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General discussion

Numerous phytophagous species belonging to different kingdoms of life, such as
bacteria, fungi, viruses and nematodes have evolved to suppress plant defenses in
order to make better use of their hosts’ resources and to maximize their reproduction
(Dou & Zhou, 2012; Pumplin & Voinnet, 2013; Goverse & Smant, 2014; Lo Presti et
al., 2015). Therefore, it is remarkable that relatively few herbivorous arthropod species
have been demonstrated to suppress plant defenses (Kant et al., 2015), especially
considering their over 400 million years of co-evolution with plants, their high species
abundance and species diversity (Krantz & Lindquist, 1979; Schoonhoven et al.,
2005). Furthermore, while suppression mechanisms of several pathogens are well-
documented, it remains largely enigmatic how arthropods manipulate their host plant.
Central to my thesis are two closely related spider mite species; the polyphagous
(generalist) Tetranychus urticae and the oligophagous (specialist) Tetranychus evansi,
which -interestingly- both can suppress tomato (Solanum lycopersicum) defenses
(Kant et al., 2008; Sarmento et al., 2011a). Here, I have used molecular techniques
(transcriptomics, metabolomics) and bioassays to explore and characterize this
intriguing trait from the side of the mite as well as that of the plant. In parallel, I have
utilized the obtained knowledge to genetically engineer tomato plants that counter-
act defense suppression by spider mites.

6.1 How do spider mites suppress plant defenses?

This is of course one of the main questions and the short answer is: we do not know
yet. Due to the availability of sophisticated techniques (such as DNA- and RNA-
sequencing, qRT-PCRs and LC-MS/MS) our understanding of plant-mite interactions
-from both the mite’s and the plant’s perspective- has greatly advanced in the past
few years. Most notably: Grbić et al. (2011) sequenced T. urticae’s genome; Sarmento
et al. (2011a) demonstrated that T. evansi suppresses tomato defenses; Dermauw et
al. (2013) uncovered multiple T. urticae gene families that are involved in host plant
adaptation and pesticide resistance; Zhurov et al. (2014) characterized the transcrip-
tomic changes in the model plant arabidopsis (Arabidopsis thaliana) upon infestation
with T. urticae; Alba et al. (2015) showed that suppression of tomato defenses by spi-
der mites occurs downstream of phytohormone accumulation and independent of
jasmonic acid (JA)-salicylic acid (SA) crosstalk; while Villarroel et al. (2016) described
two mite salivary proteins (effectors) that suppress SA, and possibly also JA, defens-
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es. However, we do not yet fully understand the molecular mechanism(s) underlying
suppression by mites, which is not surprising considering its recent discovery. For
instance, it is unknown whether other proteins (and non-proteins) that are secreted
by mites suppress defenses as well or that they have the reverse effect, further it is
unknown which plant proteins interact with mite-derived molecules and which other
processes besides plant defenses are affected by mites. Yet, via the projects pre-
sented in this thesis and other related projects carried out in the group where I con-
ducted my research, we have made considerable progress with respect to several of
these aspects. Concomitantly we have developed concepts on how we think sup-
pression works. I will outline these concepts in the following sections and present my
view on the cause and consequences of defense suppression by mites.

6.2 An induction benchmark (positive control) is
required to quantify suppression

In literature there is a vast collection of studies that shows induction of defenses by
(insect) herbivores. Here I argue that the way such experiments are/have been per-
formed, almost by definition, will overlook defense suppression. Moreover, I believe
that suppression may be a much more common phenomenon than the current litera-
ture suggests. To substantiate these claims we must first agree on what defense sup-
pression actually entails. We start simple: herbivores encounter constitutive defenses
plus induce defenses in/on their host plant and any reduction of either of these due to
an action of this herbivore we consider suppression. Note that stealthy feeding
(Walling, 2008) represents a form of non-induction and is therefore not considered to
be suppression. Of course, in reality the situation is more complex, because when
comparing defenses in infested tissues with those in uninfested tissues, suppression
(as defined above) will only be noticeable when levels of defenses are suppressed
below control levels. That is because equal levels still can result from stealthy feeding,
while any residual levels of induction that remain after suppression will be interpreted
by the researcher as induction. Therefore, without prior knowledge, or an hypothesis,
on a causal agent of suppression that can be experimentally manipulated (e.g., an
effector-encoding gene that can be silenced) suppression of an induced host response
down to levels that are still above control levels will never reveal itself in the data.

In my experience suppression below control levels is rare. For T. evansi it is
observed occasionally (Sarmento et al., 2011a; CHAPTER 2). So how do we know that
T. evansi and T. urticae DeLier-1 actually suppress defenses while the plant defense
levels we observe after an infestation with these mites are generally above control lev-
els? We reasoned that for testing this one should first induce defenses as a control and
then add an alleged suppressor to the system and observe what happens with the
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magnitude of this induction. In case of suppression, the defense levels will decrease
relative to the induction control. This test, though, is not foolproof either: if suppres-
sion of induced defenses is very local (e.g., see CHAPTER 3) it may still be overlooked
when assaying whole leaflets. Furthermore, one should always quantify the damage
inflicted to the plant by the mites, as reduced defenses can also be explained by a
reduced feeding activity. Accordingly, in our experiments suppressor mites consistent-
ly caused an equal amount or more damage than inducer mites did (CHAPTER 2).
Having established suppression there is only the need for a benchmark in future exper-
iments: a positive control that displays a reproducible induced response. We have per-
formed our analyses of tomato responses to defense-suppressing spider mites by
always including a treatment with the defense-inducing T. urticae Santpoort-2.

Importantly, any assay that reveals suppression immediately brings up the question
whether the observed suppression is an adaptive response, i.e., does someone ben-
efit? If so, who benefits: the herbivore or the plant? If not, the phenomenon may not
be biologically relevant. In our case, suppression appears to be herbivore-adaptive,
because T. evansi has a higher fitness on plants previously infested by conspecifics
(Sarmento et al., 2011a) and the magnitude of suppression exerted by T. evansi cor-
relates positively with its oviposition rate (CHAPTER 3). In addition, since T. evansi mites
inflict more feeding damage than T. urticae Santpoort-2 inducer mites (CHAPTER 2) the
plant does not seem to benefit from defense suppression. Moreover, the fitness of
inducer mites can increase when defenses are suppressed (Sarmento et al., 2011b;
CHAPTER 2).

6.3 Differences between defense suppression by
spider mites and insects

By using T. urticae Santpoort-2 as a positive control, we found that defense-suppress-
ing mites simultaneously interfered with the accumulation of JA and SA defense mark-
er-gene transcripts (CHAPTERS 2 and 3). This type of suppression seems to be funda-
mentally different from the other known cases of arthropod defense suppression in at
least two aspects. First, spider mites suppress both JA and SA defenses in contrast
to insect herbivores which only suppress JA defenses (Kant et al., 2015). Second,
mites do this independent of the JA-SA antagonism, whereas several (phylogenetical-
ly diverse) insect herbivores have been found to exploit hormonal crosstalk mecha-
nisms by inducing SA to effectively down-regulate JA defenses (Kazan & Lyons, 2014;
Kant et al., 2015). The fact that most spider mites simultaneously induce JA and SA-
mediated defenses, while some can suppress both defense responses, suggests that
they are sensitive to both. Indeed it has been demonstrated that spider mites are sen-
sitive to JA-mediated defenses (Li et al., 2002; Ament et al., 2004; Kant et al., 2008;
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Zhurov et al., 2014; Alba et al., 2015) as well as SA-mediated defenses (Villarroel et
al., 2016). Hence, suppressing defenses induced by both pathways will be beneficial
for mites, but makes it impossible to exploit the antagonistic JA-SA crosstalk mech-
anism. By contrast, insect herbivores appear to be most sensitive to JA-defenses
(Howe & Jander, 2008), which gives them the opportunity to block these via induction
of SA. As indicated earlier, several insect herbivores have indeed been found to do so,
but not all. For example, the induction of wound-responsive arabidopsis genes was
suppressed by an unknown compound present in the oral secretions of cabbage but-
terfly (Pieris brassicae) and Egyptian cotton leafworm (Spodoptera littoralis) larvae
independent of JA-SA crosstalk (Consales et al., 2012). The other way around, the
eriophyoid tomato russet mite (Aculops lycopersici) suppresses JA defenses, while it
induces SA responses (Glas et al., 2014). Unlike T. urticae, the A. lycopersici mites are
not susceptible to SA defenses, thus giving them the opportunity to exploit the JA-SA
crosstalk mechanism. Surprisingly though, suppression of JA defenses by A. lycoper-
sici is not mediated by the JA-SA antagonism (Glas et al., 2014). These reports make
clear that different mechanisms to suppress defenses exist within the respective her-
bivore phyla. Finally, since probably all phytohormones are to some extent involved in
the regulation of plant immunity, it cannot be excluded that mites exploit other hor-
monal crosstalk mechanisms to suppress JA and SA defenses.

6.4 Similarities between plant manipulation by 
spider mites and insects

6.4.1 Microbial assistance
Host plant manipulation (defense suppression) by mites and insects also shares
some similarities. First, both have been found to (occasionally) team up with microbes
for several purposes, among which host plant manipulation. In order to hijack the
plant’s hormonal signaling network, several insects maintain intimate alliances (sym-
bioses) with phytopathogenic bacteria or viruses (Casteel & Hansen, 2014; Zhu et al.,
2014; Sugio et al., 2015). These alliances may be fragile, as the benefits of host plant
manipulation (for the herbivorous arthropod) by a vectored pathogen can be counter-
acted by a reduction in host plant quality due to the pathogen-borne disease.

Interestingly, to benefit their arthropod host (and thus presumably thereby them-
selves), also some non-phytopathogenic arthropod-associated microorganisms have
been implicated in the manipulation of plants. For instance, the whitefly (Bemisia
tabaci)-associated endosymbiotic bacterium Hamiltonella defensa was shown to
mediate suppression of tomato JA defenses via a whitefly-secreted salivary com-
pound that triggered a dominant SA response (Su et al., 2015). Furthermore, for the
leaf-miner Phyllonorycter blancardella infection with the endosymbiotic bacterium
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Wolbachia was essential to preserve photosynthetically active, nutrient-rich feeding
patches (known as ‘green islands’) in otherwise senescent apple (Malus domestica)
leaves, supposedly by altering concentrations of the hormone cytokinin (Kaiser et al.,
2010; Body et al., 2013). Moreover, the Wolbachia-infection of the western corn root-
worm (Diabrotica virgifera virgifera) was associated with down-regulation of defense-
related genes in maize (Zea mays) roots (Barr et al., 2010; but see Robert et al., 2013
who could not reproduce these results). Especially the plant manipulations mediated
by Wolbachia are remarkable, because this bacterium is a widespread arthropod par-
asite that alters its host’s biology (reproduction) to secure its transmission to the
host’s offspring and to promote its spread within the host’s population (Werren et al.,
2008; Zug & Hammerstein, 2012). Yet, the examples given here fit in the recently
emerged pattern that Wolbachia and possibly other known reproductive manipula-
tors such as Cardinium and Spiroplasma, which together constitute the most preva-
lent arthropod-associated microbes (Duron et al., 2008), do not necessarily have to
be detrimental to their host, but can also benefit them (Frago et al., 2012; Casteel &
Hansen, 2014; Zug & Hammerstein, 2015).

We found that the association of Wolbachia with the defense-suppressing T. urticae
DeLier-1 mites had the characteristics of a mutualistic interaction (CHAPTER 4). Although
we did not find indications that Wolbachia might mediate suppression of defenses
downstream of JA and SA accumulation (i.e., as observed in CHAPTER 2) by its mite host,
the presence of this bacterium did correlate with higher survival of DeLier-1 mites. This
might have been due to the up-regulation of a relatively large group of mite genes that
are involved in digestion and detoxification of xenobiotics. It is therefore possible that
Wolbachia enhances the capacity of its mite host to deal with the refractory tomato cell
content. Alternatively, these changes in the mite’s transcriptome might be the result of
changes in food quality. Here, cause and effect are thus difficult to disentangle and
require additional experiments, e.g., bioassays with (antibiotics-treated) mites on artifi-
cial diets or on transgenic plants with altered secondary metabolite profiles. Wolbachia
might influence tomato induced responses to feeding by T. urticae DeLier-1 in two ways:
(i) via a direct interaction with the plant, because Wolbachia was found to localize to
the mouth and feeding parts of mites (Zhao et al., 2013), and (ii) indirectly via regula-
tion of host genes coding for proteins that are secreted from the saliva into the plant
(see section ‘spider mite secreted proteins’). Either way, plant induced responses to
feeding by antibiotics-treated (W-S-, W-S+) and non-treated (W+S+) T. urticae DeLier-1
mites were clearly different (CHAPTER 4). Most striking were the alterations in
9-OH-traumatin, OPDA and SA concentrations: where presence of Wolbachia counter-
acted the accumulation of SA induced by mites in which only Spiroplasma was present,
it did the opposite for 9-OH-traumatin and OPDA. In addition, the mite-induced expres-
sion of tomato marker genes differed depending on the bacteria that were associated
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with the mites. Overall, presence of Wolbachia seemed to reduce the Spiroplasma-
associated induction of several marker genes. Unfortunately, we did not manage to
obtain mite lines with only Wolbachia (W+S-), thus we do not know to which extent
Wolbachia influences the Spiroplasma-independent plant responses and the transcrip-
tome of its mite host. Taken together, although there are no indications that these
(endo)symbiotic bacteria play a significant role in defense suppression, their
absence/presence does influence the nature of the induced plant responses. It is
unclear if the observed effects are directly or indirectly caused by the mite-associated
bacteria. Moreover, the biological relevance of these observations remains unknown.

Assuming that defense induction and suppression by spider mites can be (partial-
ly) mediated by microbes, this likely depends on the species identities of both mites
and microbes, on the composition of the bacterial community and on the bacterial
abundances. The endosymbiotic Cardinium (and/or Spiroplasma) bacteria for
instance, which were associated with T. urticae Santpoort-2 females, seemed to
enhance defense induction by their mite host (CHAPTER 4). In addition, bacterial
intraspecific variation might account for diverse phenotypic effects on the host. This
is well-known for spider mites infected with Wolbachia, which often act as reproduc-
tive parasites, but not always, as some bacterial strains have been found to act as
mutualists (Perrot‐Minnot et al., 2002; Xie et al., 2011). Bacterial density within the
host presents another important determinant for host-microbe interactions
(Stouthamer et al., 1999). This seems particularly relevant for microbial actions that
can benefit the host, as was shown for Wolbachia that only protected their fruit fly
(Drosophila simulans) host against viral infections at high densities (Martinez et al.,
2015). In this respect, it seems unlikely that Wolbachia plays a (major) role in defense
suppression by T. evansi, because whereas Wolbachia was one of the most abun-
dant bacteria associated with T. urticae DeLier-1 females (30.41% ± 13.58 SD, see
CHAPTER 4), its relative abundance in T. evansi females was very low (0.70% ± 0.06
SD, TABLE 6.1; not detected after 35 PCR cycles using Wolbachia-specific primers,
Knegt et al., in press). Although we did not include antibiotics-treated and non-treat-
ed T. evansi mites in our experiments of CHAPTER 4 to test the effect of their associ-
ated endosymbionts on defense suppression, the low relative abundance of
Wolbachia and other endosymbionts (TABLE 6.1) strongly suggests that T. evansi sup-
presses defenses independently of such bacteria.

A critical note has to be added here with respect to some of the wounding-asso-
ciated compounds that differentially accumulated in tomato leaf tissue upon infesta-
tion with antibiotics-treated and non-treated T. urticae mites. Both 9-OH-traumatin
and OPDA (but not JA or its derivatives) contain a highly reactive α,β-unsaturated
carbonyl moiety and therefore belong to a class of molecules known as reactive elec-
trophile species (RES). Biotic and abiotic stresses, e.g., wounding, herbivory and
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pathogen attack, trigger the enzymatic (i.e., via the oxylipin pathway) and non-enzy-
matic (i.e., via reactive oxygen species [ROS]) formation of diverse RES (Bottcher &
Pollmann, 2009; Farmer & Mueller, 2013). RES can covalently bind macromolecules
thereby interfering with the function of these molecules and can thus be toxic to
plants themselves, but potentially also to herbivores. Indeed, although the method is
somewhat artificial, it has been shown that the injection of cis-OPDA (that is pro-
duced by plants) into the hemolymph of cotton bollworm (Helicoverpa armigera) lar-
vae can cause their pre-mature pupation and malformation of pupa (Dabrowska et
al., 2009; Shabab et al., 2014). In addition to their ability to bind macromolecules,
RES are believed to constitute a (non-enzymatic) lipid peroxidation signaling path-
way that functions in parallel to the JA pathway via cellular redox alterations.
Accordingly, RES modulate the expression of a specific set of plant genes that are
involved in defense and stress/detoxification responses (Bottcher & Pollmann, 2009;
Farmer & Mueller, 2013). The latter may explain why the exogenous application of
OPDA, but not JA or JA-Ile, enhanced resistance of rice (Oryza sativa) to the brown
planthopper (Nilaparvata lugens) (Guo et al., 2014).

To control RES signaling and to prevent autotoxicity, plants commonly conjugate
RES to the molecule glutathione (Davoine et al., 2006) using glutathione S-transferas-
es (GSTs) (Dixon & Edwards, 2009). Several insect herbivores, such as H. armigera
and S. littoralis, have evolved a specialized gut-targeted GST that mediates the inac-
tivation of ingested OPDA by isomerizing it (Dabrowska et al., 2009; Shabab et al.,
2014). These authors showed that, unlike plant-produced cis-OPDA, the isomerized
GST product iso-OPDA did not cause the pre-mature pupation of H. armigera larvae
or malformation of their pupa. Furthermore, larval growth was severely reduced when
fed on transgenic tobacco (Nicotiana tabacum) plants that produced double-strand-

TABLE 6.1 Endosymbiotic bacteria associated with female Tetranychus evansi mites as determined by Illumina 16S
rRNA amplicon-sequencing. Shown are the overall total number of Illumina reads obtained per sample, as well as
the total number of reads corresponding to all three Wolbachia operational taxonomic units (OTUs), two
Spiroplasma OTUs and the only Cardinium OTU identified. Adult female T. evansi Viçosa-1 (TeV-1) or T. evansi
Algarrobo-1 (TeA-1) mites were randomly sampled from their respective base colonies. DNA from five individual
mites was pooled to form one biological replicate (sample) prior to 16S rRNA amplification

Mite strain TeV-1 TeA-1
Sample 1 2 1 2
Total 38,282 10,161 53,128 113*
Wolbachia 293 65 364 -
Spiroplasma - 2 2 -
Cardinium - - 2 -
*The extremely low total number of Illumina reads obtained for this sample suggests a technical failure had
occurred during the PCR reaction or amplicon sequencing, it was therefore excluded from further analyses.
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ed RNA (dsRNA) targeted against the H. armigera GST to silence its expression
(Shabab et al., 2014), i.e., a technique known as plant-mediated RNA interference
(Mao et al., 2007). Thus, we may have been too focused on the known role of OPDA
as a (precursor of a) signaling compound when interpreting our data. Possibly OPDA
can act as a toxic RES for spider mites, implying that the expression of downstream
JA-regulated defense genes may be irrelevant. Unlike JA and SA, the OPDA concen-
trations increase in response to feeding by suppressor mites (CHAPTERS 3 and 4) and
its accumulation might be influenced by mite-associated bacteria, as plants infested
with DeLier-1 mites without Wolbachia accumulated less OPDA (CHAPTER 4). Finally,
also the detoxification of OPDA might be influenced by mite-associated bacteria,
because in DeLier-1, the presence of Wolbachia was associated with elevated tran-
script levels of two mite GST-encoding genes (CHAPTER 4). Solely based on their struc-
tural similarity with the OPDA-isomerizing GST of H. armigera (BLASTp; 38% identi-
cal, maximum similarity 60%), though, it is unclear whether these are orthologs, it
would require additional in vitro enzyme assays to establish this.

6.4.2 Primary metabolism and resource reallocation
Spider mites feed from plants to acquire nutrients and may therefore benefit from
manipulating the host’s primary metabolism and/or the transport of its resources, per-
haps even more so than they benefit from manipulating defenses. Indeed, the fact
that spider mites can become resistant to induced plant defenses or suppress them
(Kant et al., 2008; CHAPTER 2) suggests defenses might not be the biggest challenge
for mites to obtain plant-produced nutrients. In the following paragraphs I argue that
there are indications that T. evansi manipulates the host plant’s primary metabolism
and/or the transport of resources and present some preliminary data related to this.

In response to pathogen attack and herbivory, plants dramatically reconfigure
their primary metabolism (Schwachtje & Baldwin, 2008; Bolton, 2009; Schultz et al.,
2013; Rojas et al., 2014; Zhou et al., 2015). There is currently no consensus on how
much and which part of the primary metabolism is up- or down-regulated during
such stresses, let alone on the reasons for this reprogramming (e.g., see Bilgin et al.,
2010 vs Rojas et al., 2014). Nonetheless, two commonly observed phenomena are
the rapid down-regulation of the photosynthetic system in the attacked tissues
(Bonfig et al., 2006; Bilgin et al., 2010) and the plant-wide reallocation of carbon- and
nitrogen-containing metabolites (Schultz et al., 2013). It is thought that investments
in photosynthesis are halted to free up energy and metabolites in order to boost
defenses, yet it also turns the attacked (source) tissue into a strong sink organ
(Schultz et al., 2013). Consequently, various metabolites are transported towards the
site of attack, mainly to provide metabolic precursors for defensive compounds and
energy to fuel the defense. In addition, soluble sugars (e.g., sucrose, glucose, fruc-
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tose) act as signaling molecules that feedback on photosynthesis and can induce
defense responses (Tauzin & Giardina, 2014). All these processes are regulated by
various phytohormones, mainly abscisic acid, auxin, cytokinins and JA, but also
brassinosteroids, gibberellins and SA are to some extent involved (Attaran et al.,
2014; Ljung et al., 2015; Lozano-Duran & Zipfel, 2015). At the same time -or as an
alternative strategy e.g., after initial defenses have failed to provide resistance- com-
pounds can also be transported away from the attacked tissue. This may serve to
deprive the attacker from nutrients and/or to secure the remaining resources else-
where, i.e., to reproductive tissues to speed up seed production or to distal tissues
to enable regrowth after the attack (tolerance) (Strauss & Agrawal, 1999; Schwachtje
& Baldwin, 2008; Schultz et al., 2013). Something similar occurs with tomato plants
after a severe infestation with mites: often the infested aboveground parts die off
(prematurely), after which new shoots emerge from the remaining rootstock.

Alterations in the primary metabolism and reallocation of resources may vary with
plant and parasite species (Bolton, 2009; Zhou et al., 2015) and differ between
attacks of specialist and generalist herbivores (Steinbrenner et al., 2011). Several
species of pathogens (e.g., Walters & McRoberts, 2006; Gohlke & Deeken, 2014) as
well as relatively immobile arthropod herbivores, such as gall-forming insects (Nabity
et al., 2013), leaf-miners (Kaiser et al., 2010) and nematodes (Kyndt et al., 2012) have
evolved to manipulate the host’s primary metabolism and/or reallocation of its
resources to their own benefit, i.e., usually by turning the infested tissue into a sink
for nutrients. We have reason to believe that T. evansi might use a similar strategy.

We have repeatedly observed that tomato leaflets infested with T. urticae
Santpoort-2 mites develop rusty red/brown scars and senesce much earlier than
those infested with suppressor mites. This was also reflected by the expression pat-
tern of the senescence marker gene Ribonuclease LX (CHAPTER 2). The leaf deteriora-
tion induced by T. urticae Santpoort-2 may be a defense response of the plant, i.e.,
reminiscent of the hypersensitive response against pathogens. Mites cannot easily
migrate from an infested leaf due to the high density of trichomes on petioles. Hence,
the programmed pre-mature death and shedding of a heavily-infested leaf would (i)
rescue at least some of the nutrients otherwise lost to the mites, and (ii) prevent hun-
dreds of mites from reaching the next leaf. Days after T. urticae Santpoort-2 infested
leaflets have senesced, those infested with T. evansi Viçosa-1 still appear vivid and
non-attacked tissues remain green. This difference in infestation phenotypes
becomes even more apparent when the size of the respective mite populations
increases (FIGURE 6.1; CHAPTER 1). Paradoxically, the amount of feeding damage
caused by T. evansi is two-fold higher than that of T. urticae. Thus, although probably
feeding more than T. urticae, the visible damage caused by T. evansi is limited to
chlorotic spots. It is therefore tempting to speculate that T. evansi either turns its feed-
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ing site into a sink for plant nutrients or at least prevents the herbivory-induced out-
ward transport of nutrients.

In an attempt to visualize resource manipulation by T. evansi, we have performed
some preliminary experiments in which we analyzed the soluble sugar and soluble
protein content of mite-infested tomato leaflets. Both the carbohydrate and protein
content of leaves are key nutritional quality parameters for herbivores, as these repre-
sent the sources of energy and structural building blocks, respectively, to support her-
bivore growth, development and reproduction (Behmer, 2009; Simpson & Rauben -
heimer, 2009). Being piercing/sucking cell content feeders, mites obtain their sugars
and proteins from the soluble (nonstructural) fraction of plant cells. In general,
sucrose, glucose and fructose are the most abundant soluble sugars found in plants
(Steinbrenner et al., 2011; Ruan, 2014). After analysis of the sucrose, glucose and fruc-
tose content of tomato leaflets, we found that those infested with T. evansi Viçosa-1
mites contained the highest total amount of soluble sugars (FIGURE 6.2a); their amount
was significantly higher than in T. urticae Santpoort-2 infested leaflets (ANOVA;
Fisher’s LSD test; P < 0.05), while the difference with uninfested controls was statisti-
cally marginal (P = 0.061). The higher sugar levels in T. evansi-infested leaflets could
be attributed to overall higher hexose (glucose plus fructose) levels (FIGURE 6.2a). For
fructose itself, the difference between T. evansi-infested and uninfested leaflets was
again marginally significant (P = 0.066). The total soluble protein content of tomato
leaflets did not change significantly upon infestation with spider mites, although pro-
tein levels in T. urticae Santpoort-2 infested leaflets tended to be lowest (FIGURE 6.2b).
In line with our findings, recently also Ximenez-Embun et al. (2016) showed that the
soluble sugar content of T. evansi-infested tomato leaves was significantly higher than
that of uninfested controls, while the protein content was similar.

The ratio between carbohydrate and protein intake is important for arthropod per-
formance (Simpson & Raubenheimer, 2009; Cotter et al., 2011; Roeder et al., 2014).
The results presented here (FIGURE 6.2) and by Ximenez-Embun et al. (2016) suggest
that the carbohydrate/protein ratio in tomato leaflets might increase when infested with
T. evansi, but whether this turns them into a better food source remains to be deter-
mined. For the plant, soluble sugars also serve as signaling molecules that can induce
defense responses (Tauzin & Giardina, 2014). Furthermore, alterations in the carbohy-
drate/protein ratio may be paralleled by alterations in the carbon- vs nitrogen-based
defenses, and concomitantly in herbivore performance and behavior (Hoffland et al.,
2000; Coviella et al., 2002). For the defense-suppressor T. evansi, such effects on plant
defenses may be irrelevant and since carbohydrates are a source of energy, the
increased concentrations of soluble sugars in infested leaves may improve T. evansi’s
performance. The distinct chemical composition of plants (high carbohydrate content)
and arthropods (high protein content), in combination with an inefficient conversion of
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FIGURE 6.1 Infestation of tomato (Solanum lycopersicum) leaflets with plant defense-inducing Tetranychus urticae
or defense-suppressing T. evansi spider mites results in distinct damage phenotypes. All five leaflets of the sec-
ond true leaf (indicated with a white arrow) of a 21-day-old tomato plant were infested with either T. urticae
Santpoort-2 (TuSP-2) mites, T. evansi Viçosa-1 mites (TeV-1) or simultaneously with mites from both species
(both). The number indicates how many adult female mites were released onto each leaflet. Per treatment, an
image of the entire plant is shown as well as an enlarged image of infested leaflets. Feeding by T. urticae
Santpoort-2 mites results in rusty red/brown scars and premature senescence in a dose-dependent manner. In
contrast, feeding by T. evansi Viçosa-1 only yields clear white scars (chlorotic spots). Both scar types are visible
on co-infested leaflets. Three plants were infested per treatment and depicted here are representative images for
each treatment. Plants were infested for either 4 (left panels) or 6 (right panels) days in independent experiments;
i.e., the plants on the left are not the same as the ones on the right.
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ingested food into biomass by the latter, implies that herbivores have to consume large
amounts of plant material in order to meet their protein demands (Mattson, 1980).
Thus, rather than carbohydrates, proteins are thought to be the main dietary compo-
nent limiting herbivore growth, development and reproduction. Nonetheless, the
increased concentrations of soluble sugars may be beneficial to T. evansi, because
excessive sugars are converted into lipids, which are required for egg production. Not
surprisingly, the uptake of too much sugars can also significantly impair arthropod per-
formance (Raubenheimer et al., 2005; Machado et al., 2015).
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FIGURE 6.2 Total soluble sugar and soluble protein content of tomato (Solanum lycopersicum) leaflets after infes-
tation with plant defense-inducing Tetranychus urticae or defense-suppressing T. evansi spider mites for 7 days.
The figure shows the average (+ SEM) amounts of (a) soluble sugars, subdivided into sucrose, glucose, fructose
and hexoses (glucose + fructose), and (b) soluble proteins. Three leaflets of a 21-day-old tomato plant were each
infested with 15 T. urticae Santpoort-2 (TuSP-2) or 15 T. evansi Viçosa-1 (TeV-1) adult female mites. Ten plants
were infested per treatment. Uninfested leaflets were used as controls. (a) n = 7 for control; n = 8 for TuSP-2; 
n = 9 for TeV-1 (b) Numbers in the bars indicate the mean value represented by the bar (n = 10). Bars annotated
with different (capital) letters were significantly different according to Fisher’s least significant difference (LSD) post
hoc test (P < 0.05) after ANOVA. Amounts are presented as milligram per gram fresh leaf weight (mg/g FW). n.s. =
not significant.
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6.4.3 Effector molecules
Herbivorous spider mites and insects appear to have in common that they use effec-
tor molecules to manipulate plants, for example by suppressing plant defenses
(Hogenhout and Bos, 2011; Villarroel et al., 2016). A widely adopted definition of the
term ‘effector’ was put forward by Hogenhout et al. (2009), in this definition effectors
comprise all proteins and small molecules that are encoded by the genome of the
attacker, but that function at the interface with the host plant or inside plant cells to
alter host cell structure and function. The use of effectors to manipulate the host is
not restricted to spider mites and insects but represents a common mechanism
employed by diverse phytophagous species (e.g., Dou and Zhou, 2012; Giraldo and
Valent, 2013; Hewezi and Baum, 2013) as well as by species that parasitize animals
(Rajamuthiah and Mylonakis, 2014; Guiguet et al., 2016). Given this broad definition
of effectors, it is possible that the involvement of the mite’s microbes in induced plant
responses and the mite’s manipulation of primary metabolism/resource (re)allocation
may also depend on effector molecules. Furthermore, note that according to this def-
inition, molecules like microbe- and herbivore-associated molecular patterns
(MAMPs and HAMPs, respectively) and other elicitors are also regarded as effectors.
Here, I will limit the discussion to those (hypothetical) effectors that -while feeding-
are secreted from the salivary glands into or onto the plant and contribute positively
to the performance of the mite.

6.5 Spider mite secreted proteins

Mainly based on research on phytopathogens, we know that effectors can be struc-
turally diverse. Most of them are proteins (e.g., enzymes, chaperones, transcription
factors), but certain metabolites (e.g., phytohormone mimics, toxins) and nucleic
acids (DNA, RNA) have been identified as effectors as well (Dou & Zhou, 2012;
Elzinga & Jander, 2013; Kazan & Lyons, 2014; Knip et al., 2014; Hewezi, 2015; Lo
Presti et al., 2015). Likewise, the in planta targets of effectors are equally diverse and
include (among others): pattern-recognition receptors (PRRs), ROS-producing
enzymes, mitogen-activated protein kinases (MAPKs), hormones, hormone receptor
complexes, ubiquitin-proteasome systems, transcription factors (TFs), DNA and RNA
(Giron et al., 2016; Macho, 2016; Toruño et al., 2016). As a result, it is hard to predict
which mite genes encode defense-suppressing effectors. Yet, one prerequisite is that
effector proteins have to be secreted in order to interact with the plant. Using the
published T. urticae genome (Grbić et al., 2011), an elaborate in silico analysis pre-
dicted 1,493 (8%) out of the 18,414 proteins to be secreted (Villarroel et al., 2016).
Similarly, using a custom assembled T. evansi transcriptome, 1,121 (6%) out of
17,663 proteins were predicted to be secreted (Villarroel et al., 2016). Since such pro-
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teins can be secreted from any kind of cell, for instance from gut epithelial cells to
aid in digestion, the actual number of proteins secreted from the salivary glands will
be lower. Indeed, by selecting for some other putative characteristics of effectors
(e.g., small size, no known homology to other proteins, predominantly expressed in
mite feeding stages) the list of possible effectors was reduced to about 200 candi-
dates spanning multiple protein families (Villarroel et al., 2016; Jonckheere et al., in
revision). Hence, spider mites may secrete a rich cocktail of effectors while feeding.

This in silico approach to find effectors was validated by in situ hybridizations
and/or by the LC/MS-mediated identification of proteins recovered from artificial
diets fed on by spider mites (Villarroel et al., 2016; Jonckheere et al., in revision).
Moreover, following the transient overexpression of putative effector-encoding genes
in Nicotiana benthamiana leaves, two spider mite loci have been found to code for
proteins that suppress SA (and probably also JA) defenses and to increase the mite’s
reproductive performance (Villarroel et al., 2016). Most recently, several of these
(putative) effectors have been used as ‘bait’ in protein-protein interaction assays to
identify possible plant interactors. Taken together, the characterization of mite effec-
tors and their in planta targets will greatly improve our understanding of plant-mite
interactions at the molecular interface. Ultimately, it should provide the answer to the
question how mites suppress defenses and thus provide new molecular targets for
conventional breeding and/or genetic engineering to generate plants resistant to
(defense-suppressing) mites.

Interestingly, the expression of effector-encoding mite genes might (to some
extent) be regulated by endosymbiotic bacteria. Out of the 201 mite genes that were
found to be differentially expressed in antibiotics-treated vs non-treated control
mites using microarrays, 16 genes were predicted to be secreted (CHAPTER 4). At
least one of the proteins encoded by these 16 genes (SSPF13; tetur32g02297) has
been recovered from artificial diets fed on by T. urticae females and hence was
secreted during feeding (Jonckheere et al., in revision). Expression of SSPF13 was
significantly down-regulated in antibiotics-treated T. urticae DeLier-1 females without
Wolbachia (but with Spiroplasma) as compared to untreated mites. Wolbachia has
been reported to use small noncoding RNAs to alter the expression of genes of its
insect hosts Aedes aegypti and Drosophila sp. (Mayoral et al., 2014), it seems there-
fore possible that Wolbachia controls the transcript abundance of effector-encoding
mite genes. To find out if SSPF13 suppresses plant defenses, additional experiments
such as those carried out by Villarroel et al. (2016) are required.

6.5.1 Possible spider mite effector targets for defense suppression
Knowing that independently evolved pathogen effectors appear to target the same
set of plant hub proteins (Mukhtar et al., 2011; Wessling et al., 2014), one might
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expect that also spider mite effectors target such proteins. To predict possible spider
mite targets, we have to take into account that -unlike pathogens- mites suppress JA
and SA defenses simultaneously. Actually, the in CHAPTER 5 described genome-wide
dampened transcriptional response of tomato plants infested with suppressor mites
as compared to inducer mites, suggests that suppression reaches beyond the JA and
SA pathways. In other words, T. urticae DeLier-1 and especially  T. evansi Viçosa-1
suppressed the expression of hundreds to several thousands of tomato genes and
these appeared to be involved in various biological processes, i.e., not only defense.
The results presented in CHAPTER 5 are consistent with the findings of Glas (2014),
who reported that T. evansi Viçosa-1 had a much weaker effect on the magnitude of
tomato’s transcriptional up- and down-regulation (in terms of gene numbers and fold-
regulations) than T. urticae Santpoort-2 had. Glas (2014) further assigned functional
categories to the tomato genes differentially regulated by spider mites and reported
that genes up-regulated by T. urticae Santpoort-2 were significantly over-represented
in 11 out of 18 functional categories (41 out of the 147 subcategories), suggesting
that the various biological processes associated with these functional (sub)categories
were induced upon mite feeding. The genes up-regulated by T. evansi Viçosa-1 were
significantly over-represented in four functional categories (seven subcategories),
with an overlap of only two subcategories with the T. urticae Santpoort-2 treatment
(Glas, 2014). T. evansi thus suppressed genes that fall into 39 subcategories (i.e., of
11 main functional categories), which include ‘JA metabolism’ and ‘biotic stress’, but
also subcategories related to other hormones (auxin), primary metabolism and
defense signaling steps that act upstream of (or possibly in parallel to) JA and SA
accumulation (e.g., receptor kinase signaling, calcium signaling, redox homeostasis).
Taken together, the available data suggests that spider mite effectors might indeed
also target plant hub proteins to manipulate multiple signaling pathways at once.

In this respect, the ubiquitin-proteasome system (UPS) might be a potential target
for T. evansi effectors, because for the majority of phytohormones (including JA and
SA) the transcriptional activation/repression of hormone-regulated genes depends
on the UPS (Kelley & Estelle, 2012; Wang et al., 2015a). In addition, the UPS is tar-
geted by effectors of the Hessian fly (Mayetiola destructor) (Zhao et al., 2015) and
effectors of several pathogens (Dudler, 2013). Indeed, preliminary experiments indi-
cate that T. evansi feeding decreases proteasome activity below the levels of control
plants while T. urticae up-regulates it. The transient overexpression of the effector-
encoding genes Te28 and Te84 did, however, not affect proteasome activity (Carlos
Villarroel, unpublished data). Other putative mite effector target proteins that act as
hubs and are involved in (at least) JA and SA signaling are protein kinases that act
immediately downstream of pattern-recognition receptors (Tena et al., 2011), pro-
teins involved in redox homeostasis (Foyer & Noctor, 2011), the transcriptional core-
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pressor TOPLESS (Causier et al., 2012) and TCP TFs (Lopez et al., 2015). Yet, TCP
TFs have mainly been implicated in regulation of the biosynthesis of JA (Danisman et
al., 2012) and SA (Wang et al., 2015b), while increased concentrations of these hor-
mones can be found in suppressor mite-infested plants, which makes TCP TFs less
likely candidates. It is also possible that mites do not disable JA and SA defenses
simultaneously via a single hub protein, but target the pathways separately (recall
that they secrete a rich cocktail of proteins). In line with this, several of the core pro-
teins in JA signaling (such as JAZ TFs) as well as in SA signaling (such as NPR1) have
been established as pathogen effector targets (Kazan & Lyons, 2014).

Besides hub genes, there are two alternative, more robust ways to reduce tran-
script levels of tomato genes: transcriptional gene silencing (TGS) and post-tran-
scriptional gene silencing (PTGS). The first one, TGS, involves the inhibition of tran-
scription. This can be achieved by blocking the host transcriptional machinery, for
instance by targeting the main enzyme RNA polymerase II (Lutay et al., 2013) or one
of its associated proteins (Caillaud et al., 2013). TGS can also be achieved via the
epigenetic modification of host DNA (e.g., via histone modifications, chromatin
remodeling, DNA methylation), which alters the accessibility of DNA to the transcrip-
tional machinery (Brosch et al., 1995; Ma et al., 2011; Castillo-Gonzalez et al., 2015;
Lewis et al., 2015). Within the small group of tomato genes that were up-regulated
after infestation with T. evansi Viçosa-1 mites (when compared with uninfested con-
trols), while down-regulated after infestation with T. urticae Santpoort-2, there was
one gene that codes for a putative histone-binding epigenetic regulator (CHAPTER 5),
which indicates that T. evansi indeed might induce TGS. It would therefore be inter-
esting to analyze the epigenetic landscape of DNA from suppressor mite infested,
inducer mite infested and uninfested tomato leaves. The second mechanism, PTGS,
involves the breakdown of host mRNA. In plants, PTGS is triggered when dsRNA is
recognized and cleaved by Dicer and Dicer-like ribonucleases, yielding small RNAs
(sRNAs) with a length of 20-25 nucleotides. A single sRNA is then loaded into a mul-
tiprotein RNA-induced silencing complex (RISC) and directs the breakdown of any
mRNA (either endogenous or invasive) with a complementary sequence using the
sRNA as a reference (Ghildiyal & Zamore, 2009). Notably, sRNAs can also mediate
TGS by directing DNA methylation (Holoch & Moazed, 2015). Viruses commonly
employ so-called silencing suppressors (i.e., effectors) that interfere with sRNA syn-
thesis and RISC functioning, as these are crucial aspects of the plant’s anti-viral
machinery (Pumplin & Voinnet, 2013). Also bacteria and filamentous pathogens
secrete silencing suppressors, which is in accordance with the regulatory function
that TGS and PTGS have in plant immunity (Pumplin & Voinnet, 2013; Boccara et al.,
2014). Moreover, the fungus Botrytis cinerea was shown to take advantage of the
host PTGS machinery by secreting sRNAs that are complementary to arabidopsis
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and tomato defense-associated genes to reduce their transcript abundances
(Weiberg et al., 2013). Isolation and sequencing of small RNAs from mite-infested
tomato plants could be performed to find out whether suppressor mites employ a
similar strategy.

6.5.2 Possible spider mite effector targets for manipulation of plant
resources
Mechanistically, the increased soluble sugar concentration in T. evansi-infested toma-
to leaflets (FIGURE 6.2a) might be the result of several (not mutually exclusive) metabol-
ic processes. One obvious way to increase the soluble sugar content is by enhancing
invertase activity, as invertases catalyze the hydrolysis of sucrose into glucose and
fructose. Sucrose is the main product of photosynthesis and the main sugar that is
transported from source tissues, via the phloem, to tissues with higher carbon
demands (sinks) such as young leaves, fruits and tubers to support their growth and
development (Sturm & Tang, 1999). As noted earlier, plant tissues that are attacked by
pathogens and relatively immobile herbivores often turn into sink organs as well to pro-
vide energy and metabolic precursors to fuel the defense (Schultz et al., 2013). Sink
strength, i.e., the relative ability to draw in metabolites, appears to be predominantly
determined by invertase activity (Proels & Huckelhoven, 2014; Tauzin & Giardina,
2014). In sink tissues, sucrose exits the phloem via plasmodesmata or is unloaded into
the apoplast by sugar transporters. Apoplastic sucrose is cleaved by cell-wall inver-
tases into glucose and fructose, which can then be imported by the cell. Alternatively,
sucrose can be imported into the cell prior to cleavage by cytoplasmic or vacuolar
invertases. The enzymatic activity of invertases, as well as the expression of invertase-
encoding genes, is regulated by biotic- and abiotic stresses, by various phytohor-
mones, and by soluble sugars themselves, hence invertases are regarded as hubs that
connect resource allocation and defense responses (Proels & Huckelhoven, 2014;
Tauzin & Giardina, 2014). In particular the role of cell-wall invertases in plant defense
is well established and multiple plant parasites have been shown to modulate host
cell-wall invertase activity or expression (Proels & Huckelhoven, 2014). Tomato plants
have four cell-wall invertases (LIN5-8), from which LIN6 is the master regulator of sink
strength (Godt & Roitsch, 1997; Proels & Roitsch, 2009). I tested the expression of
LIN6 in mite-infested leaflets and found that it was induced by T. urticae Santpoort-2,
but not by T. evansi Viçosa-1 (FIGURE 6.3). In co-infested leaflets T. evansi slightly -but
significantly- suppressed the T. urticae-induced LIN6 expression. Although these
results are in agreement with T. urticae being a defense-inducer and T. evansi a
defense-suppressor, they do not correspond with the soluble sugar concentrations in
infested leaflets. Care has to be taken with the interpretation of these results, because
the analysis of soluble sugars and LIN6 expression was not carried out on the same
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leaf tissue samples and the mite density and duration of the infestation differed
between these experiments (see material and methods section). Recall that the phe-
notypic differences between T. urticae and T. evansi infested leaves becomes more
clear with an increased infestation time and increased mite density (FIGURE 6.1). In
addition to the suppressed expression of LIN6 (FIGURE 6.3), Glas (2014) found genes
coding for invertase inhibitors to be significantly enriched among the T. evansi-induced
genes. Both results suggest that invertase activity is not enhanced by T. evansi (per-
haps it is even reduced), but enzymatic assays are required to establish this.

Another way to increase the soluble sugar content of leaflets is by increasing the
photosynthetic activity, but this seems unlikely because photosynthesis-related genes
are down-regulated in T. evansi-infested leaflets, although not as extensive as in 
T. urticae Santpoort-2 infested leaflets (Glas, 2014). Typically, the down-regulation of
photosynthesis-related genes is not immediately followed by loss of photosynthetic
capacity (Attaran et al., 2014), thus a direct measurement of the photosynthetic capac-
ity of mite-infested leaflets is needed to establish whether suppressors manipulate it.
In preliminary experiments, we used the IPAM (a chlorophyll fluorescence imaging
device from WALZ, Germany) to assess the photosynthetic capacity of spider mite-
infested tomato leaves. We observed that, compared to uninfested leaves, the non-
photochemical quenching is higher in leaves infested with T. evansi, but lower in leaves
infested with T. urticae Santpoort-2 (unpublished data). This indicates that T. evansi-
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FIGURE 6.3 Relative transcript abundance of cell-wall invertase LIN6 in tomato (Solanum lycopersicum) leaflets
after 4 days of infestation with plant defense-inducing Tetranychus urticae, defense-suppressing T. evansi, or a
combination of inducer and suppressor mites. All five leaflets of the second true leaf of a 21-day-old tomato plant
were infested with either T. urticae Santpoort-2 (TuSP-2) mites, T. evansi Viçosa-1 mites (TeV-1) or simultaneous-
ly with mites from both species (both). The number indicates how many adult female mites were released onto
each leaflet. The bars represent the means (+ SEM) of the normalized transcript abundances scaled to the low-
est mean value. LIN6 transcript abundances were normalized to actin. Numbers in the bars indicate the mean
value represented by the bar (n = 3). Bars annotated with different letters were significantly different according to
Fisher’s LSD test (P < 0.05) after ANOVA.
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infested leaves dissipate more excitation energy in the form of heat (Baker, 2008), pos-
sibly due to a reduced control over photoprotective mechanisms that are associated
with photosynthesis (Lambrev et al., 2012). There is a strong linear relationship between
non-photochemical quenching and carbon fixation efficiency (Baker, 2008). Together
this suggests that the extent to which leaves harvest energy from light decreases upon
an infestation with T. evansi. Note that the down-regulation of photosynthesis may (in
part) also work in favor of the parasite. For example, the hemibiotrophic bacterial
pathogen Pseudomonas syringae secretes effectors that target arabidopsis’ photosyn-
thetic apparatus and inhibit photosynthesis in order to reduce the chloroplast-mediat-
ed production of harmful ROS (de Torres Zabala et al., 2015). These authors also
demonstrated that carbon fixation was reduced in P. syringae infected leaves, but since
this was not the case in uninfected neighboring leaves, they speculated that the
pathogen would not lack sugars as these would be translocated from the neighboring
leaves. Considering that the gene expression data that we have does not point to an
increased invertase activity in T. evansi infested leaves as a measure to increase sink
strength, nor does our data point to an increased photosynthetic activity, alternative
means to obtain soluble sugars may be manipulated by the mites. The breakdown of
starch, for instance, remains to be explored.

6.6 Is defense suppression a side-effect of resource
manipulation?

If resource reallocation occurs in plants upon an infestation with mites, this may actu-
ally pose a bigger problem to mites than induced plant defenses. In other words: mites
can evolve resistance mechanisms to plant defenses (Kant et al., 2008), but how to
adapt to a non-nutritious diet? Preventing resources from being reallocated (i.e., away
from the feeding site) may thus have a higher priority for mites than preventing defen -
ses from being executed. Since distinct plant responses to herbivory and pathogen
attack, i.e., alterations in the primary metabolism, reallocation of resources, induction
of defenses (secondary metabolism), are regulated by an overlapping set of hormones
(Gomez et al., 2010; Schultz et al., 2013), this raises the possibility that defense sup-
pression may actually be a (welcome) side-effect of plant resource manipulation.
Resource manipulation could come in two flavors: (1) increased production of the most
favorable resources (and possibly decreased production of the less favorable ones); 
(2) increased accumulation of resources at the feeding site or infested leaf (drawn in
from distal tissues). To test the first hypothesis, we would first need complete metabo-
lite profiles of mite-infested and uninfested leaves to establish to which extent the pro-
duction of resources is altered by suppressor- and by inducer mites. Second, for each
of the metabolites that differentially accumulates in response to suppressor vs induc-
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er mites, we would need to establish whether its altered concentration is beneficial or
detrimental for mites. This could be tested by means of performance assays using
mites on artificial diets to which the candidate metabolite is added or left out. Although
time consuming, technically this may be feasible. Testing the second hypothesis is
(technically) more challenging. Tracking the physical reallocation of molecules requires
metabolite-labeling experiments using whole (intact) plants and very sensitive detec-
tion equipment. In the best case scenario it may suffice to only assess the overall par-
titioning of basal resources (i.e., carbon and nitrogen) across plants after infestation
with T. urticae and T. evansi and to assess the relationship with reproductive perform-
ance using defense mutants. However, given that defenses and resource allocation
depend on many of the same hormones these plants should be mutated downstream
of hormones, i.e., in defense genes. Unfortunately, we currently do not know which
defense genes significantly affect mite performance (see also CHAPTERS 2 and 5).
Disentangling resource manipulation from defense manipulation to assess which of the
two has priority for the mite, and how they are causally linked, maybe even more chal-
lenging. Ideally we would use; (a) plants mutated in resource reallocation but with nor-
mal defenses and vice versa, and; (b) mites with a loss-of-function mutation in a gene
coding for an effector that is essential for phytohormone manipulation. We would then
test how fast a normal mite can invade the mutant mite population on these two
‘types’ of plants. The problem is that such resources are currently not available. Finally,
given the fact that we previously identified two effector genes that manipulate defen -
ses downstream of phytohormone accumulation it is very well possible that there may
not be a causal link between defenses and resource allocation at all and that mites
have evolved independent effectors for both types of manipulation.

6.7 How do suppressor mites deal with defense-
inducing competitors?

In nature, plants interact with multiple and diverse other organisms; beneficial ones
(e.g., nitrogen-fixing bacteria, pollinators, parasitoids) and detrimental ones (e.g., her-
bivores, pathogens, parasitic plants), and frequently at the same time (Stam et al.,
2014). By interacting with the host plant, one species can easily influence the plant’s
(future) response to other organisms, which is not constrained by spatial (above-
ground/belowground) boundaries and can extend to higher trophic levels (Soler et al.,
2013; Poelman & Dicke, 2014; Stam et al., 2014). We have investigated such plant-
mediated interactions between suppressor and inducer mites and uncovered the
potential Achilles’ heel of suppression. We found that the reproductive performance
of inducer T. urticae Santpoort-2 females can increase up to 45% when these mites
share a leaflet with suppressor mites, even when their feeding sites are physically sep-
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arated (Kant et al., 2008; CHAPTER 2). Importantly, this positive effect can also be less
strong or even be absent (CHAPTER 3). When it occurs, the plant-mediated facilitation
of T. urticae might impose serious fitness costs on the suppressor mites as a result of:
(i) exploitative competition; (ii) interference competition, and/or; (iii) the (systemic)
induction of plant defenses. With respect to the latter, induced defenses may directly
harm the suppressor or may require the suppressor to increase its investments in sup-
pression. According to the data presented in CHAPTER 3, though, there is no obvious
trade-off between the oviposition rate and the magnitude of defense suppression by
T. evansi. Nevertheless, competitive population growth seems hard to avoid.
Laboratory-based co-infestation experiments proved otherwise. When an equal num-
ber of T. evansi and inducer T. urticae females were simultaneously released on the
same tomato plant (on different leaves), the T. urticae population consistently went
extinct, while the T. evansi population was not significantly affected by the (initially) co-
occurring T. urticae (Sarmento et al., 2011b). Also in natural habitats in Spain and Benin,
T. evansi was shown to outcompete other Tetranychus species, including T. urticae
(Ferragut et al., 2013; Azandémè-Hounmalon et al., 2015). The question thus arises as
to how suppressor mites manage to prevent suppression from backfiring when
defense-inducing competitors are around?

Tetranychus evansi mites have evolved several traits that increase their competi-
tiveness to T. urticae. The most obvious one is the production of copious amounts of
silken web, with which they cover their feeding sites and eventually the entire plant
(see CHAPTER 1). The dense web is hard to penetrate for T. urticae and therefore
reduces their ability to reach the leaf surface and feed (Sarmento et al., 2011b).
Remarkably, T. evansi might even increase its web production upon perception of 
T. urticae cues (Sarmento et al., 2011b), suggesting that it (to some extent) functions
as an inducible anti-competitor mechanism.

Second, under identical conditions, the population growth rate of T. evansi on
tomato is significantly higher than that of T. urticae (Sarmento et al., 2011a). This might
be a direct result of differences in the quality (e.g., induced defenses and soluble
sugar content) and quantity (feeding rate) of the ingested food. This hypothesis was
not tested directly, but the fact that T. evansi produced less eggs on leaf tissue previ-
ously infested with T. urticae than on uninfested controls, while vice versa T. urticae
produced more eggs on leaf tissue previously infested with T. evansi than on uninfest-
ed controls (Sarmento et al., 2011b) does argue in favor of it. However, in my experi-
ments I observed T. evansi to increase its oviposition rate after T. urticae was system-
ically introduced to the same leaflet (CHAPTER 3; discussed in more detail below).
Although I cannot exclude that resources allocated away from the T. urticae-infested
tip are intercepted by T. evansi and used to improve its performance, I also suggest
there may be physiological-behavioral plasticity in this trait that may obscure oviposi-
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tion data. The assumption of the oviposition data is that it reflects leaf quality, but what
if spider mites are able to assess -on the basis of environmental cues- the (relative)
suitability of the feeding patch for their offspring and adjust their reproduction accord-
ingly? If so, T. evansi may decrease its oviposition rate on T. urticae infested leaves,
because they have a low quality and a high risk for competition, while the presence of
T. urticae on nearby tissue may elicit an increased reproductive response as the local
leaf quality is still high (or even superior), while more individuals are needed for com-
petitive population growth. If so, leaf quality alone may not always be decisive.

Third, T. evansi can interfere with the reproduction of T. urticae (Sato et al., 2014;
2016). Both mite species are closely related but reproductively incompatible. Still, 
T. evansi males strongly prefer to copulate with heterospecific females instead of with
conspecific ones, while T. urticae males do not (Sato et al., 2014). Since female spi-
der mites show strong first-male sperm precedence, this asymmetric mate choice
translates into reproductive interference when both species co-occur, which inhibits
T. urticae’s population growth (Sato et al., 2014).

Fourth, in contrast with T. urticae, T. evansi mites have few (or no) natural enemies,
especially in invaded areas (Navajas et al., 2013). This advantage may be attributed to
the dense web (Lemos et al., 2010) and to the sequestration of host plant-derived tox-
ins, which may also be passed on to the eggs (De Moraes & McMurtry, 1985;
Escudero & Ferragut, 2005). In addition, the recruitment of natural enemies can be
impaired when suppression affects the production and release of plant volatiles, but
whether this is the case for T. evansi is not clear. Under laboratory conditions, there
was no significant difference between the blend of volatiles produced by detached
leaves of uninfested and T. evansi-infested tomato plants (Sarmento et al., 2011a). Yet,
the predatory mites Phytoseiulus macropilis and P. longipes (i.e., a potential biological
control agent; da Silva et al., 2010; Ferrero et al., 2011) as well as T. evansi females
themselves, preferred the odors produced by T. evansi-infested plants over those of
clean plants (Sarmento et al., 2011a). Most likely, emitted volatiles that were not
trapped and analyzed, for instance green leaf volatiles, differed between the two treat-
ments. It would be exciting to identify these compounds and also to test whether
inducer T. urticae have a similar preference for (the odors of) T. evansi-infested plants.

Fifth, as discussed earlier, T. evansi seems to manipulate the host primary metab-
olism or the allocation of resources. By doing so, they may turn their feeding site into
a sink for nutrients, generating a local superior food source, while reducing the qual-
ity systemically. Although purely speculative, competitors on systemic tissue might
in this way thus suffer from the suppressors. Taking into account that inducer mites
can benefit from suppression when residing on leaf tissue adjacent to a suppressor
feeding site (CHAPTER 2), but do not benefit from every co-infestation or can even be
hampered (CHAPTER 3), the net effect of a co-infestation on the inducer mite’s per-
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formance may be determined by the interplay between resource allocation (negative
effect) and defense suppression (positive effect). If so, the relative position of the
suppressor and inducer mites may be an important factor.

Possibly we have found another mechanism that aids T. evansi to outcompete 
T. urticae: plant-mediated hyper-suppression (CHAPTER 3). When compared with unin-
fested controls, the presence of three inducer T. urticae females at the tip section of a
tomato leaflet significantly increased the suppression exerted by 25 T. evansi residing
on the middle section. Hyper-suppression was paralleled by the increased expression
of effector genes and an increased oviposition rate. Thus, this suggests that T. evansi
may either directly benefit from the systemic presence of some inducer mites (e.g., by
intercepting reallocated resources) or it suggests that oviposition could be plastic and
the mite changes its reproductive strategy in response to nearby competitors, for
instance to increase competitive population growth.

The phenomenon of hyper-suppression and the phenomenon of the induced web
production (Sarmento et al., 2011b) point to an overcompensation response, especial-
ly because the mite’s reproductive performance increases beyond it’s normal rates.
Overcompensation of biomass and reproductive output has been observed in plants,
vertebrates and invertebrates, but its function is poorly understood. Since there is no
prevailing theory in literature on its function, and since there is no consensus on the
question why organisms do not always push their reproductive output to the maximum,
I will speculate on it here. Overcompensation in plants and animals may reflect a fun-
damentally different type of response, because these organisms do not face the same
dilemmas: the lifetime fitness of plants is mainly constrained by environmental condi-
tions, but in animals the number of oocytes in a female is fixed early in development
and thus constrains the maximal reproductive output. Hence, animals may benefit from
rationally adjusting their oviposition rate to the environmental conditions; i.e., low
oviposition rate under unfavorable conditions to wait for the situation to improve and
then attain high oviposition rates when conditions are favorable. This warrants the
question: are there indications that animals can influence their rate of oviposition or is
this rate solely determined by the quality of their environment (diet)? It has been report-
ed that mites (Bergmann & Heethoff, 2012), including spider mites (Montserrat et al.,
2007), can retain their eggs longer than they normally do when predators are around.
However, egg retention only delays eggs from being deposited outside the body but
does not alter an animal’s actual rate of egg production (Reznik et al., 1998). The phe-
nomenon of egg retention justifies a second question: why would mites not always
keep eggs inside their body as long as possible? Since eggs, once deposited, are
much more vulnerable to predation by natural enemies than adult mites are, it suggest
there must be a fitness penalty for egg retention. A possible fitness penalty would be
that egg retention reduces reproductive success by slowing down oogenesis (the for-
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mation of new eggs) (Wheeler, 1996), e.g., through oosorption (resorption of oocytes)
(Bell & Bohm, 1975). Although I am not aware of data for mites to support this idea, for
other animals (e.g., insects) plasticity in the rate of oogenesis has been reported
(Wheeler, 1996; Fordyce, 2005). If so, animal reproduction may often not be maximal
and, although it would be physiologically possible to produce more offspring, transition
to a less favorable (more stressful) condition may urge the animal to adjust its repro-
ductive output. In that sense overcompensation may results from a strategic switch of
animals that anticipate conditions to change, e.g., when competitors are nearby, and
therefore increase the oviposition rate to intensify competitive population growth. If
mite oviposition indeed is not primarily imposed by the quality of the plant diet, but is
also determined by a physiologic-behavioral plastic trait in response to (unknown) envi-
ronmental cues, then this may cause some of the non-heritable variation in spider mite
reproductive performance, i.e., something frequently observed while working under
standardized experimental conditions using inbred mite lines (Tien et al., 2010).

The different setups and outcomes of the various experiments conducted in
CHAPTERS 2 and 3 make clear that plant-mediated interactions between T. evansi and
T. urticae are complex and the outcome (in terms of plant defense responses and mite
performance) is therefore hard to predict. We have demonstrated that under certain
conditions, inducer T. urticae can profit from suppression (CHAPTER 2), but additional
experiments (CHAPTER 3) have pointed out that this is not always (or immediately) the
case or even suggest the opposite. Our results are consistent with previous studies on
plant-mediated interactions between aphids (Brevicoryne brassicae) and caterpillars
(P. brassicae or Plutella xylostella) that have reported an increased performance of the
caterpillars as a result of systemic defense suppression by aphids. These studies have
revealed that potential benefits for caterpillars depend both on the sequence of arrival
of the herbivores (simultaneously or sequentially; Soler et al., 2012) as well as on the
density of the aphids (Kroes et al., 2015). Counterintuitively, a higher number (or ratio)
of suppressors does not necessarily benefit the co-occurring inducers (CHAPTER 2 vs
CHAPTER 3; Kroes et al., 2015). Together, it suggests that the potential for defense-
inducing mites to profit from suppressors is low. In other words, the traits that T. evan-
si (most likely) evolved to increase its competitiveness to other herbivores and preda-
tors seem very effective to prevent T. urticae from exploiting defense suppression.

6.8 Novel tomato plants that counteract defense
suppression by spider mites

When engineering plants with increased resistance to herbivores (and/or pathogens),
three aspects are of key importance: (i) which transgene(s) should be expressed, (ii)
when should the transgene(s) be expressed, and (iii) where should the transgene(s) be
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expressed (Gurr & Rushton, 2005a, 2005b). By far most of the genetically modified
(GM) herbivore resistant crops that are grown to date contain one or more Bacillus
thuringiensis (Bt) derived toxin-encoding transgene(s), whose expression is controlled
by a ‘constitutive promoter’ to obtain high toxin concentrations in nearly all plant tis-
sues throughout the plant’s life (James, 2014; Carriere et al., 2015). Besides toxins
(like those from Bt), constitutive promoters have been used (in commercial but espe-
cially academic settings) to control the expression of various other defensive trans-
genes/constructs: R genes to intercept herbivore effectors and establish ETI (Chen et
al., 2007; Du et al., 2009), dsRNAs that are targeted against essential genes of the her-
bivore to trigger a lethal plant-mediated RNA interference response (Baum et al.,
2007; Zhang et al., 2015), or PRRs that induce an immune response upon recognition
of HAMPs. The latter strategy has been successfully used to increase the resistance
of plants to several pathogens (Lacombe et al., 2010; Albert et al., 2015) and recent
research suggests the technique also works with herbivores (Liu et al., 2015).

None of these common strategies though, can be applied (yet) to increase plant
resistance to (defense suppressing) spider mites, because Bt toxins are not harmful
to mites (Dutton et al., 2002; Esteves Filho et al., 2010), effective R genes and PRRs
remain to be discovered, and plant-mediated RNA interference to silence (essential)
mite genes is still under development (Kwon et al., 2015). Hence, alternative strate-
gies have been adopted to generate transgenic plants with an enhanced resistance to
spider mites. For instance, papaya (Carica papaya) plants were engineered to consti-
tutively express either a tobacco hornworm (Manduca sexta) chitinase gene
(McCafferty et al., 2006) or a snowdrop (Galanthus nivalis) agglutin (lectin) gene
(McCafferty et al., 2008), which in both cases resulted in reduced population sizes of
the local pest species, the carmine spider mite T. cinnabarinus, on the transgenic
plants when compared with untransformed controls. How the chitinase enzyme pro-
tected the plant was not investigated, but the authors hypothesized it might have
interfered with mite developmental (molting) and/or digestive processes (McCafferty
et al., 2006). Similarly, the toxicity of lectins is probably the result of their ability to bind
carbohydrate-containing compounds (e.g., glycoproteins) in the gut of herbivores and
the concurrent inhibition of proteolysis, which is required for nutrient uptake
(Vandenborre et al., 2011). Furthermore, transgenic arabidopsis and maize plants that
constitutively produced one or more barley-derived inhibitors of mite proteases (which
are involved in either digestion or development), were more resistant to T. urticae
attacks (Carrillo et al., 2011; Santamaria et al., 2012; 2015). However, the in vitro activ-
ity of barley protease inhibitors varied greatly among the inhibitors that were tested
and between mite species that were targeted, rendering them highly specific (Carrillo
et al., 2011; Santamaria et al., 2012; 2015). Tomatoes too have been genetically mod-
ified; either to constitutively produce a fungal (Aspergillus niger) glucose oxidase or a
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soybean (Glycine max) Kunitz-type proteinase inhibitor (Castagnoli et al., 2003). In
both cases though, the transgenic plants were not more resistant to T. urticae infes-
tations than untransformed controls.

We have taken yet another approach to combat mites, in particular defense-sup-
pressing ones (CHAPTER 5). Compared to the strategies discussed earlier, our GM
plants differ both in which transgene is expressed and when it is expressed. Starting
with the former (which); we aimed to restore tomato resistance to defense-suppress-
ing mites by using elicitor peptides to induce the plant’s endogenous defense system.
We thought of two distinct strategies to do so. First, via Prosystemin, which induces
broad-spectrum anti-herbivore (and anti-pathogen) defense responses (McGurl et al.,
1994; Constabel et al., 1995; Coppola et al., 2015) that counteract defense suppres-
sion by mites when Prosystemin is highly expressed using the CaMV 35S constitutive
promoter (CHAPTER 2). Second, via Avr4, an effector from the leaf mold fungus
Cladosporium fulvum (Van den Burg et al., 2006), which is perceived by the tomato  
Cf-4/SOBIR1 (PRR) receptor complex and thereby initiates ETI responses (Thomas et
al., 1997; Liebrand et al., 2013). Since ETI is associated with the increased accumu-
lation of ROS, SA, JA, ET, PR proteins and various secondary metabolites, along with
reinforced cell walls, depletion of nutrients and rapid programmed cell death (Etalo et
al., 2013; Cui et al., 2015), we reasoned that such ETI responses probably reduce the
palatability and nutritional quality of plant tissue for mites and consequently the mite’s
performance. Moreover, we have repeatedly observed that tomato leaves infested
with defense-inducing T. urticae Santpoort-2 mites are subject to premature and
accelerated senescence, which at higher mite densities is followed by abscission of
the infested leaf (as discussed earlier; FIGURE 6.1). We therefore reasoned that the pro-
duction of Avr4 and the concomitant hypersensitive response (HR) in suppressor
mite-infested leaves could have a similar effect and eliminate the largely immobile
suppressor mites.

Then the when component; under transcriptional control of the constitutive 35S
promoter, both Avr4 and Prosystemin have negative pleiotropic effects (McGurl et al.,
1994; Cai et al., 2001). Therefore, a more tight control of the expression of these
transgenes may limit these pleiotropic effects to acceptable levels: they should not
be expressed under normal (no stress) conditions or under irrelevant (abiotic) stress
conditions, yet should be highly and rapidly expressed when spider mites are feed-
ing, including suppressor mites. To achieve this, we used suppressor mite-inducible
promoters. The idea to use pest-inducible promoters to control the local expression
of defense-eliciting genes (such as avirulence genes) to engineer plants with
increased resistance to pathogens was advocated already decades ago (De Wit,
1992). And although this strategy has indeed been used to generate such resistant
transgenic plants (e.g., Keller et al., 1999; see CHAPTER 5 for more references), it
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quickly became clear that most selected pest-inducible promoters were responsive
to secondary stimuli, resulting in adverse effects on the growth, development and
yield of the transgenic plants (Gurr & Rushton, 2005a, 2005b). Note that the use of
cell-death-inducing avirulence proteins, such as Avr4, requires highly specific
inducible promoters, because the expression of such transgenes has to be controlled
in time and space to prevent cell death in uninfested systemic tissues. Recently, sen-
sitive molecular techniques to monitor genome-wide transcriptomic changes (i.e.,
microarrays and RNA-sequencing), in combination with powerful bioinformatic tools,
have renewed scientific interest in this strategy to engineer custom resistances (Liu
et al., 2013). Likewise, we analyzed the tomato transcriptomic response to infesta-
tions with defense-suppressing T. urticae as well as T. evansi mites, and identified
several genes (UTF, KTI and RLE) whose transcript levels were rapidly and significant-
ly induced by mites, but not in uninfested controls (CHAPTER 5). We used the 2 kb pro-
moter region of these genes to produce promoter::Prosystemin, promoter::Avr4 and
promoter::GFP (negative control) expression vectors, after which we generated trans-
genic plants with each of these constructs. Unfortunately, due to a lack of time, I have
not yet been able to propagate these plants to the second generation (T2) and per-
form the required bioassays to determine whether the generated GM plants truly are
more resistant to defense-suppressing spider mites than the promoter::GFP-trans-
formed and untransformed controls. Preliminary experiments with T0 plants and
Agrobacterium tumefaciens-mediated transient transformation assays (ATTAs) have
yielded promising results with respect to the specificity of the promoters and the
downstream production of functional proteins (CHAPTER 5).

Despite these promising results there are also some points of concern. First, the
mite-inducible promoters are also responsive to an A. tumefaciens infection and to a
lesser extent to wounding (CHAPTER 5). Possibly, this responsiveness to secondary
stimuli is an advantage, because the GM plants may be resistant to a broad spec-
trum of biotrophic pathogens. The downside might be an enhanced susceptibility to
necrotrophic pathogens, especially for the transgenic promoter::Avr4 plants.
Bioassays on T2 plants should therefore not be limited to the use of T. urticae and 
T. evansi, but also include biotrophic and necrotrophic pathogens. Similarly, other
non-target organisms that can be found in commercial tomato growing settings,
such as pests (thrips and whiteflies) and (possible) biological control agents should
be included in future bioassays to determine the effect of the GM plants in a broad-
er pest management context. The second point of concern is that even if our GM
plants significantly decrease spider mite performance, mites may evolve counter-
resistance mechanisms (as they do with pesticides), for instance by evolving a new
effector that inhibits transgene expression (gain of function) or by preventing the
expression of the effector whose detection triggers the expression of the transgene
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(loss of function). In this respect it will be useful to transform tomato plants not with
just one promoter::elicitor construct, but with two or more of these constructs and
preferably with promoters from different tomato genes (here we have identified three)
and different defense-elicitors (here we have used two). By doing so, it will probably
become considerably more challenging for mites to develop counter-resistance
mechanisms, because they will have to overcome not one but multiple defenses.
Additionally, biological control agents -when available- may be used on GM plants to
eliminate pest species and thus delay the evolution of counter-resistance mecha-
nisms (Lu et al., 2012; Liu et al., 2014). Unfortunately, biological control agents for 
T. evansi are not commercially available yet, despite successful experimental trials
with the predatory mite P. longipes (da Silva et al., 2010; Ferrero et al., 2011) and the
entomopathogenic fungus Neozygites floridana (Duarte et al., 2009).

Finally, probably the biggest hurdle is the strong public opposition to genetically
modified organisms (GMOs), which is based on the ethical aspect of genetic manipu-
lation, as well as concerns about the impact of GM crops on the biodiversity of non-
target organisms in the field, the risk of transgenes ‘spreading’ to other organisms
(gene flow), and the safety of GM crops as food and feed. Such concerns are under-
standable, but often result from insufficient scientific knowledge and intuitive expecta-
tions, which in turn are exploited by anti-GMO organizations that fuel the public oppo-
sition by unbalanced/misleading media campaigns (Blancke et al., 2015). Although
public concerns are good, as they warrant proper development and testing of GM
crops (Prado et al., 2014), they are also largely irrational, because scientific research
(both independent as well as commissioned by governments of the USA and the
European Union) has repeatedly demonstrated that the risks associated with GM
crops are not greater than with any (resistance) trait obtained via conventional breed-
ing methods (Carpenter, 2010; Bennett et al., 2013; Nicolia et al., 2014; Sanchez,
2015). Furthermore, the use of GMOs to produce medical products (e.g., antibiotics)
or nutritional enhancers (e.g., vitamins) receives much less opposition than the use of
herbicide-tolerant and herbivore-resistant GM plants (Marris, 2001; Savadori et al.,
2004), so why this discrimination? Clearly, scientists have to do a better job in com-
municating their findings to the society in order to take away most of its concerns. This
should be possible considering tremendous technological advances we have made in
GMO research and agriculture since the first commercial planting of GM crops over 30
years ago (Dangl et al., 2013; Carriere et al., 2015; Lombardo et al., 2016).
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Material and methods

Plants
Tomato (S. lycopersicum cv. Castlemart) and bean (Phaseolus vulgaris cv. Speedy)
plants 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 (25°C, 16L/8D, 60% RH, 300 μE m-2 s-1), to which
plants were transferred at least 3 days in advance.

Spider mites
We used spider mites from the T. urticae strain Santpoort-2 and from the T. evansi
strains Viçosa-1 and Algarrobo-1. The T. urticae mites have been described before
as inducers of tomato JA and SA defenses, to which they are also susceptible (Kant
et al., 2008; Alba et al., 2015; Villarroel et al., 2016), while T. evansi mites suppress
these defenses (Sarmento et al., 2011a; Alba et al., 2015). 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 (1 ± 1 day old) obtained from an ‘egg-wave’ (CHAPTER 2),
which was generated by allowing random adult females from a base colony to pro-
duce eggs on detached bean (for T. urticae) or tomato (for T. evansi) leaflets.

Illumina sequencing
To assess the presence of Wolbachia, Cardinium, Spiroplasma and other potentially
present bacteria in T. evansi mites, we sampled some for Illumina sequencing. Adult
female T. evansi Viçosa-1 or Algarrobo-1 mites were randomly sampled from their
respective base colonies. DNA from five individual mites was pooled to form one bio-
logical replicate (sample) prior to 16S rRNA amplification. DNA isolation (with Chelex)
and 16S rRNA amplicon-sequencing were done as described in CHAPTER 4.

Plant infestation for damage phenotype of inducer vs suppressor mites
and expression analysis of SlLIN6
Leaflets of 21-day-old tomato plants were infested with either 25 or 50 T. urticae
Santpoort-2; 25 or 50 T. evansi Viçosa-1; or simultaneously (co-infestation) with 25 
T. urticae Santpoort-2 plus 25 T. evansi Viçosa-1 adult female mites; on all five leaflets
of the second fully expanded leaf; with three plants per treatment. A lanolin (Sigma-
Aldrich, St. Louis, MO, USA) barrier was made around the petiolule to prevent the mites
from escaping. Uninfested control leaflets got the same lanolin barrier. At 4 days post-
infestation (dpi) plants from each treatment were photographed and then sampled:
infested leaflets and corresponding non-infested leaflets of control plants were excised
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(without petiolule), flash-frozen in liquid nitrogen and stored at -80°C until we extrac ted
the RNA for gene expression analysis. All five leaflets obtained from the same plant
were pooled to form one biological replicate. This experiment was repeated with an
infestation of 6 days, after which plants from each treatment were photographed.

Plant infestation for the quantification of soluble sugars and proteins
Leaflets of 21-day-old tomato plants were infested with either 15 T. urticae
Santpoort-2 or with 15 T. evansi Viçosa-1 adult female mites; on three leaflets per
plant; with ten plants per treatment. A lanolin barrier was made around the petiolule
to prevent the mites from escaping. Uninfested control leaflets got the same lanolin
barrier. At 7 dpi, leaflets were harvested and stored as described earlier. The three
leaflets obtained from the same plant were pooled to form one biological replicate.

Determination of leaf soluble sugar content
Total soluble sugars were isolated from approximately 50 mg leaf material using suc-
cessive extractions with ethanol, as described by Dominguez et al. (2013). The
supernatant from all extraction steps was combined for each sample, clarified with
Carrez reagents, and enzymatically processed to determine sucrose, glucose and
fructose levels with a spectrophotometer, as described by Velterop and Vos (2001),
using the EnzyPlus Sucrose/D-Glucose/D-Fructose kit (BioControl Systems,
Bellevue, WA, USA). Amounts of sugars were expressed as mg per g fresh weight
(mg/g FW).

Determination of leaf soluble protein content
Total soluble proteins were extracted from approximately 50 mg leaf material by addi-
tion (2x v/w) of extraction buffer (100 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, 1 mM
PMSF, 10% (v/v) glycerol, 0.05% (v/v) Triton X-100, 0.05% (v/v) SDS), followed by
extensive vortexing and incubation at room temperature for 10 min. After centrifuga-
tion at 13,000 rpm (15,493 x g; Sigma 3-30KS; SIGMA Laborzentrifugen, Osterode am
Harz, Germany) for 30 min at 4°C, the supernatant was diluted 20 times with distilled
water and subjected to a Bradford assay (Bradford, 1976) to determine the total solu-
ble protein content. A serial dilution of pure bovine serum albumin (BSA; Sigma-
Aldrich) was run along to enable protein quantification. Protein amounts were
expressed as mg per g fresh weight (mg/g FW).

Gene expression analysis by quantitative reverse-transcriptase PCR
(qRT-PCR)
Total RNA was isolated from tomato tissue using the hot phenol method (Verwoerd et
al., 1989). RNA integrity was checked by agarose-gel electrophoresis and the
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NanoDrop spectrophotometer (ND-1000, Thermo Fisher Scientific, Waltham, MA,
USA) was used to assess RNA purity and quantity. Per sample, 5 μg 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 expression analysis of SlLIN6 (Solyc10g083290.1), 1 μl of 20-
times diluted cDNA (i.e., the equivalent of 6.3 ng total RNA) served as template in a
20 μl qRT-PCR using the Platinum SYBR Green qPCR-SuperMix-UDG kit (Invitrogen,
Thermo Fisher Scientific) and the ABI 7500 Real-Time PCR system (Applied
Biosystems, Foster City, CA, USA), according to the instructions of the manufactur-
ers. Actin (Solyc03g078400.2) was used as a reference gene to normalize expression
data and hence correct for variance in quantity of cDNA input. The following primers
were used (5’ → 3’): SlLIN6 Q-Fwd CACCAAGGGTTTATCCAACG; SlLIN6 Q-Rev
TCTTTGTGACGTGGCATAATAAG; SlActin Q-Fwd TCAGCACATTCCAGCAGATGT;
SlActin Q-Rev AACAGACAGGACACTCGCACT. The primer efficiency of each primer
pair was calculated using standard dilution series of selected samples. PCR-genera -
ted amplicons 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.

Statistical analysis
Data was statistically analyzed by ANOVA using PASW Statistics (version 22.0;
SPSS, Chicago, IL, USA). To analyze the SlLIN6 NE data a nested ANOVA design
was used: the factor ‘technical replicate’ (i.e., two for each reaction) was nested with-
in the factor ‘biological replicate’ (cDNA sample). Upon detection of significant differ-
ences between treatments by ANOVA (P < 0.05), means of each treatment group
were compared by Fisher’s least significant difference (LSD) post hoc test.
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