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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-



Chapter 2  60 

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 




