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Editorial on the Research Topic
Plant Responses to Phytophagous Mites/Thrips and Search for Resistance

Phytophagous mites and thrips are global pests affecting a wide range of agricultural crops (Mouden
et al, 2017; Agut et al., 2018). Among the arthropods, they are phylogenetically distant, but both
classes harbor species ranging from highly specialized to extremely polyphagous (Rioja et al,
2017; Wu et al,, 2018). Through convergent evolution, mites and thrips evolved stylets to facilitate
feeding from mesophyll or epidermal cells (Bensoussan et al., 2016; Rioja et al., 2017; Wu et al.,
2018). Despite large crops losses (Agut et al., 2018; Steenbergen et al., 2018) that are expected
to become more severe with global warming (Ximenez-Embtn et al, 2017; Urbaneja-Bernat
et al., 2019), the interactions between mites/thrips and their host plants have been understudied.
Hence, understanding how plants defend themselves against these pests is essential for developing
crop protection strategies. This Research Topic provides an update on recent advances in the
plant molecular and physiological mechanisms associated with phytophagous mite/thrips-plant
interactions, and provides an overview of different approaches for improving crop resistance
sustainably, either through repellence, feeding disruption or prevention of feeding damage. Here,
we highlight some of the major points arising from these reports.

MITE-RELATED

Plant Resistance

The ability of zoophytophagous predators such as the mirid Macrolophys pygmaeus to induce plant
defenses and indirectly affect spider mites is well-known (Pappas et al., 2015; Zhang et al., 2018).
Recently, Cruz-Miralles et al. (2019) showed that Euseius stipulatus, a zoophytophagous phytoseiid
common in citrus, can trigger plant-genotype specific defensive responses and affect their prey
beyond predation through plant-mediated effects. In this topic, Pérez-Hedo et al. report reduced
infestation of tomato plants exposed to the mirid predator Nesidiocoris tenuis by the spider mite
Tetranychus urticae. This effect correlated with the upregulated expression of a jasmonic acid-
responsive gene (PIN2) and two protease inhibitors markers (PI-II1 and PI-II2) in tomato plants,
indicating that crop protective benefits of zoophytophagous predators include both herbivore
predation and the induction of plant innate defenses. Furthermore, the negative correlation of
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Sperotto et al.

Plant Responses to Mites/Thrips

the zingiberene content of tomato trichomes and spider mite
performance was described by de Oliveira et al. demonstrating a
multifaceted role of this terpene in defense response. Glandular
trichomes and zingiberene contribute greatly to the resistance
of wild tomatoes against herbivores (Glas et al., 2012). The
ability to accumulate zingiberene in glandular trichomes is being
transferred to commercial varieties to increase resistance to mites
and whiteflies (Bleeker et al., 2012).

The red spider mite, Tetranychus neocaledonicus, can be an
important pest on lima bean (Phaseolus lunatus) (Gomes Neto
et al., 2017). de Franca et al. assessed antibiosis and antixenosis
effects of nine lima bean genotypes against the red spider mite
and identified two distinct groups. The authors propose that one
set of these genotypes can be used in trap cropping strategies,
and the second can be used as a source of resistance against
T. neocaledonicus.

T. urticae genome contains a large number of cysteine-
and serine-proteases, indicating their importance in spider mite
physiology (Santamaria et al, 2015). However, cystatins and
serine-protease inhibitors are plant defense proteins that target
these mite proteins (Santamaria et al., 2012; Martel et al., 2015).
Arnaiz et al. investigated the role of Arabidopsis Kunitz Trypsin
Inhibitors (KTI) on plant defense against spider mite and showed
that KTI confer resistance to T. urticae. Moreover, transient
overexpression of KT14 and KTI5 in tobacco demonstrated their
bifunctional ability to inhibit cysteine- and serine-proteases. It is
expected that KTT impact mite gut cysteine-proteases involved
in the hydrolysis of dietary proteins and can thus be used as a
potential tool to engineer plant resistance/tolerance to T. urticae.

Monocots, including grasses, are attacked by generalist and
specialist herbivores. Several spider mite species are key pests
on cereals, including the generalist T. urticae (Grbic et al., 2011)
and the Poaceae specialist Oligonychus pratensis (Bynum et al.,
2015). Bui et al. provided evidence that maize and barley defenses
induced by T. urticae and O. pratensis herbivory are similar.
However, a functional benzoxazinoid pathway negatively affected
only the performance of the generalist T. urticae and not the
specialist O. pratensis, suggesting that O. pratensis adapted to
the maize as a plant-host by evading benzoxazinoid defenses.
Similarly, Arena et al. used RNAseq to assess the global response
of Arabidopsis upon the infestation of the false spider mite
Brevipalpus yothersi. Brevipalpus feeding induced jasmonic acid
(JA)- and salicylic acid (SA)-regulated Arabidopsis responses,
very similar to those resulting from T. urticae feeding (Zhurov
etal., 2014). However, Arena et al. demonstrated that Arabidopsis
defenses affect Brevipalpus differently than T. urticae, since
Brevipalpus is insensitive to JA-regulated defenses, and requires
the SA pathway for maximal performance. The comparative
analysis of mechanisms underlying differential responses of T.
urticae, O. pratensis, and Brevipalpus to plant defenses will
provide new insights into mechanisms of mite adaptation to
different host plants.

The phytohormones gibberellic acid (GA) and JA regulate
plant growth/development and defense, respectively (Hou et al.,
2013). Several studies have addressed the plant dilemma between
“to grow” and “to defend” in response to various stimuli,
indicating that plants prioritize GA- or JA-induced responses

(Heinrich et al., 2013; Qin et al., 2013; De Bruyne et al., 2014;
Wang et al., 2015; Campos et al., 2016; Guo et al., 2018). Sperotto
et al. observed that wild rice species are highly susceptible to
the mite Schizotetranychus oryzae. This was possibly due to a
high GA:JA ratio, since the tested wild species are relatively tall
(1.5-5m). Therefore, authors suggest the use of short and stocky
Oryza species as primary sources of mite resistance.

While resistance is aimed at maximizing plant fitness by
targeting herbivores, other traits may maximize fitness through
compensatory physiological responses (Koch et al., 2016; Erb,
2018), while tolerating the herbivore. Very little is known about
the genetic mechanisms of tolerance (Peterson et al, 2017).
In an Opinion article, Sperotto et al. reason that crops are
tolerant when they produce acceptable yields and maintain fitness
when infested. By evaluating rice morphology and productivity,
Buffon et al. subsequently identified a rice cultivar tolerant to
S. oryzae. Together they argue that tolerance, as a mechanism
for maximizing yield and productivity, should be more at the
forefront of crop protection research, since this is what really
matters to farmers.

Responses to Mixed Stimuli
Plants are exposed to numerous biotic and abiotic stresses.
To survive these challenges they have to undergo distinct
physiological and structural transformations that can be costly
(Wang et al, 2003). Plant responses to abiotic stress may
also affect the performance of herbivores (Scheirs et al.,
2006). Some plants evolved the ability to accumulate heavy
metals from the soil in their shoots. It was suggested that
this can provide protection against herbivores (Boyd, 2007;
Horger et al, 2013). Godinho et al. showed that tomato
plants can accumulate cadmium (Cd) to levels that negatively
affect spider mite performance, while not affecting the plant.
They observed detrimental Cd effects on mites, regardless
of their ability to induce or suppress plant defenses. This
suggests that Cd-accumulation could provide a plastic plant
resistance trait that can also counteract defense-suppression
by herbivores. Furthermore, the study of Tetranychus evansi
performance on drought-adapted tomatoes showed a positive
link between the induction of soluble carbohydrates and
amino acids used by the plant for osmotic adjustment
during drought and mite performance (Ximénez-Embun et al.).
Tetranychus evansi downregulated the accumulation of defense-
related phytohormones in control and drought-adapted plants,
indicating that drought promotes T. evansi tomato infestation.
Beneficial microorganisms are known to promote plant
growth and confer resistance to biotic and abiotic stressors
(Pieterse et al., 2014; Finkel et al., 2017). Pappas et al. studied the
effect of a beneficial endophytic fungus (Fusarium solani, FsK) on
tomato defenses against T. urticae, and showed that both direct
and indirect defenses can be enhanced on endophyte-colonized
plants. Defense-related genes were differentially expressed and T.
urticae performance was negatively affected by FsK-colonization.
Furthermore, FsK-colonized plants emitted different volatiles in
response to T. urticae compared to control plants, and were more
attractive to Macrolophus pygmaeus, a natural enemy of spider
mites. Therefore, three-way interactions (such as tomato-FsK-T.

Frontiers in Plant Science | www.frontiersin.org

July 2019 | Volume 10 | Article 866


https://doi.org/10.3389/fpls.2018.01132
https://doi.org/10.3389/fpls.2018.01466
https://doi.org/10.3389/fpls.2018.00986
https://doi.org/10.3389/fpls.2018.01222
https://doi.org/10.3389/fpls.2018.01147
https://doi.org/10.3389/fpls.2018.01147
https://doi.org/10.3389/fpls.2018.00321
https://doi.org/10.3389/fpls.2018.00556
https://doi.org/10.3389/fpls.2018.01341
https://doi.org/10.3389/fpls.2018.01723
https://doi.org/10.3389/fpls.2018.01490
https://doi.org/10.3389/fpls.2018.01603
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Sperotto et al.

Plant Responses to Mites/Thrips

urticae) may offer the opportunity for the development of novel
tools for spider mite control.

Wheat curl mite (WCM), Aceria tosichella, is a major pest of
wheat that vectors damaging plant viruses (Navia et al., 2013).
Skoracka et al. reviewed the current knowledge on WCM-wheat-
virus interactions and identified gaps in underlying mechanisms
of mite infestation, viral epidemiology, and plant responses.
They emphasize the application of molecular techniques in
mite-wheat-virus studies and discuss the possibilities for
breeding cereal cultivars carrying resistance genes against WCM
and viruses.

Modulation of Plant Defense Response
Some herbivores evolved the ability to counteract plant defenses
by producing effectors that disrupt plant signaling and induce
effector-triggered susceptibility (Hogenhout and Bos, 2011;
Ferrari et al., 2013; Pel and Pieterse, 2013). Accordingly, several
species of spider mites were shown to suppress plant defenses
(Kant et al., 2008) via effectors (Villarroel et al., 2016). While
under laboratory conditions this can promote mite performance,
it can also encourage competition and predation (Ataide et al.,
2016). Blaazer et al. asked why the suppression trait is common
among mites and argue that buffering traits may shield it from
natural selection. Thus, mites in nature may have to work hard to
limit the ecological costs associated with suppression and to keep
a monopoly on their feeding site.

Others (Digestive System of Tetranychus
urticae and Eriophyoid Mites)

Plants evolved several strategies to deter herbivory. These traits,
in turn, have selected for counter-adaptations in herbviores
to cope with plant defenses (Heidel-Fischer and Vogel, 2015).
The wide host range of T. urticae suggests that it may have
evolved general traits that allow digestion and detoxification of
a wide range of different plant compounds (Rioja et al., 2017).
Bensoussan et al. described the organization and properties of
T. urticae alimentary system, as well as the functional properties
of digestive compartments relative to their ability to parcel
out molecules of different weights. Together with genomic and
reverse genetics tools, this will enable a functional dissection of
the T. urticae gut to identify the specific features that enabled the
evolution of T. urticae extreme generalist feeding strategy.

Eriophyoid mites are extremely small phytophagous
arthropods with unusual morphological, biological and
behavioral specialization compared to other Acari (Skoracka
et al., 2010). Many of them are major plant pests, and some
increase their impact by transmitting plant viruses (Stenger et al.,
2016; Skoracka et al.). De Lillo et al. reviewed current knowledge
on agriculturally relevant eriophyoids with emphasis on sources
for host plant resistance. This review aims to guide future efforts
for achieving basic, specific, and applied goals in plant protection
against these mites.

THRIPS-RELATED

Plant Resistance
Constitutive resistance to thrips across all plant life stages
is essential for more sustainable and successful cultivation of

Capsicum (Ssemwogerere et al., 2013). Visschers et al. screened
40 Capsicum accessions for resistance to Frankienella occidentalis
and Thrips tabaci over the plant's ontogenetic development
by measuring leaf damage. Results show that resistance in
Capsicum is species-specific and its levels determined by
the plants developmental stage, suggesting that breeding
for resistance should not rely on screening in only one
ontogenetic stage.

Thrips are also major pests of peanut worldwide and serve
as vectors of devastating orthotospoviruses (Riley et al., 2011).
Srinivasan et al. describe field resistance to different thrips species
in peanut based on morphological or chemical traits. They
also discuss screening methods, marker-assisted selection and
genetic modifications that can be integrated to manage thrips
and associated viruses, and layout future directions in peanut
thrips management.

Some thrips species can induce gall formation, thereby
altering the development of host tissues (Hori, 1992). Galls are
obtained via manipulation of the host’s cellular communication
system and often include suppression of defenses (Oates
et al, 2016). Jorge et al. studied structural and chemical
changes in Myrcia splendens plants associated with galls
induced by Nexothrips sp. Major structural changes during gall
formation included alteration of the number and size of oil
glands, which could affect leaf volatile production. Comparing
the headspace volatiles, over 80 different compounds were
differentially detected. It was concluded that presence of methyl
salicylate in non-galled samples may be a bioindicator for
host resistance.

Responses to Mixed Stimuli (Induced

Resistance Against Thrips)

Fungal endophytes may prime plant defenses resulting in a
stronger and/or faster response to attack by herbivores (Brotman
etal., 2010). Muvea et al. demonstrated that colonization with the
endophyte Hypocrea lixii plays an important role in mediating
induced resistance to Thrips tabaci in onion. Plants colonized
with the endophyte showed substantially decreased thrips feeding
activity, as well as reduced replication of Iris yellow spot virus
(IYSV), resulting in decreased disease incidence.

Inducible plant defense against western flower thrips
(WFT) have recently been proposed as a promising tool
for thrips control (Steenbergen et al, 2018). Chen et al
showed that Pseudomonas syringae pv. tomato DC3000 (Pst)
activates the JA signaling pathway through the production
of phytotoxin coronatine (COR). Infection of tomato
plants with non-pathogenic concentrations of Pst or spray
treatments with COR led to significant reduction of WFT
feeding damage.

New Technologies for Recording and
Analysis of Insect Behavior

The search for genetic resistance against thrips has been ongoing
for a long time (Douglas, 2018). However, the toolbox for
studying genetic resistance to thrips is limited. Abd-El-Haliem
et al. present a method for the identification of genes relevant to
thrips performance. They utilized an Agrobacterium tumefaciens-
mediated expression of candidate thrips genes within leaf discs
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of the target host on which subsequently thrips performance
was assessed. The methodology allows for testing of multiple
candidate genes without the need for production of stable
transformed plants.

Host-plant resistance to insects, like thrips, is a complex trait
difficult to phenotype quickly and reliably. A crucial element
is the accurate estimation of resistance level, which requires
robust phenotyping systems that can accurately screen many
different plant lines in a high-throughput manner (Kloth et al.,
2012; Goggin et al, 2015). Jongsma et al. introduce novel
hardware and software to facilitate insect choice-assays and to
automate the acquisition and analysis of movement tracks. The
analysis resulted in much larger contrasts in behavior traits than
previously reported. Compared to leaf damage assays on whole
plants or detached leaves, this method is faster and more reliable
than previous methods.

MITE/THRIPS-RELATED

There are indications that plant responses against herbivores
may be influenced by bacteria associated with herbviores (Chung
etal., 2013; Suetal, 2015). Schausberger discussed the abundance
and diversity of bacteria associated with spider mites and thrips,
and argued that these can have a profound impact on herbivore-
induced plant defense responses. Gut/saliva-associated and
endosymbiotic bacteria introduced into plants during feeding
can induce plant defenses, such as the activation of SA pathway,
which decreases the expression of JA pathway. Schausberger
stressed there is need for further research to pinpoint the effects
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Induced Tomato Plant Resistance
Against Tetranychus urticae
Triggered by the Phytophagy of
Nesidiocoris tenuis

Meritxell Pérez-Hedo, Angela M. Arias-Sanguino and Alberto Urbaneja*

Instituto Valenciano de Investigaciones Agrarias, Centro de Proteccion Vegetal y Biotecnologia, Valencia, Spain

The zoophytophagous predator Nesidiocoris tenuis (Reuter) (Hemiptera: Miridae) is
capable of inducing plant defenses in tomato due to its phytophagous behavior.
These induced defenses, which include the release of herbivore-induced plant volatiles
(HIPVs), have been proven to affect the oviposition behavior and reduce the subsequent
performance of some tomato pests. However, the effect of induction of plant defenses
by N. tenuis on the preference, development, and reproduction of the two-spotted
spider mite Tetranychus urticae Koch (Acari: Tetranychidae) remains unknown. In this
research, T. urticae did not show preference for the odor source emitted by intact tomato
plants when compared with N. tenuis-punctured plants and jasmonic acid (JA) deficient
mutant tomato plants. Furthermore, the number of eggs laid by T. urticae on intact
tomato plants or on N. tenuis-punctured plants was similar. However, in a greenhouse
experiment conducted to evaluate whether the defense induction mediated by N. tenuis
had an effect on T. urticae the infestation of T. urticae was significantly reduced by 35%
on those plants previously activated by N. tenuis when compared to the control. The
expression of a JA-responsive gene that was upregulated and the transcription of the
plant protein inhibitor Il was higher on activated plants relative to the control. These
results can serve as a basis for the development of new management strategies for
T. urticae based on plant defense mechanisms induced from the phytophagous behavior
of N. tenuis.

Keywords: two-spotted spider mite, oviposition, jasmonic acid, protein inhibitors, biological control

INTRODUCTION

In recent years the use of omnivorous natural enemies in horticultural crops, and in particular, the
zoophytophagous predators that can feed on both plant and prey, has given rise to some of the
most resounding successes in biological control in Southern Europe (Jacas and Urbaneja, 2009). In
sweet pepper, for example, the release and conservation of the predatory mite Amblyseius swirskii
(Athias-Henriot) (Acari: Phytoseiidae) together with the anthocorid Orius laevigatus (Fieber)
(Hemiptera: Anthocoridae) allows successful management of populations of the key pests of this
crop: the whitefly Bemisia tabaci Gennadius and the thrips Frankliniella occidentalis (Pergande)
(Thysanoptera: Thripidae) (van der Blom et al., 1997, 2009; Sanchez et al., 2000; Calvo et al,,
2009, 2015). Similarly, in tomato the cosmopolitan predatory mirid Nesidiocoris tenuis (Reuter)
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(Hemiptera: Miridae) enables effective control of B. tabaci
and the tomato borer Tuta absoluta (Meyrick) (Lepidoptera:
Gelechiidae) (Calvo et al.,, 2012; Urbaneja et al., 2012; Pérez-Hedo
and Urbaneja, 2015, 2016; Pérez-Hedo et al., 2017), an important
invasive tomato pest detected for the first time in Spain in 2007
(Desneux et al., 2010).

It is widely known that plants respond to herbivory through
several signal transduction pathways that are mediated by
phytohormones. The accumulation in the plant of the main
phytohormones related to plant defenses, the jasmonic acid (JA),
the salicylic acid (SA), the abscisic acid (ABA), and the ethylene
(ET), activates signaling cascades that regulate transcriptional
responses. These defenses can cause the production of secondary
metabolites and proteins that have toxic, repellent and/or anti-
nutritive effects on herbivores (direct defenses) (Kant et al., 2015).
Furthermore, when the production and release of plant volatiles
(Herbivore Induced Plant Volatiles; HIPVs) are triggered they
can modify the behavior of both phytophagous pests and their
natural enemies (indirect defenses) (Paré and Tumlinson, 1999;
Kessler and Baldwin, 2001; Dicke, 2009). Recently, some of
these zoophytophagous predators have been found to activate
the same defense mechanisms as those triggered by herbivorous
arthropods (Halitschke et al., 2011; Pappas et al., 2015, 2016;
Pérez-Hedo et al., 2015a,b; Bouagga et al., 2018a,b; Zhang et al,,
2018).

The mirid N. tenuis is capable of inducing plant defenses
in tomato due to its phytophagous behavior. In a previous
study, we verified how the phytophagy of the predator N. tenuis
activated the metabolic pathway of ABA and JA in tomato
plants, which made them less attractive to the whitefly B. tabaci
and more attractive to the whitefly parasitoid Encarsia formosa
(Gahan) (Hymenoptera: Aphelinidae) (Pérez-Hedo et al., 2015b).
In addition, we observed how the volatiles emitted by the
N. tenuis punctured plants induced defenses in neighboring
untouched plants by activating the JA pathway. This induction
also resulted in the attraction of parasitoids by these intact plants
that had not been exposed to N. tenuis (Pérez-Hedo et al., 2015b).
Later, we were able to confirm that all stages of development
of N. tenuis (from young nymphs to adults) are able to trigger
these defensive responses (Naselli et al., 2016). However, we
show not all zoophytophagous predators have the same ability
to induce such responses in tomato plants. Tomato plants
may have different degrees of attraction for pests and natural
enemies depending on whether phytophagous behavior occurs,
for example, by N. tenuis, Macrolophus pygmaeus (Rambur)
or Dicyphus maroccanus Wagner (Hemiptera: Miridae) (Pérez-
Hedo et al,, 2015a). Thus, while plants punctured by N. tenuis
are rejected by B. tabaci and T. absoluta, the phytophagy of
M. pygmaeus and D. maroccanus has no effect on repellence
in B. tabaci and in fact attracts T. absoluta. In contrast, the
feeding activity of these three mirids results in the attraction
of E. formosa. This fact could be elucidated by identifying the
volatiles (HIPVs) involved in the defensive responses of tomato
plants induced by N. tenuis and M. pygmaeus; in general, plants
exposed to N. fenuis emitted more volatiles than plants exposed
to M. pygmaeus, and the latter emitted more volatiles than intact
plants. Furthermore, six green leaf volatiles (GLV's) together with

the methyl salicylate were found to be repellent to B. tabaci
and attractive to E. formosa, whereas no effect on T. absoluta
was observed. Octyl acetate, which was only significantly present
in plants exposed to M. pygmaeus, was significantly attractive
for T. absoluta, repellent for E. formosa and indifferent to
B. tabaci (Pérez-Hedo et al., 2018). Similarly, in sweet pepper
the phytophagy of the anthocorid O. laevigatus and the mirids
N. tenuis and M. pygmaeus also trigger defense responses in this
crop (Bouagga et al., 2018a,b).

Pappas et al. (2015, 2016) demonstrated a reduction in
oviposition and the subsequent performance of the two-spotted
spider mite Tetranychus urticae Koch (Acari: Tetranychidae) by
M. pygmaeus. These authors attributed the reduction in T. urticae
performance to a consequence of direct defense induction
mediated by M. pygmaeus. M. pygmaeus-punctured tomato
plants were observed to increase locally and systematically the
accumulation of transcripts and the activity of protease inhibitors
that are known to be involved in plant responses, resulting in
detrimental effects on the life history traits of T. urticae.

However, the effect of these N. tenuis mediated plant
defenses on plant selection, development, and reproduction of
T. urticae remains unknown. In this research, we evaluated the
olfactory response of T. urticae females exposed to N. tenuis-
punctured tomato plants, JA-deficient mutant tomato plants and
intact tomato plants, for comparison, in a Y-tube olfactometer.
Secondly, the oviposition of T. urticae was evaluated on N. tenuis-
punctured tomato plants and on intact tomato plants. Thirdly,
a greenhouse experiment was conducted to evaluate whether
the defense induction mediated by N. tenuis had an effect
on T. urticae. Finally, we used gene expression analysis to
assess whether N. tenuis activated JA signaling pathways and
increased accumulation of transcripts of two proteinase inhibitor
II markers which are known to be involved in plant defense.

MATERIALS AND METHODS

Plants and Insects
Tomato plants Solanum lycopersicum cv. Moneymaker, JA-
deficient tomato mutants (def-1) and their respective near-
isogenic wild type (cv. Castlemart) parental lines were used to
determine the responses of T. urticae and N. tenuis to the distinct
experimental treatments described below. Seeds were sown in
soil. Two weeks after germination seedlings were individually
transplanted into pots (8 cm x 8 cm x 8 cm). Plants were
maintained undisturbed at 25 + 2°C, with constant relative
humidity of 65% =+ 5% and a photoperiod of 14:10 h (light:
dark). Pesticide-free tomato plants were used for the experiments
at 4 weeks of age (approximately 20 cm high). N. tenuis was
provided directly by Koppert Biological Systems, S.L. (Murcia,
Spain) and T. urticae adults were obtained from a culture
established at IVIA in 2011 originally collected from the region
of La Plana (Castello, Spain). Mites were maintained on tomato
plants kept in a climatic chamber at 25 + 2°C, and 65% + 5% RH
and 14:10 h (light: dark).

Nesidiocoris tenuis-punctured plants were obtained by
exposing tomato plants to 20 fourth instar nymphs for 24 h
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in a 30 cm x 30 cm X 30 cm plastic cage (BugDorm-1 insect
tents; MegaView Science Co., Ltd., Taichung, Taiwan). Naselli
et al. (2016) demonstrated that N. fenuis nymphs had the
same potential to induce plant defenses in tomatoes as adults.
Therefore, to avoid, on one hand, induction of defenses by adult
oviposition and on the other hand accumulation and hatching
of eggs along with interference in performance experiments,
nymphs were used to induce defenses instead of adults. All motile
individuals were removed from plants before the beginning of
each trial.

Y-Tube Bioassays

A Y-tube olfactometer experiment was conducted to test the
olfactory responses of T. urticae and N. tenuis females to tomato
plants that were previously punctured by N. tenuis relative to
intact plants; to JA-deficient tomato mutant def-1 and its near-
isogenic wild type (wt) parental line. The Y-tube olfactometer
(Analytical Research Systems, Gainesville, FL, United States)
consisted of a 2.4-cm-diameter Y-shaped glass tube with a 13.5-
cm long base and two arms each 5.75 cm long (Pérez-Hedo
and Urbaneja, 2015). Both side arms were connected via high-
density polyethylene (HDPE) tubes to two identical glass jars
(5 L volume) each of which were connected to an air pump
that produced a unidirectional humidified airflow at 150 ml/min
(Pérez-Hedo and Urbaneja, 2015).

A single individual female was introduced into the tube (entry
array) and observed until she had walked at least 3 cm up one
of the arms or until 15 min had elapsed. A total of 30-40 valid
replicates for each species were recorded for each pair of odor
sources. Each individual was tested only once. Females that did
not choose a side arm within 15 min were recorded as “no-choice”
and were excluded from data analysis. After recording five
responses, the Y-tube was rinsed with soapy water then acetone
and left to dry for 5 min. The odor sources were subsequently
switched between the left and right side arms to minimize any
spatial effect on choice. Three types of plants (intact, mutant, and
punctured) were used only once to test the response of 10 females
and then were replaced with new plants. The Y-tube experiment
was conducted under the following environmental conditions:
23 £2°Cand 60 &+ 10% RH.

Tetranychus urticae Oviposition
Mediated by the Exposure of the Plants
to N. tenuis

The oviposition of T. urticae was evaluated on 10 N. tenuis-
punctured tomato plants and on 10 intact tomato plants (cv.
Moneymaker). Each of the plants were isolated inside a plastic
cage (60 cm x 60 cm X 60 cm) (BugDorm-2 insect tents)
maintained in a climate chamber at 25 + 2°C and 60-80%
RH with a 14:10 h (light: dark) photoperiod. For each of
the plant types, two fully expanded leaflets were selected on
which approximately one clip-cage was gently placed (3 cm on
diameter). Inside each clip-cage, 10 presumably mated females of
T. urticae were released and left undisturbed for 48 h. After this
time, the clip-cages were removed and the number of T. urticae
eggs was counted.

Tetranychus urticae Survival and
Reproductive Performance Mediated by

the Exposure of the Plants to N. tenuis

The experiment was conducted in a 40 m x 10 m greenhouse
equipped with drip irrigation system located at IVIA in Moncada
(Valencia, Spain). The greenhouse was accessed through a double
door and was divided into 12 experimental cages, six for
N. tenuis-punctured plants and six for intact plants. Each cage
represented one replicate. Cages were screened with “anti-thrips”
polyethylene mesh with 220 pm x 331 pm interstices and the
floor was covered with a 2 mm thick woven white polyethylene
ground cloth. Each experimental cage was 2.5 m x 2 m x 2.5m
(L x W x H) and was accessed by a separate door secured
with a zipper. One Datalogger (model TESTO 175-H2, Amidata
S.A., Madrid, Spain) was placed in a central cage to record
temperature and relative humidity. The average temperature
during the experiment ranged between 23.5°C on the 31st
of May, 2017 and 25.7°C on the 14th of June, 2017 with
a minimum and maximum temperature of 20.4 and 34.8°C,
respectively.

Eight tomato plants (cv. Moneymaker) were introduced into
each cage. To avoid spider mite movement from plant to plant,
plants were individually isolated, without touching either each
other or the cage walls. Additionally, plants were placed on top
of a brick inside a plastic tray full of water, and all pots and drip
lines were painted with a band of glue. Plants were artificially
infested with T. urticae from the previously mentioned laboratory
population. Twenty T. urticae females were released per plant,
distributed equally throughout the leaves with the aid of a fine
brush (24th May, 2017). Seven and 14 days after T. urticae release
samplings were conducted. Samplings involved counting the total
number of T. urticae females on each plant. This was done
with the naked eye, in situ, without removing leaves from the
plant.

Plant Gene Expression

The transcriptional response of the PIN2 wound-induced
proteinase inhibitor II precursor (PIN2), a marker gene for
JA, and two plant Proteinase Inhibitor II (PI-II1 and PI-I12)
markers were studied on six N. tenuis-punctured tomato plants
and on six intact tomato plants (Lopez-Raez et al., 2010;
Pappas et al., 2015). The apical part of the tomato plant
samples were immediately ground in liquid nitrogen. Portions
of the ground samples were used for RNA extraction. Total
RNA (1.5 ng) was extracted using a Plant RNA Kit (Omega
BioTek Inc., Doraville, GA, United States) and was treated
with RNase-free DNase (Promega Corporation, Madison, WI,
United States) to eliminate genomic DNA contamination. The
RT reaction and the PCR SYBR reaction were performed
as described by Pérez-Hedo et al. (2015b). Quantitative PCR
was carried out using the LightCycler® 480 System (Roche
Molecular Systems, Inc., Basel, Switzerland) sequence detector
with standard PCR conditions. Expression of EF1 was used
for normalization as a standard control gene. The nucleotide
sequences of the gene specific primers are described in
Table 1.
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TABLE 1 | Forward and reverse sequences of PIN2 (Wound-induced proteinase
inhibitor Il precursor) marker gene for JA, PI-II1, and PI-112 markers of plant
proteinase inhibitor I, and the constitutive gene EF1.

Primers Forward Reverse

PIN2 5'-GAAAATCGTTAATTTAT 5-ACATACAAACTTTCCAT
CCCAC-3 CTTTA-3

PI-1I1 5'-CATCATGGCTGTTCA 5’-ATCCCGAACCCAAGAT
CAAGG-3 TACC-3'

PI-112 5-GGCCAAATGCTTGCAC 5-CAACACGTGGTACATC
CTTT-8 CGGT-3

EF1 5-GATTGGTGGTATTGG 5-AGCTTCGTGGTGC
AACTGTC-3 ATCTC-3

Data Analysis

Chi-square ( 7% goodness of fit tests based on a null model were
used to analyze data collected from the olfactory responses where
the odor sources were selected with equal frequency. Individuals
that did not make a choice were excluded from the statistical
analysis. Two-tailed Student’s ¢-test (P < 0.05) was performed to
compare oviposition between the two treatments and to compare

the quantified expression of defense genes between intact plants
and N. tenuis-punctured plants. Two measurements on two
sample dates (7 and 14 days after T. urticae infestation) were
analyzed using a generalized linear mixed model (GLMM) with
repeated measures. Treatment was considered as a fixed factor
and replicates nested within treatment was used as random factor
to correct for pseudoreplication. The GLMM used a Poisson
distribution with the logarithm as the link function. Results are
expressed as the mean = standard error.

RESULTS

N. tenuis-Punctured Plants Do Not Alter

T. urticae Plant Selection

The two-spotted spider mite, T. urticae, showed no preference for
the odor source emitted by intact tomato plants when compared
with N. tenuis-punctured plants. (2 = 0.842; P = 0.1794)
(Figure 1A). Similarly, T. urticae had no preference when given
a choice between the JA-mutant tomato plants and their near-
isogenic wt that had and had not been exposed to mirids

N. tenuis-punctured Intact plant
plant
N. tenuis-punctured N. tenuis-punctured
JA-mutant plant wi plant
JA-mutant plant Intact wif plant
80% 60% 20% 40% 60% 80%
N. tenuis-punctured (=32) % Intact plant
plant
N. tenuis-punctured N. tenuis-punctured
JA-mutant plant wiplant
JA-mutant plant Intact wi plant
80% 60% 40% 20% 0% 20% 40% 60% 80%
FIGURE 1 | Response of the herbivore T. urticae females (A) and the natural enemy Nesidicoris tenuis (B) in a Y-tube olfactometer when exposed to JA-deficient
mutant tomato plants or their near isogenic wild type (wt plant), which were with the zoophytophagous Nesidiocoris tenuis (N. tenuis-punctured plants) or without
(intact plants) contact with N. tenuis. Significant differences using a 2 test are marked with *P < 0.001.
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FIGURE 2 | Number of eggs (mean =+ SE) laid by 10 T. urticae females in a
clip cage in 48 h on N. tenuis-punctured tomato plants and on intact tomato
plants at 25 + 2°C and 14:10 h L:D.

(x* = 0.461; P = 0.248; y% = 1.429; P = 0.116, respectively)
(Figure 1A).

The mirid N. tenuis clearly chose N. tenuis-punctured plants
when given a choice between intact plants and N. tenuis-
punctured plants (y2 = 9.600; P = 0.001; Figure 1B). The
N. tenuis-punctured wt plants were also preferred to JA-mutant
tomato plants previously punctured by N. tenuis (¥ = 13.07;
P =0.0002). The mirid did not show a significant preference
(2 =2.400; P = 0.0607) when given a choice between JA-mutant
plants or intact wt tomato plants (Figure 1B).

N. tenuis-Punctured Plants Do Not Affect

T. urticae Oviposition

The number of eggs laid by T. urticae within each clip cage during
48 h was not significantly different when the females laid the
eggs on intact tomato plants or on N. fenuis-punctured plants
(t=0.9165; df = 1, 36; P = 0.3655) (Figure 2).

N. tenuis-Punctured Plants Reduce

T. urticae Performance

The number of T. urticae per plant was significantly lower
in those tomato plants that were pre-exposed to N. tenuis
(F = 16.612; df = 1, 166; P < 0.0001) (Figure 3). At day 14 the
number of T. urticae per plant was significantly reduced by 35%
on those plants previously activated by the feeding punctures of
N. tenuis when compared to the control. The JA was significantly
up-regulated and the concentration of protein inhibitors was
higher on activated plants relative to the control (Figure 4).
The analysis of the relative expression genes involved in indirect
defense showed transcriptional differences between N. tenuis-
punctured plants and intact tomato plants. The PIN2 gene (a
marker for JA) was significantly up-regulated (t = 2.344; df = 10;
P =0.043) and the concentration of two plant protein inhibitors
(PI-II1 and PI-II2) was higher on activated plants relative to the
control (t = 2.260; df = 10; P = 0.047 and ¢ = 5.924; df = 10;
P < 0.0001, respectively) (Figure 4).
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FIGURE 3 | Number (mean =+ SE) of Tetranychus urticae females per tomato
plant in a glasshouse experiment comparing the mite development on
N. tenuis-punctured tomato plants in comparison to intact tomato plants
(Control). Bars with different letters are significantly different (GLMM, repeated
measures; P < 0.05).

DISCUSSION

We have verified how N. tenuis is the activator of direct defense
mechanisms responsible for reducing the performance of a key
tomato pest such as the spider mite T. urticae. However, a clear
effect on the T. urticae female choice mediated by HIPV’s by
an N. tenuis-induced or by intact plant was not illustrated. It
is known that the two-spotted spider mite uses odors to locate
or avoid plants. Pallini et al. (1997) demonstrated that spider
mites were weakly but significantly attracted to cucumber plants
infested with conspecific herbivores, whereas strongly repelled by
cucumber plants with heterospecific herbivores (i.e., the thrips
F. occidentalis). Contrarily, Dicke (1986) observed that T. urticae
dispersed when exposed to the odors of bean plants infested
with spider mites. However, in our work T. urticae showed no
repellence or attraction to the volatiles emitted by the defensive
induction of N. tenuis which are mediated by the activation of
the JA pathway. This conclusion was further confirmed with the
use of JA-mutant plants, with and without previous punctures
by N. tenuis, on which no response of T. urticae was obtained
either. Therefore, in view of our results it seems that T. urticae
does not respond to the volatiles induced by the phytophagy
of N. tenuis through the JA pathway. These divergent results
could be explained by the different composition of the volatile
blends of each particular experimental situation aforementioned.
Bouagga et al. (2018a) and Pérez-Hedo et al. (2018) showed
that both of the mirid predators, M. pygmaeus and N. tenuis
activated the JA pathway due to their phytophagous behavior
in both of the crops, tomato, and sweet pepper. However, the
composition of the volatile blend was specific at the species and
plant level. In this work, through the use of JA-mutant plants,
we demonstrate that the signaling pathway of JA is responsible
for the attraction of the predator N. tenuis. Lins et al. (2014)
previously illustrated that plants previously exposed to N. tenuis
resulted attractive to N. tenuis. Pappas et al. (2015) observed that
T. urticae deposited a lower number of eggs on plants previously
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FIGURE 4 | Transcriptional response of the defensive gene PIN2, a
JA-responsive gene (A), and two plant Proteinase Inhibitor (PI-I11 and PI-112))
markers (B,C), in control tomato plants with comparison to plants

pre-exposed to N. tenuis for 24 h. Data is presented as the mean of eight
independent analyses of transcript expression relative to the constitutive EF1
gene + SE (n = 8). Bars with different letters are significantly different (t-test;

exposed to the zoophytophagous predator, M. pygmaeus. Indeed,
these authors found that this fecundity reduction was dependent
on the predator density. However, in our study the oviposition of
T. urticae was not affected when the mite was left undisturbed to
lay eggs on either of the plants activated by N. tenuis or on intact
plants. The methodology employed in our study and the one by
Pappas et al. (2015) was quite different such as different mirid
species, different time of mirid exposition and different number
of mirids used to induce plants so the differences obtained
between the studies could be due to the distinct way the mirid
species, N. tenuis and M. pygmaeus activated the plants. Similar
to our results, Ament et al. (2004) found that T. urticae laid as
many eggs on JA-mutant plants as on wild-type plants.

Several previous studies demonstrated and explained the
relationship between the activation of the JA pathway and the
reduction in T. urticae performance (Arimura et al., 2000; Gols
et al., 2003; Kant et al., 2004; Pappas et al., 2015) and even come
to show that T. urticae infests and reproduces much better in
JA-mutant plants than in wild plants (Li et al., 2002; Ament
et al,, 2004). Ament et al. (2004) suggested that JA-dependent
direct defenses enhanced egg mortality or increase the time
needed for embryonic development. In our research, T. urticae
infestation was significantly lower in those plants that had been
previously activated by N. tenuis. The activation of N. tenuis
resulted in an up-regulation of the defensive gene PIN2, a JA-
responsive gene, and two plant Proteinase Inhibitor (PI-II1 and
PI-112) markers. Pappas et al. (2015) already suggested that the
decreased performance of T. urticae could be attributed to the
higher concentration of PI in the induced plants by M. pygmaeus
as occurred in our case with N. tenuis. Despite this and the
effect of these PIs on other agricultural pests such as Liriomyza
trifolii (Burgess) (Diptera: Agromyzidae) (Abdeen et al., 2005) or
Heliothis obsoleta (Fabricius) (Lepidoptera: Noctuidae) (Abdeen
et al,, 2005) and bacterial diseases such as Pseudomonas syringae
pv Tomato (Zhang et al., 2012), the exact role they play in the
digestive physiology of phytophagous mites has yet to be clarified
(Rehman et al., 2017).

The widespread use of N. tenuis in tomato greenhouses in
southeastern Spain has ensured less pest pressure as well as fewer
diseases in those crops where the mirid is well established (Calvo
et al., 2012; Urbaneja et al., 2012; Pérez-Hedo and Urbaneja,
2016). The results of this study could partly explain how the
incidence of T. urticae in crops where N. tenuis is being used is
lower. Analogously, the direct induction triggered by the feeding
punctures of N. tenuis could be affecting other key pests in
this crop such as the whitefly B. tabaci and the lepidopteran
T. absoluta. Preliminary results of our group suggest that plants
activated by N. tenuis would also reduce the performance of both
pests. Even more interesting would be to relate the activation
of defenses and specifically the activation of the jasmonic
pathway with the lower incidence of viruses. Since the use
of zoophytophagous predators in horticultural crops has been
promoted, lower incidence of some phytopathogenic viruses has
been observed (T¢llez et al., 2017). Recently, Escobar-Bravo et al.
(2016) have shown that tomato plants with high expression of
methyl jasmonate are less infected with the tomato yellow leaf
curl virus (TYLCV). This led us to hypothesize that the defenses
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induced by N. tenuis in tomato could be altering the acquisition
and multiplication of phytopathogenic viruses. However, further
research is required to confirm this novel hypothesis.

It has been more than two decades since the activation of
the jasmonic route has been shown to reduce the incidence
of agricultural pests. Field studies have shown the application
of exogenous JA to plants leads to a reduction in herbivore
abundance and performance (Thaler, 1999) and increases
plant fitness (Baldwin, 1998). Gols et al. (2003) also obtained
a repellent effect for T. urticae when treating Lima bean
plants directly with JA. The application of exogenous JA
to cotton plants reduced spider mite oviposition rates by
more than 75% (Omer et al, 2001). However, as far as
our knowledge is concerned, this defense activation has not
been put into practice nor adopted by growers for the
improvement of pest management, except for the activation
by zoophytophagous predators. With the widespread use of
omic techniques and the increasingly vertiginous breakdown
of the gene editing technique (CRISPR-Cas9), we think that
the activation of defenses in plants will become a key tool
for sustainable control of agricultural pests and diseases. To
this end, our results can serve as a basis for the new
management development of strategies for T. urticae, based on
resistance mechanisms induced from the phytophagous behavior
of N. tenuis.
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Tomato genotypes selected for their high foliar zingiberene (ZGB) contents in a
segregating F» population were assessed to determine their effect on behavior and
biology of Tetranychus urticae Koch, the putative resistance mechanisms involved and
the role of trichomes on that resistance. Genotypes with contrasting ZGB content
(RVTZ-09 = low ZGB, RVTZ-79 = high ZGB, RVTZ-142 = high ZGB, and RVTZ-
331 = high ZGB) were selected from an interspecific cross between wild S. habrochaites
var. hirsutum accession PI-127826 (high ZGB content and resistant to mites) and
S. lycopersicum cv. Redencéao (low ZGB content and susceptible to mites). To determine
the effect of these genotypes on mite behavior and biology, free- and no-choice tests,
as well as biological studies were performed. Types and densities of trichomes on
the foliar surface and their correlation with ZGB contents was determined. Genotypes
rich in ZGB (RVTZ-79, RVTZ-142, and RVTZ-331) presented a high number of types
IV and VI glandular trichomes, and both type IV and VI densities were positively
correlated with ZGB content. In the free-choice test, T. urticae showed a high preference
toward S. lycopersicum cv. Redencédo and the genotype RVTZ-09 (low ZGB content),
whereas, genotypes with high ZBG content were less preferred. Moreover, on high ZGB
genotypes, increase in the egg incubation period and in total mortality of nymphs, and
decrease of fecundity rate were observed, indicating deleterious effects in mite biology.
Results indicated that high ZGB/high glandular trichome densities genotypes present
both non-preference and antibiosis mechanisms of resistance to the mite.

Keywords: Solanum lycopersicum, Solanum habrochaites var. hirsutum, zingiberene, glandular trichomes,
biology, plant-resistance

INTRODUCTION

The two-spotted spider mite, Tetranychus urticae Koch (Acari: Tetranychidae), is a phytophagous
and polyphagous mite species (Clotuche et al., 2011). In tomato, Solanum lycopersicum L. (formerly
Lycopersicon esculentum Mill.), this arthropod causes severe damage on leaves and on fruits,
especially when they are grown in greenhouses, where the mites find favorable environmental
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conditions (Meck et al, 2013). Considering the need for
reduction of chemical applications (i.e., synthetic acaricides) for
mite control, tomato breeding programs aimed to develop
resistant cultivars should be considered an important
contribution for the integrated management of this pest.

Studies have shown the potential use of some accessions of
S. lycopersicum as resistance sources against arthropod pests.
For instance, S. Iycopersicum var. cerasiforme (Dunal), known
as cherry tomato, has been studied for this purpose (Sanchez-
Pena et al., 2006; Lucini et al., 2016). However, wild Solanum
(section Lycopersicon) species are the most exploited as sources
of resistance genes that may be deployed in tomato cultivars
(Resende et al., 2009; Silva et al., 2009; Maluf et al., 2010; Oliveira
etal., 2012; Dias et al., 2013; Lima et al., 2015).

Wild tomato accessions have been shown to affect behavior
and biology of lepidopterans (Gurr and McGrath, 2001; Dias
et al,, 2013; Lima et al., 2015), coleopterans (Carter et al., 1989),
hemipterans (Simmons et al., 2003; Resende et al., 2009) and
mites Tetranychus spp. (Carter and Snyder, 1985; Gongalves et al.,
2006; Resende et al., 2008; Lucini et al., 2015). The main factor
associated with resistance to pests in wild tomatoes, is reportedly
the presence of glandular trichomes (especially, types IV and
VI), which are responsible by storing and releasing allelochemical
compounds (Maluf et al., 2001; Freitas et al., 2002; Simmons
and Gurr, 2005). The zingiberene (ZGB) (a sesquiterpene) is an
allelochemical stored and exuded by type IV and VI glandular
trichomes present on plant surface of Solanum habrochaites
Knapp and Spooner var. hirsutum Dunal (Maluf et al., 2001;
Freitas et al., 2002; Gongalves et al., 2006). The repellent effect
of this wild tomato species against mites, imparted by presence of
glandular trichomes containing ZGB, has been reported (Weston
et al., 1989; Gongalves et al., 2006).

Behavioral and biological bioassays are required to determine
the mechanism(s) involved in the resistance against pests, in
order to provide information on the extent of genotype resistance
to herbivory. In this study, we selected tomato genotypes
which contrasting ZGB contents in the F, generation of the
interspecific cross S. lycopersicum cv. Redengao x S. habrochaites
var. hirsutum accession PI-127826, and evaluated their effects
on behavior and biology of the spider mite T. urticae, the
putative resistance mechanisms involved (i.e., antixenosis and/or
antibiosis), and the role of trichomes in the resistance.

MATERIALS AND METHODS

Spider Mite Population Maintenance

Adults of T. urticae were field-collected at the experimental
area of the Universidade Estadual do Centro Oeste do Parang,
Guarapuava, Brazil (25°23'S; 51°29W). Mites were taken to the
Laboratory of Entomology where a colony was established under
controlled conditions (25 % 2°C, photoperiod of 12L:12D hours).
Plants of Canavalia ensiformis (L.) (Fabaceae), grown in plastic
pots (5L), were used as mite food source, and replaced when
necessary. For use in the laboratory bioassays, a mite colony was
established in a BOD incubator chamber at 25 & 2°C; 70 £ 10%
relative humidity, and photoperiod of 12L:12D hours.

The tomato genotypes used in bioassays were the acessions
S. lycopersicum cv. Redengao (low ZGB content and susceptible
to mites), S. habrochaites var. hirsutum accession PI1-127826 (wild
accession rich in ZGB and resistant to mites), and additional
genotypes selected from the interspecific cross between PI-
127826 x cv. Redengdo.

These additional genotypes comprised one F; plant (Redengao
x PI 127826), and four plants selected from the F, (Reden¢io
x PI 127826) population, three of which (RVTZ-79, RVTZ-142,
RVTZ-331) selected for high ZGB contents and one (RVTZ-09)
selected for low ZGB.

The selected genotypes were cloned through rooting of
axillary shoots in a tray filled with commercial substrate that
was kept moist. Seedlings were transplanted into 10L plastic
pots containing a mixture of commercial substrate: soil (1:1)
and fertilized with NPK (04:14:08). The plants were kept in a
greenhouse with daily irrigation. Expanded leaflets of 40/50-day-
old plants were sampled and used in the laboratory bioassays.

Zingiberene Contents and Trichomes

Densities

In order to select for ZGB contents, 553 plants were analyzed
[433 plants of the F, generation (PI-127826 x cv. Redengdo),
40 plants of the F; generation, 40 plants of cv. Reden¢do and 40
plants of PI-127826]. The methodology proposed by Freitas et al.
(2000) was used to quantify ZGB: six leaf disks (diameter 1 cm)
were sampled from each plant, placed in tubes containing 2 ml of
hexane, and then vortexed for 30 s. After that, the leaf disks were
removed and the absorbance of the solution was measured using
a spectrophotometer (Cary series — UV-Vis Spectrophotometer)
at 270 nm of wavelength. The selection of genotypes was carried
based on the absorbance values, which were above 0.700 for the
three high ZGB genotypes, and below 0.250 for the low ZGB
genotype.

Identification and quantification of trichomes on each
genotype was based on images obtained using a scanning
electron microscope (SEM) (Hitachi High-Tech TM3000 with
tungsten filament, low vacuum and 15 kV). For this purpose,
leaf disks (diameter 1 cm) taken from leaflets were inserted into
the microscope. Luckwill’s (1943) and Toscano et al’s (2001)
classifications were followed to identify the trichome types.

Types IV and VI glandular trichomes, and type VIII non-
glandular trichomes were counted separately. Counting was
performed on both foliar surfaces (abaxial and adaxial) of four
equal quadrants of each leaf disk, and numbers of trichomes per

mm? were recorded.

Free- and No-Choice Tests

For free- and no-choice test, arenas (petri dishes with 6 cm
diameter) were coated inside with a layer of household sponge
topped with a layer of cotton-wool, both moistened in distilled
water. In the free-choice test, leaf disks (diameter 3 cm) of the
different genotypes evaluated were placed in pairs (one pair per
arena) onto the cotton wool layer with abaxial side up. Leaf
disks in each pair were connected each other using a transparent
plastic coverslip (18 x 18 mm). After that, six 10-day-old adult
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T. urticae females collected from the colony were transferred
into the center of the coverslip under a stereomicroscope (Nikon
SMZ745T), allowing for free choice and mite access to both leaf
disks. Because there were seven treatments, a full replication
comprised 21 pairwise combination of genotypes (i.e., 21 arenas).
Five full replications, totaling 105 petri dishes, were used, in a
completely randomized design. After 24 h, the number of mites
on each leaf disk were counted, and used to calculate the mite
preference (%) for the respective genotype.

In the no-choice test, leaf disks (diameter 3 c¢cm) of each
genotype were placed separately onto the cotton wool layer, with
abaxial side up, into the arenas. Six 10-day-old adult T. urticae
female mites collected from the colony were transferred to each
leaf disk under a stereomicroscope, and kept for 24 h. After that
period, the number of eggs laid on each leaf disk was recorded.
This test was conducted in a completely randomized design with
10 replications per genotype, comprising a total of 210 arenas. For
both tests, the arenas were kept in a walk-in chamber at 25 £ 2°C;
70 £ 10% relative humidity, and photoperiod of 12L:12D hours.

In addition, another no-choice experiment was performed
in order to evaluate the total distance traveled by the mite on
leaflets using Weston and Snyder’s (1990) methodology. Leaflets
(replications) from each genotype were sampled and fixed with
abaxial side up on polystyrene sheets, using a metallic thumbtack
(diameter 10 mm). Seven tomato genotypes (treatments) with 20
replications each were tested in a completely randomized design.
Ten 6-day-old females were transferred onto each thumbtack,
using a fine paint brush. After 10, 20, 40, and 60 min, the
distances traveled by the females on the leaflet surface were
recorded. The mean distances traveled by the mites after
60 min were determined for each genotype. This test is based
on the assumption that lower distances covered by the mites
indicate higher levels of mite repellence (e.g., negative effects on
movement behavior).

Biological Parameters of Tetranychus

urticae on Tomato Genotypes
This study comprised two experiments. In the first, the
incubation period and viability of the eggs, the duration and
viability of young stages (larvae, protonymph, and deutonymph)
and the longevity of adults were measured for the seven
genotypes tested. Six leaf disks (diameter 2 cm) of each genotype,
with abaxial side up, were equidistantly distributed into arenas
(petri dishes, diameter 10 cm) coated inside with a layer of
household sponge topped with a layer of cotton-wool, both
moistened in distilled water. A 10-day-old T. urticae female +
male pair was transferred and kept for 24 h onto each leaf
disk; after that, the mites and eggs (except one), were carefully
removed with a fine artist’s brush under a stereomicroscope,
leaving one single egg per disk. Eggs, young stages and adults
were daily observed to determine the parameters previously cited.
Each set of six leaf disks within an arena was considered one
replication. Altogether, 10 replications per treatment were used,
in a randomized complete design.

In a second experiment, mite fecundity rate was evaluated.
Ten leaf disks (diameter 2 cm) of a same tomato genotype,
with abaxial side up, were equidistantly placed into plastic boxes

(I1 x 11 x 3.5 cm) coated inside with a layer of household
sponge topped with a layer of cotton-wool, both moistened in
distilled water. A 10-day-old T. urticae female was transferred
onto each leaf disk, and was observed daily for 10 days to record
the total number of eggs laid. During this period, the leaf disks
were replaced by new disks of the same genotype every 2 days
keeping the same female on the new disk.

Each plastic box with ten leaf disks of the same genotype,
was considered a replication. Ten replications distributed in a
completely randomized design were used for each of the seven
genotypes tested.

Altogether, 60 and 100 observations (leaf disks) were taken per
genotype respectively in the first and second experiments.

Both bioassays were carried out in a BOD incubator chamber
at 25 £ 2°C; 70 = 10% relative humidity, and photoperiod of
12L:12D.

Statistical Analyses

Data were previously tested using Bartletts test to check for
homogeneity of variance (p < 0.05), and then transformed to
(x 4 0.5)'/2 when necessary to fulfill the pre-requisites of analysis
of variance (ANOVA). The mean number of trichomes and data
related to behavioral and biological parameters of the mites were
submitted to ANOVA, and treatment means were compared by
Tukey test (p < 0.05). Data of T. urticae preferences (%) from
the free-choice test were compared using Pearson’s Chi-Square
test (x2). The types and densities of trichomes and ZGB contents
were submitted to Pearson’s correlation analysis and compared
by the Students t-test using Microsoft Excel® program. The
biological and behavioral parameters evaluated were submitted
to similarity grouping using the cluster analysis according to
Linkage’s method. Statistical analyses were performed using the
Sisvar® program (Ferreira, 2011).

RESULTS

Trichomes and Correlations With

Zingiberene Content
Densities of type VIII non-glandular trichomes and types IV/VI
glandular trichomes varied among the genotypes in both abaxial
and adaxial leaflet surfaces (Table 1). The highest non-glandular
trichome density was observed in S. lycopersicum cv. Redengio,
followed by the genotype RVTZ-09 (low ZGB content); in
contrast, no non-glandular trichomes were found on wild
accession (S. habrochaites var. hirsutum P1-127826) (Table 1 and
Figures 1A,B), and very low densities in the high ZGB genotypes.
On the other hand, the wild accession PI-127826 and
genotypes selected for high ZBG content (RVTZ-79, RVTZ-
142, and RVTZ-331) presented high densities of types IV and
VI glandular trichomes, on both surfaces, when compared to
S. lycopersicum cv. Redengdo (in which no glandular trichomes
were observed) and the low ZGB genotype RVTZ-09 (Table 1).
Densities of both types IV and VI glandular trichomes were
significantly and positively correlated with ZGB content (r = 0.81,
p <0.01;and r = 0.80, p < 0.05, respectively) (Table 1).
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TABLE 1 | Zingiberene content (ZGB) and mean number (£ SE) of glandular (types IV and VI) and non-glandular (type VIIl) trichomes per mm? present on abaxial (Ab)

and on adaxial (Ad) surfaces of leaflets obtained from different tomato genotypes.

Genotype ZGB Glandular trichome type V2 Glandular trichome type VI? Non-glandular Glandular types
content! trichome IV and VI
type VIII2 (Ab + Ad)?
Ab Ad Total Ab Ad Total Total

S. lycopersicum 0.084 0.0 +0.0d 0.0 + 0.0d 0.0+0.0d 0.0+0.0d 0.0+0.0d 0.0 + 0.0d 84.5 +1.0a 0.0

(cv. Redengéo)

S. habrochaites 1.099 20.7 = 1.1bc 39 +27a 59.7 £ 1.4ab 232+ 27a 4.0+1.2ab 27.2+3.0a 0.0 87.0 +£ 4.0a

var. hirsutum

(PI-127826)

F1 plant 0.328 24.0 +£1.3b 122+ 09bc 36.2 £ 1.1c 6.0+ 09 4.5+ 0.6a 10.5 £ 1.2bc 0.2 £ 0.2cd 46.7 £ 1.4b

(Redencao x

PI-127826)

RVTZ-09 0.247 8.0+ 2.7c 47+00c 127+25d 0.0+0.0d 1.5+ 1.0ab 1.5+ 0.9cd 135+ 2.1b 14.2 + 2.0c

(= Low)

RVTZ-79 0.715 35.7 £+ 6.2ab 8.2+ 1.1b 440+ 7.1bc 7.7+ 1.1b 0.7 +0.5ab 8.5 £+ 1.0bcd 5.7+0.2c 525+ 7.9b

(= High)

RVTZ-142 0.813 335+6.5ab 165+13b 50.0+£73bc 75+£13b 45+29ab 120+4.1b 3.5 + 0.6¢d 62.0 + 4.7b

(= High)

RVTZ-331 0.746 51+74a 3562+09a 862+78a 15+09c 27+1.0ab 4.2+ 1.6bcd 0.2 + 0.2cd 90.5 + 7.4a

(= High)

Correlation - - 0.81** - - 0.80* -0.66" 0.90**

coefficient with

ZGB (1)

CV (%) 17.5 16.9 11.8 16.6 35.5 20.6 9.1 9.4

Means followed by the same lowercase letter within a column do not differ significantly by the Tukey test (p < 0.05).
S Non-significant,*and **Significant different by Student’s t-test (p < 0.05 and p < 0.01, respectively).

! Zingiberene content determined at 270 nm (see section Materials and Methods).
20riginal data presented [for analysis, data were transformed in (x + 0.5)"2].

Free- and No-Choice Tests

In the free-choice test, behavior of T. urticae females differed
among the genotypes tested (Figure 2). Mites had significantly
higher preference toward S. lycopersicum cv. Redengdo, when
paired with all other genotypes evaluated: over 60% of preference,
reaching 100% when paired to the wild accession PI-177826.
PI-177826 and F; plant were significantly the least preferred
(p < 0.01) by the mites at all genotype pairs assessed, even
when compared to genotypes selected for high ZGB content.
In addition, no statistical difference was observed between
wild accession and F; plant, indicating that F; plant mite
resistance level is similar to that of the resistant check treatment
(Figure 2).

Genotypes selected for high ZGB content (RVTZ-79, RVTZ-
142, and RVTZ-331) remained in an intermediary position
between the least preferred genotypes PI-127826/F1 and the
most preferred S. Iycopersicum cv. Redengao/RVTZ-09 (low
ZGB content). This latter genotype, showed similar responses to
S. lycopersicum cv. Redengdo when paired with genotypes rich
in ZGB; therefore, it was also considered susceptible to the mite
(Figure 2).

The no-choice test showed that the fecundity (eggs laid
during 24 h) was reduced on genotypes with high ZGB content:
(PI-127826, RVTZ-79, RVTZ-142, RVTZ-331, and F1) when
compared to low-ZGB genotypes S. lycopersicum cv. Redengao
and RVTZ-09. Fecundity in the high ZGB genotypes was ca. > 4
times lower than in low ZGB genotypes (Table 2).

Significant effects were observed on the movement behavior
of the T. urticae released on the different tomato genotypes.
Females released on leaflets of S. lycopersicum cv. Redengao were
able to travel a significant higher distance (35 mm) after 60 min
of evaluation than all other genotypes (<18 mm), except the
low ZGB genotype RVTZ-09, which did not differ significantly
from cv. Redengdo (Table 2). The lower distances covered by the
mite on genotypes with high ZGB content, was associated the
presence of glandular trichomes (IV and VI), which were absent
on S. lycopersicum cv. Redengdo, and present at low density on
RVTZ-09 (Table 1).

Biological Parameters of Tetranychus

urticae on Tomato Genotypes

The duration of egg incubation on genotypes with high
ZGB content, RVTZ-142 (4.8 days), wild accession PI-
127826 (4.5 days) and RVTZ-79 (4.3 days) tended to
be significantly longer compared to genotypes with low
ZGB content, (cv. Reden¢io and RVTZ-09). However, the
viability of eggs in all genotypes evaluated was high (>98%)
(Table 3).

The nymph stage was only completed in mites placed either
on S. Iycopersicum cv. Redengao or RVTZ-09; on both, all
nymphs evaluated reach adulthood in a similar time (11.9 and
11.8 days, respectively), and adult longevities were also similar.
In genotypes with high ZGB content (PI-127826, RVTZ-79,
RVTZ-142, and RVTZ-331) and in F; plants mites did not
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FIGURE 1 | Leaflet surface of S. habrochaites var. hirsutum (A) and S. lycopersicum cv. Redencao (B) obtained in a scanning electron microscope (SEM) showing
different trichome types. Type IV (GI-IV) and VI (GI-VI) glandular trichomes (A), and type VIl (NGI-VIIl) non-glandular trichome (B) according to Luckwill (1943) and

Toscano et al. (2001) classification.

TABLE 2 | Mean number (4 SE) of eggs laid on leaf disks from different tomato genotypes during first 24 h of the no-choice test, and total distance traveled (mm) by the

mites on the abaxial leaflet surface of the genotypes after 60 min.

Genotypes Mean (+ SE) of eggs laid’ Total distance traveled (mm)
S. lycopersicum (cv. Redengao) 19.1 £ 2.2a 35.0 £ 4.2a

S. habrochaites var. hirsutum 22+ 1b 10.0 £ 2.1b

F1 (Redengao x PI-127826) 2.9 +0.6b 9.9+ 2.3b
RVTZ-09 (= Low) 175+ 1.7a 21.0 £ 5.3ab
RVTZ-79 (= High) 3.7+ 0.9 16.2 + 2.5b
RVTZ-142 (= High) 3.4 +1.0b 18.2 £3.2b
RVTZ-331 (= High) 4.4 +1.3b 13.7 £1.9b

CV (%) 29.2 38.0

F 23.9%* 7.9%*

Means followed by the same lowercase letter within a column do not differ significantly by the Tukey test (p < 0.05).

**Significant different by F-test (p < 0.01).
" Original data presented [for analysis, data were transformed in (x + 0.5)"2].

reach adulthood, because the mortality of the nymphs was
total in the third instar. On those genotypes, nymphal stage
had a short time span until death, ranging from 5.4 to 6.1
days - a span corresponding to the second nymphal stage
(Table 3).

The fecundity rate was also adversely affected by the
tomato genotypes with high ZGB content (fecundity rate from
02 to 0.8 eggs/female/day), whereas on S. Iycopersicum
cv. Redencdo and RVTZ-09 the mites laid significantly

more eggs (3.8 and 3.7 eggs/female/day, respectively)
(Table 3).
Cluster Analysis

Cluster analysis of the tomato genotypes showed a clear
contrasting relationship between the genotypes evaluated
(Figure 3), and two clear groups were formed: one group
comprised by S. Iycopersicum cv. Redengao and RVTZ-09 (low
ZGB content), and a second group formed by the genotypes
with high ZGB content (RVTZ-79, RVTZ-142, RVTZ-331,
and PI-127826) and the F1. Within-group differences between

Redengdo and RVTZ-09 could be at least partly explained by
the slightly higher ZGB concentration in the latter (Table 1).
However, ZGB content in RVTZ-09 is only slightly lower than
in the F; (Table 1), indicating that factors other than ZGB
content in RVTZ-09 may account for its dissimilarity with
Redengio.

All genotypes selected for high ZGB content might be
considered close to the resistant check (wild accession PI-
127826), as shown in the cluster analysis (Figure 3). The
genotypes selected for high ZGB content formed two distinctive
pairs strongly related each other __first pair composed by RVTZ-
331 and PI-127826, and the second one by RVTZ-79 + RVTZ-
142.

The presence of glandular trichomes on genotypes selected
for high ZGB content (Table 1) was strongly and negatively
associated with the behavioral and biological parameters of the
mite, except with egg incubation period (Table 3), which was the
parameter less affected by the genotypes rich in ZGB. Thus, the
results indicate that the presence of glandular trichomes lead to
negative effects on mite behavior and biology.
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TABLE 3 | Biological parameters [duration (days =+ SE) of egg incubation and nymphal development time, egg and nymph viability (%), longevity of adults, and fecundity

rate] of Tetranychus urticae kept on leaf disks of different tomato genotypes.

Genotype Egg Nymph Adult

Incubation (days)!  Viability (%) Duration (days)! Viability (%) Longevity (days) No. eggs/female/day’

S. lycopersicum (cv. Redencéo) 3.4+ 0.1c 100 11.9+£0.2a 100 12.7 £ 0.5a 3.8+ 0.2a
S. habrochaites var. Hirsutum (P1-127826) 4.5+ 0.3ab 100 5.8 + 0.3%b 0.0° - 0.2+ 0.1¢c
F1 plant (Redengéo x PI-127826) 3.8 + 0.2bc 100 6.1 +0.22b 0.0° - 0.2 +0.1¢c
RVTZ-09 (= Low) 3.4+0.1c 100 11.8 +0.1a 100 12.0 + 0.5a 3.7+0.2a
RVTZ-79 (= High) 4.3+ 0.2ab 100 5.5+ 0.2°b 0.08 - 0.6 + 0.1b
RVTZ-142 (= High) 4.8+0.2a 100 5.4 +0.32b 0.0° - 0.8 + 0.2b
RVTZ-331 (= High) 3.8+ 0.2bc 98.3 5.8 +0.2%b 0.08 - 0.4+ 0.1bc
CV (%) 32.6 17.6 31.1 14.9

F 9.9** 298.7** - 99.0**

Means followed by the same lowercase letter within a column do not differ significantly by the Tukey test (p < 0.05), except for longevity of adults, in which was applied

Student’s t-test (p < 0.05) to compare between S. lycopersicum cv. Redengdo and RVTZ-09.
**Significant different by F-test (p < 0.01).

! Original data presented [for analysis, data were transformed in (x + 0.5)"/2].

2Nymph development time up to 2nd stadium.

3Total mortality of nymphs in the 3rd stadium.
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FIGURE 2 | Preference ratios (%) of Tetranychus urticae on the 21 different pairwise combinations of tomato genotypes during the free-choice test.
Redengéo = S. lycopersicum cv. Redengao, PI127826 = S. habrochaites var. hirsutum accession PI-127826, F1 = F1 plant (PI-127826 x cv. Redengao),
RVTZ-09 = RVTZ 2011-09 (low ZGB content), and RVTZ-79, RVTZ-142, and RVTZ-331 = RVTZ2011-79, RVTZ2011-142, and RVTZ2011-331, respectively
(genotypes with high ZGB content). " non-significant different, and ** significant different (o < 0.01) using Pearson’s Chi-Square test (x2).
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DISCUSSION

Plants that produce and release chemical compounds
(allelochemicals) affecting arthropod behavior and biology, may
express resistance through both antixenosis (non-preference)
and/or antibiosis (War et al.,, 2012). In tomato, resistance has
been extensively reported in the literature as mediated by
different allelochemicals against arthropod pests such as mites
(Gongalves et al., 2006; Resende et al., 2008; Lucini et al., 2015;
Lima et al., 2016), whiteflies (Freitas et al., 2002; Silva et al., 2009;
Lima et al., 2016), and lepidopterans (Maluf et al., 2010; Dias
etal., 2013; Lima et al., 2015).

In the behavioral test (free-choice test), our results indicated
lower preference of T. urticae toward the wild ZGB-rich genotype
(PI-127826), followed by the F; plant and genotypes selected for
high ZGB content (RVTZ-79, RVTZ-142, and RVTZ-331). In
contrast, S. lycopersicum cv. Reden¢do and RVTZ-09 (low ZGB
content) were the most preferred genotypes by T. urticae. Lima
et al. (2016) evaluating these same ZGB-rich genotypes observed
a strong repellency effect against T. urticae and whitefly Bemisia
tabaci (Genn.). The results indicated that non-preference is a
mechanism by which ZGB-rich genotypes express resistance to
the two-spotted spider mite.

Nonetheless, the genotypes rich in ZGB also presented the
antibiosis type of resistance, indicated by their deleterious
effects on biological parameters of T. wurticae. In general,
with ZGB-rich genotypes there was an increase of the egg
incubation period, total mortality of nymphs, and a strong
decrease in the fecundity rate. The adverse effect of tomato
genotypes with high allelochemical contents on arthropod
biology parameters is also documented in the literature for
several species (Eigenbrode and Trumble, 1993; Azevedo
et al, 2003; Fancelli et al, 2005; Moreira et al, 2009;

Silva et al., 2013). Evaluating tomato genotypes with high content
of the allelochemical acylsugar, Lucinietal. (2015) observed
that they also presented both mechanisms non-preference and
antibiosis against T. urticae, a situation analogous to our current
findings for ZGB-rich genotypes. No similar reports on the
deleterious effect of high-ZGB tomato genotypes on T. urticae
mite survival, fecundity and longevity could be found in the
literature.

The high density of glandular trichomes and its associated
high ZGB content were therefore responsible for adverse effects
upon both the behavior and the biology of T. urticae mites,
indicating that both resistance mechanisms, non-preference
and antibiosis, are present. In addition, S. lycopersicum cv.
Redengio presented a high number of non-glandular trichomes,
which did not cause negative effects on mite behavior and
biology.

Other studies have demonstrated the effect of glandular
trichomes present on S. habrochaites var. hirsutum on
Tetranychus spp. (Carter and Snyder, 1985; Maluf et al,
2001; Freitas et al., 2002). Several other studies have
also reported negative effects on behavior and biology
of arthropod pests associated with glandular trichomes
present in wild tomato accessions and in genotypes
selected for high allelochemical contents (Freitas et al,
2002; Maluf et al, 2007; Alba et al., 2009; Lucini et al,
2015).

In this study, we demonstrated that ZGB content was
positively correlated with both types of glandular trichomes (IV
and VI), although the density of type IV was much higher
than that type VI trichomes. These results agree with reports
in the literature (Freitas et al., 2002; Gongalves et al., 2006).
Allelochemicals other than ZGB have been associated with
glandular trichomes; e.g., acylsugar stored in type IV glandular
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trichomes of Solanum pennellii Correll accession LA-716 (Lucini
et al., 2015) and Solanum pimpinellifolium accession TO-937
(Alba et al., 2009).

The results support that genotypes selected for high ZGB
content (RVTZ-79, RVTZ-142, and RVTZ-331) are potential
sources of resistant genes against T. urticae mites and possibly
against other pests, in tomato breeding programs.
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The red spider mite, Tetranychus neocaledonicus (Acari: Tetranychidae) can be an
important pest on lima bean (Phaseolus lunatus L.). Thus, the objective of this work
was to assess the antibiosis and antixenosis effects of lima bean genotypes on
T. neocaledonicus, through the evaluation of performance parameters as well as the
host preference for food and oviposition. Nine lima bean genotypes from the Active
Bank of Germplasm of the Federal University of Piaui — BGP / UFPI were screened. To
assess antibiosis parameters, eggs of T. neocaledonicus were individually placed on leaf
disks of each genotype. The period and survival of the different stages of development
(larvae, protonymph, deutonymph and adult), pre-oviposition, oviposition and post-
oviposition period, longevity and fecundity of females were evaluated, and fertility life
table parameters were calculated. In choice tests, adult females of T. neocaledonicus
were used. The numbers of mites and eggs were counted for each genotype. The
protonymph, egg-adult, longevity and oviposition period, fertility life table parameters,
as well as the food and oviposition preference were affected by lima bean genotypes.
We found that some genotypes reduced adult female longevity, increased the larval
and egg-adult period, decreased oviposition period, negatively affected the fertility life
table parameters, reducing the net reproductive rate (Ry), the intrinsic rate of increase
(rm) and the finite rate of increase (\), while increasing the population doubling time
(DT), exhibiting a reliable antibiosis effect upon T. neocaledonicus. Nevertheless, these
same genotypes were the most preferred for food and oviposition. By contrast, some
other genotypes reduced the adult female longevity and oviposition period, elongated
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the larval period and affected fertility life table parameters, demonstrating an antibiosis
effect upon T. neocaledonicus. Moreover, these other genotypes were among the less
preferred for food and oviposition, exhibiting an additional antixenosis effect. Thus,
our results demonstrate that the genotypes of lima bean may present distinct levels
of resistance to T. neocaledonicus, and this resistance may be an important tool for
Integrated Pest Management. This is one of the first studies aiming to describe mite
resistance sources in lima bean.

Keywords: antibiosis, antixenosis, population growth, host choice, Phaseolus lunatus, Tetranychidae

INTRODUCTION

The use of host plant resistance is widely known as an efficient,
economical, ecological and socially advantageous control method
within Integrated Pest Management (IPM) programs (Stenberg,
2017). Plant resistance against herbivores is composed of
two parts: antibiosis, affecting the pest’s fitness, resulting in
reduced population growth, longevity and higher mortality; and
antixenosis, the non-preference behavior of the pest for feeding,
oviposition or shelter (Dehghan et al., 2009; Silva et al., 2011;
Stenberg and Muola, 2017).

Some studies aiming to select host plant resistance to pest
mites have been carried out in recent decades. Sources of
resistance to Tetranychus evansi Baker & Pritchard (Acari:
Tetranychidae) were investigated in tomato varieties (Silva et al.,
1992); strawberry and vines sources were tested for T. urticae
Koch (Acari: Tetranychidae) resistance (Lourencdo et al., 2000;
Valaddo et al., 2012; Breda et al., 2016) evaluated sweet pepper
genotypes’ resistance to the broad mite, Polyphagotarsonemus
latus (Banks) (Acari: Tarsonemidae). Silva et al. (2011) evaluated
Rubber tree clones’ resistance to Eriophyiidae and Tenuipalpidae
mites, among other studies. Here, for the first time, we study the
resistance of lima bean (Fabaceae) genotypes to pest mites.

Lima bean has a significant economic and social importance,
with features of tolerance to drought and heat, which justify
its economic exploitation, primarily in family farming, as one
of the main sources of income and livelihood, contributing
to food security (Baudoin, 1988; Vieira, 1992; Santos et al.,
2002). Therefore, several studies aiming to increase the genetic
knowledge about lima bean have been carried out, through
the collection of traditional and wild genotypes, molecular
characterization and maintenance of gene banks (EMBRAPA,
2016).

In addition, several species of Tetranychidae mites are
reported in association with lima bean, including T. urticae,
Eutetranychus banksi, and T. neocaledonicus (Mendonga et al.,
2011; Silva and Gondim, 2016; Gomes Neto et al., 2017).
Throughout the world, T. neocaledonicus can be found on more
than 400 different host plants, presenting itself as a species of
considerable economic importance for several crops, with a wide
distribution in the intertropical zone (Gutierrez and Zon, 1973;
Bonato and Gutierrez, 1999).

The present study aimed to evaluate host plant resistance
aspects of nine genotypes of lima bean from the Active Bank of
Germplasm of the Federal University of Piaui - BGP / UFPI to
the red mite, T. neocaledonicus.

MATERIALS AND METHODS

Phaseolus lunatus L. (Fabaceae)
Genotypes

Nine lima bean genotypes from the Active Bank of Germplasm
of the Federal University of Piaui - BAGF / UFPI were used.
The genotypes and their features are included in Table 1. The
genotypes were chosen based on widespread use by farmers and
prior studies of agronomic and molecular features, as well as
disease resistance developed in the region.

Tetranychus neocaledonicus André

(Acari: Tetranychidae) Rearing

The mites were reared in the Phytotechnical Department of
the Federal University of Piaui (UFPI), under greenhouse and
laboratory conditions, on lima bean. Plants of the genotype
UFPI-971-PI were grown in plastic containers of 3.8 liters in the
greenhouse. Thirty days after emergence, the plants were infested
with T. neocaledonicus females. Weekly, during the whole period
of bioassays, new infestations were made through direct contact
between plants infested with mites and uninfested plants. Under
laboratory conditions, leaf disks of lima bean UFPI-971-PI were
infested on filter paper moistened by a water-saturated sponge.
The leaf disks were surrounded by hydrophilic cotton wool
to prevent mite escape. The bioassays and T. neocaledonicus
rearing were carried out with temperature and relative humidity
monitored daily by a thermohygrograph, and 12 h photoperiod.

TABLE 1 | Genotypes of lima bean from the Active Bank of Germplasm of the
Universidade Federal do Piaui- BGP / UFPI used in the bioassays, and their
features.

Genotype Origin Common name Weight* (g)
UFPI-822 Puxinana — PB Coquinho bean 38.81
UFPI-883 Esperantina — Pl White bean 48.49
UFPI-887 Novo Oriente — CE Mestica bean 69
UFPI-888 Tiangua — CE White bean 56.64
UFPI-891 Urugui - PI White bean 56.64
UFPI-908 Pedra Branca — CE Butter bean 49.62
UFPI-909 Crato - CE White bean 57.84
UFPI-915 Miguel Alves - Pl White bean 57.91
UFPI-971 Barras - PI Boca de Moca bean 64.57
*Weight of 100 g of seeds.
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FIGURE 1 | Effects lima bean genotypes on the development period (days; Means + SE) of Tetranychus neocaledonicus females. 25 & 1°C, RH 70 £+ 10% and
12 h photophase. Means followed by the same letters in stage of development do not differ statistically by the Scott-Knott at 5% probability.

Antibiosis of Lima Bean Genotypes

To assess the antibiosis effects of the nine genotypes of lima
bean on T. neocaledonicus, the performance aspects of the
red spider mite were evaluated. Leaf disks of 3 cm diameter,
from 30-day-old lima bean plants, medium leaves, of each
genotype, were kept on filter paper over a moistened sponge in
Petri dish arenas. Three T. neocaledonicus adult females were
left for an oviposition period of 16h in each disk. After this
period, the females were removed, and one egg was kept per
arena.

The following parameters were evaluated: incubation
period (days) (period between egg oviposition and larval
hatching), egg viability (%), period of development stage
(larva, protonymph, deutonymph and adult) and egg-adult
period. Two scorings were performed per day, every 12 h (7
am. and 7 p.m.) during larval stage. At the adult stage, the
following parameters were daily evaluated: pre-oviposition
(period prior to the first oviposition), oviposition and post-
oviposition periods (days), female fecundity, fertility and
longevity.

TABLE 2 | Effects of lima bean genotypes on the survival rate (%) and adult female longevity (days) of Tetranychus neocaledonicus. 25 £+ 1°C, RH 70 £+ 10% UR and

12 h photophase.

Genotypes Survival rate (%) Longevity
Egg-larvae Protonymph Deutonymph Egg-adult

UFPI-822 95 94.74 88.89 80 39.47 + 1.50b
UFPI-883 100 95 89.47 85 4130+ 0.49b
UFPI-887 100 95 89.47 85 43.25+0.78 b
UFPI-888 100 95 94.44 85 4790+ 0.21a
UFPI-891 96 95 94.74 90 41.02+0.45b
UFPI-908 100 100 100.00 95 47.55 +£0.88a
UFPI-909 100 95 89.47 85 43,55+ 1.66b
UFPI-915 100 95 94.74 90 4725 +0.72a
UFPI-971 100 95 94.74 90 44.32 + 2.38b

*Means followed by the same letters in the columns do not differ statistically by Scott—Knott at 5% probability.
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TABLE 3 | Effects of lima bean genotypes on the preovipostion, oviposition and post-oviposition periods (days; means + SE) of T. neocaledonicus. 25 + 1°C, RH

70 + 10% and 12 h photophase.

Genotypes N1 Pre-oviposition + SE Oviposition + SE Post-oviposition + SE?2
UFPI-822 10 1.21+0.12a 37.02 + 0.60c 1.30 + 0.42a
UFPI-883 11 1.10 £ 0.14a 39.02 + 0.40b 1.20 £ 0.23a
UFPI-887 1 1.41 £0.10a 40.12 £+ 0.30b 1.31 +£0.33a
UFPI-888 12 1.51+0.18a 45.19 + 0.33a 1.29 + 042a
UFPI-891 15 1.11 £ 0.04a 39.02 + 0.44b 1.23+0.19a
UFPI-908 13 1.23 £ 0.09a 45.02 + 0.60a 1.22 +0.20a
UFPI-909 11 1.39 + 0.14a 41.02 + 0.60b 1.27 + 0.42a
UFPI-915 14 1.36 + 0.13a 45.22 + 0.49a 127 £ 0.19a
UFPI-971 12 1.81 £0.18a 42.02 £ 0.47a 1.28 + 0.42a

"Number of observations; °Means followed by the same letters in the columns do not differ statistically by Scott-Knott at 5% probability.
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FIGURE 2 | Phenogram representative of the effect of lima bean genotypes
on the biology of T. neocaledonicus.

Every 7 days the leaf disks were replaced, and the mites
transferred with the aid of a fine brush. The experiment
was kept in a BOD incubator (Bio-Oxygen Demand) with a
temperature of 25 &+ 1° C, relative humidity of 70 + 10%
and photophase of 12 h. A completely randomized design
was used with nine treatments (lima bean genotypes) and 20
replicates. The data were (x + 1)%° transformed to satisfy
the ANOVA assumptions. The Scott and Knott grouping test
was performed, using the SISVAR statistical program (Ferreira,
1998).

The cluster analysis was performed using the Unweighted
Pair Group Method with Arithmetic Mean (UPGMA), which
groups individuals (lima bean genotypes) according to similarity
(antibiosis and antixenosis effects on T. neocaledonicus),
considering the parameters of incubation period, period of
development stages (larva, protonymph, deutonymph), egg-adult
period and longevity. The analysis was performed by the PAST
software (Hammer et al., 2001).

For fertility life table parameters, the survival rate (ly), specific
fertility (my), net reproductive rate (R,), intrinsic rate of increase
(rm), mean generation time (T), finite rate of increase (\)
and population doubling time (DT) were calculated to provide
accurate data for the determination of host quality, thus helping
the identification of possible resistance sources (Gomes Neto
etal,, 2017). The data were submitted to Analysis of variance with
the Duncan test at 5% probability, by the statistical program SAS
(SAS Institute, 2001).

Antixenosis of Lima Bean Genotypes

To assess the antixenosis effects of the nine genotypes of lima
bean on T. neocaledonicus, food and oviposition choice tests were
performed. Petri dishes of 15 cm diameter with filter paper over
a moistened sponge were used as arenas. In the center of each
arena, a plastic disk of 8 cm diameter was placed and surrounded
by leaf disks of 3 cm diameter of each genotype. The leaf disks
were placed equidistant from the center of the arena in contact
with the plastic disk. Twenty adult females of T. neocaledonicus
were released in the central plastic disk. After 1, 3, 6, 12, 24,
and 48 h, the number of mites and eggs were evaluated. The
bioassay was developed at 25 & 1°C, 70 = 10% RH and 12 h
of photophase. The analysis was performed by the Scott and
Knott (1974) grouping test at 5%, using the statistical program
ASSISTAT.

RESULTS

Antibiosis of Lima Bean Genotypes

Regarding the antibiosis effect of lima bean on the development
period of T. neocaledonicus, the nine tested genotypes did not
affect the incubation (eggs) and the deutonymph period of the
mite, with mean values of 4.98 and 1.81 days, respectively.
However, the lima bean genotypes significantly affected the larval,
protonymph and egg-adult periods (Figure 1).

Genotypes UFPI-891 and UFPI-908 significantly reduced
the larval period of T. neocaledonicus, with means of
2.68 and 2.70 days. The highest value for larval period
was observed on the UFPI-909 genotype (3.0 days), not
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TABLE 4 | Fertility life table parameters of T. neocaledonicus (means + SE) on lima bean genotypes. 25 + 1 °C, RH 70 £ 10% and 12h photophase.

P!  UFPI-822 UFPI-883 UFPI-887 UFPI-888 UFPI-891 UFPI-908 UFPI-909 UFPI-915 UFPI-971

rm  0.27 £0.03a 0.19£0.013b 0.14 £ 0.01c 0.18 + 0.02b 0.26 & 0.03a 0.25 £ 0.03a 0.13 £+ 0.06¢c 0.20 &+ 0.032b 0.25 £+ 0.02a
T 19.24+017a 17.12+£0.0090 18.32 £0.17b 1544 +0.11c 20.21 £ 0.21a 21.09+0.09a 18.29+0.33b 20.18 +0.19a 21.23 £0.31a
Ro 29.13+£0.67a 27.25+0.53a 21.08+0.13c 25.19 +£0.29b 27183 £ 0.37a 27.27 £0.49a 20.18 £0.36c  25.33 + 0.27b 26.17 + 0.67a
N 1.30 £ 0.01a 1.20£0.01b 112 +£0.02c 1.19+£0.01b 1.22 £0.32b 1.28 + 0.03a 1.14 +£0.02c 1.21 £0.087b 1.29+0.018a
DT 4.568 +0.06b 459 +0.18b 5.33 £0.10a 3.43 £0.012¢ 414 +£0.017b 3.42 £0.014c 5.32+0.12a 4.65+0.13b 4.69 + 0.06b

1 P: Fertility life table parameters; rm: Intrinsic rate of increase; T: Mean generation time; Ry: Net reproductive rate; A: Finite rate of increase and DT: Population doubling
time. Means followed by the same letters in the rows do not differ statistically by the Scott-Knott test, at 5% probability

differing from the other genotypes. Genotypes UFPI-
908, UFPI-822 and UFPI-971 significantly reduced the
protonymph period (1.65, 1.57 and 1.47 days). The longest
egg-adult periods were observed on genotypes UFPI-
909 and UFPI-887 (11.98 and 11.96 days), significantly
differing from the other genotypes, while the shortest egg-
adult period occurred for UFPI-908 (11.35 days), although
not differing from UFPI-882, UFPI-891, UFPI-908, and
UFPI-971.

None of the lima bean genotypes affected egg-larval,
protonymph, deutonymph or egg-adult survival rates. However,
for genotypes UFPI-888, UFPI-908, and UFPI-915 a higher
female longevity was observed, with mean values of 47.90, 47.55,
and 47.25 days, respectively. However, UFPI-822 caused the
lowest adult female longevity (39.47 days), although not differing
from UFPI-883, UFPI-887, UFPI-891, UFPI-909, and UFPI-971
(Table 2).

Regarding the effect of lima bean upon T. neocaledonicus
oviposition periods, genotypes UFPI-915, UFPI-888, UFPI-908,
and UFPI-971 significantly lengthened the oviposition period,
with values of 45.22, 45.19, 45.02 and 42.02 days, respectively.
Among the genotypes, UFPI-822 significantly promoted the
lowest oviposition period (37.02 days). Nevertheless, the lima
bean genotypes did not affect pre and post-oviposition periods
(Table 3).

The cluster analysis allowed the formation of three distinct
groups of lima bean genotypes: the first group with genotypes
UFPI-908, UFPI-915, and UFPI-888 (Group 1), the second group
with genotypes UFPI-909, UFPI-887, and UFPI-971 (Group 2)
and the third with genotypes UFPI-883, UFPI-891, and UFPI-
822 (Group 3) (Figure 2). Among the tested parameters for
T. neocaledonicus, the greatest influence on cluster analysis was
adult female longevity. In the first group are the lima bean
genotypes which provided the highest female longevity. In the
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FIGURE 3 | Food preference of T. neocaledonicus adult female (Means + SE) on lima bean genotypes after 1, 3, 6, 12, 24, and 48 h. Means followed by the same
letters in stage in each time interval do not differ statistically by the Scott-Knott at 5% probability.
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second group, there are genotypes with intermediate values for
female longevity and, in the third group, the genotypes with the
lowest female longevity values.

Lima bean genotypes significantly affected the fertility life
table parameters of T. neocaledonicus (Table 4). For the net
reproductive rate (R,) genotypes UFPI-887 and UFPI-909
presented the lowest values (21.08 and 20.18), significantly
differing from the other genotypes. The mean generation time
(T) ranged from 15.44 to 21.23 days for UFPI 888 and UFPI-
971, with genotypes UFPI-882, UFPI-891, UFPI-908, UFPI-
915, and UFPI-971 presenting significantly higher values. The
intrinsic rate of increase (r,) was significantly reduced by
genotypes UFPI-909 and UFPI-887, with values of 0.13 and
0.14 individuals/female/day, and the population doubling time
(DT) was significantly increased by genotypes UFPI-887 and
UFPI-909, with values of 5.33 and 5.32 days, respectively.

Antixenosis of Lima Bean Genotypes
Regarding the antixenosis effect of lima bean genotypes
on T. neocaledonicus, the choice tests for food preference

demonstrated that host selection started 1 h after exposure to the
lima bean genotypes. Genotypes UFPI-909 and UFPI-887 were
the ones most chosen among the nine tested genotypes after 24 h
of bioassay. After 48 h, UFPI-822, UFPI-908, UFPI-891, UFPI-
883, and UFPI-971 were the least chosen among the nine lima
bean genotypes (Figure 3).

The number of eggs was directly proportional to the time
of exposure for the nine tested lima bean genotypes. However,
UFPI-909 and UFPI 887 presented the highest number of eggs
after 24 h, among the tested genotypes. On the other hand, UFPI-
822, UFPI-908, UFPI-891, UFPI-883, and UFPI-971 presented
the lowest number of eggs during the whole evaluation period,
indicating a possible antixenosis effect for oviposition (Figure 4).

DISCUSSION

Overall, genotypes UFPI-887 and UFPI-909, group 2 in the
cluster analysis, reduced adult female longevity, increased the
larval and egg-adult period, decreased oviposition period and
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negatively affected the fertility life table parameters, reducing
the net reproductive rate (R,), the intrinsic rate of increase
(rm) and the finite rate of increase ()), while increasing the
population doubling time (DT). Fertility life table parameters
have been used successfully to determine host-plant quality and
to identify sources of antibiosis resistance (Razmjou et al., 2009;
Lin, 2013). For that, it is possible to determine that genotypes
UFPI-887 and UFPI-909 exhibited a reliable antibiosis effect
upon T. neocaledonicus. Nevertheless, these same genotypes
were the most preferred for food and oviposition. According
to Valladares and Lawton (1991), a poor link between host
plant choice by the adult insect/mite and offspring performance
has been widely observed and may be explained by several
hypotheses, as host preference is often based on many factors,
such as competition, microclimate, host density, size, age and
chemical features, among others.

Based on the findings of the present study, genotypes UFPI-
887 and UFPI-909 could be suggested as promising plants
for trap cropping development strategies in IPM programs
for T. neocaledonicus. Trap cropping is based on distinct
herbivore preference among plant species, genotypes or crop
stages (Hokkanen, 1991). The strategy’s development may consist
of offering the preferred genotype in space and time of the main
crop, manipulating the pest mite population. Crop protection
could be achieved by preventing the mite population from
colonizing the main crop or by trapping them on a genotype
with strong antibiosis, which could be colonized without affecting
the main crop. Javaid and Joshi (1995) also reported that trap
cropping might involve early planting of border strips of a
genotype to attract the pest mites to a place where they may
well be exposed to chemical control. For that, additional studies
should be performed to confirm the genotype preference and
antibiosis effect upon T. neocaledonicus at field scales.

By contrast, genotypes UFPI-882, UFPI-891, and UFPI-
883, group 3 in the cluster analysis, reduced the adult female
longevity and oviposition period, elongated the larval period and
affected fertility life table parameters, demonstrating an antibiosis
effect upon T. neocaledonicus. Moreover, these genotypes were
among the less preferred for food and oviposition, exhibiting an
additional antixenosis effect.

Combining strong antibiosis and antixenosis, the three
genotypes UFPI-882, UFPI-891, and UFPI-883 could be used as
sources of resistance to T. neocaledonicus in future programs.
According to Sharma and Ortiz (2002), one of the major
attractive features of plant resistance to herbivorous predators
is that it does not require farmers to have any specific skill for
the employment of the technique. Furthermore, the financial
investment by farmers is very low. For the lima bean crop context
of family farming in underdeveloped regions, the advance of
resistant genotypes to a potential pest threat presents itself as a
management practice that ensures food sovereignty.

Altogether, the nine lima bean genotypes increased the egg-
adult development period of T. neocaledonicus, ranging from
11.35 to 11.98 days at 25°C, when compared to values found in
the literature for other Tetranychidae mites on Phaseolus hosts.
According to Rivero and Vasquez (2009), T. desertorum Banks
on lima bean presented an egg-adult period of 6.8 days at 28°C.

Morros and Aponte (1995) reported that T. ludeni Zacher also
presented an egg-adult period of 6.8 days on Phaseolus vulgaris L.
at 26°C.

According to Ballhorn et al. (2005), lima bean is already well
described as emitting a toxic compound, cyanide, as well as
volatile organic compounds (VOCs) for plant defense against
herbivorous predators. Such defenses are assumed to protect the
plant directly, reducing oviposition and/or feeding; and indirectly
affecting the herbivore’s development. Furthermore, the effects of
VOC:s are varied and may even include repellence in herbivores
(Moraes et al., 2001; Heil, 2004).

Although some evidence may infer that piercing-sucking
herbivores do not promote enough tissue disruption to activate
plant defense process (Schreiner et al., 1984), laboratory studies
recognize that the release of VOCs may be induced by minor
injuries from small piercing-sucking herbivores, for instance,
spider mites (Dicke, 1999; Ballhorn et al., 2008).

Besides that, in the present study, the nine lima bean
genotypes significantly affected the performance and population
growth parameters as well as the food and oviposition
preference of T. neocaledonicus at different rates. Ballhorn
et al. (2008) quantified the defense mechanism of lima bean
to herbivores and found a substantial variation among 16 lima
bean genotypes for cyanide and VOC emissions as defense
mechanisms.

Thus, our findings support the hypothesis that lima bean
genotypes may affect the performance, populational parameters
and the host selection of T. neocaledonicus, presenting itself
as the first study to describe sources of resistance to pest
mites in lima bean in Brazil. Therefore, the results of the
present study may be characterized as a basis for further studies
aiming to develop a strategy of host plant resistance for IPM
programs.
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Tetranychus urticae (two-spotted spider mite) is a striking example of polyphagy among
herbivores with an extreme record of pesticide resistance and one of the most significant
pests in agriculture. The T. urticae genome contains a large number of cysteine- and
serine-proteases indicating their importance in the spider mite physiology. This work
is focused on the potential role of the Kunitz trypsin inhibitor (KTI) family on plant
defense responses against spider mites. The molecular characterization of two of these
genes, AtKTI4 and AtKTI5, combined with feeding bicassays using T-DNA insertion
lines for both genes was carried out. Spider mite performance assays showed that
independent KT/ silencing Arabidopsis lines conferred higher susceptibility to 7. urticae
than WT plants. Additionally, transient overexpression of these inhibitors in Nicotiana
benthamiana demonstrated their ability to inhibit not only serine- but also cysteine-
proteases, indicating the bifunctional inhibitory role against both types of enzymes.
These inhibitory properties could be involved in the modulation of the proteases that
participate in the hydrolysis of dietary proteins in the spider mite gut, as well as in other
proteolytic processes.

Keywords: plant-herbivore interphase, Tetranychus urticae, Arabidopsis thaliana, serine protease inhibitors,
cysteine protease inhibitors, spider mite digestion

INTRODUCTION

The fact that higher plants are sessile organisms has favored the acquisition of sophisticated
resources to prevent or hamper pest feeding (Walling, 2000; Wu and Baldwin, 2010). Such defenses
can be constitutive and/or induced upon attack by herbivore pests. Induced defenses include
morphological and metabolic changes with a negative impact on phytophagous arthropod behavior
(Walling, 2000; Howe and Jander, 2008; Alba et al., 2011) or the attraction of natural enemies of
the herbivore (Sabelis et al., 1999; Dicke and Baldwin, 2010). Plant receptors recognize Herbivore-
Associated Molecular Patterns (HAMPs), Microbe-Associated Molecular Patterns (MAMPs) and
Damage-Associated Molecular Patterns (DAMPs) and trigger the induction of defenses (Mithofer
et al., 2005; Frost et al., 2007; Staudacher et al., 2017; Santamaria et al., 2018a). Plant responses
are specific to the phytophagous pest species (Stout et al., 1998; de Vos et al., 2005; Rodriguez-
Saona et al.,, 2010) and dependent on the duration of the infestation (Kant et al., 2004). However,
the perception of herbivory is not well understood and few plant receptors have been identified
(Bonaventure, 2012; Santamaria et al., 2018a).
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Among plant defenses, protease inhibitors (PIs) exert direct
effects on herbivores by interfering with their physiology (Diaz
and Santamaria, 2012; Martinez et al., 2016). When an arthropod
ingests PIs in its diet, the inhibition of proteolytic activities
takes place in its gut avoiding the degradation of proteins.
In this context, PI classification may be based on the type
of protease they inhibit. There are three main subclasses of
proteases involved in arthropod digestion, serine-, cysteine-,
and aspartic-proteases, grouped according to the reactive amino
acid of their active site group (Terra and Ferreira, 2012).
The proteolytic activity is dependent on the pH of the gut
(Ortego, 2012; Martinez et al., 2016). Most lepidopteran,
orthopteran and hymenopteran and some coleopteran possess
alkaline midguts and their digestive systems are largely based
on serine-proteases and exopeptidases (Wolfson and Murdock,
1990; Ortego et al, 1996; Johnson and Rabosky, 2000). The
majority of coleopteran, hemipteran and some phytophagous
acari have slightly acidic midguts providing cysteine- and
aspartic-proteases and exopeptidases their major proteolytic
activity (Murdock et al., 1987; Cristofoletti et al., 2003; Carrillo
et al, 2011). Since Green and Ryan (1972) reported that
wound-inducible PIs inhibited digestive herbivore gut proteases,
numerous plant PIs have been characterized for their potential
to control herbivorous insects (Hilder et al., 1987; Alfonso-
Rubi et al., 2003; Tamhane et al., 2005; Telang et al., 2009;
Chen et al,, 2014). According to MEROPS database, there are
currently 85 families of PIs (Rawlings et al.,, 2018), being the
Kazal, Kunitz, Bowman-Birk, Potato I and II, Cystatin, Cereal
trypsin/a-amylase, and Serpin families the most represented
in plants (Santamaria et al., 2014). Most of them specifically
inhibit a mechanistic class of proteases but some may act as
multifunctional inhibitors (Grosse-Holz and van der Hoorn,
2016). The first successful PI gene used to improve resistance
against larvae of Heliothis virescens when expressed in transgenic
tobacco was the cowpea trypsin inhibitor gene (CPTI) from
the Bowman-Birk family (Hilder et al., 1987). Then, the
CPTI gene was inserted in the genome of other plants like
cotton, rice, cabbage, strawberry, sweet potato, potato or pigeon
pea enhancing the resistance to different lepidopteran species
(reviewed in Diaz and Santamaria, 2012). The I3 Kunitz Trypsin
Inhibitor (KTI) gene family is a complex family composed
by versatile protease inhibitors. Most of them inhibit serine
proteases (families S1 and S8), but some of them are able to
inhibit cysteine proteases (families C1 and C13) as well as other
hydrolases (Renko et al., 2012). This family has been studied in
different plants and contexts but most works have been focused
on their potential role in defense against insect attack since
their gene expression is up-regulated in response to wounding,
jasmonates and insect feeding (Major and Constabel, 2008;
Philippe et al., 2009; Botelho-Junior et al., 2014). In vitro assays
with KTIs from poplar and soybean expressed as recombinant
proteins differentially inhibited midgut proteases from Mamestra
configurata and Malacosoma disstria, lepidopteran pests from
Populus and crucifers, respectively (Major and Constabel, 2008).
KTIs from the passion fruit displayed activity against midgut
serine and cysteine proteases from the sugarcane borer Diatraea
saccharalis and the coleopteran Callosobruchus maculatus on

artificial diets (Botelho-Junior et al., 2014). In addition, the
heterologous expression of a good number of KTIs in poplar,
sweet corn, potato, rice, tobacco, and tomato conferred resistance
to lepidopteran (Confalonieri et al., 1998; Cipriani et al., 1999;
Gatehouse et al., 1999; Lee et al., 1999; McManus et al., 1999;
Nandi et al., 1999; Marchetti et al., 2000; Rufino et al., 2013;
Guimardes et al., 2015), coleopteran (Major and Constabel, 2008)
and acari (Castagnoli et al., 2003). Likewise, serine-PIs from other
different families overexpressed in several plant species have
conferred resistance to lepidopteran, coleopteran, homopteran
(reviewed in Diaz and Santamaria, 2012) and acari (Santamaria
etal., 2012).

Tetranychus urticae is an extreme polyphagous pest with more
than 1,100 documented host plants and an extraordinary ability
to develop pesticide resistance (Van Leeuwen and Dermauw,
2016). These features, along with the predicted expansion of
spider mites under climate change conditions, make T. urticae
one of the most significant pests in the agriculture (Luedeling
etal,, 2011). Phytophagous mites pierce parenchymatic plant cells
using stylets to suck their nutrients, and cause severe chlorosis
leading to a reduction in crop yield (Park and Lee, 2002; Farouk
and Osman, 2011; Bensoussan et al., 2016). T. urticae is a model
within chelicerate herbivores with its genome sequenced and
a broad range of tools and protocols developed (Grbic et al.,
2011; Cazaux et al., 2014; Suzuki et al.,, 2017). Besides, mite
ability to feed on Arabidopsis thaliana and the wide available
toolkits for this plant species have provided an outstanding
opportunity for functional studies of plant-mite interaction
(Santamaria et al., 2012, 2015a, 2017; Zhurov et al.,, 2014).
Among plant Pls, cystatins and serine-protease inhibitors have
been reported to be involved in Arabidopsis defense against
spider mite. According to Santamaria et al. (2012), the over-
expression of barley cystatin (Icy6 gene) and/or trypsin inhibitor
(Itr1 gene) conferred Arabidopsis resistance by producing an
increase in mite mortality. In addition, members from I3 and
113 Potato Inhibitor I families are induced upon T. urticae
infestation in tomato and Arabidopsis (Martel et al., 2015). In
the case of plant cystatins, it is well known that their targets
in mites are digestive cysteine-proteases (Carrillo et al., 2011;
Santamaria et al., 2012, 2015b, 2018b). In contrast, mite targets
for serine-protease inhibitors remain unknown. The fact that an
Arabidopsis KTT is able to inhibit papain-like cysteine proteases
and participates in the defense against herbivorous arthropods
(Boex-Fontvieille et al., 2016; Rustgi et al.,, 2017) prompted us
to examine the role of the Arabidopsis KTI protease inhibitor
family in plant defense against mites. Among the seven KTIs
identified in Arabidopsis, AtKTI4 and AtKTI5 were selected
because of the induction of their corresponding genes after
spider mite feeding, and the differences in their amino acid
sequences suggesting tridimensional structure dissimilarities.
Knock down lines for these two Arabidopsis KTIs genes were
used to analyze plant phenotypes after spider mite infestation.
Behavior of mites fed on knock down lines was also evaluated
to verify KTT effect on mite performance. Furthermore, transient
overexpression of these inhibitors in Nicotiana benthamiana was
performed to test their ability to inhibit both serine- and cysteine-
proteases.
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MATERIALS AND METHODS

Plant Material and Growth Conditions
Arabidopsis  thaliana Columbia (Col-0), Kondara (Kon)
and Bla-2 (Bla-2) accessions (Nottingham Arabidopsis Seed
Collection) were used as wild-types (WT). A. thaliana T-DNA
mutants (SALK_131716C, SALK 067224, SALK_115805C and
SALK_009101C, referred as kti4.1, kti4.2, kti5.1, and kti5.2,
respectively) were obtained from the Arabidopsis Biological
Resource Centre, through the European Arabidopsis Stock
Centre. For soil growth, a mixture of peat moss and vermiculite
(2:1 v/v) was used. Sterilized seeds were stratified in the dark
at 4°C for 5 days. Plants were then grown in growth chambers
(Sanyo MLR-350-H) under control conditions (23°C + 1°C,
>70% relative humidity and a 16 h/8 h day/night photoperiod).

Spider Mite Maintenance

A colony of T. urticae, London strain (Acari: Tetranychidae),
provided by Dr. Miodrag Grbic (UWO, Canada), was reared on
beans (Phaseolus vulgaris) and maintained on growth chambers
(Sanyo MLR-350-H, Sanyo, Japan) at 25°C % 1°C, >70% relative
humidity and a 16 h/8 h day/night photoperiod.

Sequence Analysis and Molecular

Modeling

Multiple protein alignment was performed by MUSCLE
program (Edgar, 2004). Arabidopsis Kunitz proteins were named
following Santamaria et al. (2014) changing the Kun family
term for the more commonly used KTI term. The KTI of
Delonix regia (PDB ID 1R8N) was included in the alignment to
infer secondary structure locations. Displayed multiple sequence
alignment was made by the ESPript 3.0 web server (Robert
and Gouet, 2014). 3D modeling was performed using SWISS-
MODEL online protein structure prediction tool (Biasini et al.,
2014). The known structures of two KTIs (PDB IDs: 312A and
3IIR) were used to construct the models for AtKTI4 (At1g73260)
and AtKTI5 (Atlgl7860), respectively. Predictions on papain-
AtKTI4 and papain—-AtKTI5 interactions were made by using the
obtained 3D models and the 3D structure of papain (PDB ID:
1PPN) in the ClusPro 2.0 server (Kozakov et al., 2017). Molecular
models were visualized and analyzed by Chimera 1.12 program
(Pettersen et al., 2004).

Nucleic Acid Analysis
Genomic DNA was isolated from Arabidopsis T-DNA insertion
and control lines essentially as described by Sambrook and
Russell (2001). The presence and homozygous status of the
T-DNA insertion lines were validated by conventional PCR
(Bio-Rad) (Supplementary Figure S1). Specific primers were
designed through the Salk Institute website'. Primer sequences
are indicated in Supplementary Table SI.

For quantitative real time PCR (RT-qPCR) studies,
Arabidopsis rosettes from T-DNA insertion and control
lines were collected, frozen into liquid N, and stored at —80°C

Uhttp://signal.salk.edu/tdnaprimers.2.html

until used for RNA isolation. Total RNA was extracted by the
phenol/chloroform method, followed by precipitation with 8 M
LiCl (Onate-Sanchez and Vicente-Carbajosa, 2008). Regarding
N. benthamiana assays, total RNA was extracted from plants
agroinfiltrated with 35S:GFP, 35S:KTI4-GFP and 35S:KTI5-
GFP by the TRIZOL reagent following manufacturer instructions
(Ambion, Austin, TX, United States). Complementary DNAs
(cDNAs) were synthesized from 2 pg of RNA using the Revert
Aid™ H Minus First Strand ¢cDNA Synthesis Kit (Fermentas)
following manufacturer’s instructions. The RT-qPCR conditions
used were 40 cycles with 15 s at 95°C, 1 min at 60°C and 5 s
at 65°C using FastStart Universal SYBR Green Master (Rox)
(Roche). RT-qPCR was performed for three samples coming
from three independent experiments as previously described
(Santamaria et al., 2017) using a SYBR Green Detection System
(Roche) and the CFX Manager Software 2.0 (Bio-Rad). mRNA
quantification was expressed as relative expression levels (2~4Ct)
or fold change (2794%) normalized to ubiquitin or actin for
Arabidopsis and Nicotiana samples, respectively (Livak and
Schmittgen, 2001). Specific primers were designed through
PRIMER3’. Primer sequences are indicated in Supplementary
Table S1.

Enzymatic Assays

Total protein extracts from the T-DNA insertion lines and
control Arabidopsis rosettes were resuspended in 50 mM
sodium phosphate pH 6.0, 0.15 M NaCl 2 mM EDTA, for
1 h at 4°C and treated as described in Santamaria et al
(2012). Total protein content was determined according to
the method of Bradford (1976). Cathepsin B- and L-like
activities were assayed using N-carbobenzoxy-Arg-Arg-7-amido-
4-methylcoumarin (Z-RR-AMC) and N-carbobenzoxy-Phe-Arg-
AMC (Z-FR-AMC) commercial substrates, respectively. Trypsin-
and chymotrypsin-like activities were analyzed using Z-L-Arg-
AMC (ZLA-AMC) and Suc-Ala-Ala-Pro-Phe-AMC (Suc-A-A-P-
F-AMC) commercial substrates, respectively.

Inhibitory activity of plant protein extracts was tested in vitro
against commercial trypsin (EC 3.4.21.4), chymotrypsin (EC
3.4.21.1), papain (EC 3.4.22.2), and bovine cathepsin B (EC
3.4.22.1) from Sigma. Basically, 20 pug of protein extracts were
preincubated for 10 min with 100 ng of cathepsin L- and
B-like in a buffer containing 100 mM sodium phosphate pH
6.0, L-cysteine, 10 mM EDTA, and 0.01% (v/v) Brij35, or
with 100 ng of trypsin/chymotrypsin in the buffer 0.1 M Tris-
HCl pH 7.5. Subsequently, substrates were added at a final
concentration of 25 WM and incubated for 1 h at 28°C or
37°C for cysteine and serine proteases, respectively. Fluorescence
was measured using an excitation filter of 365 nm and an
emission filter of 465 nm (Tecan GeniusPro). The system was
calibrated with known amounts of 7-amido-4-methylcoumarin
(AMC) hydrolysis product in a standard reaction mixture.
Specific enzymatic activity was represented as nmoles of substrate
hydrolyzed/min/mg of protease. Inhibitory activity was expressed
as percentage of protease activity relative to that in the absence of

Zhttp://bioinfo.ut.ee/primer3-0.4.0/
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the inhibitor. All assays were carried out in triplicates and blanks
were used to account for spontaneous breakdown of substrates.

Subcellular Location

To create the translational fusions of AtKTI4 and AtKTI5
genes to the Green Fluorescent Protein (GFP) reporter gene,
the corresponding cDNAs were amplified by conventional
PCR using specific primers (Supplementary Table S1). The
amplicons were independently cloned in-frame with the GFP
gene into the Gateway binary vector pPGWB5 (Invitrogen), under
the CaMV35S promoter. 35S-Red Fluorescent Protein (RFP)-
HDEL plasmid was used as a control of ER location (Shockey
et al., 2006). Transient transformation of onion (Allium cepa)
epidermal cells was performed by particle bombardment with
a biolistic helium gun device (DuPont PDS-1000; Bio-Rad) as
described by Diaz et al. (2005). Fluorescent images were acquired
after 24 h of incubation at 22°C in the dark, using a Leica TCS-
SP8 confocal microscope. GFP and RFP signals were acquired
sequentially using the following settings: GFP, excitation 488 nm
and emission 492-552 nm; RFP, excitation 561 nm, emission
581-665 nm.

For N. benthamiana agroinfiltration, the Agrobacterium
tumefaciens strain C58CI Rif® (GV3101) carrying the constructs
35S:KTI4-GFP (pGWB5), 35S::KTI5-GFP (pGWB5) or 35S::GFP
(pPEAQ-HT-GFP) was co-incubated with the construct 35S::P19
(pBING61) that carries the helper P19 (Voinnet et al., 2015) to
a final optical density of 0.3 nm. Bacterial suspensions were
infiltrated into the abaxial side of the third-youngest fully
expanded N. benthamiana leaf using a syringe. Fluorescent
images were acquired 3 days post-infiltration (dpi), using
a Leica TCS-SP8 confocal microscope. GFP and chlorophyll
autofluorescence signals were acquired sequentially using the
following settings: GFP, excitation 488 nm and emission 500-
600 nm; chlorophyll, excitation 633 nm, emission 639-727 nm.

Plant Damage Determination
Damage quantification analyses were done on A. thaliana plants
from T-DNA insertion lines and WT control. Three week-old
plants were infested with 20 T. urticae adults per plant. After
4 days of infestation, leaf damage was assessed by scanning the
entire rosette using a hp scanjet (HP Scanjet 5590 Digital Flatbed
Scanner series), according to Cazaux et al. (2014). Leaf damage
was calculated in mm? using Adobe Photoshop CS software.
Six replicates were used for each genotype. Plant damage was
also evaluated by analyzing accumulation of hydrogen peroxide
(H20,) and the cell death in response to spider mite attack. Leaf
disks (9 mm diameter) from 3 week-old plants from the five
studied genotypes, were infested with 10 mites during 24 h. The
H,0, accumulation was analyzed using 3,3-diaminobenzidine
tetrachloride hydrate (DAB) substrate which produces a brown
precipitate after oxidation in the presence of H,O, (Martinez
de Ilarduya et al., 2003). The staining procedure was performed
according to Rodriguez-Herva et al. (2012), and observed under a
Zeiss Axiophot microscope. Damage was quantified using Image
] software.

Cell death was quantified by trypan blue staining as described
by Sanchez-Vallet et al. (2010). Leaves were boiled in trypan

blue solution [10 ml lactic acid (Sigma)], 10 ml phenol
(Sigma), 10 ml glycerol (Duchefa), 10 ml water and 10 mg
trypan blue (Sigma) diluted with 96% (1:2 v/v) ethanol in a
15 ml tube for 1 min. Tissues were incubated in the staining
solution overnight at room temperature. Subsequently, leaves
were cleared four times with 2.5 g/ml of chloral hydrate
solution (PRS). Cleared leaves were prepared for imaging
in 50% (v/v) glycerol, 0.1 M sodium phosphate buffer at
pH 7.0, and observed under a Zeiss Axiophot microscope.
Damage was quantified using Adobe Photoshop CS6 and values
relativized to control plants. Six replicates were used for each

genotype.

Spider Mite Performance

Mite bioassays were conducted on entire detached Arabidopsis
leaves from the T-DNA insertion and control plants. Entire
leaves were fit into a closed system with 100 eggs. Samples were
maintained under controlled conditions at 25 + 1°C, >70%
relative humidity and a 16 h/8 h day/night photoperiod. To study
mortality, the percentage of neonate larvae (<24 h of hatching)
that became adults was recorded after 10 days of feeding. Eight
replicates were used for each genotype. For fecundity assays
detached entire leaves were infested with 12 synchronized females
each, and the number of eggs laid was counted after 36 h.
Female mite synchronization was conducted on bean leaves.
Entire detached leaves were placed onto wet cotton, surrounded
by wet filter paper to avoid mite escape in confined special dishes
(11.5 cm diameter with ventilation). 50 female mites were placed
on each leaf and removed after 36 h. After 11 days, same age
females were used to infest Arabidopsis leaves for the fecundity
assay.

Inhibitory Ability of KTIs Overexpressed

in Nicotiana

To test the ability of AtKTI4 and AtKTI5 to inhibit
cysteine/serine proteases, we used extracts from N. benthamiana
plants co-agroinfiltrated with 35S:KTI4-GFP (pGWBS5),
35S:KTI5-GFP (pGWBS5) or 35S::GFP (pGWB5), and 35S::P19
(pBING61). Entire agroinfiltrated leaves were collected at 3 dpi
(days post infiltration). Fluorescent images were acquired
using a Leica Fluorescence Stereoscope MZIOF. Leaves were
homogenized in a buffer containing 50 mM Tris-HCI pH 7.25,
150 mM NaCl, 2 mM EDTA and 0.1% (v/v) Triton X-100,
centrifuged at 16,630 g at 4°C for 10 min and the supernatants
were pooled to obtain soluble protein extracts for inhibition
assays. The ability to inhibit commercial papain, cathepsin-B,
trypsin and chymotrypsin activities was in vitro tested as
indicated above but using 15 jLg of plant protein extracts for the
assays. In addition, E-64 [trans-Epoxysuccinyl-L-leucylamido
(4-guanidino)butane], TLCK (Ny-Tosyl-L-lysine chloromethyl
ketone hydrochloride) and chymostatin [N-(N,-Carbonyl-
Cpd-X-Phe-al)-Phe] inhibitors (Sigma) were added as positive
inhibitory controls for papain and cathepsin-B, trypsin and
chymotrypsin inhibition, at a final concentrations of 0.02, 100,
and 0.1 pM, respectively, and incubated for 10 min before the
addition of substrates.
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FIGURE 1 | Gene expression of Arabidopsis Kunitz-type inhibitors upon spider mite infestation. Fold change in Col-0 plants at 0, 12, 24, and 48 hpi using time 0 as
a calibrator sample. (A) AtKTI7 (B) AtKTI3 (C) AtKTl4, and (D) AtKTI5. Data are means of three replicates + SE. Different letters indicate significant differences
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Statistical Analysis

Differences in gene expression, leaf damage, mortality and
fecundity assays were compared by One-Way ANOVA, followed
by Student Newman-Keuls multiple comparison test (p < 0.05).
Compensation effects and enzymatic assays were compared by
One-Way ANOVA followed by Dunnetts multiple comparison
test (p < 0.05).

RESULTS

Gene Expression of Arabidopsis I3
Kunitz Inhibitors in Response to
T. urticae Infestation

As a first estimation of the importance of the I3 Kunitz
inhibitors in Arabidopsis defense against spider mite, the
gene expression of the whole Kunitz family members in
infested and non-infested Col-0 plants was studied. This family
included seven genes previously identified (Ma et al, 2011;
Santamaria et al, 2014). One of these genes, AtKTI4 was
previously reported as a differential expressed gene between
the resistant Bla-2 and the susceptible Kondara Arabidopsis

accessions upon spider mite feeding (Zhurov et al., 2014). RT-
qPCR results showed that AtKTI5 and AtKTI3 genes were
induced at 12 hpi, whereas AtKTI4 and AtKTII genes were
up-regulated at 24 hpi, and presented their highest gene
expression peak at 48 hpi (Figure 1). In contrast, AtKTI2,
AtKTI6, and AtKTI7 gene expression was not detected in
Arabidopsis leaves neither in non-infested plants nor upon mite
infestation.

Sequence and Structural Features of
Arabidopsis KTls

To obtain some clues on the inhibitory capacities of the seven
Arabidopsis KTTs, their amino acid sequences were aligned. The
seven inhibitors presented a signal peptide in the N-terminal
region and their sequences were more similar in the regions
aligned with the amino acids involved in secondary structures
of a Kunitz inhibitor from D. regia (Figure 2A). The AtKTI2
did not present the positively charged residue (Lys or Arg) in
the loop between strands $4 and B5, essential to inhibit trypsin.
This residue was at the right position in AtKTI3, 4, 5, and 6. The
amino acid pair Trp-Pro, located in the loop between strands 5
and B6, and putatively involved in cysteine-protease inhibitory
capability of AtKTI2 was only partially conserved in AtKTI1
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FIGURE 2 | Sequence-structure analysis of Kunitz-type inhibitors. (A) Multiple sequence alignment of Arabidopsis KTls. The Kunitz type inhibitor of Delonix regia
(PDB ID 1R8N) was included in the alignment to infer secondary structure locations. Conserved residues are in red boxes. Similar residues are indicated in black bold
characters and boxed in yellow. Green numbers at the bottom indicate disulphide bridge topology. Putative reactive site is boxed in orange. The figure was made
with the ESPript 3.0 web server. (B) Ribbon diagrams showing structural models for AtKTI4 and AtKTI5, and their superposition (blue, AtKTI4; orange, AtKTI5).
Conserved reactive Lys residue is colored in green. Modelization and visualization were made by SWISS-Model and Chimera tools.

and AtKTI3. Whereas AtKTI2, AtKTI6, and AtKTI7 lacked the
two cysteines involved in the first disulphide bridge, AtKTI5
is deficient in one of them but had two additional cysteines
between strands f9 and 10 that could form a novel disulphide

bridge. To determine the possible effect of this variation on
the protein structure, tridimensional structures for AtKTI4
and 5 were made by homology modeling. Predictions showed
structural differences. This predicted structural dissimilarity was
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FIGURE 3 | AtKTI4 and AtKTI5 subcellular localization. Confocal stacks spanning epidermal onion cells co-transformed with 35S::KTI4-GFP, 35S::KTI5-GFP and
358::GFP and 35S::RFP-HDELcontrols. Confocal images and projections of the KTl4 (A) and KTI5 (E) are shown. Projections from GFP (A,E,l), RFP (B,F,J), merged
(C,G,K) and the corresponding Nomarski snapshots (D,H,L). Confocal stacks spanning N. benthamiana cells agroinfiltrated with 35S::KTI4-GFP (M),
358::KTI5-GFP (Q) and 35S::GFP control (U). Projections from GFP (M,Q,U), chlorophyll auto fluorescence (N,R,V), merged (0,S,X) and the corresponding
Nomarski snapshots (P,T,Y). Bars are indicated in images. Arrows indicate nuclei, asterisks signal ER and arrowheads the chlorophyll autofluorescence.

mainly observed in the loops connecting secondary structures
and leads to a distinct spatial orientation of the Lys reactive
residue in the B4-f5 loop (Figure 2B). The predicted sequence-
structure plasticity of these inhibitors could lead to different
inhibitory properties. Thus, AtKTI4 and 5 were selected to
further characterization.

AtKTI4 and AtKTI5 Protein Subcellular

Location

Signal peptides found in every AtKTI indicate a targeted
transport to the endoplasmatic reticulum. To determine the final
AtKTI4 and AtKTI5 subcellular localization, transient expression
assays were performed in onion epidermal layers by microparticle
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bombardment. AtKTI4 and AtKTI5 were fused to GFP. To
determine the subcellular localization of the GFP signal, the
cells were co-transfected with the 35S:RFP-HDEL plasmid to
reveal the ER. Both green and red signals were found in the
nuclear area, tracking along threads of cytoskeleton elements
and the cell periphery. These locations are consistent with the
subcellular distribution of the ER (Figures 3A-C,E-G). The
355:GFP control showed an intense fluorescence in the cell
nucleus, entering due to its small size, whereas the ER marker
is seen in the nuclear periphery (Figures 3L]). Agroinfiltration
of N. benthamiana plants with the same constructs confirmed
the location of both AtKTI4 and AtKTI5 inhibitors in the
endomembrane system. In this case, the red signal corresponds
to the autofluorescence of chlorophyll (Figures 3M-V,X,Y).

Effects of Knock-Down AtKTI4 and
AtKTIS5 Lines on KTl Expression and

Protease Inhibitory Properties

To investigate the role of AtKTI4 and AtKTI5 proteins in plant
defense, silenced lines for these genes (kti4.1, kti4.2, kti5.1, kti5.2)
were ordered. The characterization of the homozygous mutant
lines revealed the insertion of the T-DNA at the promotor region
for kti4.1 and kti5.2 lines, at the coding region for kti5.1 line and
at the 3’UTR for the kti4.2 line (Supplementary Figure S1A).

The expression of AtKT11, AtKTI3, AtKTI4, and AtKTI5 genes
was analyzed in the kti4 and kti5 mutants and in the WT plants.
As expected, the expression of AtKTI4 and AtKTI5 genes was
reduced in their cognate T-DNA insertion lines (Figures 4C,D).
Moreover, statistical differences in mRNA quantification revealed
variations in the expression of other AtKTI genes in these lines.
Regarding the mutant lines for AtKTI4 gene, kti4.1 plants were
knocked down for AtKTI3, AtKTI4, and AtKTI5 genes and up
regulated for AtKTII gene (Figures 4A-D) while kti4.2 plants
were down regulated for AtKTI3 and AtKTI4 genes (Figure 4C).
In the case of the T-DNA insertion lines for AtKTI5 gene, kti5.1
plants were knocked down for AtKTI3 and AtKTI5 genes while
the expression of AtKTII gene was induced (Figures 4A,B,D),
and kti5.2 mutant plants were down regulated for AtKTI4 and
AtKTI5 genes (Figures 4B-D).

Compensatory effects described above were also studied by
analyzing the effect of T-DNA insertions on the protease activities
of these plants. Results showed higher trypsin activity in all
mutants than in the WT plants (Figure 5A). For chymotrypsin
activity, kti4.1 and kti4.2 plants presented higher proteolytic
levels in comparison to WT plants while kti5.1 and kti5.2 did
not (Figure 5A). In contrast, no significant differences on both,
cathepsin L- and B-like activities were detected between mutant
and WT plants. Only the kti4.1 line showed slightly higher levels
of cathepsin B-like activity than the WT plants (Figure 5B). The
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FIGURE 5 | Proteolytic patterns of T-DNA insertion lines. Specific proteolytic activities of protein extracts from Arabidopsis T-DNA insertion lines and control WT
using specific substrates. (A) Trypsin- and chymotrypsin-like specific activities. (B) Cathepsin L- and B-like specific activities. Data are expressed as nmoles/min/mg.
Inhibitory activity of protein extracts from T-DNA insertion lines and control plants against commercial proteases. (C) Inhibitory activity against trypsin and
chymotrypsin. (D) Inhibitory activity against commercial papain (cathepsin L-like) and bovine cathepsin B. Data are expressed as a percentage of inhibition. Data are
means + SE of three replicates. Asterisk indicates significant differences with the WT (P < 0.05, One-way ANOVA followed by Dunnett’s test).
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capability of the different Arabidopsis genotypes to inhibit serine-
and cysteine-proteases was also tested by using commercial
proteases. Significant differences were not found for trypsin,
chymotrypsin and bovine cathepsin B assays (Figures 5C,D).
Interestingly, the commercial papain (cathepsin L-like) was less
inhibited by protein extracts from mutant lines than from the WT
plants (Figure 5D).

AtKTI4 and AtKTIS Are Able to Inhibit

Both Serine and Cysteine Proteases

To further explore the serine- and cysteine-protease inhibitory
capacity of AtKTI4 and AtKTI5 inhibitors, Agrobacterium-
mediated transient over-expression for AtKTI4 and AtKTI5 genes
fused to GFP was performed in N. benthamiana plants. GFP
detection demonstrated the expression of the GFP gene and
the location of the GFP protein in all agroinfiltrated plants
(Figures 6A,B). Protein extracts from plants expressing the
AtKTI4 and AtKTI5 proteins fused to GFP presented higher
capability to inhibit serine- (trypsin and chymotrypsin) and
cysteine- proteases (papain and bovine cathepsin B) compared
with the extracts from the plants expressing only the GFP protein
(Figure 6C). These results support the consideration of AtKTI4
and AtKTI5 as bifunctional inhibitors of both serine and cysteine
proteases.

Docking analyses using ClusPro program were carried out
to figure out the putative interaction between papain and the
inhibitors AtKTI4 and AtKTI5. Models suggest an intrusion
of different residues into the reactive site of papain stabilized
by hydrogen bonds (Supplementary Figure S2). In the AtKTI4-
papain interaction, the residues Glul22 and the Lys175 at the
p6-p7 and B9-P10 loops, respectively, would form hydrogen
bonds with the Cys and His amino acids of the papain reactive
site. A similar interaction by the residues Vall64 and Lys165 at
the B9-P10 loop of AtKTI5 was predicted. Additional hydrogen
bonds between residues of protease and inhibitor are predicted,
which probably are involved in the preservation of the interaction
(data not shown).

Effects of AtKTI4 and AtKTI5 Genes on

Plant Resistance and Mite Performance

To further explore into the role of AtKTI4 and AtKTI5 in
plant defense against T. urticae, homozygous T-DNA insertion
lines and WT plants were infested with spider mites and the
plant damage (chlorotic area) was visualized and quantified
4 days upon mite infestation. All knock down lines showed more
damage than the WT plants. The injury was between 1.2 and
1.5 times higher in the knock down lines than in the WT plants
(Figures 7A,D). Cell death caused by spider mite feeding was
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FIGURE 6 | Characterization of the expression, location and inhibitory properties of AtKTI4 and AtKTI5 genes by using transient expression assays in
N. benthamiana plants. (A) GFP signal after 3 days of agroinfiltration. Asterisks indicate GFP signal of the epidermal cells. (B) Relative expression levels of GFP, KTl4,
and KTI5 genes in the N. benthamiana plants after 3 days of infiltration. (C) Inhibitory ability of N. benthamiana protein extracts expressing KT/4 and KTI5 genes
against commercial trypsin, chymotrypsin, papain and bovine cathepsin B 3 days post-agroinfiltration. Data are mean + SE of triplicate measurements of each
sample. Asterisk indicates significant differences with the 35S::GFP plants (P < 0.05, One-way ANOVA followed by Dunnett’s test).

evaluated by trypan blue staining of leaves from all Arabidopsis
genotypes after 24 h of infestation. All knock down lines showed
higher levels of staining than WT plants with kti5.1 and the
kti5.2 lines being the most prominent (Figures 7B,D). As the
production of H,O, is used as a plant damage indicator, H,O,
concentrations were determined in the five Col-0 genotypes.
The quantification of H,0O, in infested plants, expressed as
DAB relative units, demonstrated that kti5.1 and kti5.2 lines
accumulated more H,O; than kti4.1, kti4.2 lines and WT plants
(Figures 7C,D).

To ensure that the chlorotic area correlated with mite feeding,
mite performance was analyzed after feeding on mutants for
AtKTI4 and AtKTI5 lines. Fecundity assays carried out on leaves

from different Col-0 genotypes showed that synchronized mites
fed on insertion lines had higher fecundity rates than the ones fed
on WT plants (Figure 8A). To evaluate the KTT toxicity for mites,
the mortality was recorded after feeding. Mites fed on mutant
lines exhibited lower mortality rates than those on the WT plants
(Figure 8B).

DISCUSSION

PIs from plants are proteins of particular interest because of
their putative involvement in the natural defense system to
phytophagous pests and pathogens. Particularly, the defense
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FIGURE 7 | Plant damage and hydrogen peroxide production of Arabidopsis genotypes infested with T. urticae. (A) Foliar area damaged on Arabidopsis T-DNA
insertion lines (kti4.1, kti4.2, ktib.1, kti5.2) and WT plants after 4 days of spider mite infestation. (B) Trypan blue stained area on leaf disks from Arabidopsis T-DNA
insertion lines and WT plants after 1 day of spider mite infestation. (C) Hydrogen peroxide production on leaf disks from Arabidopsis T-DNA insertion lines and WT
plants after 1 day of spider mite infestation. (D) Example of leaf phenotypes of Col-0 genotypes after spider mite infestation. Data are means + SE of six replicates.
Different letters indicate significant differences (P < 0.05, One-way ANOVA followed by Student-Newman-Keuls test). Bars are as indicated in images. White arrows
indicate plant damage, arrowheads cell death, black arrows HoO» accumulation and asterisks signal indicate vascular tissues.
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role of the plant KTI family against insects has been proven,
although most studies involved individual Kunitz-type members.
Determining the functional diversity of all members of the AtKTI
gene family against an important pest such as the polyphagous
mite T. urticae may provide alternatives to spider mite control.
From the 7 AtKTI genes identified in Arabidopsis, four of them,
AtKTII, AtKTI3, AtKTI4, and AtKTI 5 responded to spider mite
feeding (Figure 1). AtKTI2, AtKTI6, and AtKTI7 genes were not
expressed in Arabidopsis rosettes either under control or infested
conditions. In the case of the AtKTI2, this result was in agreement
with a recent report showing a restricted expression to flowers
and etiolated seedlings (Boex-Fontvieille et al., 2016).

Generally, KTIs are small proteins of about 20 kDa folded
in P-trefoil manner with two disulphide bonds, but small
differences in sequence or structure may make them different
in their role as inhibitors of serine- and/or cysteine-proteases
(Bendre et al., 2018). The low similarity observed among the

amino acids residues of the 7 AtKTI members when their
sequences were aligned may justify specific inhibitory roles
against mite proteases (Figure 2). Trypsin inhibition is expected
as the S1-binding site is negatively charged and accepts the
conserved Lys at the P1 position. Likewise, chymotrypsin
inhibition could be due to the presence of Tyr, Leu, and Phe
residues in the B4-P5 reactive loop. The ability to inhibit
papain could not be a priori predicted from the analysis of
the amino acid sequences due to the multiple ways that Kunitz
and Kunitz-structurally related inhibitors follow to inhibit C1
cysteine-proteases (Renko et al., 2012). These inhibitors may
use different loops to occlude the reactive site of the cysteine
protease. For instance, residues Trp88 and Pro89 of the AtKTI2
B5-B6 loop have been proposed to intrude into the catalytic
triad of the Arabidopsis cysteine-protease RD21, blocking its
protease activity (Boex-Fontvieille et al., 2015). This interaction
is stabilized by hydrogen bonds between RD21 amino acids and
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FIGURE 8 | Analysis of spider mite performance. (A) Effects of T-DNA
insertion lines and control plants on T. urticae fecundity, 36 h after infestation
with synchronized females. (B) Effects of T-DNA insertion lines and control
plants on T. urticae mortality, 10 days after infestation with neonate larvae.
Data are means + SE of eight replicates. Different letters indicate significant
differences (P < 0.05, One-way ANOVA followed by Student-Newman-Keuls
test).

residues in the AtKTI2 2-B3 and 5-p6 loops. The comparative
alignment of amino acid sequences of the AtKTI members
revealed that AtKTI2, AtKTI6, and AtKTI7 were the most
different among the whole family. These inhibitors presented the
cysteine residues essential to form only one disulphide bridge
instead of the two bridges predicted in the rest of AtKTIs.
Besides, the AtKTI2 lacked the positive residue in the loop
between strands P4 and B5 essential for trypsin inhibition,
which correlated with its inability to inhibit serine-proteases.
In contrast, although several dissimilarities were found in the
tridimensional structures of AtKTI4 and AtKTI5, both proteins
conserved the Lys residue in the B4-B5 loop and are putatively
able to interact with the catalytic site of papain. This plasticity
of the loops coming out of the stable B-trefoil scaffold maybe
the reason of the versatility of these inhibitors, which display
several different mechanisms of inhibition involving different
positions of the loops and their combinations (Renko et al.,
2012). Thus, the wide sequence-structure variability of KTIs
supports the bifunctional action shown for AtKTI4 and AtKTI5
against trypsin and chymotrypsin serine-proteases as well as
against cathepsin B- and L-like cysteine-proteases. Many protease
inhibitors have to be targeted to the endomembrane system
to reach their functional location (Martinez et al., 2009). As
expected for proteins with signal peptide that would end up as

vesicle-secreted proteins, AtKTI4 and AtKTI5 were subcellular
located in the endomembrane system (Figure 3). Previous
reports have detected AtKTI2 in the cell wall, apoplast spaces and
tonoplast (Boex-Fontvieille et al., 2015).

To elucidate the response of AtKTI4 and AtKTI5 genes
after mite feeding, we studied their effect on the spider mite
performance using T-DNA insertion lines for both genes.
First, we confirmed that the reduction of AtKTI4 and AtKTI5
transcripts detected in the mutant lines was associated to an
increase of commercial trypsin activity, detected by in vitro assays
using plant extracts, a promising result to perform bioassays
(Figure 5). Besides, we found compensation effects in T-DNA
insertion lines through the alteration of the expression of other
AtKTI genes, suggesting that AtKTI1, AtKTI3, AtKTI4, and
AtKTI5 proteins might participate in the defense process against
spider mites in a concerted manner to modulate protease target
activities (Figure 4).

Feeding assays conducted with the spider mite resulted in
a significant increase of leaf damage either quantified as total
chlorotic area or detected by trypan blue staining in comparison
to control plants (Figure 7). However, only the knock down
lines for the AtKTI5 gene accumulated higher levels of H,O,
than the WT plants. These findings indicate that these mutant
lines either produced more H,O, when infested, or alternatively,
were not able to detoxify H,O efficiently, and triggered the cell
death. Santamaria et al. (2017) demonstrated that an increase in
H, O, during T. urticae feeding was associated to sharp reduction
in the accumulation of thiol groups and a parallel promotion
of cell death. It is generally accepted that moderate levels of
reactive oxygen and/or nitrogen species may differentially sense
defense signaling while an excess of oxidative stress results
to programmed cell death (Foyer and Noctor, 2005; Baxter
et al, 2014). Therefore, these changes in the redox status
have a potential impact on mite behavior. Accordingly, mite
performance improved when fed on knock down lines (Figure 8).
Our results confirm a significant reduction in mite mortality and
higher fecundity rates upon feeding on mutant lines compared
to control plants. Previous literature indicated that the role of
AtKTI4 and AtKTI5 in Arabidopsis defense was not specifically
associated to mites. Both genes were induced by Botrytis cinerea
treatment (Coolen et al., 2016). AtKTI4 was also triggered by
pathogen-derived elicitors and antagonized pathogen-associated
cell death in Arabidopsis (Li et al., 2008), which may explain the
higher cell death observed in our T-DNA insertion lines after
spider mite infestations. Additionally, the expression of AtKTI4
and AtKTI5 was modulated by Pieris rapae infestation (Coolen
etal., 2016). Interestingly, the expression pattern of AtKTI4 gene
showed a highly localized response to P. brassicae eggs (Little
et al., 2007) and was also induced upon nematode infestations in
Arabidopsis (Jammes et al., 2005).

A second, but probably the most important mechanism of
defense mediated by the AtKTIs is based on their capability to
inhibit mite protease activities. The sequence and annotation
of T. urticae genome revealed a large proliferation of serine-
and cysteine-protease gene families in comparison to other
sequenced arthropod species (Grbic et al., 2011). The 70 gene
members identified in the serine-protease family pointed out an
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essential role in the spider mite physiology (Grbic et al., 2011).
In many phytophagous insects, particularly in lepidopteran,
the participation of serine proteases in the gut digestion has
been demonstrated (Lara et al., 2000; Patankar et al., 2001;
Fan and Wu, 2005; Srinivasan et al., 2006; Chougule et al,
2008; Tabatabaei et al., 2011). However, the lack of detection of
trypsin- and chymotrypsin activities in mite extracts (Carrillo
et al,, 2011) together with the fact that serine-protease genes did
not show a clear developmental pattern of expression correlated
with feeding stages (Santamaria et al, 2012, 2015b), and the
absence of this activity in mite feces suggested the association
of this protease type with physiological processes other than
the hydrolysis of dietary proteins (Santamaria et al., 2015b).
Jonckheere et al. (2016) found some genes that presumably
code for serine-proteases expressed in the salivary glands of
T. urticae suggesting a pre-digestive function in the saliva. Based
on these data, an alternative target for KTIs could be the serine-
proteases present in the mite saliva. However, other putative roles
involved in the regulation of mite growth and development have
been suggested for these enzymes (Santamaria et al., 2012). In
any case, plant inhibitors might get access to the endogenous
proteases through the mite gut, as has been described for some
insects (Down et al., 1999; Azzouz et al., 2005). The induction of
members of the PIN-I and PIN-II serine PI families after spider
mite attack (Li et al., 2002; Kant et al., 2004, 2008; Martel et al.,
2015) and the enhanced resistance to spider mites showed by
Arabidopsis when overexpress a barley trypsin inhibitor (Carrillo
etal., 2011; Santamaria et al., 2012) strongly support the potential
defense role of KTIs. Interestingly, the transient expression of
AtKTI4 and AtKTI5 genes in Nicotiana plants showed their
bifunctional features to inhibit cysteine- and serine-protease
activities (Figure 6), which it should substantiate the impact of
AtKTIs on cysteine-proteases from the mite gut involved in the
hydrolysis of dietary proteins.

CONCLUSION

Our results confirm a wide role of the Arabidopsis KT proteins
in defense against spider mite based on: (i) four out of the
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While substantial progress has been made in understanding defense responses of
cereals to insect herbivores, comparatively little is known about responses to feeding
by spider mites. Nevertheless, several spider mite species, including the generalist
Tetranychus urticae and the grass specialist Oligonychus pratensis, cause damage on
cereals such as maize and wheat, especially during drought stress. To understand
defense responses of cereals to spider mites, we characterized the transcriptomic
responses of maize and barley to herbivory by both mite species, and included a
wounding control against which modulation of defenses could be tested. T. urticae and
O. pratensis induced highly correlated changes in gene expression on both maize and
barley. Within 2 h, hundreds of genes were upregulated, and thousands of genes were
up- or downregulated after 24 h. In general, expression changes were similar to those
induced by wounding, including for genes associated with jasmonic acid biosynthesis
and signaling. Many genes encoding proteins involved in direct defenses, or those
required for herbivore-induced plant volatiles, were strongly upregulated in response
to mite herbivory. Further, biosynthesis genes for benzoxazinoids, which are specialized
compounds of Poaceae with known roles in deterring insect herbivores, were induced
in maize. Compared to chewing insects, spider mites are cell content feeders and
cause grossly different patterns of tissue damage. Nonetheless, the gene expression
responses of maize to both mite herbivores, including for phytohormone signaling
pathways and for the synthesis of the benzoxazinoid 2-hydroxy-4,7-dimethoxy-
1,4-benzoxazin-3-one glucoside, a known defensive metabolite against caterpillars,
resembled those reported for a generalist chewing insect, Spodoptera exigua. On
maize plants harboring mutations in several benzoxazinoid biosynthesis genes, T. urticae
performance dramatically increased compared to wild-type plants. In contrast, no
difference in performance was observed between mutant and wild-type plants for the
specialist O. pratensis. Collectively, our data provide little evidence that maize and barley
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defense responses differentiate herbivory between T. urticae and O. pratensis. Further,
our work suggests that the likely route to specialization for O. pratensis involved the
evolution of a robust mechanism to cope with the benzoxazinoid defenses of its cereal

hosts.

Keywords: Maize (Zea mays L.), Hordeum vulgare, Tetranychus urticae, Oligonychus pratensis, benzoxazinoid,

spider mite, herbivore, HDMBOA

INTRODUCTION

Cereal crops of the grass family (Poaceae) account for the
majority of human calories, and reductions in their yield
dramatically impact human welfare. Abiotic factors, such as
drought, are a major source of unrealized yield (Boyer, 1982),
while another well-characterized source of loss is from herbivory
by insects (Oerke, 2006). Spider mites (Acari: Tetranychidae)
belong to the Chelicerata, an arthropod lineage that diverged
more than 450 million years ago (Dunlop, 2010), and hence
evolved herbivory independently from insects. Crops including
maize (Zea mays) and wheat (Triticum sp.) are susceptible not
only to insects but also to spider mites, especially during drought
conditions (Al-Kaisi et al., 2013), where yield losses as high
as 47.2% for maize have been reported (Bacon et al., 1962).
Nevertheless, relatively little is known about the molecular nature
of the defenses plants use to deter spider mites, especially for
grasses.

As shown by molecular studies of plant-herbivore
interactions, largely with insects and dicots such as Arabidopsis
thaliana and tomato (Solanum lycopersicum), many plants
complement constitutive defenses (like trichomes) with rapid,
inducible ones that negatively impact herbivores (Howe and
Jander, 2008). For instance, herbivore-associated triggers
like physical damage, oral secretions, or frass, alone or in
combination, lead to changes in the production of specialized
metabolites or defensive proteins that deter herbivores (Howe
and Jander, 2008; Ray et al., 2015). In dicots, molecular responses
to insect herbivores are mediated largely by phytohormones,
especially jasmonates (jasmonic acid, or JA, and its derivatives or
conjugates), which induce transcriptomic reprogramming within
hours (Howe and Jander, 2008). Some defenses act directly,
such as toxic compounds or protease inhibitors that retard
digestion in an herbivore’s gut. Others act indirectly, like plant
volatiles, which can serve as olfactory cues for predators to locate
herbivores at feeding sites (Turlings and Erb, 2018).

The type and magnitude of inducible defenses is influenced by
several factors. One of these is feeding guild. Chewing insects like
caterpillars, for instance, cause extensive tissue damage and elicit
different defense responses compared to phloem-feeding insects
like aphids, which cause minimal loss of plant tissue (Howe
and Jander, 2008). Additionally, plant responses to generalist
herbivores, to which ~10% of plant-feeding insects belong (Ali
and Agrawal, 2012), can differ from those induced by specialists.
Generalist herbivores feed on hosts in many plant families. They
are typically thought to rely on broad detoxification capabilities
to overcome the challenges they encounter on phylogenetically
(and chemically) divergent plant hosts (Dermauw et al., 2013),

or to potentially suppress plant defense responses that are
broadly conserved (Ali and Agrawal, 2012). Alternatively, some
specialists have evolved the ability to suppress or otherwise
circumvent plant defenses, potentially ameliorating the role
of detoxification, or instead have evolved highly specialized
detoxification abilities to cope with the toxins they encounter in
their preferred plant hosts (Dobler et al., 2012; Glas et al., 2014;
Maag et al., 2014; Wouters et al., 2014).

Like dicots, monocots, including grasses, are attacked by
generalist and specialist herbivores of diverse feeding guilds,
including leaf-chewing (e.g., caterpillars) and piercing-sucking
(e.g., aphids and whiteflies). As for dicots, JA signaling and
the production of specialized compounds feature prominently
in monocot responses to insect herbivory (Meihls et al., 2012;
Tzin et al, 2015a, 2017). Of the downstream specialized
compounds in grasses, the best studied are benzoxazinoids,
which are 1,4-benzoxazin-3-one derivatives produced by cereals
including maize, wheat, and rye (Zuniga et al., 1983; Niemeyer,
2009). In maize, levels of benzoxazinoids are highest in
seedlings (Cambier et al, 2000), but can be locally induced
at feeding sites in the leaves of older plants (Kohler et al,
2015; Maag et al, 2016). The most studied benzoxazinoid,
4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA), is
stored in vacuoles as an inactive glucoside (Glc) conjugate.
Upon tissue damage by herbivores, DIMBOA-GlIc, as well as
derivatives such as 2-hydroxy-4,7-dimethoxy-1,4-benzoxazin-3-
one glucoside (HDMBOA-GIc), are exposed to glucosidases in
plastids (Meihls et al., 2012). This leads to the release of the
aglucones, which are toxic to herbivores, potentially by several
modes of action (Wouters et al., 2016).

Several spider mite species are significant field pests on cereals.
These include Tetranychus urticae (the two-spotted spider mite)
on maize, and Oligonychus pratensis (the Banks grass mite) on
both maize and distant relatives including wheat (Figure 1A;
Brandenburg and Kennedy, 1982; Mansour and Bar-Zur, 1992;
Archer and Bynum, 1993; Tadmor et al., 1999; Blasi et al., 2015).
T. urticae is an extreme generalist that has been documented on
more than 100 plant families (Grbi¢ et al., 2011). In contrast,
O. pratensis is a specialist on plants in the Poaceae, though
it has been reported on a few non-grass hosts including date
palm (which is also a monocot) (Ward et al., 1972; Foster et al.,
1977; Chandler et al., 1979; Holtzer et al., 1984; Archer and
Bynum, 1993; Bynum et al., 2015; Negm et al., 2015). As cell-
content feeders, spider mites belong to a different feeding guild
than the best studied insect herbivores (Bensoussan et al., 2016).
Currently, knowledge of plant responses to spider mites comes
mainly from A. thaliana, tomato, and grapevine (Vitis vinifera),
where T. urticae feeding was shown to induce robust JA responses
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FIGURE 1| O. pratensis and T. urticae morphology, tissue damage, and
feeding strategy. (A) O. pratensis and T. urticae feeding causes light colored
(chlorotic) spotting on barley leaves, as well as on maize (see also
Supplementary Figure 2) (scale bars: 2.5 mm). Insets show adult

O. pratensis and T. urticae females (scale bars: 100 um). (B,C) Total area of
damage on barley and maize leaf enclosures, respectively, for uninfested
leaves (C, control), and those subjected to O. pratensis (Op) and T. urticae (Tu)
feeding at 24 h. P-values are from an ANOVA, and letters indicate significant
differences between comparisons (P < 0.05, Tukey’s HSD test; n: number of
biological replicates). In the boxplots, circles represent individual data points.
(D) Leaf cell damage caused by O. pratensis and T. urticae feeding on barley.
Clusters of empty mesophyll cells at mite feeding sites (left) are denoted by
dashed lines; a focal plane through the epidermis is shown at right with nuclei
visualized by propidium iodide staining (white arrows). Scale bar: 100 pm.

(Zhurov et al., 2014; Martel et al., 2015; Diaz-Riquelme et al,,
2016). This suggests that T. urticae relies in large part on a
broad detoxification capacity to enable its exceptionally wide
host range. Nonetheless, the sister species T. evansi, a specialist

of plants in the Solanaceae, has been documented to suppress
plant defenses in tomato (Alba et al., 2015). Further, another
specialist mite herbivore of tomato, Aculops lycopersici, is able
to potently suppress plant defenses (Glas et al., 2014). While
O. pratensis is a pest on diverse cereal crops like maize and wheat,
little is known about its ancestral host range within Poaceae.
Whether the grass specialist O. pratensis relies on detoxification,
suppression of plant defenses, or both, to colonize its Poaceae
hosts is unknown.

In this study, we have characterized defense responses to
herbivory by O. pratensis and T. urticae in grasses. As a plant
host, we chose maize, for which defense responses to insects have
been comparatively well studied (Meihls et al., 2012; Tzin et al.,
2015a, 2017). We also included barley (Hordeum vulgare) as it is
a close relative of wheat with a more tractable genome (Mayer
etal., 2012). By including both maize and barley, we were able to
compare variation in plant defense responses to both mite species
in each of two major cereal crops in phylogenetically distant
lineages within Poaceae (subfamilies Panicoideae and Pooideae,
respectively).

MATERIALS AND METHODS

Biological Materials and Maintenance of

Stocks

Seeds for barley (cultivar Morex) were kindly provided by A.
Fischer (Montana State University, Bozeman, MT, United States),
while those for maize inbred B73 were kindly provided by G.
Drews (University of Utah, Salt Lake City, UT, United States).
Seed stocks for maize inbred W22, as well as homozygous lines for
previously characterized Ds insertions in BXI, BX2, and BX6 on
the W22 background (Tzin et al., 2015a), were kindly provided by
G. Jander (Boyce Thompson Institute, Ithaca, NY, United States).
For the study, a T. urticae colony (strain W-GR) was established
from T. urticae collected from a community garden and from
a greenhouse site in Salt Lake City, UT, United States. Prior to
this study, the W-GR strain was maintained on whole kidney
bean plants (Phaseolus vulgaris) for more than 30 generations
using established rearing methods (Van Leeuwen et al., 2012).
Before being used as a source of mites for plant infestation
experiments (see below), mites of W-GR were acclimated on
barley (Morex) or maize (B73) for at least two generations to
remove possible maternal effects on host use that might impact
plant responses. For propagation, 8-10 week old barley and maize
plants were used to maintain bulk populations of at least several
thousand mites. For O. pratensis, a field-collected strain was
acquired from maize (Logan, UT, United States); propagation of
the O. pratensis strain, and acclimation prior to the respective
experiments on barley and maize, was as for T. urticae except that
O. pratensis was never maintained on kidney beans, which are not
a host.

For maintaining mite colonies, barley and maize plants were
germinated and grown in Metro-Mix® 900 growing mix (Sun
Gro®, Agawam, MA, United States)