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Abstract
While feeding from tomato (Solanum lycopersicum) the spider mite Tetranychus urticae induces

jasmonate and salicylate-regulated defense responses that hamper its performance. In con-

trast, the related T. evansi suppresses plant defenses and thereby upholds a high performance.

When mites from both species sequentially reside on the same leaf tissue, T. evansi facilitates

T. urticae, while conversely, T. evansi suffers from defenses induced by T. urticae, suggesting

that defense suppression can backfire in the presence of heterospecific competitors. Yet, when

colonizing the same plant T. evansi outcompetes T. urticae. Here we have investigated this par-

adox at the within-leaflet level and found that the timing of a secondary infestation has a pro-

found effect on mite fecundity and induced plant defenses. When T. urticae was introduced

onto, or adjacent to, a primary T. evansi feeding site with a 2-day delay, their performance did

not improve, while vice versa the performance of T. evansi did not decrease on, or adjacent to,

a T. urticae feeding site. Accordingly, we observed that, even at high mite densities, both induc-

tion and suppression of defenses by T. urticae and T. evansi, respectively, were largely restrict-

ed to the mite’s feeding site. Moreover, we observed that the magnitude of defense suppres-

sion by T. evansi increased significantly upon a secondary infestation of an adjacent leaflet sec-

tion with T. urticae. This enhanced defense suppression by T. evansi, termed hyper-suppres-

sion, coincided with the increased expression of effector-encoding T. evansi genes and, impor-

tantly, it was paralleled by an increased reproductive performance of the suppressor mites.

Hence, although the reason for this hyper-suppression is unknown, our results suggest that

defense-suppressing mites can benefit from the systemic presence of defense-inducing com-

petitors via an overcompensation response.
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Introduction

Arthropods and pathogens frequently attack plants in an attempt to gain access to
nutrients. The extent to which plants can resist such attacks is determined by a
plethora of mechanical and chemical defense mechanisms they have evolved and the
individual susceptibilities of attackers to these defenses. Plant defenses can be divid-
ed into two types: the constitutive defenses which are pre-formed and thus always
present and the induced defenses which may be energetically costly or harmful to the
plant itself and are therefore initiated only upon pathogen infection or herbivory (Jones
& Dangl, 2006; Howe & Jander, 2008). Following perception of the attacker, several
signaling molecules, among which phytohormones, orchestrate the plant’s immune
responses (Pieterse et al., 2012). In general, defenses against biotro phic pathogens
are regulated by the phytohormone salicylic acid (SA), while defenses against
necrotrophic pathogens and herbivores are regulated by jasmonates (JAs), in partic-
ular jasmonic acid-isoleucine (JA-Ile) (Glazebrook, 2005; Erb et al., 2012). Complex
hormonal interaction networks enable tailoring of defenses, often via crosstalk, and
modulate growth-defense trade-offs (Pieterse et al., 2012; Huot et al., 2014).

Since plants in nature are rarely attacked by only one species at the same time or
throughout their life, one attacking species often indirectly (i.e., via the plant) influ-
ences plant responses to other organisms, which include phytophagous as well as
beneficial species. Such plant-mediated interactions can impact on the fitness and
behavior of organisms that are separated from each other in space and time and that
belong to the same or even a higher trophic level (Ohgushi, 2005; Poelman & Dicke,
2014; Stam et al., 2014). In fact, plant-mediated interactions have been established
as one of the main factors influencing the performance of herbivorous arthropods
(Kaplan & Denno, 2007) and, hence, of the composition of plant-associated arthro-
pod communities (Van Zandt & Agrawal, 2004; Soler et al., 2005). The far majority of
plant-mediated interactions between herbivorous arthropods appears to be of an
asymmetric and antagonistic nature, meaning that herbivory by the first species, via
the induction of defense responses, negatively affects the performance (and behav-
ior) of the second species that sequentially (or simultaneously) feeds from the same
host plant (Kaplan & Denno, 2007).

Plant defense traits pose selection pressure on phytophagous organisms to over-
come these. Consequently, herbivores and pathogens have evolved various ways to
cope with plant defenses (Alba et al., 2011), which basically come down to three
mechanisms. The first -and most straightforward- one being avoidance of defenses,
for instance by selecting less defended plant parts (Shroff et al., 2008) or by pene-
trating plant tissue without causing substantial damage (Walling, 2008). Secondly,
some plant-parasites have acquired physiological adaptations that enable them to
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resist defensive plant secondary metabolites or proteins (Despres et al., 2007). The
third mechanism encompasses suppression (manipulation) of plant defenses, which
is commonly done by diverse species of pathogens (Dou & Zhou, 2012; Pumplin &
Voinnet, 2013; Lo Presti et al., 2015) as well as by nematodes (Goverse & Smant,
2014). Herbivorous arthropods too, sometimes manipulate plant defenses, e.g., via
exploitation of hormonal crosstalk, yet, considering their vast number of species and
their diversity, surprisingly few cases have been reported yet (Kant et al., 2015).

From an ecological point of view, defense suppression is a very intriguing mech-
anism, because it may turn the attacked plant into a superior food source, i.e., bet-
ter than non-attacked plants, and may therefore attract, arrest and facilitate con-
specifics (Sarmento et al., 2011a; Erwin et al., 2014). However, defense suppression
may have the same effects on other (unrelated) phytophagous organisms, that in turn
can benefit the initial manipulator, for example by vectoring it to new host plants
(Fereres, 2015), or can hamper it, for instance by inducing defenses (Glas et al.,
2014). Thus, unless defense-suppressors manage to monopolize their feeding site,
their actions can give rise to complex plant-mediated interactions between plant-
parasites and how these affect the suppressor depends on the community compo-
sition (Kant et al., 2015). Finally, from the plant’s perspective, suppression of defens-
es by one species may render the plant susceptible to other destructive species that
it would normally be able to resist. Therefore, for plants that harbor parasite commu-
nities, defense suppression may escalate, i.e., by indirectly facilitating other commu-
nity members, resulting in overall more damage to the plants.

Here we investigated the plant-mediated interactions between the closely related
herbivorous spider mites Tetranychus urticae and Tetranychus evansi. Both species
are a pest on solanaceous plants (Migeon et al., 2010), including tomato (Solanum
lycopersicum), on which they cause significant economic losses (Saunyama &
Knapp, 2004; Meck et al., 2013). When feeding from tomato plants, most genotypes
of T. urticae induce a mixture of JA and SA-regulated defense responses that reduce
their performance (Li et al., 2002; Ament et al., 2004; Kant et al., 2004; 2008; Martel
et al., 2015; Villarroel et al., 2016). However, within natural T. urticae populations,
some individuals display traits that enable them to either resist or suppress tomato
JA-regulated defenses such that they can uphold a relatively high reproductive per-
formance (Kant et al., 2008; Alba et al., 2015). In contrast, T. evansi was found to sup-
press JA and SA defenses and there are no indications for intraspecific variation in
this species for these traits (Sarmento et al., 2011a; Alba et al., 2015).

The suppression of defenses by spider mites was shown to act downstream of both
JA and SA accumulation, and independently of the JA-SA crosstalk (Alba et al., 2015).
Suppression could be attributed to secreted salivary proteins (effectors) of which at
least two have been shown to suppress SA defenses and probably also JA defenses
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(Villarroel et al., 2016). Defense suppression was found to benefit T. evansi as it marked-
ly increased its reproductive performance and it reduced adult mortality, resulting in an
exceptionally high population growth rate (Sarmento et al., 2011a). Interestingly, also
defense-inducing T. urticae females produced significantly more eggs on leaflets pre-
viously or simultaneously infested with T. evansi than on uninfested leaves or leaves
infested with conspecifics (Sarmento et al., 2011b; Alba et al., 2015). This demon-
strates that suppression by T. evansi can promote the fitness of a competitor.
Conversely, the reproductive performance of T. evansi was lower on leaflets previously
attacked by T. urticae than on uninfested leaflets (Sarmento et al., 2011a,b).

The plant-mediated interactions between T. urticae and T. evansi encompass an
interesting paradox. When T. urticae is introduced to a leaf disc from a tomato plant
that has previously been infested with T. evansi, its reproductive performance increas-
es, while vice versa that of T. evansi decreases such that T. urticae has the highest
oviposition rate of the two (Sarmento et al., 2011b). Hence, one would expect T. urticae
to outcompete T. evansi when residing on the same plant. Yet, the reverse happens: in
laboratory experiments T. evansi outcompetes T. urticae on tomato plants (Sarmento
et al., 2011b), while also in the field, on natural vegetation, T. evansi was found to dis-
place T. urticae (Ferragut et al., 2013; Azandémè-Hounmalon et al., 2015).

Two mechanisms have been proposed to explain the contradiction between (small-
scale) performance experiments and competition experiments. Firstly, T. evansi pro-
duces large amounts of profuse silken web that hampers T. urticae feeding (Sarmento
et al., 2011b). Secondly, T. evansi males were found to interfere with T. urticae’s repro-
duction (Sato et al., 2014, 2016). These mechanisms reduce the population growth
rate of T. urticae, but are expected to require the mites from both species to be in
close proximity and to be more effective with increasing T. evansi densities.
Nonetheless, the interference-effect was already observed at low population densities
when mites from both species (mostly) resided on separate leaves (Sarmento et al.,
2011b). This suggests that while webbing and reproductive interference likely give
T. evansi the upper hand in dense, mixed populations, plant-mediated interactions may
do so (already) at the early stages of a co-infestation. If so, these unknown plant-medi-
ated processes have the complete opposite effect on the mite’s (reproductive) perform-
ance from what was found in single leaflet oviposition assays. What can be the cause
of this incongruity?

We reasoned that maybe the way the small-scale performance assays have been
carried out could have caused these discrepancies. Roughly two protocols have been
employed. The first constitutes the simultaneous introduction of mites from two lines
or species onto the same leaflet of an intact plant, yet this requires the mite strains or
species to be physically separated from each other to be able to assess their oviposi-
tion rate (Kant et al., 2008; Alba et al., 2015). The second protocol constitutes the suc-
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cessive introduction of the two strains or species. That is, a leaflet of an intact plant is
first infested with mites from one of the two lines or species. After some time these
mites, their eggs and web are removed, after which one or more leaf discs are prepared
from the leaflet. Finally, the reproductive performance of the second strain or species
is assessed on these leaf discs (Sarmento et al., 2011a,b). In nature, though, it is not
likely that different spider mite species will infest the same leaf simultaneously or suc-
cessively. In general, spider mites are semi-passive wind dispersers (Kennedy &
Smitley, 1985) that will only attempt to depart from a plant when food is scarce (e.g.,
when plants are overexploited) or of low nutritional quality (e.g., due to induced defens-
es) or when natural enemies are around (Li & Margolies, 1993; Pallini et al., 1999;
Clotuche et al., 2011). Therefore, a natural co-infestation will probably occur sequen-
tially with a delay between the first and second arrival. In principle, this would give the
first-arrived mite the chance to feed and hence to initiate defense induction/suppres-
sion, to produce offspring (including males), and to produce web before competitors
arrive. Aiming to understand how T. evansi manages to outcompete T. urticae, we intro-
duced such a delay between the introduction of mites from each species in our co-
infestation experiments. We investigated to which extent induction and suppression
are systemic events that spread beyond the mite’s feeding site and to which extent a
sequential infestation of adjacent leaflet tissues influences induced defense responses
as well as plant-mediated effects on the mite’s performance.

We report that introducing a 2-day delay between the first (primary) infestation and a
subsequent (secondary) infestation with T. urticae and T. evansi indeed altered the out-
come of the mite’s oviposition rates. For our experiments the secondary infestation was
performed either sequentially on detached leaflet parts after removal of the first-arrived
mites (like with the leaf disc assays) or simultaneously, using intact plants, on a clean
leaflet part adjacent to the primary infestation site without removal of the first-arrived mites
(like with the shared leaflet assay). For both methods we found that the reproductive per-
formance of secondary-infestation-mites from neither of the two species was affected by
the primary infestation with heterospecific mites, despite differences in induced defense
responses in the infested leaflet parts. Surprisingly, we observed that suppression of JA
and SA defenses by T. evansi on its primary infestation site became significantly stronger
upon the secondary infestation with T. urticae. We hypothesize that the induction of
defenses by T. urticae in co-infested leaflets elicits the overcompensation of suppression
by T. evansi, because we found that transcripts of the two known effector-encoding
T. evansi genes were most abundant after the secondary infestation with T. urticae mites.
Finally, the enhanced suppression of tomato defenses by T. evansi upon a secondary
infestation with T. urticae, which we termed hyper-suppression, was paralleled by an
increased reproductive performance of the T. evansi mites, suggesting that suppressors
can actually benefit from the (systemic) presence of defense-inducing competitors.
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Material and methods

Plants
Tomato (S. lycopersicum cv. Castlemart) and bean (Phaseolus vulgaris cv. Speedy)
were germinated and grown in a greenhouse (25/18°C day/night temperature,
16L/8D photoperiod, 50-60% relative humidity [RH]). Experiments involving plants
were carried out in a climate room (default settings: 25°C, 16L/8D photoperiod, 60%
RH, 300 μE m-2 s-1), to which plants were transferred 3 days prior to the start of each
experiment.

Spider mites
We used spider mites from the T. urticae strain Santpoort-2 and T. evansi strain
Viçosa-1. The T. urticae mites have been described before as inducers of tomato JA
and SA-regulated defenses, to which they are also susceptible (CHAPTER 2; Kant et
al., 2008; Villarroel et al., 2016), while T. evansi Viçosa-1 mites suppress these
defenses (CHAPTER 2; Sarmento et al., 2011a). Spider mites were reared on detached
bean (for T. urticae) or tomato (for T. evansi) leaflets in a climate room. For all plant
infestation experiments and mite performance assays, we used adult females of a
similar age.

Induction of plant defenses at 2-day-old feeding sites and in the 
adjacent leaflet tissues
General set up
To assess the extent to which a local infestation with either T. urticae (inducer) or
T. evansi (suppressor) mites (i) influences the induced defense responses locally and
systemically within a tomato leaflet, and (ii) how these defenses impact on mite perform-
ance, we divided tomato leaflets of intact plants into three sections and infested one of
these followed by phytohormone, gene expression, and mite performance assays on all
three sections (FIGURE S3.1). We used one leaflet per plant: the second leaflet (i.e., non-
terminal) of the second fully expanded leaf of 21-day-old plants. The adaxial surface of
this leaflet was divided into three sections using a thin mite-proof artificial barrier con-
sisting of a mixture (50/50; v/v) of insect glue (Cola Entomológica Bio-Controle, São
Paulo, Brazil) and lanolin (Sigma-Aldrich, St. Louis, MO, USA), thereby creating a basal
section (i.e., at the petiolule-side), a middle section and a tip section. This insect
glue/lanolin mixture is neutral to the plant.

Experimental procedure
Two days after insect glue/lanolin application, the middle section of the leaflet was
infested with either 25 T. urticae or 25 T. evansi mites. One group of plants (with insect
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glue/lanolin barrier) remained uninfested and served as controls. This experiment was
done in two blocks (experimental replicates) in time: in the first block 40 plants served
as controls, 40 plants were infested with T. evansi mites and 30 plants were infested
with T. urticae mites; in the second block each of the three treatments consisted of 40
plants. For the infestation, we used adult female spider mites of a similar age. To do
so, we created a so-called ‘egg-wave’ (CHAPTER 2), which was generated by allowing
random adult females from each strain to produce eggs on the adaxial surface of
detached bean leaflets, which had been put flat on wet cotton wool. After 48 h of egg
production, all mites were removed from the leaflets. The eggs were allowed to hatch
and mature in a climate room for another 14 days. The bean leaflets (with mites) were
then taken from the cotton wool and placed upside-down on leaves of 21-day-old
tomato plants to infest these and allow the mites to habituate. Two days later, the
5 ± 1-day-old adult female mites were used for the plant infestation assay. The habit-
uation step on tomato was included to minimize possible effects of the previous diet
(i.e., bean) on mite behavior, performance, and/or tomato responses. It is known that
ingested plant material is utilized for egg production for about 48 h (Storms, 1971). A
vacuum pump, mite-proof gauze, sterile 1 ml pipet tips and sterile Eppendorf tubes
were used to quickly sample the mites and infest the plants without touching and
hence mechanically damaging the leaflets. Not all egg-wave derived mites were used
for the infestations of the middle section of the leaflets. The remaining mites were kept
on the tomato plants of the habituation step in a climate room and used later on for
the performance assay (see below).

Assessment of induced plant defenses using phytohormone and gene
expression analyses
After 2 days of feeding by the 25 mites on the middle section, one part of the plants from
each treatment were sampled to assess their phytohormone and mRNA content, while
the other part was used for spider mite performance assays (see below) (FIGURE S3.1).
Infested leaflets and corresponding leaflets of uninfested control plants were excised
without the petiolule, after which the basal, middle and tip sections were carefully cut out
with a razor blade, thereby excluding the leaf material covered with the insect glue/lano-
lin mixture. The obtained leaflet parts were separated, flash-frozen in liquid nitrogen and
stored at -80°C until we extracted their phytohormones and isolated the RNA. Since these
leaflet parts were small, 10 leaflet parts (i.e., either base, middle, or tip) obtained from 10
plants were pooled to form one biological replicate to have a sufficient amount of leaf
material to enable phytohormone extraction and RNA isolation from the same sample. In
total, for each leaflet section there were five biological replicates for the control treatment
(i.e., from 50 plants); five biological replicates for the T. evansi treatment (i.e., from 50
plants); and four biological replicates for the T. urticae treatment (i.e., from 40 plants).
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Assessment of induced plant defenses using spider mite oviposition assays
To prepare leaf material for the spider mite performance assays, mites, eggs and web
were removed from the excised infested leaflets (using a vacuum pump). Care was
taken not to damage the leaflets. Subsequently, the three sections were cut out as
described earlier. In total, for each leaflet section there were 30 biological replicates
(i.e., from 30 plants) for each of the three treatments. Leaflet parts were individually
placed on wet cotton in a petri dish (adaxial surface up) and a single 7 ± 1-day-old
adult T. urticae or T. evansi female mite (habituated on tomato for 4 days) was trans-
ferred to each of them (using a fine paint brush). After 2 days, the number of eggs pro-
duced by the single mite on a leaf part, as well as mite survival, were visually record-
ed using a stereo microscope (Leica MZ6, Leica Microsystems, Wetzlar, Germany).

Induction of plant defenses at 4-day-old primary feeding sites and in the
adjacent leaflet tissues including a 2-day-old secondary feeding site
General set up
We repeated the ‘2 days infestation assay’ but now we did not cut out the different
leaflet sections after 2 days. Instead, the infested leaflets were intact when we sub-
jected the uninfested tip sections to the secondary infestation. Doing so, the dura-
tion of the secondary infestation was still 2 days (as in the previous assay) but the
duration of the primary infestation became 4 days instead of 2 days. For this reason
we refer to it as the ‘4 days infestation assay’ (FIGURE S3.2).

Experimental procedure
This experiment was done in two blocks (experimental replicates) in time: in the first
block each of the three primary infestation treatments (middle section uninfested, mid-
dle section infested with 25 T. evansi mites or middle section infested with 25 T. urticae
mites) consisted of 72 plants; in the second block 74 plants remained uninfested, 85
plants were infested with T. evansi mites and 74 with T. urticae. After 2 days of feeding
by the 25 mites on the middle section, three 7 ± 1-day-old adult T. urticae or T. evansi
female mites (habituated on tomato for 4 days, as described earlier) were introduced to the
tip section of each leaflet (using a fine paint brush). For each primary infestation treatment
one third of the plants remained uninfested at the tip as controls. The experiment thus con-
sisted of nine treatments: three primary infestation treatments (middle section of leaflet)
and three secondary infestation treatments (tip section). In total, the number of plants used
per treatment was as follows (denoted as: primary infestation treatment – secondary infes-
tation treatment – number of plants): uninfested – uninfested – 45; uninfested – T. evansi –
45; uninfested – T. urticae – 56; T. evansi – uninfested – 45; T. evansi – T. evansi – 56;
T. evansi – T. urticae – 56; T. urticae – uninfested – 56; T. urticae – T. evansi – 45; T. urticae
– T. urticae – 45. The basal leaflet section remained uninfested in all treatments.
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Assessment of induced plant defenses
Again 2 days later, the number of eggs and the number of surviving mites at the tip
section were visually recorded (non-destructively) using a stereo microscope (Leica
Microsystems). Subsequently, infested leaflets and corresponding uninfested control
leaflets were carefully excised and the different leaflet sections were cut out, harvest-
ed and stored at -80°C as described earlier. Ten leaflet parts (i.e., either base, middle,
or tip) obtained from 10 plants were pooled to form one biological replicate to enable
phytohormone extraction and RNA isolation from the same sample. In total, for each
leaflet section the number of biological replicates per treatment was as follows (denot-
ed as: primary infestation treatment – secondary infestation treatment – number of bio-
logical replicates): uninfested – uninfested – 4; uninfested – T. evansi – 4; uninfested –
T. urticae – 5; T. evansi – uninfested – 4; T. evansi – T. evansi – 5; T. evansi – T. urticae
– 5; T. urticae – uninfested – 5; T. urticae – T. evansi – 4; T. urticae – T. urticae – 4.

Transcript abundances of effector-encoding genes of Tetranychus evansi
on a 4-day-old primary feeding site in response to a secondary infesta-
tion of adjacent leaflet tissue
Since the harvested middle section of mite-infested leaflets contains both tomato tis-
sue and spider mites, the RNA isolated from these samples can be used for gene
expression analysis of both tomato and spider mite genes. Hence, we used the RNA
isolated from leaflet middle sections that had been infested with T. evansi (from the
‘4 days infestation assay’ described earlier) to assess the transcript abundances of
Te28 and Te84, which hitherto are the only characterized genes that encode defense-
suppressing effectors (Villarroel et al., 2016).

Reproductive performance of Tetranychus evansi on a 4-day-old primary
feeding site in response to a secondary infestation of adjacent leaflet
tissue
General set up
To assess if T. evansi mites from the primary infestation benefit from a secondary
infestation of the leaflet with T. urticae mites, we repeated the ‘4 days infestation
assay’ as described earlier, but now with only T. evansi as the primary infestation
treatment. After 4 days of infestation we determined the reproductive performance of
the T. evansi mites residing on the middle section of the leaflet.

Experimental procedure
For this experiment 67 plants were infested with T. evansi mites (primary infestation
treatment). After 2 days of feeding by the 25 mites on the middle section, three 7 ±
1-day-old adult T. urticae or T. evansi female mites (habituated on tomato for 4 days,
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as described earlier) were introduced to the tip section of each leaflet (using a fine
paint brush). One third of the plants (22 plants) remained uninfested at the tip as con-
trols, 22 plants were infested at the tip with T. evansi and 23 plants were infested at
the tip with T. urticae. The experiment thus consisted of three treatments: one pri-
mary infestation treatment (middle section of leaflet) and three secondary infestation
treatments (tip section of leaflet).

Spider mite reproductive performance
Again 2 days later, infested leaflets were excised and the number of live T. evansi
mites at the middle section was visually recorded using a stereo microscope (Leica
Microsystems). To expose all eggs, the mites were removed from the middle section.
Each mite-cleared leaflet was gently covered with a thin glass plate to flatten it out,
after which it was photographed with a Nikon D2Xs DSLR camera (Nikon, Tokyo,
Japan) equipped with an EL-NIKKOR 50 mm f/2.8 lens (Nikon) to enable the in silico
quantification of mite eggs using ImageJ (https://imagej.nih.gov/ij/).

Isolation of phytohormones and analysis by means of LC-MS/MS
About 150-300 mg of frozen leaf material was homogenized (Precellys 24, Bertin
Technologies, Aix-en-Provence, France) in 1 ml of ethyl acetate. The ethyl acetate had
been spiked with D6-SA and D5-JA (C/D/N Isotopes, Canada) as internal standards
with a final concentration of 100 ng per ml. Tubes were centrifuged at 13,000 rpm
(15,493 x g; Sigma 3-30KS; SIGMA Laborzentrifugen, Osterode am Harz, Germany)
for 10 min at 4°C and the supernatant (the ethyl acetate phase) was transferred to new
tubes. The pellet was re-extracted with 0.5 ml of ethyl acetate (without internal stan-
dards) and centrifuged again at 13,000 rpm for 10 min at 4°C. Both supernatants were
combined and evaporated to dryness on a vacuum concentrator (CentriVap
Centrifugal Concentrator, Labconco, Kansas City, MO, USA) at 30°C. The residue was
re-suspended in 0.1 ml (for the ‘4 days infestation’ samples) or 0.5 ml (for the ‘2 days
infestation’ samples) of 70% methanol (v/v), centrifuged at 14,800 rpm (20,081 x g) for
15 min at 4°C, and the supernatants were transferred to glass vials and then analyzed
by means of LC-MS/MS. A serial dilution of pure standards of OPDA, JA, JA-Ile and
SA was run separately. Measurements were conducted on a liquid chromatography
tandem mass spectrometry system (Varian 320-MS LC/MS, Agilent Technologies). We
injected 20 μl of each sample onto a Kinetix 5u C18 100A column (C18 phase, 5 μm
particle size, 100Å pore size, 50 × 2.1 mm, Phenomenex, Torrance, CA, USA)
equipped with a Phenex-RC guard cartridge (Phenomenex). The mobile phase com-
prised of solvent A (0.05% formic acid in LCMS-grade water; Sigma-Aldrich) and sol-
vent B (0.05% formic acid in LCMS-grade methanol; Sigma-Aldrich). The program,
with a constant flow rate of 0.2 ml per minute, was set as follows: (i) 95% solvent
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A/5% solvent B for 1 min 30 s, (ii) followed by 6 min in which solvent B gradually
increased till 98%, (iii) continuing with 98% solvent B for 5 min, and then (iv) a rapid
(in 1 min) but gradual decrease returning to 95% solvent A/5% solvent B until the end
of the run. A negative electrospray ionization mode was used for detection. LC-MS/
MS parameters, i.e., the parent ions, daughter ions, and collision energies were iden-
tical to those of Alba et al. (2015). For all oxylipins we used D5-JA to estimate the
recovery rate and their in planta concentrations were subsequently quantified using
the respective external standard series. For SA we used D6-SA to estimate the recov-
ery rate and it was quantified using the external standard series. Phytohormone
amounts were expressed as ng per g fresh mass leaf material (ng/g FW).

Gene-expression analysis by quantitative reverse-transcriptase PCR
(qRT-PCR)
Total RNA was isolated from tomato tissue (with or without mites) using the hot phe-
nol method (Verwoerd et al., 1989). The NanoDrop spectrophotometer (ND-1000,
Thermo Fisher Scientific, Waltham, MA, USA) was used to assess RNA purity and
quantity. DNase (Ambion, Austin, TX, USA)-treated RNA was used as template for
reverse transcription and first strand cDNA synthesis using RevertAid H Minus
Reverse Transcriptase (Thermo Fisher Scientific). For gene expression analysis, 1 μl
of diluted cDNA (i.e., the equivalent of 7.5 ng total RNA for tomato genes and 100 ng
total RNA for T. evansi genes) served as template in a 20 μl qRT-PCR using the 5x
HOT FIREPol EvaGreen qPCR Mix Plus (ROX) kit (Solis Biodyne, Tartu, Estonia) and
the ABI 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA),
according to the instructions of the manufacturers. Using RNA from the same sam-
ples, we analyzed the transcript abundance of the tomato defense-associated mark-
er genes OPR3, PPO-D, JIP-21, PI-IIc, PR-1a and PR-P6, as well as the T. evansi
effector-encoding genes Te28 and Te84 (TABLE S3.1). With the exception of OPR3,
the expression patterns of the tomato genes over time in plants infested with mites
from the T. urticae or T. evansi lines used here have been described in detail before
(CHAPTER 2). Tomato actin and spider mite RP49 were used as reference genes for the
respective template to normalize expression data across samples. Gene identifiers,
primer sequences and references are listed in TABLE S3.1. Primer efficiency of each
primer pair was calculated using standard dilution series. qRT-PCR-generated ampli-
cons were sequenced to verify primer specificity. The normalized expression (NE)
data were calculated by the ΔCt method: NE = (PEtarget

Ct_target)/(PEreference
Ct_refer-

ence); in which PE is the primer efficiency and Ct the number of cycles to reach the
cycle threshold value. To plot the relative expression, NE values were scaled to the
treatment with the lowest average NE.
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Statistical analysis
All the statistical analyses were performed with the software R, version 3.1.3 (R Core
Team, 2013) using either a generalized linear model (GLM) or a linear mixed-effects
model (LMER) in the lme4 package (Bates et al., 2014). The LMER included ‘experi-
mental replicate’ (from two blocks in time) as a (random) factor in the model.
Phytohormone concentrations (per hormone), gene NE values (per gene), mite ovipo-
sition rates (per mite species), and survival (per mite species), respectively, were indi-
vidually included in the model as response variable (y), the treatments were included
as explanatory variable (x). For the phytohormone accumulation data, Dixon’s Q-test
was first used to identify and exclude outliers. When gene transcripts were detected
in only one technical replicate of one biological replicate and not in all other replicates
of the same treatment, then the NE of that one technical replicate was also scored as
‘0’ (not detected). Phytohormone and gene expression data were inspected for homo-
geneity of variances and normality of residuals, log- or sqrt-transformed when neces-
sary, and analyzed independently per leaflet section (i.e., base, middle, tip). Differences
in the oviposition rate of spider mites were analyzed under a normal error distribution,
differences in their survival were analyzed under a binomial error distribution (correct-
ed for overdispersion). When significant differences were found, pairwise comparisons
were done using Tukey contrasts in the multicomp package (Hothorn et al., 2008) and
Holm adjustments were applied to account for multiple comparisons.

Results

Induction of defenses at 2-day-old feeding sites and in the adjacent
leaflet tissues
Phytohormone accumulation
To assess the extent to which a local infestation with either defense-inducing or
defense-suppressing mites influences the defense responses locally and systemically
within a tomato leaflet, we divided leaflets of intact plants into three sections (perpen-
dicular to the midrib) and infested the middle section with 25 T. urticae or 25 T. evansi
mites for 2 days and determined phytohormone concentrations in the middle section
and in the adjacent basal and tip sections (FIGURE S3.1). Both T. evansi and T. urticae
induced a significant accumulation of 12-oxo-phytodienoic acid (OPDA), JA, JA-Ile
and SA at their feeding site, yet the absolute amounts induced by T. urticae were sig-
nificantly higher than those induced by T. evansi, except for JA-Ile (FIGURE 3.1). The
concentrations of OPDA, JA, JA-Ile and SA in the uninfested basal and tip parts of
leaflets infested with T. evansi were not significantly different from the amounts found
in uninfested controls (FIGURE 3.1). Similar results were found for T. urticae with the
exception of the SA concentration that was elevated in the basal part (FIGURE 3.1d).
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FIGURE 3.1 Amounts of defense-associated phytohormones in basal, middle and tip sections of tomato (Solanum
lycopersicum) leaflets whose middle sections were infested with Tetranychus evansi or T. urticae for 2 days. The
figure shows the average (+ SEM) amounts of (a) 12-oxo-phytodienoic acid (OPDA), (b) jasmonic acid (JA), (c) jas-
monic acid-isoleucine (JA-Ile) and (d) salicylic acid (SA) in each of the leaflet sections. Leaflets of intact plants were
divided into three sections (base, middle, tip) using an artificial barrier, after which the middle section was infest-
ed with either 25 T. evansi (depicted in red letters) or 25 T. urticae (depicted in blue letters) adult female mites.
Uninfested leaflets were used as controls. After 2 days of infestation by the mites on the middle section, leaflets
were excised and leaflet sections were cut out for phytohormone extraction (FIGURE S3.1). The leaflet section that
was sampled for the phytohormone analysis is indicated with a green color in the diagram below the bar graphs.
Bars are colored according to the treatment of the middle section. Phytohormone data was statistically evaluat-
ed per leaflet section. Different letters above the bars indicate significant differences at a level of P ≤ 0.05, after
applying a linear mixed-effects model followed by Tukey multiple comparisons with Holm adjustment.
Phytohormone amounts are presented as nanogram per gram fresh leaf weight (ng/g FW). n.s. = not significant.
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Defense-gene expression
The same leaf samples as used for the phytohormone analysis were also used to
determine the transcript abundances of various tomato defense-associated genes
(TABLE S3.1): the wounding/JA-responsive OPR3, PPO-D, JIP-21 and PI-IIc (FIGURE

3.2) as well as the SA-responsive PR-1a and PR-P6 (FIGURE 3.3). T. urticae up-regu-
lated expression of all six these genes at its feeding site to significantly higher levels
than in control tissue and in the T. evansi feeding site. Except for PPO-D and PI-IIc,
T. evansi also slightly, but significantly, up-regulated expression of these genes
(FIGURES 3.2 and 3.3). We did not observe up-regulation of any of the tested genes in
the leaflet parts adjacent to T. evansi’s feeding site. In contrast, transcript levels of
OPR3, PPO-D, JIP-21 and PR-1a were higher in at least one of the leaflet parts bor-
dering the feeding site of T. urticae than in their respective uninfested control leaflet
parts, with very high systemic increases detected for JIP-21 (Figure 3.2c).

Spider mite oviposition
To assess how the induced or suppressed plant defenses impact on mite performance,
mites were removed from the middle section after 2 days of infestation, the three leaflet
sections were cut out, subsequently each of the parts was infested with either T. urticae
or T. evansi to determine their reproductive performance at and near feedings sites of
con- and heterospecifics (FIGURE S3.1). The oviposition rate of T. evansi was higher on 2-
day-old T. evansi feeding sites than on the uninfested controls, but was not significantly
different from that on 2-day-old T. urticae feeding sites (FIGURE 3.4a). No significant differ-
ences were found between the oviposition rate of T. urticae on control tissue, on 2-day-
old T. evansi feeding sites and on 2-day-old T. urticae feeding sites (FIGURE 3.4b). Adjacent
to the feeding sites, the oviposition rates of T. urticae and T. evansi displayed similar
trends although differences were not always significant. Overall, performance of mites
from both species was (somewhat) lower on leaf parts adjacent to T. evansi feeding sites
compared to the other treatments, especially the uninfested controls (FIGURE 3.4).

Induction of defenses at 4-day-old feeding sites and in the adjacent
leaflet tissues (in absence of a secondary infestation)
Phytohormone accumulation
To assess the extent to which a longer local infestation with either defense-inducing or
defense-suppressing mites influences the defense responses locally and systemically
within a tomato leaflet, we infested the middle section of leaflets with 25 T. urticae or 25
T. evansi mites for 4 days and determined phytohormone concentrations in the basal,
middle and tip sections (FIGURE S3.2). The results were similar to the results found after
2 days of infestation: at their feeding sites mites from both species induced a significant
accumulation of OPDA (FIGURE 3.5a), JA (FIGURE 3.5b), JA-Ile (FIGURE 3.6a) and SA (FIGURE
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FIGURE 3.2 Relative transcript abundance of wounding/jasmonic acid (JA) marker genes in basal, middle and tip
sections of tomato (Solanum lycopersicum) leaflets whose middle sections were infested with Tetranychus evansi
or T. urticae for 2 days. The figure shows the average (+ SEM) normalized transcript abundances of (a) the JA
biosynthesis gene OPDA reductase 3 (OPR3) and the wounding/JA-defense marker genes; (b) Polyphenol oxi-
dase-D (PPO-D), (c) Jasmonate-inducible protein 21 (JIP-21), (d) Proteinase inhibitor IIc (PI-IIc) in each of the leaflet
sections. Transcript abundances were normalized to actin and then scaled to the overall lowest average value per
gene panel. Leaflets were treated and sampled as indicated in the legend of FIGURE 3.1. The leaflet section that
was sampled for qRT-PCR analysis is indicated with a green color in the diagram below the bar graphs. Bars are
colored according to the treatment of the middle section. Gene expression data was statistically evaluated per
leaflet section. Different letters above the bars indicate significant differences at a level of P ≤ 0.05, after applying
a linear mixed-effects model followed by Tukey multiple comparisons with Holm adjustment. n.d. = not detected;
n.s. = not significant.
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3.6b), but not in the adjacent leaflet parts (in the figures compare the leftmost bar of each
group of three bars with the same color). Compared to the phytohormone concentra-
tions of the 2-day samples, the initial differences in OPDA, JA and SA amounts between
the T. evansi and T. urticae feeding sites were not found in the 4-day samples.

Defense-gene expression
The same leaf samples as used for the phytohormone analysis were also used to deter-
mine the transcript abundances of defense-associated genes (FIGURES 3.7-3.9). The
expression patterns of PI-IIc (FIGURE 3.8b), PR-1a (FIGURE 3.9a) and PR-P6 (FIGURE 3.9b)
across treatments at day 4 were overall quite similar to those at day 2. These three genes
were up-regulated much stronger by T. urticae than by T. evansi in their respective feed-
ing sites (middle sections) but not in the adjacent tissues. The expression of JIP-21 (FIGURE

3.8a) in basal and tip parts at day 4 was similar to that at day 2, i.e., highly up-regulated
by T. urticae, yet expression at the feeding site of T. urticae was now reduced such that it
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FIGURE 3.3 Relative transcript abundance of salicylic acid (SA) defense marker genes in basal, middle and tip sec-
tions of tomato (Solanum lycopersicum) leaflets whose middle sections were infested with Tetranychus evansi or
T. urticae for 2 days. The figure shows the average (+ SEM) normalized transcript abundances of (a)
Pathogenesis-related protein 1a (PR-1a) and (b) Pathogenesis-related protein P6 (PR-P6) in each of the leaflet
sections. Transcript abundances were normalized to actin and then scaled to the overall lowest average value per
gene panel. Leaflets were treated and sampled as indicated in the legend of FIGURE 3.1. The leaflet section that
was sampled for qRT-PCR analysis is indicated with a green color in the diagram below the bar graphs. Bars are
colored according to the treatment of the middle section. Gene expression data was statistically evaluated per
leaflet section. Different letters above the bars indicate significant differences at a level of P ≤ 0.05, after applying
a linear mixed-effects model followed by Tukey multiple comparisons with Holm adjustment. n.s. = not significant.
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was equal to that in the T. evansi feeding site. The latter was also observed for PPO-D
(FIGURE 3.7b). For OPR3 the expression pattern at day 4 was markedly different from that
on day 2: while on day 2 transcript levels in the T. urticae samples were higher than in the
T. evansi and control samples in all leaflet parts, at day 4 they were lower (FIGURE 3.7a).

Induction of defenses at 2-day-old secondary feeding sites and in an
adjacent 4-day-old primary feeding sites
Phytohormone accumulation
To assess how within-leaflet defense responses that are induced or suppressed by mites
are altered by a small number of heterospecific mites that infest the same leaflet with a
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FIGURE 3.4 Reproductive performance of adult female Tetranychus evansi and T. urticae spider mites on detached
basal, middle and tip sections of tomato (Solanum lycopersicum) leaflets whose middle sections were previously
infested with conspecific- or heterospecific mites. The figure shows the average (+ SEM) number of eggs pro-
duced per (a) T. evansi and (b) T. urticae female per day (oviposition rate) on each of the leaflet sections. Leaflets
were treated as indicated in the legend of FIGURE 3.1. After 2 days of infestation by the mites on the middle sec-
tion, leaflets were excised and mites, eggs and web were carefully removed. Leaflet sections were then cut out
and individually placed on wet cotton in a petri dish. A single adult T. evansi or T. urticae female was transferred
to each leaflet section. Two days later, the number of eggs produced by each mite was recorded (FIGURE S3.1).
The leaflet section that was used for the performance assay is indicated with a green color in the diagram below
the bar graphs. Bars are colored according to the pre-treatment of the middle section. The numbers inside the
bars represent the number of replicates. Oviposition data was statistically evaluated per leaflet section. Different
letters above the bars indicate significant differences at a level of P ≤ 0.05, after applying a linear mixed-effects
model followed by Tukey multiple comparisons with Holm adjustment. n.s. = not significant.
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FIGURE 3.5 Amounts of 12-oxo-phytodienoic acid (OPDA) and jasmonic acid (JA) in basal, middle and tip sections of
tomato (Solanum lycopersicum) leaflets whose middle sections were first infested with Tetranychus evansi or
T. urticae, followed by a secondary infestation of the tip section with conspecific- or heterospecific mites. The figure
shows the average (+ SEM) amounts of (a) OPDA and (b) JA in each of the leaflet sections. Leaflets of intact plants
were divided into three sections (base, middle, tip) using an artificial barrier, after which the middle section was infest-
ed with either 25 T. evansi (depicted in red letters) or 25 T. urticae (depicted in blue letters) mites. Leaflets with unin-
fested middle sections were used as controls. After 2 days of infestation by the mites on the middle section, the tip
sections were subjected to a secondary infestation with either three T. evansi or three T. urticae mites. Leaflets with
uninfested tip sections were used as controls. After a total of 4 days of infestation by the 25 mites in the middle, from
which 2 days with the three mites at the tip, leaflets were excised and leaflet sections were cut out for phytohormone
extraction and RNA isolation (FIGURE S3.2). The leaflet section that was sampled for the phytohormone analysis is indi-
cated with a green color in the diagram below the bar graphs. Bars are colored according to the treatment of the
middle section (primary infestation). Phytohormone data was statistically evaluated per leaflet section. Different letters
above the bars indicate significant differences at a level of P ≤ 0.05, after applying a linear mixed-effects model fol-
lowed by Tukey multiple comparisons with Holm adjustment. Phytohormone amounts are presented as nanogram
per gram fresh leaf weight (ng/g FW). n.s. = not significant.
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2-day delay, we first infested the middle part of tomato leaflets with 25 T. urticae or 25
T. evansi mites for 2 days, after which we introduced three mites to the tip section and
continued the infestation for another 2 days (FIGURE S3.2). Subsequently, i.e., 4 days after
the start of the experiment, we determined phytohormone concentrations in the basal,
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FIGURE 3.6 Amounts of jasmonic acid-isoleucine (JA-Ile) and salicylic acid (SA) in basal, middle and tip sections of
tomato (Solanum lycopersicum) leaflets whose middle sections were first infested with Tetranychus evansi or T. urticae,
followed by a secondary infestation of the tip section with conspecific- or heterospecific mites. The figure shows the
average (+ SEM) amounts of (a) JA-Ile and (b) SA in each of the leaflet sections. Leaflets were treated and sampled
as indicated in the legend of FIGURE 3.5. The leaflet section that was sampled for the phytohormone analysis is indi-
cated with a green color in the diagram below the bar graphs. Bars are colored according to the treatment of the mid-
dle section (primary infestation). Phytohormone data was statistically evaluated per leaflet section. Different letters
above the bars indicate significant differences at a level of P ≤ 0.05, after applying a linear mixed-effects model fol-
lowed by Tukey multiple comparisons with Holm adjustment. Phytohormone amounts are presented as nanogram per
gram fresh leaf weight (ng/g FW). n.s. = not significant.
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FIGURE 3.7 Relative transcript abundance of the wounding/jasmonic acid (JA) marker genes OPDA reductase 3
(OPR3) and Polyphenol oxidase-D (PPO-D) in basal, middle and tip sections of tomato (Solanum lycopersicum)
leaflets whose middle sections were first infested with Tetranychus evansi or T. urticae, followed by a secondary
infestation of the tip section with conspecific- or heterospecific mites. The figure shows the average (+ SEM) nor-
malized transcript abundances of (a) the JA biosynthesis gene OPR3 and (b) the wound-responsive gene PPO-D
in each of the leaflet sections. Transcript abundances were normalized to actin and then scaled to the overall low-
est average value per gene panel. Leaflets were treated and sampled as indicated in the legend of FIGURE 3.5. The
leaflet section that was sampled for qRT-PCR analysis is indicated with a green color in the diagram below the bar
graphs. Bars are colored according to the treatment of the middle section (primary infestation). Gene expression
data was statistically evaluated per leaflet section. Different letters above the bars indicate significant differences
at a level of P ≤ 0.05, after applying a linear mixed-effects model followed by Tukey multiple comparisons with
Holm adjustment. n.d. = not detected.
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FIGURE 3.8 Relative transcript abundance of the jasmonic acid (JA) defense marker genes Jasmonate-inducible
protein 21 (JIP-21) and Proteinase inhibitor IIc (PI-IIc) in basal, middle and tip sections of tomato (Solanum lyco -
persicum) leaflets whose middle sections were first infested with Tetranychus evansi or T. urticae, followed by a
secondary infestation of the tip section with conspecific- or heterospecific mites. The figure shows the average
(+ SEM) normalized transcript abundances of (a) JIP-21 and (b) PI-IIc in each of the leaflet sections. Transcript abun-
dances were normalized to actin and then scaled to the overall lowest average value per gene panel. Leaflets were
treated and sampled as indicated in the legend of FIGURE 3.5. The leaflet section that was sampled for qRT-PCR
analysis is indicated with a green color in the diagram below the bar graphs. Bars are colored according to the treat-
ment of the middle section (primary infestation). Gene expression data was statistically evaluated per leaflet section.
Different letters above the bars indicate significant differences at a level of P ≤ 0.05, after applying a linear mixed-
effects model followed by Tukey multiple comparisons with Holm adjustment. n.d. = not detected; n.s. = not signif-
icant.
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FIGURE 3.9 Relative transcript abundance of the salicylic acid (SA) defense marker genes Pathogenesis-related
protein 1a (PR-1a) and Pathogenesis-related protein P6 (PR-P6) in basal, middle and tip sections of tomato
(Solanum lycopersicum) leaflets whose middle sections were first infested with Tetranychus evansi or T. urticae,
followed by a secondary infestation of the tip section with conspecific- or heterospecific mites. The figure shows
the average (+ SEM) normalized transcript abundances of (a) PR-1a and (b) PR-P6 in each of the leaflet sections.
Transcript abundances were normalized to actin and then scaled to the overall lowest average value per gene
panel. Leaflets were treated and sampled as indicated in the legend of FIGURE 3.5. The leaflet section that was
sampled for qRT-PCR analysis is indicated with a green color in the diagram below the bar graphs. Bars are col-
ored according to the treatment of the middle section (primary infestation). Gene expression data was statistical-
ly evaluated per leaflet section. Different letters above the bars indicate significant differences at a level of P ≤ 0.05,
after applying a linear mixed-effects model followed by Tukey multiple comparisons with Holm adjustment. n.s. =
not significant.
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middle and tip sections (FIGURES 3.5 and 3.6). We focus here on the results we consider
most important. Firstly, compared to uninfested controls, infestation of the leaflet tip with
T. urticae resulted in a significantly higher accumulation of SA in the tip part (FIGURE 3.6b).
This was not observed when the tip was infested with T. evansi. For JA the response
was comparable, albeit the local induction by T. urticae at the tip was not found when
the middle section of the leaflet was already infested with T. evansi mites (FIGURE 3.5b).
Secondly, compared to the control treatment in which the tip section remained unin-
fested, JA-Ile concentrations in the primary T. urticae feeding site (middle section) were
reduced after a secondary infestation of the tip with T. evansi (FIGURE 3.6a), indicating that
suppression is not restricted to the feeding site. Thirdly, at the primary T. evansi feeding
site (middle section) we observed a consistent pattern: for all phytohormones tested the
lowest concentrations were detected when the tip was infested with T. urticae, albeit the
difference with the other treatments was not always statistically significant.

Defense-gene expression at the 2-day-old secondary feeding sites (tip part of
leaflet)
The same leaf samples as used for the phytohormone analysis were also used to
determine the transcript abundances of defense-associated genes (FIGURES 3.7-3.9).
Again, we focus here on the results we consider most important. Firstly, the second-
ary infestation of the leaflet tip section with T. urticae resulted in a significant SA-
response in terms of expression of PR-1a and PR-P6 and their transcript levels par-
alleled the concentrations of SA quite well (FIGURE 3.9). Secondly, PPO-D transcripts
were merely detected in the tip part after it had been infested, however, compared to
the control treatment only T. urticae significantly up-regulated PPO-D expression
(FIGURE 3.7b). In addition, PPO-D transcripts in the T. urticae-infested tip part were
most abundant in leaflets that had not been infested in the middle. Similarly, JIP-21
expression in the tip part was only significantly induced by T. urticae when the mid-
dle section was not infested (FIGURE 3.8a), which paralleled the JA concentrations.

Defense-gene expression at the 4-day-old primary feeding sites (middle part
of leaflet)
Finally, we assessed the effects of the secondary infestation of the leaflet tip on the tran-
script abundances of defense-associated genes in the basal and middle sections
(FIGURES 3.7-3.9). Again, we focus here on the results we consider most important.
Firstly, while we had observed that a secondary infestation with T. evansi at the tip low-
ered JA-Ile levels at the primary T. urticae feeding site, we did not observe this effect
downstream of hormone accumulation at the gene expression level. None of the wound-
ing/JA-responsive genes was (further) down-regulated in the T. urticae-infested middle
part after the secondary infestation with T. evansi (FIGURES 3.7 and 3.8). In contrast, the
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secondary infestation with T. evansi at the tip did lower transcript levels of PR-P6 at the
primary T. evansi feeding site (FIGURE 3.9b). Secondly, the observation that phytohor-
mone concentrations in the primary T. evansi feeding site were lowest after a secondary
infestation with T. urticae was complemented by the gene expression data. Compared
to T. evansi-infested and uninfested leaflet tips, significantly less transcripts of OPR3
(FIGURE 3.7a), PPO-D (FIGURE 3.7b) and PR-P6 (FIGURE 3.9b) were detected in the T. evansi-
infested middle parts when the tip sections were subjected to a secondary infestation
with T. urticae. For JIP-21 and PR-1a the same trend could be seen, albeit for these
genes the differences were not statistically significant. Transcripts for PI-IIc were not
detected at the primary T. evansi feeding site regardless of the tip treatment.

Spider mite reproductive performance at the secondary feeding sites
To assess how the primary-infestation-mites (in the middle) indirectly affect the per-
formance of the secondary-infestation-mites (at the tip), we recorded the number of
eggs produced by the three mites at the tip section (during the 2-day co-infestation
period) before we harvested the infested leaflets for the molecular analyses (phyto-
hormone and gene expression analyses). The oviposition rate of the T. evansi (FIGURE

3.10a) and T. urticae (FIGURE 3.10b) females at the leaflet tip was similar and was not
significantly influenced by the primary infestation treatment. In addition, the survival
of mites at the leaflet tip was not significantly affected by the primary infestation
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FIGURE 3.10 Reproductive performance of adult female Tetranychus evansi and T. urticae spider mites on tip sec-
tions of tomato (Solanum lycopersicum) leaflets whose middle sections were already infested with conspecific- or
heterospecific mites. The figure shows the average (+ SEM) number of eggs produced per (a) T. evansi and 
(b) T. urticae female per day (oviposition rate). Leaflets were treated as indicated in the legend of FIGURE 3.5. After
2 days of infestation by the three mites on the tip section (and a total of 4 days of infestation by the 25 mites on
the middle section) the number of eggs produced by the mites at the leaflet tip (as indicated with the green color
in the diagram below the bar graphs) was recorded (FIGURE S3.2). Bars are colored according to the treatment of
the middle section (primary infestation). The numbers inside the bars represent the number of replicates.
Oviposition data was statistically evaluated per mite species, by applying a linear mixed-effects model, but no sig-
nificant differences were found between the treatments. n.s. = not significant.
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treatment either (for T. evansi: LMER; χ²[2,4] = 1.25; P = 0.54; for T. urticae: LMER;
χ²[2,4] = 0.56; P = 0.76; data not shown in a figure).

To summarize: we found that induction of JA and SA defenses by T. urticae, as well
as suppression of these defenses by T. evansi, is mostly restricted to their feeding
sites, i.e., local. A primary infestation of the middle section of a leaflet with either 25
T. urticae or 25 T. evansi had a limited effect on the JA and SA-regulated defense
responses in the adjacent tip section upon a secondary infestation of this section
with three hetero- or conspecifics. In line with this, the primary-infestation-mites did
not significantly alter the reproductive performance of the secondary-infestation-
mites at the tip section. However, the other way around, we found that JA and SA
defenses in T. evansi’s primary feeding site were suppressed stronger upon the sec-
ondary infestation with T. urticae (in FIGURES 3.5-3.9; middle section of the leaflet, the
rightmost bar of the group of red bars is lower than the other two red bars).

Transcript abundances of effector-encoding genes of Tetranychus evansi
on 4-day-old primary feeding sites in response to a secondary infesta-
tion of adjacent leaflet tissue
As we found that levels of defense-associated phytohormones as well as gene tran-
scripts in the primary T. evansi feeding site were lowest after a secondary infestation with
T. urticae, we determined the transcript abundances of two effector-encoding T. evansi
genes to assess if their expression levels correlated with the enhanced defense sup-
pression. So far, only two proteins that are secreted by T. evansi have been demonstrat-
ed to suppress SA (and possibly also JA) defenses (Villarroel et al., 2016). The expres-
sion of the genes that encode these effectors, i.e., Te28 and Te84, was significantly up-
regulated in T. evansi mites residing on 4-day-old primary feeding sites when the tip sec-
tion was subjected to a secondary infestation with T. urticae as compared to when the
tip remained uninfested, while a secondary infestation with conspecifics resulted in
intermediate expression levels (FIGURE 3.11). Hence, hyper-suppression of defenses by
T. evansi coincided with the increased transcript abundance of salivary effector genes.

Reproductive performance of Tetranychus evansi on 4-day-old primary
feeding sites in response to a secondary infestation of adjacent leaflet
tissue
To find out if the enhanced suppression of tomato defenses that we found in the pri-
mary T. evansi feeding site upon a secondary infestation with T. urticae had any bio-
logical significance, we assessed the reproductive performance of the T. evansi mites
that resided on the middle section of the leaflet. The oviposition rate of T. evansi on
4-day-old primary feeding sites was significantly higher when the tip section was
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subjected to a secondary infestation with three conspecific mites, but was even high-
er when the tip was infested with T. urticae (FIGURE 3.12). The survival of T. evansi
mites on the primary feeding sites was not significantly affected by the secondary
infestation treatment (GLM; F[2,61] = 1.22; P = 0.30; data not shown in a figure). Thus,
hyper-suppression of defenses coincides with a higher oviposition rate.

Discusssion

Here we have investigated the within-leaflet spatiotemporal dynamics of induction and
suppression of tomato defense responses by two naturally competing species of spider
mites, as well as the plant-mediated interactions between these species. We have shown
that after 2 and 4 days of infestation, induction of JA and SA defenses by T. urticae is pre-
dominantly local, i.e., restricted to their feeding site, even at relatively high mite densities.
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FIGURE 3.11 Relative transcript abundance of effector-encoding Tetranychus evansi genes in the T. evansi-infest-
ed middle section of tomato (Solanum lycopersicum) leaflets upon a secondary infestation of the leaflet tip sec-
tion with conspecifics or with T. urticae mites. The figure shows the average (+ SEM) normalized transcript abun-
dances of (a) Tetranychus evansi secreted protein 28 (Te28) and (b) Tetranychus evansi secreted protein 84 (Te84).
Transcript abundances were normalized to Ribosomal protein 49 and then scaled to the lowest average value per
gene panel. Leaflets were treated and sampled as indicated in the legend of FIGURE 3.5. The leaflet section (i.e.,
with T. evansi mites) that was sampled for qRT-PCR analysis is indicated with a green color in the diagram below
the bar graphs. Different letters above the bars indicate significant differences at a level of P ≤ 0.05, after apply-
ing a linear mixed-effects model followed by Tukey multiple comparisons with Holm adjustment.
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Also suppression of JA and SA defenses by T. evansi was found to be local. Notably,
these mites had a higher reproductive performance on leaflet sections that had previous-
ly been infested with conspecifics than they had on uninfested controls, while their repro-
ductive performance was not higher on the leaflet sections bordering these same primary
feeding sites. Consistently, a primary high-density infestation of the middle section of a
leaflet with either T. urticae or T. evansi had little effect on the JA and SA-regulated
defense responses induced in the adjacent tip section upon a subsequent (secondary)
infestation with a few hetero- or conspecific mites. In addition, we have shown that such
a sequential co-infestation with a multitude of either inducer or suppressor mites for 2
days did not significantly decrease nor improve, respectively, the reproductive perform-
ance of the secondary-infestation-mites at the tip section. The other way around, though,
and within the same period of time, the secondary infestation clearly had an effect on the
defense responses in the primary feeding site of T. evansi and on the reproductive per-
formance of these mites. We found that JA and SA defenses in T. evansi’s primary feed-
ing site were suppressed stronger upon the secondary infestation of the adjacent leaflet
tip with T. urticae. The enhanced suppression by T. evansi, termed hyper-suppression,
coincided with the increased expression of two effector-encoding T. evansi genes.
Moreover, the hyper-suppression was paralleled by an increased reproductive perform-
ance of the T. evansi mites. Hence, although the reason for this hyper-suppression is
unknown, our results suggest that defense-suppressing mites can benefit from the sys-
temic presence of defense-inducing competitors via an overcompensation response.
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FIGURE 3.12 Reproductive performance of adult female Tetranychus evansi spider mites on the middle section of
tomato (Solanum lycopersicum) leaflets upon a secondary infestation of the leaflet tip section with conspecifics or
with T. urticae mites. The figure shows the average (+ SEM) number of eggs produced per T. evansi female per
day (oviposition rate). Leaflets were treated as indicated in the legend of FIGURE 3.5. After a total of 4 days of infes-
tation by the 25 T. evansi on the middle section (from which 2 days of co-infestation with the three mites on the
tip section) the number of eggs produced by the mites at the leaflet middle section (as indicated with the green
color in the diagram below the bar graphs) was recorded. The numbers inside the bars represent the number of
replicates. Different letters above the bars indicate significant differences at a level of P ≤ 0.05, after applying a
generalized linear model followed by Tukey multiple comparisons with Holm adjustment.
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Induction of defenses by Tetranychus urticae and T. evansi is local
One of our main findings is that T. urticae mites, and at higher densities also T. evansi
mites, induce predominantly a local accumulation of jasmonates, SA and transcripts
of their respective downstream marker genes. Note that in most cases the level of up-
regulation by T. urticae was far more pronounced than that by T. evansi, because the
latter suppresses these defense responses (Sarmento et al., 2011a; Alba et al., 2015).
The simultaneous accumulation of SA and JA/JA-Ile, concomitant with the simulta-
neous expression of SA and JA marker genes at the feeding site of T. urticae, indi-
cates that these two pathways do not necessarily exclude each other via anta gonis-
tic crosstalk. This dual defense response has been reported before in tomato (Kant et
al., 2004; Alba et al., 2015; Martel et al., 2015) and defenses regulated by both hor-
mones affect the performance of spider mites negatively (Ament et al., 2004; Kant et
al., 2008; Villarroel et al., 2016), although JA-regulated defenses seem to contribute
stronger to resistance to spider mites than do SA-regulated defenses. When sam-
pling mite-infested plants for molecular analysis, the leaves usually contain both
damaged and undamaged areas and it was therefore suggested that the detected
dual defense response may actually be a mixture of two spatially separated respons-
es; one in the damaged and the other in the undamaged areas (Alba et al., 2015). The
data presented here do not support that idea and reinforce the notion that this dual
response really results from the two responses being executed at the same time at
the same place. Nonetheless, the magnitude of both responses may be intermediate
as a result of JA-SA crosstalk (Glas et al., 2014). Whether or not this mixture of
responses reflects a plant-adaptive or mite-adaptive event remains to be determined.

Performance of Tetranychus urticae does not improve at or adjacent to
a T. evansi feeding site
Based on the previous studies by Sarmento et al. (2011b) and Alba et al. (2015), we
expected T. evansi to facilitate T. urticae via the (systemic) suppression of defenses.
However, we did not observe this. Compared to uninfested controls, T. urticae females
produced a similar number of eggs when they resided on a 2-day-old T. evansi feeding
site (FIGURE 3.4b) or on a secondary feeding site adjacent to a primary T. evansi feed-
ing site (FIGURE 3.10b). The results from this first performance assay (FIGURE 3.4)
showed an even more remarkable trend: compared to uninfested controls, both
T. urticae and T. evansi females produced less eggs on tissue adjacent to a 2-day-old
T. evansi feeding site. At the same time, though, and in line with previous reports
(Sarmento et al., 2011a,b), T. evansi produced the highest number of eggs on the leaflet
section that had been pre-infested with conspecifics. Together, this suggests that
T. evansi suppresses defenses locally, but induces them systemically, i.e., in non-
attacked tissues adjacent to their feeding site or even further away from it. If so, this
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would help to explain the gregarious behavior of T. evansi (Azandémè-Hounmalon et
al., 2014) and how it outcompeted T. urticae on co-infested plants (Sarmento et al.,
2011b). We did, however, not find further evidence to support this hypothesis. Our hor-
mone and gene expression data do not indicate induction of defenses by T. evansi in
tissues bordering their feeding site, whereas our oviposition data suggests that defens-
es are not suppressed in these leaf parts either. Still, this does not completely rule out
the systemic defense induction hypothesis. An infestation with T. evansi might induce
defenses other than those that are regulated by JA and/or SA, as signals or signaling
molecules other than JA and SA can induce defenses, e.g., other hormones (Erb et al.,
2012), reactive oxygen species (Orozco-Cárdenas et al., 2001), electric signals (Wildon
et al., 1992; Zimmermann et al., 2016) or hydraulic signals (Alarcon & Malone, 1994).

If not defenses, then what could explain the observation that the oviposition rate of
mites on detached leaf parts adjacent to a T. evansi feeding site was overall low?
Although our data do not answer this question, it is possible that mites turn their feed-
ing site into a sink for plant-produced nutrients, thereby decreasing the quality of adja-
cent tissues or even the rest of the plant. Herbivory is known to have plant-wide effects
on the primary metabolism (Schwachtje & Baldwin, 2008; Zhou et al., 2015). Metabolites
are often reallocated in response to herbivory; some away from the attacker to secure
them, others towards the site of attack to provide metabolic precursors for defensive
compounds and energy to fuel the defense (Schultz et al., 2013). Changes in the primary
metabolism and allocation of metabolites differ between attacks of specialist and gener-
alist herbivores (Steinbrenner et al., 2011). Moreover, some microbes (Walters &
McRoberts, 2006; Gohlke & Deeken, 2014), insects (Schultz et al., 2013) and nematodes
(Hofmann et al., 2010) are known to turn their feeding site into a sink for resources. If also
T. evansi turns its feeding site into a sink, the nutritional quality of the leaf may increase
where they feed and decrease in the source tissues where the nutrients are withdrawn
from. Considering that mites produced less eggs on basal and tip leaflet tissues adjacent
to a 2-day-old T. evansi feeding site, it is feasible that nutrients have been transported
from these tissues to the leaflet middle section while T. evansi was feeding there.

Plant-mediated interactions between herbivores depend on multiple factors, such
as the type (feeding guild, specialist vs. generalist) of attackers, the (relative) number
of attackers, and the sequence of their arrival on the plant (Soler et al., 2013; Poelman
& Dicke, 2014; Kroes et al., 2015). Accordingly, the diverse plant-mediated effects of
a pre- or co-infestation of tomato with T. evansi on the reproductive performance of
T. urticae, i.e., positive effect (Sarmento et al., 2011b; Alba et al., 2015), no effect (this
study; FIGURES 3.4b and 3.10b) and negative effect (this study, FIGURE 3.4b), might be
attributed to differences in how these experiments have been performed. Previously,
two kinds of assays have been performed to assess the plant-mediated effect of
T. evansi on the performance of T. urticae. Briefly, one method uses successive infes-
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tations and leaf discs (Sarmento et al., 2011b), the other a simultaneous infestation on
leaflets of an intact plant but with mites from both species being physically separated
(Alba et al., 2015). Although leaf discs are widely used to assess spider mite perform-
ance, e.g., when testing acaricides (James & Price, 2002), for determining growth
rates across plant cultivars (Krips et al., 1998) or for assessing the impact of plant
defenses (Sarmento et al., 2011ab; Godinho et al., 2016), the outcome might not be
fully comparable to that of assays carried out on whole leaves or intact plants (Huang
et al., 2003; Kavousi et al., 2009), mostly because of metabolic changes triggered by
wounding, the impaired transport of (primary and secondary) metabolites, and the
accelerated desiccation of leaf discs (Macnicol, 1976; Housley & Pollock, 1985). The
intact leaflet assay, on the other hand, can only work if the suppressive effect (or a sig-
nal upstream of it) travels beyond the mite’s feeding site to the adjacent tissues or
leaves. Despite these possible limitations, both assays have revealed a strong posi-
tive plant-mediated effect of T. evansi on the performance of T. urticae (Sarmento et
al., 2011b; Alba et al., 2015), indicating that suppression is potent enough to counter-
act (some of the) stress-induced (wound) responses and can act systemically.

Importantly, though, neither of these methods mimics a natural co-infestation,
because in the field heterospecific mites are unlikely to colonize a plant, or a leaflet,
successively or at exactly the same moment (Kennedy & Smitley, 1985). This implies
that in the field a secondary induction or suppression event will often take place on
leaves already induced or suppressed. Several studies have demonstrated that
defenses require time to be established (e.g., Van Poecke et al., 2001; Kant et al.,
2004; Zavala et al., 2004). Additionally, the level of defense induction can further
increase over time, can be dynamic or can be transient (e.g., Turlings et al., 1995;
Jiang et al., 2003; Alba et al., 2015). Moreover, a secondary induction event can
directly affect the impact of the primary elicitation, either antagonistically or synergis-
tically (e.g., Mur et al., 2006; Stork et al., 2009). Together, this suggest that the order
of two infestation events as well as the time in between them, are crucial for the type
and magnitude of the final response and thus determine the community structure
(Poelman et al., 2008; Glas et al., 2014). Taking into account that induction and sup-
pression of defenses depends on some of the same phytohormones as resource
(re)allocation (Giron et al., 2013; Schultz et al., 2013), the impact of two successive
infestations on the overall quality of the leaf material for the herbivores in question
may simply not be the sum of the parts.

Performance of Tetranychus evansi improves rather than decreases
adjacent to a T. urticae feeding site
It is long-known that genes coding for defensive proteins, such as proteinase
inhibitors (PI’s) and polyphenol oxidases (PPO’s), are up-regulated by wounding and
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herbivory in local as well as non-damaged systemic tissues of tomato, and this con-
curs with the enhanced accumulation and activity of these defensive proteins (Green
& Ryan, 1972; Stout et al., 1996a,b). In line with this, and despite the predominantly
local induction of defenses by T. urticae mites, we found transcript accumulation of
PPO-D (FIGURES 3.2b and 3.6b) and especially JIP-21 (FIGURES 3.2c and 3.7a), which
encodes a JA-inducible serine PI (Lisón et al., 2006), to be induced in systemic tis-
sues after 2 and 4 days of infestation. Since T. evansi females have been shown
before to suffer from plant defenses induced by T. urticae (Sarmento et al., 2011a,b),
we expected T. urticae to decrease the performance of T. evansi on- and adjacent to
T. urticae feeding sites via induction of plant defenses. Surprisingly, we found no evi-
dence to support this hypothesis (FIGURES 3.4a and 3.10a).

In fact, we observed the opposite to what we expected: compared to the control
treatment in which the leaflet tip section remained uninfested, the oviposition rate of
25 T. evansi mites residing on the middle section of a leaflet improved significantly
(with 23%) upon the secondary infestation of the leaflet tip with just three T. urticae
(FIGURE 3.12). This indicates that, rather than being impaired by T. urticae mites, sup-
pressor mites may actually benefit from the systemic presence of these defense-
inducing competitors.

Note that due to experimental and logistic limitations our oviposition tests were
conducted over a time period of 2 days, whereas in the previous studies that detect-
ed the plant-mediated facilitation of T. urticae by T. evansi (Sarmento et al., 2011b;
Alba et al., 2015) this was 4 days. In theory, if suppression needs more time to take
effect on a mite, this period may have been too short to detect statistically significant
differences between treatments. Nonetheless, we demonstrate that already within
this time period of 2 days the reproductive performance of T. evansi had improved
when T. urticae was present. Therefore, the plant-mediated facilitation of T. evansi by
T. urticae appears to take effect before T. urticae may start to benefit from the
defense-suppression by T. evansi.

Tetranychus evansi overcompensates defense suppression when 
T. urticae feeds on adjacent tissues
In parallel with the increased oviposition rate of T. evansi upon the secondary systemic
infestation with T. urticae, we found that JA and SA defenses in T. evansi’s feeding site
were hyper-suppressed, i.e., down to lower levels than in the control treatment in which
the leaflet tip remained uninfested. Whereas the reduced defense responses likely pro-
vide a mechanistic explanation for the improved reproductive performance of the
mites, it also prompts the question as to what causes hyper-suppression? The JA-SA
crosstalk mechanism, which is thought to be involved in the plant-mediated facilitation
of caterpillars by aphids (Ali & Agrawal, 2014; Kroes et al., 2015), is not likely to be
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involved here, because our data show concurrent -as opposed to inverse- JA and SA
responses in the same tissue sections of co-infested leaflets: both JA and SA defens-
es are induced in the tip section by T. urticae and hyper-suppressed in the middle sec-
tion by T. evansi (FIGURES 3.5-3.9). We reasoned that the hyper-suppression phenome-
non could have two, not mutually exclusive, causes. Firstly, an unknown signal ema-
nating from the T. urticae-infested tip could synergize suppression by T. evansi at its
feeding site. Secondly, an unknown signal emanating from the T. urticae-infested tip
could be perceived by T. evansi and elicit an overcompensation response, i.e., evoke
the enhanced release of salivary effectors by the mite. We therefore analyzed the tran-
script abundances of Te28 and Te84, which hitherto are the only T. evansi genes
known to encode effectors that suppress plant defenses (Villarroel et al., 2016). We
found the expression of both genes to be up-regulated in T. evansi mites in response
to the secondary infestation of the leaflet tip with T. urticae (FIGURE 3.11). This sug-
gests that T. evansi perceives the nearby presence of defense-inducing competitors
and reacts by overcompensating the suppression of defenses. Interestingly, some-
thing similar happens with web production. In response to both local as well as
(unidentified water-soluble and/or volatile) distant cues emanating from a T. urticae
feeding site, T. evansi produced a denser web (Sarmento et al., 2011b), presumably
making it even harder for T. urticae to penetrate the web. The identification and char-
acterization of the cues (or cue) that trigger(s) the enhanced suppression of defenses,
and possibly also web production, would greatly improve our understanding of the
(plant-mediated) interaction between T. evansi and T. urticae.

Considering that T. evansi is capable of suppressing defenses to lower levels in the
presence of competitors and seems to benefit from this by an increased oviposition
rate, the key question now is as to why these mites not always suppress defenses so
strongly? Although we do not have the answer to this question, we thought of two
possible explanations. The first one is that hyper-suppression may depend on a yet
uncharacterized compound that enhances the mite’s suppressive capacity, and this
compound becomes available upon systemic feeding by T. urticae, as indicated ear-
lier. The second explanation is that suppression may be energetically costly, hence
hyper-suppression may have a trade-off; it might, for instance, come at the expense
of mite longevity, lifetime egg production, or mobility/dispersal (as mites may spend
more time feeding). Unfortunately, our experimental setup did not allow us to quanti-
fy the mite-inflicted feeding damage.

Apart from these possible explanations, the suppression of SA defenses in the pri-
mary feeding site of T. evansi (FIGURES 3.6b and 3.9b), the expression of Te28 and
Te84 by these mites (FIGURE 3.11), as well as their oviposition rate (FIGURE 3.10), were
all found at intermediate levels upon a secondary infestation of the tip with con-
specifics. This suggests that the magnitude of suppression also depends on the num-
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ber (density) of suppressors themselves, as was observed before (Alba et al., 2015).
Moreover, hyper-suppression was not detected when mites from both species were
not physically separated (Alba et al., 2015) or in the leaflet tip under the reverse infes-
tation conditions, i.e., with 25 T. urticae on the middle section of the leaflet and three
T. evansi at the tip (although there is a trend visible; FIGURE 3.10a), nor did T. evansi
produce more eggs in response to distant T. urticae cues while it did increase the
density of its web (Sarmento et al., 2011b).

Taken together, our data suggests that the hyper-suppression phenomenon
depends on the timing of the primary and secondary infestation and possibly on the
mite densities at both feeding sites. However, since secondary infestations in the
field will usually start with low numbers of individuals, as in our experiment, we feel
this phenomenon may reflect a common event of which the biological relevance yet
needs to be determined. In addition to shielding off their feeding site with copious
amounts of web (Sarmento et al., 2011b) and reproductive interference (Sato et al.,
2014; 2016), plant-mediated hyper-suppression may represent another mechanism
by which T. evansi manages to outcompete T. urticae.
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FIGURE S3.1 Schematic overview of the experimental procedures of the ‘2 days infestation assay’ to assess the
induction of plant defenses at a 2-day old spider mite feeding site and in the adjacent leaflet tissues. For a detailed
description we refer to the material and methods section. 1 = 2-day old feeding site.
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FIGURE S3.2 Schematic overview of the experimental procedures of the ‘4 days infestation assay’ to assess the
induction of plant defenses at a 4-day old primary spider mite feeding site and in the adjacent leaflet tissues
including a 2-day old secondary feeding site. For a detailed description we refer to the material and methods sec-
tion. 1 = 4-day old primary feeding site; 2 = 2-day old secondary feeding site.
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