
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Plant defences and spider-mite web affect host plant choice and performance of
the whitefly Bemisia tabaci

Dias, C.R.; Costa Cardoso, A.; Kant, M.R.; Mencalha, J.; Guimarães Bernardo, A.M.; Agustini
Carneiro da Silveira, M.C.; Almeida Sarmento, R.; Venzon, M.; Pallini, A.; Janssen, A.
DOI
10.1007/s10340-022-01516-1
Publication date
2023
Document Version
Final published version
Published in
Journal of Pest Science
License
CC BY

Link to publication

Citation for published version (APA):
Dias, C. R., Costa Cardoso, A., Kant, M. R., Mencalha, J., Guimarães Bernardo, A. M.,
Agustini Carneiro da Silveira, M. C., Almeida Sarmento, R., Venzon, M., Pallini, A., &
Janssen, A. (2023). Plant defences and spider-mite web affect host plant choice and
performance of the whitefly Bemisia tabaci. Journal of Pest Science, 96(2), 499–508.
https://doi.org/10.1007/s10340-022-01516-1

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:15 Apr 2023

https://doi.org/10.1007/s10340-022-01516-1
https://dare.uva.nl/personal/pure/en/publications/plant-defences-and-spidermite-web-affect-host-plant-choice-and-performance-of-the-whitefly-bemisia-tabaci(6912a6dc-1ca9-4001-8f72-8ab6a2c4fb1b).html
https://doi.org/10.1007/s10340-022-01516-1


Vol.:(0123456789)1 3

Journal of Pest Science (2023) 96:499–508 
https://doi.org/10.1007/s10340-022-01516-1

ORIGINAL PAPER

Plant defences and spider‑mite web affect host plant choice 
and performance of the whitefly Bemisia tabaci

Cleide Rosa Dias1 · André Costa Cardoso1 · Merijn R. Kant2 · Jussara Mencalha1 · Ana Maria Guimarães Bernardo1,5 · 
Marcela Cristina Agustini Carneiro da Silveira3 · Renato Almeida Sarmento3 · Madelaine Venzon4 · Angelo Pallini1 · 
Arne Janssen1,2 

Received: 5 February 2022 / Revised: 17 April 2022 / Accepted: 2 May 2022 / Published online: 26 May 2022 
© The Author(s) 2022

Abstract
Herbivores select host plants depending on plant quality and the presence of predators and competitors. Competing herbi-
vores change host plant quantity through consumption, but they can also change plant quality through induction of plant 
defences, and this affects the performance of herbivores that arrive later on the plant. Some herbivores, such as the spider 
mite Tetranychus evansi, do not induce, but suppress plant defences, and later-arriving herbivores can profit from this sup-
pression. It has been suggested that the dense web produced by this spider mite serves to prevent other herbivores to settle 
on the plant and benefit from the suppressed defences. Here, we confirmed this by studying the preference and performance 
of the whitefly Bemisia tabaci, a generalist herbivorous pest. To disentangle the effects through changes in plant defences 
from the effects of spider-mite web, we included treatments with a strain of the closely-related web-producing spider mite 
T. urticae, which induces plant defences. Whiteflies did perform worse on plants with defences induced by T. urticae, but, 
in contrast to other herbivores, did not perform better on plants with defences suppressed by T. evansi. Moreover, the web 
of both spider mites reduced the juvenile survival of whiteflies, and whiteflies avoided plants that were covered with web. 
Hence, whitefly performance was not only affected by plant quality and induced plant defences, but also through the web 
produced by spider mites, which thus serves to protect against potential competitors, especially when these could profit from 
the suppression of plant defences by the mites.

Keywords Defence suppression · Induced resistance · Plant–herbivore interactions · Tetranychus evansi · Competition

Introduction

Plants have evolved several mechanisms to defend them-
selves against herbivore attacks. They possess so-called 
constitutive defences, present continuously, but they will 
also mount so-called induced defences after being attacked 
by herbivores (Karban and Carey 1984; Dicke and Sabelis 
1988; Turlings et al. 1990; Karban and Baldwin 1997). Both 
constitutive and induced defences can have direct effects on 
the herbivores, e.g. by way of production of anti-nutritive 
or toxic compounds (Duffey and Stout 1996; Howe and 
Jander 2008; Karban and Baldwin 1997; Ohgushi 2005), or 
have indirect effects on herbivores through interactions of 
the plant with the natural enemies of the herbivores (Price 
et al. 1980; Dicke and Sabelis 1988; Turlings et al. 1990; 
Heil 2008; Kant et al. 2015). When induced, these defences 
can have negative effects on later-arriving conspecific and 
heterospecific herbivores (Karban and Carey 1984; Karban 
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and Baldwin 1997; Poelman et al. 2008), but they can also 
have positive effects (Karban and Baldwin 1997; Bruessow 
et al. 2010; Peñaflor et al. 2019).

Some herbivores do not induce plant defences but sup-
press them (Musser et al. 2002; Zarate et al. 2007; Law-
rence et al. 2008; Sarmento et al. 2011a; Alba et al. 2012; 
Takemoto et al. 2013; Kant et al. 2015; Godinho et al. 2016; 
Villarroel et al. 2016; De Lange et al. 2020). For example, 
the phytophagous tomato red spider mite Tetranychus evansi 
suppresses direct plant defences: unlike most herbivores, 
including the closely related spider mite Tetranychus urticae, 
T. evansi causes a reduction of defence compounds to levels 
below those found in undamaged tomato plants (Sarmento 
et al. 2011a; Alba et al. 2015; de Oliveira et al. 2016). As a 
result, conspecifics and other herbivores such as the spider 
mites T. urticae and Tetranychus ludeni have increased per-
formance on plants in which defences are suppressed by T. 
evansi (Sarmento et al. 2011a; de Oliveira et al. 2016, 2019; 
Schimmel et al. 2017a). Tetranychus evansi appears to have 
strategies to prevent these competitors from taking advan-
tage of the suppressed plant defences by covering the plant 
surface with a dense web that prevents other herbivores from 
feeding on the plant (Ferragut and Escudero 1999; Sarmento 
et al. 2011b; Sato et al. 2016; Blaazer et al. 2018; Clemente 
et al. 2018). Spider mites from the family Tetranychidae are 
well known for covering their colonies on plants with silken 
web (Gerson 1985). This web can protect against natural 
enemies and prevent the colonization of the plant by com-
petitors (Gerson 1985; Sabelis and Bakker 1992).

Tetranychus evansi originates from South America, but 
spread to Africa and Mediterranean Europe, where it now 
poses a serious threat to tomato crops (Navajas et al. 2013). 
Although the invasion of T. evansi into Europe is suspected 
to have changed the composition of the phytophagous mite 
communities on various plant species (Ferragut et al. 2013), 
it is not known how the suppression of direct plant defences 
by T. evansi and the production of web affect other herbi-
vores that attack the same plants, except for the spider mites 
T. urticae and T. ludeni (Sarmento et al. 2011a; Alba et al. 
2015; Schimmel et al. 2017b; Godinho et al. 2020). Among 
the herbivores that can co-occur with T. evansi on tomato 
plants, the whitefly Bemisia tabaci stands out as being an 
important pest of tomato plants worldwide (Oliveira et al. 
2001). Interactions among B. tabaci and other herbivores on 
a shared host plant have been studied to some extent (Inbar 
et al. 1999; Mayer et al. 2002; Inbar and Gerling 2008; 
Nombela et al. 2009; Zhang et al. 2011, 2014; Tan et al. 
2014), but there is no study on the performance and prefer-
ence of B. tabaci for plants infested with T. evansi. We there-
fore tested to what extent plant-mediated facilitation (via 
defence suppression by T. evansi) and interference (via web 
production by T. evansi) determine host plant selection and 
performance of B. tabaci on a shared host. To tease apart the 

effects of induced or suppressed plant defences from those of 
the spider-mite web, we included a line of T. urticae which 
also produces web but induces plant defence responses.

Material and methods

Rearing methods

Tomato plants (Solanum lycopersicum, variety Santa Clara 
I-5300) were grown in pots (2 L) using a commercial sub-
strate based on pinus bark, peat and expanded vermiculite, 
enriched with macro- and micronutrients (Tropstrato HT, 
Vida Verde, Mogi Mirim, São Paulo, Brazil). The plants 
were kept inside a greenhouse (25 ± 5 °C), where they were 
fertilized with NPK (4-14-8) plus superphosphate and 
watered as needed. All experiments were performed with 
tomato plants with six completely developed leaves, with 
each leaf having 5–7 leaflets. Both T. urticae and T. evansi 
were originally collected from tomato plants on the cam-
pus of the Federal University of Viçosa (Sarmento et al. 
2011b). This strain of T. urticae induces both salicylic acid 
and jasmonic acid-related defences in tomato, whereas T. 
evansi suppresses both (Sarmento et al. 2011a). They were 
reared on detached tomato leaves, with the petiole of the 
tomato leaves inserted in a plastic tube filled with water to 
maintain leaf turgor. The tubes with the tomato leaves were 
kept in plastic trays inside a larger tray filled with water to 
prevent mite escapes and invasion of other arthropods. Clean 
tomato leaves were added to the inner tray as needed, allow-
ing the mites to move from old to new leaves. Old leaves 
were removed from the cultures and the trays were cleaned 
once every two weeks. The cultures were kept in a room at 
25 ± 2 °C, 80 ± 10% relative humidity and 12 h of light.

The whitefly Bemisia tabaci was one of the most fre-
quently captured herbivores on clean plants and plants with 
T. evansi and T. urticae (Dias 2017). It was also collected 
on the campus of the Federal University of Viçosa and was 
reared on entire tomato plants of the same variety as above. 
The plants were maintained inside a cage (60 × 60 × 120 cm) 
with fine mesh (70 µm). A clean tomato plant with at least 
four completely developed leaves was added to the culture 
every two weeks. The oldest plants were removed from the 
cage once a month. The cage with the culture was kept in 
an open area under a roof under natural climate conditions 
(average temperature 20.5 °C; average minimum tempera-
ture 16.3 °C; average maximum temperature 27.4 °C; aver-
age humidity 76.7%).

Induction and suppression of plant defences

Plants were either infested with spider mites or were left 
clean. To infest the plants with spider mites, all leaflets of 
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all six leaves of the tomato plants were infested with 40 adult 
female spider mites, either T. urticae or T. evansi, collected 
randomly from the cultures. Subsequently, they were incu-
bated with the spider mites inside a greenhouse (25 ± 5 °C) 
in separate cages on separate benches to avoid cross contam-
ination for four days, which is sufficient time for the mites to 
induce or suppress plant defences (de Oliveira et al. 2016). 
To assess the effects of the web produced by spider mites, 
the web was carefully removed from some plants infested 
with spider mites with a soft brush three days after infes-
tation, which also resulted in the removal of a few spider 
mites and possibly trichomes. This resulted in five plant 
treatments: (1) plants infested with T. evansi with their web; 
(2) plants infested with T. evansi without web; (3) plants 
infested with T. urticae with web; (4) plants infested by T. 
urticae without web; and (5) uninfested plants (Control). 
We used one plant of the treatments 1, 3, and 5 for assess-
ing the effects of plant treatments (see next section) and one 
plant of each treatment for host plant choice (see subsequent 
section).

Validation of plant defence induction 
and suppression

To ensure that plant infestations with T. evansi and T. urticae 
indeed affected plant defences in the predicted manner (Alba 
et al. 2015; Schimmel et al. 2017a; Knegt et al. 2020), we 
measured the performance of T. evansi on leaf discs from 
plants infested with T. evansi, plants infested with T. urti-
cae and clean plants as above. This was done at various 
times throughout this investigation, always at the same time 
as replicates of the experiments on host plant choice and 
whitefly performance described below and always with the 
same batch of plants, thus verifying that plant defences were 
induced or suppress throughout all experiments. Four to five 
leaf discs (Ø = 1.5 cm) were cut from the fifth and sixth 
leaves of plants infested with T. evansi or T. urticae, all with 
web present, and from clean plants, with 5 plants per treat-
ment. The discs were kept in Petri dishes on water-saturated 
cotton wool to keep them fresh. Adult spider mites, nymphs, 
eggs and their web were removed from the discs with a soft 
brush. The plants from which these discs were taken were 
discarded. Subsequently, the discs were used to measure 
the oviposition rate of T. evansi with a method described 
by Sarmento et al. (2011a). Oviposition by spider mites is 
a reasonable stand-in measure for fitness in local popula-
tions on a plant (Sabelis 1991), and we previously showed 
that it is correlated with induction and suppression of plant 
defences (Kant et al. 2004; Sarmento et al. 2011a). In short, 
a female of T. evansi, aged 12 days since egg hatching, was 
released on each leaf disc, incubated at 25 (± 2)°C and her 
eggs were counted daily during three days. The first day was 
excluded from further analysis to avoid effects of previous 

diet (Sabelis 1990). Oviposition rates of day two and three 
were first averaged per plant, resulting in 5 averages per 
treatment, and these averages were analysed with a general-
ized linear model (GLM) with plant treatment as factor and a 
Gaussian error distribution (identity link). Contrasts among 
treatments were assessed using least-squares means with a 
Tukey correction for multiple comparisons (function lsm 
of the lsmean package, Lenth 2016). All statistical analyses 
were done with R (R Core Team 2019).

Host plant choice

Whiteflies were offered a choice among plants with the five 
different treatments as outlined above. After the spider mite 
web was removed from plants of the respective treatments 
(2 and 4, above), one plant of each treatment (so five plants 
in total) was placed inside a cage consisting of a frame 
(160 × 160 × 120 cm) covered with a fine mesh and were 
allowed to acclimatize until the next day. The five plants 
were placed in a pentagon with a radius of 80 cm, and a 
distance between neighbouring plants of 94 cm. The cage 
could be opened on all sides, which facilitated access to 
the plant and was positioned outdoors under natural condi-
tions of light, humidity and temperature, because tomato 
plants in the region are usually grown outdoors. The average 
temperature during the experiment was 17.9 °C (s.e. 0.6), 
relative humidity was 74% (s.e. 1.81), and it did not rain 
(Universidade Federal de Viçosa—UFV 2022). The area was 
delimited at one side by a building and by native vegetation 
and cultivated plants at the other sides. This experiment was 
replicated five times through time, each with different plants 
and whiteflies.

On the day before the experiment at 18 h, 100 female 
whiteflies were collected individually from the culture in 
a pipette tip. Their gender was checked under a binocular 
microscope and males were discarded. Each tip was closed 
with a metal thumbtack (Meng et al. 2006) and stored in 
a pipette tip box. The morning after the plants had been 
placed in the cage and the whiteflies had been collected, the 
pipette tip box was placed in the centre of the arena. A mag-
netic strip was used to simultaneously open all pipette tips 
to release the whiteflies with minimal disturbance (Meng 
et al. 2006) at 9 h. Previous tests showed that almost all the 
whiteflies left the tips to find a host plant after four hours 
(CR Dias, personal observation). Therefore, we counted the 
whiteflies that arrived on plants by careful visual inspection 
of the under- and upper-side of each leaf after four and 24 h. 
The whiteflies observed on the plants were not recaptured 
after 4 h in order to observe whether their distribution over 
the host plants changed during the experiment. Thus, the 
second observation included individuals that remained on 
plants since the previous evaluation, arrived later on the 
plants, or changed plants between the assessments. The 
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log-transformed numbers of whiteflies observed on plants 
after four and 24 h were analysed using a linear mixed 
effects model (function lme of the nlme package, Bates 
et al. 2015) with treatment, time of evaluation (four and 
24 h after release) and their interaction as fixed factors, and 
replicate and position of the plants as non-nested random 
factors. The interaction of plant treatment and time was not 
significant, indicating that the distribution of whiteflies over 
the plants did not change significantly between 4 and 24 h. 
Because whiteflies were not removed when counting them 
after 4 h, the numbers of whiteflies on the plants after 4 h 
and 24 h were not independent, and we therefore only pre-
sent the analysis of numbers of whiteflies on the plants after 
24 h. Contrasts among treatments were assessed through 
model simplification by combining factor levels and using 
the anova function of R to compare models. Plants of differ-
ent treatments were in different positions in each replicate, 
so all treatments occupied all positions to correct for pos-
sible directionality of external cues such as direct sunlight 
or shade.

Because the whiteflies mainly chose plants without spi-
der-mite web in the previous experiment, we could not deter-
mine whether there was a difference in preference between 
plants infested with T. evansi or T. urticae plus their web. 
We therefore gave whiteflies a choice between four plants 
with two treatments in a subsequent experiment; two plants 
infested with T. evansi, and two plants infested with T. urti-
cae, in both treatments the web was left on the plants. These 
plants were placed equidistantly in a square (L = 80 cm) 
inside the cage (as above) and the experiment was replicated 
four times with different sets of plants and whiteflies. Again, 
care was taken that plants of each treatment occupied a dif-
ferent position in each replicate to control any unforeseen 
directionality in the searching behaviour of the whiteflies 
(Janssen 1999). This experiment was repeated four times, 
each with different plants and whiteflies (average temp. 
22.1 °C, s.e. 0.71, rel. humidity 72.8%, s.e. 4.6). There was 
some light rain during one of the replicates.

Whitefly survival and development

We conducted three experiments to assess how the infesta-
tion of plants with T. evansi or T. urticae and the presence 
of their web affected the juvenile development and survival 
of whiteflies. We assessed whitefly performance on tomato 
plants that had received one of three treatments: (1) plants 
infested with T. evansi; (2) plants infested with T. urticae; 
and (3) clean plants. In the first experiment, plants were 
infested with 40 adult female spider mites per leaflet as 
above. This resulted in heavy spider mite damage during 
the experiment, hence, performance of the whiteflies was 
not only affected indirectly through plant defences, but also 
through competition for plant resources of whiteflies with 

spider mites and through the web produced by spider mites. 
Therefore, we used a lower infestation of ten adult female 
spider mites per leaflet in the second and third experiments. 
In all three experiments, a circle (Ø = 1.5 cm) of non-dry-
ing glue (BioStop Cola®, Biocontrole SA, São Paulo) was 
painted on the abaxial surface of each leaflet of the fifth and 
sixth leaves of each plant on the fourth day after plant infes-
tation, taking care that mites and their web were included in 
this circle. Subsequently, one whitefly crawler (one-day old 
mobile stage) was released in the centre of each glue circle 
so that its movements were confined and it could be found 
back easily on subsequent days. The plants with the mites 
and the whiteflies were incubated in a climate-controlled 
room as above (25 ± 2 °C, 80 ± 10% relative humidity and 
12 h of light).

In the third experiment, plants were infested with ten 
spider mites per leaflet as above, but spider mite web was 
excluded from the leaf surface on which the whiteflies 
developed. This was done by painting the glue circle on the 
abaxial surface of each leaflet before infestation with spider 
mites. The spider mites released on the plants could thus 
walk, lay eggs and produce web on the whole plant except 
inside the circle. Hence, the whitefly crawler that was placed 
in the centre of these circles four days after plant infestation 
could develop on a plant on which spider mites were present, 
but without physical contact with them or their web. This 
served to measure the effects of induced or suppressed plant 
defences on whitefly development and survival without the 
effects of spider-mite web.

Replicates consisted of a plant with ten arenas (for plants 
infested with 40 spider mites and ten spider mites without 
web) or five arenas (for plants infested with ten spider mites 
with web) and we evaluated 4 plants per treatment. The 
plants were checked 24 h later to verify that crawlers were 
still inside the glue circle to eliminate losses of whiteflies 
due to manipulation by the experimenters. The juveniles 
were observed daily until all of them reached adulthood or 
died. In treatments with web, we scored the number of dead 
adults that got trapped in the spider mite web. The numbers 
of dead juveniles plus adults that were caught in the web 
were first summed per plant and proportions of these totals 
were then analysed with a GLM with a quasi-binomial error 
distribution (logit link). The mean developmental time of 
whitefly juveniles was first averaged per plant, and these 
averages were compared among plant treatments within each 
experiment with a GLM with a Gaussian error distribution 
(identity link). Contrasts among treatments were assessed 
as above. Because the three experiments were carried out in 
different periods for logistical reasons, the results could not 
be compared among experiments, but the effects of spider 
mites and their web were assessed through comparison of 
the performance on infested plants with or without web with 
that on clean plants.
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Results

Validation of plant defence induction 
and suppression

The oviposition rate of T. evansi differed significantly with 
plant treatment (Fig. 1, GLM: F2,12 = 135.5, P < 0.0001). 
Compared to oviposition on clean plants, oviposition was 
higher on leaf discs of plants previously attacked by T. 
evansi and was lower on leaf discs from plants previously 
attacked by T. urticae (Fig. 1), as was found before for plants 
with induced and suppressed defences (Kant et al. 2004; 
Sarmento et al. 2011a). Hence, the experimental manipula-
tion of plant defences through the previous infestation of the 
plants by the defence-inducing strain of T. urticae and by the 
defence-suppressing T. evansi was successful.

Host plant choice

In the experiment where B. tabaci could choose among 
clean plants, plants infested with T. evansi or with T. urti-
cae, either with or without their web, numbers of whiteflies 
recaptured on plants differed significantly among treatments 
(Fig. 2a, LME: LR = 13.0, d.f. = 4, P = 0.012). The numbers 
of whiteflies on clean plants and plants infested with T. 
evansi without web were higher than on the plants with web 
of either T. evansi or T. urticae and on plants with T. urticae 
but without web (Fig. 2a).

Because the numbers of whiteflies recaptured on plants 
with T. urticae or T. evansi with their web was low (Fig. 2a), 
it was not possible to discern whether whiteflies had a pref-
erence for either of the two. We therefore offered whiteflies 
a choice between plants infested with T. urticae or with T. 
evansi, both with web, but there was no significant difference 

in the numbers of whiteflies on plants with T. urticae or T. 
evansi (Fig. 2b, LME, LR = 1.64, d.f. = 1, P = 0.20).

Whitefly survival and development

When plants were infested with 40 spider mites per leaflet 
and covered by their web, mortality of B. tabaci differed 
significantly among treatments (Fig. 3a first bars, GLM, 
F2,9 = 31.2, P < 0.001). Mortality was significantly lower on 
clean plants than on plants infested either with T. urticae or 
T. evansi (Fig. 3a). Several adults that emerged from infested 
plants were found trapped in the spider mite web (Fig. 3a). 
The mean developmental time of B. tabaci was also sig-
nificantly affected by the treatments (Fig. 3b, first group of 
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bars, GLM: F2,8 = 7.36, P = 0.015), with whitefly juveniles 
developing slower into adults on plants infested with spider 
mites than on clean plants (Fig. 3b). None of the 40 whitefly 
immatures per treatment went missing.

When plants were infested with 10 spider mites per leaf-
let and covered with web, mortality again differed signifi-
cantly among treatments (Fig. 3a, second groups of bars, 
GLM, F2,9 = 11.0, P = 0.004), and was again significantly 
lower on clean plants than on plants infested either with T. 
urticae or T. evansi (Fig. 3a). Again, adults that emerged 
from infested plants were found trapped in the spider mite 
web (Fig. 3a). The mean juvenile developmental period also 

varied significantly with plant treatment (Fig. 3b second 
group of bars, GLM, F2,9 = 5.14, P = 0.03), with develop-
ment being faster on plants infested with T. urticae than on 
plants infested with T. evansi, whereas development on clean 
plants did not differ from that with both other treatments 
(Fig. 3b). During the experiment, 2 juvenile whiteflies out 
of 20 went missing per treatment.

When plants were infested with 10 spider mites per leaflet 
and the whiteflies were not covered with web, mortality was 
much lower than in the treatments with web (Fig. 3a), but 
again differed significantly among treatments (Fig. 3a third 
group of bars, GLM: F2,9 = 5.81, P = 0.024). Mortality was 
higher on plants infested with T. urticae than on clean plants 
and plants infested with T. evansi (Fig. 3a). The mean devel-
opmental time of B. tabaci juveniles did not differ signifi-
cantly among treatments (Fig. 3b third group of bars, GLM, 
F2,9 = 0.30, P = 0.75). One juvenile whitefly out of 40 went 
missing per treatment.

Discussion

Herbivores often avoid plants with other herbivores that 
induce plant defences, causing reduced performance of the 
later-arriving herbivores (Karban and Carey 1984; Karban 
and Baldwin 1997; Pallini et al. 1997; Poelman et al. 2008; 
Tan and Liu 2014). In contrast, herbivores may be attracted 
to plants with other herbivores because the interactions of 
the plant with these other herbivores result in lower direct 
or indirect defence against herbivores arriving later (Shiojiri 
et al. 2002; Rodriguez-Saona et al. 2005). We show here 
that both plant-mediated effects via induction and suppres-
sion of defences by spider mites and effects via spider-mite 
web affected the host plant choice and performance of the 
whitefly B. tabaci. Without web, this whitefly preferred 
clean plants and plants attacked by T. evansi over plants 
attacked by T. urticae (Fig. 2), the latter having induced 
defences (Fig. 1). Whiteflies settled less on plants covered 
with web of either of the two spider mites. This shows that 
both spider-mite induced plant defences and spider mite web 
affected whitefly host plant choice. Below, we discuss the 
effects of plant defences, the effects of spider-mite web and 
their combined effects on host plant choice and performance 
of the whiteflies.

To evaluate the effects of plant defences, we compared 
whitefly preference and performance on plants without web 
with those on clean plants. The whiteflies settled preferen-
tially on clean plants and plants attacked by T. evansi with-
out web (Fig. 2). This coincided with the higher juvenile sur-
vival on clean plants and plants attacked by T. evansi than on 
plants attacked by T. urticae (Fig. 3a, without web), suggest-
ing that differences in host plant preference were determined 
by differences in plant defences. Juvenile development did 
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Fig. 3  a Proportion mortality (± 95% CI) of B. tabaci, until dispers-
ing adult. Confidence intervals were calculated with the Jeffreys 
method (package DescTools in R, Signorell 2020). b Mean develop-
mental time (± SE, days) of B. tabaci juveniles from first nymphal 
stage until adulthood. White bars: uninfested plants; light grey bars: 
plants infested with T. evansi; dark grey bars: plants infested with T. 
urticae. Groups of bars correspond to levels of infestation of plants 
with T. evansi or T. urticae (numbers of spider mites per leaflet) and 
the presence/absence of spider mite web. Different letters above bars 
indicate significant differences within each group of bars (contrast 
after GLM, P < 0.05), hatched parts of the bars in a indicate propor-
tion mortality due to adults being caught in the spider mite web
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not differ among plants with the three different treatments 
(Fig. 3b, without web), suggesting that development is not 
affected by differences in plant defences. Tomato plant 
defences induced by T. urticae thus negatively affected 
plant preference and performance of B. tabaci, which is 
consistent with earlier studies showing that such defences 
negatively affect conspecifics and several other spider mites 
(Sarmento et al. 2011a; de Oliveira et al. 2016; Godinho 
et al. 2016). The performance and preference of B. tabaci 
on plants with defences suppressed by T. evansi did not dif-
fer significantly from that on clean plants (Fig. 3, without 
web), suggesting that this herbivore does not benefit from 
the defence suppression. Earlier studies showed increased 
performance of several species of spider mites on plants 
with defences suppressed by T. evansi in the absence of its 
web (Sarmento et al. 2011a; Godinho et al. 2016; Oliveira 
et al. 2016), hence, our results show that not all herbivores 
benefit from this defence suppression. Bemisia tabaci is 
known to suppress defences of the jasmonic acid (JA) path-
way, probably through induction of antagonistic salicylic 
acid (SA) defences (Zarate et al. 2007; Walling 2009; Zhang 
et al. 2009; Xu et al. 2019). Because the strain of T. urticae 
used here induces JA- and SA-related defences in tomato 
(Sarmento et al. 2011a), apparently the whiteflies cannot 
suppress these induced defences. The down-regulation of 
defences by T. evansi could in theory benefit the whiteflies 
since they could reduce their efforts to suppress JA-related 
defences and thereby increase performance. For example, 
the performance of T. evansi on leaf tissue in which defences 
were suppressed by a previous infestation by conspecifics 
was higher than on leaf tissue where they had to suppress the 
defences themselves (Sarmento et al. 2011a, b). However, 
we did not observe B. tabaci to benefit from the presence of 
T. evansi, suggesting that the whiteflies constitutively sup-
press JA-defences or that our measurements were not sensi-
tive enough to reveal the costs of suppression of JA-related 
defences.

Spider mites from the family Tetranychidae are known 
for their production of web (Gerson 1985) and this is 
thought to have several functions, including prevent-
ing predators and competitors from colonising the plant 
(Sabelis and Bakker 1992; Morimoto et al. 2006; Sabelis 
et al. 2009). Tetranychus evansi produces very dense web 
(Ferragut and Escudero 1999), much denser than does T. 
urticae, possibly to avoid boosting the performance of 
competitors through the suppressed plant defences (Sar-
mento et al. 2011b; Blaazer et al. 2018). Our results show 
that B. tabaci had lower preference for plants covered with 
spider-mite web than for plants without web and that juve-
nile survival of B. tabaci on these plants was lower than 
on clean plants or plants attacked by T. evansi but with-
out web (Fig. 2, 3a). This suggests that the web indeed 
serves to protect plants from being invaded by competing 

heterospecific herbivores, confirming earlier results (Sar-
mento et al. 2011b; Blaazer et al. 2018). For T. evansi, this 
was further confirmed by the observation of increased web 
production when it perceived cues of competitors (Sar-
mento et al. 2011b).

Taken together, the combined effects of induced and 
suppressed plant defences and the web produced by spider 
mites serve to reduce competition of the mites with white-
flies. Tetranychus evansi suppresses plant defences, but B. 
tabaci does not seem to profit from this. Moreover, the web 
produced by T. evansi prevents the whiteflies to settle on 
plants with the mites. In the case of T. urticae, the white-
flies avoided plants with this spider mite. Although the pres-
ence of web of T. urticae seems to cause higher mortality 
of whiteflies than the induction of plant defences by this 
spider mite (Fig. 3a), the whiteflies did avoid plants with or 
without web of T. urticae to a similar extent (Fig. 2a). This 
suggests that the whiteflies may avoid these plants based on 
other cues than the presence of spider-mite web, perhaps 
using the plant volatiles induced by attacks of T. urticae 
(Kant et al. 2004).

The preference and performance of herbivores are essen-
tial components in host-range ecology and evolution, and 
herbivores are expected to select host plants based on their 
availability and suitability (Ward 1992; Scheirs et al. 2000). 
Many studies have shown that induced plant defences play 
an important role in this: later-arriving herbivores can be 
positively or negatively affected by changes in plant defences 
due to previous infestations and this can change host plant 
preference and herbivore performance (Karban and Carey 
1984; Agrawal et al. 2000; Bruessow et al. 2010; Sarmento 
et al. 2011a; Alba et al. 2015; Kant et al. 2015). Here, we 
show that a combination of plant-mediated effects via 
defence induction or suppression and via the production of 
structural barriers by herbivores alters the attractiveness and 
suitability of host plants for competing herbivores. Thus, 
herbivores such as T. urticae can reduce competition with 
later-arriving herbivores by inducing plant defences, but 
these defences may also negatively affect their own perfor-
mance (Kant et al. 2004). Alternatively, herbivores such as 
T. evansi increase their performance through suppression 
of plant defences, but this requires investing in other traits 
to prevent competitors from profiting from the suppressed 
defences.
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