UNIVERSITY OF AMSTERDAM
X

UvA-DARE (Digital Academic Repository)

Enhanced top-down control of herbivore population growth on plants with
impaired defences

Legarrea, S.; Janssen, A.; Dong, L.; Glas, J.J.; van Houten, Y.M.; Scala, A.; Kant, M.R.

DOI
10.1111/1365-2435.14175

Publication date
2022

Document Version
Final published version

Published in
Functional Ecology

License
CcCBY

Link to publication

Citation for published version (APA):

Legarrea, S., Janssen, A., Dong, L., Glas, J. J., van Houten, Y. M., Scala, A., & Kant, M. R.
(2022). Enhanced top-down control of herbivore population growth on plants with impaired
defences. Functional Ecology, 36(11), 2859-2872. https://doi.org/10.1111/1365-2435.14175

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.

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

Download date:11 Feb 2023


https://doi.org/10.1111/1365-2435.14175
https://dare.uva.nl/personal/pure/en/publications/enhanced-topdown-control-of-herbivore-population-growth-on-plants-with-impaired-defences(11bc120e-2275-4474-a001-849066b8e850).html
https://doi.org/10.1111/1365-2435.14175

'.) Check for updates

Received: 13 February 2022 | Accepted: 26 August 2022

DOI: 10.1111/1365-2435.14175

- BRITISH
Functional Ecology E EERLOGEAL
RESEARCH ARTICLE

Enhanced top-down control of herbivore population growth on
plants with impaired defences

Saioa Legarrea?® | Arne Janssen®® | Lin Dong! | Joris J. Glas* |
Yvonne M. van Houten® | Alessandra Scala® | Merijn R. Kant!

Evolutionary and Population Biology,
Institute for Biodiversity and Ecosystem Abstract
Dynamics (IBED), University of 1. Herbivore densities can be regulated by bottom-up and top-down forces such as
Amsterdam, Amsterdam, The Netherlands

2Departamento de Agricultura y plant defences and natural enemies, respectively. These forces can interact with

Alimentaci6n, Universidad de la Rioja, each other to increase plant protection against herbivores; however, how much
Logrofo, Spain . . q q
5 complementarity exists between bottom-up and top-down forces still remains
Department of Entomology, Federal

University of Vicosa, Vicosa, Brazil to be fully elucidated. Particularly, because plant defences can hinder natural

“Rijk Zwaan Breeding B.V., De Lier, The enemies, how these interactions affect herbivore performance and dynamics

Netherlands . .
remains elusive.

Koppert Biological Systems, Berkel en

Rodenrijs, The Netherlands 2. To address this topic, we performed laboratory and greenhouse bioassays with
herbivorous mite pests and predatory mites on mutant tomato plants that lack

Correspondence

Merijn R. Kant defensive hairs on stems and leaves. Particularly, we investigated the behaviour

Email: m.kant@uva.nl and population dynamics of different phytophagous mite species in the absence

Funding information and presence of predatory mites.

Aard- en Levenswetenschappen, 3. We show that predatory mites do not only perform better on tomatoes lacking
Nederlandse Organisatie voor
Wetenschappelijk Onderzoek, Grant/

Award Number: ALW.FACCE.6, 13550 faster on these hairless plants. Hence, top-down control of herbivores by natu-
and 19391; Horizon 2020 Framework

Programme, Grant/Award Number: 773
902-SuperPests by plant defences.

defensive hairs but also that they can suppress herbivore densities better and

ral enemies more than compensated the reduced bottom-up herbivore control

Handling Editor: Sergio Rasmann 4. Our results lead to the counter-intuitive insight that removing, instead of intro-

ducing, plant defence traits can result in superior protection against important

pests through biological control.

KEYWORDS
biological control, Eriophyidae, Phytoseiidae, plant defence, russet mite, Solanaceae, spider
mite, trichomes

1 | INTRODUCTION defences, consisting of a collection of physical and chemical barriers

that decrease plant accessibility and that reduce its quality as food
Densities of herbivores can be suppressed by bottom-up and top- (reviewed in Kant et al., 2015). Top-down forces mainly involve indi-
down forces, with bottom-up forces mainly involving direct plant rect plant defences (Halaj & Wise, 2001; Sabelis et al., 1999; Schmitz
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et al., 2000) consisting of attraction, arrestment and facilitation of
natural enemies of herbivores to reduce damage caused by herbivory
(Pearse et al., 2020; Price et al., 1980). Although there is a rich body
of literature on plant defences increasing plant fitness (Erb, 2018),
there are also frequent reports of plant defences failing, as is the
case for plant trichomes (leaf hairs) that predominantly act as broad-
spectrum direct defence (reviewed in Glas et al., 2012), but occa-
sionally fail to do so. For example, some herbivores evolved traits
that enable them to feed on trichomes (Weinhold & Baldwin, 2011),
to use trichomes to attach their silk to (Cardoso, 2008) or to use
trichomes as a refuge (van Houten et al., 2013). Moreover, plant tri-
chomes can also interfere with indirect defences (Ode, 2006; Price
et al., 1980). There is ample literature on how chemical and phys-
ical plant traits such as thorns, wax covers of leaves or sticky leaf
hairs can negatively affect natural enemies of herbivores (Eisner
et al,, 1998; Rabb & Bradley, 1968; Riddick & Simmons, 2014;
Rutledge et al., 2003) thereby hampering top-down control. This
conflict between physicochemical plant defences and the efficiency
of the natural enemies of herbivores is not only known from crop
systems (Peterson et al., 2016; Riddick & Simmons, 2014) but also
from natural tritrophic systems (Duffey & Bloem, 1986; Gassmann
& Hare, 2005; Suzuki et al., 2011). Yet, some carnivorous insects
evolved traits that enable them to cope with trichomes, for exam-
ple, enabling them to move better on trichome-rich surfaces (Voigt
& Gorb, 2010), whereas other carnivores can even profit from
them by feeding on insects trapped in sticky trichomes (Krimmel
& Pearse, 2013). Overall, the wide-spread occurrence of direct de-
fences across the plant kingdom (Agrawal, 2007) suggests that nat-
ural selection in general does not act against it in favour of indirect
defences.

Although there are examples of direct defences augment-
ing indirect defences (Krimmel & Pearse, 2013; Thaler, 1999),
most studies indicate that especially constitutive plant defence
traits, such as trichomes, can affect top-down control negatively.
Such defence traits can increase the mortality of the natural
enemies such as coccinellids, crisopids, hoverflies (Belcher &
Thurston, 1982; Elsey, 1974; Obrycky & Tauber, 1984; Verheggen
et al.,, 2009), parasitoids (Kashyap et al., 1991; Keller, 1987,
Romeis et al., 1999), and predatory mites (van Haren et al., 1987).
These natural enemies are hampered by glandular trichomes,
either through decreasing the density and quality of their her-
bivorous prey (Ataide et al., 2016; Duffey, 1980; Heidel-Fischer
& Vogel, 2015), or through decreasing their foraging efficiency
by impeding predator movement (Carrillo et al., 2008; Fordyce
& Agrawal, 2001; Krips et al., 1999; van Lenteren et al., 1995).
Accordingly, predators were found to forage more efficiently in
the absence of direct defences (Kaplan & Thaler, 2010; Kersch-
Becker & Thaler, 2015), but when direct defences are effective
against herbivores, additional top-down control appeared not to
add much to this effect (Kersch-Becker et al., 2017). Yet, what we
do not know is to what extent top-down control can compensate
for failing bottom-up control when plants are attacked by herbi-
vores adapted to their direct defences.

The joint effect of plant defences and predators on the dynam-
ics of herbivores has received relatively little attention; that is, most
studies report effects over limited periods of time or as a seasonal
average (Kaplan & Thaler, 2010; Kersch-Becker & Thaler, 2015). This
is not trivial because predator-prey dynamics often show fluctua-
tions and populations that receive different treatments may do so
with different frequencies (e.g. Coll & Ridgway, 1995) and thus peak
at different moments. Depending on the time point at which the
densities are evaluated, one could therefore find different effects
of treatments on herbivore densities (see Janssen et al., 2006, for
an example in a system with intraguild predation). Another factor
affecting the densities of herbivores is the effect of the interaction
between direct plant defences and predator population dynamics on
the plants. Modelling approaches showed that predator mortality
by external factors (modelled as caused by insecticides) results in
higher pest densities, even when predator mortality due to these
external factors was lower than that of the pest (Janssen & van
Rijn, 2021). Similar arguments can be applied to mortality induced
by direct plant defences, that is, pest densities in the presence of
natural enemies may increase due to direct plant defences, even
when the natural enemies suffer less from these defences than the
pests. In this paper, we therefore investigate the effects of direct
plant defences on herbivores and predator performance over time
until plants without predators were overexploited by herbivores.

We hypothesized that the extent to which top-down control
can improve the protection of a plant depends on the extent to
which the herbivores and their natural enemies are adapted to the
plant's direct defences. We predicted that a reduction of direct
defences (i.e. plant hairs) would increase herbivore performance,
but would simultaneously promote the performance of natural
enemies that suffer from the same defences, and the question
then is, which of these two effects is predominant. To answer
this question, we used a tritrophic model system that allows ex-
perimental manipulation of all these elements (see Figure S1 for
an overview of the methodological approach). We used tomato
plants because they possess a combination of physical and chem-
ical defences in the form of glandular and nonglandular leaf hairs
(trichomes) that contain sticky, toxic substances and therefore
impede small leaf-dwelling arthropod pests as well as predators
(Duffey, 1986; Kennedy, 2003). In addition, well-characterized to-
mato mutants are available that lack these trichomes (Stratmann
& Bequette, 2016). As herbivores, we selected three mite spe-
cies that differ in their degree of adaptation to tomato: one
(Tetranychus urticae Koch, strain ‘Santpoort-2’) is maladapted
to tomato defences (Alba et al., 2015), another (T. urticae strain
‘Vicosa') is an adapted tomato pest (Sarmento et al., 2011), and the
last is a tomato specialist and important pest (Aculops lycopersici
[Massee], Greenhalgh et al., 2020; Vervaet et al., 2021), which re-
lies on tomato trichomes as a refuge (van Houten et al., 2013). Two
phytoseiid mite species were chosen, which are potent control
agents of the herbivores on several crops, but are severely hin-
dered by tomato trichomes (Drukker et al., 1997; Krips et al., 1999;
Paspati et al., 2021). Our results show that natural enemies do not
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only perform better on tomatoes lacking defensive hairs, but also
suppress herbivore densities better and faster on these plants,
with the largest effect being observed on plants infested with
tomato-adapted mites. We conclude that removing direct plant
defences from crop plants, rather than reinforcing them, can be
overcompensated by biological control, resulting in lower herbi-

vore densities.

2 | MATERIALS AND METHODS
2.1 | Plant material and arthropod rearing

We used Solanum lycopersicum L. cv. Ailsa Craig (TGRC accession
#LA2838A) as wild type and several hair mutants in this wild type
genetic background: hairless (accession #LA3556), hairs absent
(TGRC accession #LA3172), and dialytic (TGRC accession #LA3724).
Tomato seeds were obtained from the UC Davis/C.M. Rick Tomato
Genetics Resource Center, maintained by the Department of Plant
Sciences, University of California, Davis, CA 95616 (https://tgrc.
ucdavis.edu/), where these mutants were developed. Plants were
propagated at the University of Amsterdam greenhouse facilities.
The wild type variety possesses glandular type I, VI and VII tri-
chomes and nonglandular type Ill and V trichomes (Figure 1a-1),
common in cultivated tomato (Simmons & Gurr, 2005). The hair-
less (hl) accession (Kang et al., 2010) has morphological distortions
of all trichome types: trichomes are twisted and swollen and often
have a short stalk (Figure 1a-2), whereas the density of glandular
trichomes on leaves and stems is lower than that of the wild type
(see Appendix S1). The dialytic (dl) accession (Chang et al., 2016)
has forked trichomes with a different cellular arrangement and
occurs at a lower density than wild type trichomes (Figure 1a-
3 and Appendix S1). Finally, the hairs absent (h) accession (Chang
et al., 2018) does not have type | trichomes (Figure 1a-4), and the
density of glandular trichomes on leaves is lower than that of the
wild type, while densities are similar on the stems (Appendix S1).

Laboratory assays were conducted using 4-6-week-old tomato
plants, grown under controlled greenhouse conditions (20°C, 16:8 h
[L:D] photoperiod) in 12cm diameter pots (0.66L) in a substrate
consisting of peat soil (50% coco peat, 15% white peat, 35% frozen
black peat; #3, Jongkind Grond BV, The Netherlands) without extra
fertilizer. Different genotypes of tomato plants of the same age were
placed together on the same greenhouse bench, occupying a surface
of approximately one to two square meters to ensure that they were
growing under the same environmental conditions. Bean (Phaseolus
vulgaris L. cv. Speedy) plants were grown until 2-4-week-old under
the same greenhouse conditions.

The maladapted strain of two-spotted spider mites (T. urticae
‘Santpoort-2’) was reared on detached bean leaves, and the adapted
strain (T. urticae ‘Vicosa') on detached leaves of wild type tomato for
more than 25 generations. Tomato russet mites (A. lycopersici) were
collected in 2008 from naturally infested plants in a greenhouse
in the Netherlands and were maintained on intact tomato plants

(cv. Castlemart) since then (Glas et al., 2014). The predatory mite
Phytoseiulus persimilis Athias-Henriot was provided by Alexandra
Revynthi and had been maintained in the laboratory since 2013,
reared on spider mites on bean leaves (Revynthi et al., 2018). A strain
of Amblydromalus limonicus (Garman and McGregor) was provided by
Koppert Biological Systems and maintained on plastic arenas with an
ample supply of Typha pollen and access to water (Overmeer, 1985).
The mite species were reared following standard techniques in cli-
mate rooms with controlled conditions (25°C, 16:8 h L:D, 60% RH).

2.2 | Spider mite oviposition

Young spider mite females (15 + 1 days old since egg) were individually
placed on a leaf disc (2.4 cm diameter) with the abaxial side up on a
layer of 1.5% Daishin Agar (Duchefa Biochemie bv, The Netherlands)
and oviposition was recorded after 2days. Oviposition was measured
for both strains on wild type and trichome mutant leaf discs, and the
strain from bean was additionally tested on bean leaf discs. The ex-
periment was conducted in two blocks in time with 25 females per
treatment in each block. Females that did not survive the 2-day ovi-
position test were excluded from the analysis. The total oviposition
during 2days was compared among plants with a linear mixed effects
model (LME, Ime function of the package NwmE; Pinheiro et al., 2020)
with plant type/species and spider mite strain as fixed factors and
block as a random factor. Contrasts were assessed with the Tukey
method (@ = 0.05) with the packages Lsmeans (Lenth, 2016) and muLt-
comp (Hothorn et al., 2008). Survival of spider mites was analysed with
a generalized linear model with a quasi-binomial error distribution and
the same fixed factors as above. All models were checked for normal-
ity of the error distribution and all statistical analyses were done in R
(version 3.3.3.) (R Core Team, 2017).

2.3 | Russet mite performance

Three-week-old wild type and hairless plants were infested
with 20 russet mite individuals using the method of van Houten
et al. (2013). Briefly, individual mites were first transferred to a
wild type leaf disc (1 cm diameter) using a stereomicroscope to
make sure these minute fragile mites were not killed during the
transfer. The infested leaf disc was subsequently placed on top of
a leaflet of the oldest leaf of a plant using soft tweezers. As the
leaf disc dried out, the mites moved to the plant. This leaf-disc
transfer method has been validated by means of a dose-response
assay in Glas et al. (2014, figure S9). Twenty-one days after the in-
festation, all plant material was collected and split into in four por-
tions (leaves, including petioles, from the bottom, middle and top
of the plant and the main stem), and samples were processed as
described in Glas et al. (2014). In short, the plant material was cut
into small pieces (i.e. leaflets or stem sections) and subsequently
put in 50ml tubes, to which 25ml of 100% ethanol was added,
and were shaken for 1 min to dislodge the mites from the plant
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FIGURE 1 Trichome mutants and their effect on herbivore performance and predator movement. (a) Stem surface of wild type

tomato and the trichome mutants hairless, dialytic and hairs absent. (b) Average oviposition rate (+ SE) per 48 h of adapted (green bars)

and maladapted (orange bars) spider mites on leaf discs of wild type tomato, trichome mutants and bean plants. Different letters signify
significant differences for the maladapted (W-Z) and adapted (a, b) spider mite strain (contrasts after LME, all p<0.0001). (c) Average
densities (+ SE) of the tomato russet mite on wild type tomato plants and the hairless mutant 3weeks after infestation. Letters in bars
indicate significant differences (contrasts after GLM). (d) Proportion (+ SE) of predators that was found trapped by the glandular trichomes
(orange bars) or that reached a leaflet with prey (green bars) on wild type tomato and three trichome mutants. Letters Y, Z indicate
significant differences between the proportions trapped, a, b indicates significant differences between the proportions that reached the

leaflet with prey (contrasts after GLM, p<0.05).

surface. This process was repeated as needed to wash all plant
material from each plant part in one 50ml tube. Then, all sam-
ples were sieved (355 pm, Endecotts Ltd., UK) and mites in 1 ml of
each tube were counted under a stereoscope. The total number
of russet mites per plant was calculated. These densities of russet
mites were analysed with a generalized linear model (GLM) with
a Gaussian error distribution and plant genotype as fixed factor.

2.4 | Predatory mite movement

The ability of predatory mites to move along the stems of the wild
type and the trichome mutants was tested using the method of van
Haren et al. (1987), slightly modified. All leaves except for two leaf-
lets were removed from 5-week-old tomato plants and the leaflets
were infested with 5 female adapted T. urticae for 2days, serving as
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target sites for the predators. Two rings of glue (Tanglefoot®) were
applied around the stem above and below these infested leaflets to
confine predators. Per plant, a single gravid female P. persimilis was
released on the stem between the two leaflets on the scar of one
of the removed leaves. Plants were placed at random positions in
cages (five plants per cage) and kept in climate rooms with controlled
conditions (25°C, 16:8 h L:D, 60% RH). Twenty-four hours later, the
positions of the predatory mites, which could move freely upwards
or downwards from the release point, were recorded under a stereo
microscope. Predatory mites were scored as (1) being trapped when
stuck on the glandular trichomes of the stem (‘Trapped’, Figure 1d),
as (2) having reached the leaflet with prey (‘Leaflet with prey’,
Figure 1d) or (3) as ‘other’ (not in the figure) when found back at the
release point; in the glue barriers or on the stem. The group ‘other’
was excluded from the analysis. This resulted in 9, 8, 13 and 8 repli-
cates for wild type plants, hairless, hairs absent and dialytic, respec-
tively. The incidence of predators that were trapped or found on a
leaflet with prey was evaluated among plant genotypes using a gen-
eralized linear model (GLM) in R (version 3.3.3., R Core Team, 2017)
with a binomial error distribution. Planned contrasts among plant
genotypes were assessed by aggregating nonsignificant factor levels

in a stepwise deletion procedure (Crawley, 2013).

2.5 | Predatory mite performance

To assess the effect of host plant on the performance of predatory
mites, predation of eggs of the adapted strain of spider mites and
oviposition by the predator P. persimilis were assessed on leaf discs
(2.4 cm) on agar (as above) of hairless and wild type tomato and of
bean plants. On each leaf disc, 5-15 spider mite females were al-
lowed to lay eggs during 2days (34-153 eggs). The adult females
were subsequently removed, leaving their webbing intact to mimic a
natural infestation of spider mites. Gravid female predators (judged
by the size of their idiosoma) of 6 + 1 days old since egg were released
on these discs, and were transferred to a new arena with fresh spi-
der mite eggs every day for four consecutive days. Predation and
oviposition were recorded daily. The experiment was conducted in
two blocks in time and had a total of 13-16 females per treatment.
Data of the first day were excluded to avoid effects of the previous
diet (Sabelis, 1990). Only replicates that had at least 10 prey eggs left
after 24 h were included, ensuring that the predators had sufficient
food. The average daily predation and oviposition of predatory mites
were analysed with a linear mixed effects model (LME) as above,
with plant type and time as fixed factors and predator individual as
random factor to correct for repeated measures. Models were sim-
plified by removing nonsignificant interactions and factors, and con-
trasts among plant genotypes were assessed as above.

The experimental arena for the russet mite predator A. limonicus
was similar to that used for P. persimilis. A surplus (>100 individu-
als) of tomato russet mites from the rearing was added to the leaf
disk with a one-hair brush and they were allowed to settle for 1day.
Subsequently, an adult female A. limonicus of 9 + 1 days old since egg

was allowed to feed and lay eggs. Each predator was transferred
daily to a new arena. Oviposition was recorded as the number of
eggs laid per female every day of the experiment, excluding the first
day. The experiment was conducted in two blocks in time for a total
of 10 replicates per treatment. The average daily oviposition rate of
predatory mites was analysed as above.

2.6 | Dynamics of spider mites and predators

Cages (47.5 1x47.5 wx 93 cm h) with two plants (either both hairless
or both wild type) were distributed in a randomized block design on
four parallel benches in a greenhouse at Rijk Zwaan (De Lier, The
Netherlands). Plants regularly received water in the tray that held
the pots of both plants. When the plants were 4 weeks old (3-4 true
leaves), they were infested with 24 female spider mites (adapted or
maladapted, 15+ 1days old since egg), 8 mites on a leaflet of leaves
1, 2 and 3, counting from the base of the plant. Young gravid females
of P. persimilis were provided by Koppert Biological Systems (Berkel
en Rodenrijs, The Netherlands) and were released 1week later on
a cotyledon of the plant (5 mites per plant). There were four treat-
ments for the adapted strain: wild type or hairless plants either with
or without predators, and two treatments for the maladapted strain:
wild type or hairless plants both with predators, all treatments with
four replicates (cages).

The dynamics of predators and prey were monitored by weekly
sampling 3 leaflets from the top, middle and base of the plant (9
leaflets per cage). All mite stages were counted under a binocular
microscope in the laboratory. For each species under evaluation
(predator or prey), numbers of all stages were pooled to estimate
population densities per leaflet. The experiment was terminated
when plants without predators were overexploited by the spider
mites. The moment of overexploitation was defined as when the
98%-100% of the leaves of wild type plants with spider mites but
without predators were infested and all leaflets of a leaf showed
clear signs of spider mite damage (leaf damage index 4 following
Hussey & Scopes, 1985). The experiment was conducted during the
winter (January-February), and the temperature was set to 25-18°C
(day-night), and the photoperiod was extended to 16 h with supple-
mental light.

Because the densities of spider mites and predators showed a
highly nonlinear pattern through time, the average numbers of spider
mites and predators per leaflet were log-transformed. Furthermore,
a polynomial was fit by adding quadratic and cubic terms of time
(Crawley, 2013). Data were analysed using a linear mixed effects
model (LME) with time, time squared and time cubed, all in interac-
tion with treatment, as fixed factors. The replicate (cage) was used
as a random factor to correct for repeated measures. An autocor-
relation function of order 1 was added, but proved to be not signifi-
cant and was removed. Models were simplified and contrasts among
treatments were assessed in a stepwise deletion procedure of non-
significant interactions and factors (Crawley, 2013). Additional anal-
yses were conducted to gain insight into the specific dates in which
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treatments showed significant differences using generalized linear
models (Gaussian distribution and an identity link function) followed
by pairwise comparisons (adjusted with Tukey, a = 0.05) in R (version
4.2.0; 22 April 2022 ucrt) with the glm function and the package
‘EMMEANS’ (Lenth et al., 2019).

2.7 | Dynamics of russet mites and predators

Experiments were carried out in cages as explained above (Dynamics
of spider mites and predators). The four treatments consisted of rus-
set mite-infested wild type or hairless plants in the presence or ab-
sence of predatory mites (A. limonicus). Four-week-old plants were
infested by placing leaf discs with 20-30 russet mites on one leaflet
of leaves 1, 2 and 3, counting from the base of the stem (hence, 60-
90 mites/plant). Seven days later, 10 adult female predatory mites
were released on the leaflet of leaf 1 that was infested with prey.
Bi-weekly, three leaflets per plant stratum (as above) were collected
in 50ml falcon tubes and processed as described above with slight
modifications. Briefly, 20 ml pure ethanol was added per tube in the
lab, and mites were washed off the leaves by gently shaking tubes
for 20 s. Samples were filtered through a sieve (160pum) to collect
and count predatory mites. Subsequently, the numbers of russet
mites were assessed in five subsamples of 2 ml of the alcohol of each
sample using a particle counter (PAMAS SVSS, Partikelmess- und
Analysesysteme GmbH, Germany, size range 50-150pum). The aver-
age of five particle counts was used for further analysis. The experi-
ment was terminated when plants in cages without predatory mites
had no more leaflets due to overexploitation by the russet mites.
Log-transformed densities of russet mites and predatory mites were
analysed with a polynomial model and glm by date as above (dynam-

ics of spider mites and predators).

3 | RESULTS
3.1 | Spider mite oviposition and russet mite
performance

Oviposition of the adapted spider mite strain on tomato was higher
than that of the maladapted strain (Figure 1b), but the two strains re-
sponded differentially to the various mutants (LME, interaction mite
strain with plant type: Chi? = 14.3, df = 3, p = 0.0025). Oviposition
of the adapted spider mites differed significantly among plant types
(LME: Chi? = 19.7, df = 3, p<0.001), and was higher on hairless
than on the wild type and dialytic, and intermediate on hairs absent
(Figure 1b). Oviposition of the maladapted strain also differed sig-
nificantly among plant types (LME, Chi? = 79.2, df = 4, p<0.0001),
was the highest on bean, the plant on which it was reared; intermedi-
ate on hairless and wild type; and lowest on hairs absent and dialytic
(Figure 1b). Although the survival of the adapted strain was signifi-
cantly higher than that of the maladapted strain (GLM, F1,14 = 8.07,
p = 0.013), the survival of each strain did not differ significantly

among plants (GLM, adapted strain: F,5=0.84,p =0.55; maladap-
ted strain: Fsg=6.39p= 0.28). In contrast, the population growth
of the tomato russet mite was reduced on hairless tomato, relative to
the wild type (Figure 1c, GLM: Fi18=834,p= 0.0098).

3.2 | Predatory mite movement

The proportions of predators trapped in the trichomes differed sig-
nificantly among plant types (GLM, Chi? = 15.7,df = 3, p = 0.0013), as
did the proportions that reached the target leaflet (GLM, Chi?=10.9,
df = 3, p = 0.012) (Figure 1d). On the wild type, a high proportion of
P. persimilis was trapped in the glandular trichomes and none reached
the prey-infested target leaflet. Similar results were obtained on the
hairs absent mutant, and only c. 5% reached the leaflet with prey. On
dialytic, the number of predators trapped was significantly reduced,
yet only few reached the leaflet with prey. In contrast, no predatory
mites were trapped on hairless, and a significant number of them
reached the leaflet with prey in 24 h. We therefore selected the hair-
less accession for the following experiments. Finally, a predator was
found back trapped in the Tanglefoot® only three times, that is, one
on a hairless, one on a hairs absent and one on a wild type plant.

3.3 | Predatory mite performance

Prey consumption rates by P. persimilis were similar on different
plants (Figure 2a, LME, Chi? = 1.85, df = 2, p = 0.40), although they
produced more eggs on bean plants than on wild type tomato plants
(Figure 2b, LME, Chi? = 6.17, df = 2, p = 0.046). The oviposition rate
of the predatory mite A. limonicus, a natural enemy of russet mites,
was higher on hairless than on wild type plants (Figure 2c, LME,
Chi? = 3.94, df = 1, p = 0.047) and increased significantly through
time (LME, Chi® = 8.0, df = 1, p = 0.0047).

3.4 | Dynamics of spider mites and predators

On tomato plants in a greenhouse, the density of adapted spider
mites initially increased in all treatments (Figure 3a), then declined
either because of predation (after c. 21days in treatments with
predators) or because plants became overexploited by spider mites
(after c. 28days) in treatments without predators. The densities of
spider mites differed significantly among treatments through time
(Figure 3a, LME, treatment with time: Chi?= 34.8,df =3,p<0.0001,
interaction of treatment with time?: Chi? = 31.5, df = 3, p<0.0001).
In the absence of predators, densities of adapted spider mites on
wild type and hairless plants did not differ significantly (Figure 3a).
However, when predators were present, they controlled spider
mites significantly better on hairless plants than on wild type plants
(Figure 3a), coinciding with densities of predatory mites being
significantly higher on hairless plants (Figure 3b, LME, Chi? = 8.76,
df = 1, p = 0.0031). Maladapted spider mites were also controlled
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FIGURE 2 Effects of leaf trichomes on the performance of
predatory mites on wild type (red) and hairless (blue) tomato leaf
discs and on bean leaf discs (yellow). (a) Average predation rate (+
SE) per 24 h of P. persimilis on bean, wild type or hairless tomato
leaf discs infested with tomato-adapted spider mites. (b) Average
oviposition rate (+ SE) per 24 h of P. persimilis when preying on the
spider mites on the same leaf discs. (c) Average oviposition rate (+
SE) per 24 h of A. limonicus when preying ad libitum on the tomato
russet mite, placed on leaf disc of hairless and wild type tomato.
Different letters signify significant differences (contrasts after
LME, all p<0.0001).

much better by predatory mites on hairless plants (Figure 3c,d, LME,
Chi? = 8.84, df = 1, p = 0.003). Further detailed results by date are
shown in Appendix S2. Hence, although hairless tomatoes were
equally susceptible to adapted spider mites as wild type plants, they
were better protected in the presence of predatory mites. Predators
had a similar effect on the densities of maladapted spider mites, albeit
at much lower absolute levels and consistently declined over time. At
the end of the experiment (at 42days), the leaf damage indices of

hairless and wild type plants infested with adapted spider mites were
4.3 and 4.0, respectively, whereas those of the same treatments that
included predatory mites were 2.8 and 2.5. The indices of hairless
and wild type plants infested with maladapted spider mites was 1.3
and 2.0 at this time point.

3.5 | Dynamics of russet mites and predators

In contrast to the spider mites, the russet mite populations grew
larger on wild type plants than on hairless plants and their densities
differed significantly over time between treatments through time
(Figure 4a, LME, interaction of treatment with time% Chi® = 8.32,
df = 3, p = 0.0399, interaction of treatment with time®: Chi? = 9.06,
df = 3, p = 0.029). While predatory mites reduced the russet mite
densities on both wild type and hairless plants, the lowest russet
mite densities were reached on hairless (Figure 4a). The densities of
predatory mites differed significantly over time between treatments
(Figure 4b, LME, interaction of treatment with time: Chi? = 6.93,
df = 1, p = 0.009, interaction of treatment with time?: Chi? = 6.74,
df = 1, p = 0.009), and densities were on average higher on hairless
than on wild type plants. Further detailed results by date are shown
in Appendix S2. Taken together, not only were hairless tomatoes
more resistant to russet mites than the wild type, but the capacity
of predatory mites to control them improved significantly on these

plants (Figure 4).

4 | DISCUSSION

We show that if a plant's direct defence fails because it is attacked
by an adapted herbivore, its protection can be increased by replac-
ing direct defences with top-down control by natural enemies. We
demonstrated this by using trichomeless tomatoes, on which the
control efficiency of tomato-adapted herbivorous mites by preda-
tory mites is improved. Thus, counter-intuitively, plants with high
levels of direct defences may be rendered more vulnerable to herbi-
vores; especially in cases when only herbivores, but not their natural
enemies, have adapted to such defences.

Various studies have looked at the effects of direct plant de-
fences on herbivore-predator interactions and have observed
adverse effects of plant defences, such as trichomes, on natural
enemies of herbivores (reviewed in: Peterson et al., 2016, Riddick
& Simmons, 2014). However, there are only few studies that doc-
umented the predator-prey dynamics during such interactions
(Barbour et al., 1993; Coll & Ridgway, 1995; Gassmann & Hare, 2005;
Katanyukul & Thruston, 1973). Because predator-prey dynam-
ics usually show fluctuations during their interaction on a plant
(Figures 3 and 4), it is essential to study the dynamics over longer
periods. Evidence for this in this study is the significant interaction
of treatment with time. Had our experiment with adapted spider
mites on plants lasted for 14 or 21 days, we would not have found
a significant effect of treatments on spider mite densities, whereas
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FIGURE 3 Spider mite and predatory mite population dynamics on wild type (red: Squares and triangles) and hairless (blue: Circles and
diamonds) tomato plants. (a) Average log transformed densities (+ SE) of adapted spider mites per leaflet without (dashed line) or with
predators (solid line). (b) Average log transformed predator densities (+ SE) on the same plants as in ‘a’. (c) Average log transformed densities
(+ SE) of maladapted spider mites on wild type and hairless plants with predatory mites. (d) Average log transformed predator densities (+
SE) on the same plants as in ‘c’. All densities are per leaflet. Curves represent polynomial equations fit with a linear mixed-effects model
(LME). Asterisks indicate significant differences on specific dates based on glm analyses by date assuming a Gaussian distribution and

identity link function.

we would have found significant treatment effects after 28, 35 or
42 days. Hence, the timing of the sampling of the densities matters,
and even more so when populations fluctuate more strongly out of
phase than the case here. We suggest that a natural end of popula-
tion experiments like those presented here is when one of the inter-
acting species has disappeared from the system. Here, we followed
predator-prey populations until almost all leaf material was overex-
ploited by herbivores on plants without predators.

Plant trichomes are widely recognized as relevant direct plant
defences in both natural systems (Gassmann & Hare, 2005) and
agricultural settings (Bleeker et al., 2012). For example, caterpillars
gain more weight on plants with impaired glandular trichomes such
as hairless (Kang et al., 2010; Tian et al., 2012); however, no effect
of trichomes was found on weight of larvae of the Colorado potato
beetle (Tian et al., 2012), and mites often get stuck in the sticky
and toxic exudates of the glandular trichomes when present at high
densities (Glas et al., 2012). Hence, it does not come as a surprise

that tomato mutants like hairless are easier to handle for small leaf
dwelling arthropods. Tomato plants of the hairless mutant do not
only have distorted trichomes (Appendix S1), but also deficiencies
in the chemistry of the glandular trichomes (i.e. sesquiterpenes and
polyphenolic compounds) and an increase in stem brittleness (Kang
et al., 2010, 2016). However, the expression of herbivore-induced
marker genes for jasmonate defences was equal or higher than that
in the wild type (Tian et al., 2012). So, while the hairless mutant
lacks the function of trichomes as physical and chemical barriers,
the other (inducible) defences appear to be intact. The maladapted
spider mite line used in our experiments induces jasmonate defences
in tomato, from which it suffers (Alba et al., 2015). In line with this,
we observed that their oviposition rate on trichome mutants was
similar to that on wild type plants and much lower than that on bean.
Kersch-Becker et al. (2017) previously showed that biological control
of aphids sensitive to jasmonate defences only had a minor additive
effect to plant resistance on regulating herbivore population growth
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and final densities. In our experiments, the densities of maladapted
herbivores on hairless plants were reduced significantly more by
predatory mites than on wild type plants. However, their densities
were much lower than that of the tomato-adapted spider mites, and
declined continuously from the start of the experiment. Crops are
challenged by adapted and maladapted herbivores, yet, maladapted
spider mites may also adapt to their host. Tetranychus urticae is a true
generalist, found to colonize more than 1100 plant species (Migeon
et al., 2021). A host switch such the one experienced in this study
triggers large changes in spider mites in the long-term (30 spider
mite generations), including the overexpression of major detoxifica-
tion pathways (Wybouw et al., 2015), but our experiments lasted
too short to allow transcriptional plasticity and adaptation to occur.
Therefore, direct defences may by themselves suffice to protect a
crop from maladapted herbivores.

Whereas direct defences protect a plant against maladapted her-
bivores, they clearly fail for adapted herbivores. The tomato-adapted
spider mite used here is resistant to the plant's jasmonate defences
(Sarmento et al., 2011). According to our data, it can also handle the
tomato trichomes sufficiently, since its densities on hairless and wild
type plants were similar. The densities of the adapted spider mites
in the absence of predators started to decline at 28days. Probably
this was the result of a reduction of plant quality caused by herbiv-
ory and the consequent limitation of resources for the spider mites.
When spider mites colonize a plant for a sufficient period of time,
this can result in total damage of the leaves, resulting in the over-
exploitation of the host (Liu et al., 2017). Therefore, direct defences
may not only fail when the plant is infested with adapted herbivores,
but even hamper their control when they interfere with natural en-
emies of the herbivore.

Strikingly, the population growth of A. lycopersici in the absence
of predators was even higher on wild type than on hairless plants,
reinforcing the notion that direct (trichome-based) defences are no

universal panacea against all herbivores. Albeit speculatively, abi-
otic factors at the leaf surface, such as temperature or reflected
radiation, are associated with the absence/presence of trichomes
(Gasparini et al., 2021; Karabourniotis et al., 2020), which may re-
sult in an unfavourable microenvironment for this extremely small
mite species on hairless plants. In addition to the tomato russet
mite, other specialist herbivores of sticky plants have also shown
decreased densities on genotypes that lack resistant glandular tri-
chomes (Krimmel & Pearse, 2014; van Dam & Hare, 1998). Taken
together, our data suggest that deficiencies in a plant's direct de-
fence, such as those of the hairless mutant, make it more vulnerable
to maladapted herbivores but not to adapted herbivores, whereas
pest species will predominantly be found among the latter group.

Predatory mites were trapped on trichomes on the stem of wild
type plants, thus supporting previous findings (Paspati et al., 2021;
Sato et al., 2011; van Haren et al., 1987). However, our evaluation of
the three trichome mutants suggests that a mere reduction of the
trichome density may not be the only factor that improves predatory
mite dispersal, but that reduced stickiness of glandular trichomes
may also contribute to this. The glandular trichomes of hairless to-
matoes contain a lower amount of phenolics than those of wild type
plants (Kang et al., 2010), and this may contribute to a reduced en-
trapment since trichome stickiness is largely due to the oxidative
formation of polyphenolics. In addition, we observed an increase
in oviposition by A. limonicus on the hairless mutant. This suggests
that especially stem trichomes affect the performance of predatory
mites, but that some species are hampered by the trichomes on the
leaves as well.

The predatory mites reached higher densities on hairless than
on wild type plants when these were infested with adapted spider
mites or the specialist tomato russet mites. On plants infested with
maladapted mites, however, predatory mites experienced lack of
food that limited the growth of the predator population. Yet, the

85US01 7 SUOLILLOD AII8.1D) 3[cfed!(dde U Ag peusenob afe i YO '8sn JO S3|n 1oy Akeid18UIIUQ AB]1A UO (SUOIPUOD-PUE-SLLIBY WD A8 1M ARIq 1 U UO//SANY) SUONIPUOD pue swis | 8y} 885 *[£202/T0/9T] U0 Akeiq1auliuo A8]IM eeuiolqicsiels BAIUN BAN AQ S/ THT SErZ-GIET/TTTT OT/I0p/W0 A8 | Akeiq i puljuo's punokady/sdny Wwoly pepeojumoq ‘TT ‘2202 'SEvZS9eT



2868 Functional Ecology

LEGARREA ET AL.

predatory mites controlled the maladapted spider mites better on
hairless than wild type plants, due to increased mobility on hairless,
resulting in higher encounter rates with prey. Likewise, previous
studies under laboratory conditions showed that phytoseiid mites
increased their predation rates on host plants that lack disrup-
tive glandular trichomes (Koller et al., 2007; Sato et al., 2011; Savi
etal., 2021).

Our population dynamics experiments also have practical im-
plications: they confirm not only that predatory mites are hindered
by wild type trichomes but also that the disadvantage of promot-
ing maladaptive herbivores by removing trichomes can be more
than compensated by the enhanced control capacity of the pred-
ator. Phytoseiid mites are commonly used for biological control of
various pests (Gerson & Weintraub, 2012; Knapp et al., 2018; van
Lenteren, 2012), but biological control is cumbersome on tomato be-
cause of their trichomes (Cédola et al., 2001; van Haren et al., 1987;
van Houten et al., 2013). Several attempts have been made to se-
lect for tomato-adapted predators (Drukker et al., 1997; Lirakis
& Magalh3es, 2019), but this has not been very successful so far.
Nowadays, only few natural enemies are known to cope with tomato
glandular trichomes, such as mirid bugs (Bueno et al., 2019), and a few
species of predatory mites (da Silva et al., 2010; Ferrero et al., 2011;
Gigon et al., 2016), although the latter are still hindered by trichomes
(Sato et al., 2011). Recently, it was found that large populations of
predatory mites (i.e. Tydeoids), which are small enough to navigate
under the trichome glands, can successfully control the tomato rus-
set mite (Pijnakker et al., 2022). Current efforts in resistance breed-
ing include developing cultivars that carry resistance traits against
pests by reintroducing resistance traits, such as trichomes, from wild
into commercial crop varieties (Glas et al., 2012; Paudel et al., 2019;
Tissier, 2012). Our findings suggest that removing, rather than in-
troducing, such traits may result in superior pest control by natural
enemies.

Our results also justify the question to which extent plants in
nature are under selection to adjust their direct defences to the
needs of their putative bodyguards. Many plants have evolved
glandular trichomes, perhaps because the efficiency of natural en-
emies is too low to sufficiently prevent herbivory. However, for rea-
sons unknown, the majority of plants do not have such trichomes
(Huchelmann et al., 2017), suggesting that other types of direct de-
fences and/or indirect defences are sufficient. Furthermore, preda-
tors can also adapt to the direct defences of the host plants of their
prey (Sun et al., 2019; Wheeler & Krimmel, 2015), in which case the
direct defences become redundant for adapted herbivores, but may
still serve to protect against other herbivores.

Taken together, our study emphasizes the importance of consid-
ering the effects of plant defence traits on the control of herbivores
by their natural enemies. It also suggests novel opportunities for crop
protection programs (Pappas et al., 2017; van Lenteren et al., 1995),
because it not only warns breeders to be careful when introducing
new resistance traits in crops, but also pleads for exploring the op-
posite approach of removing (unnecessary) resistance traits from
crops embedded in integrated pest-management programs.
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