of glandular trichomes, namely, large swollen-stalk trichomes and small trichomes that
include a secretory head consisting of one, two, or four cells [18]. Detached trichomes,
a mixture of large and small trichomes, from N. benthamiana are able to synthesize acyl
sugars [20]. Glandular trichomes play a crucial role in the production and release of sev-
eral secondary metabolites, including terpenoids, acyl sugars, phenylpropanoids, and
fatty-acid derivatives [21]. Acyl sugars, which are nonvolatile metabolites, are synthesized
and accumulated inside glandular trichomes found in certain Solanaceae species, such as
Solanum, Nicotiana, and Datura [20]. Acyl sugars have the potential to exert direct toxicity on
herbivores while concurrently exhibiting remarkable emulsifying and surfactant properties.
Therefore, they may readily adhere to the cuticles of arthropods, leading to the immobi-
lization or suffocation of those arthropods [17,22]. According to Goffreda et al. [23], acyl
sugars exhibit contact toxicity against potato aphids and function as a feeding deterrent.
Moreover, previous research has shown that acyl sugars have the ability to repel or deter
herbivores, including the potato aphid [17]. Furthermore, Puterka et al. [24] observed that
the toxic properties of synthetic acyl sugars are influenced by both the sugar backbone
and the length of the fatty-acid chain. In addition, various acyl sugars induce mortality
in pear psyllids, tobacco aphids, tobacco hornworms, and spider mites [24]. Nevertheless,
studies on potential toxicity resulting from the ingestion of trichome exudates are limited.
Therefore, this study aimed to investigate the oral toxicity of various forms of trichome
extracts of N. benthamiana for controlling B. tabaci. We also determined the host preference
of B. tabaci MED between tomato and N. benthamiana plants.

2. Materials and Methods
2.1. Insects and Plants

The B. tabaci MED colony was maintained in tomato plants (Solanum lycopersicum L.)
within insect-proof cages (45 cm × 60 cm × 90 cm). Whiteflies were reared under conditions
of 25 ◦C ± 1 ◦C, 60% ± 5% relative humidity, and a 16:8 h light:dark photoperiodic cycle.
Both N. benthamiana and S. lycopersicum plants were grown in a greenhouse under the
same conditions.

2.2. Preparation of Trichome Exudate Extracts from N. benthamiana Leaves and the Main Components

N. benthamiana leaves were collected from plants that had grown to at least 1 m in
height (Figure 1A). First, fresh leaves were dipped in either water or absolute ethanol
solutions at a ratio of 1:1.5 and shaken using a rotating stirrer for 30 min at room tempera-
ture. The solutions were then filtered using Whatman filter paper (Maidstone, UK). These
solutions were termed trichome solutions with water (TS-W) or trichome solutions with
ethanol (TS-E). Next, the trichome solutions were dried for 12 days at room temperature.
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These dried materials were termed trichome powder from TS-W (TP-W) or trichome pow-
der from TS-E (TP-E). Both TP-W and TP-E were dissolved in water to prepare different
concentrations for use in further experiments. In Figure 2, we show the chemical structure
of three secondary metabolites that are produced and released by the glandular tri chomes,
according to Wang et al. (licensed under CC BY 4.0) [25].
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Figure 2. Two primary forms of glandular trichomes observed in Nicotiana benthamiana leaves: large
swollen-stalk trichomes and small trichomes. Here, we showed the chemical structure of three
secondary metabolites produced and released by glandular trichomes. Adapted from Wang et al.,
2022 [25].

2.3. Host Preferences of Bemisia tabaci between Tomato and Nicotiana benthamiana Plants

To determine the host preference of B. tabaci between tomato and N. benthamiana
plants, whiteflies (n = 50) were released into the meshed cage (45 cm × 60 cm × 90 cm)
containing these plants placed 50 cm apart from each other. The number of whiteflies
attracted to each plant was counted at 24 h intervals up to 72 h. Moreover, the lethal toxicity
of tomato and N. benthamiana plants was compared using a glass tube-feeding chamber
(length 12 cm × diameter 3 cm). Whiteflies (n = 20) were released into the tube and then
covered with a single leaf of either tomato or N. benthamiana. The number of dead whiteflies
was counted at 12 h intervals until 60 h.

To determine the effect of trichome exudates on the attraction and viability of whiteflies,
N. benthamiana leaves were washed with either water or ethanol solutions. Three types of
N. benthamiana leaves, i.e., normal, water-washed, and ethanol-washed leaves, were placed
into the cage, after which whiteflies (n = 70) were released. The rates of attraction and death
were determined at 12 h intervals.
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2.4. Oral Toxicity of Trichome Solutions against Bemisia tabaci

To explore the oral toxicity of trichome-washed solutions (TWSs) of N. benthami-
ana against adult whiteflies, the solutions were diluted in a 20% sucrose solution and
used as an artificial diet. Then, B. tabaci adults were allowed to feed in the glass cage
(length 12 cm × diameter 3 cm) feeding chamber. One end of the chamber was covered
with two layers of parafilm separated by a 20% sucrose solution. The bottom end of the
chamber was covered with a thick black paper sheet with a hole at the center. The hole was
plugged by a ventilator made from a pipette tip covered with a fine-meshed net. The artifi-
cial diet (5 µL) containing various amounts of TWS was placed into the parafilm feeding
chamber. Adult whiteflies (n = 20) were released into the chamber and then maintained for
72 h at room temperature. Whiteflies that dropped into the bottom of the feeding chamber
were considered dead, and their number was counted over 72 h.

2.5. Effects of Trichome Exudate Powder (TEP) on Bemisia tabaci Adults

To determine the oral toxicity of the TEP of N. benthamiana on adult whiteflies, TEPs
concentrated from water-washed or ethanol-washed solutions were diluted in 20% sucrose
solution, and B. tabaci were allowed to feed in the glass cage feeding chamber. Adult
whiteflies (n = 20) were released into the chamber, and then the mortality of B. tabaci adults
was counted over 72 h.

To compare the toxicity of N. benthamiana TEP and the chemical pesticide imidacloprid,
both were diluted to various concentrations in 20% sucrose solution. Oral toxicity was
determined in the parafilm feeding chamber for 48 h. Whiteflies (n = 10) were released into
the cage, and the number of whiteflies on the plants was counted at 12 h intervals up to 48 h.

2.6. Statistical Analysis

One-way analysis of variance (ANOVA), followed by a post hoc Tukey’s HSD test,
was used to determine differences in mortality and attraction percentages (p < 0.05). An
independent-samples t-test was conducted to identify significant differences between
host plants and post-treatment times at p < 0.05. Log–probit regression was used to
calculate the lethal median time (LT50) based on mortality due to treatment with different
concentrations of N. benthamiana ethanol-washed trichome solutions. All statistical analyses
were conducted using the PROC ANOVA, PROC PROBIT, and PROC T-TEST procedures
in SAS version 9.4 [26]. The data shown in tables represent the mean ± standard deviation
of three replications for all experiments. All graphs were drawn using SigmaPlot 12.5.

3. Results
3.1. Effects of Nicotiana benthamiana on Attraction and Contact Toxicity to Bemisia tabaci Adults

In the host preference test, a significant attraction rate was detected for all three post-
treatment times (Figure 3A). The adults of B. tabaci primarily preferred tomato plants over
N. benthamiana plants. Their attraction rates to tomato and N. benthamiana plants were
51.7% and 20.3%, respectively, at 72 h after treatment [t(4) = 4.040, p = 0.016] (Figure 3A).
However, in the contact toxicity test, the mortality of B. tabaci in N. benthamiana plants
gradually increased, with the highest mortality being 97.6% at 60 h after treatment, whereas
the mortality of B. tabaci in tomato plants was 7.26% [t(4) = 29.706, p < 0.0001] (Figure 3B).
Microscopic observation of N. benthamiana leaves revealed that most whiteflies were trapped
in the sticky exudates of trichomes at the abaxial sides of leaves and eventually died.
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Figure 3. Attraction rates (A) and mortality (B) of adult whiteflies reared on tomato and Nicotiana
benthamiana plants. Attraction rate of whiteflies (n = 50) released into the cage containing both tomato
and N. benthamiana plants. Mortality of adult whiteflies (n = 20) reared on a single leaf of different
plants in the feeding chamber. Each point of the bars represents the mean ± standard error (SE) of
three replications. Different letters at each point indicate statistically significant differences (p < 0.05)
between the treatments at each post-treatment time.

3.2. Effects of Nicotiana benthamiana Trichome-Washed Solutions (TWSs) on Oral Toxicity to
Bemisia tabaci Adults

To determine the source of the insecticidal toxicity of N. benthamiana, leaves were
washed with either water or ethanol. The abaxial sides of washed leaves were observed
under a microscope to confirm the absence of trichome exudates (Figure 1). Whiteflies were
released into the cage containing fresh and trichome-washed plants. No significant differ-
ences were observed in the attraction rate of B. tabaci under the three conditions (nontreated,
water-washed, and ethanol-washed) of N. benthamiana leaves over all post-treatment times
(p > 0.05) (Figure 4A). However, the mortality rates of whiteflies in nontreated, water-
washed, and ethanol-washed N. benthamiana leaves after 72 h of treatment were 97.7%,
33.3%, and 29.5%, respectively (Figure 4B). After a treatment period of 72 h, significant
differences in mortality were noted between untreated leaves and leaves of N. benthamiana
that had been washed with water or ethanol (F = 52.49; df = 2,6; p = 0.0002) (Figure 4B).
Based on the probit analysis, the LT50 value recorded for fresh N. benthamiana leaves was
14.41 h, whereas that for ethanol-washed leaves was 126.11 h. Hence, this result indicates
that most of the lethal toxicity of N. benthamiana leaves is retained in the trichome exudate.
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Figure 4. Attraction and mortality rates of whiteflies on Nicotiana benthamiana leaves treated using
different methods. Whiteflies (n = 70) were released into the cage containing fresh, water-, or ethanol-
washed leaves of N. benthamiana. Attraction rate (A) and mortality (B) of whiteflies were determined
over 72 h after treatment. Each point represents the mean ± standard error (SE) of three replications.
Different letters at each point indicate statistically significant differences (p < 0.05) between the
treatments at each post-treatment time; ns: not significant (p > 0.05).
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To determine the oral toxicity of N. benthamiana extracts, B. tabaci adults were treated
with 20% sugar solution including water- or ethanol-washed trichome exudate solutions
at various concentrations (0%, 1%, 10%, and 20%) for 60 h in the parafilm feeding glass
chamber (Figure 5).
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A concentration- and time-dependent mortality was observed under treatment with
water- or ethanol-washed trichome exudate solutions (Figure 4). After 60 h of treatment,
the mortality rates were 22.4%, 32.8%, 46.3%, and 55.5% at 0%, 1%, 10%, and 20%, respec-
tively, for water-washed trichome exudate solutions (Figure 5A). Furthermore, significant
mortality was observed between the treatments after 60 h of treatment (F = 66.87; df = 3,8;
p < 0.0001) (Figure 5B). In contrast, the mortality rates of whiteflies in leaves treated with
ethanol-washed trichome extracts diluted to 0%, 1%, 10%, and 20% were 22.4%, 52.0%,
94.9%, and 100%, respectively, after 60 h of treatment (Figure 5B). The LT50 values for 0.1%,
1%, 10%, and 20% concentrations of ethanol-washed trichome extracts were 159, 52.2, 29.4,
and 22.2 h, respectively (Table 1).

Table 1. LT50 values for various concentrations of Nicotiana benthamiana trichome ethanol-washed
solutions on oral toxicity to Bemisia tabaci adults.

Ethanol-Washed
Concentration

(%)

LT50
(h)

95% CI †

(Lower–Upper)
Slope
(SEM)

X2

(df)

0.0 158.7 a * (102.4–452.0) 1.9 (0.42) 1.2 (3)
0.1 52.2 b (47.1–59.7) 3.1 (0.35) 3.3 (3)
1.0 29.4 c (22.6–35.8) 5.7 (0.84) 11.9 (3)
20 22.2 cd (13.8–30.1) 5.3 (1.02) 20.8 (3)

† CI: confidence interval; * LT50 values followed by different letters are significantly different (95% CI) across N.
benthamiana trichome ethanol-washed solutions.

3.3. Effects of Trichome Exudate Powder (TEP) on Bemisia tabaci Adults

Two TEPs were prepared by drying the water- or ethanol-washed solutions. These two
powders were diluted to 0.1%, 1%, and 10% concentrations in 20% sugar solution in the
parafilm feeding chamber. The TEP of the ethanol-washed solution demonstrated higher
oral toxicity than the TEP of the water-washed solution (Table 2). At 36 h of treatment,
1% ethanol-washed TEP caused 100% mortality, whereas 1% water-washed TEP caused
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64.3% mortality (Table 1). The highest mortality (%) was recorded under treatment with
water-washed TEP at 10% concentration after 48 h of treatment (Table 2).

Table 2. Comparison of the effects of trichome exudate powder and commercial chemical pesticide
following ingestion.

Toxicity
Extract

Concentrations
(%)

Mortality (M ± SE) at Different Post-Treatment Times (h)

12 24 36 48

Control 0.0 3.3 ± 1.7 8.3 ± 1.7 13.3 ± 3.3 18.3 ± 1.7

Water-
washed TEP

0.1 8.0 ± 6.1 a 32.0 ± 6.1 a 46.7 ± 6.7 a 46.7 ± 6.7 a
1.0 12.0 ± 2.3 a 56.0 ± 2.3 b 61.3 ± 1.3 b 64.0 ± 2.3 b
10 10.7 ± 2.7 a 60.0 ± 2.3 b 73.3 ± 1.3 c 81.3 ± 4.8 c

Ethanol-
washed TEP

0.1 12.0 ± 4.6 a 58.7 ± 4.8 a 80.0 ± 2.3 a 92.0 ± 2.3
1.0 20.0 ± 2.9 a 80.0 ± 2.9 b 100.0 ± 0.0 b -
10 21.7 ± 3.3 a 85.0 ± 2.9 b 100.0 ± 0.0 b -

Imidacloprid 0.1 13.3 ± 8.8 a 63.3 ± 8.8 a 100.0 ± 0.0 a -
1.0 20.0 ± 10 a 83.3 ± 3.3 b 100.0 ± 0.0 a -

Mean values within the same columns followed by a different lowercase letter are significantly different at p < 0.05
between different methods of extract treatment.

Comparison of the oral toxicity of the TEPs of water- or ethanol-washed solutions and
imidacloprid (positive control) revealed no significant differences in mortality between
imidacloprid and ethanol-washed TEP at 1% concentration (Table 2).

4. Discussion

This study demonstrated the potential insecticidal and behavioral activity of trichome
exudates from N. benthamiana against B. tabaci adults. Our results showed that ethanol-
washed trichome exudate exhibited potent insecticidal activity at 1% concentration, and
the toxicity level was similar to that of the commercial pesticide imidacloprid.

Host-plant preference of herbivorous insects is dependent on various factors and is
affected by the release of volatile substances from plants, such as trichome exudates. We
observed that B. tabaci adults were less attracted to N. benthamiana plants than tomato
plants, with the attraction rates being 20% and 50%, respectively. This may be caused by the
repellent activity of the trichome exudates of N. benthamiana. Extensive research has shown
that repellent activity against herbivorous insects occurs in several wild species of tomato
and tobacco plants [26]. For instance, the wild tomatoes Solanum pennellii (Correll) D’Arcy
and S. habrochaites S. Knapp and D.M. Spooner are preferred less by B. tabaci than cultivated
tomato varieties. This difference is related to the production of volatile compounds by the
glandular trichomes of wild tomato plants [27]. Similarly, the removal of sticky exudates
from L. pennellii increases the feeding activity of the potato aphid Macrosiphum euphorbiae
Thomas, whereas transfer of the exudates to L. lycopersicum reduces feeding activity, as
measured via electronic feeding monitoring [28].

In the toxicity bioassay, the whiteflies that were attracted to N. benthamiana showed
high mortality within a few days. Conversely, the whiteflies that showed attraction towards
tomato plants did not exhibit any mortality. Moreover, the mortality significantly decreased
in the washed leaves of N. benthamiana, suggesting that the lethal toxicity is caused by
trichome exudates. In addition to the contact toxicity of N. benthamiana trichome exudates,
this study demonstrated that these exudates exhibited oral toxicity to B. tabaci adults. The
feeding experiments conducted utilizing a two-layered parafilm feeding chamber revealed
that the trichome extracts, which were washed with either water or ethanol, demonstrated
significant oral toxicity against B. tabaci adults. This toxicity was shown to be dependent
on the concentration of the extracts. Additionally, it was observed that the oral toxicity was
more acute when the trichome extracts were treated in solid powder form compared to
the liquid form. This observation might be due to the greater concentration present in the
solid form. Acyl sugars are insect-deterrent metabolites produced and exuded from the
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glandular trichomes of plants [23,28,29]. Acyl sugars can negatively affect the fitness of
various insect pests by interfering with behaviors such as feeding and oviposition [30,31].
In a previous study, acyl sugar feeding assay revealed insecticidal effects against Spodoptera
litura (Fabricius) larvae from the second to sixth stage and also showed decreased body
weight in each larval and pupal stage [25].

Comparison of the toxicities of trichome exudate powders and the chemical pesticide
imidacloprid revealed that the exudate powder exerted comparable effects with those of
imidacloprid at the same dilutions in our experiment. The major substances of trichome
exudates are sugar esters [18,32]. Several species in the Solanaceae family have glandular
trichomes that secrete various forms of sugar esters [28]. The toxicity of these sugar esters
varies according to the target insect species [18]. The mechanism of contact toxicity of sugar
esters involves induction of desiccation by penetrating into the cuticle layer of soft-bodied
insects, resulting in death [24]. However, the mechanism underlying the oral toxicity
of these exudates remains largely unknown. Further studies are required to determine
the internal targets of acyl sugars, which are the major substances of N. benthamiana
trichome exudates. Synthetic sugar esters have been investigated for their insecticidal
activity for commercial applications in pest control [24]. Recently, Wang et al. [25] revealed
that acyl sugar not only killed herbivore insects like S. litura, but it also demonstrated
transgenerational fitness losses. Acyl sugar shows efficacy in not only controlling sap-
sucking insects but also herbivorous insects.

The use of biologically active natural compounds that possess insect antifeedant,
repellent, and toxicant properties has become known as a new strategy in the field of
agrochemical development [33]. The functions of plant glandular trichomes are used to
avoid feeding damage from herbivores in the field. Glandular trichomes are responsible
for the production and release of many secondary metabolites. These include acyl sugars,
linalool, limonene (as monoterpenes), as well as eugenol, isoeugenol, and methyl eugenol
(as phenylpropanoids). According to research conducted by Johnston et al. [34], it was
shown that limonene exhibited a high level of efficacy in preventing whiteflies while also
being a cost-effective and easily implementable method for controlling whitefly populations.
In a separate investigation, He et al. [35] conducted research that highlighted the potent
and persistent repellent properties of eugenol derivatives against red imported fire ants.

Overall, our findings suggest that the use of trichome extracts may have the potential
to enhance plant defense mechanisms owing to their pesticidal properties, extensive avail-
ability, and low environmental persistence. The powder form of trichome exudates is an
important alternative to chemical pesticides. This could represent a complementary and
alternative strategy to control populations of insect pests.

5. Conclusions

The use of integrated pest management has been cited as an approach that effectively
decreases crop losses while maintaining a low cost of operation. Compared to synthetic
pesticides, plant-based insecticides are seen as being more environmentally friendly and
cost-effective. Recently, biopesticides (natural products) have emerged as a better alterna-
tive for pest control [36–39], and acyl sugars, one of the products of glandular trichomes
that secrete secondary metabolites, are repellent and toxic and can disturb the oviposition
and feeding of insect pests. Our research has the potential to contribute to integrated pest
management strategies aimed at controlling B. tabaci. Still, more research is needed to find
out how trichome extracts at different concentrations might affect B. tabaci adults to stop
them from laying eggs and how these effects might be passed down from generation to
generation. Further investigation is being suggested to explore the effectiveness of trichome
extracts in open greenhouse and field conditions.
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