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General introduction 

Spider mites constitute a group of small herbivores that include many species of 

global agronomical importance. These plant-eating arthropods are closely related to 
spiders but own their “spider” name to their ability to produce and assemble silken 

webs. Spider mite eggs, juveniles and adults can often be found on the abaxial 

(lower) side of the leaves of their host plants. Spider mites are piercing-sucking 

herbivores. To feed from plant tissue these mites use their specialized mouthparts— 

i.e. pairs of retractable stylets which together form 150µm long needle-like 

structures—which they insert into the plant’s tissue to reach the mesophyll layer—

where the photosynthetic-active cells are and where photosynthates are stored— 

from which they withdraw the liquid contents. Under favorable conditions spider mite 

larvae can develop into adult mites within a week after egg hatching. An adult female 

lives around a month during which she can produce hundreds of eggs, which 

together with the short time it takes to mature cause their populations to rapidly boom 

to injurious densities, after which host plants are overexploited.  

Plants do not welcome these parasites. Since mites consume their 

photosynthetic active tissues, the plant’s energy and nutrient production decays and 
hence evolution favored those plants that protect these tissues. Therefore, and 

maybe not surprisingly, we find in higher plants a robust immune system that does 

not only act against herbivorous mites but also against pathogens, nematodes, and 

insect herbivores. Plant innate defenses are a primary source for resistances that 

protect crops against diseases. However these are not unbeatable and they selected 

for invaders that have access to molecular weapons to sabotage plant immunity. 

This host-parasite antagonistic interaction is often depicted as a co-evolutionary 

arms-race. 

This thesis reports on the discovery of a group of weapons that spider mites 

deploy to deal with plant defenses, to which I will refer throughout this book as 

“effectors”, and which have never been described before for mites. The term 

“effectors” refers to proteins specialized to subvert hosts and which have evolved 

across parasites of most known life forms. 
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I Plants protect themselves: constitutive and inducible 
defenses 

Being sessile, plants cannot move away from the threats in their environment. 

Instead they adapted to withstand many of the diverse enemies they may encounter 

during their lifetime, such as arthropod herbivores. Therefore, to feed from plants 

successfully, herbivores need to overcome the plant’s measures which are in place 

to limit or prevent such attacks. Such measures can be a thick waxy cuticle that may 

complicate penetration of the epidermis; sticky trichomes (hairs) that impede insect 

movement (Simmons et al., 2004); and/or the secretion of substances that poison or 

repel herbivores (Pichersky & Lewinsohn, 2011). Such preformed deterrent plant 
traits are referred to as constitutive plant defenses. However, sometimes species of 

herbivores have adapted and can bypass these hurdles and initiate a feeding site. If 

so, plants usually respond, quickly, by altering their metabolism to mount a second 

layer of protection referred to as inducible defenses.  Such induced plants may start 

to produce (enhanced levels of) toxic metabolites and anti-nutritive enzymes to 

directly affect a herbivore’s health (Howe & Jander, 2008) and also emit an attack-

specific bouquet of volatile compounds to attract foraging predators or host-seeking 

parasitoids to the herbivore’s feeding site (De Moraes et al., 1998). These two plant 

responses are designated inducible direct and inducible indirect defenses, 

respectively.  

Defenses are costly to plants, as they demand resources otherwise available 

for growth and reproduction (Karban et al., 1997) and hence inducible defenses may 

be less costly than constitutive defenses. In addition, some secondary metabolites 

can be toxic to the plant itself as well (Wittstock & Gershenzon, 2002). In that case 
it is essential for plants to only produce them as briefly as possible or when other 

counter-measures have failed to control the herbivore. Orchestration of inducible 

defense responses relies mainly on two small signaling molecules: the plant 

hormones Jasmonic Acid (JA) and Salicylic Acid (SA). 
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Perception of herbivory and onset of the JA signaling pathway 

Plants can be alerted by various stimuli of herbivores indicative of their presence. 

Herbivores inevitably have to wound plant tissues in order to collect nutrients. The 

type and magnitude of damage varies depending on the feeding style of the 

herbivore: 1) chewing insects as caterpillars defoliate plants thus causing major 

damage to plant tissue; 2) piercing-and-sucking mesophyll-feeding herbivores, such 

as phytophagous mites, use stylets to pierce through single cells to collect their 

contents causing the collapse of these cells; and 3) piercing-and-sucking phloem-
feeding insects, as aphids and whiteflies, skillfully use their stylets to reach the 

vascular bundles while minimizing the damage to surrounding cells. Wounding of 

plant tissue results on an instantaneous flow of events that includes changes in 

membrane potentials (Mousavi et al., 2013), increase of the cytosolic calcium 

concentration (Beneloujaephajri et al., 2013), and initiation of phosphorylation 

cascades (Hadiarto et al., 2006); which lead to the activation of the JA biosynthesis 

pathway and a JA-signaling cascade downstream of its reception. Numerous studies 

with plants impaired in JA biosynthesis or perception strongly indicate its central role 

in defense against herbivores (Stintzi et al., 2001, Li et al., 2004, Paschold et al., 

2007). However, mere mechanical wounding does not create the full range of JA-

related defenses produced against herbivores (Reymond et al., 2000). Additionally, 

plants can also perceive herbivore-derived compounds, especially those from oral 
secretions such as saliva or regurgitant, which evoke plants to display a more 

customized anti-herbivore JA response (Bonaventure et al., 2011).  

The biosynthesis of JA has been well documented (Wasternack & Hause, 

2013). Briefly, it starts from the chloroplast-membrane fatty acid α-linolenic acid 

(18:3), which after a series of reactions forms cis-(+)-OPDA. Subsequently, OPDA 

is transported to the peroxisomes where is subject to β-oxidation to form JA. Many 

metabolic fates have been found for JA, for example: it can be methylated to form 

the volatile MeJA (Seo et al., 2001); it can be hydroxylated to form 12-OH-JA 

(Miersch et al., 2008); or it can be conjugated to amino acids among which Isoleucine 

to form JA-Ile (Staswick & Tiryaki, 2004). Compelling evidence indicates that JA-Ile 

is the biologically most active form of JA. When the JA-pathway is activated, JA-Ile 
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binds to the receptor COI1 (Coronatin Insensitive 1), which is part of the SCFCOI1 

(Skp1/Cullin/F-box) protein complex that ubiquitinates transcriptional repressors and 

thereby targets these for proteasomal degradation (Fonseca et al., 2009). The 

JASMONATE ZIM DOMAIN (JAZ) family of proteins are the main transcriptional 

repressors targeted by the JA-Ile-SCFCOI1 complex (Chung et al., 2008). JAZ 

proteins repress transcription factors (TFs) of jasmonate-responsive genes, like 
MYC2, which, after degradation of JAZ, initiate transcription of these genes (Chini et 

al., 2009). The jasmonate-responsive genes include genes encoding for enzymes 

involved in the production of defenses and JA-biosynthesis regulatory genes, such 

as the JAZ family proteins, and consequently the plant’s metabolism is rearranged 

towards a set of regulated and effective defensive processes against herbivores and 

necrotrophic pathogens (Figure 1.1). 

Some herbivores that feed using stylets, like spider mites and aphids, injure relatively 

few cells when puncturing plant tissue. It is believed that in response to such 

herbivores the JA pathway is not as strongly induced as against chewing insects 

(Rodriguez-Saona et al., 2010). However in response to stylet feeders also the SA 

response, another well-known defense pathway, is strongly activated. 

__________________________________________________________________ 

Figure 1.1. Model of JA signaling. The diagram illustrate the activation of the JA pathway 

after herbivore attack. A) In non-induced cells, JAZ transcriptional repressors inactivate the 

transcription factors that trigger the JA pathway, such as MYC2 (Zhang et al., 2015) B) 
Herbivory provokes perturbations in plant cells that generate physical and/or biochemical 

signals (elicitors), such as hydrostatic pressure changes or Damage Associated Molecular 

Patterns (DAMPs), which are perceived by specialized plant receptors, such as glutamate 

receptor like proteins and DAMPs receptors (Mousavi et al, 2013; Heil, 2009). Subsequently, 

a signal cascade is activated leading to the biosynthesis of OPDA from α-linolenic acid in the 

chloroplasts, after which OPDA is transported and converted to JA in the peroxisomes. Next, 

in the plant cell nucleus, JA active form (JA-Ile) accumulates and binds to the 

Skp1/Cullin/FboxCOI1 complex, which subsequently ubiquitinates JAZ to target it for 

proteasomal degradation allowing the de-repression of JAZ-targeted transcription factors and 

activation of the JA pathway.  
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SA defense pathway 

Salicylic Acid, a phenolic acid derived phytohormone, regulates many plant 

processes but its prime role seems to be in regulating senescence and defenses 

against biotrophic pathogens. The protein NONEXPRESSOR OF PATHOGENESIS-
RELATED-GENES1 (NPR1) is the central regulator of the SA response. When the 

plant is not induced NPR1 exist as an oligomer complex in the cytoplasm. When SA 

signaling is activated, SA-mediated changes in cytoplasm redox state of the cell 

reduces NPR1 to form monomers, which are transported to the plant nucleus (Tada 

et al., 2008). Monomeric NPR1 binds to TFs, such as TGACGTCA-cis-element-

binding proteins (TGAs), to promote the transcriptional reprogramming that 

characterizes the SA-response. Finally, SA regulates the levels of nuclear NPR1 by 

binding to the SA-receptors NPR3 and NPR4, which are adaptors of the Cullin 3 

ubiquitin E3 ligase complex and target NPR1 to degradation by the 26s proteasome 

(Fu et al., 2012) (Figure 1.2). 
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Figure 1.2. Model of SA signaling. The diagram illustrates the activation of the SA pathway 

in plant cells upon pathogen attack. A) In non-induced cells, at low SA concentrations, the 

SA-receptor NPR4 ubiquitinates monomeric NPR1 to target it to proteasome-mediated 
degradation. In non-induced cells NPR1 is mainly located in the cytoplasm as an oligomer. B) 

Infected plant cells perceive pathogen elicitors, such as Pathogen Associated Molecular 

Patterns (PAMPs), through plasma membrane residing receptors, such as Pattern 

Recognition Receptors (PRRs), which activate PTI (PAMP Triggered Immunity) leading to the 

accumulation of SA. Increases in SA levels induce a change in the cytoplasmic redox state of 

the cell, disrupting oligomeric NPR1, which as monomers can enter the nucleus to trigger 

transcription of SA-responsive genes. At these SA concentrations, NPR4 binds to SA which 

disrupt its binding to NPR1 (Fu et al. 2012). After binding to transcription factors (e.g. TGAs), 

NPR1 is phosphorylated and degraded which is required to fully activate the SA pathway 

(Spoel et al., 2009). C) At high SA intracellular concentrations (e.g. in the attacked tissue, or 

after recognition of a pathogen effector by a plant NLR receptor), the low-affinity SA receptor 

NPR3 is activated and targets NPR1 to proteasomal degradation (Fu et al., 2012). As NPR1 

is a negative regulator of the hypersensitive response, its degradation in cells on which the 

SA pathway was activated leads to programmed cell death (Rate & Greenberg, 2001). 
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The role of SA-related defenses against arthropod herbivores is not well 

documented. However, it has been established that SA regulates immunity against 

(hemi)-biotrophic pathogens. These responses are initiated by infection-associated 

molecules and the arrangement of their perception suggests an arms race between 

(some) plants and (some) pathogens (Jones & Dangl, 2006). Firstly, some plant 

varieties have evolved receptors to recognize highly-conserved microbial molecules, 
denominated Pathogen Associated Molecular Patterns (PAMPs). These plant 

receptors are so-called Pattern Recognition Receptors (PRR) and are located at the 

plasma membrane and they are upstream from an SA-regulated response 

designated PAMP Triggered Immunity (PTI). PTI includes accumulation—largely 

extracellular—of Pathogenesis Related (PR) proteins such as glucanases (Kitajima 

& Sato, 1999) but also the deposition of callose (Bestwick et al., 1995), and an 

extracellular burst of reactive oxygen species (Lamb & Dixon, 1997), which deters 

growth of many potentially harmful pathogens. However, some pathogens evolved 

the means to disrupt PTI by secreting small molecules to the plant’s extracellular and 

intracellular space, which then interfere with essential nodes of the defense signaling 

network. These pathogen molecules are called effectors, and they will be frequently 
mentioned throughout this thesis. Collectively, the pathogen effectors reported in 

literature target a wide diversity of defense signaling nodes. In turn, some plant 

varieties have evolved a second layer of recognition to undo effector suppression 

and this ‘secondary’ response is denominated Effector Triggered Immunity (ETI). 

ETI is facilitated by specialized effector-receptor proteins called R-proteins 

(resistance proteins) and is characterized by an often more crude defense response 

than PTI—albeit also regulated by SA—since it regularly results in programmed cell 

death at the site of infection (Cui et al., 2014), thus stopping pathogen growth. Hence 

these responses carry a clear signature of adaptation and counter-adaptation 

indicative of arms races. 

The ability of plants to recognize effectors relies on a diverse and expanded 

family of plant intracellular receptors, the NLR proteins (Nucleotide-binding Leucine-

repeat-rich Receptors), encoded by so-called R (Resistance)-genes. How they 

operate is not always immediately obvious. The “guard model” indicates that NLR 
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proteins recognize the action of effectors either on important signaling components 

(guardees) (Dangl & Jones, 2001), or on non-functional duplicates or mimics that 

are structurally similar to these signaling components (decoy model; van der Hoorn 

& Kamoun, 2008), still there are some examples where NLRs bind to effectors 

directly (Jia et al., 2000, Deslandes et al., 2003). In general, R-genes provide a 

strong and specific resistance to pathogens carrying the effectors they recognize. R-
gene mediated immunity has been widely applied to improve protection of cultivated 

crops to destructive pathogens (Dangl et al., 2013), thus R-genes and effectors have 

been main topics of phytopathology research in the last decades. In addition, R-

gene-mediated resistance has also been found against insect herbivores (detailed 

below) and therefore this could involve SA in defense against stylet-feeding 

herbivores. It needs to be mentioned that R-gene resistance in crops gets broken 

quite easily—sometimes within a couple of years—because effectors are often fast-

evolving genes. Hence, for plant protection it is often required to stack different R-

genes within the same variety to postpone resistance getting broken (Michelmore et 

al., 2013). 

Coordination of defenses: a tightly regulated network 

To efficiently use resources to mount the appropriate defenses to a given attacker, 

the plant’s inducible defenses are wired to a heavily regulated hormonal network. 

Here the key hormonal regulators of plant defenses, JA and SA, and the auxiliary 

hormonal regulators of plant defenses, Ethylene, ABA, auxins, Cytokinins, 

Gibberellins and brassinosteroids, are involved in a fascinatingly complex interplay. 
For example, growth-related hormones, predominantly Cytokines, Auxin, and 

Gibberellins, can either positively or negatively modulate the JA-induced response; 

allowing plants to exert a certain degree of control on how intense—and costly—the 

inducible defenses will be. In those cases, the JA response would be largely 

determined by the relative importance of the attacked tissue for plant fitness (Meldau 

et al., 2012).  

The best documented regulatory interaction between phytohormones during 

plant defense responses is the (largely negative) crosstalk between JA and SA 
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(Thaler et al., 2012, Pieterse et al., 2012). As explained before, JA-related defenses 

are detrimental to herbivores—but also to necrotrophic pathogens (Sun et al., 2014), 

while SA-related defenses are detrimental to (hemi)-biotrophic pathogens. The 

different outcomes of both defense pathways suggest that herbivores and pathogens 

are susceptible to different plant secondary metabolites or defense strategies (Thaler 

et al., 2012). For example, HR may not work well against mobile herbivores while 
indirect defenses may not work against microbes. Although at certain concentrations 

JA and SA might synergize each other’s actions (Mur et al., 2006), under most 

conditions an antagonistic effect between the two hormones have been shown,. For 

example, in Arabidopsis thaliana, exogenous application of SA decreased 

subsequent induction of the JA-responsive gene LOX2 by MeJA, a phenomenon that 

requires functional NPR1 (Spoel et al., 2003); while in rice, mechanical wounding 

induced a burst of JA, and during this burst levels of SA decreased (Lee et al., 2004). 

However, the biological necessity of the antagonism between JA and SA is unclear 

i.e. it may reflect prioritization of resource usage. Alternatively, most evidence

indicating an antagonism come from plants treated with (large amounts) of

exogenous hormones on whole leaves without taking the natural spatial-temporal
complexity of induction into account. For example, in reality JA and SA responses

may take place at the same time in the same organ (e.g. a leaf) but in different tissues

or cells (e.g. near the feeding site versus away from it) and/or take place in

sequence. If so, the antagonism may reflect a sequential program of hormonal

actions where a plant first tries to defend its tissues (e.g. via a JA defense) before

sacrificing these via apoptosis (e.g. via a SA defense) (O'Donnell et al., 2003,

Wasternack et al., 2006) or where the plant is switching to another kind of (less

reliable) defensive program such as when switching from direct to indirect defenses

that fully depends on the presence of hungry natural enemies (Kahl et al., 2000).

Possibly the most important auxiliary phytohormone tuning JA/SA responses 

is ethylene (ET). In Arabidopsis, ET redirects the response downstream of JA to 

defenses more effective against necrotrophic pathogens, by inactivating MYC2, 

which controls anti-herbivore JA-related defenses, and by promoting the activity of 

the JA-ET responsive TFs ORA59 and ERF1 (Pré et al., 2008). In turn, SA was 



Chapter 1  17 

shown to inactivate the ORA59-related JA-ET signaling branch, giving rise to 

increased susceptibility to necrotrophic pathogens. The SA-ET antagonism is 

established via suppression of the class II TGA transcription factors, which are 

required for full activation of the master regulator ORA59 and its downstream 

response, by SA (Zander et al., 2014).  

The interconnectedness of the SA, JA and ET pathways provides plants with 

a robust mechanism to switch between different defense strategies that do not 

combine well together—when the initial defense does not yield the desired effect or 
when a second organism, for example an opportunistic pathogen that infects a 

herbivore feeding site, is introduced to a wound and a new defense is needed (Spoel 

& Dong, 2008). However, this regulated network in principle is vulnerable to 

manipulation by a plant’s enemies as well. Indeed, some pathogens were found to 

be able to take control of particular hubs in the signaling network and thereby to stop 

or divert the defense response or resource allocation in order to make the attacked 

plants a more suitable host. This phenomenon is well-known for plant pathogenic 

viruses, bacteria, oomycetes, fungi, and nematodes, many of which make use of 

effector proteins to disrupt or divert specific plant processes (Dangl et al., 2013). I 

will show throughout this thesis, that also arthropod herbivores manipulate plants, 

i.e. the defenses of their hosts, to their benefit by means of effector molecules.

II Herbivores fight back: manipulation of plant defenses 

Herbivores have evolved different strategies to adapt to their host’s inducible 

defenses. They can walk away from the induced tissues (Perkins et al., 2013), they 

can evolve to resist - and sometimes to sequester - toxic secondary metabolites 

(Nishida, 2002), or they can interfere with the metabolic processes upstream of the 

defense. Defense suppression by herbivores has been shown for insects from 

diverse feeding guilds, for several species of mites and for nematodes. Several 

phytophagous nematode species interfere with host-plant resistance (Haegeman et 

al., 2012) and the cyst nematode Meloidogyne incognita was found to suppress SA- 

and JA-dependent Systemic Acquired Resistance (SAR) in Arabidopsis thaliana 

(Hamamouch et al., 2011). Other examples are exclusively from arthropods i.e. most 
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of which are insects and in the majority of cases suppression could be attributed to 

hormonal crosstalk. Hemipteran phloem feeders, such as the mealybug 

Phenacoccus solenopsis (Zhang et al., 2011) and the whitefly Bemisia tabaci, were 

found to suppress JA-defenses (Zhang et al., 2009) possibly via inducing the 

antagonist SA (Zarate et al., 2007, Walling, 2009). In addition, the aphid Megoura 

viciae inhibits defensive phloem clogging (Will et al., 2007) while other aphid species 
were found to suppress the oxidative burst (Bos et al., 2010) while the leafhopper 

Macrosteles quadrilineatus suppresses JA-defenses indirectly via an effector 

derived from a vectored phytoplasma (Sugio et al., 2011). Also chewing larvae of 

several lepidopteran species have been found to interfere with induced defenses 

(Bede et al., 2006). On A. thaliana, larvae of Spodoptera exigua inhibit JA-mediated 

defense responses via the SAR pathway (Weech et al., 2008) while Pieris brassicae 

suppresses defenses independent from the JA- and SA-pathways (Consales et al., 

2012). In addition, Helicoverpa zea was found to suppress nicotine accumulation in 

Nicotiana tabacum (Musser et al., 2002) and to suppress JA- and Et-regulated genes 

via salivary enzymes in tomato (Wu et al., 2012). This is reminiscent of the down-

regulation of nicotine by Manduca sexta feeding on N. attenuata although here it 
may reflect a plant-adaptive rather than a herbivore-adaptive event (Kahl et al., 2000; 

Voelckel et al., 2001). Moreover, a coleopteran chewer, the Colorado potato beetle 

Leptinotarsa decemlineata, was found to suppress transcription of proteinase 

inhibitor (PI) genes in tomato (Lawrence et al., 2007). Finally, larvae of virulent 

strains of the Hessian fly Mayetiola destructor secrete substances, via their vestigial 

mouthparts, into plant tissues thereby suppressing the expression of PI and lectin 

genes (Stuart et al., 2012). Not only herbivore feeding stages but also leaf-laid eggs 

from the butterfly Pieris brassicae were found to elicit SA possibly to suppress JA, 

and leaves treated with those egg-extracts were better food source for the generalist 

herbivore Spodoptera littoralis (Bruessow et al., 2010). Instead, the red spider mite 
Tetranychus evansi (Sarmento el al. 2011a; Chapter 2) and some genotypes of the 
two-spotted spider mite T. urticae (Kant et al., 2008; Chapter 2) were shown to 

suppress both JA and SA related defenses when feeding on tomato (Solanum 

lycopersicum). Also T. ludeni was found to suppress JA defenses (P. Godinho et al., 

2015). In addition, the russet mite Aculops lycopersici was found to suppress 
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exclusively JA defenses in tomato but independently from SA (Glas et al., 2014). 

This indicates that mites do not make use of the JA-SA crosstalk to defeat plant 

protection. Spider mites and insects do not share a recent history: the 

Arachnomorpha (among which the mites evolved) and the Mandibulata (among 

which the insects evolved) have diverged already early in the arthropod lineage, 

probably well over 400 million years ago from an aquatic ancestor (Weygoldt, 1999), 
suggesting that traits that allow some of the current plant-eating insect and mite 

species to suppress host defenses may have evolved independently. Taken 

together, evidence for suppression of plant-defensive processes is found all across 

the class of the herbivorous insects and extends across it since also plant-eating 

mites and nematodes have evolved traits with similar functions. 

Defense suppression by herbivores is an emerging field, and the diversity in 

underlying mechanisms is still poorly documented. However, increasing evidence 

suggests that herbivores use effector molecules, predominantly proteins, to 

manipulate plants responses, reminiscent of phytopathogens. 

Effectors 

Most if not all plant-associated organisms produce and secrete molecules that 

interact with their host in order to develop and maintain a commensalism or to 

support their symbiotic or parasitic relationship with the plant. In the field of plant-

parasite interactions many of these molecules were found to take effect as elicitors 

or as effectors, and hence they play central roles in the formation of disease and 

host-resistance. Whereas elicitors are negative for these parasites in the sense that 

they evoke a defense response—and probably persist only because they are 

essential components of the infection and/or digestion machinery while evolution did 

not yet come up with a less harmful alternative—effectors accommodate 
compatibility of the parasite and plant and probably evolved to compensate for the 

presence of elicitors. An overwhelming number of effectors has been discovered in 

bacteria (Abramovitch et al., 2006), filamentous pathogens (oomycetes and fungi) 

(Kamoun, 2006), in plant parasitic nematodes (Mitchum et al., 2013) and more 

recently also insect herbivores (Hogenhout & Bos, 2011). The fast majority of all 
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reported effectors are small secreted proteins. In depth characterizations have 

revealed a tremendous sequence and functional diversity among them. Firstly, there 

are strong selective pressures at work—especially due to crops carrying R-genes—

selecting for individuals that carry effector proteins that can dodge recognition by 

immune receptors (see above ETI). This has resulted in effectors to be highly 

variable in their sequence identities and in presence-absence polymorphisms 
(Guttman et al., 2014, Anderson et al., 2010), i.e. pathogens are under strong 

selection to express effector-versions not recognized by the host or to not express 

them at all. Secondly, although effectors can serve the pathogen by a sort of means, 

most of them target the host’s immune response—often to disrupt it—and for this 

several molecular mechanisms have been described (Giraldo & Valent, 2013). 

Roughly, these effectors comprise the following functional groups (although these 

are not mutually exclusive): 

• Metabolites secreted into the host to manipulate particular physiological

processes such as hormonal signaling. Some strains of P. syringae produce

the JA mimic coronatine, which puts JA defenses into overdrive to suppress

SA defences (Zhao et al., 2003).

• Enzymes that interfere with the host’s ability to control infected tissues
encoded by transgenes inserted into the host’s genome by the pathogen.

The best known example is Agrobacterium tumefaciens, which injects its

transfer DNA (which carries genes that facilitate gall formation) into plant

cells, where it integrates into the host’s genome and is expressed by the

host (Zhu et al., 2000).

• Enzymes secreted by pathogens to perform a metabolic conversion in the

host that affects its defenses. Fungi such as Septoria lycopersici produce

tomatinase, which not only detoxifies the defensive alkaloid tomatine but

also generates hydrolysis products that suppress the hypersensitive
response (Bouarab et al., 2002).

• Secreted proteins that interfere with transcription factors or that act as

transcription factors of defense genes of the host. The first is the case for an

effector called SAP11, produced by phytoplasmas vectored by leafhoppers.
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SAP11 destabilizes the host’s CIN-TCP transcription factors, leading to 

downregulation of the JA response (Sugio et al., 2011). The second is the 

case for the transcription activator-like (TAL) effectors produced by the 

Xanthomonas bacterium. TAL effectors are translocated to the host’s 

nucleus, where they modulate the expression of specific target genes to 

facilitate the infection (Boch and Bonas, 2010). 

• Secreted proteins that interfere with host receptors involved in defenses. For

example, the P. syringae HopF2 effector suppresses plant immunity by

targeting the R gene co-receptor BAK1 (Zhou et al., 2014).

• Secreted proteins that interfere with defense signaling cascades

downstream of receptor recognition. This is the case with AvrB of P.

syringae, which phosphorylates the signalling hub RIN4 to block PAMP

triggered immunity (Mackey et al., 2002).

• Secreted proteins that manipulate proteasome functioning in defensive
processes. This is the case for the E3 ubiquitin ligase AvrPtoB of P.

syringae, which initiates degradation of a kinase that is essential for innate

immunity (He et al., 2006).

• Secreted proteins that perform proteolysis of plant defense proteins. This

was found for an extracellular PI of Phytophthora infestans, which targets a

tomato PR protein (Tian et al., 2004) and for AvrRpt2 of P. syringae, which

acts as protease to eliminate RIN4 (Axtell et al., 2003).

• Secreted proteins that interfere with host vesicle trafficking during immune
responses. This is the case for HopM1 of P. syringae, which mediates

degradation of the vesicle trafficking regulatory protein MIN7 (Nomura et al.,

2011).

• Secreted proteins that interfere with RNAi, such as the 2b protein of the

cucumber mosaic virus. This protein protects the virus against RNAi-

mediated degradation and also suppresses SA defenses (Ji and Ding, 2001)

and JA defenses induced by their aphid vectors (Westwood et al., 2014).

• Secreted small RNAs that manipulate a host’s RNAi machinery, such as a
small RNA transferred by Botrytis cinerea, which silences the protein
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Argonaute 1 in Arabidopsis and tomato and thereby suppresses host 

immunity (Weiberg et al., 2013). 

Herbivore effectors 

While the field of phytopathology has revealed a tremendous amount of detail on 

effector diversity and functionality, this research area has only recently emerged in 

the field of entomology (probably because the field phytopathology has a much 

stronger tradition in molecular biology while recent advances in e.g. genomics have 

brought it into reach of entomologists as well). There are indications that also plant-

defense-suppressing herbivorous arthropods secrete effector molecules via their 

saliva into their host. The first of such salivary components that was discovered was 

the enzyme Glucose Oxidase (GOX), which is the most abundant molecule in the 
oral secretions of the caterpillar of Helicoverpa zea (Musser et al., 2002). This 

enzyme catalyzes the oxidation of glucose to D-gluconic acid and thereby generates 

hydrogen peroxide. The amount of GOX applied to N. tabacum plants correlates with 

an increase in SA and a decrease in the accumulation of nicotine. Possibly, GOX 

suppresses or attenuates JA and ethylene responses by crosstalk with SA 

(Eichenseer et al., 2010, Diezel et al., 2009). GOX has been found in many more 

caterpillar species (Eichenseer et al., 2010) and other herbivorous insects, such as 

aphids and non-herbivores such as honeybees (Harmel et al., 2008, Iida et al., 

2007). A comprehensive study by Eichenseer et al. (2010) showed large variation in 

GOX activity within families and subfamilies of 88 caterpillar species, but these 

activities depended on the host plant species on which the caterpillars were feeding 
as well. Moreover, a recent report showed that H. zea GOX elicits the JA pathway 

instead of suppressing it in two varieties of tomato i.e. cv. Better Boy and MicroTom 

(Tian et al., 2012). Taken together, these studies suggest that some plants, such as 

some tomato varieties, may have evolved a recognition mechanism for GOX, 

possibly resembling R-gene-mediated recognition of effector proteins in plant–

pathogen interactions.  

Advances in genomics and proteomics have greatly facilitated the discovery 

of more effector proteins in insects. After the Acyrthosiphon pisum (peach aphid) and 
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its salivary glands were sequenced, the first aphid effector was discovered: a 22-

kDa salivary-secreted protein of unknown (primary) function designated “C002” 

(Mutti et al., 2008). In insecta RNAi-mediated knockdown of C002 expression 

affected A. pisum foraging and feeding behavior and reduced aphid fitness. 

Subsequently (Bos et al., 2010) used N. benthamiana for ectopic transient 

overexpression of C002 from Myzus persicae (green peach aphid) and showed that 
aphid fecundity increased on such plants. Moreover, transient overexpression of a 

second aphid protein, Mp10, sufficed to suppress the flagellin-triggered oxidative 

burst in N. benthamiana, but aphid reproduction was lower on these plants than on 

mock treated plants. Via a subsequent study two additional aphid proteins, Mp1 

(PIntO1) and Mp2 (PIntO2) were characterized by expressing them in Arabidopsis 

and on such plants aphid fecundity improved compared to the controls. Interestingly, 

the performance of M. persicae did not improve on Arabidopsis plants expressing 

the A. pisum orthologues of both effectors (Pitino & Hogenhout, 2013). Finally, two 

putative effectors of Macrosiphum euphorbiae, designated Me10 and Me23, were 

found since both increased aphid fecundity on N. benthamiana transiently 

expressing them, whereas only Me10 – when delivered via the Pseudomonas 

syringae type III secretion system - increased their fecundity on tomato as well 

(Atamian et al., 2013). 

Research on gall midges has provided independent evidence for a role of 
effector proteins in plant–herbivore interactions. Early larval stages of the hessian 

fly, Mayetiola destructor, are plant parasites. When they colonize wheat (Triticum 

spp.), the larvae induce so-called “feeding cells” in their host (reminiscent of 

nematodes), which provide them with food until they develop into adults (Harris et 

al., 2006). More than 30 hessian fly resistance genes have been found in wheat, 

some of which are predicted to encode typical R proteins (Liu et al., 2005). On 

resistant wheat, hessian fly larvae are unable to induce feeding cells, but instead 

induce a hypersensitive-like response that prevents them from eating (Harris et al., 

2010). At was found that the M. destructor gene, vH13, encodes a protein that acts 

likes an avirulence factor on wheat carrying the H13 resistance gene. In contrast, 

larvae from populations that are virulent on H13 wheat did not express vH13, while 
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RNAi-mediated knockdown of vH13 in avirulent larvae made some of them virulent 

(Aggarwal et al., 2014). Although performance of knock-down and mock larvae were 

not compared on non-resistant wheat varieties, these data suggest that vH13 may 

function as an effector on such varieties.  

Thus, there are clear indications that herbivores may make use of effectors, 

just as pathogens do. This notion is strengthened by the existence of anti-herbivore 

R genes such as vH13 but also the NBS-LRR genes Mi-1, Vat and Bph14 which 

confer resistance to some species of root-knot nematodes, potato aphids, and brown 
plant hoppers, respectively, possibly via a local cell death-dependent program 

(Villada et al., 2009, Du et al., 2009, Rossi et al., 1998). Effector discovery depends 

heavily on bioinformatics. Hence it is of essential importance to identify common 

denominators of effectors to facilitate generating short lists from (large) proteomics 

and genomics data sets. The high diversity found among pathogen effectors 

discourages the use of protein homology as a strategy to identify herbivore effectors 

(Rep, 2005). Nevertheless, most effector proteins share structural features that can 

be easily recognized in silico, such as an amino-terminal signal peptide, the absence 

of transmembrane domains and a small protein size. Furthermore, effectors that 

operate in the plant apoplastic space are usually rich in cysteine residues (Rooney 

et al., 2005). Several studies have exploited these common properties to find novel 

putative effector-encoding genes from sequenced pathogen genomes or 
transcriptomes. The ongoing expansion of comprehensive datasets on herbivore 

transcriptomes and proteomes (DeLay et al., 2012, Su et al., 2012, Grbic et al., 2011) 
will probably give rise to the discovery of new effectors in the near future. In Table 
1.1 I list a number known herbivore effectors and some of their structural features. 
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Table 1.1. Salivary effectors discovered in insect herbivoresa 

Name speciesb Size 
(aa) SP % 

Cysteines 
Functional 
annotation Reference 

GOX Helicoverpa zea 606 N 2.3 Glucose 
oxidase (Musser et al., 2002) 

C002 Acyrthosiphon 
pisum 219 Y 1.4 Unknown (Mutti et al., 2008) 

Mp1 Myzus persicae 139 Y 0 Unknown (Pitino & Hogenhout, 
2013) 

Mp2 Myzus persicae 166 Y 0.6 Unknown (Pitino & Hogenhout, 
2013) 

Mp55 Myzus persicae 263 Y 0.4 Unknown (Elzinga et al., 2014) 

Armet Acyrthosiphon 
pisum 174 Y 5.2 Calcium 

binding (Wang et al., 2015a) 

ACE1 Acyrthosiphon 
pisum 635 Y 1.9 

Angiotensin 
converting 
enzyme 

(Wang et al., 2015b) 

Me10 Macrosiphum 
euphorbiae 116 Y 0 Unknown (Atamian et al., 2013) 

Me23 Macrosiphum 
euphorbiae 233 Y 4.7 Glutatione 

peroxidase (Atamian et al., 2013) 

a Only proteins that have been shown to promote herbivore performance are listed 

b First insect species in which the particular effector was reported 

III Thesis overview 

Experimental System 

Spider mites 

Spider mites belong to the family Tetranychidae, which comprises of well over a 

thousand species. Some of these species are injurious pests on crops and thus 

economically important. The annual global cost of pesticides against spider mites 

was estimated to amount to 0.5 to 1 billion dollars per year 

(http://www.vib.be/en/news/Pages/Genetic-code-of-first-arachnid-cracked.aspx). 
The best characterized spider mite species, and central to my research, is 
Tetranychus urticae, commonly known as the two-spotted spider mite (Figure 1.3A). 
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This cosmopolitan mite is remarkably polyphagous as its host-plant range spans 

over 1100 plant species, including several ornamental and vegetable crops (Migeon 

& Dorkeld, 2015, Dermauw et al., 2013, Grbic et al., 2011). Additional to their 

polyphagy, T. urticae can become a problematic pest as they frequently and quickly 

develop resistance to most of the agrochemicals used to control their populations 

(Van Leeuwen et al., 2010). A second spider mite species with significant agronomic 
impact and fundamental for this thesis is T. evansi, commonly known as the red 
tomato spider mite (Figure 1.3B). This mite species originates from South America 

and is currently invading southern Europe via Africa (Navajas et al., 2013). T. evansi 

is an oligophagous species and have specialized on solanaceous plants, which 

include important crops such as tomato (Solanum lycopersicum), potato (S. 

tuberosum), aubergine (S. melongena), and pepper (Capsicum annuum) (Ferreira & 

Sousa, 2011).  

 To feed on plant foliage, spider mites use their “cheliceral stylets”. The mite’s 

chelicerae (jaws) are modified into a pair of two, recurved, J-shaped stylets around 

150 µm long. These stylets are enclosed into a structure called the stylophore (a 

movable mandibular plate) and two large muscles attached to the mandibular plate 
account for retraction of the stylets (Figure 1.3C). The stylophore is connected to 

the pharynx, which in turn is connected to the esophagus, and this organ was found 
to act as a pump (Figure 1.3C). The stylets themselves are connected to a salivary 

duct. Prior to feeding, the cheliceral stylet-pair is locked together in a ‘tongue and 

groove’ fashion to form a single hollow tube (with an estimated diameter of 500 nm) 

after which they are inserted into plant tissues to puncture parenchyma cells (Park 

& Lee, 2002). By means of the pumping action of the pharynx the mites take up the 

cytoplasmic fluid that is released by turgor pressure through the opening made by 

the stylets. It is unclear if the mites use their stylets for taking up food directly (and if 

they do, if the two stylets unlock before doing so) but probably they use them 

primarily for releasing saliva into their host (Jeppson et al., 1975). The mite´s anterior 
and dorsal secretory glands (Figure 1.3C), which are proximal and connected to the 

stylets via the salivary duct, presumably produce most of their salivary secretions. In 

this thesis I will show that these secretions play important roles at the mite-host 
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interface (Mothes & Seitz, 1981; Chapter 3). Leaf damage by spider mite feeding is 

evident to the naked eye as numerous white spots surrounded by tissue yellowish 
or browning (3rd and 4th day in Figure 1.3D). Furthermore, heavy and sustained 

infestation can result in crinkling, curling, drying, and excision of the infested leaf (6th 
day in Figure 1.3D; Helle & Sabelis, 1985), while the loss of photosynthetic active 

cells leads to a reduction in the net photosynthetic rate, ultimately decimating plant 

health and yield (Meck et al., 2013).  

T. urticae and T. evansi occasionally coincide on the same plants, on which
they potentially compete for resources (de Vasconcelos et al., 2008, Sarmento et al., 

2011b, Ferragut et al., 2013). Moreover, by experimentally exposing both mite 

species to tomato leaflets previously infested with their own or with the other species, 

Sarmento et al (2011a) showed that T. urticae females laid more eggs when feeding 

on leaves previously infested with T. evansi. This indicates that T. evansi might turn 

tomato into a better host for T. urticae. Previously we had observed something 

similar i.e. that a defense-sensitive strain of T. urticae improved its performance 

when co-inhabiting a leaf infested with a defense-suppressing strain as well (Kant et 

al., 2008). These observations led us to hypothesize that T. evansi and possibly T. 

urticae may secrete salivary effector proteins to manipulate plant defenses to create 

a suitable host (Chapter 2 and 3).  

Model plants 

To investigate the mechanism of manipulation of host defenses by spider mites, 

mainly three plant species were used as experimental models: Arabidopsis thaliana, 

cultivated tomato (S. lycopersicum) and Nicotiana benthamiana. During my PhD 

research these plants showed particular advantages but also shortcomings which I 

will briefly outline next.  



Chapter 1  28 

Figure 1.3. Spider mites, their internal anatomy, and their feeding damage. A) The picture 

shows an egg, a nymph, and an adult female of the two-spotted spider mite T. urticae. B) The 

picture shows eggs and an adult female of the red tomato spider mite T. evansi. Pictures in A 

and B were taken by J. van Arkel (University of Amsterdam). C) Schematic representation of 

the internal anatomy of the anterior body region of an adult female spider mite. The dorsal 

(blue) and anterior (yellow) glands presumably produce and secrete salivary proteins. 
Modified from Alberti & Crooker (1985). D) The picture shows tomato leaves at different time 

points across 6-days of spider mite infestation. Tomato plants were 21-days old when infested 
with fifteen adult female T. urticae mites per leaflet. After each day, infested leaflets were 

excised and photographed. Pictures were taken by M. Kant (University of Amsterdam). 

Since Arabidopsis thaliana is the prime model for plant research I conducted 

several experiments with it in relation to mite-induced plant defenses. There is some 

literature on T. urticae-Arabidopsis interactions (Schweighofer et al., 2007, Zhurov 

et al., 2014, Martel et al., 2015) but these spider mites are not common pests on 

crucifers possibly because of the plant’s indole glucosinolates (Zhurov et al., 2014). 
Usually spider mites (try to) depart from A. thaliana shortly after introduction and we 
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did succeed in establishing a viable lab population of T. urticae on this plant. Yet, T. 

urticae individuals that do not depart usually survive and reproduce. However, T. 

evansi rejects A. thaliana and we only occasionally observed mites attempting to 

feed from the plant after introduction. Therefore I only used this plant, i.e. a 

transgenic line with a JA-responsive luciferase reporter gene (Perkins et al., 2013), 

to investigate the spatio-temporal dynamics of the early (i.e. the first 6 hours) T. 

urticae-induced JA-response (Chapter 2). 

Since cultivated tomato is a common host for both T. urticae and T. evansi, 
it is a logical plant species for investigating how these spider mites conquer their host 

plants. Although it is evident that during the course of tomato breeding natural 

defenses were lost (Bleeker et al., 2012), the plant still is a relatively hostile host to 

many herbivores and well capable of mounting defenses, predominantly JA-related, 

that constrain spider mite performance considerably (Ament et al., 2004, Kant et al., 

2004, Li et al., 2002, Alba et al., 2015). Defensive strategies of tomatoes against 

herbivorous insects and mites are fairly well documented and a number of mutants 

on key defensive pathways are available for research. Furthermore, a couple of well 
characterized marker genes for the JA and SA pathways are available (Chapter 2). 
However, a big limitation of using tomato to investigate herbivore effector proteins is 

that this plant is not amenable for performing functional genomics: producing stable 

homozygous transgenic plants can easily take a year while transient transformation 
is relatively troublesome since most tomato varieties are fairly resistant to most 

strains of (armed and disarmed) Agrobacterium. 

In contrast to tomato, the model plant Nicotiana benthamiana (a wild relative 

of tobacco N. tabacum) is a very convenient plant species for performing transient 

transgene expression assays (Van der Hoorn et al., 2000). Transient expression has 

the advantage over stable expression that it will only take the time needed to clone 

the gene into its expression vector .i.e. a couple of weeks. N. benthamiana is 

compatible with several (armed and disarmed) strains of Agrobacterium and 

expression can be obtained for at least 5 days provided a silencing suppressor (such 

as P19) is co-infiltrated. Hence N. benthamiana has become a popular choice in 

phytopathology research for swiftly evaluating the effect of a particular effector - 
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being that from a virus, bacteria, fungi, or an herbivore – on plant defense responses 

in planta (Chapter 3) or for evaluating the interaction between an effector and a 

putative host target-protein  (Goodin et al., 2008; Chapter 5). However scant 

information is available on the natural resistances of N. benthamiana against 

herbivores and this plant species proved to be a difficult host for both T. evansi and 

T. urticae. Probably its abundant leaf trichomes exude metabolites to which our mite
strains are vulnerable and, as a consequence, spider mites died within hours after
transfer to intact N. benthamiana leaves. As I will present in Chapter 3, careful

washing of the leaf surface to remove trichomes and trichome exudates permitted

us to implement mite-infestation experiments on this highly useful plant species.

Thesis outline 

By means of this thesis I provide the first pieces of a mechanistic explanation, i.e. 

salivary effector proteins, for the ability of mites to suppress plant defenses and I 

reflect on these findings in the light of host-plant adaptation and effector evolution. 

The fact that spider mites possess the ability to suppress plant defenses is not only 

of scientific interest but can also have implications for crop protection strategies. 

Assuming that spider mite-effectors target molecular hubs of (either induced or 
constitutive) plant-defense signaling-networks (Chapter 5), breeding for molecular-

chemical resistance traits may become a futile effort to improve crop protection. 

Therefore, resistance breeding may have to relay part of its efforts to identify 
susceptibility genes to modify these to make them unsuitable for effectors or to knock 

these out. Hence the research presented in this thesis provides concrete information 

on the mechanism of suppression by revealing a suite of novel proteins that spider 

mite deliver through their saliva to possibly interfere with plant cell processes on the 

one hand and by revealing putative plant target processes and target proteins (S-

genes) on the other. 

For Chapter 2, I used the model plants A. thaliana and cultivated tomato to 

describe the plant defense-related events during the whole course of the infestation 

i.e. starting from the first hours after spider mite feeding and over the course of a

week-long infestation until the moment the infested leaves senesce and die. In this
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chapter also three spider mite strains are introduced: a strong defense inducer called 

T. urticae Santpoort-2, a mild defense suppressor called T. urticae DeLier-1, and the

superior defense suppressor T. evansi. I used these mites to characterize and

compare the defenses that tomato mounts against each strain specifically, and when

infested by suppressor and non-suppressor strains at the same time on the same

leaflet. These experiments reveal which plant processes are targeted by
suppression: it most probably occurs downstream of JA and SA accumulation and is

independent from the JA-SA crosstalk.

For Chapter 3 I exploited several spider mite genomic and transcriptomic 

resources to reveal the spectrum of putative T. urticae and T. evansi effector-like 

salivary proteins. I present an in silico-experimental pipeline for producing a 

predicted secretome that contains potential effector proteins. Additionally, I assess 

in this chapter the function of the top five candidate effectors by expressing them 

transiently in N. benthamiana leaves, and I show that four of these salivary proteins 

— designated Te28, Tu28, Te84, and Tu84 (where Te = T. evansi and Tu = T. 

urticae) — induce chlorotic symptoms after overexpression while they suppress SA 

responses and correlate positively with spider mite performance. 

For Chapter 4 I utilized a T. urticae salivary proteome, obtained by means 

of mass spectrometry on the proteins secreted by mites into artificial diets, and 

investigated to which extent these data matched with the results from the in silico 

pipeline presented in Chapter 3. All proteins belonging to the five effectors families 

predicted in Chapter 3 were found back in these salivary secretions. Moreover, we 
show that the spider mite salivary proteome is mostly composed of proteins without 

homologs in protein databases and that they are specifically produced in the anterior 

or dorsal prosomal glands of the mites. Finally, I used the proteomic dataset as 

experimental basis to critically assess the in silico-experimental pipeline from 

Chapter 3 and vice versa I discuss the pros and cons of both approaches.  

In Chapter 5 I present data on (putative) host target proteins of the spider 

mite effectors Tu84 and Te84. First I present data on the in planta localization of 

Te84 and Tu84 and show that they are targeted to different compartments in plant 
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cells. Second, via yeast two-hybrid (Y2H) screens on Arabidopsis and tomato, I 

identify candidate plant target-proteins of these effectors. Among these candidate 

protein interactors, I found the A. thaliana cysteine protease RD19 as a prominent 

putative target of Tu84 and Te84. This protein was not only the prime interactor of 

Tu84 that came out of the screen but also is a validated target of a well-known 

pathogen effector. In addition, when we screened Te84 on a tomato Y2H library we 
found it to interact with the protein RCR3: this protein is a cysteine protease as well 

but also a validated target of three pathogen effectors as well as a nematode effector. 

Hence I argue that mite effectors may target (extracellular) cysteine protease, among 

other targets, to facilitate their infestation.    

Finally in Chapter 6 I will discuss the main results presented in this thesis 

and outline the follow up steps needed to translate these results into protocols for 

improving crops resistance.   

Account: parts of this thesis have been published or have been submitted: 

Chapter 2 

Alba JM, Schimmel BC, Glas JJ, Ataide LM, Pappas ML, Villarroel CA, Schuurink 
RC, Sabelis MW, Kant MR. (2014). Spider mites suppress tomato defenses 

downstream of jasmonate and salicylate independently of hormonal crosstalk. New 

Phytologist 205(2): 828-840.  

Chapter 3 

Villarroel CA, Jonckheere W, Alba JMA, Glas JJ, Dermauw W, Haring M, Van 
Leeuwen T, Schuurink RC, Kant MR. (2016). Salivary proteins of the spider mites 

Tetranychus urticae and T. evansi suppress defenses in Nicotiana benthamiana and 

promote mite reproduction. The Plant Journal (submitted). 
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Chapter 2 – Induction and suppression of plant defenses by 
spider mites 

CA Villarroel, JM Alba, BCJ Schimmel, JJ Glas, ML Pappas, RC Schuurink, MR Kant 

Spider mites are a worldwide problem for agriculture and horticulture since they frequently 

become pest of important vegetable and ornamental crops. Plants respond to spider mite 

feeding by activating anti-herbivore defenses, which are mainly regulated by the hormones 

jasmonate (JA) and salicylic acid (SA). However, these defenses do not always reach the 

same magnitudes: the level of induction can greatly differ across different genotypes of the 
two-spotted spider mite (Tetranychus urticae). Moreover, cultivated tomato plants (Solanum 

lycopersicum) infested with the red spider mite T. evansi, a Solanaceae specialist, were shown 

to not display anti-herbivore defenses with some defenses being even lower than uninfested 

control plants. Hence, accumulating evidence suggests that some spider mites are able to 

suppress plant defenses. To deepen our view on induction and suppression of plant defenses 

by spider mites, we studied three spider mite strains that either induce, mildly suppress, or 

strongly suppress tomato defenses. Using an Arabidopsis line transformed with a luciferase 

gene fused to a JA-responsive promotor we show that induction of JA defenses can be 

observed within 30 minutes locally at the feeding site. Using tomato, we show that strains that 

mildly or strongly suppress JA and SA defenses create an improved feeding site for the strain 

that induces a strong response. To gain insight into the metabolic targets and dynamics of 

suppression, we measured the amounts of defense-related phytohormones and transcript 

levels of defense-related genes in tomato leaflets infested with either a single strain or with a 

combination of a suppressor and inducer strain. Induction of defenses occurred in three 

phases: the early phase (with genes peaking within 1 day after infestation), the intermediate 

phase (with genes peaking half way through the infestation i.e. around 4 days) or the late 

phase (with genes peaking after 7 days) shortly before the leaflets died. Different spider mites 

affected expression of JA- and SA-marker genes differently: while the strong suppressor 

down-regulated all the marker genes we tested, the mild suppressor only down-regulated the 

late marker genes, and possibly delayed induction rather than blocking it completely. 

Moreover, the mechanism of suppression did not depend on hormonal crosstalk, and likely 

occurs downstream of JA- or SA-accumulation. We conclude that defense suppression may 

not be a single phenomenon but may have distinct characteristics for different mite genotypes 

within or across species. 
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Introduction 

As sessile organisms, plants face frequent attacks by diverse biotic agents, such as 

viruses, bacteria, fungi, oomycetes, and herbivores from which they cannot walk 

away. To withstand this variety of enemies, plants evolved versatile defenses, which 

are complexly wired to efficiently protect themselves against specific threats and 

many of these defenses are inducible i.e. established only after an attack (Jones & 
Dangl, 2006). Despite the complexity of their hostile environment, only two 

phytohormones, Salicylic Acid (SA) and Jasmonic Acid (JA), operate as master 

switches of the plant’s inducible defense repertoire. While SA regulates defenses 

that enable plants to resist biotrophic pathogens and viruses (Kumar, 2014), JA 

regulates defenses that enable plants to resist necrotrophic pathogens and 

herbivores (Koo & Howe, 2009). Crosstalk between phytohormones, i.e. not only 

involving JA and SA but also others, such as Ethylene, Abscisic acid and Auxin, 

harmonize the different defense pathways (Pieterse et al., 2012).  

Among such plant attackers are several species of mites (Acari). Among 

these, one of the best studied species is the globally occurring two-spotted spider 

mite (Tetranychus urticae), a highly polyphagous herbivore that is reported to infest 

more than 1100 plant species, including many agronomical relevant crops (Dermauw 

et al., 2013, Grbic et al., 2011). Spider mites are mesophyll feeders, and they use 

their stylet, a specialized mouthpart, to pierce plant cells after which they suck-out 
the cytoplasm from these cells. Tomatoes (Solanum lycopersicum) infested by T. 

urticae rapidly accumulate the main defensive hormones, JA and SA, in response to 

feeding and this gives rise to the production of defensive compounds such as 

proteinase inhibitors (Kant et al., 2004), the expression of polyphenol oxidase genes 

(Glas et al., 2014) and PR (pathogenesis related protein) genes (Kant et al., 2004), 

and includes the release of volatiles which are attractive to prey searching natural 

enemies of spider mites (Ament et al., 2004). However, within T. urticae natural 

populations, genotypes were shown to occur that suppress the induction of those 

defenses and this promotes the reproductive performance of those mites (Kant et 

al., 2008, Alba et al., 2015). Furthermore, the red tomato spider mite (T. evansi), a 

related mite species but specialized on Solanaceae, was shown to suppress tomato 
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JA/SA defenses to levels even lower than those of uninfested plants turning such 

plants into superior food (Sarmento et al., 2011a). 

We assessed the responses of tomato and Arabidopsis plants to infestation 

with inducer mites, suppressor mites and mixtures during the whole course of the 

infestation i.e. from the first day of the infestation until the moment of overexploitation 

when the leaflets die. Tomato leaflets of 3-week old plants infested with 15 inducer 

mites senesce and die after 7-8 days. At the level of gene-expression we observed 

three groups of genes with distinct induction peaks: genes with their upregulation 
peak after one day (early genes), genes their upregulation peak after four days 

(intermediate genes), and genes whose expression kept on increasing until 

senescence (late genes). Suppressor mite-strains affected the timing and magnitude 

of expression across these three groups differently. Furthermore, we assessed if 

suppressed defenses had a positive effect on the performance of non-suppressor 

mite strains and the plant pathogen Pseudomonas syringae pv. tomato DC3000. We 

found that infestation with suppressor strains impairs the host response to inducer 

spider mites, but not its response to the pathogen.  

Results and Discussion 

Spider mite feeding induce a fast local JA response at the feeding site 

Spider mites use their stylet to pierce through the leaf epidermis to reach the 

underlying parenchyma cells. Once cells are pierced the mite generates suction 

pressure via the pharyngeal pump, an organ attached to the beginning of the 

esophagus, in order to withdraw cytoplasmic fluids from the punctured cells and to 

ingest these using their mouth. This feeding mechanism inevitably wounds plant 

tissue. Mechanical injury initiates an immediate response in plants, the so-called 

wound response, which leads to the accumulation of the jasmonic acid (JA), which 
controls the expression of several genes that are activated or inactivated as fast as 

30 minutes after the wounding event (Glauser et al., 2009). In order to visualize this 

response in plants attacked by spider mites, we used an Arabidopsis thaliana 

transgenic plant that expresses luciferase driven by the A70 promoter (A70:LUC). 

The A70 gene (At5g56980) is an early-JA-responsive gene that encodes for a 
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protein of unknown function, and its upregulated after insect feeding or 

Pseudomonas syringae infection (Perkins et al., 2013, Truman et al., 2007). A single-

feeding-event experiment was performed by allowing one adult female T. urticae 

(London strain) to feed continuously for 5 to 10 minutes on a A70:LUC plant, after 

which it was gently removed (while avoiding to touch the leaf), after which the entire 

plant was placed inside a dark-box to visualize luciferase activity with a CCD-camera 
(Figure 2.1A). Bioluminescence was visible 30 minutes after the feeding event, then 

increased to a maximum after 2 hours from where it progressively decreased to 
background levels at 6 hours (Figure 2.1B). Live-imaging of the bioluminescence 

signal showed that this response happened at the feeding site, and it appeared to 

be strongly local, although also a weak systemic signal could also be seen at the 
main vein (indicated by arrows in Figure 2.1CD). It is well-known that the JA-related 

response initiated during herbivore feeding its more complex than the response 

initiated by artificial mechanical wounding (Korth & Dixon, 1997, Maffei et al., 2004). 

Herbivore salivary secretions (or also regurgitated fluids in some insect species) are 

known to modulate the wounding response in plants (Musser et al., 2002, De Vos & 

Jander, 2009, Bede et al., 2006), and this may be the case for spider mites as well. 
However, the timing of the luciferase reporter response after mite feeding was similar 

to a mechanical wounding event i.e. both peaked at 2-2.5 h, and then progressively 
reached background levels after 6 hours (Supplemental Figure 2.1). In Figure 2.1D 

we show an A70:LUC leaf on which seven adult mites were allowed to freely feed 

for 6 hours. Similar to the single-feeding event experiment, bioluminescence was 

visible as many induced local spots (presumably different feeding events) that 

peaked at different times. 
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Figure 2.1. In vivo visualization of an induced JA-related response due to spider mite 
feeding. A. thaliana A70:LUC plants were infested with one (A,B,C) or seven (D) T. urticae 

adult mites and its bioluminescence was visualized by an ultrasensitive CCD-camera. A) The 

arrow indicates where and how long one adult mite was allowed to feed to monitor the effect 
of a single feeding event on an A70:LUC leaf. B) Intensity of light emitted after activation of 

the A70 promoter after a single feeding event during a time lapse of 6 hours (10 minute time 
points). Values are the average pixel intensity normalized to background levels. C) in vivo 

bioluminescent CCD images of an A70:LUC leaf during a time lapse of 6 hours after a single 

feeding event. Upper panel pictures show luciferase activity colored by pixel intensity. Leaf 

edge is colored white. Lower panel pictures show surface plots of the pixel intensity at the site 

of induction. Scale on the left shows the color scale used to indicate luminescence intensity. 

The arrow indicates systemic induction at the main vein.  D) in vivo bioluminescent CCD 

images of an A70:LUC leaf infested with 7 adult mites during a time lapse of 6 hours. Upper 

panel pictures show luciferase activity colored by pixel intensity. Lower panel pictures show 

surface plots of the pixel intensity (whole leaf). Color scale is shown at the left. The arrow 

indicates systemic induction at the main vein. 
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Defense suppressor mite-strains increase fitness of defense-inducers strains 
when sharing a leaflet 

The early wounding-related response initiated by mite feeding observed using the 

A70:LUC plants precedes a cascade of events leading to the production of anti-

herbivore defense compounds that serve to impede mite performance (Kant et al., 

2004). However, Kant et al (2008) showed that within populations of T. urticae, the 

levels of tomato (Solanum lycopersicum) JA-induced defenses induced by strains, 

obtained from inbreeding single females (from a single natural population) with their 
offspring, varies across strains. Moreover, they also observed that the degree of 

susceptibility to induced defenses differed across strains ranging from strong 

susceptibility (a fitness reduction to 30% on WT compared to on defenseless-1 (def-

1) tomato plants, which is a mutant unable to mount JA-defenses) to resistance

(same fitness on WT and def-1). These results show that the effect of mites on plant

defenses and the effect of plant defenses on mites vary across individual mites from

the same population of T. urticae. It was suggested that these variations, i.e. in

resistance and suppression traits, may allow for distinct local adaptations to host

plant defenses. Moreover, in the same study, they isolated a mite strain (referred to

as Santpoort-2), which was unable to suppress or resist defenses, and consequently

had a relatively low fecundity on WT tomato and this strain was used as a benchmark

of induction throughout later studies (Glas et al., 2014; Ataide et al., in review; Alba

et al., 2015).

To establish a toolkit for studying plant defense-suppression by mites, we 
first devised an experiment to select spider mite strains that suppress plant defenses. 

A suppressor-screening assay was designed under the hypothesis that suppressor 

mites should perform as well on wild type (WT) tomato as on a tomato mutant unable 

to mount defenses (def-1) since they would alter WT defense levels to those of 

defenseless plants. We tested this hypothesis on two mite strains that were 

previously characterized as inducer or suppressor. The inducer T. urticae Santpoort-

2 had significantly more progeny on def-1 (34±3 eggs) than on WT (22±1 eggs), 

confirming their susceptibility to the JA-defenses induced during feeding on WT 

tomato plants (Kant et al., 2008). Sarmento et al. (2011a) showed that the red spider 
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mite T. evansi Viçosa-1 suppressed both tomato JA- and SA-defenses to levels even 

lower to those of uninfested control plants. Accordingly to our prediction, T. evansi 
Viçosa-1 performed equally well on WT and def-1 plants (Supplemental Figure 
2.2). 

Next we applied the suppressor-screening assay to isolate an additional 

putative suppressor strain. To do so, adult T. urticae female individuals were 

collected from three host plants as described in the methods section: 125 individuals 

were sampled from spindle tree Euonymus europaeus; 64 from deadnettle Lamium 

album and 50 from castor oil Ricinus communis plants. We first selected the adult 

female mites with a relatively high reproductive performance on def-1 plants, i.e. 

those who produced at least 20 eggs per 4 days. On tomato def-1, 24 females from 

the spindle tree population; 12 from the deadnettle population and 5 from the castor 

oil population produced at least 20 eggs per 4 days. These F1 eggs were allowed to 

mature to adulthood and 93 F1 females from the spindle tree population, 70 F1 

females from the deadnettle population, and 30 F1 females from the castor oil 

population were, again, tested for their reproductive performance on def-1. We back-

crossed the F1 females which produced at least 20 eggs per 4 days on def-1 with 

their sons for two more generations to F3 (8 from the spindle tree population; 15 from 

the deadnettle population and 14 from the castor oil population). The reproductive 

performance of the F3 adult females was subsequently assessed on def-1 and wild 
type plants. One F3 isogenic line (strain), hereon referred as T. urticae DeLier-1, 

showed equal performance on WT and def-1 plants and was considered as a 
putative suppressor genotype (Supplemental Figure 2.2). The two putative 

suppressor strains, Viçosa-1 and DeLier-1, and the inducer strain Santpoort-2 were 

used for further experimentation. 

Sarmento et al (2011b) showed that defense suppression of T. evansi 

Viçosa-1 promoted the fitness of conspecifics that arrived later at the feeding site. 

Hence, we wanted to test if putative suppressor strains would promote the 

performance of competing spider mites as well. This would not only confirm 

suppression but also reveal a potential ecological trade off when suppression 

promotes competition. Hence we tested if the performance of defense-susceptible 
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mite strain Santpoort-2 was affected by the presence of the (putative) suppressor 

strains DeLier-1 or Viçosa-1. Santpoort-2 oviposition increased 25% and 45% when 

feeding from a leaf co-infested with DeLier-1 or Viçosa-1, respectively, compared to 
when sharing a leaf with other Santpoort-2 mites (Figure 2.2). Notably, fitness of 

Santpoort-2 mites when sharing a leaflet with Viçosa-1 was similar to the fitness 
achieved on def-1 plants (Supplemental Figure 2.2), thus confirming that T. evansi 

is a strong suppressor of plant defenses.  

Figure 2.2. The reproductive performance of Tetranychus urticae Santpoort-2 increases 
on tomato leaflets shared with suppressor spider mite strains. The figures shows the 

average number of eggs (+SE) laid per female T. urticae Santpoort-2 per 4 days on leaflets 

simultaneously infested with 15 Santpoort-2 (control), 15 DeLier-1, or 15 Viçosa-1 mites. 

Numbers within the bars indicate the average egg production. Bars annotated with different 

letters were significantly different according to Fisher's least significant difference (LSD) test 

(P ≤ 0.05) after ANOVA. 

The magnitude of the tomato defense response differs across mites strains 

We subsequently investigated to which extent tomato plants respond differently to 

inducer mites and different strains of suppressor mite. Hence we measured the 

amounts of defense-related phytohormones and the expression of defense-related 
genes at 1, 4, and 7 days after infestation with T. urticae Santpoort-2, T. urticae 

DeLier-1, or T. evansi Vicosa-1. 
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The amounts of the oxylipins 12-oxo-phytodienoic acid (OPDA), JA, and JA-

Isoleucine in plants infested with Santpoort-2 were the highest at 7 days post 
infestation (dpi) (Figure 2.3ABC). Plants infested with DeLier-1 had accumulated 

intermediate levels of those hormones at 7dpi, whereas at the same time point the 

amount of oxylipins in Viçosa-1 infested tomatoes were not significantly different 

from the corresponding uninfested control plants. At earlier time points (1 and 4 dpi), 
the amounts of OPDA, JA, and JA-Ile in plants infested with each strain were similar 

to uninfested plants, however a significant increase of JA-Ile levels was evident 

already in Santpoort-2 infested tomatoes at 4 dpi.  

Salicylic acid (SA) responses are known to be induced by mite feeding (Kant 

et al., 2004; 2008; Ament et al, 2004; Matsushima et al., 2004), although there is not 

much evidence that it protects plants against spider mites (or against herbivores in 

general) (Farouk & Osman, 2011). Interestingly, SA quickly accumulated in plants 

infested with either of the three mite strains after 1 dpi, yet significantly higher in 
plants infested with Santpoort-2 (Figure 2.3D). Over time, SA-levels increased in 

leaves of uninfested plants as well and these levels were not different anymore 

between Viçosa-1 and uninfested tomatoes from 4 dpi on. In contrast, SA-levels in 

DeLier-1 infested plants were still above control levels until 7 dpi. Finally, the 

amounts of SA in leaflets infested by Santpoort-2 increased to higher levels than in 

leaflets infested with the other strains and it peaked at 7 dpi.  

Next we quantified the expression of a set of marker genes associated with 

plant defenses and that are associated with jasmonate signaling. These 
measurements we performed on the same leaf samples as used for analyzing 
phytohormone levels. In Figure 2.4 we show the relative expression of five JA-

associated genes at 1, 4, and 7 dpi. We categorized these marker genes depending 

on the timing of the highest up-regulation by the strain Santpoort-2 as early, 

intermediate, and late induced.  
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Figure 2.3. Defense-related phytohormones accumulation during 7 days of spider mite 
infestation.  The bars indicate the amounts of (A) 12-oxo-phytodienoic-acid (OPDA), (B) 

jasmonic acid isoleucine (JA-Ile), (C) jasmonic acid (JA), and (D) salicylic acid (SA) 

accumulated in tomato leaflets infested with spider mites at 1, 4, and 7 days post-infestation 
(dpi). Fifteen adult female mites from the T. urticae Santpoort-2 and DeLier-1 strains, and T. 

evansi Viçosa-1 strain were used to infest leaflets. Uninfested leaflets from uninfested plants 

were sampled as control. Error bars indicate the +SEM. OPDA was not detected at 1 dpi in 

control and in DeLier-1- and Viçosa-1-infested leaflets. Statistical differences were analyzed 

per day using ANOVA followed by Fisher’s LSD post-hoc test, and significant differences are 

indicated with different letters (p≤0.05) or with “ns” when significant differences were not 

detected on a particular day. Data was log-transformed prior to statistical analysis.  

Two early induced genes, Polyphenol-oxidase-D (PPO-D) and PPO-F, were 

upregulated by all the three mite strains, however both plants infested with T. urticae 
strains showed higher levels of induction than plants infested with T. evansi (Figure 
2.4A). In all mite-infested plants, expression of PPO-D and -F genes was higher than 

in the control at 4 dpi, however at 7 dpi, Viçosa-1 and DeLier-1 suppressed PPO-F 

expression to levels similar to those of control plants. 
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Two genes exhibited an intermediate timing of the induction peak: 

Jasmonate-inducible protein-21 (JIP-21: a gene encoding for a Cathepsin-D 

inhibitor/chymotrypsin inhibitor) and Threonine Deaminase-2 (TD-2). Both showed 
the highest level on expression in DeLier-1 infested samples (Figure 2.4B). Notably, 

at 7 dpi, the level of upregulation of both genes was much higher in DeLier-1 infested 

tomatoes than in tomatoes infested by the two other mite strains.  

Finally, the late-peaking gene Proteinase inhibitor IIc (PI-IIc), was strongly 
induced by Santpoort-2 at 1, 4 and peaked at 7 dpi (Figure 2.4C). DeLier-1 infested 

tomatoes showed intermediate levels of PI-IIc expression, while in plants infested by 

Viçosa-1 the expression of PI-IIc was slightly above control levels at the three time 

points.  

We also measured transcript levels of Pathogenesis-related protein 1a (PR-

1a) and PR-P6, two SA-related marker genes. Santpoort-2 infested tomatoes 
showed the highest expression of both genes, which peaked at 7 dpi (Figure 2.5). 
DeLier-1 slightly induced both genes above the expression levels in uninfested 

leaflets, while expression levels of PR-1a and PR-P6 in Viçosa-1 infested plants 

were similar to, or lower than, control levels. At 1 dpi, when SA accumulation was 

evident in tomatoes infested by each of the three mites, we did not observe increased 

expression of these SA markers yet, which suggests that their upregulation occurs 

later. 

An important conclusion can be drawn from the data presented above. 

Although suppression of JA defenses is achieved by some insect herbivores by 

inducing accumulation of the antagonist SA (Thaler et al., 2012), we infer that the JA 

suppression mechanism used by spider mites cannot involve the JA-SA negative 

crosstalk since both suppressor strains induce low levels (or not at all) of SA and its 
downstream regulated genes. Instead, it appears that Viçosa-1 and DeLier-1 

suppressed both JA and SA defenses simultaneously. 
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Figure 2.4. Transcript levels of a set of JA-related marker genes during 7 days of spider 
mite infestation.  The figure show gene expression levels of five JA-related defense marker 

genes in tomato leaflets infested with spider mites at 1, 4, and 7 dpi. Tomato leaflets were 

infested with fifteen adult female mites from the strains Santpoort-2, DeLier-1, and Viçosa-1. 

Uninfested leaflets were used as control. According to the timing of gene induction in 

Santpoort-2 infested leaflets, JA-marker genes were categorized as (A) early, (B) 

intermediate, and (C) late induced. Transcript values for each gene were set relative to the 

lowest value during the 7d time course, and they were normalized to actin. Statistical 

differences were analyzed per day. Bars annotated with different letters were significantly 

different according to Fisher’s LSD test (p≤0.05) after an ANOVA. 
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Figure 2.5. Transcript levels of two SA-related marker genes during 7 days of spider 
mite infestation. The figure show transcript levels of two SA-related marker genes in tomato 

leaflets infested with spider mites at 1, 4, and 7 dpi. Tomato leaflets were infested with fifteen 

adult female mites from the strains Santpoort-2, DeLier-1, or Viçosa-1. Uninfested leaflets 

were sampled for control. The actin-normalized expression levels were scaled to the lowest 

value across the 7d time course for both genes. Statistical differences were analyzed per day. 

Different letters indicate statistical differences according to Fisher’s LSD test (p≤0.05) after an 

ANOVA. 

Suppression of defenses by DeLier-1 and Viçosa-1 occurs downstream of 
hormone accumulation 

It is clear from the data presented here that Santpoort-2 feeding upregulates tomato 

defenses to higher levels than feeding by DeLier-1 or Viçosa-1, and this is most 

evident at 7 dpi. This difference cannot be attributed to less feeding damage by the 
suppressor strains (Supplemental Figure 3). Moreover, when Santpoort-2 shared 

a leaflet with the suppressor strains its reproductive performance increased. This 

suggests that Viçosa-1 and DeLier-1 suppress defenses not only locally in leaflets, 
i.e. at their own feeding site, but also in distal parts of the same leaflet such as at the

feeding sites of Santpoort-2 when sharing a leaflet. To test this hypothesis, we

measured the amounts of JA-Ile and SA, and the expression of the downstream

marker genes PI-IIc and PR-1a, in plants infested with Santpoort-2 and Viçosa-1

simultaneously or with Santpoort-2 and DeLier-1 simultaneously. These two co-

infestation experiments were performed by placing 15 adult females Santpoort-2

together on the same leaflet with 15 adult females Viçosa-1, and using leaflets with
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only 15 Santpoort-2 or 15 Viçosa-1 as positive controls. A similar experiment was 

performed with DeLier-1 but since this strain appears to be a moderate suppressor, 

we co-infested leaflets with by placing 5 adult females Santpoort-2 together on the 

same leaflet with 15 adult females DeLier-1, and using leaflets with only 5 Santpoort-

2 or only 15 DeLier-1 as positive controls. Both experiments were sampled after 7 

days of co-infestation, and non-infested plants were included as negative controls. 

Infestation with 15 Santpoort-2 mites induced the accumulation of JA and 

SA and expression of their downstream marker genes, confirming our previous 
results (Figure 2.6AB). Moreover, also in line with previous results we observed that 

tomato infested with 15 Viçosa-1 mites did not accumulate significant amounts of JA 

or SA and did not upregulate downstream defenses compared to the uninfested 

control. In leaflets co-infested with both mite strains, the amounts of JA-Ile and SA 

were similar to those of plants infested with only 15 Santpoort-2 mites. However, the 

expression levels of PI-IIc and PR-1a were suppressed, since these were 

significantly lower than in leaflets infested with only Santpoort-2 but higher than 

those infested with only Viçosa-1. Thus, T. evansi Viçosa-1 did not suppress the 

accumulation of the key phytohormones, but did suppress the expression of the 

downstream maker genes to intermediate levels.  

For DeLier-1 we observed something similar albeit only for the SA-marker 
gene (Figure 2.6D). Interestingly, DeLier-1 did not only not suppress the 

upregulation of PI-IIc by Santpoort-2, but PI-IIc expression appeared additive when 

both T. urticae strains shared the leaf. Therefore DeLier-1 appears to suppress 

exclusively the downstream SA-response despite its accumulation in leaves.  

The results from these two co-infestation experiments suggest that 

suppression of defenses occurs downstream of JA (JA-Ile) or SA accumulation. 
However, if so, then why do plants infested with suppressor strains alone accumulate 

low levels of SA and oxylipins as well? Although there is no clear answer to this 

question we speculate that this could have to do with altered feedback regulation of 

those hormones since the downstream response also entails upstream regulation of 

hormonal biosynthesis (Paschold et al., 2008). 
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Our data strongly suggests that the SA-JA antagonism is not the primary 

mechanism by which suppressor mites suppress the JA response. However, this 

crosstalk has been observed often (several examples were listed in Thaler et al., 

2012) and hence the question remains why the inducer Santpoort-2 strain does not 

suppress JA via to the strong SA-response it induces. One hypothesis is that, after 

mite feeding, these two defenses spread throughout the leaflet with different spatial-
temporal dynamics, but since we sampled whole leaflets, we observe two spatially 

(partially) separated responses as if they occur at the same location at the same 
moment. As we showed in Figure 2.1, induction of the JA response after mite 

feeding seems strongly localized close to the feeding site. Then, according to this 

hypothesis, SA may dominate in the surrounding tissue next to the feeding area but 

this remains to be tested. However, we favor the scenario in which the SA and JA 

defense responses actually do antagonize each other in plants infested with 

Santpoort-2 albeit reciprocally implying that what we observed in leaflets infested 

with Santpoort-2 is actually an intermediate response. If so, one would expect the 

magnitude of the JA-response to be higher in Santpoort-2 infested nahG plants and, 

consequently, the magnitude of the SA-response to be higher in Santpoort-2 infested 

def-1 compared to infested wild type plants but this remains to be tested. 
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Figure 2.6. Spider mites suppress defenses downstream of phytohormone 
accumulation. The amounts of jasmonic acid-isoleucine (JA-Ile) and salicylic acid (SA), along 

with transcript abundances of Proteinase Inhibitor IIc (PI-IIc) and Pathogenesis-related 1a 

(PR-1a) in tomato leaflets after 7 days of infestation with inducer Tetranychus urticae 

Santpoort-2, suppressor T. evansi Viçosa-1, and suppressor T. urticae DeLier-1, or a 

combination of inducer and either of the suppressors. The figure shows the amounts of JA-Ile 
and PI-IIc transcript (A, C) and the amounts of free SA and PR-1a transcript (B, D). Leaflets 

were infested with T. urticae Santpoort-2 (TuSP-2), T. evansi Viçosa-1 (TeV-1), or T. urticae 

DeLier-1 (TuDL-1), or simultaneously with TuSP-2 and either TeV-1 or TuDL-1 (both). 

Uninfested leaflets were used as controls. The numbers below the x-axis indicate the number 

of adult female mites used to infest the leaflets. The bars show the means (+ SE). Transcript 

abundances were normalized to actin and scaled to the lowest mean per panel. Bars 
annotated with different letters (uppercase for JA-Ile and SA; lowercase for PI-IIc and PR-1a) 

were significantly different according to Fisher's least significant difference (LSD) test (P ≤ 

0.05) after ANOVA.

_________________________________________________________________________ 

Moreover, our results suggest that SA-related defenses may be more 

important for a plant’s protection against (some strains of) phytophagous mites than 
we currently thought (see also nahG data in Chapter 3). Mite-derived elicitors of the 

SA signaling remain unidentified. Diverse SA-defenses elicitors have been described 

from insect herbivores. The enzyme glucose oxidase (GOX), present in the oral 

secretions of a variety of insect species, is known to elicit SA responses likely as a 

consequence of H202 accumulation in leaves due to GOX activity (Diezel et al., 2009, 
Musser et al., 2002). Insect’s honeydew, excreted by phloem-feeders such as aphids 

and whiteflies, was found to contain SA and its conjugate SA-glycoside, and 

honeydew can induce SA defenses when applied onto plants (Schwartzberg & 

Tumlinson, 2014, VanDoorn et al., 2015). Furthermore, SA defenses can also be 

elicited by herbivore eggs (Bruessow et al., 2010) and by the presence of bacteria 

in the saliva of herbivores (Chung et al., 2013). As mentioned before, SA elicitation 

often benefits the attacking herbivore via suppressing JA, therefore it is intriguing 

that suppressor mites may directly target SA-signaling to lower SA-related 

responses.  
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T. evansi does not suppress defenses elicited by the plant pathogen
Pseudomonas syringae

Suppression of SA downstream defenses by T. evansi Viçosa-1 potentially could 

increase tomato susceptibility to pathogens. Therefore, we tested whether Viçosa-

1-mediated suppression of SA defenses affects the performance of the common

tomato pathogen Pseudomonas syringae pv. tomato DC3000 (Pst) on tomato plants.

Tomato leaflets were infested with 50 adult Viçosa-1 mites, and one day later Pst

was infiltrated in those infested leaflets and also in leaflets of uninfested plants.
Infected leaves were sampled three days after infiltration (3 DAI) to count bacterial

growth. Interestingly, Pst performance was significantly lower in Viçosa-1 infested

leaflets compared to the performance in uninfested plants (Student´s t-test, p<0.001)
(Figure 2.7A). We also tested if the performance of a disarmed Pst strain (Pst

D28E+2)—in which 28 effectors have been experimentally deleted but two effectors,

AvrPtoB and HopM1, were subsequently restored to their native loci (Cunnac et al.,

2011)— is affected by T. evansi infestation, but at 3 DAI there was no significant

difference between Pst D28E+2 growth in T. evansi-infested and non-infested leaves
(Figure 2.7B). This indicate that the lower performance of wild type Pst on T. evansi-

infested leaves is not explained to a lack of resources due to mite feeding, at least

at the 3 DAI time point.

Pst itself also manipulates plant defenses: it secretes the JA-Ile mimic 

coronatine to boost JA-responses and thereby to suppress SA-defenses (Brooks et 

al., 2005). This suggests that the suppression of JA-defenses by Viçosa-1 could 
suppress the effect of coronatine. However gene-expression and phytohormone 

data showed that Viçosa-1 did not significantly affect the SA- or JA-responses 

induced by Pst: accumulation of OPDA and the expression of the JA-related marker 

gene TD-2 were similarly induced in plants infected by Pst, regardless if they were 
also infested by Viçosa-1 (Figure 2.7C) (JA or JA-Ile were not detected in any 

sample). Also SA accumulation and PR1-a expression were similar in both Pst 
infected samples (Figure 2.7D). This suggests that the suppression of SA-

responses by T. evansi Viçosa-1 may be specific to responses induced by mite-
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related factors, and that T. evansi cannot suppress coronatine-mediated induction of 

JA defenses.   

Figure 2.7. Tetranychus evansi Viçosa-1 does not suppress defenses elicited by 
Pseudomonas syringae pv. tomato DC3000. A) Growth of Pseudomonas syringae pv. 

tomato DC3000 (Pst) in tomato plants previously infested with 50 T. evansi Viçosa-1 mites, or 

in uninfested plants. Bars represent mean of 6 replicates (+SE). The asterisks indicate a 
statistical significant difference (Student’s t-test, p<0.001). B) Growth of the disarmed Pst 

strain D28E+2 in tomato plants previously infested with 50 T. evansi Viçosa-1 mites, or in 

uninfested plants. Bars represent mean of 6 replicates (+SE). Left panel figures show the 
amounts of OPDA and transcripts of the JA-related marker gene TD-2 (C), and amounts of 

SA and transcripts of its related marker gene PR-1a (D) in untreated plants, in plants 

simultaneously attacked by Pst and Viçosa-1, or in plants only infected with Pst. Bars 

represent mean of three replicates (+SE). No significant differences were found between 

Unifested+Pst and Viçosa-1+Pst treatments (Student’s t-test >0.05).  

Conclusions 

Presumably as a consequence of selection pressure by plant defenses, spider mites 

have evolved the means to counter (some of) these defenses. Some spider mites 

have evolved defense suppression traits that impairs plants ability to protect their 
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tissues against mite feeding, and as we have shown here, this impairment benefits 

spider mites less equipped to suppress. By combining both suppressor and inducer 

spider mites on tomato plants, we provided insight into the mechanism of 

suppression, which likely occurs downstream of phytohormone accumulation and 

independent from the JA-SA antagonism. Yet, a detailed molecular mechanism 

remains to be uncovered. We propose that mites, through their salivary secretions, 
may deliver molecules into plant cells to counteract defenses, thereby resembling 

pathogens that secrete effector molecules to manipulate their host. Such mite-

effectors might counteract responses elicited by other mite-specific factors, possibly 

also present in mite saliva such as digestive enzymes, and as we have shown, their 

actions might not necessarily result on benefits for other plant parasites, such as 

pathogenic bacteria. 

Materials and Methods 

Plants 

Arabidopsis thaliana ecotype Columbia-5 carrying the construct A70:LUC were 

germinated and grown in a climate chamber (25°C, 60% relative humidity, 16h 

light/8h dark, 300 µmol m-2 s-1). Tomatoes (Solanum lycopersicum cv. Castlemart 

and def-1) and beans (Phaseoulus vulgaris L. cv Speedy) were sown and grown in 

a glasshouse (25°C-16h day, 18°C-8h night, 50-60% RH). All experiments with 

plants were performed in the climate chamber. Tomatoes were transferred to the 

climate chamber at least 3 days prior to the experiments. 

Spider mites and bacteria 

Tetranychus urticae London (Grbic et al. 2011), T. urticae Santpoort-2 (KMB in Kant 

et al 2008), and T. urticae DeLier-1 were reared on P. vulgaris detached leaves. T. 

evansi Viçosa-1 was reared on S. lycopersicum cv. Castlemart detached leaves. All 

rearings were maintained in a climate room (25°C, 16h light/8h dark, 60% RH, 300 

µmol m-2 s-1). For all performance assays, we used adult mites 3±1 days old. 

Pseudomonas syringae pv. tomato DC3000 (Pst) and the disarmed strain 

Pst D28E+2 were maintained on King’s Broth (KB) medium  agar plates, containing 
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rifampicin (50 μg/ml), and grown at 28°C for two days. Single colonies were 

inoculated in liquid KB medium and grown overnight at 28°C with rifampicin (50 

μg/ml). Cells were collected by centrifugation (3,000 rpm for 10 minutes) and 

resuspended in 10 mM MgSO4.  

Selection of T. urticae DeLier-1 

Adult T. urticae females were collected from three natural populations in the 

Netherlands in 2009: 125 individuals from spindle tree (Euonymus europaeus L.), 64 

from deadnettle (Lamium album L.) and 50 from castor oil (Ricinus communis L.) 

plants. Mites were individually transferred to def-1 leaves. Their virgin female 

offspring (F1) were separated again and allowed to produce eggs on def-1. Mothers 

with a high reproductive performance (≥ 20 eggs per 4 d) were backcrossed with 
their sons for two more generations to F3 (hereafter referred to as ‘strains’). The 

fecundity of adult females of all strains was subsequently assessed on def-1 and on 

wild-type (WT) plants to identify JA defense-suppressing mites (Kant et al., 2008). 

This yielded one putative suppressor strain from the spindle tree population; three 

from the deadnettle population and one from the castor oil population. Among these, 

we selected a putative suppressor strain from the deadnettle population, referred as 

T. urticae DeLier-1, for subsequent experiments.

Live-imaging bioluminescence assays 

Three weeks old A70:LUC plants (Perkins et al., 2013) were sprayed two times with 

D-luciferin (1mM, 0.05% Silwet L-77) at 24 and 16 hours prior to the experiments.

For wounding assays, one fully expanded A70:LUC leaf was pierced one time with

a pair of forceps prior to imaging. For the single-feeding event assay, adult female

T. urticae London mites were starved for at least two hours, then one mite was laid

on a fully-expanded A70:LUC leaf and observed under a stereoscope. Plants where

the mite immediately started to feed, and kept feeding for 5 to 10 minutes on the

same spot, were subsequently used for live-imaging (after removing the mite). Live-
imaging was performed inside a dark-box and bioluminescence emission was

imaged every five minutes with a PIXIS CCD camera (Princeton Instruments), using

5 minutes of exposure time. The software METAVUE (Molecular Devices) was used
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for image acquisition. Analysis of the images were done using ImageJ (Schneider et 

al., 2012). Experiments were repeated at least 2 times. 

Performance assays for individual spider mite strains 

To establish whether our spider mite strains are affected by JA-mediated defense 

responses, we assessed their performance on WT and def-1 tomato plants. Adult 

females were transferred to 21-d-old tomato plants: five mites per leaflet; three 

leaflets per plant; six plants per treatment. After 4 d, the number of eggs was 

recorded using a stereo microscope. This experiment was repeated three times. The 

total number of eggs per female were analyzed for each tomato genotype, and 

statistically analyzed using the Student’s t-test (PASW Statistics 17.0; SPSS Inc., 

Chicago, IL, USA). 

Performance assay for two spider mite strains sharing a leaflet (co-infestation) 

To assess the extent to which one strain can influence the reproductive performance 

of another strain, we followed the setup used in Kant et al. (2008). Leaflets of 21-d-

old intact tomato plants were divided into two using a lanolin barrier. Five T. urticae 

Santpoort-2 females were transferred to the tip-half of the leaflet, whereas the 
petiole-half was infested with 15 mites from one of the suppressor strains (five + 15 

mites per leaflet; three leaflets per plant; six plants per treatment). After 4 d, the 

number of eggs laid by the five T. urticae Santpoort-2 females at the tip was 

recorded. This experiment was repeated three times. The average number of eggs 

per female per 4 days was analyzed using ANOVA and the means of each group 

were compared by least significant difference (LSD) post hoc test using PASW 

Statistics 17.0. 

Phytohormone and gene expression assay on leaflets infested with 15 mites 
(time course) 

Leaflets of 21-d-old tomato plants were infested with adult female spider mites: 15 

mites per leaflet; three leaflets per plant; 12 plants per treatment. At 1, 4 and 7 d 

post-infestation (dpi); four infested plants from each treatment and four control plants 

were sampled: infested leaflets and corresponding uninfested leaflets of control 
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plants were excised (without petiole), flash-frozen in liquid nitrogen and stored at -

80°C until we extracted phytohormones and mRNA. The three leaflets obtained from 

the same plant were pooled to form one biological replicate.  

Phytohormone and gene expression assay on leaflets simultaneously infested 
with mites from two different strains (coinfestation) 

Leaflets of 21-d-old tomato plants were infested with adult female spider mites: five 

to 30 mites per leaflet; three leaflets per plant; six to 10 plants per treatment. At 7 

dpi, leaflets were harvested and stored as described earlier. The three leaflets 

obtained from the same plant were pooled. Two types of coinfestation experiments 

were carried out with different infestation regimes, using T. urticae Santpoort-2 

(TuSP-2), T. evansi Viçosa-1 (TeV-1), and/or T. urticae DeLier-1 (TuDL-1). The first 
experiment consisted of six treatments, in which leaflets were infested with: no mites 

(control); 15 TuSP-2; 15 TeV-1; or 15 TuSP-2 + 15 TeV-1 (coinfestation). Ten plants 

were used per treatment. The second experiment consisted of eight treatments: no 

mites; five TuSP-2; 15 TuSP-2; and five TuSP-2 + 15 TuDL-1. Six plants were used 

per treatment. This experiment was repeated twice. 

Isolation of phytohomones and analysis by means of LC-MS/MS 

Phytohormone analysis was performed using the procedure of Wu et al. (2007) with 

some minor modifications. In short, 200 mg of frozen leaf material was homogenized 

(Precellys 24, Bertin Technologies) in 1ml of ethylacetate which had been spiked 

with D6-SA and D5-JA (C/D/N Isotopes Inc., Canada) as internal standards in a final 

concentration of 100 ng/ml. Tubes were centrifuged at 13000 rpm for 10 min at 4°C 

and the supernatant was transferred to new tubes. The pellet was reextracted with 

0.5 ml of ethylacetate without the two internal standards and centrifuged 10 min at 

4°C at 13000 rpm. Supernatants were combined and then evaporated to dryness on 

a vacuum concentrator (CentriVap Centrifugal Concentrator, Labconco) at 30°C. 

The residue was resuspended in 0.5 mL of 70% methanol (v/v), centrifuged and the 
supernatants were transferred to glass tubes and then analyzed by means of LC-

MS/MS). A serial dilution of pure standards of OPDA, JA, JA-Ile, and SA was run 

separately. Measurements were conducted on a liquid chromatography tandem 
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mass spectrometry system (Varian 320 Triple Quad LC/MS/MS). We injected 20 µl 

of each sample onto a Pursuit 5 column (C18; 50x2.0 mm). The mobile phase 

comprised of solvent A (0.05% formic acid in water; Sigma-Aldrich, Zwijndrecht, the 

Netherlands) and solvent B (0.05% formic acid in methanol; Sigma-Aldrich). The 

program was set as follows: 95% solvent A for 1 min 30 s (flow rate 0.4 ml/min), 

followed by 6 min in which solvent B increased till 98% (0.2 ml/min) which continued 
for 2 min 30 s with the same flow rate, followed by 1 min 30 s with increased flow 

rate (0.4 ml/min), subsequently returning to 95% solvent A for 1 min until the end of 

the run. A negative electrospray ionization mode was used for detection. JA and SA 

were quantified by comparing their peak area with the peak area of the respective 

internal standard. For all oxylipins we used D5-JA to estimate the recovery and these 

were quantified using the external standard series. For SA we used D6-SA to 

estimate the recovery and it was quantified using the external standard. Amounts 

were compared across treatments per time point independently using ANOVA using 

“spider mite strain” as factor. Means of each group were compared by LSD post hoc 

test using PASW Statistics 17.0. 

Gene expression analysis 

Total RNA was isolated as described in Verdonk et al. (2003). Two micrograms of 

DNAse-treated RNA was used for cDNA synthesis and 1 µl of 10-times-diluted cDNA 

served as a template for a 20 µl quantitative reverse-transcriptase polymerase chain 

reaction (qRT-PCR) using the Platinum SYBR Green qPCRSuperMix-UDG kit 

(Invitrogen) and the ABI 7500 Real-Time PCR system (Applied Biosystems, Foster 
City, CA, USA). To survey tomato defenses, we analyzed expression of the following 

genes: PPO-D, PPO-F, JIP-21, TD-2, PR-1a, PR-P6, and PI-IIc. Actin was used as 

a reference gene. Gene identifiers, primer sequences and references are listed in 
Supplemental Table 2.1. The normalized expression (NE) data were calculated by 

the ΔCt method. The NE of each target gene was compared per time point 

independently using a nested ANOVA with ‘spider mite strain’ as factor and ‘technical 

replicate’ (i.e. two for each reaction) nested into the corresponding biological 

replicate (cDNA sample). Means of each group were compared by Fisher’s LSD post 
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hoc test using PASW Statistics 17.0. To plot the relative expression, NE values were 

scaled to the treatment with the lowest average NE. 

Combined mite infestation and bacterial infection assay 

Two leaflets of 24-days old tomato plants were infested with 50 adult females T. 

evansi mites, and after 24h, P. syringae DC3000 pv. tomato (Pst, OD600=0.0001), or 

Pst D28E+2 (OD600=0.001) was pressure-infiltrated in those leaflets and in leaflets 

of uninfested plants. Three days later, leaf disks (0.5-cm diameter) were collected 

from each leaflet (two per plant, 6 plants per treatment), and ground in 500 μL 10 

mM MgSO4. Serial dilutions were done by taking 20 μL of the ground solution into 

180 μL 10 mM MgSO4. Twenty microliters of each serial dilution was plated on KB 

plates (rifampicin 50 μg/mL). Colony forming units (CFU) were counted two days 

after incubation at room temperature. This experiment was repeated two times. 
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Supplemental data 

Supplemental Figure 2.1. Luciferase activity in A70:LUC plants after a 
mechanical wounding event. One fully-expanded leaf of an A70:LUC plant was 

wounded a single time with a pair of forceps, then immediately after the entire plant 

was placed inside a dark-box for in vivo bioluminescence imaging. The figure shows 

bioluminescence values as average pixel intensity at the wounded site, during a time 

course of 6 hours after the mechanical wounding event. Intensity values were 

normalized to background. 
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Supplemental Figure 2.2. Oviposition of three spider mite strains on WT or def-
1 tomato plants. The bars indicate the average number of eggs laid by female mites 

of the strains DeLier-1, Viçosa-1, and Santpoort-2, on WT or def-1 tomato plants. 

Error bars indicate +SE. Statistical analysis was performed by comparing each strain 

performance on WT or def-1 plants, using Student’s t-test : **, P < 0.01; ns, no 

significant difference (P > 0.05). 
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Supplemental Figure 2.3.  Feeding damage on tomato leaflets inflicted by adult 
female spider mites from Tetranychus urticae Santpoort-2 and DeLier-1 and T. 
evansi Viçosa-1 strains. The lacerate-and-flush feeding on mesophyll cells by 

suppressor mites and inducer T. urticae Santpoort-2 results in distinct damage 

phenotypes. (a) Speckled chlorotic lesions are characteristic for all mite species. (b) 

However, after prolonged feeding by T. urticae Santpoort-2 the lesions get 

increasingly surrounded by areas of white-yellowish senescence and micro-oedema, 

but not on plants infested with suppressor strains. (c) Total feeding damage on 

tomato leaflets produced by 15 adult female mites after 7 d of infestation. Bars 

represent the means (+ SEM), which are given as numbers within the bars. Bars 

annotated with different letters were significantly different according to Fisher’s LSD 

test (P < 0.05) after ANOVA. Bars (a, b) indicate 1 mm. 
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Supplemental Table 2.1. qPCR primers used for this study and the gene 
accessions from which they were derived 

Target 
Gene 

GenBank (GB) 
ID 

Gene model (ITAG 
2.3) 

Forward Primer 
qPCR 

Reverse Primer 
qPCR 

PPO-D Z12836.1 Solyc08g074680.2.1 GCCCAATGGAG
CCATATC 

ACATTCGATCCA
CATTGCTG 

PPO-F AK247126.1 Solyc08g074630.1.1 TTAGCACCTTCC
AGCAGATGT 

TTGATCTCCACA
CTTTCAATGG 

JIP-21 AJ295638.1 Solyc03g098790.1.1 ACTCGTCCTGTG
CTTTGTCC 

CCCAAGAGGATT
TTCGTTGA 

TD2 M61915.1 Solyc09g008670.2.1 TGCCGTTAAAAA
TGTCACCA 

ACTGGCGATGCC
AAAATATC 

PR-1a AJ011520 Solyc09g007010.1.1 TGGTGGTTCATT
TCTTGCAACTAC 

ATCAATCCGATC
CACTTATCATTTT
A 

PR-P6 M69248.1 Solyc00g174340.1.1 GTACTGCATCTT
CTTGTTTCCA 

TAGATAAGTGCT
TGATGTCCA 

PI-IIc X94946.1 Solyc03g020050.2.1 CAGGATGTACGA
CGTGTTGC  

GAGTTTGCAACC
CTCTCCTG 

Actin XM_004235020.1 Solyc03g078400.2.1 TTAGCACCTTCC
AGCAGATGT 

AACAGACAGGAC
ACTCGCACT 
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Chapter 3 – Salivary proteins of spider mites suppress defenses 
in Nicotiana benthamiana and promote mite reproduction 

CA Villarroel, W Jonckheere, JM Alba, JJ Glas, W Dermauw, M Haring, T Van Leeuwen, RC 

Schuurink, MR Kant 

Spider mites (Tetranychidae sp.) are widely occurring arthropod pests on cultivated plants. 

Feeding by the two-spotted spider mite T. urticae, a generalist herbivore, induces a defense 

response in plants that is mainly depending on the phytohormones jasmonic acid (JA) and 
salicylic acid (SA).However, on tomato (Solanum lycopersicum), certain genotypes of T. 

urticae and the specialist species T. evansi were found to suppress these defenses. This 

phenomenon occurs downstream of phytohormone accumulation via an unknown 

mechanism. We investigated if spider mites possess effector-like proteins in their saliva that 
can account for this defense suppression. First we performed an in silico prediction of the T. 

urticae and the T. evansi secretomes, and subsequently generated a short list of candidate 

effectors based on additional selection criteria such as life stage specific expression and 
salivary gland expression via whole-mount in situ hybridization. We picked the top five most 

promising protein families and then expressed representatives in Nicotiana benthamiana 

using Agrobacterium tumefaciens transient expression assays to assess their effect on plant 

defenses. Four proteins from two families suppressed defenses downstream of the 
phytohormone SA. Furthermore, T. urticae performance on N. benthamiana improved in 

response to transient expression of three of these proteins and this improvement was similar 
to that of mites feeding on the tomato SA-accumulation mutant nahG. Our results suggest that 

both generalist and specialist plant-eating mite species are sensitive to SA defenses but 

secrete proteins via their saliva to reduce the negative effects of these defenses. 

Introduction 

Phytophagous mites (Acari) comprise a diverse group of herbivores that constitute 
several species that are pests in crop plants. Within this group, the spider mites 
(Tetranychidae sp.) are of special interest since they cover a broad host-plant range 

and can develop into devastating outbreaks (Grbic et al., 2011; Van Leeuwen et al., 

2015). Adult spider mites feed from leaves by piercing mesophyll cells with their 

stylets. Spider mites possess three pairs of salivary glands associated with these 
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stylets (Mothes & Seitz, 1981). Via their stylets they inject saliva into pierced host 

cells and then probably retract the stylets. Then they seal off the puncture wound 

with their mouth lobes after which they suck out the cytoplasm of these cells using 

their pharynx, which is a muscular food pump that transports to food to the 

oesophagous (Albert & Crooker, 1985). For most mite genotypes, this mode of 

feeding induces in the plant an array of responses associated with an elevation of its 
defenses (Alba et al., 2015), and these include the increases in: the expression of 

genes associated with defenses, the activities of defense-related enzymes (Kant et 

al., 2004), and the accumulation of metabolites (Zhurov et al., 2014; Martel et al., 

2015) some of which are released as volatiles that mediate indirect defenses (Ament 

et al., 2004). These defenses are primarily controlled by the phytohormone jasmonic 

acid (JA), whose downstream response is known to be effective against a wide range 

of arthropod herbivores including mites (Kant et al.,2008) and insects (Howe & 

Jander, 2008) but also necrotrophic pathogens (Glazebrook, 2005).Simultaneously 

with induction of the JA-pathway, spider mite feeding triggers the salicylate (SA) 

defense pathway (Kant et al., 2004), which is well characterized for its central role in 

controlling infections by (hemi)-biotrophic pathogens (Vlot et al., 2009). Not only 
spider mites (Ament et al.,2004; Matsushima et al., 2006; Glas et al., 2014; Alba et 

al., 2015) but also several insect herbivores induce such a mixture of JA and SA 

related defenses (Zhang et al., 2013a; Cao et al.,2014; Glas et al., 2014). Although 

the effect of SA-related defenses on herbivores is less well characterized than the 

effect of JA defenses, they are known to play an important role against some 

hemipterans such as aphids (Thompson & Goggin, 2006; Li et al., 2006; Avila et al., 

2012). Finally, the JA and SA signaling pathways were found to antagonize each 

other (Robert-Seilaniantz et al.,2011; Thaler et al., 2012) via distinct regulatory hubs 

in signaling networks, probably in order to fine-tune the collective defense responses 

(Gimenez-Ibanez & Solano, 2013). As a consequence, several species of pathogens 

and insect herbivores have adapted to exploit this hormonal antagonism to their own 
benefit by inducing a harmless defense at the expense of the harmful defense 

(Thaler et al., 2012; Kazan & Lyons, 2014). 
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Distinct types of spider-mite adaptations have been reported that enable 
mites to counteract a host plant’s induced defense responses (Kant et al., 2015; 

Wybouw et al., 2015). The generalist spider mite species Tetranychus urticae 

harbors traits that allow individuals or local populations to either resist JA- and SA-

related plant defenses or to suppress these to levels at which they are less 

detrimental (Kant et al., 2008). However, such traits can be rare and most mite 
individuals are sensitive to the plant defenses they induce given the fact that they 

perform better on mutant plants lacking distinct defenses (Alba et al., 2015). In 

addition, the Solanaceous specialist mite species T. evansi was shown to reduce 

tomato JA- and SA-related defenses down to levels below those of non-infested 

plants turning these into superior food for itself and conspecifics (Sarmento et al., 

2011). However, defense manipulation by herbivores also has consequences for 

interspecific competition since leaves infested with defense-suppressing mites can 

promote the performance of defense-susceptible competing species that co-inhabit 

the plant (Kant et al., 2008; Alba et al., 2015) and this may affect the suppressor 

negatively (Glas et al., 2014). Defense suppression by phytophagous mites is 

established independent from the SA-JA antagonism, although it may influence the 
final magnitude of the remaining defense response, and it likely occurs downstream 

of JA- and SA-accumulation (Glas et al., 2014; Alba et al 2015). How herbivores like 

spider mites accomplish manipulation of host-plant defenses is yet to be determined 

(Kant et al., 2015).  

Defense suppression is a common strategy of phytopathogens to establish 
disease. Such plant pathogens can interfere with the defense response of their host 

by secreting molecules, called effectors, which interact with host defensive 

components and modulate these to their benefit. Often effectors are secreted in 

mixtures together with other proteins that can perform diverse functions, such as 

facilitating the penetration processes, or detoxification and digestion of plant 

material, and some of these proteins are recognized by plants probably as the result 

of an evolutionary arms race (Gohre & Robatzek, 2008). Different definitions of 

“effector” were proposed in literature (Thomma et al., 2011), among which a broad 

definition that considers effectors to be any parasite-secreted protein or small 
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molecule that alters host-cell structure and function (Hogenhout et al., 2009, 

Schneider & Collmer, 2010). Such parasite effectors include molecules, often 

proteins, that manipulate plant resource allocation (Walters & McRoberts, 2006), 

plant morphology (Caillaud et al., 2008) or defense responses (Thomma et al., 

2011). 

Secreted effectors of non-arthropod herbivores, such as nematodes, that 
manipulate plant tissues and interfere with defenses are well documented 

(Haegeman et al., 2012). However, secretion of effector proteins by herbivorous 

arthropods, which comprise the largest diversity of crop pests, is largely unexplored 
territory. Nevertheless, there is an increasing notion that also among phytophagous 

insects secretion of effectors may be a strategy to overcome host plant defenses 

(Hogenhout & Bos, 2011; Kant et al., 2015; Stuart, 2015). Several species of 

lepidopteran caterpillars were found to secrete saliva containing the enzyme glucose 

oxidase which modulates plant defense responses (Musser et al., 2012), and the 

Hessian fly Mayetiola destructor was found to secrete an avirulence factor called 

vH13, which triggers ETI-like resistance in plant carrying the H13 resistance gene 

(Aggarwal et al., 2014). Finally, effector-mediated suppression of PTI was reported 

for the green peach aphid (Myzus persicae) salivary protein Mp10, which affected 

components of PTI when expressed in Nicotiana benthamiana (Bos et al., 2010). 

Although ectopic expression of some putative salivary aphid effectors improved 

aphid performance (Bos et al., 2010; Pitino & Hogenhout, 2013; Elzinga et al., 2014; 
Naessens et al., 2015) the expression of others affected performance negatively 

(Bos et al., 2010; Chaudhary et al, 2014). Hence, functional validation of herbivore 

effectors and elicitors of plant defenses clearly requires herbivore performance 

assays to validate if changes have occurred in the plant that benefit the herbivore.  

Mites and insects do not share a recent evolutionary history: they probably 
descended from an ancient aquatic arthropod ancestor and diverged already over 

400 million years ago (Weygoldt, 1998). Since several species of phytophagous 

mites were found to be able to suppress host plant defenses (Kant et al., 2008; 

Sarmento et al., 2011; Glas et al., 2014; Alba et al., 2015; Wybouw et al. 2015) we 
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hypothesized that mites, like pathogens, insects, and nematodes, may have evolved 

effector proteins which are secreted via their saliva into host cells during feeding to 

modulate the host’s defense responses. 

Here we have identified several salivary-secreted candidate effector-
proteins of spider mites and we have investigated the impact of transient in planta 

expression of these candidate effectors on the induced defense response of N. 

benthamiana and on spider mite reproductive performance. Using bioinformatics, in 

situ hybridization, gene-expression analysis, and bioassays we provide evidence 

that spider mites produce salivary proteins that have a strong negative effect on the 
plant’s SA response and we show that this suppression of SA defenses promotes 

the mite’s reproductive performance. 

Results 

In silico prediction of effector-like protein families in two spider mite species 

We utilized the backbone of a broadly used effector-mining strategy (Bos et al., 2010) 
to generate a list of spider-mite candidate-effector proteins (Figure  3.1) using two 

closely related mite species that can suppress plant defenses (Alba et al., 2015). 

First T. urticae for which we obtained the predicted transcriptome from the London 

strain (Grbic et al., 2011). From its 18,414 predicted mRNAs (at November 2011) we 
inferred its proteome. Second T. evansi for which we obtained a transcriptome via 

sequencing its cDNA. A set of 1,558,090 high-quality reads (SRR2127882) with an 

average length of 456 nts was assembled de-novo using MIRA (Chevreux et al., 

2004) into a total number of 31,263 putative mRNAs (N50 = 1461 and the average 

length = 1161 nts.). We used only the 17,663 putative mRNAs that were assembled 

from five or more reads for protein prediction. The two predicted proteomes were 

processed in parallel for the subsequent data-mining steps. 

Salivary proteins, like effector proteins, are secreted into the salivary duct 
by secretory cells. We utilized a conservative in silico pipeline to predict the 

secretome from the proteomes (Min, 2010). First, we identified proteins with signal 
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peptides using SignalP 4.0 (Petersen et al., 2011) and Phobious (Kall et al., 2004). 

These proteins were screened via Phobious and TMHMM (Krogh et al., 2001) and 

excluded all proteins with a predicted transmembrane domain. Finally we used 

TargetP (Emanuelsson et al., 2000) and WolfPsort (Horton et al., 2007) for sub-

cellular localization prediction and we continued only with those proteins for which 

extracellular targeting was predicted. After these filtering steps the predicted T. 

evansi secretome consisted of 1121 proteins and that of T. urticae of 1493 proteins 

(Figure 3.1).  

Next we applied two more filtering steps based on two common 
characteristics of pathogen effectors. First, Raffaele et al. (2010) reported effectors 

to be fast evolving and hence to occur in expanded gene families. Thus we clustered 

the proteins (Saunders et al., 2012) using TribeMCL (Enright et al., 2002) as 

described in the Materials and Methods. A total of 999 protein families were 

identified, with 193 families having 3 or more members (Group I), 276 families with 

two members (Group II), and 530 singleton clusters (Group III). Serine proteases, 

represented by 35 proteins in T. urticae and 22 in T. evansi, constituted the largest 

family. For Group I there was only one unique family for T. evansi, family 193, while 

there were 20 families unique for T. urticae. We continued with Group I as this was 

the group most likely to contain effector-like protein families since effectors have 

been reported to be fast evolving and hence to occur in expanded gene families 

(Aggarwal et al. 2014; Pitino et al. 2013). 

Second, it has been reported that the majority of pathogen effector proteins 
identified so far are highly species- or genus-specific (Gohre & Robatzek, 2008; 

Thomma et al., 2011). Hence we excluded all proteins with a functional BLAST 

annotation since there were no proteins in our data set with notable homology to 
known effectors. First we selected those families from Group I that are unique for 

phytophagous mites (Acari) and are not found in Ixodida ticks (Acari). We used 

Ixodida because they do not eat plants and are phylogenetically closely related to 

mites with sufficient reference sequences available (88,616 protein sequences from 

at least 190 tick species by March 2014). In total, 79 families from Group I (40%) 
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lacked any protein with similarity to Ixodida proteins (max. E-value 1e-10; Data S1). 

Next, we submitted these 79 families to Blast2GO (nr database, BLASTp, max. E-

value of 1e-10) (Conesa et al., 2005), and only four families could be annotated: 

families 6, 7, 10, and 39 (Data S1). Family 10 contained proteins with similarity to 

fungal intradiol ring-cleavage dioxygenases and these proteins may play a role in 

the mite’s digestion or detoxification (Grbic et al., 2011, Dermauw et al., 2013). 
Families 6, 7, and 39 included lipocalins, which have a wide range of functions and 

were shown to be differentially expressed when spider mites are challenged with 

xenobiotic stress (Dermauw et al., 2013). Hence these four families were excluded 

as well. The remaining 75 families were chosen for the next selection step. 

Selection of the top 5 candidate effector families by gene expression analysis 

We continued the selection procedure taking the expression characteristics of the 
remaining candidates into account assuming that: 1) the expression of the genes 
encoding effector proteins should be higher in feeding stages (larvae, nymph, or 

adult) than in a non-feeding stage (embryo); and 2) effector genes should be typically 

expressed in the mite’s salivary glands. 

Hence first we analyzed the life-stage (egg, larvae, nymph, and adult) 
specific gene expression levels derived from the quantitative RNAseq data of T. 

urticae that was made publicly available together with the T. urticae genome (Grbic 

et al., 2011). To reduce the group of candidates, from the 75 families remaining, to 

a workable size we decided to arbitrarily select those that had at least one homolog 

expressed >10-fold in any of the feeding stages (larvae, nymph, and adult) compared 

to the egg (embryo) stage, and only these 18 families were taken to the following 

step. 
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Figure 3.1. Overview of an in silico pipeline used to identify spider mite effectors. Four 

selection steps were applied to obtain the combined dataset of putative secreted proteins from 
both the generalist T. urticae and the specialist T. evansi. Five protein families having effector 

potential were selected. 

Second, since spider mites are too small (0.5 mm) for isolating salivary 
glands we removed the “head” part of adult mites (i.e. the anterior body region 

including the gnathosoma, which includes the salivary glands, but not the intestines 

and ovaries (Mothes & Seitz, 1981)) from the main body and collected RNA from the 

remaining main body tissues as well as from intact mites for gene expression 

analysis. We selected from each of the 18 remaining families the member with the 
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highest expression in the adult life stage and performed qRT-PCR for these 18 genes 

comparing the intact mite samples with the anterior body dissected samples. Five 

genes—Tu19, Tu28, Tu84, Tu90, and Tu128—showed a statistically significant and 

at least 10-fold lower expression in the anterior body dissected samples compared 
to the intact mite samples (Figure 3.2). We thus considered these five as the most 

likely expressed in salivary glands. Four of these have homologs in T. evansi (Te19, 
Te28, Te84 and Te128), while family 90 was unique for T. urticae. An InterProScan 

(Jones et al., 2014) search revealed that Tu28 and Te28 contained the structural 

domain Armadillo-type fold (IPR016024), known to facilitate protein-protein and 

protein-DNA interactions. Moreover, proteins of family 28 contain two 80-amino acid 
tandem repeats within this domain (Supplemental Figure 3.1). No recognizable 

domains, motifs, or repeats were found in the other candidate effectors. An overview 

of these final five candidate effector families is shown in Table 3.1. 



Chapter 3  82 

Figure 3.2. Screening for potential T. urticae salivary-gland specific genes. Expression 

values of 18 T. urticae genes in intact mites (grey bars) and in anterior body dissected mites 

(black bars). For each gene the bars were scaled to the lowest average i.e. the lowest bar in 

each plot is 1. Candidates showing an at least 10-fold statistically-significant lower expression 

in dissected mites were considered as potential salivary-gland specific genes (Tu19, Tu28, 

Tu84, Tu90, and Tu128). Statistical differences were analyzed using Student’s t-test (* = p 

<0.05). 

________________________________________________________________________ 

1T. urticae gene models are available on the BOGAS genome portal 

(http://bioinformatics.psb.ugent.be/webtools/bogas/). 

Finally, to ensure that the remaining five candidate effectors are indeed 
expressed in the salivary glands, we performed whole-mount in situ hybridization 

using digoxigenin-labeled antisense RNA probes. For Te84, we observed mites to 
be stained exclusively in both anterior prosomal glands (Figure 3.3AB), which are 

one of the three paired spider mite salivary glands (Mothes & Seitz, 1981). Staining 

in the stylet was also noticeable in some mites (data not shown). However, 
comparison with the sense control samples made clear that this can be considered 

as background staining. We did not observe any mites with stained salivary glands 
using a Te84 sense probe (negative control) (Figure 3.3C). We also hybridized 

antisense probes for Te28 (Figure 3.3C), Tu19, Tu28, Tu84, Tu90, and Tu128 and 

Table 3.1. Overview of the final five candidate effectors 

Family 
Number 

Number of 
family members 

Cloned 
candidate 

Gene model 
ID1/Genbank 
accession N° 

Mature 
protein 
size (aa) 

19 11 T. urticae Tu19 tetur05g09110 198 
7 T. evansi Te19 KT182960 198 

28 10 T. urticae Tu28 tetur31g01040 266 
1 T. evansi Te28 KT182959 338 

84 2 T. urticae Tu84 tetur01g01000 227 
2 T. evansi Te84 KT182961 230 

90 4 T. urticae Tu90 tetur05g04560 287 

128 2 T. urticae Tu128 tetur01g00940 235 
1 T. evansi Te128 KT182962 233 
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their respective sense probes were used as controls. All these candidate effectors 

were expressed specifically in the salivary glands (Jonckheere et al., in prep; 

Chapter 4). 

Figure 3.3. Detection of Te28 and Te84 gene expression in salivary glands of T. evansi 
using whole-mount in situ hybridization. Digoxigenin (DIG) labeled Te84 antisense probe 

was used for hybridization, while signal was developed using anti-DIG-AP and FastRed as 

substrate. Signal development can be observed in the anterior salivary glands (arrows) with 
brightfield microscopy (A) and confocal laser-scanning microscopy (B). Scale bars indicate 

50 µM. C) In situ hybridization experiments for Te28 and Te84 were repeated using both nitro-

blue tetrazolium/5-bromo-4-chloro-3'-indolyphosphate (NBT/BCIP) (top row) or Fast Red 

(bottom row) as substrate. DIG-labeled antisense Te28 and Te84 antisense probes (left panel) 

were used for hybridization, while corresponding sense probes (right panel) served as 

negative controls. The pictures show mites representative for the samples. Specific 

colorization (arrows) in salivary glands was only seen in antisense probe samples and never 

in sense probe samples. Some background staining in e.g. stylet and legs was common in all 

samples. Scale bars indicate 0.5 mm.  
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Transient over-expression of proteins belonging to two candidate effector 
families causes chlorosis in Nicotiana benthamiana 

Wroblewski et al. (2009) found a wide range of phenotypes when expressing 
effectors of Pseudomonas or Ralstonia in N. benthamiana leaves, varying from no 

visible symptoms through various degrees of chlorosis to extensive tissue damage 

and cell death in the infiltrated area. Hence we evaluated if the five putative effectors 

(without their signal peptides) could also cause such visible phenotypes in N. 

benthamiana when expressed under control of the 35S promoter using 

Agrobacterium-mediated transient assays (Kapila et al., 1997), further referred to as 
agroinfiltration. We cloned cDNAs from T. urticae strain Santpoort 2 that performs 

better on the JA-biosynthesis mutant def-1 (Kant et al., 2008) and hence is not a 

superior suppressor (Alba et al., 2015) and from T. evansi. Candidates were co-

expressed with the viral silencing suppressor p19 to a keep high and long-lasting 

transcription (Voinnet et al., 2003) using the empty vector (EV i.e. the expression 

vector still containing the Gateway negative-selection cassette) as a control. We 

observed tissue chlorosis after transient expression of Tu28 and Te28 as well as 

Tu84 and Te84. This chlorosis was clearly visible 5 days post infiltration (DPI) 
(Figure 3.4A). The expression of the transgenes in the infiltration zone was 

confirmed by RT-PCR at 2 and 5 DPI (Figure 3.4B). Expression of candidate Te28 

occasionally induced necrosis in N. benthamiana 4-5 DPI (Supplemental Figure 
3.3), but whether this is related to a higher expression of Te28, as the RT-PCR 
results suggest (Figure 3.4B), needs to be investigated. We did not observe 

chlorosis, or any distinct phenotype, after overexpression of the other candidates: 
Tu19, Te19, Tu90, Tu128, and Te128 (Supplemental Figure 3.4) and we thus 

continued with the four putative effectors that did. 

To assess if the chlorosis phenotype observed after overexpression of Te28, 
Tu28, Te84, and Tu84 was restricted to N. benthamiana, we expressed these 
candidate effectors in leaves of N. tabacum by agroinfiltration (Figure 3.4C). We did 

not observed tissue chlorosis after expression of any candidate effector, but at 5 DPI 

we observed cell death on infiltrated areas expressing the candidate effector Te28, 
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but not on areas expressing Tu28, Te84, Tu84, or a 35s:GFP control (Figure 3.4C). 
To include a positive control for programmed cell death, we also expressed by 

agroinfiltration a vector containing the resistance protein Cf9 of Solanum 

lycopersicum and its target effector Avr9 of Cladosporium fulvum (Thomas et al., 

2000). 

Figure 3.4. Spider mite candidate effectors cause chlorosis in N. benthamiana and cell 
death in N. tabacum A) Agroinfiltrated N. benthamiana leaves transiently transformed with 

the candidate effectors Te28, Tu28, Te84, and Tu84 and with the EV control. The silencing 

suppressor p19 was co-expressed together with each vector. Pictures were taken at 5 DPI. 

B) RT-PCR showing the expression of the candidates in the agroinfiltrated leaves at 2 and 5

DPI. The data are representative for 2 experiments. C) Expression of Te28 in N. tabacum

induced cell death. The pictures show agroinfiltrated areas of N. tabacum leaves expressing

the candidate effectors Te28, Tu28, Te84, and Tu84 or the negative control 35s:GFP. A

positive control (Avr9/Cf9) for programmed cell death was included. The silencing suppressor

p38 of Turnip crinkle tomato virus was co-expressed in combination with each vector. Pictures

were taken at 5 DPI.
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Localization in N. benthamiana cells of GFP-tagged Te84, Tu84, Te28 and Tu28 

Next, we added a GFP N-terminal tag to the candidates from families 28 and 84 to 
check their subcellular localization after agroinfiltration in N. benthamiana. The 
candidates GFP-Te28 and GFP-Tu28 showed cytoplasmic localization (Figure 
3.5A). Moreover, for T. urticae’s Tu28 we observed motile vesicle-like structures that 

appeared to aggregate (Figure 3.5A). Similar structures and aggregations were also 

observed for candidates GFP-Tu84 and GFP-Te84, however these homologous 

proteins differed in localization: while GFP-Tu84 was found in the cytosol and weakly 
in the nucleus (Figure 3.5A), GFP-Te84 localized exclusively in the ER (Figure 
3.5B). Co-agroinfiltration of the ER marker HDEL-mCherry with GFP-Te84 

confirmed ER co-localization, which also included the motile structures and 
aggregations (Figure 3.5B). However, we did not observe HDEL-mCherry labeled 

protein aggregates after co-agroinfiltration with untagged Te84 (Figure 3.5B). The 

correct expression of the fusion proteins of expected size was monitored by western 
blot at 2 DPI (Figure 3.5C). Furthermore, after 4 to 5 DPI, the four GFP-tagged 

candidates induced a similar chlorosis phenotype as the untagged proteins (data not 

shown). 

Candidates from families 28 and 84 suppress Agrobacterium-induced SA-
related defenses 

Since, as for pathogen effectors, chlorosis can be indicative of effector-like 
properties (Wroblewski et al., 2009) we tested if Te28, Tu28, Te84, and Tu84 altered 

plant defenses. To test this we measured the accumulation of the phytohormones 

SA, JA, and JA-Ile and assessed the relative expression of the SA-related marker 

genes Pathogenesis Related 1 (PR1), Pathogenesis Related 4 (PR4), and the JA-

related marker Trypsin Proteinase Inhibitor (TPI) at two and five DPI. 
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Figure 3.5. In planta expression and subcellular localization of GFP-tagged candidate 
effectors from families 28 and 84. A) Confocal images of GFP, GFP-Te28, GFP-Tu28, GFP-

Te84, GFP-Tu84, and the nuclear marker NLS:dsRED in N. benthamiana leaves 48 hours 

after agroinfiltration. Arrows indicate structural aggregates, which were re-scanned at lower 
laser intensities and are showed in boxes within the image. Scale bars: 20 µm. B) Co-

expression of the ER-maker HDEL-RFP with GFP, GFP-Te84, or untagged Te84 (in 
pSOL2092) by agroinfiltration in N. benthamiana. Bars indicate 20 µm. C) Western blot of 

soluble-protein extracts from leaves expressing GFP, GFP:Te28, GFP:Tu28, GFP Te84, or 

GFP:Tu84. Agroinfiltrated leaves were sampled at 2 DPI. Bands were revealed using anti-

GFP antibody. 
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At 2 DPI the concentration of SA was 8-fold higher in leaves agroinfiltrated 
with the EV than in mock-treated leaves (Figure 3.6A). At this time point levels of 

SA did not differ between leaves expressing the candidates and the EV, but amounts 

of SA in leaves expressing Te28 and Tu28 were significantly lower than those 
expressing Te84 (Figure 3.6A). In contrast, at 5 DPI the levels of SA were 7-fold 

higher in agroinfiltrated leaves expressing the EV compared to 2 DPI while SA levels 
were significantly lower in leaves expressing any of the candidate effectors than the 
EV (Figure 3.6A). We did not detect any JA or its conjugate JA-Isoleucine in any of 

the samples. The EV induced the SA-responsive marker gene PR1 237- and 1530-
fold at 2 and 5 DPI respectively (Figure 3.6B). At 2 DPI, PR1-expression was 6-fold 

lower in leaves expressing Te28 and Tu28 compared to the EV. Te28 and Tu28 

suppressed PR1 expression partially since transcript levels were still 37-fold higher 
than in mock-infiltrated leaves (Figure 3.6B). At 5 DPI, Agrobacterium-induced PR1 

expression was 60-fold lower in leaves expressing Te28 and Tu28 compared to the 

EV. Also Tu84 suppressed PR1 induction by 3-fold (2 DPI) and 30-fold (5 DPI) 

relative to EV. However, at 2 DPI, leaves expressing its counterpart Te84, PR1 
expression was 2-fold higher than in leaves with the EV (Figure 3.6B). Since at 5 

DPI all four candidate effectors partially suppressed PR1 induction relative to the EV 

control, we repeated this experiment using 35S:GFP instead of the EV and 

compared this to leaves expressing GFP-fusions with the candidates and observed 

a similar pattern of PR1 suppression except for Te84, which might have been due to 

the GFP tag (Figure 3.6C).  

Expression of another SA-related marker PR4, which is known to be co-
regulated by JA (Maimbo et al., 2010), was 6- and 27-fold higher, at 2 and 5 DPI 
respectively, when comparing EV to mock-treated leaves (Figure 3.6B). Like PR1, 

also PR4 expression was suppressed, albeit mildly, by Te28 and Tu28 at 2 and 5 

DPI, with levels being 2-fold and 6-fold lower than those of the EV. Candidate Tu84 

significantly suppressed PR4 induction only at 5 DPI by 3-fold, while PR4 expression 

in leaves expressing Te84 was equal to those with EV at both time points.  
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We also measured the expression of the JA-related marker gene Trypsin 

Proteinase Inhibitor (TPI). In contrast to the SA markers, TPI was down-regulated 

after 2 DPI in all leaves expressing a candidate effector or the EV compared to the 

mock treatment. However this reduction was slightly stronger for the 4 candidates 

compared to the EV and for Te28 and Tu84 downregulation was even significant 
(Figure 3.6D). In contrast, at 5 DPI, TPI expression was not significantly different 

between the leaves expressing the candidate effectors and the EV, due to a high 

level of variation with the EV.  

Candidate effectors from families 28 and 84 promote T. urticae performance 

Since expression of Te28, Tu28, Te84 and Tu84 affected the induced SA response 
of N. benthamiana, we assessed the reproductive performance of spider mites on 

leaf discs of leaves expressing these four candidates or the EV. Oviposition of T. 

urticae was 25% higher on leaf-discs expressing Tu28, Te84, and Tu84, when 
compared to the EV (Fisher-LSD p<0.001) (Figure 3.7). In contrast, oviposition of T. 

urticae was 25% lower on leaf-discs expressing the candidate Te28, compared to 
the EV (Fisher-LSD p<0.05) (Figure 3.7). Discs from Te28-expressing leaves 

showed the strongest Agrobacterium-induced chlorotic symptoms during the 

oviposition test and after 4 days of infestation (6 DPI with Agrobacterium) chlorotic 

symptoms of these discs were markedly different from the discs expressing any of 

the three other candidates or the EV (Supplemental Figure 3.5). 
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Figure 3.6. Spider mite candidate effectors affect the SA-response induced by 
Agrobacterium. A) Levels of salicylic acid in ng/gFW in agroinfiltrated leaves at 2 and 5 DPI. 

Error bars represent SE. Data were log-transformed prior to statistical analysis. Different 
letters indicate statistical differences according to Fisher-LSD test (p<0.05). B) Relative gene 

expression of the SA-related marker genes PR1 and PR4 after agroinfiltration of the 

candidates, the EV or infiltration of the mock (infiltration medium). Error bars denote standard 
errors. The data in A and B are representative for 2 experiments. C) Relative expression of 

the SA-related marker PR1 at 5 DPI after agroinfiltration of Te28, Tu28, Te84, Tu84, and 

35s:GFP or infiltration of the mock control. Error bars denote SE. D) Relative expression of 

the JA-related marker TPI after agroinfiltration of Te28, Tu28, Te84, Tu84, and EV or 

infiltration of the mock control, at 2 and 5 DPI. Error bars denote SE. The data are 
representative for 2 experiments. Statistical differences in B, C, and D were analyzed using a 

General Linear Model, and are indicated as different letters (p<0.05). 
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Figure 3.7. Three candidate effectors improve T. urticae performance on N. 

benthamiana. The figure shows the average number of eggs laid by one female adult spider 

mite after feeding for four days on N. benthamiana leaf-discs expressing the candidate 

effectors or the EV control. Error bars represent SE. Different letters indicate statistical 

differences according to Fisher-LSD test (p<0.05). This experiment was repeated twice with 

similar results. 

Spider mites produce more offspring on the SA-accumulation mutant S. 

lycopersicum nahG  

Spider mites induce (Kant et al., 2004) and suppress (Alba et al., 2015) both JA and 
SA responses at the same time. However, while JA is well-established as defense 
hormone that constrains mite performance (Li et al., 2002; Ament et al, 2004; Kant 

et al., 2008; Zhurov et al., 2014), the role of SA remains elusive. Hence, we tested 

to which extent SA-defenses are detrimental to T. urticae Santpoort 2 (Alba et al., 

2015) by using a tomato transgenic line expressing the bacterial gene nahG, a 

salicylate hydroxylase that renders plants unable to accumulate SA due its 

conversion into catechol (Brading et al., 2000). This catechol accumulation leads to 

dark green plants when they get older and leaves will start to fall off as well. However, 

within the time frame of our studies, with three to four week old plants, the plants 

have a normal phenotype. After four days of infestation, T. urticae mites had 

deposited 10% more eggs on nahG plants compared to the wild type Moneymaker 
(Figure 3.8) and this increase was statistically significant (Genotype effect, P = 
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0.047). This establishes that SA defense response do have a negative effect on mite 

performance. 

Figure 3.8. Spider mite performance is higher on SA-deficient tomato nahG plants than 
on wild type plants. The figure shows the average number of eggs per female adult mite 

feeding for 4 days on tomato plants expressing the transgene nahG or on the WT control 

Moneymaker. The experiment was performed 4 independent times using 6-10 plants per 

genotype in each assay. Effect on performance was analyzed using a General Linear Model 

including plant genotype as main factor and Experiment as random factor (Genotype effect, 

P = 0.047). 

Discussion 

Previously we showed that the phytophagous mites T. urticae and T. evansi, two 
agronomical-relevant pest species, suppress JA- and SA defenses in plant to their 

own benefit via one or more unknown mechanisms (Kant et al., 2008; Sarmento et 
al., 2011; Alba et al., 2015; Chapter 2). Here we have shown that these spider mites 

possess at least two families of effector-like salivary proteins that can account for 
suppression of SA-defenses (Figure 3.6). Furthermore, we showed that in planta 

expression of these proteins i.e. Tu28 and Tu84 and its homolog Te84, promoted 
the reproductive performance of T. urticae (Figure 3.7) to a similar magnitude as 

when expressing the nahG gene (Figure 3.8). Thus these three spider-mite salivary 

proteins, called Tu28, Tu84 and Te84, act as effector proteins by suppressing mite-

induced SA-defenses and thus promoting mite performance. 
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The chlorosis phenotype observed after transient expression of Te28, Tu28, 
Te84, and Tu84 (Figure 3.4) indicated that these proteins could have effector-like 

properties (Wroblewski et al., 2009). Indeed, in planta expression of Te28, Tu28, and 

Tu84 suppressed the A. tumefaciens induced SA response in N. benthamiana as 

indicated by the marker genes PR1 and PR4. PR1 is a well-established SA-related 

marker gene in N. tabacum (Uknes et al., 1993; Van Loon & Van Strien, 1999) and 
is induced after pathogen attack in N. benthamiana (Maimbo et al., 2010; Pasin et 

al., 2014). N. benthamiana PR4 encodes a hevein-like chitinase that is induced by 

the SA mimic BTH (Friedrich et al., 1996), yet it is mainly associated with the JA 

response (Zhang et al., 2012; Kiba et al., 2014). A similar suppression of PR1 

expression was observed after expressing the Cauliflower Mosaic Virus (CaMV) 

protein P6 transiently using agroinfiltration in N. benthamiana, although here this 

coincided with an increase in JA-responsive genes due to interference with the 

localization of the regulatory protein NPR1 (Love et al., 2012). Interestingly, 2 days 

after the start of the agroinfiltration when induction of PR1 and PR4 was suppressed 

by Te28, Tu28, and Tu84, these leaves had accumulated similar levels of SA as 

leaves transformed with the EV or with Te84. This agrees with the defense-
suppression model we proposed previously that postulates that spider mites 

suppress defenses downstream of phytohormone accumulation (Alba et al., 2015; 
Chapter 2). However, despite of inducing chlorosis, T. evansi protein Te84 did not 

suppress PR1 or PR4 expression, which suggests that there is no direct causal 

relationship between the chlorosis phenotype and the suppression of SA-related 

defenses. Moreover, chlorosis during agroinfiltration in N. benthamiana usually 

coincides with stronger, not weaker, SA responses (Rico et al., 2010). Taken 

together, chlorosis may be indicative, yet not fool-proof, as a visible phenotype for 

selecting candidate herbivore-effector proteins.  

Spider mites induce (Li et al., 2004; Kant et al., 2004; 2008; Glas et al., 2014) 
and suppress (Sarmento et al., 2011; Alba et al., 2015; Chapter 2) both JA and SA 

responses at the same time. Hence, ideally effector expression-assays allow for 

screening these two defense responses simultaneously. However, A. tumefaciens 

strain GV3101 induces SA responses in N. benthamiana (Sheikh et al., 2014; this 
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study) and accordingly, we observed that agroinfiltration down-regulated JA-

responses. Although the TPI-expression data suggest that two of these effectors 

(Te28 and Tu84) may affect JA responses as well, the agroinfiltration was especially 

suitable for investigating the effects of candidate effectors on SA-mediated 

responses. Salicylate-related defenses, central in plant-pathogen interactions 

(Thomma et al., 1998), are induced by herbivorous mites (Kant et al., 2004; Glas et 
al., 2014), and insect herbivores such as aphids (Moran & Thompson, 2001), 

whiteflies (Zarate et al., 2007) and by the larvae of some lepidopteran species 

(Musser et al., 2002; Diezel et al., 2009). In this study we also showed that T. urticae 

Santpoort-2 mites (Alba et al., 2015) performed substantially better on the SA-

deficient nahG tomato plants compared to wild type Moneymaker plants. Although a 

10% increase in reproductive performance as such seemingly indicates only limited 

biological significance, the effect will amplify exponentially across the consecutive 
generations (Supplemental Figure 3.5). Although this effect of SA on mite 

performance still has to be shown in other species such as Arabidopsis or N. 

benthamiana, it suggests that SA-related processes, connected to the 

hypersensitive response, senescence or defensive products such as chitinases, may 
have defensive functions against phytophagous mites (Kielkiewicz, 1999; McCafferty 

et al., 2006) as they have on some phloem-feeding herbivores (Pegadaraju et al., 

2005; Villada et al., 2009).  

Oviposition assays on N. benthamiana leaf-discs provided a strong evidence 
for three of the four candidates to be effector proteins. While candidates Tu28, Te84, 

and Tu84 improved the performance of T. urticae mites up to 25%, candidate Te28 

decreased mite performance thus acting as an elicitor rather than an effector in N. 

benthamiana. However, the strong chlorotic symptoms that developed after 
expression of Te28 could explain this adverse effect (Supplemental Figure 3.6). In 

addition, we showed that expression of Te28 led to cell death in N. tabacum, and 

that response was not observed after expression of any of the other candidates. 

Similarly, Bos et al. (2010) reported a negative effect of the chlorosis-inducing 

candidate aphid-effector protein Mp10 on aphid performance. Here the authors 

suggested it could be the result of an effector recognition by a plant resistance 
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protein (R-protein), which mediated effector-triggered immunity. Together, this 

suggests that different homologs from within a family (from the same or different 

herbivore species) may have different effects on the defenses of different plant races 

or species. For the three mite fitness-promoting effectors Tu28, Te84, and Tu84, the 

increase in T. urticae performance was not perfectly correlated with the suppression 

of SA-related marker genes. Candidate Te84, which only suppressed PR1 at 5 DPI, 
improved spider mite performance to the same level as Tu28 and Tu84 did. 

However, Te84 did suppress SA accumulation and PR1 expression at 5 DPI, 

indicating that still it may have an effect on SA-related defenses albeit delayed. Te84 

and Tu84 differ moderately in their protein sequences (they are only 62% identical) 
(Supplemental Figure 3.2), plus they localized to different plant cell compartments, 

and these differences could explain the different timing observed on their 

suppression of SA-related defenses. Nevertheless, we cannot rule out that Tu28, 

Tu84, and Te84 may affect other relevant plant processes as well that turn leaves 

expressing these proteins into better food. 

To obtain the proteins presented here we cloned cDNAs from T. urticae 
strains that perform better on the JA-biosynthesis mutant def-1 (Kant et al., 2008; 
Alba et al., 2015; Chapter 2) and the SA accumulation mutant nahG (this study) than 

on wild type plants and hence are not superior suppressors. This raises the question 

why poor suppressor mites, or maybe even non-suppressors, may yet possess 

genes encoding effector proteins. Possibly, like it was found for aphids, the proteins 
we report on here will affect defenses differently on different host plants (Pitino & 

Hogenhout, 2013). Alternatively, differences in expression levels, the amounts of 

protein in saliva, or the amounts of saliva secreted may render the efficiency of these 

proteins across different mite strains. However, the ability of effector proteins to 

suppress defenses may also depend on the presence of other substances in the 

saliva: also plant-pathogens secrete mixtures of effectors and non-effectors (some 

of which elicitors) and the effect of these on the host plant seems to depend on their 

combined action (Kaloshian, 2004; Jones & Dangl, 2006). In that view effectors serve 

to compensate for the plant-recognition of elicitors. Hence, not only differences in 

the effector composition of mite saliva but also its elicitor-composition may determine 
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the resulting plant response. In addition, the 322 T. evansi-specific secreted proteins 

from group II (gene families with 2 copies) and III (singletons) that were not 

investigated may well contain effectors. These potential effectors could explain the 

mite’s superior ability to suppress tomato defenses below the levels of uninfested 

control plants (Sarmento et al., 2011).  

Defense manipulation has been attributed to specialist herbivores (Schmelz 
et al. 2012) although it is doubtful if this trait is restricted to specialists (Ali & Agrawal, 

2012). Our data show that specialist pests like T. evansi and generalists like T. 

urticae can produce homologous effectors that have a similar impact on host plant 
defenses. Possibly, the term generalist is misleading and such species are actually 

composed of a collection of host races more specialized to different plant species 

(Kant et al., 2008). In addition, many T. urticae strains induce plant defenses (Alba 

et al., 2015; Martel et al., 2015; Zhurov et al., 2014) rather than suppressing these. 

This suggests that spider mites may secrete mixtures of elicitors and effectors and 

the extent to which these mixtures result in a stronger or weaker induction or 

suppression is probably context dependent—i.e. host plant genotype; growth 

conditions, etc—and may vary across mite populations or within populations (Kant 

et al., 2008; Alba et al., 2015). Detailed knowledge on herbivore effector diversity, 

the plant target processes, and their mutual evolution may strongly increase our 

understanding of the forces that drive plant-herbivore interactions and explain the 

formation of pests. However, despite our detailed knowledge on plant defenses it 
may not be always obvious which plant response to use to screen for active effectors. 

This implies that for screening candidate effectors, herbivore performance assays 

may provide the only read-out with biological relevance.  

Material and Methods 

High-throughput sequencing and de novo assembly 

T. evansi whole transcriptome was sequenced from cDNA. Total RNA was isolated
from mites of all stages using the Qiagen RNA extraction kit and 24 µg (S28/S18 =

1,71) was used for cDNA synthesis and library preparation. From the total RNA
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sample poly(A)+ RNA was isolated, which was used for cDNA synthesis. First strand 

cDNA synthesis was primed with a N6 randomized primer. Then 454 adapters A and 

B were ligated to the 5' and 3' ends of the cDNA. The cDNA was finally amplified 

with PCR using a proof reading enzyme. Normalization was carried out by one cycle 

of denaturation and reassociation of the cDNA, resulting in N1-cDNA. Reassociated 

ds-cDNA was separated from the remaining ss-cDNA (normalized cDNA) by passing 
the mixture over a hydroxylapatite column. After hydroxylapatite chromatography, 

the ss-cDNA was PCR amplified. For sequencing, the cDNA in the size range of 

500–1100 bp was eluted from a preparative agarose gel and sequenced using 454 

GS+ Titanium technology at Eurofins (MWG, Germany). The raw reads were 

submitted to the Sequence Read Archive (SRA) at NCBI under the accession 

number SRR2127882. After quality checks and filters a total of 1.558.090 high 

quality reads were subsequently used for transcriptome de novo assembly using 

MIRA (settings: denovo, est, accurate, 454, -SK:acrc=no, -CL:msvs) (Chevreux et 

al., 2004). The final assembly produced 31.263 isotigs, from which a subset of 

17.663 isotigs assembled from 5 or more reads were used to predict their coding 

regions and protein sequences using ORF-predictor (Min et al., 2005).  

In silico prediction of the spider mite secretome 

For Tetranychus urticae secretome prediction the predicted proteins from T. urticae 
London genome (Grbic et al., 2011) were used. The signal peptide prediction was 

done using SignalP 4.0 (standalone version; Petersen et al., 2011) and Phobious 

(Kall et al., 2004). Transmembrane domains were predicted using THMMM 

(standalone version; Krogh et al., 2001) and Phobious. Subcellular localization was 

predicted by TargetP (standalone version; Emanuelsson et al., 2000) and WolfPsort 

(standalone version; Horton et al., 2007). Default settings were used for all software 

parameters. 

Markov clustering and BLAST procedures 

The pipeline to cluster candidate effector proteins by amino-acid similarity was 
described in Saunders et al. (2012) i.e. the predicted secreted proteins of T. urticae 
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and T. evansi were combined in one database (with their signal peptides removed). 

After a BLASTp search of the combined database against itself, the output was piped 

to TribeMCL (Enright et al., 2002) using default settings. To annotate the combined 

secretome, a database containing 88616 tick’s reference proteins was created by 

obtaining protein sequences available at NCBI (using keyword 

"Ixodida"[porgn:__txid6935]), subsequently a BLASTp search of the combined 

secretome to this database was performed (using an E-value cutoff of e-10). 

RNA isolation and RT-qPCR 

T. urticae and T. evansi main body parts (“idiosoma”) were collected after removal
of the anterior body part (“gnathosoma”) using a scalpel on a glass petri dish pre-

cooled with liquid nitrogen. N. benthamiana agroinfiltrated or mock (i.e. the

agroinfiltration-buffer without bacteria) treated leaves were collected and

immediately frozen in liquid nitrogen. After material grinding, total RNA was collected
using the Qiagen RNA extraction kit and treated with Turbo-DNAse (Ambion) as

described by the manufacturer. Subsequently, DNA-free samples were used for

cDNA synthesis using M-MuLV RT (Fermentas), as described by the manufacturer.

Reverse Transcriptase qPCR (RT-qPCR) was performed using EVA green (Biotium)

by means of the ABI 7500 Real-Time PCR system (Applied Biosystems). Reactions

were performed in a volume of 10-µl, containing 0.25 µM of each primer, 0.1 µl ROX

reference dye and 1 µl of cDNA template (20 ng/µl). The cycling program was set to

5 min of pre-cycling stage (50°C), 5 min at 95°C, 45 cycles of 15 sec at 95°C and 1

min at 60°C. The program was followed by a melting curve analysis. For spider mite

RT-qPCR assays T. urticae 18s rRNA, and T. evansi Ribosomal Protein 49 were

used as housekeeping genes. For N. benthamiana RT-qPCR assays, actin was used
as housekeeping gene. All primer pairs used are described in Supplemental Table
3.2. Statistical differences of transcript abundances showed in Figure 3.6 were

calculated by using a General Linear Model (GLM) analysis in SPSS 20 (IBM).
Statistical differences showed in Figure 3.2 were calculated using the Student’s t-

test in Excel (Microsoft).
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Cloning 

The candidate genes were cloned from spider mite cDNA using primers designed to 
amplify the ORF but excluding the predicted signal peptide. Primers were also 

designed to include an ATG at the end of the forward primers and Att-B 
recombination sites for Gateway cloning (Invitrogen) (Supplemental Table 3.1). 
Following recombination of the candidates into pDONR207, an LR reaction was 

done with the plant expression vector pSOL2092 (Zhang et al., 2013c), which 

contains the CaMV 35S promoter. Furthermore, in the same mode, GFP-fusion 

proteins of the candidates were generated using the vector pK7WGF2 (N-terminal 
GFP) (Karimi et al., 2002). The binary constructs containing Cf9-Avr9, NLS:dsRED, 

HDEL:RFP, p38 and p19 have been described elsewhere (Thomas et al, 2000; 

Nelson et al., 2007; Thomas et al., 2003; Voinnet et al. 2003). All clones were 

sequenced and T. evansi candidate effector sequences were deposited at GenBank 
(Table 3.1).The final destination vectors were introduced into A. tumefaciens 

GV3101 cells by electroporation.  

Plant material 

Nicotiana benthamiana and N. tabacum plants were grown in the greenhouse for 2-
3 weeks and then transferred to a climate room (long day, 25º C, 70% humidity). All 

agroinfiltration were done with plants 4 to 5 weeks old. Tomato Lycopersicum 

esculentum nahG cv. MoneyMaker and cv. C32 (the non-transformed background) 

were grown as described in Glas et al. (2014). Two-spotted spider mite T. urticae 

Santpoort 2 had been obtained and propagated as described in Alba et al. (2015). 

In order to obtain spider mite adults of the same age, egg waves were generated as 

previously described in Kant et al (2004). In short, 20-30 random adult female spider 

mites were selected from a mixed colony and were allowed to produce eggs for 48 

hours on detached bean leaflets on wet cotton wool. After this period, the adults were 

removed and eggs were allowed to hatch and develop into new adults. After 14 days, 

the 2 (± 2) days young adult females were collected and used for oviposition assays. 
Five young adult female mites were placed on the adaxial surface of tomato leaflets 

using a soft bristle paintbrush. After four days, infested leaflets were detached and 
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the number of eggs were counted for the mites that were still alive using a 

stereomicroscope. The experiment was repeated 4 times on 10 plants per tomato 
genotype: per plant 3 leaflets were infested. The results presented in Figure 3.8 

represent the mean number of eggs per mite per day. Effect on performance was 

analyzed using a GLM in SPSS 20 (IBM) including plant genotype as main factor 

and Experiment as random factor. 

Transient expression assays 

Agrobacterium tumefaciens transient transformation assays (agroinfiltration) were 
done as described in Ma et al. (2012). The A. tumefaciens strain GV3101 carrying 

the tagged and untagged candidate vectors, the empty pSOL2092 vector, empty 

pK2WGF2 vector (35s:GFP), dsRED:NLS, HDEL-RFP, Cf9/Avr9, p38, or p19 were 

grown from single colonies for 16 hours in 2 ml LB medium with the appropriate 

antibiotics. An aliquot of each pre-culture was then inoculated into 5-10 ml LB 
containing 10mM MES and 20 uM acetosyringone, using the same antibiotics, and 

grown until an OD between 1.0-1.5 was reached. After centrifugation the bacteria 

pellets were re-suspended in MMAi (2% sucrose, 10mM MES, 0.2 mM 

acetosyringone) to a final O.D. of 0.6 and then incubated for at least 1 hour at room 

temperature. Bacterial suspensions were infiltrated into the abaxial side of the 3rd-

youngest-fully-expanded N. benthamiana leaf, or the 3rd-youngest fully-expanded N. 

tabacum leaf, using a needless syringe. The silencing suppressors p19 and p38 

were co-expressed in all agroinfiltrations done in N. benthamiana and N. tabacum, 

respectively. 

Phytohormone extraction and LC-MS 

Phytohormone analysis was performed as described in Alba et al. (2015). Briefly, 
between 80 to 150 mg of frozen leaf material was homogenized in 1ml of 

ethylacetate which had been spiked with D6-SA and D5-JA (C/D/N Isotopes Inc., 

Canada) as internal standards to a final concentration of 100 ng/ml. After 

centrifugation at 13000 rpm for 10 min at 4°C, the supernatant was transferred to 

new tubes. The pellet was reextracted with 0.5 ml of ethylacetate (without the two 



Chapter 3  101 

internal standards) and centrifuged 10 min at 4°C at 13000 rpm. Both supernatants 

were combined and then evaporated to dryness on a vacuum concentrator. The 

residue was resuspended in 0.5 mL of 70% methanol (v/v), centrifuged and the 

supernatants were transferred to glass tubes and then analyzed by LC-MS/MS. 

Measurements were performed on a liquid chromatography tandem mass 

spectrometry system (Varian 320 Triple Quad LC/MS/MS). SA and JA were 
quantified by comparing their peak area with the peak area of the respective internal 

standard. Statistical differences in the amounts of phytohormones among samples 

were calculated using log-transformed values by Fisher’s LSD test after ANOVA 

(SPSS 20, IBM).  

Spider mite performance assays on N. benthamiana detached leaf-discs 

Agroinfiltrated leaves were detached at 2 DPI. From these detached leaves 
glandular trichomes were gently removed using filter paper soaked in water. Leaf 
discs (18 mm diameter) were placed on a cotton bed soaked in water. One female 

T. urticae Santpoort-2 mite (2 days since turning adult) was placed on each leaf disc

and the number of eggs was counted at 2 and 4 days after introduction of the mite

using a stereo microscope. Leaf discs with either a dead female or a female that had

drowned in the border of the wet cotton were discarded from the analysis. Effect of

the different effectors on mite performance was evaluated per time point using

ANOVA and means were compared using Fisher´s LSD post hoc test (SPSS 20,

IBM).

In situ hybridization 

Primers for Te84 and Te28 mRNA were designed using Primer3 
(http://bioinfo.ut.ee/primer3/). The preferred amplicon length was about 300bp. The 
resulting primers are listed in Supplemental Table 3.2. RNA was extracted from T. 

evansi mites (Total RNA Isolation Mini Kit, Agilent), treated with TURBO DNA-freeTM 

Kit to remove contaminating genomic DNA and used for cDNA synthesis using 

Maxima First Strand cDNA Synthesis Kit. PCR products were cloned into pGEMT-T 

plasmids (Promega) and transformed into E. coli. Plasmids of liquid cultures were 
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purified after which insert orientation and nucleotide sequence were checked by 

sequencing (LGC Genomics, Germany). A PCR was performed on the plasmids 

using pUC/M13 primers. PCR product, containing insert flanked by T7 and SP6 

promoter sites from plasmid backbone, was checked by agarose gel electrophoresis 

and purified using Cycle Pure Kit (EZNA). Depending on orientation, sense and anti-

sense DIG-labeled probes were generated using T7 or SP6 RNA polymerase 
(Roche), using the pUC/M13 PCR product and DIG-UTPs (Roche) in the in vitro 

labeling reaction. Probes were then purified using SigmaSpinTM Sequencing 

Reaction Clean-Up Columns (Sigma). 

T. evansi larvae and adults of both sexes were collected from tomato plants
and fixed in a 1:1 mix of heptane and PTw (PBS with 0,1% Tween-20) containing 

4% formaldehyde. The mites were then washed in methanol and PTw, followed by 

sonication in a sonic cleansing bath and treatment with 5 mg/ml Proteinase K during 

10 minutes. The mites were then re-fixed with 4% formaldehyde in PTw. Mites were 

prehybridized in hybridization buffer (50% formamide (Sigma), 4x SSC (Sigma), 1x 

Denhardt’s solution (Sigma), 250 μg/ml tRNA (wheat germ type V, Sigma), 250 μg/ml 

ssDNA (boiled salmon sperm DNA, Sigma), 50 μg/ml heparin (sodium salt, Sigma), 

0.1% Tween-20 (Sigma), 5% dextran sulfate (sodium salt, Sigma) for 1h at 52°C. 

Hybridization buffer was refreshed and probe was added. The mites were then 

incubated overnight at 52°C. Washing occurred at 53°C (6 times 25 min.) with wash 

buffer constituting of 50% formamide, 2x SSC and 0,1% tween-20. After washing at 
room temperature (RT) with PBTw (PTw with 0.1 % BSA (Sigma)), the mites were 

incubated at RT for 2h with 1:1000 dilution of anti-digoxigenin-AP (Fab fragments, 

Roche) in PBTw. The mites were then washed with PTw (5 times 20 minutes) and 

several times with AP buffer (100 mM Tris pH 9.5, 100mM NaCl, 1 M MgCl2, 0.1% 

Tween-20) until precipitation had disappeared. AP buffer containing the NBT/BCIP 

(nitro-blue tetrazolium/5-bromo-4-chloro-3'-indolyphosphate) (Roche) or FastRed 

substrate (SIGMAFASTTM Fast Red TR/Naphthol AS-MX tablets, Sigma) was 

added and mites were incubated several hours at 4°C in the dark, until blue or red 

staining was visible. Methanol was used to eliminate background staining and mites 
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were cleared in 70% glycerol in PTw (pH 8.5) after washing with pure PTw. Finally, 

mites were mounted on microscopy glasses for further investigation. 

Confocal laser-scanning microscopy 

FastRed-labeled spider mites were visualized using the laser-scanning microscope 
LSM510 (Zeiss), by exciting samples sequentially with the 458 nm (spider mite 

autofluorescence) and 543 nm (FastRed fluorescence) lasers. Mite 

autofluorescence and FastRed fluorescence emissions were detected sequentially 

by using the long pass filter LP 560. Z-stacks were performed by imaging up to 25 

slices every 1-1.5 µm. Z-stacks were superposed by using ImageJ z-project (max 

intensity). To assess the subcellular localization of the GFP-tagged fusion proteins, 

35s:GFP, NLS:RFP, and HDEL:RFP, samples from agroinfiltrated leaves were 

mounted in water and analyzed on a LSM 510 laser-scanning confocal microscope 

(Zeiss) using the following excitation and detection wavelengths: GFP, 488 nm / 520-

545 nm; RFP, 543 nm / 570-610 nm.  

Accession numbers 

Sequence data from this article are available at the NCBI website 
(http:www.ncbi.nlm.nih.gov) and can be found under the following accession 

numbers: Te28, KT182959; Te19, KT182960; Te84, KT182961; and Te128, 

KT182962. T. evansi RNA-seq data can be found under the SRA accession number 

SRR2127882.    
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Supplemental Material 

Supplemental Figure 3.1. Amino acid sequence alignment of Te28 and Tu28. Alignment 

of mature amino acid sequences (minus predicted signal peptide) of Te28 and Tu28. Clustal 

Omega was used to align both sequences. Black and grey shading indicate identical and 

similar residues, respectively. Lines above the alignment indicate the ARMADILLO domain 

(IPR016024) in Te28 (above) and Tu28 (botton). The conserved 80-amino acid repeats in 

Te28 and Tu28 are indicated with a line below the alignment. 
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Supplemental Figure 3.2. Amino acid sequence alignment of Te84 and Tu84. Alignment 

of predicted amino acid sequences (minus predicted signal peptide) of Te84 and Tu84. Clustal 

Omega was used to align both sequences. Black and grey shading indicate identical and 

similar residues, respectively. 
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Supplemental Figure 3.3. Candidate effector Te28 causes tissue necrosis after 
agroinfiltration. Agroinfiltrated leaves expressing Te28 or with the EV. The arrow indicates a 

necrotic zone in the Te28-agroinfiltrated area. Necrosis after expression of Te28 occasionally 

occurred. 

Supplemental Figure 3.4. Agroinfiltration of candidate effectors from families 19, 90, or 
128 does not induce chlorosis in N. benthamiana. Agroinfiltrated leaves after expression 

of candidates from families 19, 90, or 128. Infiltrated areas were delineated with a black 

marker. Leaves with the EV or expressing the candidate Te28 are shown as negative and 

positive control for tissue chlorosis, respectively. Pictures were taken at 5 DPI. 
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Supplemental Figure 3.5. Exponential growth of two hypothetical populations growing 
on the SA impaired nahG tomato plants or Moneymaker (MM) tomato plants. Despite the 

moderate differences in oviposition rate observed on both genotypes, this has a big impact on 

population level. To address this point we estimated the intrinsic rate of increase (rm) using 
the regression model proposed in Jansen and Sabelis (1992) for Tetranychus urticae: rm = 

0.131 + 0.011x; where x is the peak oviposition rate (i.e. number of eggs per female and per 

day). Giving this formula, we calculated the spider mite intrinsic rate of increase for mites 
reared on Moneymaker (MM) and nahG plants (rm MM = 0.212; and rm nahG = 0.220). For 

the exponential model we used: n = 10 (t*rm); where n is the number of individuals; t is 2me 

in days; and rm is the intrinsic rate of increase.     
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Supplemental Figure 3.6. Leaf-discs expressing candidate Te28 show intense chlorotic 
symptoms. The picture shows leaf-discs from agroinfiltrated N. benthamiana leaves 

expressing the candidate effectors or the control EV at the end of a T. urticae performance 

assay (6 DPI, 4 days of spider mite infestation). 



Chapter 3  119 

Su
pp

le
m

en
ta

l T
ab

le
 3

.1
. P

rim
er

s 
se

qu
en

ce
s 

us
ed

 fo
r g

at
ew

ay
 c

lo
ni

ng
 a

nd
 in

 s
itu

 h
yb

rid
iz

at
io

n 

Pr
im

er
 

na
m

e 
Te

tu
r g

en
e 

m
od

el
 

id
en

tif
ie

r o
r N

CB
I 

ac
ce

ss
io

n 
nu

m
be

r 

Fo
rw

ar
d 

Pr
im

er
 (5

’-3
’) 

Re
ve

rs
e 

Pr
im

er
 (5

’-3
’) 

Te
28

-A
ttB

 
KT

18
29

59
 

G
G

G
G

AC
AA

G
TT

TG
TA

C
AA

AA
AA

G
C

AG
G

C
TT

AA
TG

G
G

TT
C

AT
TG

AA
C

AA
G

C
G

AA
G

C
TT

C
C

T 

G
G

G
G

AC
C

AC
TT

TG
TA

C
AA

G
AA

AG
C

TG
G

G
TA

TT
AA

TA
AT

G
TT

C
AG

TT
TC

TG
G

TT
C

AA
 

Tu
28

-A
ttB

 
te

tu
r3

1g
01

04
0 

G
G

G
G

AC
AA

G
TT

TG
TA

C
AA

AA
AA

G
C

AG
G

C
TT

AA
TG

AG
TT

C
AT

TG
AA

C
AA

G
C

G
A 

G
G

G
G

AC
C

AC
TT

TG
TA

C
AA

G
AA

AG
C

TG
G

G
TA

TT
AG

C
C

TT
G

TG
C

TG
TA

G
C

 
Te

84
-A

ttB
 

KT
18

29
61

 
G

G
G

G
AC

AA
G

TT
TG

TA
C

AA
AA

AA
G

C
AG

G
C

TT
AA

TG
AA

AT
C

AA
AC

AG
TG

AG
C

TC
TT

G
G

A
TC

A 

G
G

G
G

AC
C

AC
TT

TG
TA

C
AA

G
AA

AG
C

TG
G

G
TA

TT
AA

AG
TG

AT
TG

TT
C

G
G

C
AT

C
TT

C
AA

 

Tu
84

-A
ttB

 
te

tu
r0

1g
01

00
0 

G
G

G
G

AC
AA

G
TT

TG
TA

C
AA

AA
AA

G
C

AG
G

C
TT

AA
TG

TC
AT

C
AA

AC
AG

C
G

AG
C

TC
TT

G
G

A
C

AA
 

G
G

G
G

AC
C

AC
TT

TG
TA

C
AA

G
AA

AG
C

TG
G

G
TA

TT
AG

G
C

TG
AT

TT
TT

C
AA

C
AT

C
TG

C
TA

 

Tu
19

-A
ttB

 
te

tu
r0

5g
09

11
0 

G
G

G
G

AC
AA

G
TT

TG
TA

C
AA

AA
AA

G
C

AG
G

C
TT

AA
TG

G
AT

G
AG

AT
C

G
C

TA
AC

TC
T 

G
G

G
G

AC
C

AC
TT

TG
TA

C
AA

G
AA

AG
C

TG
G

G
TA

TT
AT

G
C

TT
TG

AT
AT

TA
TC

G
 

Te
19

-A
ttB

 
KT

18
29

60
 

G
G

G
G

AC
AA

G
TT

TG
TA

C
AA

AA
AA

G
C

AG
G

C
TT

AA
TG

G
AC

G
AG

AT
C

G
C

TA
AC

TC
C

 
G

G
G

G
AC

C
AC

TT
TG

TA
C

AA
G

AA
AG

C
TG

G
G

TA
TT

AT
TG

TT
TG

AT
AT

TA
TC

 
Tu

90
-A

ttB
 

te
tu

r0
5g

04
56

0 
G

G
G

G
AC

AA
G

TT
TG

TA
C

AA
AA

AA
G

C
AG

G
C

TT
AA

TG
AA

TG
AT

AA
AT

G
C

G
G

AG
TT

C
C

C
AA

 
G

G
G

G
AC

C
AC

TT
TG

TA
C

AA
G

AA
AG

C
TG

G
G

TA
C

TA
G

TT
G

AA
C

TT
AA

AT
TT

G
AT

AT
TA

C
 

Tu
12

8-
A

ttB
 

te
tu

r0
1g

00
94

0 
G

G
G

G
AC

AA
G

TT
TG

TA
C

AA
AA

AA
G

C
AG

G
C

TT
AA

TG
G

C
AT

C
AA

AT
G

AA
TT

TG
AA

C
G

AC
G

TC
TT

 

G
G

G
G

AC
C

AC
TT

TG
TA

C
AA

G
AA

AG
C

TG
G

G
TA

TT
AA

TT
TG

AT
TT

AT
C

TT
G

AG
C

G
G

TA
TG

TA
 

Te
12

8-
A

ttB
 

KT
18

29
62

 
G

G
G

G
AC

AA
G

TT
TG

TA
C

AA
AA

AA
G

C
AG

G
C

TT
AA

TG
G

AC
TT

C
AA

AC
AG

C
G

TC
TA

TC
AA

A
TT

T 

G
G

G
G

AC
C

AC
TT

TG
TA

C
AA

G
AA

AG
C

TG
G

G
TA

TT
AA

TT
TG

AA
G

TC
TT

TT
C

TT
G

AG
C

TT
TA

T 
Te

84
-

in
si

tu
 

KT
18

29
61

 
AA

AT
C

TG
G

AT
TC

G
G

TG
G

TT
TA

G
 

G
TG

AG
C

AT
G

G
C

TA
C

TC
TT

AG
C

A 

Te
28

-
in

si
tu

 
KT

18
29

59
 

C
G

AA
G

C
TG

C
C

AA
AC

AA
AA

C
 

G
AA

TT
TT

C
AC

C
AT

TG
TT

C
G

AT
TG

 



Chapter 3  120 

Su
pp

le
m

en
ta

l T
ab

le
 3

.2
. P

rim
er

s 
se

qu
en

ce
s 

us
ed

 fo
r R

T-
PC

R
 a

nd
/o

r q
PC

R
 in

 th
is

 s
tu

dy
 

Ta
rg

et
 g

en
e 

Fo
rw

ar
d 

Pr
im

er
 (5

’-3
’) 

Re
ve

rs
e 

Pr
im

er
 (5

’-3
’) 

Re
fe

re
nc

es
 

N
bP

R
1 

C
C

TT
C

AT
TT

C
TT

C
TT

G
TC

TC
 

AG
G

TT
AC

AA
TC

TG
C

AG
C

C
AA

 
Yo

on
 e

t a
l.,

 2
00

9 
N

bP
R

4 
G

G
C

C
AA

G
AT

TC
C

TG
TG

G
TA

G
AT

 
C

AC
TG

TT
G

TT
TG

AG
TT

C
C

TG
TT

C
C

T 
M

ai
m

bo
 e

t a
l.,

 2
01

0 
N

bT
P

I 
AC

TT
TC

G
AA

TG
C

G
AT

C
C

AA
G

 
TC

AA
C

C
AC

TT
TG

C
TG

C
C

AT
A 

Yo
on

 e
t a

l.,
 2

01
0 

N
bA

ct
in

 
C

G
G

AA
TC

C
AC

G
AG

AC
TA

C
AT

AC
 

G
G

G
AA

G
C

C
AA

G
AT

AG
AG

C
 

M
ai

m
bo

 e
t a

l.,
 2

01
0 

Te
28

 
G

C
TA

AG
C

AC
AA

C
G

C
TG

AA
G

A 
AT

TG
G

C
TG

G
AA

AC
TG

AT
TG

G
 

Th
is

 s
tu

dy
 

Tu
28

 
C

G
G

AA
AC

AA
G

AA
C

TC
AT

C
TG

C
 

TG
TC

C
AG

TG
G

C
AA

TA
TC

AG
C

 
Th

is
 s

tu
dy

 
Te

84
 

AA
C

AA
AT

G
AT

TG
G

TG
G

C
C

TT
G

 
TT

C
G

AA
C

AA
TT

TA
C

C
G

G
AT

G
C

 
Th

is
 s

tu
dy

 
Tu

84
 

G
G

TG
G

TG
C

TT
TC

AA
TT

TC
G

T 
AT

G
G

C
AT

TG
TC

AA
G

G
AA

TG
G

 
Th

is
 s

tu
dy

 
Tu

18
s 

G
G

C
TC

AC
AG

AG
G

TC
TT

C
G

TC
AC

T 
AC

AG
TT

C
G

TC
C

TC
TT

C
TG

C
C

AG
T 

Th
is

 s
tu

dy
 

Tu
14

 
C

TC
AC

AT
TG

C
TG

G
TG

TT
G

C
T 

TG
C

TG
AT

C
AC

AG
AG

AG
C

TT
G

A 
Th

is
 s

tu
dy

 
Tu

16
 

G
C

TC
G

C
C

C
TA

AA
TA

TG
C

TG
A 

TC
G

TC
C

AG
TC

AA
C

G
AT

TC
AA

 
Th

is
 s

tu
dy

 
Tu

18
 

C
C

TG
AC

TT
C

G
AC

AT
G

AG
C

AA
 

G
AT

C
TT

TG
G

G
G

AA
C

C
AG

G
AT

 
Th

is
 s

tu
dy

 
Tu

19
 

C
AT

G
AA

G
G

TG
AT

G
TC

G
AT

G
G

 
TG

G
AG

G
TT

C
AA

C
AG

AC
C

AC
A 

Th
is

 s
tu

dy
 

Tu
23

 
C

TC
G

AT
C

TA
C

C
G

C
AT

TT
G

G
A 

G
G

C
AT

TC
G

G
G

TT
C

AT
TG

TT
A 

Th
is

 s
tu

dy
 

Tu
29

 
AC

TC
G

AA
TG

C
AG

TT
G

AG
G

AA
A 

TC
C

AT
TC

TG
TG

C
TC

G
AT

AC
G

 
Th

is
 s

tu
dy

 
Tu

31
 

G
C

AT
TG

G
TT

TT
G

C
C

TA
TG

G
T 

C
AG

C
G

AT
TT

TA
C

C
AC

C
AA

C
A 

Th
is

 s
tu

dy
 

Tu
32

 
AA

TT
G

G
AG

C
G

G
TT

TC
TG

AT
G

 
AA

TC
C

AT
G

C
TT

TC
C

C
AT

TG
A 

Th
is

 s
tu

dy
 

Tu
33

 
TT

G
AT

G
G

AC
G

C
TT

AT
AT

TG
G

TG
 

TT
G

TC
G

TC
C

C
TG

TA
AA

AC
TT

C
A 

Th
is

 s
tu

dy
 

Tu
43

 
C

C
AT

TG
G

TT
G

C
TT

C
G

TT
TT

T 
TT

TG
TT

TG
TC

C
AA

C
G

C
TT

C
A 

Th
is

 s
tu

dy
 

Tu
57

 
TG

C
TG

AA
TC

TG
G

TG
G

TA
TC

G
 

C
G

C
G

G
TT

C
C

AT
TT

AT
C

TT
TG

 
Th

is
 s

tu
dy

 
Tu

58
 

C
AA

AG
C

C
TT

TT
C

C
TC

G
TC

AA
 

AG
AC

G
AT

G
TT

G
C

AC
AT

TC
AA

A 
Th

is
 s

tu
dy

 
Tu

65
 

C
C

G
C

C
AT

C
AC

TG
TT

G
AA

G
AA

 
G

G
TT

TG
TG

G
C

AT
G

G
AG

G
TT

T 
Th

is
 s

tu
dy

 
Tu

80
 

TG
G

C
AC

G
AA

AA
C

C
AA

AG
AG

A 
TT

TT
G

TG
TT

G
AT

G
G

G
C

TT
G

G
 

Th
is

 s
tu

dy
 

Tu
90

 
TG

AT
G

G
TC

AA
C

AA
TG

TA
AC

TG
G

A  
TG

TT
G

C
C

AT
TG

AA
AC

C
AA

AA
 

Th
is

 s
tu

dy
 

Tu
12

8 
AG

C
AG

C
TG

AT
G

C
TT

TG
G

AC
A 

C
AT

C
G

TC
C

TT
TT

C
AC

G
G

TC
A 

Th
is

 s
tu

dy
 



Chapter 4  121 

Chapter 4 – Characterization of Tetranychus urticae salivary 
proteome and its comparison to the in silico predicted 
secretome. 

CA Villarroel, W Jonckheere, W Dermauw, T van Leeuwen, RC Schuurink, MR Kant 

Herbivores can use their saliva to make the interaction with their host-plant more compatible. 

For example, herbivore salivary secretions can rewire certain plant processes, such as plant 

defense or resource allocation, to convert the plant into a less hostile host and a more 

nutritious food source. These effects on plant metabolism suggest that herbivore saliva can 
contain components that modulate plant responses, such as effector proteins. In Chapter 2 

we showed that spider mites can suppress host defenses and proposed that spider mites are 

among herbivores that use salivary effectors to manipulate plant defenses. Subsequently in 
Chapter 3 we exploited common features of secreted effector proteins to arrange an in silico 

experimental pipeline, which we employed to find salivary effectors of the two-spotted spider 
mite (Tetranychus urticae). By doing so we selected five protein families that possessed 

effector characteristics and we confirmed their expression in the salivary glands. However, 

whether proteins from these five families were indeed secreted via mite saliva was not 

demonstrated. Recent advances in proteomics have facilitated profiling the saliva proteome 

of herbivore species that secrete small amounts of saliva. Here, we describe the protein 
composition of T. urticae saliva, the spider mite salivary proteome. Salivary secretions of adult 

mites were collected in artificial diet and their protein compositions were analyzed by means 

of LC-MS/MS. A total of 63 proteins were found via this method, which included a number of 

enzymes having a known role, yet for most of these putative salivary proteins we could not 

predict a biological function. Importantly, within this group of unknown salivary proteins we 

found proteins from each of the five families that we had predicted and characterized earlier 
in Chapter 3. Thus their presence in the spider mite saliva was experimentally confirmed, and 

this provided essential support to their potential role as saliva-secreted effectors. Lastly, the 
proteomic data presented here allowed us to critically evaluate the in silico-experimental 

pipeline that we, and others, have used to predict salivary effector-like proteins. 

Introduction 

Plant-eating mites are equipped with two pairs of chelicerate stylets: these have the 

shape of a “roof gutter” and each pair can be joined together to form a two ‘tubes’ 

which can be pierced into plant cells. The stylets are attached to the mite’s salivary 
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glands (Mothes & Seitz, 1981): two pairs of salivary glands presumably produce 

salivary proteins (Shatrov, 2015, Amosova & Stanyukovich, 2008, Nuzzaci et al., 

1999) and one pair presumably produces lubricants for the stylets. The stylets do 

not have separated food and salivary channels, like with aphids and whiteflies, and 

are probably not used for taking up food. Although not properly validated yet, the 

mouth of mite, located just below the exit point of the stylet, probably can take up 
food (cell contents) directly from the pierced cells. This feeding process provokes in 

plants wound trauma and leaves cell-debris in the plants’ mesophyll layer behind 

(Park & Lee, 2002, Kielkiewicz, 1999). During the course of feeding, mites probably 

secrete saliva into the leaf. Chlorotic and/or necrotic cells have been observed in the 

tissue surrounding the wounded site (Kielkiewicz, 1999), and for long it has been 

suggested that putative toxins in mite salivary secretions could elicit these disease 

symptoms (Storms, 1971).  In addition, some phytophagous mite species were 

shown to suppress crucial branches of plant immunity, i.e. tomato (Solanum 

lycopersicum) Jasmonic Acid (JA)- and Salicylic Acid (SA)-related defenses by 

spider mites, Tetranychus urticae (Kant et al., 2008) and T. evansi (Alba et l., 2015; 
Sarmento et al., 2011; Chapter 2), and JA-related defenses by the russet mite 

Aculops lycopersici (Glas et al., 2014). We have proposed for these mite species 

that the secretion of saliva into their host plants is essential for the mechanism for 
defense suppression (Chapter 2) and we identified several proteins that could be 

responsible for some of these effects (Chapter 3). 

For mites that parasitize animals, salivary secretions have been proposed 

to have major roles in host-immunity subversion (Tu et al., 2005). However, as most 

mite species are in general very small, it has been challenging to collect their salivary 

secretions, which has made it difficult to elucidate mite saliva roles and composition. 

Still, salivary proteins have been detected in the saliva of Varroa destructor, a mite 

that parasitizes bees, and which are well over three times bigger than spider mites 

(Richards et al., 2011).  

In contrast, much more is known about salivary secretions of insect 

herbivores. Insect herbivore saliva usually contains enzymes that aid digestion such 

as esterases and amylases (Celorio-Mancera et al., 2011a), or that perform 



Chapter 4  123 

detoxification reactions such as transferases (Francis et al., 2005). Some of such 

salivary molecules ‘betray’ herbivores by eliciting defenses probably after being 

recognized by specialized plant receptors, such as pattern recognition receptors 

(PRRs) (Mithöfer & Boland, 2008), which are also known components of the plant 

surveillance mechanisms for Pathogen-Associated Molecular Patterns (PAMPs) 

(Jones & Dangl, 2006).  However, among such salivary components, there are 
probably also effector-like molecules that manipulate plant processes for the benefit 

of the herbivore (De Vos & Jander, 2009, Hogenhout & Bos, 2011). Salivary glands 

and their secretions have been profiled from a vast number of herbivores, many of 

them hemipteran species, including, for example, the aphids Myzus persicae 

(Harmel et al., 2008) and Acyrthosiphon pisum (Carolan et al., 2009), the whitefly 

Bemicia tabaci (Su et al., 2012), and the planthopper Nilaparvata lugens (Noda et 

al., 2008). Notably aphid saliva has been well studied (Miles, 1999, Will et al., 2007) 

by transcriptome and proteome profiling of aphid salivary glands (Carolan et al., 

2011), by proteomics of aphid saliva (Vandermoten et al., 2014), and by functional 

characterization of individual salivary proteins (Bos et al., 2010, Elzinga et al., 2014, 

Guo et al., 2014, Wang et al., 2015, Mutti et al., 2008). A number of aphid candidate 
effector proteins has been identified, including the plant immunity suppressors Mp10 

(Bos et al., 2010) and Mp55 (Elzinga et al., 2014), and the salivary protein C001 

(Mutti et al., 2008), which is widespread among different aphid species and was 

shown to be crucial for host-colonization (Coleman et al., 2015, Zhang et al., 2015, 

Mutti et al., 2008). Plants, in turn, may have co-evolved receptors to recognize such 

effectors in order to restore suppressed defenses (Kaloshian, 2004, Stuart, 2015). 

Effector proteins from pathogens and insect pests generally contain features 

of secreted proteins, such as the presence of a signal peptide and absence of 

transmembrane domains. These features have been exploited to reveal candidate 

effectors in a wide range of plant parasites, particularly by using computational 

prediction tools on genome and transcriptome sequences. That strategy was applied 
in Chapter 3 to select candidate effectors from the spider mite species T. urticae 

and T. evansi. Five protein families were predicted to contain putative salivary 

effectors, and proteins from two of those families showed indeed effector-like 
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characteristics when expressed transiently in Nicotiana benthamiana leaves while 

their expression in the mite appeared specifically to occur in the salivary glands. Yet, 

no evidence of their presence in salivary secretions was shown. In this Chapter we 

describe T. urticae saliva proteome obtained from artificial diets and analyzed by 

means of liquid chromatography and tandem mass spectrometry (LC-MS/MS). We 

showed that proteins from all five protein families previously predicted to constitute 
salivary effectors were identified in mite saliva. Furthermore, by performing whole-

mount in situ hybridizations, we showed that genes encoding a selection of seven of 

these proteins were expressed specifically in T. urticae prosomal glands. In addition, 

we show evidence of positive selection acting on some gene families encoding for 

salivary proteins, which suggest a potential co-evolutionary arms-race between host 

plants and spider mites. Lastly we discuss the pro’s and con’s of in silico prediction 

and salivary proteomics for identifying salivary secreted effector proteins. 

Results 

T. urticae salivary secretions comprise a complex mixture of proteins

In order to characterize the spider mite’s salivary proteome, T. urticae adult mites 
were allowed to feed for 24 h on a feeding “bubble” (Supplemental Figure 4.1) 
containing protein free artificial diet. Subsequently the protein composition of the fed 

medium was analyzed by means of LC-MS/MS. Four independent experiments to 

collect mite saliva were performed. Two saliva collections were performed on mites 

that had previously been feeding on Phaseoulus vulgaris (faba bean), and the other 

two were from mites that previously had been feeding on Solanum lycopersicum 
(cultivated tomato). Proteins were digested with trypsin and the peptides identified 

using MS/MS could be mapped back to 63 predicted protein sequences inferred from 
the two spotted spider mite genome (Grbic et al 2011; Table 4.1). Of these putative 

salivary proteins, 20 (32%) were found in the saliva of mites that had fed on either 

of two host plants, 28 (44%) were identified only from mites that had been feeding 

on tomato, and 15 (24%) were identified only from mites that had been feeding on 
bean (Figure 4.1A). The majority of these salivary proteins (78%) were encoded by 

genes that were predominantly expressed in mite feeding-stages (larvae, nymph, 
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and adult) compared to the embryonic stage (Figure 4.1B). Moreover, 73% of these 

proteins had a predicted length ranging from 100 to 400 amino acids (Figure 4.1C). 
Most of these salivary proteins (77%) had a percentage of cysteine residues less 
than 3% (Figure 4.1D; Table 4.1), which suggest that mite salivary proteins might 

not operate in the plant apoplast as effectors of pathogenic filamentous fungi often 

do, since these effectors are usually richer in cysteines (3% to 20%), presumably as 

protection against plant extracellular proteases (Stergiopoulos & Wit, 2009). 

To further characterize the T. urticae salivary proteome, a search in public 
databases for similar proteins and conserved domains that could indicate a putative 

biological function was done using the full-length protein sequences for the 63 
matches (Figure 4.1E, Table 4.1). Thirty-seven salivary proteins (63%) did not have 

significant similarity to any protein in the NCBI non-redundant database (blastp, E 

value < e-20). Furthermore, protein sequences of these 37 unknown proteins were 

blasted to the draft genome of the russet mite Aculops lycopersici (Kant et al., 

unpublished) and of the predatory mite Metasilious occidentalis, without any 

significant hits found (tblastn, E value < e-10). Still, seven of these 37 unknown 
proteins contained a recognizable domain according to InterProScan (Table 4.1). 
Among the remaining 37% of salivary proteins that could be annotated, eleven 

proteins were cataloged as enzymes, seven of which containing one or more 

protease domains. Other enzymes were related to sugar metabolism (4 proteins), 
including two beta-mannosidases. Three salivary proteins had protease inhibitor 

domains. Nine proteins had diverse putative functions, including signaling (Mitogen-

activated kinase), nucleotide-binding (GTP-binding protein), or structural 

(microtubule-associated protein); although some of them likely were contaminants 

such as actin and ubiquitin.  

Spider mites have two paired salivary glands located proximal to the 

chelicerae. We previously showed that T. evansi candidate effectors Te28 and Te84 
were expressed exclusively in both anterior glands (Chapter 3). Here, whole-mount 

in situ hybridizations were performed to localize the expression of 19 genes encoding 

proteins identified in T. urticae saliva. This subset included mostly unannotated 

proteins although we selected the ones having a predicted signal peptide to 
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maximize the chance that they are really secreted. In situ hybridizations done for 

these 19 genes showed mites specifically stained either in the anterior salivary 

glands (13 genes) or in the dorsal salivary glands (6 genes) (Table 4.1).  

Comparison between T. urticae salivary proteome to its in silico predicted 
secretome and effector repertoire 

To construct the T. urticae in silico secretome in Chapter 3, putative 

secreted proteins were screened by combining the prediction of five different 
computer programs: SIGNALP, Phobious, TMHMM, WolfPsort, and TargetP (Figure 
4.2A). This delivered the in silico secretome list. Of the 63 salivary proteins identified 

by proteomics, 42 (65%) had a predicted secretion signal according to SIGNALP 
(Table 4.1) and of these only two were not included in the in silico secretome: the 

salivary protein tetur07g07380, a putative beta-galactosidase, was discarded from 

the predicted secretome due to a predicted localization to the mitochondria 

according to WolfPsort, while the salivary protein tetur13g03820, a putative protease 

inhibitor, was discarded due to a predicted presence of one transmembrane domain 

and absence of signal peptide according to Phobious. The 21 proteins (35%) from 

the proteomics analysis that according to SIGNALP lacked a signal peptide were 

consequently also not included in the secretome. Also Phobious did not predict any 

of these 21 proteins as being secreted. However, five of these 21 proteins were 

predicted to be secreted by other routines: two proteins were predicted by both 

WolfPsort and TargetP, one protein only by WolfPsort, and two proteins only by 

TargetP. Finally, of the remaining proteins, three were predicted by SecretomeP 
(Bendtsen et al., 2004) to undergo non-classical secretion: tetur05g02360, 

tetur18g02420, and tetur224g00010 (NN score > 0.6) 

__________________________________________________________________ 

Figure 4.1. Description of the T. urticae salivary proteome profiled by LC-MS/MS. A) 

Venn diagram representing the number of proteins identified in salivary secretions from mites 

that have been feeding on bean or on tomato prior to their transfer to artificial diet B) Venn 

diagram representing the mite stage where the highest expression occurs for the genes 

encoding the proteins found in mite saliva. Feeding stage refers to larvae, nymph, and adult 

stages; the embryonic stage was considered a non-feeding stage. Forty-nine genes were 
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highest expressed at a feeding stage (ratio feeding stage: embryonic stage >1.5); 12 genes 

were highest expressed in the embryonic stage (ratio <0.8); 2 genes has similar transcript 

levels in both stages (ratio 0.8-1.5). C) The histogram indicates the distribution of the predicted 
full-length protein sizes for the proteins found in T. urticae saliva. D) The percentage of 

cysteines and the protein length is shown for the 63 salivary proteins identified by LC-MS/MS.  

The presence or absence of a predicted signal peptide (SP) is indicated by black or white dots 

respectively. The dotted line indicate the threshold (3%) adopted by Saunder et al. (2012) to 

classify candidate effectors as cysteine-rich. E) The pie graph indicates the function 
distribution of T. urticae salivary proteins found by LC-MS/MS. Functions were predicted by 

InterProScan analysis of the full-length protein sequences predicted from the genome. 
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Ten salivary proteins were members of the five protein families that 
constituted the candidate effector list of Chapter 3. To predict effector protein 

families, we performed three data-mining (i.e. annotation, gene family size, and 

whole-transcriptome profile) and one experimental selection step (i.e. gene 

expression in dissected mites) on the mite in silico secretome, which also included 
T. evansi secreted proteins (Figure 4.2B). Thirty salivary proteins identified by

proteomics were not considered as potential effector proteins by our criteria for in

the in silico pipeline: seven salivary proteins did not group within expanded gene

families (Step I), fifteen salivary proteins were discarded because they were

annotated (Step II), and four salivary proteins were not found to be predominantly

expressed during feeding stages (Step III). Finally, four salivary proteins,

represented by two protein families, were excluded on the basis of gene-expression

ratios in dissected mite samples when comparing these to whole-mites (Step IV).
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Figure 4.2. Detailed description of the in silico-experimental pipeline employed in 
Chapter 3 to predict the spider mite secretome and effector repertoire. The in silico-

experimental pipeline performed in Chapter 3 to discover effector proteins consisted on two 

main phases: secretome prediction (A) and effector repertoire prediction (B). A) T. urticae 

secretome was predicted by agreement of five different programs: SIGNALP, Phobious, 

TMHMM, TargetP, and WolfPsort. The number of proteins identified by proteomics in mite 

salivary secretions but excluded by a certain routine is showed in parenthesis. * SignalP and 
Phobious excluded the same 21 proteins. B) T. urticae and T. evansi candidate effectors were 

selected after three data-mining and one experimental filtering step on the combined in silico 

secretome. The number of proteins and protein families left after applying each filter step is 

shown. The number of salivary proteins identified by proteomics but excluded by a certain 

criterion is indicated in parenthesis.  

_________________________________________________________________________ 

Positive selection in some gene families harboring salivary proteins 

Spider mite salivary proteins presumably function in host tissues and on host 

components, hence we expect that these proteins are likely under positive selective 

pressures to: (1) avoid recognition by host immune receptors and thus to prevent 

becoming defense elicitors; (2) to maintain activity on host proteins that are under 

diversifying selection; and (3) to function on similar protein targets of other host 

species to increase host-range. Still, negative selection on certain protein regions is 
also expected in order to maintain correct functionality. These selective forces leave 

distinct signatures on protein-coding gene sequences, especially the proportion of 

non-synonymous to synonymous nucleotide substitutions (dN/dS or ω) that occurred 

during the evolutionary history of a certain gene (Aguileta et al., 2009). Roughly, a 

higher proportion of non-synonymous changes (dN/dS>1) indicate positive selection 

(although also relaxed selection), a higher proportion of synonymous changes 

(dN/dS<1) indicate negative selection, while dN/dS ratios close to 1 indicate neutral 

selection (Yang et al., 2000). These selective forces are best estimated from dN/dS 

ratios calculated among orthologous genes of related species, but also they can be 

estimated from dN/dS ratios among paralogs within a species genome (Win et al., 
2007). T. urticae possess many expanded secreted protein families (Chapter 3; 
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Grbic et al., 2011) of which here we found some harboring genes encoding for 
salivary proteins (families in Table 4.1). If (certain) spider mite salivary proteins are 

indeed involved in a co-evolutionary arm race with host plant components (i.e. 

effector targets or immune receptors), we should expect that some of these gene 

families encoding salivary proteins show evidence of positive selection. Therefore, 

we investigated whether these gene families, or certain paralogs within, have 

signatures of positive selection. 

To ensure reliable selection analyses, we only evaluated families that 
contained at least 6 paralogous genes (11 families, Table 4.2), including candidate 

effector families Tu28 and Tu19.  All analysis were performed by using the HyPhy 

package hosted in the public server www.datamonkey.com (Delport et al., 2010; see 

Materials and Methods). We first evaluated the global dN/dS of each family by using 
SLAC (Table 4.2). None of the families showed ratios above one, however global 

dN/dS values can underestimate positive selection if only certain genes, or a specific 

gene region (e.g. one codon), are under positive selection. The four families with 

higher dN/dS ratio were Family 32 (dN/dS =0.97), which contains proteins of unknown 

function, Family 6 (dN/dS=0.75), which contains type A lipocalins (Dermauw et al., 
2013), Family 28 (dN/dS =0.6), which contains the candidate effector Tu28 (Chapter 
3), and Family 21 (dN/dS =0.6), which contains cysteine-rich proteins that possess 

the lipid-recognition domain MD-2. Phylogenetic trees of these four families are 
shown in Figure 4.3 and their corresponding codon alignments are shown in 

Supplemental Figures 4.2, 4.3, 4.4 and 4.5. Meanwhile, the families possibly under 

strong negative selection (dN/dS <0.4) were Family 1 (serine proteases), Family 19 
(which contain the candidate effector Tu19, Chapter 3), and Family 5 (Cathepsin-L 

cysteine proteases) (Table 4.2).    
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Table 4.2. Selective pressures among paralogs in eleven T. urticae gene families 
harboring salivary proteins 

Family 
N° a Annotation 

N° of 
salivary 
proteins 

b
N° of 

sequences 

Global 

dN/dS 
c 

N° positively/negatively 
selected sites d 

1 Serine protease 5 14 0.34 4/122 (341) 

5 Cathepsin-L 2 18 0.37 10/142 (414) 

6 
Lipocalin 

(apolipoprotein) 2 26 0.75 7/33 (220) 

8 Cathepsin-B 1 19 0.40 1/137 (398) 

9 Cystatin 2 12 0.56 4/29 (152) 

16 Unknown protein 3 9 0.50 4/46 (202) 

19 Unknown protein 1 8 0.35 3/67 (226) 

21 
 Allergen (Lipid-
binding) 2 10 0.60 5/30 (157) 

28 Unknown protein 7 7 0.60 2/47 (343) 

32 Unknown protein 2 6 0.96 6/13 (226) 

42 Unknown protein 3 8 0.40 0/63 (372) 

a Families were constructed after clustering T. urticae and T. evansi predicted secretomes (Chapter 3) 

b Number of family members identified in saliva. Some peptides mapped to more than one family member 

c Ratio of non-synonymous to synonymous changes (dN/dS) among family members estimated by SLAC. 

d Number of codons under positive or negative selection estimated by FEL (p-value < 0.1). Number of 
aligned codons (including gaps) is shown in parenthesis 

Then we evaluated if certain codons (sites) are under positive or negative 

selection by using FEL. Family 5 (Cathepsin-L) showed the highest number of both 

positively and negatively selected sites, which indicates strong negative selection 

acting on the whole protein with the exception of certain residues being actively 
changed (Table 4.2). Also the families consisting on Cathepsin-B and serine 

proteases (Family 8 and Family 1, respectively) showed a relatively high number of 

negatively selected codons. To examine if certain paralogs (branches in the 

phylogenetic trees) are under positive selection we performed a branch-specific 

selection analysis using GA-Branch, which test if certain branches or nodes in a 

phylogeny show signatures of positive selection when compared to the rest of the 

phylogenetic tree. The two families with the highest global dN/dS values, Family 6 
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(lipocalins) and Family 32, were the only ones that showed significant branch-
specific positive selection (Figure 4.3AD), however their family members detected 

in mite saliva were not under strong positive selection. In Family 28 we found that 

the branch-specific dN/dS values ranged from 0.03 (strong negative selection) to 

0.68, yet not significantly different according to GA-Branch (Figure 4.3C). 
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Figure 4.3. Maximum likelihood (ML) phylogenetic trees of four gene families encoding 
salivary proteins that showed the highest dN/dS ratios. The cladograms show ML trees 

constructed for the salivary-protein-encoding gene families 6 (A), 21 (B), 28 (C), and 32 (D). 

The family number, global dN/dS (estimated by SLAC), and the number of positively (p) and 

negatively (n) selected residues (estimated by FEL) is indicated for each ML tree. Numbers 

above branches indicate branch-specific ω values estimated by GA-Branch. Ticker lines in 

ML trees indicate branches under positive selection estimated by GA-Branch (Prob [dN>dS] > 

0.95). No branches under positive selection were found for Family 21 and Family 28. Genes 

encoding salivary proteins identified by LC-MS/MS are shown in bold-italics (some LC-MS/MS 

mass spectra mapped to more than one gene-family member). Bootstrap values given as 

percentage for each node are shown in parenthesis.  

_________________________________________________________________________ 

Discussion 

In this study we reported on the salivary proteome of T. urticae, collected from 

artificial diet on which adult mites had been allowed to feed and profiled by LC-
MS/MS, and we compared it to the in silico secretome predicted in Chapter 3. The 

majority of the proteins identified could not be annotated using any of the public and 
private databases to which we had access, which included the predicted proteomes 

of two recently sequenced mite genomes i.e. T. urticae (public) and A. lycopersici 

(unpublished). Thus it is feasible that many functions of T. urticae saliva are 

performed by novel proteins such as the protein families to which Tu28 and Tu84 
belong, and for which in Chapter 3 was shown that they suppress SA-related 

defenses and improved T. urticae performance when expressed in Nicotiana 

benthamiana. Mothes and Seitz (1982) proposed that spider mites use salivary 

secretions for pre-oral digestion, as they observed that the gut contents of T. urticae 

is filled with granal thylakoids, starch grana, and cytoplasmic portions, which led to 

the authors to suggest that the decomposition of nuclei, chloroplast stroma and other 

organelles should occur prior to ingestion by the mite. In this study we found some 
known digestive enzymes in mite saliva which further supports that spider mites use 

saliva to pre-digest their food, as insect herbivores do (Miles, 1999, Shukle et al., 

2009, Watanabe & Tokuda, 2010). 
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The salivary proteome of spider mites contained seven proteolytic enzymes: 

five serine proteases and two cysteine proteases. Both groups of enzymes are 

significantly expanded in the T. urticae genome, which could be possibly related to 

the extreme polyphagous nature of this mite species, i.e. generalist spider mites 

need to digest and/or detoxify a large variety of plant secondary metabolites 

(Santamaria et al., 2012a). It has been suggested that phytophagous mites mainly 
rely on cysteine peptidases to digest plant proteins (Nisbet & Billingsley, 2000). 

Accordingly, Michaud et al. (1996) showed that the protease activity of whole-body 

extracts from T. urticae mites mostly is explained by cysteine type proteases. Serine 

protease activity (trypsin or chymotrypsin) has not been detected in mite extracts 

(Santamaria et al., 2012b, Carrillo et al., 2011). However, overexpression of a trypsin 

inhibitor gene (Itr1) in barley and Arabidopsis increased resistance of these plants to 

T. urticae (Santamaria et al., 2012b). The authors suggested that mite serine

proteases might play roles in physiological processes other than digestion, such as

development, since the majority of serine protease encoding genes are constantly

and equally expressed during all mite developmental stages, including the non-

feeding embryonic stage, which contrasts to the highest expression reached at the
adult stage of genes encoding for cysteine proteases (Santamaria et al., 2012b).

Still, the serine proteases that we found in mite saliva were encoded by genes mostly

expressed during feeding stages, which suggest that these particular serine

proteases might indeed play a role in feeding. Metalloproteases are present in the

spider mite in silico secretome (11 members in Family 22), but we did not find any in

mite saliva. Metalloproteases have been found in the saliva of aphids (Carolan et al.,

2009) and thrips (Frankliniella occidentalis) (Stafford-Banks et al., 2014), and also in

the saliva of blood-feeding ticks (Francischetti et al., 2003), on which these enzymes

potentially play roles in host-immunity suppression. In addition, three protease

inhibitors were found in mite saliva: Two serine (trypsin) protease inhibitors and one

cysteine protease inhibitor (cystatin), all of which are among the few cysteine-rich
proteins found in mite saliva. Acari protease inhibitors can perform a variety of

functions, which include the regulation of proteolytic enzymes (Santamaria et al.,

2012a) and, in ticks, host-immunity suppression (Kotsyfakis et al., 2007). Plant

pathogens also make use of protease inhibitors to suppress host immunity. The
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effectors Avr2, EPIC1/2B, and Pit2 secreted by the fungal plant pathogens 

Cladosporium fulvum (Shabab et al., 2008), Phytophthora infestans (Song et al., 

2009), and Ustilago maydis (van der Linde et al., 2012), respectively, target specific 

plant proteases to inhibit their activities, thereby interrupting the function of these 

enzymes in plant defenses.  

Two type of salivary enzymes that function on hydrolysis of carbohydrates 

were found: two β-mannosidase and one β-galactosidase. It was previously reported 

that spider mite extracts have β-glucosidase, β-galactosidase, and β-glucuronidase 
activities (Nisbet & Billingsley, 2000), and it was suggested that these enzymes 

(activities) might function to weaken cell wall structure, to digest hemicellulose, or to 

cleave carbohydrates from glycoproteins. Still, spider mite’s catalogue of 

carbohydrate hydrolytic enzymes found in salivary secretions is limited when 

compared to that found in insect herbivores saliva such as thrips (Stafford-Banks et 

al., 2014), which are also mesophyll-feeding, and the phloem-feeding whiteflies (Su 

et al., 2012) and aphids (Carolan et al., 2011), in which cellulases, pectins, amylases, 

and several type of enzymes that digest a variety oligosaccharides can be found. 

Spider mite saliva also contained proteins with putative roles in 

detoxification. We found two salivary proteins that belong to the T. urticae’s extensive 

family of lipocalins. Lipocalins are small secreted proteins that bind hydrophobic 

molecules, and are widely distributed in bacteria, plants, arthropods and animals 

(Flower et al., 2000). Dermauw et al. (2013) showed that the spider mite lipocalin 

gene family is highly responsive to xenobiotic stress, and these proteins might 
function in sequestration of allelochemicals or protection to oxidative stress. 

Additionally, we found evidence that the lipocalin gene family is under positive 

selection, which was also shown for lipocalins of primates (apolipoprotein-L) (Smith 

& Malik, 2009) and aphids (Ollivier et al., 2010). In spider mites this accelerated 

evolution rate may relate to the extreme plasticity of T. urticae to adapt to different 

host species (Agrawal, 2000) and to develop resistance to acaricides (Van Leeuwen 

et al., 2015).  
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Evaluation of the in silico pipeline to predict mite effectors 

In Chapter 3 we predicted, from the T. urticae genome, the whole spider mite 

secretome consisting of 1493 proteins, which clustered in 999 similarity families 

together with T. evansi secreted proteins. Our goal was to discover salivary effector 

proteins, yet dealing with a large starting dataset making it impossible to validate all 

candidates, we performed a stringent filtering strategy that consisted on two main 

phases: genome-wide secretome prediction and effector repertoire prediction 
(Figure 4.2; Chapter 3). That strategy led to the selection of five families, which 
ultimately were confirmed as salivary-gland specific by in situ hybridization (Chapter 
3; this chapter). In this study, we showed that proteins from each of these five 

families were indeed found in T. urticae salivary secretions. Still those represented 

a small fraction of the spider mite saliva. The proteomic dataset reported here grant 

us an opportunity to critically assess our pipeline that predicted spider mite salivary 

effectors. 

Secretome prediction 

We confirmed 40 of the 1493 T. urticae predicted secreted proteins via 

proteomics while 23 were not in the list.  Twenty-one proteins identified in salivary 

secretions lacked a predicted signal peptide and therefore were not included in the 
in silico secretome (Chapter 3). This proportion of proteins not predicted to be 

secreted yet found in saliva is similar to that found by proteomics in the saliva of 

insect herbivores such as the aphid Macrosiphum euphorbiae (Chaudhary et al., 

2015), the lepidopteran Helicoverpa armigera (Celorio-Mancera et al., 2011b), or in 

the saliva of blood-feeding ticks (Ixodida sp) (Díaz-Martín et al., 2013). Multiple 

reasons can account for the occurrence of these proteins, including: i) the secretion 

of proteins into saliva possessing a non-canonical secretion signal; ii) the signal 
peptide was not predicted due to incomplete or inaccurate gene models; iii) to cross-

contaminations (i.e. due to histolysis). Using alternative programs for predicting 

secretion, such as the ab initio predictor SecretomeP (Bendtsen et al., 2004), which 

predicted the secretion of three mite salivary proteins that lacked a signal peptide, 
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and improving gene model annotations can prevent losing proteins that were not 

contaminants in a predicted secretome list.   

The in silico secretome was constructed by combining predictions of five 
different programs (all programs had to agree) (Figure 4.2A). If we exclude the 

TMHMM criterion, 47 of the 63 salivary proteins identified by proteomics were 

predicted to be secreted by at least one program, and importantly, 40 (87%) of those 

proteins were predicted by all of them. Of the five routines, TargetP contributed least 
in reducing the size of the in silico secretome (11 proteins; Figure 4.2A), while it 

excluded one salivary protein. Therefore, with the exception of TargetP, the 

programs employed to predict the whole-mite secretome reduced considerably the 

number of putative secreted proteins while, simultaneously, they did not 

considerably increase the number of false negatives. Seven salivary proteins could 

have been incorporated in the secretome list by omitting some routines but not 

without adding a large number of false positives to the predicted secretome.  

For a variety of reasons we cannot assume that the saliva proteome 

presented here will include all salivary proteins secreted by spider mites. First of all, 

diet-dependent regulation of genes encoding for secreted proteins was shown for T. 

urticae when feeding on different hosts (Dermauw et al., 2013). Here we showed 

that there only was 31% overlap between the salivary proteomes from mites that 
have been feeding on bean or on tomato (Figure 4.1D). As the T. urticae host-range 

spans more than 1100 plant species (Dermauw et al., 2013), we assume that we 

missed many salivary proteins that may only be produced in detectable amounts on 
particular host plants. Moreover, although mass-spectrometry-based proteomics are 

increasingly powerful in terms of resolution, sensitivity, and accuracy (Cravatt et al., 

2007, Aebersold & Mann, 2003), probably some salivary proteins are very low-

abundant in the artificial medium and hence possibly under current detection limits.  

Effector repertoire prediction 

The in silico secretome contained (most likely) not only proteins secreted 

from salivary glands, but also many other secreted proteins from other organs such 

as the tracheal gland, the silk glands, or the midgut. Hence, the relatively low number 
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of salivary proteins obtained from the proteomics (63) compared to the relatively high 

number of predicted secreted proteins (1493) emphasizes the need of the additional 

filtering steps that were performed on the secretome dataset to construct the 

candidate list that consisted of five putative effector families. Gene family expansion, 

annotation, and higher expression in feeding stages were used as criteria on three 

selection steps, yet these criteria aimed to select for effector features while only step 
IV aimed to select for a salivary protein feature (enriched expression potentially in 

the salivary glands). As to expand the list of candidates to add more salivary proteins 

by excluding some of the criteria that we used to define a potential effector, arguably 

the family expansion step could have been forgone. Many effectors genes of 

filamentous plant pathogens are multiplied and clustered in specific genomic regions 

(Saunders et al., 2012, Soanes & Talbot, 2008), but this may not be the case for (all) 

spider mite effectors. For example, some T. urticae candidate effector gene families 

were found to be relatively highly expanded (such as Tu19, Tu28, and Tu90), while 

others had only two paralogs (as Tu84 and Tu128). Seven salivary proteins that did 

not group in families (singletons) could have been added to the final candidate list, 

while still retaining the other two data-mining selection filters. However, there would 
have been 37 more pre-candidates from the in silico secretome to screen by Q-PCR 

in dissected mite samples (Step IV) if the family size criterion would not have been 

used. A similar drawback would have occurred if we had omitted other selection 

steps, such as the lack of annotation criterion. The family expansion and/or the 

annotation criteria could have been skipped if we had access to a quantitative 

transcriptome from isolated salivary glands, or even from anterior-body-dissected 

mites, but given the fact we had to do the Q-PCRs we needed these criteria for 

obtaining a feasible sample size.  

Protein size could have been an additional selection criterion that we can 

infer from the mite salivary proteome, that could enrich a predicted secretome with 

salivary proteins (and hence with mite effectors), since most of the salivary proteins 

(78%) were predicted tob be less than 400 amino acids long. However, the 

effectiveness of such criterion might have been marginal on our dataset since 80% 

of the T. urticae predicted secretome was already composed of proteins smaller than 
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400 amino acids, i.e. most of the predicted mite secretome fits under this size. 

Cysteine-richness is a common criteria employed in bioinformatics pipelines 

predicting apoplastic pathogen effectors (Saunders et al., 2012, Ma et al., 2010). 

Here we found that only few mite salivary proteins (8 possessing a signal peptide; 
Table 4.1) contained a relatively high percentage of cysteine residues (i.e. more than 

3%), therefore a cysteine-rich criteria would not be effective to select for spider mite 
effectors.  Cysteine residues can form disulfide bridges that, in the case for 

apoplastic effectors, increase protein stability in the plant protease-rich extracellular 

environment (Stergiopoulos & Wit, 2009). Hence we predict that spider mite salivary 

proteins, like aphid effectors, function in the cytoplasm or intracellular organelles. 

Another potential parameter comes from genome-wide assessment of dN/dS ratios, 

which provide reliable evidence by which to rank candidate effectors according to 

the extent of positive selection. An increasing number of pathogen effectors have 

been shown to display signatures of positive selection, for example Phytophthora 

infestans effector family scr74 (Liu et al., 2005), and many effector families in 

Puccinia graminis (Sperschneider et al., 2014); which is in accordance to the highly 

dynamic evolutionary history of most effector-encoding genes as a result of the 
molecular arms-race between plants and their parasites (Anderson et al., 2010). Also 

positive selection has been found in the aphids effectors C002 (Ollivier et al., 2010), 

PintO1 and PintO2 (Pitino & Hogenhout, 2013); these effectors dN/dS ratios range 

from 0.375 to 1.038, which are considerably higher than an average dN/dS calculated 

among a set of 253 orthologous genes shared by aphid species that range from 

0.064 to 0.094 (Ollivier et al. 2010). Here we provided evidence of positive selection 

operating on two protein families harboring salivary proteins, i.e. salivary lipocalins 

and an unknown salivary protein, although our current dataset limited us to only 

evaluate selection among paralogous genes of one species genotype (T. urticae 

London strain). Genome sequencing of other spider mite species, such as T. evansi, 

T. cinnabarinus, T. lintearius, or other T. urticae strains, can provide the data needed
to perform genome-wide assessment of dN/dS ratios among orthologous candidate

effectors, independently if these do not occur as expanded gene families.
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In conclusion, from the starting whole-mite proteome to the final candidate 

effector list, a total of nine filtering steps were performed including secretome 

prediction and data mining screens. Each filtering came at a cost of excluding 

potential salivary effector proteins, and with the proteomic data presented here we 

could determine how many salivary proteins we lost after executing each step. 

Excepting the Target-P filter step, the trade-off that came after each step was 
necessary and acceptable as our main goal was to obtain a candidate list of a 

practical quantity for which we could do downstream functional analysis. As such, to 

perform transient transgenic expression, plant defense profiling, and herbivore 

performance assays is still the main bottleneck that constrains the pipeline. 

For some herbivore species of importance to agriculture, proteomic analysis 

of salivary secretions will remain a challenge, for instance with small herbivores such 

as the mite A. lycopersici. Likewise, isolating salivary glands in sufficient quantities 

for transcriptome or proteome profiling gets more difficult and laborious as smaller 

the herbivore is. Therefore, bioinformatics prediction tools on genome and whole-

transcriptomes of non-model pests are a viable alternative to expose their salivary 

secreted proteins and putative effector arsenal, and thereby can ignite progress into 

knowing host-manipulation mechanisms of these species, and subsequently it can 

lead to the application of such insight towards improving crop protection against 

those pests. 

Concluding remarks 

The use of effectors as a virulence mechanism extends beyond phytopathogens to 
include herbivorous pests. By using a bioinformatics pipeline on the predicted 

proteome of the two-spotted spider mite we revealed that these effectors may very 

well exist, as salivary proteins, in this herbivore species. The proteomic data 

presented in this chapter is the first compelling evidence reporting the existence of, 

above all, spider mite salivary secretions, and provides a magnificent reference for 
the in silico-predicted effectors in these secretions. In Chapter 3 and this chapter we 

concluded that genome-wide predictions, transcriptome profiling, in situ 

hybridization, and high-throughput proteomics, are all complementary approaches 
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that help to uncover the repertoire of effector-like salivary proteins in phytophagous 
mites. Still, we could regard the in silico-experimental strategy performed in Chapter 
3 and the saliva proteomics showed here as two complementary approaches to find 

salivary effector proteins; therefore, to guide future research on the discovery of 

salivary effectors in other mite pest species, we next outline some advantages, 

disadvantages, challenges, and limitations of both approaches to discover effector 

proteins: 

In silico-experimental pipeline pro and cons: 

1. – Bioinformatics pipelines for predicting a species secretome and its effector

repertoire are fast, inexpensive (in terms of computing resources), straightforward,

and well-documented.

2. – The integration of quantitative transcript data (e.g. of salivary glands) to an in

silico pipeline can narrow the number of candidate effectors down to a size
manageable for characterization. However, for small organisms, such data can be

hard to obtain.

3. – Both approaches (in silico pipelines and proteomics) require a comprehensive
sequence reference database. Still, for a thorough secretome prediction, a genome

with complete annotations is imperative in order to cover the signal peptide.

4. – In the case of not possessing an expression library of salivary glands, the

majority of false positives will consist of secreted proteins that do not occur in the

saliva and without confirmation (e.g. in situ hybridization) the chance for making a

wrong effector prediction is high

Proteomics on salivary secretions pro and cons: 

1. – Identification of an effector-like protein in the saliva by proteomics, supported

with evidence indicating specific expression in the salivary glands of the

correspondent gene, provide strong evidence that that salivary protein is indeed

secreted and thereby is in the position to interact with the host plant.
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2. – Proteomics on saliva of insect herbivores consistently have identified proteins

not predicted for secretion, which could be an advantage if these proteins are true

positives. However, a number of these proteins could instead be contaminants (false

positives).

3. – As with the in silico pipeline approaches, a comprehensive reference database

is also required for proteomics.

4. – Bottom-up proteomics hardly can discern between splice variants, or among

proteins sharing similar sequence.

5. – Although detection limits of MS-based proteomics are progressively improving,

the absence of a protein of interest in a saliva proteome profile is not proof that this

protein is absent in the saliva (false negatives).

6. – Herbivores have to feed on artificial diet, which could cause them to change to

not produce certain salivary proteins, as it has been shown for aphids (Cooper et al.,

2010).

7. – Collecting sufficient material will be more difficult for smaller organisms.

Materials and Methods 

Spider mites 

Tetranychus urticae strain London was reared and maintained on Phaseolus vulgaris 

(bean) detached leaves. Mites were collected from bean leaves and then transferred 

either to Solanum lycopersicum or uninfested bean leaves prior to saliva collection 

assays.  

Diet 

A 10X diet stock solution was prepared by adding 0.025 g of Rifampicin to 50 ml of 

distilled water (0.05%). Also a 10X control stock solution was prepared by adding 

0.025g of Rifampicin and 0.025g of Eurioglacin dye to distilled water (both 0.05%). 

The control (dye) solution was used to check if mites fed from the bubbles. Aphid 

diet was added to the diet solution.  
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Saliva collection 

To collect saliva, spider mites were allowed to feed on an artificial diet. Briefly, a 

pocket-like invagination was made in stretched Parafilm® M using a custom built 

vacuum device consisting of a 96 well plate (plate thickness 4.2 mm, hole diameter 

4.5 mm) fitted in the bottom of a vacuum manifold plate (Analytical Research 

Systems, Florida, USA) connected to a vacuum pump (model N 035.1.2 A_.18, KNF 

Neuberger, Germany). Next, 70 μl sterile holidic artificial diet (1/30 diluted aphid diet, 

Febvay et al. 1988) supplemented with the antibiotic rifampicin (0.05 mg/ml) was 
added, after which the pocket was sealed with packaging tape (Scotch Packaging 

Tape, Extra Strong, Belgium). The parafilm, with the diet-filled hemisphere side 

directed upwards, was cut to size (approx. 4 x 4 cm), mounted on the back of a small 

petri dish, and placed in a large petri dish filled with water. Using cotton wool and 

paper tissue, a water barrier was created, confining the spider mites in close 

proximity of the diet hemisphere. Thirty to 40 adult female mites were transferred to 

each feeding arena. These mites originated from replicate lines adapted to bean, 

maize, soy or tomato (mites adapted to cotton were not used for the collection of 

saliva). For each host-plant-specific sample, mites originating from each replicated 

host plant line were pooled. Addition of a blue colorant (0.05 mg/ml erioglaucine) to 

the control diet hemispheres was used to verify spider mite feeding as assessed by 

staining of gut contents . Petri dishes with feeding hemispheres were placed in an 
incubator (Panasonic MLR-352H) at 26°C with 60% RH and 16:8 L:D. After 24 hours, 

the remaining content of the feeding hemispheres, enriched with secreted salivary 

components, was collected using a Hamilton microsyringe under sterile conditions 

(ESCO Laminar Flow cabinet). Samples were stored at -80°C until enough sample 

(about 0.3 ml) was collected for nano-LC-MS/MS analysis. Feeding hemispheres 

that did not receive spider mites were treated identically and served as reference 

sample during nano-LC-MS/MS analysis. 

LC-MS/MS 

The equivalent of 1 µg of total protein was loaded and analyzed by nanoLC-mass 

spectrometry. Liquid chromatography mass spectrometric analysis was performed 



Chapter 4  144 

on an Eksigent Waters nanoAquity LC-Ultra system connected to a Thermo 

Scientific LTQ Velos Orbitrap mass spectrometer. The equivalent of 2 µg of total 

protein of the digested sample was dissolved in 20 µl of 2% acetonitrile in HPLC-

grade water. 10 µl of the sample was loaded on the trapping column (Pepmap C18 

300 µm x 20 mm, Dionex) with an isocratic flow of 2% acetonitrile in water with 0.1% 

formic acid at a flow rate of 5 µl min-1. After 2 min, the column-switching valve was 
switched, placing the pre-column online with the analytical capillary column, a 

Pepmap C18, 3 µm 75 µm x 150 mm nano column (Dionex). Separation was 

conducted using a linear gradient from 2% acetonitril in water, 0.1% formic acid to 

40% acetonitril in water, 0.1% formic acid in 100 min. The flow rate was set at 400 

nl min-1. The LTQ Orbitrap Velos (Thermo Scientific) was set up in a data dependent 

MS/MS mode where a full scan spectrum (350–5000 m/z, resolution 60000) was 

followed by a maximum of ten CID tandem mass spectrum (100 to 2000 m/z). 

Peptide ions were selected as the twenty most intense peaks of the MS1 scan. 

Collision induced dissociation (CID) scans were acquired in the LTQiontrap part of 

the mass spectrometer. The normalized collision energy used was 35% in CID. We 

applied a dynamic exclusion list of 45 s. 

Protein Identification 

Peak lists obtained from MS/MS spectra were identified using OMSSA version 2.1.9 

(Barsnes et al., 2009), X!Tandem version X! Tandem Sledgehammer (Craig & 

Beavis, 2004), and MS-GF+ (Kim & Pevzner, 2014). The search was conducted 

using SearchGUI version 1.26.3 (Vaudel et al., 2011). 

     Protein identification was conducted against a concatenated target/decoy 

version of the Tetranychus urticae protein database (Grbic et al., 2011). Reversing 

the target sequences in SearchGUI created the decoy sequences. The identification 
settings were as follows: Trypsin with a maximum of 2 missed cleavages; 100.0 ppm 

as MS1 and 0.5 Da as MS2 tolerances; variable modifications: carbamidomethyl c 

(+57.021464 Da), oxidation of m (+15.994915 Da), pyro-glu from n-term q (-

17.026549 Da), acetylation of protein n-term (+42.010565 Da), pyro-cmc (-

17.026549 Da) and pyro-glu from n-term e (-18.010565 Da).  
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     Peptides and proteins were inferred from the spectrum identification results 

using PeptideShaker version 0.37.5 (Vaudel et al., 2015). Peptide Spectrum 

Matches (PSMs), peptides and proteins were validated at a 1.0% False Discovery 

Rate (FDR) estimated using the decoy/hit distribution.  

     Spectrum counting abundance indexes were estimated using the Normalized 

Spectrum Abundance Factor (Powell et al., 2004) adapted for better handling of 

protein inference issues and peptide detectability. 

Blast procedures 

T. urticae predicted protein sequences that matched the MS/MS spectra

were submitted to Blast2GO annotation (nr database, blastp, E value e-20). In 

addition, the 63 putative salivary proteins were submitted to a local blast search on 

the predicted proteome of the russet mite A. lycopersici (blastp, E value e-20) and 

on the genome of the predatory mite M. occidentalis (tblastn, E value e-20). An 
InterproScan (Jones et al., 2014) was performed to identify conserved domains or 

motifs in the 63 putative salivary protein sequences. 

In situ hybridization 

In situ hybridization experiments were performed as described in Chapter 3. 

Positive selection analysis 

To estimate the extent of selection affecting genes encoding for salivary proteins, 

we used the HyPhy package to calculate synonymous and non-synonymous 
substitutions among paralogs (family members) constituting gene families (Chapter 
3) that contained at least one salivary protein and a minimum of 6 T. urticae genes.

We first aligned family member protein sequences using MUSCLE (Edgar, 2004)
and inferred the corresponding codon-alignments by using RevTrans (Wernersson

& Pedersen, 2003). A maximum likelihood (ML) phylogenetic tree was calculated for

each protein sequence alignment using PHYML v2.4.5 (Guindon et al., 2010).

Codon-alignments and corresponding ML trees were uploaded to the Datamonkey

server (Delport et al., 2010; www.datamonkey.org) to execute HyPhy analyses. For

all selection analysis we used the HKY85 nucleotide substitution bias model. To
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estimate recombination among family members a GARD analysis was performed 

(Kosakovsky Pond et al., 2006). All families showed evidence of recombination 

among their members, hence GARD inferred trees were used for all subsequent 

analysis. We used SLAC (Pond & Frost, 2005a) to estimate the global non-

synonymous to synonymous substitution ratio (dn/ds) among family members. We 

used FEL (Pond & Frost, 2005a) to estimate which codons were under positive or 
negative selection (p-value<0.1 as suggested by the Datamonkey server; Pond & 

Frost, 2005a). To estimate branch-specific positive selection and branch-specific 

dN/dS ratios a GA-Branch analysis was performed (Pond & Frost, 2005b).
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Supplemental Material 

Supplemental Figure 4.1. Experimental setup used to collect spider mite salivary 
secretions. The picture shows feeding bubble-arenas where 30 T. urticae adult female mites 
were allowed to feed on artificial diet for 24h after which the arena was cleaned and the liquid 
inside the bubble was extracted for LC-MS/MS analysis. 
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 Supplemental Figure 4.2 

Multiple sequence alignment of the full length coding sequences of the 26 T. urticae 
members from Family 6 (Lipocalins). Codon alignment was inferred from a protein alignment 
done by MUSCLE 
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(Continuation) Supplemental Figure 4.2 
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(Continuation) Supplemental Figure 4.2 
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Supplemental Figure 4.3 

Multiple sequence alignment of the full length coding sequences of the 10 T. urticae 
members from Family 21 (Lipid-binding). Codon alignment was inferred from a protein 
alignment done by MUSCLE 
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 Supplemental Figure 4.4 

Multiple sequence alignment of the full length coding sequences of the 7 T. urticae members 
from Family 28. Candidate Tu28 from Chapter 2 is tetur31g1040. Codon alignment was 
inferred from a protein alignment done by MUSCLE 



Chapter 5  163 

(Continuation) Supplemental Figure 4.4 
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Supplemental Figure 4.5 

Multiple sequence alignment of the full length coding sequences of the 6 T. urticae members 
from Family 32. Codon alignment was inferred from a protein alignment done by MUSCLE 
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Chapter 5 – Yeast two-hybrid screens reveal plant proteins 
potentially targeted by the spider mite effectors Te84 and Tu84 
CA Villarroel, P van Kleeff, JM Alba, RC Schuurink, MR Kant 

Spider mites are a cosmopolitan pest that thrive on a broad range of plants species including 

important crops. Their widespread success might, in part, be explained by their ability to 

suppress plant defenses. We have revealed the existence of plant-defense-suppressing 

effector proteins in spider mite salivary secretions, two of which are the homologous 
Tetranychus evansi 84 (Te84) and T. urticae 84 (Tu84). When transiently overexpressed in 

Nicotiana benthamiana, Te84 and Tu84 boosted spider mite performance and simultaneously 

suppressed host Salicylic Acid (SA)-related responses (Chapter 3). Here, we set out to 

uncover clues on the mechanism by which Te84 and Tu84 affect cellular processes in plants. 

First we expressed Te84 and Tu84 tagged with RFP to investigate their subcellular localization 
in N. benthamiana leaf epidermal cells. Te84 localized to the endoplasmic reticulum (ER) and 

Tu84 was found in the cytosol and nucleus. In addition, two yeast two-hybrid screens were 

performed to discover putative host protein targets of Tu84 and Te84: we used an Arabidopsis 

thaliana seedling cDNA library to discover interactors of Tu84, and a Solanum lycopersicum 

(cultivated tomato) mite-infested-leaves cDNA library to discover interactors of Te84. We 

found two groups of common targets in these screens, papain-like cysteine proteases 

(PLCPs) and Receptor-like kinases (RLKs). Furthermore, we provided preliminary evidence 
of a potential interaction in planta between Te84 and the Arabidopsis PLCP RESPONSIVE 

TO DEHYDRATION 19 (RD19).  

Introduction 

Plants have evolved sophisticated tactics to recognize and protect themselves 
against pathogens and herbivores. A molecular surveillance apparatus provides 

plants with a way to perceive perturbations that betray their attackers. For example, 

plant tissues wounded by herbivores release damage associated molecular patterns 

(DAMPs) that can be recognized by specific plant receptors (Acevedo et al., 2015). 

Also, plants recognize microbial attackers by perceiving certain molecules that 

originate from the pathogen’s conserved structures, such as the flagella, which are 

collectively known as pathogen associated molecular patterns (PAMPs) (Thomma 

et al., 2011). Host recognition of DAMPs or PAMPs triggers a cascade of events that 

leads to a defense response that protect plants against various attackers. This 



Chapter 5  166 

broad-spectrum resistance is known as PAMP triggered immunity (PTI). Conversely, 

pathogens and herbivores have challenged back their hosts by evolving an arsenal 

of secreted molecules, collectively known as effectors, which target host-

components to disrupt surveillance or the onset of PTI (Hogenhout et al., 2009).  

Host cell components targeted by effectors are usually molecules that play 

a role in immunity, which can be a variety of sorts such as protein kinases (Cui et al., 

2010, Gimenez-Ibanez et al., 2009), transcription factors (Le Roux et al., 2015, 

McLellan et al., 2013, Gimenez-Ibanez et al., 2014), proteases (Shabab et al., 2008), 
or even promoter regions in genomic DNA (Scholze & Boch, 2011). Still, plant 

pathogens of different kingdoms appear to systematically converge their effector 

targets to a group of proteins that are central in the plant defense network (Mukhtar 

et al., 2011). Many of these crucial components are protected by plants Nucleotide 

Binding Leucine Rich Repeat (NB-LRR) proteins (Dangl & Jones, 2001). Upon 

recognition of an effector action (e.g. a host protein phosphorylated by an effector), 

or upon directly binding an effector, NB-LRR proteins initiate a cascade that leads to 

a strong defense response denominated Effector Triggered Immunity (ETI), which 

often results in a hypersensitive response (HR) that usually defeats the invading 

pathogen (Cui et al., 2014) or sometimes even the herbivore (Villada et al., 2009). 

Protection mediated by NB-LRR proteins, also known as R-proteins, is widely 

conserved among higher plants, and can be effective against a large number of plant 
attackers including viruses, bacteria, fungi, oomycetes, nematodes, and herbivores 

(Dangl et al., 2013).  

The spider mites Tetranychus urticae and T. evansi are among herbivores 
that use effector proteins to subvert their host defenses (Chapter 3 and 4). We have 

revealed an arsenal of effector proteins secreted in the spider mite saliva (Chapter 
4), some of which were earlier identified by bioinformatics and were functionally 

characterized by transient expression in Nicotiana benthamiana (Chapter 3). Two 

salivary proteins, T. urticae salivary protein Tu84 and its T. evansi homolog Te84, 

showed promising effector features as performance of adult spider mites improved 

when feeding from leaves overexpressing these salivary proteins. Furthermore, also 

in N. benthamiana, Tu84 diminished the Agrobacterium-mediated induction of the 
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SA-related marker genes PR1 and PR4, which appeared to occur independently of 
SA accumulation (Chapter 3). These two salivary proteins lack any known sequence 

or motif that could hint on their function in plant cells. 

By investigating how spider mite effectors operate in plant cells we can 

reveal the molecular mechanisms employed by these herbivores to achieve 

suppression of host defenses. By examining the localization in N. benthamiana 

epidermal cells of Red Fluorescent Protein (RFP)-tagged Te84 and Tu84 by confocal 

microscopy, we show that these two homolog effectors are targeted to different plant 
cell compartments. Furthermore, we identified putative host protein interactors of 

both mite effectors by performing yeast two-hybrid screens. 

Results 

Localization of RFP-tagged Te84 and Tu84 in plant cells. 

In Chapter 3 we showed that GFP:Te84 localized to the plant endoplasmic reticulum 

(ER) and GFP:Tu84 localized to plant cytosol and nucleus. We also observed motile 

protein aggregates after overexpression of these GFP-tagged salivary proteins. Here 

we transiently expressed Te84 and Tu84 tagged to RFP and checked their 

localization in N. benthamiana cells by confocal laser-scanning microscopy. 

Te84:RFP showed a reticulate fluorescence signal indicating a localization to ER 
(Figure 5.1A), the same localization of GFP:Te84 but this time we did not observed 

aggregations. Tu84:RFP localized to the same compartments as GFP:Tu84 
(cytoplasm and nucleus; Figure 5.1B), and also this time we did not observed protein 

aggregates. These results suggest that the motile aggregates that we observed in 
Chapter 3 occurred by tagging these effectors to GFP. Additionally, we confirm that 

these two homologous effectors are targeted to different plant cell compartments. 
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Figure 5.1. Subcellular localization of the spider mite effectors Te84 and Tu84 in N. 
benthamiana epidermal cells assessed by confocal laser-scanning microscopy. T. 

evansi and T. urticae effectors Te84 and Tu84, respectively, were cloned without their 

predicted signal peptides and tagged at their C-terminal ends to the Red Fluorescence Protein 
(RFP) and transiently overexpressed in Nicotiana benthamiana leaves by agroinfiltration. A) 
Te84:RFP localizes to the ER. B and C) Tu84:RFP and free RFP localize to the cytoplasm to 

nucleus. Arrows indicate cell nucleus. Bars indicate 20 µm. 

Yeast two-hybrid screens identify putative plant protein interactors of Tu84 
and Te84 

To identify putative targets of Tu84 and Te84, untargeted yeast two-hybrid (Y2H) 

screens with an Arabidopsis thaliana seedlings library and a tomato (Solanum 

lycopersicum cv. Castlemart) library of mite-infested leaves were performed by 

Hybrigenics Services (Paris, France). Arabidopsis can be host of T. urticae (Zhurov 

et al., 2014) but not of T. evansi.  Thus, as to maximize the chances of screening 

biological meaningful protein-protein interactions, we chose T. urticae Tu84 as the 

bait protein for the Arabidopsis Y2H screen and T. evansi Te84 as the bait protein 

for the tomato Y2H screen. The Arabidopsis-Tu84 screen rendered 33 putative 
interactors (Supplemental Table 5.1) and the Tomato-Te84 screen rendered 25 
putative interactors (Supplemental Table 5.2). We identified two groups of 

interactors common in both screens: receptor-like kinases (RLKs) and papain-like 

cysteine proteases (PLCPs). 
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RLKs interacting with Te84 and Tu84 in Y2H screens 

We identified 2 RLKs interacting with Tu84 in Arabidopsis, and 4 RLKs 

interacting with Te84 in tomato. The RLK covered by most clones was Proline-rich 

Extensin-Like Receptor Kinase 1 (PERK1) from the Arabidopsis-Tu84 screen (6 
clones) (Figure 5.2A). A PERK1-Like RLK was also found in the tomato-Te84 screen 

(Figure 5.2A). The other RLKs identified were an Arabidopsis Extensin RLK, one 

tomato cysteine-rich RLK, and two tomato Leucine-repeat-rich (LRR) RLK (Figure 
5.2A). Analysis of the sequences covered by the clones obtained of these 6 RLKs 

suggest that the interaction with the spider mite effectors likely occurs proximal to 
(or at) the transmembrane domain (TM) (Figure 5.2A). A protein alignment of this 

region showed similarity at the TM domain and at the lysine/arginine-rich region that 

usually flank TM segments (Landolt-Marticorena et al., 1993). 
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Figure 5.2. Interaction of Tu84 and Te84 with Receptor-Like Kinases in yeast two-hybrid 
screens. A) Schematic representation of the interaction of Arabidopsis Receptor-Like Kinases 

(RLKs) with Tu84 and Tomato RLKs with Te84 found by yeast two-hybrid screens. SID 

(Selected Interaction Domain, yellow box) represents the amino acid sequence shared by all 

prey fragments matching the reference protein. The lines under SID represent the reference 

sequence covered by each prey clone that was found to interact with the corresponding bait. 
The “?” symbol indicates incomplete sequencing of the prey clone at the 5’ or 3’ end. C) 
Protein alignment of the common SID among the six RLKs candidate interactors of Te84 and 

Tu84. TM= transmembrane domain. The arrow indicates the region adjacent to the 

transmembrane domain that is rich in polar amino-acid residues (Arginine (R) and Lysine (K)). 

_________________________________________________________________________ 

PLCPs interacting with Te84 and Tu84 in Y2H screens 

Two PLCPs were identified as interactors of Tu84 and Te84: RESPONSIVE 

TO DEHYRATATION 19 (RD19) in the Arabidopsis-Tu84 screen and RCR3 in the 
Tomato-Te84 screen. RD19 was the interactor represented by most clones in the 

Arabidopsis-Tu84 screen (29 of the total 141 clones, 20%). The RD19 protein is 

predicted to be 367 amino acids long and was previously identified as a target of the 

effector PopP2 secreted by the pathogen Ralstonia solanacearum (Bernoux et al., 

2008). Analysis of the common sequence covered by all RD19 prey clones (Selected 

Interaction Domain, SID) revealed that Tu84 likely interact with the N-terminal region 

of RD19, which contain a signal peptide and a Cathepsin Pro-peptide Inhibitor 
Domain (IPR013201) (Figure 5.3A). The same interaction at the N-terminal 

prodomain was observed for RCR3 and Te84, although only one clone was obtained 
for this interaction (Figure 5.3B). RCR3 is also a known target of pathogen effectors: 

Cladosporium fulvum Avr2 (Kruger et al., 2002), Phytophthora infestans EPIC1 and 
EPIC2B (Song et al., 2009a), and the cyst-nematode G. rostochiensis effector VAP1 

(Lozano-Torres et al., 2012). According to a phylogenetic subclassification of plant 

PLCPs by Richau et al. (2012), RD19 belongs to subfamily 7 (Cathepsin-F like) and 

RCR3 to subfamily 6 (Cathepsin-L Like). Additionally, both proteases have different 

localization in plant cells: RD19 localizes to vacuolar compartments (Bernoux et al., 

2008) while RCR3 is secreted to the apoplast (Kruger et al., 2002). Alignment of the 

N-terminal region (i.e. including the signal peptide and the autoinhibitory prodomain)
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of RD19 and RCR3 revealed only 47% of similarity at the aminoacid level (Figure 
5.3C). 

Figure 5.3. Interaction of of Tu84 and Te84 with cysteine proteases in yeast two-hybrid 
screens. A and B) Schematic representation of the interaction of RD19-Tu84 (A) and Rcr3-

Te84 (B) found by yeast two-hybrid screens. SID (Selected Interaction Domain, yellow box) 

represents the amino acid sequence shared by all prey fragments matching the reference 

protein. The lines under SID represent the reference sequence covered by each prey clone 
that was found to interact with the corresponding bait. C) Protein alignment of the common 

SID between RD19 and RCR3. SP= signal peptide.  

The Arabidopsis PLCP RD19 co-localizes with Te84 at the nuclear proximity 

Among all putative interactors of Tu84 and Te84 found in Arabidopsis and tomato 

screens, we chose to further investigate RD19 since it was the interactor covered by 

most clones in any of both screens. First, we reconfirmed the RD19-Tu84 interaction 
by one-by-one Y2H assays using as prey a partial RD19 cDNA comprising its first 

271 amino acids (RD191-271, the longest clone identified by Hybrigenics Y2H screen) 
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and as bait full-length Tu84 (excluding its signal peptide) (Figure 5.4). We also 

assessed if T. evansi Te84 interacted with RD191-271, but no interaction was detected 

(Figure 5.4).  

Figure 5.4. RD19 interacts with Tu84 but not with Te84 in yeast two-hybrid assays. Yeast 

two-hybrid assay showing the interaction between RD19 and Tu84 but not with its homolog 

Te84. A partial RD19 sequence consisting of its first 271 amino acids, which include the signal 

peptide and the propeptide domain, was used as prey. Mature Tu84 and Te84 (without the 

predicted signal peptides) were used as bait. Empty bait and empty prey correspond to the 

empty vectors (See Materials and Methods). DDO: double dropout medium (-Tryptophan, -

Leucine); QDO: quadruple dropout medium (-Tryptophan, -Leucine, -Adenine, -Histidine). 

Yeast growth on DDO plates shows the presence of the bait and prey vectors. Yeast growth 

on QDO plates indicates interaction between prey and bait.  

To assess whether Tu84 and Te84 co-localized with RD19 in planta, we co-

expressed GFP-tagged full-length RD19 (RD19:GFP) with Tu84:RFP, Te84:RFP, or 

RFP, in N. benthamiana leaves by agroinfiltration. The subcellular localization of 

each combination of fusion proteins was examined 48 h after infiltration by confocal 

laser-scanning microscopy. RD19 was previously reported to localize to pre-vacuolar 

vesicles (and possibly to the central vacuole) (Bernoux et al., 2008), and here we 

confirmed RD19 localization to similar vesicles (Figure 5.5A).  

Te84:RFP and RD19:GFP co-localized in planta: after co-expression of both 

proteins, Te84:RFP and RD19:GFP were found to co-localize to a structure that 
surrounded the nucleus (Figure 5.5DEF), which appeared to be an overexpanded 

ER (Eastmond et al., 2010), yet we lacked an appropriately tagged ER-marker to 
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confirm this localization. In the same cells RD19:GFP was detected also in the 
nucleus (Figure 5.5D). A similar localization of RD19 and a putative effect on the ER 

was observed by co-expressing RD19:GFP with untagged Te84 (Figure 5.6B). 
Despite the absence of interaction of partial RD19 with Te84 in Y2H assays, we 

observed this nuclear-surrounding structure only after co-expression of both 

proteins. 

Co-expression of RD19:GFP and Tu84:RFP showed that both proteins did 

not co-localize and thus likely do not interact in N. benthamiana. However, besides 
localization to motile vesicles, RD19:GFP was detected on large vesicle-like 
structures. Since Tu84:RFP was not detected on these structures (Figure 5.5HI), 
these might result from an indirect response induced by overexpression of Tu84 

rather than from an interaction of RD19 with Tu84. Moreover, as RD19 localizes to 

pre-vacuolar vesicles ref, the detection of RD19 on these structures suggest that 

they might be related to the plant vacuole. We also observed similar GFP-tagged 

structures by co-expressing RD19:GFP with untagged Tu84, but not with Te84 nor 

with an empty vector control (Figure 5.6C). 

Finally, we used split-YFP/BiFC to assess if RD19 physically interact with 

Tu84 or Te84 in vivo. Full-length RD19 (including its signal peptide) was cloned 

together with either Tu84 or Te84 into a 2in1 split-YFP expression vector that also 

contain 35s:RFP to allow ratio-metric bimolecular fluorescence complementation 

assays (Grefen & Blatt, 2012). The 2in1 vectors RD19-Te84 and RD19-Tu84, plus a 

positive (CBL9-CIPK23) and a negative (CBL6-CIPK23) control (Grefen & Blatt, 
2012), were expressed in N. benthamiana cells by agroinfiltration and YFP/RFP 

fluorescence ratio was detected after 2 DPI by confocal laser-scanning microscopy. 

We detected a weak YFP to RFP signal ratio in plants expressing RD19-Te84 

(10.0%), RD19-Tu84 (3.5%), and the negative control CBL6-CIPK23 (15.7%), which 

was considerably lower to that of plants expressing the positive control CBL9-

CIPK23 (111%), indicating that there was no physical interaction of full-length RD19 

with Te84 or Tu84 in vivo. 
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Figure 5.5. RD19:GFP co-localizes with Te84:RFP but not with Tu84:RFP. Co-expression 

of RD19:GFP and 35s:RFP (A,B, and C), Te84:RFP (D,E, and F), or Tu84:RFP (G,H, and I) 
in N. benthamiana epidermal cells. Arrows (G and I) indicate large vesicle-like structures 

observed after expression of Tu84:RFP and RD19:GFP. Experiments were done two times, 

and at least 6 images showing similar localization were taken for each combination. Bars 

indicate 20 µm.  
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Figure 5.6. Localization of RD19:GFP after co-expression with untagged Te84 or Tu84. 
Localization of RD19:GFP in N. benthamiana cells co-expressing the untagged candidate 

effectors Te84 or Tu84, or the empty vector (EV) control. The white arrow indicate RD19:GFP 

localization at the nucleus and surrounding ER; black arrows indicate RD19:GFP localization 

at putative vacuolar vesicle-like structures. Bars indicate 20 µm. 

Discussion 

Interference with host protein activities is a common mechanism employed by 

pathogens to avoid or overcome the defense strategies executed by their host 

plants. Like plant pathogens, the phytophagous mites Tetranychus urticae and T. 

evansi possibly affect the function of plant proteins by secreting a cocktail of effector-
like proteins through their saliva (Chapter 3 and 4), two of which are the salivary 

proteins Te84 and Tu84. In this chapter we provided clues of the possible molecular 

mechanism employed by these two mite salivary proteins to alter plant processes, 

as we determined their particular localization inside plant cells and by identifying 

putative plant protein targets. 

Subcellular localization of Tu84 and Te84 

When transiently expressed in N. benthamiana epidermal cells each salivary 

protein was targeted to a different cell compartment. Their different localization might 

reflect their different suppressing effects on the SA-related genes PR1 and PR4 
(Chapter 3). While Tu84, which strongly diminished PR1 and PR4 induction, located 

to the cytosol and nucleus, Te84, which weakly affected only PR1 expression, 
located to the ER. However both proteins accomplish that T. urticae females equally 

benefit after feeding from N. benthamiana plants overexpressing Te84 or Tu84 
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(Chapter 3). As both proteins retain their effector properties in N. benthamiana, it is 

feasible that these homologs diverged to operate on different targets. Rapid 

evolution appears to be an intrinsic characteristic of pathogen effectors (Poppe et 

al., 2015, Raffaele et al., 2010, Soanes & Talbot, 2008). For instance, the target 

specificity of the protease inhibitor effector EpiC1 varies among Phytophthora 

species, which reflect how the substrate that is targeted by variants of Epic1 changes 
as different species of this pathogen specialize on different hosts (Raffaele et al., 

2010). In addition, homologous effectors from different isolates of the oomycete 

pathogen Hyaloperonospora arabidopsidis were shown to localize to distinct 

subcellular compartments when expressed in planta (Caillaud et al., 2012) 

 Te84 localization to the ER was surprising since this protein lacks any 

known motif for ER retention. The ER can play diverse roles in plant immunity, 

including the production of defense-related receptor kinases and secreted 

pathogenesis related proteins, thereby the ER is considered as a potential target of 

pathogen effectors (Schäfer & Eichmann, 2012). A large screening of candidate 

effectors in H. arabidopsidis identified nine that targeted the ER network (Caillaud et 

al., 2012). None of them were computationally predicted to localize to the plant ER, 

then it is feasible that these effectors, as Te84, might  target ER residing proteins. 

For example, the bacterial effectors HopD1 and Pi03192, from Pseudomonas 

syringae pv. tomato DC3000 and P. infestans respectively, target transcription 
factors that reside in the ER, which prevent their role in defense regulation by 

stopping their nuclear re-localization (Block et al., 2014, McLellan et al., 2013).  

Host-proteins possibly interacting with Te84 and Tu84 

We employed the yeast two-hybrid system to discover possible interactors of Te84 

and Tu84. By performing independent Y2H screens on Arabidopsis and tomato 
libraries, we could identify two groups of putative targets common in both screens, 

cysteine proteases and receptor-like kinases, both of which are known to be involved 

in plant defenses. 



Chapter 5  177 

Receptor-like kinases 

RLKs typically contain a signal peptide, a transmembrane region, and a C-terminal 

domain with protein kinase activity. Plant RLKs are membrane-bound proteins that 

perceive signals by their extracellular domains to propagate them via their C-terminal 

kinase domains (Shiu et al., 2004) . Martel et al. (2014) showed that in tomato plants 

infested by spider mites, at least 82 RLKs are differentially expressed at the earliest 

stages of mite infestation (i.e. 1 to 6 hrs.), among which one is a candidate interactor 

of Te84, the cysteine-rich RLK Solyc02g080070, whose expression is upregulated 
after mite feeding. Among the several RLKs identified as putative interactors of Te84 

and Tu84, only two were homologs: Arabidopsis PERK1 and tomato PERK1-like 

kinase. PERK1 was firstly characterized in Brassica napus where it was found to be 

quickly induced after wounding (Silva & Goring, 2002). Also, PERK1 kinase domain 

has been previously identified to interact with the nuclear shuttle protein (NSP) from 

the cabbage leaf curl virus (Florentino et al., 2006), which functions in spreading viral 

DNA from cell to cell. PERK1 was found to phosphorylate NSP and possibly 

positively regulates its function (Florentino et al., 2006). In Arabidopsis, 15 PERK 

family members are found, although no clear role for any of the other members have 

been elucidated. Still some PERKs have been associated with a variety of plant 

processes including floral development (Haffani et al., 2006), root hair formation 

(Won et al., 2009), and root growth (Humphrey et al., 2015). Some RLKs constitute 
central components of plant surveillance against pathogens by functioning as 

Pattern Recognition Receptors (PRRs), which trigger plant immunity after perceiving 

Pathogen-Associated Molecular Patterns (PAMPs). The best studied PRRs are the 

Leucine-repeat-rich (LRR) receptor kinases FLS2 and EFR, which recognize 

bacteria flagellin and elongation factor-Tu, respectively (Zipfel et al., 2006, Gomez-

Gomez & Boller, 2000). A number of pathogen effectors have been shown to 

suppress plant immunity by disturbing PRR function. Two hallmark examples are the 

P. syringae effectors AvrPto and AvrPtoB, which target the kinase domain of different

plant LRRs, including FLS2 and EFR, to disrupt their function (Xiang et al., 2008,

Gohre et al., 2008). Among the RLKs found to interact with Tu84 and Te84 in Y2H

screens, two possessed extracellular LRR domains. It has been suggested that
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herbivore elicitors, i.e. Herbivore Associated Molecular Patterns (HAMPs), might be 

perceived by plant PRRs to trigger plant anti-herbivore defenses, yet so far only one 

putative HAMP receptor has been identified (Truitt et al., 2004). Elucidating a 

putative interaction of spider mite effectors with host PRRs might reveal a role for 

specific RLKs on defense against these herbivores, and a mechanism by which 

spider mites suppress plant defenses by disrupting HAMP-related defense signaling. 
Still, in N. benthamiana cells, neither Te84 nor Tu84 were found at the plasma 

membrane, where PRRs usually localize.   

Papain-like cysteine proteases 

Both PLCPs identified as putative interactors of Tu84 and Te84, RD19 and 

RCR3, have been discovered before as targets of pathogen effectors (Bernoux et 
al., 2008; Kruger et al, 2002; Song et al., 2009; Lozano-Torres et al., 2012). Since 

our Y2H screens were performed with libraries containing partial cDNAs, we could 

identify that the interaction of Tu84 and Te84 with RD19 and RCR3 likely happens 

at the N-terminal self-inhibitory domain of both PLCPs. This domain is not targeted 

by any of the known pathogen effectors interacting with RD19 or RCR3 (Bernoux et 

al., 2008; Kruger et al, 2002; Song et al., 2009; Lozano-Torres et al., 2012). Cysteine 

proteases are normally produced as inactive precursor proteins that contain an 

inhibitory propeptide domain (Richau et al., 2012), and the cleavage of the 

propeptide (e.g. by acidic pH) activates the protease (Cambra et al., 2012). In 

addition to inhibit protease activity, the propeptide region of cysteine proteases is 

important for the correct folding of the mature enzymes and for the delivery to the 
target organelle (Cambra et al., 2012, Richau et al., 2012). By targeting the 

propeptide domain, Te84 and Tu84 might disrupt folding, processing, or targeting of 

pre-RD19, pre-RCR3, or other PLCPs. Multiple functions for PLCPs have been 

reported in plants (Hoorn, 2008), including roles in protection against insect 

herbivores. For instance, the overexpression of the Maize cysteine protease Mir1 in 

maize callus reduced growth of the fall armyworm Spodoptera frugiperda by 80% 

after infestation (Pechan et al., 2000). Genes encoding I25 cystatin protease 

inhibitors, which target PLCPs, are expanded in the spider mite genome, which may 

be partly related to a possible role in inactivating plant C1A proteases (Santamaria 
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et al., 2012). In Chapter 4 we showed that at least 3 protease inhibitors are secreted 

in T. urticae saliva, one of which was a cysteine protease inhibitor. In addition, 

Arabidopsis plants overexpressing the propeptide region from different barley 

PLCPs were shown to be more resistant to spider mites, likely by (cross-)inhibiting 

mite digestive proteases (Santamaria et al., 2015). As spider mites feed almost 

exclusively of cell-contents, they probably ingest considerable amounts of (vacuolar) 
cysteine proteases, including PLCPs and PLCP inhibitors, which might be harmful 

to mites midgut digestive processes as it is for insect herbivores (Li et al., 2009). 

We re-confirmed the partial RD19 as a putative interactor of Tu84 by a 

second Y2H assay, yet we did not detect co-localization nor physically interaction in 

plant cells between full-length RD19 and Tu84, which suggest that Tu84-RD19 

interaction might not occur with the full-length RD19 protein, and it might therefore 

be restricted to RD19 N-terminal prodomain. Still, RD19, which contains an N-

terminal signal peptide, is processed in the ER from where it is transported in 
endosomal vesicles to the lytic vacuole (Bernoux et al., 2008), and in Figure 5.1 we 

showed that Tu84 did not localize to any of these organelles, which could also 

explain why we did not observed co-localization nor physical interaction between 

these two proteins. Instead ER-residing Te84 co-localized with full-length RD19, yet 

Te84 did not interact with partial RD19 in Y2H assays. Still, in addition to co-

localization, we observed that the ER membrane seemed expanded (Eastmond et 
al., 2010) after overexpression of both proteins, which could be due to an excessive 

accumulation of a preRD19-Te84 protein complex in the ER. The plant ER appears 

to be a flexible organelle as it can store large quantities of proteins and lipids 

(Chrispeels & Herman, 2000). Also ER-related structures (i.e. ER bodies) are 

induced after wounding and possibly have a role in defense against pathogen and 

herbivores (Yamada et al., 2011, Nakano et al., 2014). Te84 might encounter 

immature RD19 (pre-RD19) during its transit through the ER where it could possibly 
interact with the RD19 propeptide domain (Figure 5.3A). However additional 

experiments, such as co-expression of an appropriately tagged ER-marker together 

with Te84 and RD19, are needed to confirm that the structure that we observed after 

co-expression of RD19 and Te84 indeed originates from the ER. In addition, we also 
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did not detect a physical interaction between full-length RD19 and Te84 in split-YFP 

assays. Finally, a potential interaction between RD19 and Te84 might not have 

biological importance since T. evansi and A. thaliana do not share an evolutionary 

history. Therefore is important to elucidate if Te84 interacts with RCR3 or another 

host PLCP in planta, if that interaction is restricted at the PLCPs inhibitor domain, 

and if similar large nuclear-surrounding structures are observed after co-

(over)expression of Te84 and other PLCPs. 

The role of RD19 in Arabidopsis was revealed by its crucial function in 
resistance to R. solanacearum mediated by the R-protein RESISTANT TO 

RALSTONIA SOLANACEARUM-1 (RRS1-R) that recognizes the effector PopP2 

(Bernoux et al., 2008). When RD19 physically interacts with PopP2 it partly re-

localizes to the plant nucleus. Recently, the mechanism of action of PopP2 and 

RRS1-R-mediated recognition has been reported. In the plant nucleus, PopP2 

acetylates and inactivates a set of WRKY transcription factors (TFs) that positively 

regulate defense related genes, resulting in disease (Le Roux et al., 2015). RRS1-

R, which contains a WRKY domain, functions as a decoy protein by binding PopP2, 

which acetylates and activates RRS1-R to initiate transcription of defense related 

genes, resulting in resistance (Le Roux et al., 2015). Nevertheless, the role of RD19 

in PopP2 interaction with RRS1-R and WRKY TFs has not been reported. Instead 

the role of RCR3 in ETI is well-understood. RCR3 from the wild-tomato species S. 

pimpinellifolium (encoded by the allele Rcr3pimp) is guarded by the NLR protein Cf-2, 

which triggers ETI presumably after recognizing a RCR3-Effector complex, those 

effectors being C. fulvum Avr2, P. infestans EPIC1 or EPIC2B, or G. rostochiensis 

VAP1. Interestingly, the role of RCR3 in the interaction of these pathogens with 

tomato represent three different examples of the function of plant protein targeted by 

an effector: a decoy, a guardee, and a susceptibility target. RCR3 by itself does not 

contribute to immunity against C. fulvum, instead the more abundant tomato 

extracellular protease PIP1—which also is targeted by C. fulvum Avr2— was shown 

to directly affect C. fulvum fitness, indicating that RCR3 function as a decoy in the 

tomato-C.fulvum interaction (Song et al., 2009b). Instead, RCR3 contributes to 

tomato immunity against P. infestans, indicating that RCR3 is a guardee in the 
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tomato-P.infestans interaction (Song et al., 2009b). Finally, G. rostochiensis fitness 

increase when infecting plants that express RCR3 in the absence of Cf-2, showing 

that RCR3 is a susceptibility target beneficial for this cyst nematode (Lozano-Torres 

et al., 2012). In summary, it will be important to show if these PLCPs and their 

associated resistance proteins play a role in defenses against spider mites.   

Materials and Methods 

Plant material 

Nicotiana benthamiana plants were grown in the greenhouse for 2-3 weeks and then 

transferred to a climate room (long day, 25º C, 70% humidity). All agroinfiltration 

experiments were done with plants 4 to 5 weeks old. 

Cloning 

The spider mites candidate effectors Tu84 and Te84 were cloned from cDNA of T. 

urticae strain London (Grbic et al., 2011) and T. evansi strain Viçosa-1 (Alba et al., 
2015) respectively, using the primers listed in Chapter 3. The predicted signal 

peptides of both mite proteins were excluded. Full length RD19 was cloned from 

Arabidopsis thaliana Col-0 cDNA. For Gateway cloning (Invitrogen), RD19 was 
amplified using the primers listed in Supplemental Table 5.3. Following 

recombination of into pDONR221, an LR reaction was done with the plant expression 

vectors pGWB451 (RD19:GFP) and pGWB454 (Te84:RFP and Tu84:RFP) 

(Nakagawa et al., 2007). For split-YFP assays, 2in1 multi-site gateway vectors were 

used. RD19 was cloned into pDONR221-P3P2, Te84 and Tu84 were cloned into 

pDONR221-P1P4. The subsequent LR reactions were done using the 2in1 

destination vector pBiFCt-2in1-CC (Grefen & Blatt, 2012), which tagged partial YFP 

to the C-terminal end of RD19, Te84, and Tu84. The 2in1 vectors containing the 

Arabidopsis kinase CIPK23 with the Calcineurin B-like proteins (CBL) CBL9 or CBL6 

were used respectively as positive and negative control for split-YFP experiments 

(Grefen & Blatt, 2012). The final destination vectors were introduced into A. 

tumefaciens GV3101 cells by electroporation. A. tumefaciens strains carrying 

35s::Te84, 35s::Tu84, and pSOL2092 empty vector were obtained in Chapter 3. 
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Yeast two-hybrid screen 

Yeast two-hybrid screens were performed on a 1-week-old A. thaliana seedlings 

cDNA library using Tu84 (lacking its signal peptide) as a bait, and on a library of 

cDNA from tomato leaves infested by spider mites. ULTImate Y2H screens were 

contracted to Hybrigenics (Paris, France).  

To confirm the interaction of RD19 with Tu84 and test its possible interaction 

with Te84 we performed targeted yeast two-hybrid assays. The LiAc method was 

used to transform yeast (Gietz & Woods, 2006). In short, S. cerevisiae strain NMY51 

(culture collection of Switzerland) was grown overnight in YAPD medium at 30°C, 

220 rpm. Per transformation 0.5 ml of culture was transferred to an Eppendorf tube 

and centrifuged (1 min, 11.000 xg at RT). The supernatant was removed and 2.5 μL 
of bait, 2.5 μL of prey and 10 μL of boiled and sonicated salmon sperm DNA (5μg/μL) 

(Sigma) were added prior to resuspending the cells. Next, 100 μL of 40% PEG-

4000/0.2M LiAc was added and vortexed for 10 sec.. Thereafter, samples were 

placed at 30°C, while shaking at 220 rpm for 30 min followed by 15 min at 42°C. 

Transformations were plated on selective double dropout (SD-DDO) medium 

(lacking Leucine and Tryptophan) and incubated for 3-5 days at 30°C. Four colonies 

of each transformation were resuspended in 50 μL of sterile MQ of which 4-5 μL was 

used to spot on SD-DDO, and SD-QDO (quadruple dropout; lacking Leucine, 

Tryptophan, Adenine, and Histidine). Plates were incubated for 1-3 days after which 

viability was checked. At least three independent colonies had to show viability on 

SD-QDO to consider interaction. 

Agroinfiltration 

Agrobacterium tumefaciens transient transformation assays (agroinfiltration) were 
done as described in Chapter 3.  Transformed A. tumefaciens (strain GV3101) were 

grown from single colonies for 16 h in 2 ml LB medium with the appropriate 

antibiotics. An aliquot of each pre-culture was then inoculated into 10 ml LBmani 
(10mM MES, 20 uM acetosyringone) using the same antibiotics and grown until an 

OD600 between 1.0-1.5 was reached. After centrifugation the bacteria pellets were 

re-suspended in MMAi (2% sucrose, 10mM MES, 0.2 mM acetosyringone) to a final 
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O.D. of 0.6 and then incubated for at least 1 hour at room temperature. Bacterial

suspensions were infiltrated into the abaxial side of the 3rd-youngest-fully-expanded

N. benthamiana leaf using a needless syringe.

Confocal laser-scanning microscopy 

To assess the subcellular localization of the fluorophore-tagged fusion proteins, 

samples from agroinfiltrated leaves were mounted in water and analyzed on a Zeiss 

LSM 510 laser-scanning confocal microscope using the following excitation and 

detection wavelengths: GFP, 488 nm / 520-545 nm; YFP, 514 nm / 520-550 nm; 

RFP, 543 nm / 570-610 nm. Confocal images and YFP to RFP ratios were processed 

using Image-J. 
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Supplemental information 

Supplemental Table 5.1 – List of Arabidopsis thaliana proteins identified as 
putative interactors of Tu84 in yeast two-hybrid screen 

Locus Gene name Description SIDa 
start-end 

N° 
Clones 

AT1G03870 FLA9 Fasciclin-like arabinogalactan 4-210 1 
AT1G05720 F3F20.17 Selenium binding 8-158 5 
AT1G07510 Ftsh10 FtsH protease 10 83-330 2 
AT1G21750 ATPDIL1-1 Disulfide isomerase-like 1-251 2 

AT1G48030 mtLPD1 Mitochondrial lipoamide 
dehydrogen 23-377 1 

AT1G50250 FTSH1 Chloroplastic FtsH protease 1 79-432 2 
AT1G52410 TSA1 TSK-Associating protein 1 1-202 1 
AT1G74670 F1M20.35 Gibberellin-regulated protein 6 1-101 3 
AT1G77370 F2P24.8 Glutaredoxin-C3 4-130 1 
AT2G03680 SPR1 Spiral1 1-119 7 
AT2G05380 GRP3S Glycine rich protein 26-115 3 
AT2G05440 GRP9 Glycine rich protein 9 3-154 1 
AT2G14910 - Unknown protein 200-386 4 
AT2G17190 DSK2A Ubiquitin receptor 1-127 5 
AT2G20310 RIN13 RPM1 interacting protein 13 1-197 1 
AT2G24420 - Hypothetical protein 4-159 1 
AT2G36120 DOT1 Defectively organized tributaries 1 5-166 1 
AT3G10380 SEC8 Arabidopsis thaliana SEC8 294-503 1 
AT3G15950 TSA1-LIKE TKS-associating protein 1 Like 5-150 4 
AT3G22120 CWLP Cell-wall plasma memb. linker 35-431 1 

AT3G24550 PERK1 Proline-rich Extensin-Like 
Receptor Kinase 98-249 6 

AT3G54960 PDIL1-3 Disulfide isomerase-like 5-229 1 
AT4G23540 F16G20.240 ARM repeat superfamily protein 393-478 2 
AT4G24190 SHD ATP binding 35-796 1 
AT4G39090 RD19 Cysteine protease 1-107 29 
AT5G10430 AGP4 ArabinoGalactan-Protein 4 1-135 1 
AT5G56030 HSP81-2 Heat Shot Protein 81-2 441-656 2 
AT5G56890 - Extensin Receptor Like Kinase 584-1031 2 
AT5G58580 ATL63 Ring Finger Protein 11 4-268 2 
AT5G63670 SPT42 Elongation factor 2-116 2 
AT5G66030 GRIP Protein binding 1-285 1 
ATCG00900 RPS7 Ribosomal protein S7 1-212 1 

a SID (Selected Interaction Domain) Aminoacid sequence shared by all prey fragments 
matching the same reference protein 
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Supplemental Table 5.2 – List of Solanum lycopersicum proteins identified as 
putative interactors of Te84 in yeast two-hybrid screen 

Locus Gene 
name 

Description* SIDa N° Clones 

Solyc01g006480 Alpha/beta hydrolase 3-236 1 
Solyc01g007130 FEI 2 LRR Receptor-like kinase 463-649 3 
Solyc01g009820 Hydroxyproline-rich glycoprotein 78-176 1 
Solyc01g103540 - YTH-domain family 2 8-132 4 

Solyc01g109860 Phosphatidylinositol transfer
protein 335-539 1 

Solyc02g063130 RAD23 UV excision repair protein 105-383 1 

Solyc02g076980 Rcr3 Cathepsin B-like cysteine 
protease 1-144 1 

Solyc02g080070 Cysteine-rich Receptor-like 
kinase 254-627 2 

Solyc02g094470 Mitochondrial phosphate carrier 1-145 1 
Solyc03g114360 Polymerase catalytic domain  13-314 2 

Solyc03g114450 Extracellular calcium sensing 
receptor 107-392 1 

Solyc03g116320 TCP16 TCP-family transcription factor 1-193 3 
Solyc04g049120 Nuclear receptor corepressor 2 488-1002 1 
Solyc05g052040 DDTFR10/A Ripening regulated protein 7-273 2 
Solyc06g084550 Atoep16-4 Mitochondrial translocase 1-128 2 
Solyc08g074290 BRI1-KD interacting protein 129 215-338 1 
Solyc08g077880 - Light harvesting-like protein 3 60-224 5 
Solyc09g007110 LRR Receptor-like kinase 489-977 1 
Solyc10g078900 RING finger protein 5 85-265 1 
Solyc10g084650 PHD finger family protein 886-1224 2 
Solyc11g007680 Omp24 Chloroplast outer envelope  87-127 2 
Solyc11g008000 NAC domain protein 197-528 1 
Solyc11g017000 Unknown function 1-325 1 
Solyc11g073130 Protein tyrosine phosphatase 1B 1-146 1 
Solyc12g007110 PERK-like kinase 57-254 1 
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Supplemental Table 5.3 – List of vectors used in this study 

Name Vector Backbone Purpose 
p35s-Te84:RFP pGWB454 Subcellular localization 
p35s-Tu84:RFP pGWB454 Subcellular localization 

p35s-RFP pGWB455 Subcellular localization 
p35s-RD19:GFP pGWB451 Subcellular localization 

RD19cYFP-
Te84nYFP 

pBiFCt-2in1-CC Split-YFP 

RD19cYFP-
Tu84nYFP 

pBiFCt-2in1-CC Split-YFP 

CBL6-CIPK23 pBiFCt-2in1-CC Split-YFP 
CBL9-CIPK23 pBiFCt-2in1-CC Split-YFP 

RD19-prey pP6 Yeast two-hybrid 
Tu84-bait pB27 Yeast two-hybrid 
Te84-bait pB27 Yeast two-hybrid 

Supplemental Table 5.4 – List of primers used in this study 

Name Forward sequence 5’-3’ Reverse sequence 5’-3’ 
RD19-
P1P2 

GGGGACAAGTTTGTACAAAAAA
GCAGGCTTAATGGATCGTCTTA

AGCTTTATTTCT 

GGGGACCACTTTGTACAAGAAAG
CTGGGTCATGGGCGGTGGTTGA

GACGGTGGCT 
RD19-
P3P2 

GGGGACAACTTTGTATAATAAA
GTTGCTATGGATCGTCTTAAGC

TT 

GGGGACCACTTTGTACAAGAAAG
CTGGGTAATGGGCGGTGGTTGA

GAC 
Te84-P1P4 GGGGACAAGTTTGTACAAAAAA

GCAGGCTTAATGAAATCAAACA
GTGAGCTC 

GGGGACAACTTTGTATAGAAAAG
TTGGGTGAAGTGATTGTTCGGCA

TC 
Tu84-P1P4 GGGGACAAGTTTGTACAAAAAA

GCAGGCTTAATGTCATCAAACA
GCGAGCTCT 

GGGGACAACTTTGTATAGAAAAG
TTGGGTGGGCTGATTTTTCAACA

TCTGCT 
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Chapter 6 - General Discussion 

I began this thesis by describing the responses that plants exhibit when infested by 

spider mites, animals that rank among the most problematic pests of field and 
greenhouse crops worldwide. As soon as a spider mite attack is perceived, plants 

respond by mounting anti-mite defenses to protect their tissues against the mite’s 

feeding activities. In tomato these defenses are organized in sequence, for example 

during the first days of infestation tomato plants produce enzymes that generate 

toxins such as polyphenol oxidases, but then shift to the production of anti-digestive 

compounds such as proteinase inhibitors, while entering senescence at the late 
stages of the infestation (Chapter 2). This concert of defense responses is 

coordinated via a sophisticated signaling network in which the plant hormones 

jasmonate (JA) and salicylate (SA) are the main conductors. To subsist on their hosts 

some spider mites evolved the means to reduce inducible JA- and SA-related 

defenses such that the detrimental effects are diminished, thereby maximizing their 

fitness on hostile hosts. In this thesis I have uncovered a mechanism by which spider 
mites accomplish suppression of plant defenses. I showed that spider mites secrete 

salivary proteins which they deliver to their feeding substrate via their stylets 
(Chapter 4). I showed that some of these salivary proteins interfere with plant 

defenses and boost spider mite fitness (Chapter 3), possibly by interacting with one 

or more hubs in the signaling network that orchestrates the plant’s immune system 
(Chapter 5). Hence these protein function as effector proteins. Thereby, spider mites 

join the extensive and expanding group of plant parasites that use effector proteins 

to modulate processes of their hosts. 

How spider mite salivary proteins fit into the mechanics of feeding and the 
induction or suppression of plant defenses 

To feed on the (watery) contents of plant cells, spider mites assemble their stylets 

into a needle-shaped structure which they protract into the leaf tissue. Doing so they 

probably pass by the epidermal layer without feeding from the punctured cells until 

mesophyll cells (parenchyma) are reached. Fluids from these cells are released by 

turgor pressure and this is probably facilitated by the mite’s pharyngeal pump: a 
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muscle attached to the esophagus and the stylophore which moves up and down 

during feeding. Plant fluids then enters the mite’s oral cavity (possibly not via the 

stylet) after which it reaches the digestive system. Mite-injured cells can be entirely 

or partially emptied and collapse, leaving a partially-empty space (basically an 

enlarged apoplast) in which often cell debris such as cell wall fragments or starch 

grains remain (Albrigo et al., 1982). It has been proposed that saliva is conveyed 
into the feeding site via the mite’s stylets (Avery and Lacey 1968; Storms et al. 1971), 

but the evidence comes exclusively from anatomical studies (Alberti & Crooker, 
1985). In Chapter 3 we predicted some spider mite salivary proteins from genome 

and transcriptome data sets and characterized these for their effect on plant 
defenses and mite performance, and in Chapter 4 we validated their occurrence in 

salivary secretions by analysis of artificial diet on which mites had fed. The function 

of this saliva is unknown. Possibly saliva is delivered to mite-injured cells to perform 

pre-oral digestion, that is, to degrade components of plant cells such as the plant cell 

wall, organelles, and proteins, prior to ingestion which was suggested by Mothes and 

Seitz (1982). The presence of putative cell-wall-degrading and proteolytic enzymes 
in salivary secretions support the hypothesis of pre-oral digestion (Chapter 4). 
However, the cells/minute feeding rate of mites can be high (estimated at around 

20+2 according to Jeppson et al., 1975) giving pre-oral digestion only a small window 

of time to take effect. Possibly this feeding rate is determined by the degree in which 

pre-digestion is necessary and differs across plant species or cultivar. Alternatively 

I could also think of a scenario where the mite first injects multiple cells—or their 

apoplasts—at the feeding site with saliva before emptying them quickly one by one. 

Any event that occurs when mites are feeding on mesophyll cells might be 

perceived by the plant as a signal to initiate defenses. Such defense induction 

signals can be: 1) the physical damage provoked by piercing-and-sucking behavior 

of the mite on mesophyll cells which can elicit non-molecular wounds signals such 

as hydrostatic pressure changes (Farmer et al., 2014); 2) host-plant components 

released from damaged or collapsed mesophyll cells such as intracellular 

organelles, cell-wall fragments, or other types of molecules, which might be 

perceived as damage associated molecular patterns (DAMPs) (Heil, 2009) and be 



Summary  193 

recognized by DAMP receptors; and 3) herbivore associated molecular patterns 

(HAMPs) that might originate from the mite’s saliva, and which might be perceived 

by HAMP receptors (Mithöfer & Boland, 2008). These signals then are probably 

perceived by the injured cells themselves or by uninjured cells bordering the injured 

ones at the feeding site after which these cells switch to a an alternative metabolic 
program to mount JA and SA-related defenses (Chapter 2). Presumably, when 

mites then feed on the adjacent induced mesophyll cells, they encounter cells that 

are overall less nutritious and possibly toxic food (defense active cells).  

Figure 6.1. Induction and suppression of plant defenses by spider mite feeding. Model 

of induction and suppression of plant defenses by spider mites. In (A) spider mite feeding 

provoke perturbations in attacked mesophyll cells which might signal to uninjured cells to set 

up defenses against subsequent mite feeding. Also, suppressor defense agents (effectors) 

might be conveyed to the feeding area by spider mites to outcompete elicitor signals. In (B) 

inducer spider mites feed on cells that successfully mounted defenses. In (C), suppressor 

spider mites feed on cells that could not mount defenses. The apoplast in B and C is shown 

enlarged to denote emptied mesophyll cells.  EC: Epidermal cell, M: mesophyll layer, IC: 

Injured cell, A: apoplast. 
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However, I have also shown that Tetranychus evansi mites and some mite 

strains of T. urticae can suppress the plant defenses elicited by feeding downstream 
of the phytohormone accumulation (Chapter 2). We can expect that induction and 

suppression co-occur and hence compete and that suppressor mites use defense 

suppressing agents to interfere with the defenses mounted at the uninjured cells. 

This model of induction and suppression of defenses by mite feeding is illustrated in 
Figure 6.1.The central hypothesis in this thesis is that mite secrete effector proteins 

via their saliva that act as defense suppressor agents. While a T. urticae mite may 

puncture and ingest around 20 mesophyll cells per minute (Jeppson et al., 1975), 

plant defenses can take hours to days to become visible: this suggests that, like pre-

digestion, it is unlikely that spider mites primarily use salivary secretions to suppress 

the defenses of the exact cell on which they are feeding. This is in contrast with 

phloem-feeding insects such as aphids, which can spend hours or even days feeding 

from the same sieve element (SE, a specialized plant cell), during which aphids 

periodically secrete saliva to the same cell to suppress its defenses (Elzinga et al., 

2014, Will et al., 2007) such as SE clogging (Tjallingii, 2006, Furch et al., 2015), 

among other host-defense suppressive functions.  

While I demonstrated the existence of mite salivary effector proteins it 

remains unclear in which plant compartment these might operate. I expect that some 

spider mites effectors function inside plant cells but also others could do their work 

in the plant apoplast. Next I will explore both alternatives. 

If spider mite effectors operate inside host uninjured cells (as we assumed 
in Chapter 3), effectors then must translocate to or into these cells. Translocation 

into uninjured cells could be achieved in a similar way as some plant-pathogenic 

oomycete effectors do, i.e. by exploiting the plant’s endocytic pathway (Kale et al., 

2010), which would require mite effectors to transit through the apoplast. 

Alternatively, after being injected in injured cells, salivary effectors could travel to 

uninjured cells by exploiting the host’s cell-to-cell transport, i.e. plant’s 

plasmodesmata. As example, two effectors of the oomycete pathogen Magnaporthe 

oryzae were shown to move cell-to-cell in rice (Khang et al., 2010). However, the 
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time constraints for these processes to occur relative to the mite’s feeding speed and 

the speed of subsequent cellular collapse are unclear at this stage. 

Some spider mite effectors might instead operate via the plant’s apoplast. 

As earlier mentioned, in plant pathology the apoplastic space of uninjured cells, in 

which DAMPs and MAMPs (microbe-associated molecular patterns) often 

accumulate, is a crowded interface between effectors and elicitors on the one hand 

and cell-surface receptors that can recognize these on the other. Hence, also spider 

mite effectors could be typically targeted to key defensive processes in the host’s 
apoplast in order to prevent early recognition of HAMPs/DAMPs by uninjured cells 

located at the feeding site. For example, filamentous plant pathogens deploy a 

number of apoplastic effectors that avoid chitin fragments or oligosaccharides from 

their cell walls, generated by the plant’s defensive chitinases and glucanases, to 

elicit host-immunity responses. These effectors disrupt the processes that produce 

these elicitors, for instance by directly inhibiting the plant’s chitinases (de Jonge et 

al., 2010). Apoplastic effectors from filamentous plant pathogens often are rich in 

cysteine residues that form disulfide-bonds. This increases their resistance to 

defensive proteases of the host (van den Burg et al., 2003), which are abundant in 
the plant apoplast. Most of the salivary proteins I found in Chapter 4 do not have 

abundant cysteine residues, suggesting that these proteins may function 

intracellularly. Yet, we did found some cysteine-rich protease inhibitors in the mite’s 
salivary secretions that could potentially inhibit such apoplastic proteases to shield 
effectors from getting degraded in the apoplast. Additionally in Chapter 5 I report 

that the spider mite salivary proteins Te84 and Tu84 interact with two plant cysteine 

proteases, RCR3 and RD19, in yeast-two hybrid assays, particularly at the activation 

domains of these proteases. These effectors might prevent the activation of these 

plant proteases, either in the apoplast (like RCR3) or intracellular (like the vacuolar 

RD19). Also some vacuolar proteases might end up in the apoplast after the attacked 

mesophyll cell has collapsed, although this might only occur if mites do not always 

drink up the entire cell fluid. The plant vacuole is rich in antimicrobial compounds 

and proteases, which have been shown to be released to the apoplast to kill invading 

pathogens after plants activate programmed cell death (Hatsugai et al., 2009).  
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In summary, I cannot exclude (nor confirm) any particular localization of 

spider mite salivary effectors in plants. Therefore, in which host cells defense 

suppressor signals operate and how these signals reach those cells remains to be 

investigated. 

Expanding the concept of a spider mite effector 

Effectors molecules have been described in all major groups of plant parasites, 

including viruses, biotrophic and necrotrophic microbial pathogens, nematodes, 

spider mites (this thesis) and insect herbivores. Among such a large diversity of 

parasites we found different host invasion strategies, hence not surprisingly the 

criteria by which researchers define a particular effector repertoire of a given plant 

parasite also greatly varies. In consequence, a variety of “effector” definitions are 
found in the phytopathology literature. To account for this lack of consensus, a 

comprehensive and parasite-oriented effector concept has been proposed: an 

effector is a parasite-born molecule that interact with one or more host components 

to aid the parasite to establish symbiosis with its host (Hogenhout et al., 2009, Cook 

et al., 2015).  

Under that broad effector concept, a number of spider mite salivary proteins 
that we found in Chapter 4 but that did not make into the final list of candidate 

effectors (Chapter 3), likely are or potentially can become effectors. Cell-wall-

degrading enzymes, such as β-galactosidase, which is a constituent of the spider 
mite saliva (Chapter 4), are effectors as they facilitate parasitism by functioning on 

a host component. Furthermore, salivary enzymes not performing a direct function 

on host metabolism, such as proteases that degrade plant proteins for pre-digestion, 

could become effectors by developing a new function (neo-functionalization). For 

example, Glucanase Inhibitor Proteins (GIPs), secreted by species from the 
oomycete genus Phytophthora, are similar to chymotrypsin serine proteases but 

have lost the catalytic triad. Instead, GIPs function evolved from protease to enzyme 

inhibitor, particularly to protect the pathogen by disrupting plant endoglucanases that 

digest pathogen cell walls (Damasceno et al., 2008).  
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Some effector-coding genes, such as GIPs, have been shown to be subject 

of positive selection, a hallmark of genes involved in a co-evolutionary arms race, 

which is a feature that might be common among most effector-encoding genes—

pathogen effectors are under strong selective pressure to evade recognition by host 

receptors while also to maintain virulence activity on a host target. The fact that 

effectors are usually product of fast-evolving genes likely explains why 
experimentally-proven effectors often lack conserved features at the protein level, 

and that comprises functionally studied effectors of most plant parasites, including 

insect herbivores (Pitino & Hogenhout, 2013). Consequently, effector-discovery 

pipelines have been often designed to select for secreted proteins lacking functional 

annotations, a practice that neglects effectors possessing conserved features, such 

as GIPs, to favor unannotated effectors that (seemingly) are much more frequent 
(Sperschneider et al., 2015). I adopted that prevalent practice in Chapter 3, hence 

the effector concept was restricted as to prioritize the characterization of spider mite 

salivary proteins that most likely could explain how these mites achieve host-defense 
suppression. As I mentioned in Chapter 4, more recently, to reveal rapid evolving 

effectors, bioinformatics pipelines now incorporate gene evolution rates as criteria—
i.e. the ratio of nonsynonymous over synonymous nucleotide substitutions (dN/dS

ratio) calculated among a set of homologous genes—instead of using the related but

vague lack of annotation based on homology search. The availability of genome

sequences of other mite species likely will increase in the coming years, which can

provide the data necessary to improve effector predictor pipelines by avoiding or
replacing some of the arbitrary criteria that I used in Chapter 3. Also gene silencing

in mites might be feasible (Khila & Grbić, 2007). This technique should be exploited

to assess the role of the numerous salivary enzymes that were not studied in this

thesis, some of which might be important virulence factors, and as I will explore next,

these might serve as probes to bring anti-mite resistance in plants.

Host proteins interacting with spider mite effectors—an opportunity for plant 
breeding 

Many crops of agricultural relevance are susceptible to spider mites. High mite 

population densities and sustained infestation can lead to leaf chlorosis, defoliation 
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and eventually plant death (Tomczyk & Kropczynska, 1985). Also spider mite feeding 

can affect fruit value by causing cosmetic damage—which in tomato is known as 

“gold fleck” (Meck et al., 2013). Agricultural practices to control spider mite 

populations largely rely on the use of agrochemicals, which often partially or 

completely fail since these mites can quickly develop resistance to a variety of 

acaricides and broad-range insecticides (Van Leeuwen et al., 2010, Van Leeuwen 
et al., 2015). Natural enemies of spider mites, principally predatory mites, are also 

commonly used to control populations of these herbivores, although this form of 

biological control is mostly restricted to greenhouse crops (Gerson et al., 2003). 

Cultivated tomato is particularly susceptible to spider mites such as T. urticae and T. 

evansi, nevertheless natural resistance to spider mites have been shown for a 

number of wild tomato species, such as Solanum pennellii (Saeidi et al. 2007) and 

S. habrochaites (Snyder et al., 2005). In contrast to cultivated tomato, these wild

relatives are notorious for the higher density and diversity of their glandular trichomes

(Saeidi et al., 2007), which also results in a larger array of biochemical compounds

released from these epidermal structures, some of which are toxic (Chatzivasileiadis

& Sabelis, 1997) or repellent (Maluf et al., 2001) to spider mites. However, to
incorporate such defense-related traits into cultivated tomato varieties without

affecting yield or fruit characteristics is a labor-intensive, time-consuming, and

expensive process (Fernandez et al., 2003). Moreover, ideally introgressed

defensive compounds should be mainly produced when the plants need it, i.e. when

mite infestation takes place, but infestation by mites that suppress defenses might
not elicit the production of these allelochemicals (Chapter 2). In this section I will

outline the novel possibilities that the discovery of mite effector proteins and their

host-protein interactors brings to plant breeding for mite resistance.

Plant parasites need to evolve sophisticated strategies to subsist on their 

hosts. Plants do not easily give up resources to invaders, hence parasites must 

possess the skills to manipulate processes and the physiology of their host plants in 

order to obtain their food. Effector proteins are thought to be the main agents that 

parasites employ to manipulate their host plants (Effector Triggered Susceptibility, 

ETS). Conversely, reliance on effector proteins can also give away the parasite, 
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conceding plants a way to specifically recognize and initiate protection against their 

enemies (Effector Triggered Immunity, ETI), or to shut down the weaknesses that 

made them vulnerable (susceptibility (S)-genes). These two forms of plant 

resistance, i.e. ETI- and S-gene mediated resistances, have been applied by 

generations of plant breeders to increase protection of domesticated plants against 

diseases and pests. That spider mites secrete effector proteins raises the chance 
that these types of plant resistance also operate against these herbivores (Figure 
6.2). 

Figure 6.2. Hypothetical scenarios in which spider mite effectors might elicit plant 
resistance or susceptibility. In (A) spider mite elicitors (DAMPs, HAMPs) are perceived by 
plant receptors (such as RLKs) which activate plant defenses (DAMP Triggered Immunity, 
HAMP triggered immunity). In (B) spider mite effectors (e.g. potentially Tu84) disrupt RLK 
function thereby suppressing the activation of plant defenses (Effector Triggered 
Susceptibility). In (C) spider mite effectors are recognized by intracellular NLR proteins (e.g. 
potentially Te28 by an N. tabacum R-gene), which activate plant defenses (Effector Triggered 
Immunity). In (D), spider mite effectors target host components that promote mite performance 
(Susceptibility genes), for example tomato RCR3 that is potentially targeted by Te84. Finally 
in (E), modification of the S-gene disrupt its binding to the mite effector, hence losing 
susceptibility (S-gene mediated resistance). 

ETI underlies the gene-for-gene model that explains compatibility in plant-

pathogen interactions (Flor et al., 1955). According to this model, plant resistance 

(incompatibility) occurs when a pathogen carries an avirulence (Avr) gene that is 

matched by a plant resistance (R) gene which activates plant immunity. In case of 

an absence of one or both of these components (i.e. Avr and/or R genes), the 
pathogen wins as it is not being recognized and plants do not mount defenses 
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(compatibility). The gene-for-gene model improved when the virulence function of 

the proteins encoded by Avr genes was demonstrated, thereafter, when referring to 

these pathogen proteins, the term “effector” instead of “Avr” was preferred. The 

products of plant R genes have been also identified, the majority of which encode 

for intracellular Nucleotide-binding Leucine-Rich Repeat (NLR or NB-LRR) 

receptors. NLR-mediated immunity has been extensively reported in plant-pathogen 
interactions, in which NLRs recognize effectors, either directly or by monitoring 

effector activities, after which the pathogen is defeated often by a form of 

programmed cell death at the site of infection [hypersensitive response (HR)].  

Plants NLRs do not only bring resistance against microbes, but also against 

pests such as nematodes (Lozano-Torres et al., 2012, Rossi et al., 1998), aphids 

(Villada et al., 2009, Li et al., 2006) and gall midges (Harris et al., 2012). R-gene-

mediated HR-like responses were shown to affect the development of gall-midges 

at larvae stages (Stuart et al., 2012) and the feeding behavior of aphids (Villada et 

al., 2009). The discovery of effectors in these pest species expanded the applicability 

of the effector-NLR paradigm to the interaction of plants with non-microbial plant 
parasites. However, as I suggested in Chapter 3, HR-like responses might not be 

effective against herbivores that frequently change their feeding sites such as spider 

mites. Still some NLRs could initiate defenses against herbivores that culminate in 

defensive tactics other than HR, such as premature leaf senescence which was 
shown to protect Arabidopsis plants against aphids (Pegadaraju et al., 2005), which 

might be effective against mites as well. Ectopic expression of the T. evansi effector 

Te28 in leaves of N. benthamiana provoked severe chlorotic symptoms to which we 

associated the lower performance of spider mites on leaf-discs expressing this 
salivary protein (Chapter 3). Interestingly, the expression of Te28 in N. tabacum 

resulted in cell death (Chapter 3), which points to a possible recognition of this mite 

effector in this Nicotiana species, potentially by an R-gene (Figure 6.2C). In 

conclusion, further research on spider mite effectors might reveal plant R-genes that 

mediate ETI against these herbivores, which next can be incorporated into crops to 

increase their protection against mites.  
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A second type of resistance that can be related to effector proteins is that 

mediated by susceptibility (S)-genes. S-genes are defined as host genes that by their 

activities support or promote parasitism (Schie & Takken, 2014). Plant resistance 

occurs when an S-gene is mutated (loss or modified), after which the plant becomes 

a difficult host to a limited or a broad-spectrum of parasites depending on the S-

gene. S-genes are in general different to R-genes in at least three aspects: 1) R-
genes are usually dominantly inherit while most S-genes are recessive; 2) R-genes 

encode typically for NLR proteins, while S-genes do not encode for any specific type 

of protein yet only those that facilitates parasitism; 3) in crop protection, resistance 

mediated by a mutation of an S-gene is thought to be more durable than the 

resistance mediated by the introgression of R-genes (Schie & Takken, 2014). The 

third point is explained by the relative easiness for pathogens to break resistance 

mediated by a single R-gene, which pathogens can avoid triggering by losing or 

modifying the effector that is being recognized. In contrast, pathogens need to evolve 

novel strategies in order to overcome the loss of a host component that was 

supporting parasitism, which can be harder to achieve compared to just modifying 

an effector.  

Some host genes encoding for proteins targeted by effectors can be 

considered as S-genes (Gawehns et al., 2013). For instance, the Pseudomonas 

syringae effector AvrB inactivates plant immunity by phosphorylating RIN4, after 
which RIN4 function as a negative regulator of PTI in Arabidopsis (Chung et al., 

2014). Also the apoplastic PLCP RCR3pimp of Solanum pimpinellifolium is a potential 

S-gene that mediates tomato susceptibility to nematodes carrying the effector VAP1, 

which targets RCR3pimp and inhibits its protease activity (Lozano-Torres et al., 2012). 

Cultivated tomato plants carrying the RCR3pimp allele were more susceptible to 

nematodes than those carrying the RCR3lyc or a null mutant allele (rcr3-3) (Lozano-

Torres et al., 2012), hence RCR3pimp fulfils the S-gene definition. We have shown 
that RCR3lyc is potentially targeted by the T. evansi effector Te84 (Chapter 5). If T. 

evansi mites perform better on tomato RCR3lyc than on rcr3-3 plants then this mutant 

allele can be used in breeding to bring S-gene mediated resistance to T. evansi 

(Figure 6.2E). In the same way, by discovering other plant proteins targeted by 
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spider mite effectors, more potential S-genes could be revealed. However, not all S-

genes can be applied in breeding. For example, if an S-gene encodes for a 

constitutive negative regulator of plant immunity its loss of function can result in 

decreased crop yield and other unwanted effects due to constitutive defenses 

(Lorrain et al., 2003). Also, mutating some S-genes can bring resistance to certain 

pathogens but simultaneously could reduce protection against other parasites 
(Robert-Seilaniantz et al., 2011). Novel technologies in precise genome editing, such 

as the very effective and accessible CRISPR-Cas9 system (Jinek et al., 2012), offer 

powerful tools by which S-gene nucleotide sequences can be careful altered to 

produce proteins that elude effectors while to still function properly. Such a feat was 

recently accomplished on the jasmonate-Ile receptor COI1, which is hijacked by the 

effector coronatine secreted by some strains of P. syringae to diminish harmful SA 

responses by stimulating the antagonistic JA pathway (Brooks et al., 2005). A single 

targeted amino acid substitution was sufficient to diminish COI1 affinity to coronatine 

while to still properly regulate JA-signaling, which resulted in plants showing 

resistance to P. syringae and maintaining COI1-dependent crucial functions, such 

as flowering and anti-herbivore defenses (Zhang et al., 2015).  In conclusion, host 
proteins targeted by spider mite effectors are promising genetic elements which can 

further expand the repertoire of known plant traits that give resistance to these 

herbivores, yet a careful assessment of the pleiotropic effects that might occur after 

mutating an S-gene is required prior to its incorporation into crops.  

Conclusions and perspectives 

In this thesis I have provided multiple evidence for the existence of salivary 

effector proteins in spider mites, yet a comprehensive description of the mechanism 

by which these herbivores achieve suppression of plant defenses remains to be 

elucidated. The array of salivary proteins that spider mite secrete into plants suggest 

that the suppression mechanism likely involves many effectors, which presumably 

operate on many different nodes of the plant defense network. Also some effectors 

of generalist mites, such as T. urticae, might have optimal activity only in certain host 

plant species or families, and this should be always considered when describing 

effectors activities on specific hosts. Instead, specialist spider mites such as T. 
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evansi presumably possess a smaller arsenal of effectors as they colonize a lower 

diversity of host plants. I hypothesize that T. evansi effectors outperform effectors of 

T. urticae in manipulating processes of tomato plants, which would explain why the 

former is a better suppressor of tomato defenses. The work presented in this thesis 

has opened up new lines of research in the study of the interaction between plants 

and phytophagous mites. Several mite species constitute pest of plants that are 
important in agriculture, including many species of spider mites and the microscopic 

mites of the Eriophyoidea, all of which might use effectors to defeat their host plants. 

I expect that future research will reveal more mite effector proteins and also the 

mechanisms by which these proteins manipulate plant processes.  
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Summary  

Plants constitute an ample source of nutrients for a diversity of organisms that 

include viruses, microbes, nematodes, insects, and mites. To protect their resources, 
plants possess a robust immune system that establishes structural and biochemical 

defenses to fight invaders. Some of these defenses are highly effective but often are 

very costly to sustain. Thus plants have developed inducible defenses, i.e. they are 

only produced when needed, regulated by a highly interconnected network in which 

hormones and protein hubs play important roles. However, plant diseases and pest 

outbreaks still occur. Many successful plant parasites manipulate the regulation of 

their host inducible defenses, and often they do so by employing specialized 

secreted proteins that sabotage the plant immunity network. In phytopathology these 

proteins are known as effectors. In this thesis I have discovered an arsenal of effector 

proteins in spider mites, particularly in the saliva of two spotted spider mite 

(Tetranychus urticae) and the red tomato spider mite (T. evansi), both of which are 

problematic pests in agriculture. These small herbivores are able to suppress plant 
defenses, particularly those regulated by the phytohormones jasmonic acid (JA) and 

salicylic acid (SA), and in this thesis I postulate that spider mites likely achieve such 

feats by using their effector arsenal.  

 Not all spider mites are capable to suppress plant defenses. In Chapter 2 I 

showed that when the T. urticae strain Santpoort-2 fed on cultivated tomato 

(Solanum lycopersicum), these plants accumulated JA and SA and induced the 

expression of defense-related genes to levels that were detrimental to spider mites. 

Instead, two spider mites that were able to suppress tomato defenses, i.e. T. urticae 

DeLier-1 and T. evansi Viçosa-1, induced relatively lower levels of JA and SA and 

their downstream related genes. Remarkably, when Santpoort-2 infested a tomato 

leaflet together with one of these suppressor mites, the reproductive rate of 

Santpoort-2 increased, which suggested that suppressor mites were also able to 

diminish the induction of defenses provoked by Santpoort-2 feeding. These co-

infested tomato plants accumulated JA and SA to levels similar to those achieved 
when only Santpoort-2 was feeding, but the downstream defense-related genes 

were clearly expressed at lower levels, which led us to suggest that suppressor mites 
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achieve suppression of tomato defenses downstream of JA and SA accumulation. 

These observations solicited the investigation of the molecular mechanism that could 

explain how mites manipulate host defenses. Revealing the molecular weapons that 

spider mites could use to manipulate their host plants was the main objective of this 

thesis. 

 Effector proteins have not yet been reported in the Acari, the taxon to which 

mites belong, instead they have been extensively studied in plant microbial 

pathogens and recently in animal pests such as nematodes and insect herbivores. 
The arsenal of effector proteins of a given plant parasite can be uncovered by 

exploring its genome and/or transcriptome. These large datasets can be reduced to 

a short list of candidate genes that show high potential to function as effectors, 

particularly by applying on these datasets a series of filters that select for effector-
coding genes. To discover spider mite effectors, in Chapter 3, I performed such a 

filtering pipeline on the genome of T. urticae and the transcriptome of T. evansi. 

Doing so I discovered five protein families (19, 28, 84, 90, and 128) that showed 

some features common in effector proteins. I also showed that members of these 

protein families were specifically produced in the salivary glands of spider mites 

during their feeding stages. The possible function in planta of these candidate 

effectors was then assessed by ectopically expressing them in Nicotiana 

benthamiana. The expression of the members of the families 28 and 84 provoked 
chlorosis in N. benthamiana leaves. Moreover, three of these members—T. urticae’s 

Tu28 and Tu84, and T. evansi’s Te84—improved the performance of T. urticae 

Santport-2 on N. benthamiana. Collectively these data strongly indicated an active 

role in plants of these salivary proteins, hence the proteins from families 28 and 84 

constituted the first effectors reported in the Acari. I also showed that SA-related 

genes were downregulated by the expression of these candidate effectors, and that 

occurred despite of SA accumulation. A role of SA in protection against spider mites 

was further shown by the higher reproductive rate of Santpoort-2 mites on tomato 

transgenic plants that were unable to accumulate SA (nahG tomatoes). Spider mites 

are known to be susceptible principally to defenses regulated by JA, but the results 
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shown in Chapter 2 and 3 suggest that SA-related defenses are an important 

positive player as well.    

 The existence of the effectors predicted in Chapter 3 in the mite saliva was 

demonstrated in Chapter 4. In that chapter the protein composition of an artificial 

diet on which mites were allowed to feed, hence likely containing the spider mite 

salivary proteome, was profiled by mass spectrometry. In these secretions we found 
peptides corresponding to all effectors predicted in Chapter 3, but also several other 

secreted proteins that did not make into the candidate effector list. We found some 
salivary enzymes such as proteases and hydrolases that suggested that spider mite 

use saliva to predigest their food immediately at the site of feeding. But many of the 

proteins found in saliva did not show homology to any protein sequence stored in 

public databases. That may indicate that many spider mite salivary proteins are 

specialized in manipulating plants processes.  

 Although we found salivary effector proteins that affect plant defenses and 

promote mite fecundity, an explicit molecular mechanism that shows how these 

proteins operate was not yet revealed. In an attempt to begin exposing that 
mechanism, in Chapter 5 I searched for the plant proteins that are possibly targeted 

by the spider mite effectors Te84 and Tu84. Several candidate interactors were 

found in two yeast-two-hybrid screens which were performed in the model plant 

Arabidopsis thaliana and in cultivated tomato. Only two group of proteins were 

common in both screens: Papain-Like Cysteine Proteases and Receptor Like 

Kinases. The particular cysteine proteases identified, RCR3 and RD19, have been 
previously shown to be targeted by effectors of other unrelated plant parasites. 

These findings might further expand an emergent hypothesis that has been 

proposed in phytopathology which postulates that unrelated plant parasites might 

target a common core of signaling hubs to subvert plant processes.  

In summary, the discovery of several spider mite salivary effector proteins, 

and also of their putative plant targets, has opened an immense new field of study 

in the plant-mite interaction, which probably in the future will expose fascinating 

molecular mechanism by which these crafty herbivores manipulate their host plants. 
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Finally, as I discussed in Chapter 6, the discovery of mite effectors and their plant 

targets has the potential to bring novel genetic resources to breeding towards crop 

resistance against spider mites by the incorporation of improved traits that fight back 

defense manipulation.  
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Samenvatting 

Planten zijn een bron van voedingsstoffen voor een grote diversiteit aan organismen 

zoals microben, nematoden, insecten en mijten. Om hun voedingsstoffen te 
beschermen tegen deze indringers gebruiken planten een robuust immuunsysteem 

opgebouwd uit fysieke en biochemische componenten. Sommige van deze 

verdedigingsmechanismen zijn zeer effectief kunnen ook veel energie kosten. 

Planten hebben daarom voor sommige vormen van verdediging ‘induceerbaarheid’ 

ontwikkeld zodat activatie alleen ontstaat wanneer het echt nodig is. Deze 

geïnduceerde verdediging wordt geïnitieerd en gecoördineerd via verschillende, aan 

elkaar verbonden, netwerken waarin fytohormonen en signaleringseiwitten een 

belangrijke rol spelen. Echter, ondanks deze verdedigingsmechanismen ontstaan 

plant-specifieke ziektes en plagen nog steeds. 

Veel indringers manipuleren succesvol de regulatie van het geïnduceerde 

verdedigingsmechanisme van de plant. Vaak gebruiken ze hiervoor speciale 

eiwitten, waarmee ze het immuunsysteem van hun gastheer kunnen saboteren. In 

de fytopathologie worden deze eiwitten ook wel ‘effectoren’ genoemd. In dit 

proefschrift beschrijf ik de ontdekking van speeksel-specifieke effector eiwitten van 
de kasspintmijt (Tetranychus urticae) en de rode spintmijt (T. evansi), welke beide 

een plaag vormen op tal van gewassen. Met behulp van deze eiwitten kunnen deze 

kleine herbivoren de verdedigingsmechanismen van de plant onderdrukken, met 

name de mechanismen die gereguleerd worden door de fytohormonen jasmonzuur 

(JA) en salicylzuur (SA). In dit proefschrift laat ik zien dat spint gebruik maakt van 

effector eiwitten om onderdrukking van plantenverdediging te bereiken. 

Niet alle spintmijten kunnen de verdediging van de plant onderdrukken. In 

hoofdstuk 2 laat ik zien dat, in de gecultiveerde tomaat (Solanum lycopersicum), het 

spintmijt isolaat T. urticae Santpoort-2 de fytohormonen JA en SA induceert en 

vervolgens ook de bijbehorende verdedigingsgenen, tot niveaus die schadelijk zijn 

voor de spintmijt. Daarentegen is er een andere spintmijt isolaat, T. urticae DeLier-

1 en de mijt T. evansi Viçosa-1, die in staat zijn het verdedigingsmechanisme in de 



 

Samenvatting   212 

tomaat te onderdrukken. Deze twee spintmijten induceren relatief lage niveaus van 

JA en SA en lage expressie van de geassocieerde verdedigingsgenen. 

Opmerkelijk is dat wanneer een tomatenblad wordt geïnfesteerd door niet 

alleen Santpoort-2 maar ook een van de twee onderdrukkende mijten, dat de 

voortplantingssnelheid van Santpoort-2 dan wordt verhoogd. Dit suggereert dat de 

onderdrukkende spintmijt het verdedigingsmechanisme dat Santpoort-2 aanzet ook 

kan onderdrukken. Deze dubbel-geïnfesteerde tomatenplanten accumuleren wel 

normale geïnduceerde hoeveelheden JA en SA. Echter, de geassocieerde 
verdedigingsgenen komen duidelijk lager tot expressie. Dit suggereert dat 

onderdrukkende mijten het verdedigingsmechanisme van de tomatenplant 

beïnvloeden onafhankelijk van fytohormoon productie. Deze bevindingen waren 

aanleiding om te gaan onderzoeken via welk moleculair mechanisme de spintmijt 

het verdedigingsmechanisme van zijn gastheer onderdrukt. Het hoofddoel van dit 

proefschrift is dan ook het onthullen van de moleculaire “wapens” die een mijt kan 

gebruiken om zijn gastheer te manipuleren. 

Tot op heden zijn er nog geen effector eiwitten beschreven in de Acari: de 

groep geleedpotigen waartoe ook de spintmijt behoort. Daarentegen zijn 

effectoreiwitten uitgebreid bestudeerd in plant-microbiële pathogenen en recentelijk 

ook in nematoden en insecten. De eventuele aanwezigheid van effectoreiwitten in 

een plantparasiet kan ontdekt worden door het bestuderen van het genoom of 

transcriptoom van het organisme. Deze grote datasets kunnen gereduceerd worden 

tot een kleine lijst van kandidaat genen, die hoogstwaarschijnlijk functioneren als 
effector eiwitten door een serie van filters op deze datasets toe te passen die 

selecteren voor potentiele effector-coderende genen.  

In hoofdstuk 3 heb ik een serie van dergelijk filters toegepast op het genoom 
van T. urticae en het transcriptoom van T. evansi om daarmee potentiele spintmijt 

effectoreiwitten te ontdekken. Op deze manier heb ik 5 eiwit families (19, 28, 84, 90, 

128) geselecteerd die de karakteristieken vertonen van effectoreiwitten. Ook laat ik 

zien dat eiwitten van deze families specifiek geproduceerd worden in de 

speekselklier van de spintmijt. De mogelijke effecten van deze effector kandidaten 
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op een plant heb ik onderzocht door deze mijtengenen tot expressie te brengen in 

de plant Nicotiana benthamiana. De expressie van de effector kandidaten van familie 

28 en 84 veroorzaakten chlorosis (vergeling) in N. benthamiana bladeren. 

Belangrijker, drie van de kandidaten – T. urticae’s Tu28 en Tu84, en T. evansi’s Te84 

– verbeterde het reproductief succes van Santpoort-2 op deze N. Benthamiana 

bladeren. Deze data geven daarmee een sterke indicatie dat speekseleiwitten een 
actieve rol spelen in het onderdrukken van de verdedigingsmechanismen in planten. 

Hiermee zijn de eiwitten van familie 28 en 84 de eerste effectoren die gevonden zijn 

binnen de Acari. Ik laat ook zien dat de expressie van deze effectoren SA en de SA-

gerelateerde genen onderdrukken. Het idee dat SA een rol speelt in de afweer tegen 

spintmijt wordt versterkt door het feit dat Santpoort-2 een hogere 

voortplantingssnelheid heeft op transgene tomaten planten (nahG) die niet in staat 

zijn om SA te accumuleren in vergelijking met normale tomaten. Van spintmijt was 

tot nu alleen bekend dat ze gevoelig zijn voor JA-gereguleerde verdediging maar de 

resultaten in hoofdstuk 2 en 3 laten zien dat de SA-gerelateerde afweer ook bijdraagt 

aan de verdediging tegen spint. 

De aanwezigheid van effectoren in het speeksel van spint, zoals ik had 

voorspeld m.b.v. bioinformatica in hoofdstuk 3, wordt aangetoond in hoofdstuk 4. In 

dit hoofdstuk wordt de eiwitcompositie beschreven van een artificieel dieet waarop 

spintmijten hebben mogen voeden. Het artificieel dieet bevat daardoor 
speekseleiwitten van de spint en deze zijn geïdentificeerd door middel van 

Massaspectrometrie. Inderdaad zijn er peptiden gevonden die corresponderen met 

alle effectoren beschreven in hoofdstuk 3, maar ook verschillende andere eiwitten 

die niet in de lijst met effector kandidaten voorkomen. Er zijn ook speekselenzymen 

gevonden, bijvoorbeeld proteases en hydrolases, die suggereren dat spint speeksel 

gebruikt om het voedsel al (deels) te verteren voordat het de maag bereikt. Echter, 

veel van de eiwitten die gevonden zijn in het speeksel vertonen geen vergelijking 

met enig andere eiwit bekend uit de publieke databases. Dit kan een indicatie zijn 

dat veel speekseleiwitten van spint gespecialiseerd zijn, bijvoorbeeld in het 

manipuleren van verschillende plantprocessen.  
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Ondanks –de hierboven beschreven succesvolle identificatie van effectoren 

is hiermee nog niet het moleculair mechanisme waarmee deze eiwitten werken 

ontdekt. In een poging om dit mechanisme te ontrafelen heb ik, beschreven in 

hoofdstuk 5, gezocht naar planteneiwitten die waarschijnlijk interacteren met de 

spintmijt effectoren Te84 en Tu84. Door middel van een zogenaamde yeast-two-

hybrid screen zijn er verschillende plant (i.e. Arabidopsis thaliana en gecultiveerde 
tomaat) kandidaat interactoren gevonden. Slechts twee groepen eiwitten kwamen 

naar voren in beide screening: Papain-Like Cysteine Proteases en Receptor Like 

Kinases. Voor cysteine proteases, zoals de planteneiwitten RCR3 en RD19, is al 

eerder aangetoond dat deze interacteren met effectoren van andere niet-mijt plant 

parasieten. Deze bevindingen onderbouwen de hypothese dat deze niet-

gerelateerde plant parasieten en mijten een gemeenschappelijke plek in de 

signaalnetwerken van de plant aanvallen om zodoende plantprocessen te verstoren. 

Samengevat: de ontdekking van verschillende spintmijt speeksel-specifieke 

effector eiwitten en de planteneiwitten die ze mogelijk manipuleren heeft een nieuw 

onderzoekslijn gestart binnen het veld van de plant-spintmijt interactie. In de 

toekomst zal men naar verwachting het fascinerende moleculaire mechanisme aan 

het licht gaan brengen dat laat zien hoe deze pientere herbivoren het 

verdedigingsmechanisme van hun gastheerplant manipuleren. Ten slotte beschrijf 

ik in hoofdstuk 6 dat de ontdekking van spint effectoren de planteiwitten waarmee 
ze interacteren kan bijdragen aan het ontwikkelen en introduceren van gewassen 

die resistent zijn tegen spintmijt. 

 

 

 

 

 

 



 

About the author   215 

About the author 

Carlos Alberto Villarroel Figueroa was born on the 28th of February 1986 in Chillán, 

Chile. He graduated from high school (Colegio San Rafael, Los Angeles, Chile) in 
2003, after which he enrolled at the Universidad de Concepción (Concepción, Chile) 

to study Bioengineering. He did his bachelor thesis in the laboratory of Dr. Sofia 

Valenzuela researching cold stress in Eucaliptus globulus and defended his thesis 

in March 2010. In 2009 he got a full scholarship from the Chilean government to do 

a PhD abroad (BECAS CHILE), and he was accepted as a PhD student by the 

Faculty of Science of the Universiteit van Amsterdam (The Netherlands). He did his 

PhD thesis in the departments of Plant Physiology (SILS) and Molecular and 

Chemical Ecology (IBED). Carlos has now moved back to Chile where he plans to 

continue his scientific career. 

Publications 

CA Villarroel, W Jonckheere, JMA Alba, JJ Glas, W Dermauw, M Haring, T Van 
Leeuwen, RC Schuurink, MR Kant. (2015). Salivary proteins of the spider mites 
Tetranychus urticae and T. evansi suppress defenses in Nicotiana benthamiana and 
promote mite reproduction. The Plant Journal. Accepted Article. DOI: 
10.1111/tpj.13152 

M.R. Kant, W. Jonckheere, B. Knegt, F. de Lemos, J. Liu, B.C.J. Schimmel, C.A. 
Villarroel, L.M.S. Ataide, W. Dermauw, J.J. Glas, M. Egas, A. Janssen, T. van 
Leeuwen, R.C. Schuurink, M.W. Sabelis & J.M. Alba (2015). Mechanisms and 
ecological consequences of plant defence induction and suppression in herbivore 
communities. Annals of Botany, 115 (7), 1015-51 

Glas JJ, Alba JM, Simoni S, Villarroel CA, Stoops M, Schimmel B, Schuurink RC, 
Sabelis MW, Kant MR. (2014) Defense suppression benefits herbivores that have a 
monopoly on their feeding site but can backfire within natural communities. BMC 
Biol. Nov 18;12(1):98 

Alba JM, Schimmel BC, Glas JJ, Ataide LM, Pappas ML, Villarroel CA, Schuurink 
RC, Sabelis MW, Kant MR. (2014). Spider mites suppress tomato defenses 
downstream of jasmonate and salicylate independently of hormonal crosstalk. New 
Phytologist 205(2): 828-840.  

Fernández M., Villarroel C., Balbontín C., Valenzuela S. (2010) Validation of 
reference genes for Real-Time RT-PCR normalization during cold acclimation in 
Eucalyptus globulus.  Trees-Struct Funct 24:1109–1116. 

 



 

About the author   216 

Participation in book chapters 

Alba, JM, Allmann S, Glas JJ, Schimmel B, Spyropoulou E, Stoops M, Villarroel CA, 
Kant MR. "Induction and Suppression of Herbivore-Induced Indirect Defenses." In 
Biocommunication of Plants, edited by Günther Witzany and František Baluška, 14, 
197-212: Springer Berlin Heidelberg, 2012. DOI: 10.1007/978-3-642-23524-5_11 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Acknowledgements   217 

Acknowledgements 

Los Angeles, Chile, January 2016 

At the beginning of my PhD I was told that I would join two research groups, which 

were the Plant Volatile’s group led by Rob Schuurink and the Molecular and 

Chemical Ecology group led by Merijn Kant. Today I can say that that was awesome 

(although I had to take a double dose of lab meetings), principally because it allowed 
me to meet lots of interesting and kind people that helped and supported me during 

the four years that I spent in Science Park, and to all of you I will first dedicate these 

thesis last pages. 

 I want to thank to Rob, which was the first person that I met when I arrived 

to the Netherlands (and the last person that I saw when I left!). Thank you Rob for 

your excellent tutoring and the positive energies that you always gave me when we 

met. You usually were more cheerful than me whenever I showed you interesting 

results, and that was just one of the many ways in which you showed how much you 
cared as a supervisor.  I want to thank to Merijn (chief), which also showed some 

much care, effort, (and good humor) in tutoring me, especially considering how much 
obstinate I often can be. Also I want to thank to Michel Haring, which at many times 

was the needed voice that settled our thesis discussions. I’m very thankful for the 

opportunity to do science with you three, and for the confidence that you all showed 

me.  

 I met fantastic people in Rob’s group. Dear Eleni and Silke, four years of 

funny lunch breaks!, I always got a much appreciated friendship and help from you 
at the lab, I wish I could be half as organized as you are. My PhD mates, Alessandra, 

good luck with the spider mites!, Maaike, I hope you don’t give up Spanish nor 

bioinformatics, Fariza, thanks for that delicious (and spicy) Malaysian food,  Jiesen, 

keep being so smiley, and Ruy (the rock star). In the same group I had the chance 

to meet very good postdocs, Petra B. (my first lab tutor), Arjen, Aldana, Ahmed. 
Special mention to Marc (super french-latin dude), and Paula, thanks for helping me 

during my last months. Also I want to acknowledge Kim and Shan Li, two hard-

working bachelor students that did their final internship with me. Our neighbors at 



 

Acknowledgements   218 

the lipid lab, led by Christa and Teun, and their members and visitors Magda, 

Carlos G, Jacinto, Mabel, Fionn, Dorota, Steven, Jiorgios, Hector, Essam, 
Kelly. Thank you all for the good times. Of course everything was kept tidy and 

organized by the super technicians Ringo, Michel de Vries, Wendy, Lisa, and 

Selena. Finally, my good friends Xavi and Qian Qian (QQ, aka Sophia). Xavi, I hope 

our friendship does not die so keep coming to South America, and I hope I can go 
many times more to that amazing Barcelona to look for Alan and have some chupitos 

(and fight for its independence like my old uncle Villarroel did). I still miss the coffee 

breaks of course, especially those times when QQ arrived and did QQ things.   

 Now it is the turn to thank to all my friends from IBED. Juan, campeón, 

gracias por todo, fuiste muy importante al principio cuando apenas podía hablar 
inglés y bueno siempre estuviste disponible para todo. Bart, keep going ambitious 

in your career (including football), I admired that!. Joris, I think it’s time to go to the 

beach, and Jie, good luck with those ENODs. Also Merijn’s girls and boys, Livia, 

Rocio, Lin, Rashid, Miguel, Ernesto. Our collaborators from Belgium, Thomas, 

Wim, Nicky, Wannes. I feel lucky to have met Maus, an eminence in his field and 

very kind person. His PhD students Fernando and Alex, two very important friends. 

Fernando, we have to reunite the mousquetaires again soon!. Alex, it was beyond 

superb that we could know each other much more at my final year, (my sister keeps 
asking me to cook again and again the carbonara), πολλα φιλια!. Dear Heike and 
Karen, I always quite enjoyed your sense of humor. Also IBEDs Wagner, Yukie, 

Maria, George, Bram, Felipe, Rik, Nina, Josinaldo, Saioa, Firdevs, Pascaline, 
Arne, Martijn, Paulien, Isa. Thank you all 

 I appreciate all the help that I got from the phytopathology group, many times 

saving me weeks of work with much needed glycerol stocks. I got great scientific 
input from Frank, Ben, Harrold, and Martijn R. Thank you Petra H., Hanna, and 

Giorgios (long-time lunch friend) for your help. PhD colleagues and repeatedly cake 

and drinks companions Mara, Magda M, Ido, Valentine, Shermineh, Lingxue, 

Xiaotang, Peter, Fleur, Francesca, and PDs Sarah, Lotje, Chris, Like. The 

greenhouse staff countless times helped me by doing my sowing petitions, thank you 
Harold, Ludek and Thijs.  Also thanks to my UvA friends Christian (my dear 



 

Acknowledgements   219 

flatmate, chupitos!), Kathrin, and Iris. Finally I want to acknowledge my 

“Amsterdamse” friends, especially Miruna, 4 years living together, I consider you my 

third sister! Also I will keep very good memories from my good old friend Jeffrey.  

 Finalmente quiero dedicar las últimas palabras a los incondicionales: mi 
familia, papá y mamá, mis hermanas Daniela y Sole, y los nuevos miembros Victor 
y mi querida sobrina Emilia.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Acknowledgements   220 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


		2016-03-09T10:30:47+0100
	Preflight Ticket Signature




