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General introduction
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Kant, M.R., Jonckheere, W., Knegt, B., Lemos, F., Liu, J., Schimmel, B.C.J.,
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Van Leeuwen, T., Schuurink, R.C., Sabelis, M.W., Alba, J.M. (2015)
Mechanisms and ecological consequences of plant defence induction and
suppression in herbivore communities. Annals of Botany 115, 1015-1051
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As primary producers, plant are beset on all sides by organisms trying to
obtain the plant’s hard-earned nutrients. These organisms include pathogenic bacteria and fungi (Jones and Dangl, 2006), nematodes (Haegeman et
al., 2012; Jones and Dangl, 2006) and vertebrate (Tomlinson et al., 2016) or
arthropod herbivores (Hilker and Meiners, 2010). Plants, however, evolved
numerous defenses to deal with these attackers. In this general introduction, I summarize how the plant defense system works and illustrate how
arthropod herbivores evolved to deal with these defenses. Later on in this
chapter, I focus on herbivorous spider mites (Acari: Tetranychidae), of
which the most polyphagous member, Tetranychus urticae, is the protagonist
of this PhD thesis. By first presenting the diverse adaptations of plants and
their attackers in general, I aim to highlight the extraordinary achievement
of T. urticae to thrive on an extremely wide range of host plants (FIGURE
1.1). This requires a plethora of strategies, including detoxification pathways, and, as will be studied in this thesis, a saliva which is rich in compounds with a variety of functions.

100

Specialists
(monophagous)

1000 # hosts
Generalists
(polyphagous)

FIGURE 1.1. The number of host plant species as conventional concept of specialization. In order to deal with plant defenses, herbivores, including spider
mites, evolved specific adaptations. This often leads to specialization (Ali and
Agrawal, 2012; Barrett and Heil, 2012; Kant et al., 2015; Nosil, 2002).
Monophagous mites such as T. lintearius have a host range which is restricted to
only one or a few closely related plant taxa, often a single genus. Polyphagous herbivores are generalists which are able to feed on plants in more than one botanical
family (Ali and Agrawal, 2012). An extreme example of a generalist is T. urticae,
the protagonist of this Phd thesis. Redrawn after Barrett and Heil (2012) and
Migeon and Dorkeld (2006-2016); T. urticae picture by J. van Arkel.
10
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Chapter 1
1.1. THE

PLANT DEFENSE SYSTEM

1.1.1. Gen er al fr amewo rk
At a first glance, the immobile plants seem subject to the caprices of their
attackers. However, herbivores have posed selection pressures on plants
that have resulted in numerous defensive adaptations. Preformed structural and chemical barriers are referred to as ‘constitutive defenses’, and offer
immediate protection against many attackers. However, defenses are costly
to produce and maintain, and therefore not all defenses are active at all
times (Kessler and Baldwin, 2002). If the constitutive defenses prove ineffective, a second line of defense can be activated, the ‘induced defenses’
(Kessler and Baldwin, 2002). Discriminating experimentally between constitutive and induced defenses is often not easy since there can be considerable overlap. For example, the size and density of physical barriers such as
spines and plant hairs (Glas et al., 2012), which are commonly considered
to function as constitutive defenses, can also be increased by induction
(Traw and Dawson, 2002).
One can also make a distinction between direct and indirect defense
mechanisms. Direct defenses are any plant traits that by themselves affect
the susceptibility to and/or the performance of attacking arthropods. These
include thorns, silica, trichomes and primary and secondary metabolites
(Kessler and Baldwin, 2002). Indirect defense refers to plant traits that
enhance attraction or arrestment of natural enemies of the herbivore, such
as predators and parasitoids (Sabelis et al., 2001). Often, this type of defense
is inducible. Attacked plants can release volatile compounds, which reveal
the presence of herbivores to nearby natural enemies (Dicke and Sabelis,
1987; Vinson, 1976). Furthermore, natural enemies can be arrested by providing them with food such as extrafloral nectar (Pemberton and Lee, 1996)
or with shelter (domatia) such as cavities or tufts of hair (Walter, 1996).
Next to herbivores, plants are also threatened by attackers such as
pathogens. Each requires different defense measures. In general, phytopathogens are less mobile than herbivores, and migration across or
through their host plant is often passive and occurs over relatively short
distances. Hence, the infected host can attack such relatively immobile
pathogens at the site of infection, and plants will often respond by producing structural reinforcements or toxins, or by initiating programmed local
cell death (apoptosis) to isolate and possibly kill the pathogen (Dangl and
Jones, 2001). Programmed cell death, orchestrated by the hypersensitive
11
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response, is highly efficient in preventing pathogens from spreading and is
therefore one of the most common anti-parasite defense strategies found in
nature. Herbivores, however, are not very susceptible to this ‘isolate-andkill’ strategy because most are mobile. Therefore, anti-herbivore defenses
generally come down to a ‘go-away-or-die’ strategy or a ‘slow-them-down’
strategy, and these two strategies share many physiological characteristics.
In both instances, plants will mount a sequence of defense programs that
serve to interfere with herbivore growth and development on the one hand
and to reallocate resources on the other, in order to delay growth of the
herbivores into larger individuals, stages or populations, which consume
more plant tissue. Hence, the simultaneous reallocation of resources may
not only serve to rescue resources so that the plant can use them later for
growth and reproduction, but may also serve to deprive the herbivore of
food. This may be an effective strategy, especially when the plant is attacked
by small herbivores or relatively immobile stages. Consequently, herbivores
that decide to stay on defended plants select plant tissues where defenses
are lower (Paschold et al., 2007; Shroff et al., 2008; Stork et al., 2009)
and/or increase their feeding intensity to gain sufficient biomass, thus compensating for the decreased efficiency of food conversion (Gómez et al.,
2012). Plants, in turn, often initiate systemic (i.e., in the entire plant)
responses (Pieterse et al., 2009) to decrease the chance that the herbivore
will simply move to undefended tissues (Paschold et al., 2007) and furthermore produce secondary metabolites to constrain compensatory feeding
responses (Steppuhn and Baldwin, 2007). The sequence of defense programs executed by plants under attack appears not to be fully hard-wired,
suggesting a certain degree of herbivore-specific tailoring by the plant, and
while the early responses seem usually aimed at rescuing the attacked tissue, they may shift towards senescence and tissue death (reminiscent of the
hypersensitive response) after a couple of days (Steinbauer et al., 2014).
From the herbivore’s point of view, resource depletion at the feeding site
may represent a more difficult problem to deal with than toxins, because
they cannot develop resistance to an absence of nutrients. However, some
herbivores such as gallmakers have evolved abilities to manipulate plant
resource flows and turn their feeding site into a sink for resources (Tooker
et al., 2008). Whereas the role of resource allocation remains under-studied, induced plant defenses and their effects on herbivores have been analyzed in great detail.

12
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It should be clear by now that the regulation of plant defenses is a highly complex process. Indeed, defenses are preferentially activated only at
times when needed, at places where needed, and should be effective against
the attacker at hand, while avoiding wasting resources for defenses which
don’t harm or even help the attacker.
1.1.2. The in duc t io n o f p lant defenses against herb ivores
During herbivore feeding, plant tissue is damaged, which alerts the plant’s
immune system. The herbivore’s feeding style has an impact on the inflicted
damage and the extent to which defenses are activated. Chewing insects, such
as many lepidopteran larvae, remove relatively large quantities of leaf material. The induced defense response will be different from that of piercingsucking herbivores which feed by means of needle-shaped mouthparts called
stylets. Aphids for example, suck plant sap from vascular tissue and during
this process plant cells are barely damaged (Elzinga et al., 2014). However,
chemical compounds act as powerful cues for defense induction (Hogenhout
and Bos, 2011). Furthermore, plants may sense the arrival of a herbivore
even before feeding has taken place. Components in the fluids of deposited
eggs (Fatouros et al., 2008), and activities like herbivore movement (Hall et
al., 2004; Peiffer et al., 2009) can betray the presence of an attacker.
A four-phase model of plant immunity has been presented by Jones and
Dangl (2006). This ‘zigzag’ model was originally used to describe plantpathogen interactions. However, it can be applied to plant-herbivore interactions as well since a high degree of analogy between plant-pathogen and
plant-herbivore interactions has become apparent (e.g., Heil, 2008; Hogenhout and Bos, 2011; Rodriguez et al., 2017; Stuart, 2015; Zhao et al., 2015).
However, the extent of this analogy definitely requires further research.
During feeding, there is an interaction at the molecular level between plant
and herbivore (FIGURE 1.2). Non-feeding related cues, such as egg components can, however, be recognized as well (Erb et al., 2012; Fatouros et al.,
2008). Plants carry pattern recognition receptors (PRRs) at their cell surface that mediate detection of a herbivore attack. These transmembrane
receptors recognize evolutionary conserved molecular features denominated ‘herbivore-associated molecular patterns’ (HAMPs). Additionally, plantderived ‘damage-associated molecular patterns’ (DAMPs), such as plant cell
wall fragments, can also be recognized (van Schie and Takken, 2014). In
phase 1 of the zigzag model, HAMP/DAMP recognition by PRRs acti-

13

WimJonckheere-ch1_Vera-ch1.qxd 29/11/2017 16:14 Page 14

General introduction
vates a plant defense response named ‘HAMP triggered immunity’ (HTI).
Herbivores have, however, evolved means to overcome PRR responses by
the secretion of effector molecules. In phase 2, these effectors can interfere
with PTI, resulting in effector-triggered susceptibility (ETS). Plants in
turn evolved means to overcome ETS, as in phase 3, effectors can specifically be recognized by nucleotide binding leucine rich repeat (NB-LRR) proteins, activating effector-triggered immunity (ETI), an accelerated and
re
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epidermis
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cell wall
parenchyma
cell

1
3

saliva

4

x

2
ETS

WIR

ETS

HTI

ETI

phytohormone signaling
&
induced resistance

NB-LRR
PRRs
HAMP
DAMP
Effectors

FIGURE 1.2. Molecular interaction between plants and herbivores. (1) Basal
plant immunity involves the molecular recognition of herbivore- or damage- associated molecular patterns (HAMPs & DAMPs). The conserved HAMPs and
DAMPs are recognized by pattern recognition receptors (PRRs), leading to
HAMP/DAMP-triggered immunity (HTI). In addition, mechanical wounding in
itself can lead to wound induced resistance (WIR). (2) In response, pathogens, and
likely also herbivores evolved effectors to suppress HTI or WIR, resulting in effector-triggered susceptibility (ETS). These effectors are typically produced in the
salivary glands and may, depending on the feeding mode, be delivered in the plant
cells via the stylet. (3) Plants evolved resistance gene (R gene) products, which
specifically recognize effectors and activate effector-triggered immunity (ETI).
This R gene mediated immunity supplements basal immunity. (4) Selection favors
the development of new or altered effectors, which are no longer recognized by
the R gene product or suppress ETI. Redrawn after (Erb et al., 2012; Hogenhout
and Bos, 2011; Jones and Dangl, 2006; Kant et al., 2015).
14
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amplified PTI response. Recognition of effectors occurs either through
direct interaction, or indirectly, by monitoring the integrity of host cellular targets of effector action (the so-called guard hypothesis) (Jones and
Dangl, 2006). This effector, which formerly enhanced herbivore performance, then has become a liability since it acts as an elicitor of plant defenses. In phase 4, effector recognition by the plant therefore resulted in natural selection which drove herbivores to avoid ETI by either diversifying the
recognized effector, or by getting rid of it altogether. Alternatively, additional effectors can be acquired that suppress the ETI (Jones and Dangl,
2006). This process of herbivore defense avoidance and plant countermeasures is repeated over and over again, and represents a good example of an
evolutionary arms race (Heil, 2008).
Due to the context dependency (herbivore and plant genotype), effector
proteins are no longer defined as molecules which specifically enhance herbivore (or pathogen) performance. Now, a broader inclusive definition
(Hogenhout et al., 2009) is favored and effectors are defined as ‘all
pathogen- or herbivore-secreted proteins and small molecules that alter
host-cell structure and function’. Based on this broader definition, HAMPs
can also be referred to as effectors (elicitors) (Sonah et al., 2016). However,
whereas HTI confers broad herbivore recognition, ETI is more specific as
effectors are highly polymorphic (van Schie and Takken, 2014).
The proteins that plants use to perceive and respond to effector activity are called resistance (R) proteins (Stuart, 2015), typically NB-LRR proteins, encoded by R genes. Several R genes conferring resistance against
herbivores are currently known (e.g., Kaloshian, 2004; Zhao et al., 2015).
Mi-1 (resistance to the nematode Meloidogyne incongita) from tomato, is a
well-known example (Rossi et al., 1998). R protein activity only results in
resistance if a matching effector gene is present in the attacking herbivore.
The absence of either the plant R gene or the herbivore effector gene
results in successful herbivory. One can therefore speak of a gene-for-gene
complementarity (Kaloshian, 2004; van Schie and Takken, 2014). Another
kind of genes encountered in this context are the susceptibility (S) genes,
which are all plant genes that facilitate herbivory and support compatibility. A mutation or a loss of an S gene can limit the ability of the herbivore
to feed on the plant. Resistance conferred by the loss or alteration of S
genes is generally recessive, whereas R genes are typically dominant (van
Schie and Takken, 2014).

15
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Between herbivore recognition and the anti-herbivore response lays a
highly complex signaling network, mainly mediated by phytohormones.
1. 1.3. Plan t defen se signaling
1.1.3.1. Defense-regulating plant hormones

Three phytohormones play a primary role in regulating defense responses
(Pieterse et al., 2009): jasmonic acid (JA) (Wasternack and Hause, 2013),
salicylic acid (SA) (Vlot et al., 2009) and the volatile ethylene (ET) (Adie et
al., 2007). The central roles of JA and SA are substantiated by the fact that
biosynthesis mutants are hypersensitive to a wide range of attackers.
Several other phytohormones are known to play a secondary role in plant
defense by modulating it, including abscisic acid (ABA) (Dinh et al., 2013),
auxin (Kazan and Manners, 2009), cytokinin (Choi et al., 2011), gibberellic
acid (GA) (Yang et al., 2012), brassinosteroids (Nakashita et al., 2003) and
possibly strigolactones (Torres‐Vera et al., 2014). In concert with these hormones, a small set of signalling peptides, such as systemin (Ryan, 2000) and
the Peps from Arabidopsis (Huffaker et al., 2006), are also involved in orchestrating plant defenses. The peptide systemin of tomato, Solanum lycopersicum (Pearce et al., 1991), functions upstream of JA biosynthesis and may
facilitate priming of the plant’s JA response (Kandoth et al., 2007).
1.1.3.2. Jasmonate as a regulator of plant defenses against herbivores

Jasmonic acid regulates the core defenses of dicots against herbivorous
arthropods (Howe and Jander, 2008) and necrotrophic pathogens
(Glazebrook, 2005). The biosynthesis of JA was elucidated by Vick and
Zimmerman (1984) and seems quite conserved across species. In tomato, JA
biosynthesis was shown to take place in the chloroplast and peroxisomes of
the phloem companion cells (Howe, 2004). Briefly, the first step in JA
biosynthesis comprises the formation of α-linolenic acid, which is released
from the galactolipids of chloroplast membranes by the action of one or
more phospholipases, although it is still unclear which roles the different
lipase candidates play in α-linolenic acid formation during different plantherbivore interactions (Wasternack and Hause, 2013). Subsequently, αlinolenic acid is converted via three enzymatic steps into 12-oxophytodienoic acid (OPDA), and dinorOPDA is also formed in Arabidopsis (Stintzi
et al., 2001). OPDA is then imported into the peroxisomes, where it is converted by OPDA reductase OPR3, followed by three cycles of β-oxidation
16
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into JA. Finally, JA diffuses into the cytosol, after which a range of JA conjugates and derivatives are formed (Yan et al., 2013), among which is jasmonoyl isoleucine (JA-Ile), which is the main bioactive form of JA (Fonseca
et al., 2009). Although JA-Ile has a well-established role in regulating
defense gene expression, OPDA may also function as such independently
(Taki et al., 2005).
Before induction, JA-dependent responses are constitutively blocked
due to repressor proteins (FIGURE 1.3), called jasmonate ZIM domain (JAZ)
proteins, bound to transcription factors that otherwise would promote
defense gene expression (Thines et al., 2007), including several MYC (Chini
et al., 2007; Fernández-Calvo et al., 2011) and MYB (Qi et al., 2011) transcription factors. The JAZ proteins have two types of functional domain:
ZIM domains and Jas domains. The ZIM domains establish homo- or heterodimerization among individual JAZ proteins but also interactions with
additional (co-)suppressors, such as TOPLESS and NINJA (Pauwels et al.,
2010). The Jas domains establish the interaction with the transcription factors, which prevents these from functioning. Transcriptional (de)repression
also regulates the synergistic action of JA and ethylene since JAZ proteins
repress not only the transcriptional activity of the ethylene-stabilized transcription factors EIN3 and EIL1 but also interfere with their transcription
by promoting histone acetylation. However, induced JA-Ile interrupts the
interaction between the JAZ proteins and EIN3/EIL1 to enhance their
transcriptional activity (Zhu et al., 2011) by promoting the ubiquitination–degradation of JAZ proteins via a protein complex called the SCFCOI1
complex. Hence, activation of JA-responsive genes largely is obtained by
derepression of transcription. In Arabidopsis, the JA responses downstream
of SCFCOI1 are executed via two different branches: one branch that is
dependent on MYC transcription factors (referred to as the MYC branch)
(Dombrecht et al., 2007) and the other depending on transcription factors
like ETHYLENE RESPONSE FACTOR1 (ERF-1) and OCTADECANOID-RESPONSIVE ARABIDOPSIS 59 (ORA59), which is referred
to as the ERF/ORA59 branch (Pré et al., 2008; Zhu et al., 2011). These
branches are known to antagonize each other: the MYC2 transcription factor suppresses expression of ERF-dependent JA-responsive genes and vice
versa (Dombrecht et al., 2007; Lorenzo et al., 2004). The levels of JA in
Arabidopsis leaves can start to rise within 30 s after wounding (Glauser et
al., 2009). The burst is transient: levels decrease again after a few hours

17
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(Reymond et al., 2000; Schittko et al., 2000); however, two consecutive
bursts have been observed in S. nigrum (VanDoorn et al., 2011). In N. attenuata, large veins can constrain the spatial spread of JA bursts, and while a
second elicitation can suppress a (second) burst, a third elicitation can
induce it again (Stork et al., 2009). Subsequently, induction of JA accumulation can also occur in distal leaves (Glauser et al., 2008). Spatiotemporal

A.
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MYC/MYB

Jas
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Herbivore
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FIGURE 1.3. Activation of the JA pathway by herbivores. (A) In the absence of
attackers and the associated bioactive JA, transcription of defense-related genes is
blocked by jasmonate ZIM domain (JAZ) proteins, which are bound to transcription factors (TFs) such as MYC and MYB. JAZ repressor proteins control gene
expression through the interaction with the NINJA adapter and TOPLESS (TPL)
corepressor proteins. (B) Upon herbivore recognition, JA biosynthesis starts with
the release of α-linolic acid (α-LA) from membrane lipids. α-LA is converted into
OPDA which is used to generate JA. Next, the bioactive JA conjugate JA-Ile is
formed. JA-Ile brings about the interaction between the Jas domain of the JAZ
proteins with SCFCOI1 ubiquitin ligase, triggering ubiquitination (ub) and targeting them for degradation by the 26S proteasome. Eventually, transcription of
defense genes is derepressed. Redrawn after Ballaré (2011), Pauwels et al. (2010)
and Pieterse et al. (2012).
18
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variability in JA accumulation may be a defensive tactic by itself because it
makes it difficult for herbivores to anticipate which tissues are defended
poorly and which strongly (Stork et al., 2009).
1.1.3.3. Ethylene as a regulator of plant defenses against herbivores

Ethylene (ET) is a gaseous hormone and is involved in development, senescence and defense against necrotrophic pathogens (Chen et al., 2005b).
Endogenous ET concentrations in plant tissues depend on the activities of
two biosynthetic enzymes, 1-aminocyclopropane-1-carboxylic acid synthase (ACS) and 1-aminocyclopropane-1-carboxylic acid oxidase (ACC oxidase), which convert S-adenosyl-Met to ethylene, but also on the rates of
outward diffusion and metabolization (Wang et al., 2002). Transcription
factors that control ethylene-responsive genes are constitutively repressed
by proteins such as JAZ (Zhu et al., 2011) and ET perception controls the
ethylene response. Arabidopsis contains five ET transmembrane receptors,
located in different organelles (Kendrick and Chang, 2008). These receptors
are active in the absence of ET (Hua and Meyerowitz, 1998), and suppress
the ethylene response by constitutively stimulating phosphorylation of the
ET signaling hub EIN2 (ETHYLENE INSENSITIVE2), leading to its
degradation (Qiao et al., 2009). Upon binding to ET, the receptors become
inactive, allowing unhindered accumulation of EIN2 in the cytosol. This
initiates degradation of the ET transcriptional repressors and thus the
activation of ET-responsive genes in the nucleus (An et al., 2010).
1.1.3.4. Salicylate as a regulator of plant defenses against herbivores

Salicylate mediates defenses against biotrophic pathogens (Glazebrook,
2005) and phloem-feeding herbivores (Kaloshian and Walling, 2005).
During pathogen infections, defense responses can spread systemically, so
are also expressed in uninfected tissues, and this is referred to as systemic
acquired resistance. Several candidate signals have been reported to play a
role in systemic acquired resistance, including the SA-derivative methyl salicylate. However, SA is the central local regulator because plants that are
unable to accumulate SA are often highly susceptible to pathogen infections
(Klessig, 2012). In rice (a monocot), the JA and SA pathways are thought to
regulate a common set of defense genes that are effective against both
biotrophic and necrotrophic pathogens (De Vleesschauwer et al., 2013).
Salicylate is derived from chorismate, the end-product of the shikimate
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pathway. From there it can be synthesized in plants via at least two distinct
biosynthetic routes. The first route delivers SA in two steps and depends on
the enzymes isochorismate synthase, which is induced upon pathogen infection (Wildermuth et al., 2001), and isochorismate pyruvate lyase. The second route depends on the phenylpropanoid pathway. This is a pathway
responsible for a variety of products, such as flavonoids and lignins, but also
for SA, and there may be parallel sub-branches within the branch leading to
SA (Boatwright and Pajerowska‐Mukhtar, 2013). Which of these pathways
or branches determines induced SA levels most strongly may also differ
across plant species. Once formed, SA may be modified further by glucosylation, methylation or amino acid conjugation. Most of these derivatives are
inactive and may serve to fine-tune local and systemic SA accumulation and
function or may provide safe storage. Methyl salicylate is inactive but easier to transport to distal tissues, either actively via the phloem or passively
via the air (Dempsey et al., 2011). A central role is played by the NONEXPRESSOR OF PR GENES (NPR) protein family. It has recently been discovered that NPR3 and NPR4 are SA receptors, whereas NPR1 acts a master regulator of SA-mediated responses (Yan and Dong, 2014). NPR1 proteins are constitutively present in the cytosol of the cell as oligomers (Tada
et al., 2008) and their concentration increases upon induction (Spoel et al.,
2009). Accumulation of SA causes an increase in the levels of reduced glutathione (the antioxidant form of glutathione), thereby changing the redox
status of the cell, i.e., the balance between oxidants and antioxidants (Spoel
and Loake, 2011), and this generates NPR1 monomers by the thioredoxincatalysed reduction of monomeric disulphate bridges. Subsequently, NPR1
monomers migrate into the nucleus (Mou et al., 2003; Tada et al., 2008).
Without NPR1, the expression of the SA-responsive genes is repressed by
TGA transcription factors. After NRP1 has arrived in the nucleus, a portion of it is phosphorylated. Phosphorylated NPR1 binds to the TGA transcription factors and this complex allows the expression of target genes
such PR-1. Unphosphorylated NPR1 may assemble together with different
transcription factors and give rise to TGA-independent expression of
other target genes. After a round of transcription initiation, the NPR1 protein complexes are degraded via the proteasome and new monomeric NPR1
proteins need to enter the nucleus from the cytosol to keep the response
going (Mukhtar et al., 2009).
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1.1.3.4. Hormonal crosstalk in plant defenses against herbivores

The distinct defense signaling pathways that are regulated by phytohormones interact directly and indirectly, forming complex networks, and
these interactions can be additive, antagonistic or synergistic (Koornneef
and Pieterse, 2008). Of all the interactions that occur between hormonal
defense signaling pathways, crosstalk between the JA and SA pathways has
received most attention, after it was discovered that SA can inhibit the
plant’s wound response (Doherty et al., 1988) and indications were found
for the opposite (Sano et al., 1994). Under most conditions, crosstalk
between SA and JA is antagonistic (Thaler et al., 2012), but when applied to
plants in specific ratios synergistic interactions were also observed (Mur et
al., 2006), and other plant hormones may modulate this crosstalk (RobertSeilaniantz et al., 2011). Suppression of the JA response by SA occurs
downstream of JA-Ile perception, depending on ORA59 (Van der Does et
al., 2013). Other regulators include NPR1 and some of its interacting partners, including the TGA and WRKY transcription factors (Pieterse et al.,
2012). Nuclear localization of NPR1 is not required for the suppression of
JA signalling, and it has therefore been suggested that the role of NPR1 in
mediating JA/SA crosstalk depends on a function executed in the cytosol
(Spoel et al., 2003). The adaptive value of the JA/SA (antagonistic)
crosstalk is not clear. It has frequently been suggested that it allows plants
to fine-tune the balance between different defensive strategies, depending
on the type of attacker, or in case the plant is attacked by multiple attackers, depending on the timing and sequence of infestation (Pieterse and
Dicke, 2007). However, whether JA/SA antagonism is adaptive remains an
open question (Thaler et al., 2012).
1.1.4. Mo lec ules used by p lants to resist herb ivores
The collective hormonal responses and their interactions induced by herbivores determine which defenses are established in which host plant tissues
and to what extent. Induced plant defenses upon herbivory are seldom
lethal, the fact that herbivores can move away from defended tissues will
usually prevent them from ingesting a fatal dose. Hence, plant defenses
induced by herbivores will cause them to depart or, alternatively, slow down
their development and population growth. Many of these herbivoreinduced plant defenses rely on the direct antagonistic action of enzymes
that interfere with feeding activities, digestive processes and gut integrity
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(Carlini and Grossi-de-Sá, 2002). One can distinguish defense proteins and
defense metabolites.
1.1.4.1. Defense proteins

Several types of defense proteins exist, including (1) protease inhibitors
(PIs) which are believed to inhibit the action of protein-digesting enzymes
(proteases) in the herbivore’s gut (Jongsma and Beekwilder, 2011). Other
defensive proteins are (2) peptidases/proteases, which attack the herbivore’s
peritrophic membrane or inactivate the herbivore’s digestive enzymes by
proteolysis (Fescemyer et al., 2013; Fowler et al., 2009; Lomate et al., 2013;
Pechan et al., 2002). Additionally, plants produce (3) amino acid degrading
proteins, which degrade the free amino acids, released from the proteins
through herbivore digestion, before they can be taken up (Chen et al., 2005a;
Gonzales-Vigil et al., 2011). (4) Oxidases, including polyphenol oxidases
(PPOs) which generate quinones, highly reactive molecules that can either
spontaneously polymerize or damage proteins, amino acids and nucleic acids
via an alkylation reaction (Constabel and Barbehenn, 2008). Other oxidases,
such as peroxidase and lipoxygenase, may play a functional role in plant
defenses by creating potent electrophiles or interfering with the accumulation of essential nutrients (Zhu-Salzman et al., 2008). Plant defensive (5)
lectins are associated with the disruption of several processes involved in
the digestion of food and nutrient uptake in herbivores (Michiels et al.,
2010). Lectins comprise a diverse family of proteins that bind specifically
with mono- and oligosaccharides (Komath et al., 2006). Due to their high
affinity with oligosaccharides, it is assumed that lectins can interact with
glycoproteins in the digestive tract of the herbivore and bind to the insect’s
intestinal epithelial cells or its peritrophic membrane and disrupt these tissues (Macedo et al., 2004). (6) Pathogenesis-related (PR) proteins include a
wide variety of proteins with diverse functions, predominantly associated
with resistance to pathogens. These proteins are often used as defense marker genes, though not all of them are functionally understood. Most of them
are classified as a glucanase, chitinase, thaumatin, PI or peroxidase. They
are defined as pathogen-induced proteins and for the majority of them evidence is largely lacking that they play a significant role in anti-herbivore
defenses (Chen et al., 2007; Sels et al., 2008). Another type of defense proteins are the (7) small cysteine-rich defense proteins, which are generally
assumed to disrupt membranes or to inhibit gut enzymes (Stotz et al., 2009).
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1.1.4.2. Defense metabolites

While defensive plant proteins play a significant role in direct interactions
between herbivores and plants, the role of non-protein secondary metabolites is just as big. The term ‘secondary’ is used to contrast them with
metabolites that are directly involved in growth, development or reproduction, although it is not always possible to determine the precise physiological role of each metabolite. Across the plant kingdom, there is a staggering diversity of secondary metabolites, and they can be distinct for small
phylogenetic groups. Despite the rich diversity of secondary metabolites,
their biosynthetic origins allow them to be classified into three basal
groups: the phenolics; the isoprenoids; and the nitrogen-containing compounds. Defense metabolites have a variety of functions, including attraction of natural enemies, toxicity, and protection against UV radiation.
While defense metabolites can be constitutively present in plant cells, their
production and transport may also be increased upon herbivore attack
(Kant et al., 2015; War et al., 2012).
1 . 2 . H OW

H E R B I VO R E S C O P E W I T H D E F E N S E S

1.2.1. Defen se an d n on - defense related adap tation to p lant
feed i ng
Plants and herbivores have coevolved for over 350 million years (War et al.,
2012). While specific anti-herbivore compounds and structures are indeed
challenging for herbivores, some more general issues related to plant feeding have to be overcome as well. Phloem, for example, is a troublesome food
source since its sugar content is high, yet it lacks essential components such
as amino acids (Douglas, 2006). Herbivores, however, established relationships with microbial symbionts (Engel and Moran, 2013), solving some of
the issues. In addition, some herbivores acquired microbial genes through
horizontal gene transfer, enabling them to degrade troublesome plant components (Pauchet and Heckel, 2013). As such, a herbivore’s host plant range
is closely linked to its digestive physiology (Pearse et al., 2013). In addition
to these general plant-feeding issues, of which a thorough description is
outside the scope of this introduction, herbivores have been under pressure
to evade defenses specifically produced to discourage feeding (reviewed in
Alba et al., 2011). Hence, behavioral adaptions have evolved that allow herbivores to avoid defended plant tissues as much as possible (Paschold et al.,
2007; Perkins et al., 2013; Shroff et al., 2008) or to dismantle defensive
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structures such as trichomes (Cardoso, 2008) and latex channels (Rodrigues
et al., 2010). However, herbivores have also evolved a variety of mechanisms to cope with deterrent substances produced by their host plants.
Two general mechanisms allow herbivores to cope with the xenobiotics
from their environment: mechanisms that decrease exposure (pharmacokinetic responses) and mechanisms that decrease sensitivity (pharmacodynamic responses). Pharmacokinetic responses comprise a variety of adaptations that reduce uptake, increase catabolism and allow sequestration,
whereas the pharmacodynamic response types comprise adaptations at the
level of interactions between allelochemicals and their target-site(s)
(Kennedy and Tierney, 2013; Taylor and Feyereisen, 1996; Van Leeuwen
and Dermauw, 2016). Together, these mechanisms determine the level of
tolerance of herbivores to xenobiotics.
Although the influence of these mechanism on herbivore success cannot be over-estimated, they are beyond the scope of this general introduction and I instead refer to Kant et al. (2015) for a thorough overview.
Rather, I will focus on molecular compounds (more specifically effectors)
used by herbivores to reduce plant defense induction in the first place, i.e.,
the herbivores interpretation of the saying ‘prevention rather than cure’.
1. 2.2. Effec t o r s invo lved in p lant defense sup p ression by
h erbi vo res
There are indications that plant-defense-suppressing herbivorous arthropods secrete effectors via their saliva into their host, similar to pathogens
and nematodes. 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 Helicoverpa zea caterpillars (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
Nicotiana tabacum plants correlates with an increase in SA and a decrease in
the accumulation of nicotine. Possibly, GOX suppresses or attenuates JA
and ET responses by crosstalk with SA (Diezel et al., 2009; Eichenseer et
al., 2010). 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
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these activities depended on the host plant species as well. Moreover, a
recent report showed that H. zea GOX elicits the JA pathway in tomato
(Tian et al., 2012). Taken together, these studies suggest that some plants,
such as tomato, may have evolved a recognition mechanism for GOX,
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) salivary glands were sequenced, the first aphid effector was
discovered. This protein is a 22-kDa salivary-secreted protein of unknown
function called C002 (Mutti et al., 2008). RNAi-mediated knockdown of
C002 expression affected A. pisum foraging and feeding behavior and
reduced aphid fitness. Bos et al. (2010) used Nicotiana benthamiana to ectopically express C002 from Myzus persicae (green peach aphid) and showed that
aphid fecundity increased on these plants. 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. A subsequent study characterized two additional aphid proteins, Mp1 (PIntO1) and Mp2 (PIntO2), which correlate positively with
aphid fecundity on Arabidopsis. Interestingly, the performance of M. persicae
did not improve on Arabidopsis plants expressing the A. pisum orthologues
of both effectors (Pitino and Hogenhout, 2013). Finally, two putative effectors of Macrosiphum euphorbiae were found, Me10 and Me23, both of which
increased aphid fecundity on N. benthamiana, whereas only Me10 increased
their fecundity on tomato (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 feeding cells in their host, which
provide them with food until they develop into adults (Harris et al., 2003).
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). One M. destructor gene, vH13, functions as an avirulence factor (elicitor) on wheat carrying the H13 resistance gene. In contrast, larvae from populations that are virulent on H13 wheat did not
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express vH13, while RNAi-mediated knockdown of vH13 in avirulent larvae made some of them virulent (Aggarwal et al., 2014). These data suggest that vH13 may function as an effector in non-resistant wheat varieties.
Thus, there are indications that herbivores may make use of effectors,
just as pathogens do. This notion is strengthened by the existence of antiherbivore R genes such as Mi-1, Vat and Bph14 (Dogimont et al., 2008; Du
et al., 2009; Rossi et al., 1998). 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, 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 effector-encoding genes
from sequenced pathogen genomes or transcriptomes. Comprehensive
datasets on herbivore transcriptomes and proteomes (DeLay et al., 2012;
Grbić et al., 2011; Su et al., 2012) will probably give rise to the discovery of
new effectors in the near future.
1 . 3 . TETRANYCHUS

U R T I C A E A S A H E R B I VO R E

1. 3.1. Gen er al biolog y of Tetran y chus ur ticae
Spider mites belong to the subphylum Chelicerata (e.g., spiders and scorpions), which together with the Myriapoda (e.g., centipedes and millipedes),
Crustacea (e.g., shrimps, crabs and water fleas) and Hexapoda (e.g., insects)
constitute the phylum Arthropoda. Mites and insects diverged over 400
million years ago (Weygoldt, 1999), and as such do not share a recent history. Therefore, traits that allow herbivorous insect and mite species to deal
with plant defenses are likely to have evolved independently (Kant et al.,
2015).
Tetranychus urticae Koch 1836 (Acari: Tetranychidae) is commonly
known as the two-spotted spider mite. The ‘spider’ component in its name
is derived from its ability to produce a silk-like webbing, while ‘two-spotted’ refers to the bilateral symmetrical dark spots on its opisthosoma (Grbić
et al., 2011; Helle and Sabelis, 1985). Another common name is ‘red spider
mite’. However, next to a red body color, green forms exist as well. Due to
the existence of these two colors, the red form was previously known as ‘T.
cinnabarinus’. Today, however, both forms are considered the same species,
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and T. cinnabarinus is synonymous to T. urticae (Auger et al., 2013; Hinomoto et al., 2001).
Spider mites have a haplodiploid sex-determination system and fertilized eggs give rise to diploid females, while unfertilized haploid eggs develop into males (i.e., arrhenotoky) (Grbic et al., 2007; Li and Margolies,
1993b). Mated females produce both fertilized and unfertilized eggs (Helle,
1967), and the sex ratio is usually 3:1 female to male (Krainacker and Carey,
1990). Tetranychus urticae has five life stages: egg, larva, protonymph (first
nymphal stage), deutonymph (second nymphal stage) and adult. Before each
of the last three stages, a quiescent phase occurs, respectively named protochrysalis, deutochrysalis and teleochrysalis. Larva, protonymph, deutonymph and adult all actively feed on plant tissue (Helle and Sabelis, 1985).
A mated female can produce over 50 female offspring. Together with a very
short life cycle of 8 to 12 days (Jeppson et al., 1975), this high fecundity
results in exponential population growth which subsequently leads to host
plant overexploitation (Alba et al., 2015; Clotuche et al., 2011; Sarmento et
al., 2011). Tetranychus urticae may disperse by active movement (i.e., walking) and through passive transport by another organism (phoresy)
(Clotuche et al., 2011). Spider mites also disperse aerially, either individually or collectively, on air currents to surrounding areas and can establish new
colonies rapidly (Clotuche et al., 2011; Li and Margolies, 1993b; Smitley
and Kennedy, 1985). Furthermore, adult females can go into diapause to
survive unfavorable seasonal conditions (Bryon et al., 2013).
Tetranychus urticae has a worldwide distribution and has been recorded
on a staggering amount of different host plants. More specifically, it has
been documented to feed on over 1100 species distributed over more than
140 families (Migeon and Dorkeld, 2006-2016) and it appears to be adapted to using a series of temporary hosts (Li and Margolies, 1993a). Potential
hosts include important crops and ornamental plants, which makes of T.
urticae a major agricultural pest (Van Leeuwen et al., 2010). Although T.
urticae, as a species, is extremely generalist, it does not necessarily consist
of generalist individuals (Fox and Morrow, 1981; Kant et al., 2008). Indeed,
T. urticae has high intraspecific genetic variability (Magalhaes et al., 2007)
and exhibits genetic polymorphism (Kant et al., 2008). Local populations
form host races that do not perform equally well on all potential host plants
species (Agrawal et al., 2002; Díaz-Riquelme et al., 2016; Gotoh et al., 1993;
Navajas, 1998). An illustration of this can be found in Zhurov et al. (2014),
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where the preference and performance of bean-adapted T. urticae was even
highly dependent on the ecotype of one and the same plant species, A.
thaliana (Zhurov et al., 2014). Adaptation to particular hosts might limit the
colonization success on alternative plants (Agrawal, 2000; Agrawal et al.,
2002; Gould, 1979), and may depend on the characteristics of the new plant
(e.g., secondary metabolites), and the detoxifying and digestive toolkit of
the mite. This genetically determined toolkit is likely to be partly optimized
for the original host, yet may prove less suited for a newly colonized plant
(Agrawal, 2000; Agrawal et al., 2002; Dermauw et al., 2013a). If a host
plant is favorable, T. urticae has the tendency to remain within the infestation area. On unfavorable hosts, however, it tends to disperse or, in extreme
cases, to leave the plant (Díaz-Riquelme et al., 2016; Hussey and Parr, 1963;
Margolies and Kennedy, 1985).
The genome of T. urticae (90 Mb) was recently sequenced and
annotated (Grbić et al., 2011) and represents a rich source of information
to study important features of T. urticae, including its ability to rapidly
develop resistance against various pesticides (Van Leeuwen et al., 2013) and
its extremely polyphagous nature (Migeon and Dorkeld, 2006-2016). Both
of these features appear to be correlated. Indeed, synthetic chemicals,
including pesticides, can be dealt with in a similar way as plant metabolites,
and mechanisms to overcome plant defensive compounds predisposed the
development of pesticide resistance (Dermauw et al., 2013b).
1.3.2. Spider mit e feeding
Two interlocking cheliceral digits form a tube with a single canal of approximately 2 μm in diameter (André and Remacle, 1984; Bensoussan et al.,
2016). With this so-called ‘stylet’ of about 150 μm in length, T. urticae punctures leaf mesophyll cells and empties them by lacerate-and-flush feeding
(Alba et al., 2015; Jeppson et al., 1975). The details of this feeding mechanism are still a matter of dispute. A recent study by Bensoussan et al. (2016)
offered some valuable insights. When feeding on plant tissue, T. urticae
inserts its stylet in between epidermal pavement cells or through the stomatal opening, rather than penetrating epidermal cells. This way, damage to
the epidermis is avoided. During a feeding event, a process that is initiated by
the settlement at a particular leaf spot and is terminated when the mite raises its head away from the leaf surface, spider mites usually seem the consume
individual mesophyll cells. This punctured cell is generally located immedi-
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ately below the epidermal layer the mite stands on. The stylet is assumed to
deliver saliva into the plant tissue, as stated by Hislop and Jeppson (1976), yet
rejected by André and Remacle (1984). How plant nutritive fluid is eventually transported to the mite is also still controversial. In the latest research
paper on this subject, the scenario in which the cell content is sucked up
through the stylet is favored (Bensoussan et al., 2016). How the plant fluid
then ends up in the oesophagus is unclear since no direct connection between
the oral orifice and the stylet tube has ever been found (Beard et al., 2012).
Alternatively, one has claimed that the buccal cavity is used to ingest cell fluid
that is extruded to the leaf surface after the cell has been punctured by the
stylet (Alberti and Crooker, 1985; Baker and Connell, 1963; Beard et al.,
2012). Clearly, future research is needed to settle this disagreement.
According to Bensoussan et al. (2016), mite feeding in itself does not
cause the formation of visible chlorotic spots, contrary to what has been proposed in earlier reports. Indeed, a study by Liesering (1960), based on long
term mite feeding, led to the conclusion that single spider mites damage
about 20 plant cells per minute, directly leading to the formation of visible
spots. Now it is stated that the consumption rate of plant cells is much lower.
During feeding, the content is removed from a single or a limited number of
mesophyll cells that are on the stylet path. Surrounding cells remain intact
with unperturbed internal organization. As such, the visible chlorotic spots
are no immediate consequence of spider mite-induced damage, but are rather
caused by the plant response to this limited damage (Bensoussan et al., 2016).
In addition, not all host plants develop macroscopic chlorotic spots. Vitis
vinifera, for example, accumulates red/brown spots (leaf bronzing) instead
(Díaz-Riquelme et al., 2016). Furthermore, the Kanzawa spider mite T. kanzawai, induces different scar colors in lima bean, depending on the mite
strain (Matsushima et al., 2006). Clearly, these observations are unlikely to be
caused by differences in inflicted mechanical damage. Which plant- or mitederived signals lead to these variations in local plant responses is currently
unknown. Likely, effectors contained within the saliva are involved.
The number of plant cells that are emptied during a feeding event and
the way plant fluids are transported to the mite are likely to have implications on the nature of the saliva. Indeed, plant chloroplasts can be removed
by spider mite feeding, and the transport of these organelles – whose size
exceeds the stylet diameter – would be facilitated by pre-oral digestion.
This digestion could be brought about by mite salivary enzymes, yet also
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by enzymes originating from the plant (e.g., vacuolar hydrolytic enzymes)
(Bensoussan et al., 2016). Hemolysis experiments executed decades ago
already suggested that saliva is injected into leafs by T. urticae, and that this
saliva contains one or more proteolytic enzymes (Hoof, 1958; Storms,
1971). Such enzymatic reactions require time, and the duration of a feeding
event (about 13 minutes on average; Bensoussan et al., 2016) seems rather
adequate for these reactions to take place.
1.3.3. Spider mit e molec ular adap tations to p oly p hag y
1.3.3.1. Detoxification

When feeding on its many hosts, T. urticae is challenged by a diversity of
plant defensive allelochemicals. During the course of evolution, T. urticae
acquired systems conferring resistance to these harmful compounds. The
extent of those systems reflects the xenobiotic adaptation to a wide range
of potential hosts. To begin with, lineage-specific expansions and radiations have been found in the ‘classical’ detoxification gene families, including cytochrome P450 monooxygenases (P450s), carboxyl/cholinesterases
(CCEs), glutathione-S-transferases (GSTs) and ATP-binding cassette
(ABC) transporters (Van Leeuwen and Dermauw, 2016). P450s and CCEs
generally operate during phase I of detoxification, in which the toxin is
functionalized with nucleophilic groups to make it more reactive and water
soluble. GSTs typically operate during phase II, which involves conjugation
with endogenous metabolites to further increase toxin polarity (Kant et al.,
2015; Van Leeuwen and Dermauw, 2016). ABC transporters have been
reported to transport toxicants out of the cells, either directly, or after conjugation with glutathione (Dermauw et al., 2013a). A such, these are active
in phase III, where the metabolites are secreted (Kennedy and Tierney,
2013; Van Leeuwen and Dermauw, 2016).
In addition to the classical ones, ‘novel’ gene families involved in detoxification have also been identified in T. urticae. These include the major facilitator superfamily (MFS) and the lipocalins (Dermauw et al., 2013b; Van
Leeuwen and Dermauw, 2016). The MFS, also known as the uniportersymporter-antiporter family, might effectuate the efflux of toxic allelochemicals or their metabolites out of the mite cells (Dermauw et al.,
2013b). Lipocalins are capable of binding hydrophobic molecules and may
as such bind allelochemicals, resulting in sequestration of these toxic compounds (Dermauw et al., 2013b).
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Horizontal gene transfer (HGT), the movement of genetic material
across species boundaries, has been recognized as one of the driving forces
behind the xenobiotic adaptation of T. urticae and has been reviewed in Van
Leeuwen and Dermauw (2016). The best supported example is the acquisition of β-cyanoalanine synthase from bacteria, which allows mites to
detoxify cyanide released by cyanogenic plants (Wybouw et al., 2014).
Another HGT that may have expanded the metabolic capacity of T. urticae
involves a class of intradiol ring-cleavage dioxygenases (ID-RCDs). These
enzymes might split aromatic ring structures in complex plant molecules
(Dermauw et al., 2013b). Other examples of HGTs to T. urticae include
UDP-glycosyl transferases (UGTs), two clusters of carotenoid synthase/
cyclases and desaturases (Bryon et al., 2013), a cobalamine-independent
methionine synthase, two duplicated β-fructofuranosidases (Grbić et al.,
2011) and a cyanase (Wybouw et al., 2012).
In addition to these molecular adaptations, the rapid excretion of
phagocytes in the mite gut might enhance the sequestration of allelochemicals (Mullin and Croft, 1983; Van Leeuwen and Dermauw, 2016). The
aforementioned mite adaptations can be classified as resistance mechanisms
of ‘decreased exposure’ (pharmacokinetic). Mechanisms of ‘decreased sensitivity’ (pharmacodynamic), such as target-site-insensitivity, have been
described with regard to acaricides (e.g., Van Leeuwen et al., 2012).
Likewise, pharmacodynamic mechanisms could confer resistance to xenobiotics of plant origin, although examples supporting this hypothesis remain
to be uncovered (Van Leeuwen and Dermauw, 2016).
Furthermore, a large number of gustatory receptors has been identified
in the genome of T. urticae. This expansion might potentially allow this spider mite to taste a greater diversity of chemical cues from its hosts and
respond to it appropriately, yet further research is needed to verify the relevance of this expansion with regard to polyphagy (Van Leeuwen and
Dermauw, 2016). Lastly, certain transcription factor families are expanded
in T. urticae, potentially facilitating the coordination of xenobiotic transcriptional responses (Van Leeuwen and Dermauw, 2016). This brings us to
another aspect of the mite’s plant colonization success. Most of T. urticae’s
molecular adaptations to polyphagy are not static, and the expression levels of the aforementioned genes are often highly responsive to host plant
switches (Dermauw et al., 2013b; Van Leeuwen and Dermauw, 2016;
Wybouw et al., 2012, 2014). Indeed, about one fifth of all T. urticae genes
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are differentially expressed upon host transfer, with genes in detoxification
and peptidase families exhibiting the most profound changes (Grbić et al.,
2011). Many differentially expressed genes lack homology to genes of
known function, and genes with the most severe fold-changes are encoding
putative secreted proteins or lipid-binding proteins (Grbić et al., 2011).
While adaptation to challenging hosts most often results in the upregulation of genes involved in resistance, downregulation of certain genes has
also been observed. This is, for example, the case for low-density lipoprotein receptor protein (LDLRs) genes. This downregulation may lead to
lower receptor-mediated endocytosis of allelochemicals, and as such, a
lower uptake into the mite cells (Dermauw et al., 2013b).
As such, adaptation of T. urticae to a new host plant alters gene expression in two ways, i.e., by changing the mite’s constitutive transcript levels (stable gene expression changes over generations) and by transcriptional plasticity (within generations) (Van Leeuwen and Dermauw, 2016; Wybouw et al.,
2015). Transcriptional plasticity might increase T. urticae’s short-term reproductive performance, yet its great adaptive potential is believed to be mainly
due to the population’s standing genetic variation in constitutive expression
(Wybouw et al., 2015).
1.3.3.2. Defense manipulation

Although T. urticae can count on a variety of detoxifying systems, plant
defenses nevertheless reduce spider mite reproductive performance (Alba
et al., 2015; Ament et al., 2004; Ataide et al., 2016; Kandoth et al., 2007;
Kant et al., 2008). In Arabidopsis, for example, T. urticae herbivory activates
indole glucosinolate production. This is perceived by the spider mite,
which reacts by changing the expression level of genes implicated in the
detoxification. Yet, this proves insufficient to fully detoxify the secondary
metabolites (Zhurov et al., 2014). Defense manipulation may therefore
prove beneficial, and has indeed been shown in spider mites. For example,
the Solanaceae specialist T. evansi performed better on tomato plants previously attacked by conspecifics than on non-attacked plants. This is quite
remarkable since, in general, herbivore attack induces defenses which have
a negative effect on subsequent attackers. However, not only did T. evansi
prevent defense induction, it reduced housekeeping levels of defense-related constituents below the levels of non-attacked plants (Sarmento et al.,
2011).
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Next to distinct variation in traits that lead to resistance and susceptibility to plant defenses, variation also exists in traits responsible for induction
or repression of these defenses (Kant et al., 2008). During adaptation, mites
can acquire the ability to manipulate host physiology (Wybouw et al., 2015).
Spider mites which inhibit or prevent the defense induction may have a fitness
advantage, although competing herbivores can profit from these suppressed
plant defenses as well (Alba et al., 2015). Distinct mite strains can trigger different defense responses in the same host plant, while also the effect of these
defense responses on the mites can differ (Alba et al., 2015; Takabayashi et al.,
2000). Particular spider mite lines can induce defenses and be affected by
them, while other lines also induce these defenses yet are resistant to them.
Again other lines are susceptible to the defenses yet repress their induction
(Alba et al., 2015; Kant et al., 2008). This intraspecific variation is proposed
to be common among herbivores living in environments with a diversity of
plants that impose diverse selection pressure (Kant et al., 2008).
A method to identify defense suppressing mites has been described by
Kant et al. (2008). First, the fecundity of JA-defense-suppressor strains
should be equally high on wild type (WT) plants as on JA-biosynthesis
mutants (e.g., def-1) since suppression will only be favored by natural selection when improving the reproductive performance. However, this relatively
high reproductive performance can also be the result of direct resistance to
induced JA defenses. Therefore, secondly, genuine suppressors should be able
to boost the reproductive performance of defense-susceptible mites when
both reside on the same leaf or leaflet (Alba et al., 2015; Kant et al., 2008).
Suppression of plant defenses by T. urticae and T. evansi occurs downstream of JA and SA accumulation and is independent of the JA-SA antagonism (Alba et al., 2015; Godinho et al., 2015; Kant et al., 2008; Sarmento
et al., 2011). Tetranychus kanzawai, however, is suggested to manipulate the
JA-SA crosstalk to suppress JA defenses (Ozawa et al., 2011).
The relative importance of defense manipulation versus detoxification
in the plant-mite interaction remains to be determined. This PhD thesis
provides valuable insights to address this issue more comprehensively
(Chapter 6).
1.3.4. Ho st plan t respo n ses to sp ider m ite attack
Tetranychus urticae is a relevant organism to study plant-herbivore interactions. Due to its ability to feed on several model plants, the genome-wide
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response against the two-spotted spider mite could be investigated in
Arabidopsis (Zhurov et al., 2014), tomato (S. lycopersicum) (Kant et al., 2004;
Martel et al., 2015) and grapevine (V. vinifera) (Díaz-Riquelme et al., 2016).
In attacked plants, T. urticae induces a set of genes associated with the
biosynthesis of JA and its signaling. This set of induced genes appears to be
conserved between different plant species. On the other hand, the downstream JA-regulated genes seem to be highly divergent between different
hosts. This reflects differences in secondary metabolism amongst plant
species (Díaz-Riquelme et al., 2016). For example, Arabidopsis relies on indole
glucosinolates, while tomato defenses are mostly based on anti-digestive
proteins such as PIs, leucine amino peptidase, threonine deaminase and
PPOs. Grapevine, however, counts on both anti-digestive proteins and
defensive metabolites (e.g., stilbenes) (Díaz-Riquelme et al., 2016). Next to
the induction of JA, non-suppressing strains of T. urticae also evoke SA
responses. Such cocktail of JA and SA plant defense responses is common for
stylet-feeding herbivores (Alba et al., 2015; Kaloshian and Walling, 2005).
Although host plants, like grapevine, show a strong defense response
against T. urticae, adapted mites may nevertheless flourish on these hosts. A
T. urticae strain adapted to grapevine, for example, does not seem to rely on
defense suppression but is likely to have evolved mechanisms to detoxify
grapevine defensive compounds (Díaz-Riquelme et al., 2016). Furthermore,
a recent study suggested that mite bacterial symbionts affect plant responses and mite performance, although clear causal links remain to be discovered (Staudacher et al., 2017). However, this suggest symbionts may further
complicate the study of the plant-mite interaction.
It may be clear by now that the molecular interaction between spider
mites and plants is of significant importance, yet also highly complex.
During this thesis, the role of spider mite saliva in this molecular interaction is investigated, specifically in the light of the highly polyphagous
nature of T. urticae.
1.4. GENERAL

OUTLINE OF THIS THESIS

The herbivorous spider mite Tetranychus urticae (Acari: Tetranychidae) is
notorious for having an extremely large host plant range. Being this
polyphagous is exceptional since plants possess various defensive mechanisms. Herbivores need to be able to deal with these plant defenses in order
to thrive on these hosts. This process requires adaptation, often leading to
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specialization. Nevertheless, T. urticae, as a species, is able to feed on plants
belonging to more than 140 families, and must therefore have evolved a
variety of mechanisms to deal with a diverse arsenal of defenses. In arthropod herbivores, the saliva has been proposed as an important mediator of
digestion, detoxification and defense suppression. The aim of this PhD thesis was to investigate the composition and role of spider mite saliva during
host plant colonization, particularly from the perspective of the broad host
plant range of T. urticae.
Chapter 2 describes a first strategy to determine the proteomic composition of T. urticae and T. evansi saliva. In this approach, a pipeline heavily
relying on in silico prediction was used. Furthermore, a selection of salivary
proteins was studied in more detail in an attempt to unravel their function
during the plant-mite interaction.
The in silico-based approach proved to be a suitable method to identify
spider mite effectors. Yet, this approach has its limitations. Therefore, in
Chapter 3, the proteomic composition of secreted T. urticae saliva was determined using nano-LC-MS/MS analysis of spider mite-probed artificial diet.
Since we suspected the salivary composition to be host plant dependent,
mites from lines adapted to various host plants were included in the study,
ascertaining the discovery of a broader range of salivary proteins in the diet.
To filter out contaminating non-salivary proteins, the proteomics data were
verified using RNAseq data of the anterior body region of T. urticae, which
harbors the salivary glands. Finally, the expression localization of some
putative salivary proteins was investigated using whole-mount in situ
hybridization, confirming their salivary origin. As suspected, host plantdependency of the saliva composition was evident from the proteomics data.
This variability was studied in closer detail in Chapter 4, complementing the
proteomics data with transcriptomics evidence. Furthermore, the occurrence
of homologs of the identified T. urticae salivary proteins in the related
species T. lintearius and T. evansi was investigated by in silico genome comparison. One salivary protein family (SHOT family) was of particular interest
and was studied in more detail in Chapter 5. Additionally, the peptide content of secreted T. urticae saliva was investigated.
Finally, in Chapter 6, the findings are integrated and the implications
of the spider mite salivary protein repertoire on the host plant range are
discussed.
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2 . 0 . A B S T R AC T
Spider mites (Tetranychus 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.
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2 . 1 . I N T RO D U C T I O N
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 (Tetranychus sp.) are of special interest since they cover a
broad host plant range and can develop into devastating outbreaks (Grbić
et al., 2011b; 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 stylets (Alberti and Crooker,
1985; Mothes and 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 the food to the oesophagous (Alberti and 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 (Martel et al., 2015; Zhurov et
al., 2014), 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 and 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 (Cao et al., 2014; Glas et al., 2014;
Zhang et al., 2013a). 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
(Avila et al., 2012; Li et al., 2006; Thompson and Goggin, 2006). 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
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defense responses (Gimenez-Ibanez and 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 (Kazan and Lyons, 2014;
Thaler et al., 2012).
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 mite species T. evansi, specialized on Solanaceae, 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 (Alba et al., 2015; Kant et al., 2008) 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 (Alba et al., 2015; Glas et al., 2014). 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
(Göhre and Robatzek, 2008). Different definitions of ‘effector’ were pro-

52

WimJonckheere-ch2_Vera-ch1.qxd 29/11/2017 16:17 Page 53

Chapter 2
posed in literature (Thomma et al., 2011), among which a broad definition
that considers effectors to be any parasite-secreted protein or small molecule that alters host-cell structure and function (Hogenhout et al., 2009;
Schneider and Collmer, 2010). Such parasite effectors include molecules,
often proteins, that manipulate plant resource allocation (Walters and
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 and 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 (effector-triggered immunity-like) resistance in plant carrying the H13 resistance gene (Aggarwal et al., 2014). Finally, effector-mediated suppression of PTI (PAMP-triggered immunity) 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; Elzinga et al., 2014;
Naessens et al., 2015; Pitino and Hogenhout, 2013) 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, 1999). Since several species
of phytophagous mites were found to be able to suppress host plant defenses (Alba et al., 2015; Glas et al., 2014; Kant et al., 2008; Sarmento et al.,
2011; Wybouw et al., 2015) we hypothesized that mites, like pathogens,
insects, and nematodes, may have evolved effector proteins which are secret-
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ed 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.
2 . 2 . M AT E R I A L

AND METHODS

2. 2.1. High- t hroughput sequencing and de nov o assem bly
Tetranychus evansi Viçosa-1 (Alba et al., 2015) whole transcriptome was
sequenced from cDNA 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. 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).
Details on the sequencing and assembly can be found in METHODS S2.1.
2.2.2. In silico predic t io n of the sp ider m ite secretom e
For T. urticae secretome prediction, the predicted proteins from T. urticae
London genome (Grbić et al., 2011a) were used. The signal peptide prediction was done using SignalP 4.0 (stand-alone version; Petersen et al., 2011)
and Phobious (Käll et al., 2004). Transmembrane domains were predicted
using THMMM (standalone version; Krogh et al., 2001) and Phobious.
Subcellular localization was predicted by TargetP (stand-alone version;
Emanuelsson et al., 2007) and WoLF PSORT (stand-alone version; Horton
et al., 2007). Default settings were used for all software parameters.
2.2.3. Markov c lust erin g and BLAST p rocedures
The pipeline to cluster candidate effector proteins by amino-acid similarity
was described in Saunders et al. (2012); i.e., the predicted secreted proteins
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of T. urticae 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 88,616 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).
2.2.4. R NA isolat io n an d RT-qPC R
Tetranychus 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 infiltration-buffer without bacteria) treated leaves
were collected and immediately frozen in liquid nitrogen. This material was
used for RNA isolation, cDNA synthesis and qPCR as described in Methods
S2.2. In short, after grinding the material, total RNA was isolated using the
Qiagen RNA extraction kit. For spider mite RT-qPCR assays, T. urticae 18S
rRNA, and T. evansi Ribosomal Protein 49 were used as housekeeping genes
and for N. benthamiana actin was used. All primer pairs used are listed in
TABLES S2.2 & S2.3. Statistical differences of transcript abundances shown
in Figure 2.4 and in Figures S2.6 and S2.7 were calculated by using a
General Linear Model in SPSS 20 (IBM). Statistical differences shown in
Figure S2.1 were calculated using the Student’s t-test in Excel (Microsoft).
2.2.5. Clo n in g
The candidate genes were cloned from spider mite cDNA, i.e., from T.
urticae Santpoort-2 or T. evansi Viçosa-1 (Alba et al., 2015), 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)
(TABLE S2.1). Following recombination of the candidates into pDONR207,
an LR reaction was done with the plant expression vector pSOL2092
(Zhang et al., 2013b), which contains the CaMV 35S promoter. All clones
were sequenced and T. evansi candidate effector sequences were deposited at
GenBank (TABLE 2.1). The final destination vectors were introduced into A.
tumefaciens GV3101 cells by electroporation.
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TABLE 2.1. Overview of the final five candidate effectors
Family Number of
Cloned
Gene model ID1/
number family members
candidate
Genbank accession
number
19
11 in T. urticae
Tu19
tetur05g09110
7 in T. evansi
Te19
KT182960
28
10 in T. urticae
Tu28
tetur31g01040
1 in T. evansi
Te28
KT182959
84
2 in T. urticae
Tu84
tetur01g01000
2 in T. evansi
Te84
KT182961
90
4 in T. urticae
Tu90
tetur05g04560
0 in T. evansi
/
/
128
2 in T. urticae
Tu128
tetur01g00940
1 in T. evansi
Te128
KT182962
1T. urticae gene models are available on the ORCAE genome portal
(http://bioinformatics.psb.ugent.be/orcae/overview/Tetur).

Mature
protein size
(aa)
198
198
266
338
227
230
287
/
235
233

2. 2.6. Plan t material
Nicotiana benthamiana plants were grown in the greenhouse for 2-3 weeks
and then transferred to a climate room (long day, 25ºC, 70% RH). All
Agrobacterium-mediated transient assays (Kapila et al., 1997), further
referred to as agroinfiltration, were performed on plants 4-5 weeks old.
Tomato Lycopersicum esculentum cv. Moneymaker and cv. Moneymaker nahG
were grown as described in Glas et al. (2014). The two-spotted spider mite
T. urticae Santpoort-2 had been obtained and propagated as described in
Alba et al. (2015). For experiments we used adult female spider mites that
were 2 (± 2) days old since turning adult via a method described in Kant et
al. (2004). Four days after infestation, leaflets were detached and the eggs
were counted using a stereo microscope. The experiment was repeated 4x
on 10 plants per tomato genotype: per plant, three leaflets were infested.
The results presented in FIGURE 2.6 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.
2.2.7. Tr an sien t e x pression assay s
Agrobacterium tumefaciens transient transformation assays were done as
described in Ma et al. (2012). The A. tumefaciens strain GV3101 carrying the
candidate vectors, empty vector (pSOL2092) (EV, i.e., the expression vector
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still containing the Gateway negative-selection cassette), or 35s: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 with 10 mM MES and 20 μM 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 h at room temperature. Bacterial suspensions were infiltrated into the abaxial side of the 3rd-youngest-fully-expanded N. benthamiana leaf using a needleless syringe.
2. 2.8. Phyt ohor mo n e e x tr action and LC -M S
Phytohormone analysis was performed as described in Alba et al. (2015)
and its details can be found in METHODS S2.3. Statistical differences in the
amounts of phytohormones among samples were calculated using logtransformed values by Fisher’s LSD test after ANOVA (SPSS 20, IBM).
2.2.9. Spider mit e perfor m ance assay s
Agroinfiltrated N. benthamiana leaflets were detached at 2 days post infiltration (DPI). From these detached leaves, glandular trichomes were gently
removed using filter paper soaked in water (FIGURE S2.10). 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). To evaluate performance
on wild type and nahG tomato five adult female mites were placed on a single leaflet and for each plant three leaflets were infested in total. Leaflets
were detached after four days and eggs were counted using a stereo microscope. The experiment was repeated 4x using 10 plants per tomato genotype each time. The data was analyzed using a general linear model in SPSS
20 (IBM) using ‘plant genotype’ as main factor and ‘experiment’ as random
factor.
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2. 2.10. In situ hybridization
Tissue-specific expression of Te84 and Te28 was obtained via whole-mount
in situ mRNA localization with DIG-labelled anti-sense RNA probe and antiDIG-AP conjugate detection using NBT/BCIP or Fast Red substrate (Speel
et al., 1992) using confocal microscopy as described in METHODS S2.4.
2 . 3 . R E S U LT S
2. 3.1. In silico predic t io n of effector-like p rotein fam ilies in
two sp ider mit e spec ies
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 2.1) using two closely related mite species that can suppress plant

FIGURE 2.1. 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.
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defenses (Alba et al., 2015). First T. urticae for which we obtained the predicted transcriptome from the London strain (Grbić et al., 2011a). 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 nucleotides 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 nucleotides.). 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, 2012). First, we identified proteins with signal peptides using SignalP 4.0 (Petersen et al., 2011) and
Phobious (Käll 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 WoLF PSORT (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 2.1).
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) (DATA S2.1). 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 and Hogenhout, 2013).
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Second, it has been reported that the majority of pathogen effector proteins identified so far are highly species- or genus-specific (Göhre and
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%) lacked any
protein with similarity to Ixodida proteins (max. E-value 1e-10; DATA S2.1).
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 S2.1). 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
(Dermauw et al., 2013; Grbić et al., 2011b). 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.
2.3.2. Selec t ion o f t he t op 5 candidate effector fam ilies by
g ene e x pressio n an alysis
We continued the selection procedure taking the expression characteristics
of the remaining candidates into account assuming that: I) the expression
of the genes encoding effector proteins should be higher in feeding stages
(larva, nymph, or adult) than in a non-feeding stage (embryo); and II) effector genes should be typically expressed in the mite’s salivary glands.
Hence, first we analyzed the life-stage (egg, larva, 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
(Grbić et al., 2011a; these data are included in DATA S2.1). 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 (larva, nymph, and adult) compared to the egg
(embryo) stage, and only these 18 families were taken to the following step.
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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 and 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 highest expression in the adult life
stage (DATA S2.1) 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 S2.1). 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 (FIGURE S2.2). 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 2.1.
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

FIGURE 2.2. Whole-mount in situ hybridization of a putative salivary protein
gene belonging to family 84. A digoxigenin (DIG)-labeled 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 bright field microscopy (A) and confocal laser-scanning
microscopy (B). Scale bars indicate 50 μm.
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glands (FIGURE 2.2), which are one of the three paired spider mite salivary
glands (Mothes and Seitz, 1981). Staining in the stylet was also noticeable
in some mites (data not shown) (This sentence was erroneous deleted in the
published version of Villarroel et al., 2016, making it seem as if ISH did
not result in specific staining). 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 S2.3). We also hybridized antisense
probes for Te28 (FIGURE S2.3), Tu19, Tu28, Tu84, Tu90, and Tu128 and
their respective sense probes were used as controls. All these candidate
effectors were expressed specifically in the salivary glands (Jonckheere et
al., 2016; CHAPTER 3).
2.3.3. Tr an sien t over- e xp ression of p roteins b elonging to
two can didat e effec t or fam ilies 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

FIGURE 2.3. Four spider mite candidate effectors cause chlorosis in Nicotiana
benthamiana. (A) Agroinfiltrated N. benthamiana leaves transiently transformed
with the candidate effectors Te28, Tu28, Te84, and Tu84 and with the EV control.
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.
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phenotypes in N. benthamiana when expressed under control of the 35S promoter using 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 keep a high and long-lasting transcription (Voinnet et al.,
2003) using the EV 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 DPI (FIGURE 2.3A). The expression of the transgenes in the
infiltration zone was confirmed by RT-PCR at 2 and 5 DPI (FIGURE 2.3B).
Expression of candidate Te28 occasionally induced necrosis in N. benthamiana 4-5 DPI (FIGURE S2.4), but whether this is related to a higher expression
of Te28, as the RT-PCR results suggest (FIGURE 2.3B), 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
(FIGURE S2.5), and we thus continued with the four putative effectors that did.

FIGURE 2.4. 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 FisherLSD test (p<0.05). (B) Relative gene expression of the SA-related marker genes
PR1 and PR4 after agroinfiltration, at 2 (upper panel) and 5 DPI (lower panel) of
the candidates, the EV or infiltration of the mock (infiltration medium). Error bars
denote standard errors. Statistical differences were analyzed using a General
Linear Model, and are indicated as different letters (p<0.05). The data in A and B
are representative for two experiments.
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2. 3.4. Can didat es from fam ilies 2 8 and 8 4 sup p ress
Ag robacterium- in duc ed 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 2 and 5 DPI.
At 2 DPI the concentration of SA was 8-fold higher in leaves agroinfiltrated with the EV than in mock-treated leaves (FIGURE 2.4A). 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 2.4A). 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 2.4A). 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 2.4B). 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 2.4B). At 5 DPI, Agrobacterium-induced PR1 expression was 60fold 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 2.4B).
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 S2.6).
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 2.4B). Like PR1, also PR4 expression was suppressed, albeit mild-
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ly, 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.
We also measured the expression of the JA-related marker gene 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 four candidates compared to the EV and for Te28 and Tu84 down-regulation was
even significant (FIGURE S2.7). 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.
2.3.5. Can didat e effec t o r s from fam ilies 2 8 and 8 4 p rom ote
T. ur ticae perfo r man c e
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

FIGURE 2.5. Three candidate effectors improve Tetranychus urticae performance
on Nicotiana 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.
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2.5). 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 2.5). 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 (FIGURE S2.8).
2.3.6. Spider mit es pro duce m ore offsp ring on the SA
a ccumulat ion mut an t S. l y copersicum 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 (Ament et al.,
2004; Kant et al., 2008; Li et al., 2002; 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,

FIGURE 2.6. 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. Asterisk indicates a significant effect of
plant genotype on T. urticae performance (p<0.05).
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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 2.6) and this increase was statistically significant (Genotype effect, p = 0.047). This establishes that SA defense response
do have a negative effect on mite performance.
2.4. DISCUSSION
Previously we showed that the phytophagous mites T. urticae and T. evansi,
two agronomical-relevant pest species, suppress JA- and SA-defenses in
plants to their own benefit via an unknown mechanism (Alba et al., 2015;
Kant et al., 2008; Sarmento et al., 2011). In this paper we have shown that
these spider mites possess at least two families of effector-like salivary
gland proteins that can account for suppression of SA defenses (FIGURE
2.4). 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 2.5) similar as when expressing the nahG
gene (FIGURE 2.6). Thus these three spider mite salivary proteins, called
Tu28, Tu84 and Te84, act as effector proteins by suppressing mite-induced
SA defenses and promoting mite performance.
The chlorosis phenotype observed after transient expression of Te28,
Tu28, Te84, and Tu84 (FIGURE 2.3) 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
(Figure 2.4). PR1 is a well-established SA-related marker gene in N. tabacum
(Uknes et al., 1993; Van Loon and 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 (Kiba et al., 2014; Zhang et al., 2012). 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

67

WimJonckheere-ch2_Vera-ch1.qxd 29/11/2017 16:17 Page 68

Spider mite effectors promote mite reproduction
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). 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 (Glas et al., 2014; Kant et al., 2004, 2008; Li et al.,
2004) and suppress (Alba et al., 2015; Sarmento et al., 2011) 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 study) and accordingly, we observed that agroinfiltration downregulated JA-responses (FIGURE S2.7). 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 (Glas et al., 2014; Kant et al., 2004), and insect
herbivores such as aphids (Moran and Thompson, 2001), whiteflies (Zarate et
al., 2007) and by the larvae of some lepidopteran species (Diezel et al., 2009;
Musser et al., 2002). 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 (Figure 2.6).
Although a 10% increase in reproductive performance as such seemingly
indicates only limited biological significance, the effect will amplify exponentially across the consecutive generations (FIGURE S2.11). 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 phloemfeeding herbivores (Pegadaraju et al., 2005; Villada et al., 2009).
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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 (FIGURE S2.8). 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 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) (Figure S2.9),
and that 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 (Alba et al.,
2015; Kant et al., 2008) 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 and 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:
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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 (Jones and Dangl, 2006; Kaloshian, 2004). 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 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 and 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 (Alba et al., 2015; Kant et al., 2008). 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.
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
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Te128, KT182962. Tetranychus evansi RNA-seq data can be found under the
SRA accession number SRR2127882.
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TABLE S2.1. Primers sequences used for gateway cloning and in situ hybridization
Primer
Tetur gene
Forward primer (5’-3’)
Reverse primer (5’-3’)
name
model
identifier or
NCBI accession
number
Te28-AttB KT182959
GGGGACAAGTTTGTACAAAAAAGCA GGGGACCACTTTGTACAAGAAAGCTGG
GGCTTAATGGGTTCATTGAACAAGC
GTATTAATAATGTTCAGTTTCTGGTTC
GAAGCTTCCT
AA
Tu28-AttB tetur31g01040 GGGGACAAGTTTGTACAAAAAAGCA GGGGACCACTTTGTACAAGAAAGCTGG
GGCTTAATGAGTTCATTGAACAAGC
GTATTAGCCTTGTGCTGTAGC
GA
Te84-AttB KT182961
GGGGACAAGTTTGTACAAAAAAGCA GGGGACCACTTTGTACAAGAAAGCTGG
GGCTTAATGAAATCAAACAGTGAGC
GTATTAAAGTGATTGTTCGGCATCTTC
TCTTGGATCA
AA
Tu84-AttB tetur01g01000 GGGGACAAGTTTGTACAAAAAAGCA GGGGACCACTTTGTACAAGAAAGCTGG
GGGCTTAATGTCATCAAACAGCGAGC TATTAGGCTGATTTTTCAACATCTGCTA
TCTTGGACAA
Tu19-AttB tetur05g09110 GGGGACAAGTTTGTACAAAAAAGCA GGGGACCACTTTGTACAAGAAAGCTGG
GGCTTAATGGATGAGATCGCTAACT
GTATTATGCTTTGATATTATCG
CT
Te19-AttB KT182960
GGGGACAAGTTTGTACAAAAAAGCA GGGGACCACTTTGTACAAGAAAGCTGG
GGCTTAATGGACGAGATCGCTAACT
GTATTATTGTTTGATATTATC
CC
Tu90-AttB tetur05g04560 GGGGACAAGTTTGTACAAAAAAGCA GGGGACCACTTTGTACAAGAAAGCTGG
GGCTTAATGAATGATAAATGCGGAG
GTACTAGTTGAACTTAAATTTGATATT
TTCCCAA
AC
Tu128-AttB tetur01g00940 GGGGACAAGTTTGTACAAAAAAGCA GGGGACCACTTTGTACAAGAAAGCTGG
GGCTTAATGGCATCAAATGAATTTG
GTATTAATTTGATTTATCTTGAGCGGT
AACGACGTCTT
ATGTA
Te128-AttB KT182962
GGGGACAAGTTTGTACAAAAAAGCA GGGGACCACTTTGTACAAGAAAGCTGG
GGCTTAATGGACTTCAAACAGCGTC
GTATTAATTTGAAGTCTTTTCTTGAGC
TATCAAATTT
TTTAT
Te84-insitu KT182961
AAATCTGGATTCGGTGGTTTAG
GTGAGCATGGCTACTCTTAGCA
Te28-insitu KT182959
CGAAGCTGCCAAACAAAAC
GAATTTTCACCATTGTTCGATTG
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TABLE S2.2. Nicotiana benthamiana primer sequences used for qPCR in this study
Target Forward primer
Reverse primer
Primer References
gene
(5’-3’)
(5’-3’)
efficiency
NbPR1 CCTTCATTTCTT AGGTTACAATCT 1.84
Yoon ea, 2009
CTTGTCTC
GCAGCCAA
NbPR4 GGCCAAGATTCC CACTGTTGTTTG 1.82
Maimbo ea, 2010
TGTGGTAGAT
AGTTCCTGTTCCT
NbTPI ACTTTCGAATGC TCAACCACTTTGC 1.80
Yoon ea, 2010
GATCCAAG
TGCCATA
NbActin CGGAATCCACGA GGGAAGCCAAGA 1.82
Maimbo ea, 2010
GACTACATAC
TAGAGC

TABLE S2.3. Tetranychus urticae and Tetranychus evansi primer sequences used for
RT-PCR and/or qPCR in this study
Target Forward primer (5’-3’)
Reverse primer (5’-3’)
gene
Te28
GCTAAGCACAACGCTGAAGA ATTGGCTGGAAACTGATTGG
Tu28 CGGAAACAAGAACTCATCTGC TGTCCAGTGGCAATATCAGC
Te84
AACAAATGATTGGTGGCCTTG TTCGAACAATTTACCGGATGC
Tu84 GGTGGTGCTTTCAATTTCGT ATGGCATTGTCAAGGAATGG
Tu18s GGCTCACAGAGGTCTTCGTCA ACAGTTCGTCCTCTTCTGCC
CT
AGT
Tu14 CTCACATTGCTGGTGTTGCT TGCTGATCACAGAGAGCTTGA
Tu16 GCTCGCCCTAAATATGCTGA
TCGTCCAGTCAACGATTCAA
Tu18 CCTGACTTCGACATGAGCAA GATCTTTGGGGAACCAGGAT
Tu19 CATGAAGGTGATGTCGATGG TGGAGGTTCAACAGACCACA
Tu23 CTCGATCTACCGCATTTGGA GGCATTCGGGTTCATTGTTA
Tu29 ACTCGAATGCAGTTGAGGAAA TCCATTCTGTGCTCGATACG
Tu31 GCATTGGTTTTGCCTATGGT CAGCGATTTTACCACCAACA
Tu32 AATTGGAGCGGTTTCTGATG AATCCATGCTTTCCCATTGA
Tu33 TTGATGGACGCTTATATTGG TTGTCGTCCCTGTAAAACTT
TG
CA
Tu43 CCATTGGTTGCTTCGTTTTT TTTGTTTGTCCAACGCTTCA
Tu57 TGCTGAATCTGGTGGTATCG CGCGGTTCCATTTATCTTTG
Tu58 CAAAGCCTTTTCCTCGTCAA AGACGATGTTGCACATTCAAA
Tu65 CCGCCATCACTGTTGAAGAA GGTTTGTGGCATGGAGGTTT
Tu80 TGGCACGAAAACCAAAGAGA TTTTGTGTTGATGGGCTTGG
Tu90 TGATGGTCAACAATGTAACT TGTTGCCATTGAAACCAAAA
GGA
Tu128 AGCAGCTGATGCTTTGGACA CATCGTCCTTTTCACGGTCA
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FIGURE S2.1. Screening for potential Tetranychus 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).
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FIGURE S2.2. 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 (bottom). The conserved 80-amino acid repeats in Te28 and Tu28 are indicated with a line below the
alignment.
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FIGURE S2.3. Detection of Te28 and Te84 gene expression in salivary glands
of Tetranychus evansi using whole-mount in situ hybridization. DIG-labeled antisense riboprobes (left panel) were used for hybridization, while corresponding
sense probes (right panel) served as negative controls. Signals were detected with
alkaline phosphatase linked to an anti-DIG antibody. In situ hybridization experiments for Te28 and Te84 were repeated using both nitro-blue tetrazolium/5bromo-4-chloro-3'-indolyphosphate (NBT/BCIP) (top row) or Fast Red (bottom
row) as substrate. 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. The black dark spots
are spider mite midgut cells containing excretory material (e.g., chlorophyll) (first
described by Wiesmann, 1968; Blauvelt, 1945).

FIGURE S2.4. 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.
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FIGURE S2.5. Agroinfiltration of candidate effectors from families 19, 90, or
128 does not induce chlorosis in Nicotiana 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.

FIGURE S2.6. Relative gene expression of the SA-marker gene PR1 after
agroinfiltration of 4 candidate effectors or 35s:GFP as control. 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. Statistical differences were analyzed using a General Linear Model, and
are denoted as different letters (p<0.05).
83

WimJonckheere-ch2_Vera-ch1.qxd 29/11/2017 16:17 Page 84

Spider mite effectors promote mite reproduction

FIGURE S2.7. Relative gene expression of the JA-marker gene TPI after
agroinfiltration of 4 candidate effectors. 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. Statistical differences were analyzed using a General Linear Model, and are denoted as different
letters (p<0.05). The data are representative for 2 experiments.

FIGURE S2.8. Leaf-discs expressing candidate Te28 show intense chlorotic
symptoms. The picture shows leaf-discs from agroinfiltrated Nicotiana benthamiana leaves expressing the candidate effectors or the control EV at the end of a
Tetranychus urticae performance assay (6 DPI, 4 days of spider mite infestation).
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FIGURE S2.9. 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. No known motifs were identified in Te84 or Tu84.

FIGURE S2.10. Agroinfiltrated Nicotiana benthamiana leaves after leaf-surface
washing. (A) Picture of an intact agroinfiltrated N. benthamiana leaf showing
high density of glandular trichomes (arrows) on the adaxial side. (B) Glandular
trichomes were removed with a tissue paper soaked in water.
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FIGURE S2.11. 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. The intrinsic rate of increase (rm) was
estimated using the regression model proposed by 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). The intrinsic rates of increase for mites
reared on Moneymaker (MM) and nahG plants were: rm MM = 0.212; and rm nahG =
0.220. The values were used to parametrize the model: n = 10(t*rm), where n is the
number of individuals and t is the time in days.
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M E T H O D S S 2 . 1 . H I G H - T H RO U G H P U T

SEQUENCING AND DE

N O VO A S S E M B LY

Tetranychus 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 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 ds-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 N1cDNA. 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).
M E T H O D S S 2 . 2 . R NA

I S O L AT I O N A N D

RT- Q P C R

Tetranychus 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 infiltration-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
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(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 RTqPCR 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 TABLE
S2.2. Statistical differences of transcript abundances shown in FIGURE 2.4,
Figures S2.6 and S2.7 were calculated by using a General Linear Model
(GLM) analysis in SPSS 20 (IBM). Statistical differences shown in FIGURE
S2.1 were calculated using the Student’s t-test in Excel (Microsoft).
METHODS S2.3. PHYTOHORMONE

E X T R AC T I O N A N D

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 13,000 rpm for 10 min at 4°C,
the supernatant was transferred to new tubes. The pellet was re-extracted
with 0.5 ml of ethylacetate (without the two internal standards) and centrifuged for 10 min at 4°C at 13,000 rpm. Both supernatants were combined
and then evaporated to dryness on a vacuum concentrator. The residue was
resuspended in 0.5 mL 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).
METHODS S2.4. WHOLE-MOUNT

IN S ITU H Y B R I D I Z AT I O N

Primers for Te84 and Te28 probe-template amplification were designed
using Primer3 (http://bioinfo.ut.ee/primer3/). The preferred amplicon
length was about 300bp. The resulting primers are listed in Table S2.1.
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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 pGEM-T plasmids
(Promega) and transformed into E. coli. Plasmids of liquid cultures were
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 products, containing inserts
flanked by T7 and SP6 promoter sites from the plasmid backbone, were
checked by agarose gel electrophoresis and purified using Cycle Pure Kit
(EZNA). Depending on the orientation, sense or 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).
Tetranychus 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 0.2 mg/ml Proteinase K during 10 min. 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 (6x 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 (5x 20 min) 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
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several hours at 4°C in the dark, until blue or red staining was visible.
Methanol was used to eliminate background staining and mites 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.
FastRed-labeled spider mites were visualized using a 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).
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3 . 0 . A B S T R AC T
The two-spotted spider mite Tetranychus urticae is an extremely
polyphagous crop pest. Alongside an unparalleled detoxification potential
for plant secondary metabolites, it has recently been shown that spider
mites can attenuate or even suppress plant defenses. Salivary constituents,
notably effectors, have been proposed to play an important role in manipulating plant defenses and might determine the outcome of plant-mite interactions. Here, the proteomic composition of saliva from T. urticae lines
adapted to various host plants – bean, maize, soy, and tomato – was analyzed using a custom-developed feeding assay coupled with nano-LC tandem mass spectrometry. About 90 putative T. urticae salivary proteins were
identified. Many are of unknown function, and in numerous cases belonging to multi-membered gene families. RNAseq expression analysis revealed
that many genes coding for these salivary proteins were highly expressed
in the proterosoma, the mite body region that includes the salivary glands.
A subset of genes encoding putative salivary proteins was selected for
whole-mount in situ hybridization, and were found to be expressed in the
anterior and dorsal podocephalic glands. Strikingly, host plant dependent
expression was evident for putative salivary proteins, and was further studied in Chapter 4. This multidisciplinary approach revealed for the first time
the salivary protein repertoire of a phytophagous chelicerate. The availability of this salivary proteome will assist in unraveling the molecular interface between phytophagous mites and their host plants, and may ultimately
facilitate the development of mite-resistant crops. Furthermore, the technique used in this study is a time- and resource-efficient method to examine the salivary protein composition of other small arthropods for which
saliva or salivary glands cannot be isolated easily.
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3 . 1 . I N T RO D U C T I O N
The family of spider mites (Chelicerata: Acari: Tetranychidae) comprises
well over 1000 species, including several that are important pests on crops,
and about 0.9 billion euro is being spent annually for their control worldwide (Migeon and Dorkeld, 2006-2016; Van Leeuwen et al., 2015). These
minute herbivores – about 0.5 mm in size – use their stylets to pierce leaf
mesophyll cells and to inject saliva, after which they suck out the cytoplasm.
This results in cell death visible as chlorotic spots sometimes accompanied
by necrosis, and ultimately in leaf abscission (Liesering, 1960; Tomczyk
and Kropczynska, 1985). Among the spider mites, the two-spotted spider
mite, Tetranychus urticae, is the most polyphagous, having been reported on
more than 1000 host plant species in more than 140 different families
(Migeon and Dorkeld, 2006-2016). However, not all these host plants are
equally suitable to T. urticae, and host plant acceptance can even differ
across mite populations (Kant et al., 2008; van den Boom et al., 2003; Yano
et al., 1998).
Important factors determining host plant acceptance by the herbivore
are plant defenses, including physical and molecular-chemical barriers that
hamper herbivore feeding (Kant et al., 2015). Different herbivores can
induce a different repertoire of defenses and these differential plant
responses are set in motion via herbivore-specific signals, predominantly
emanating from their saliva (Bonaventure et al., 2011). Plant defenses are
regulated by a set of phytohormones, primarily jasmonates [such as jasmonic acid (JA)] (Wasternack and Hause, 2013), salicylic acid (SA) (Caarls
et al., 2015; Mur et al., 2006) and ethylene (Pieterse et al., 2009). Hormonal
interactions are believed to enable the plant to regulate and customize
responses under variable biotic and abiotic stress conditions (Erb et al.,
2012). Most spider mites induce a cocktail of JA- and SA-defenses (Alba et
al., 2015; Glas et al., 2014; Kant et al., 2004; Matsushima et al., 2006;
Zhurov et al., 2014) while a role for ethylene remains elusive (Kielkiewicz,
2002).
It is conceivable that some spider mites have evolved traits that enable
them to resist (Dermauw et al., 2013b; Kant et al., 2008; Wybouw et al.,
2014), attenuate (Wybouw et al., 2015) or suppress JA- (Kant et al., 2008)
and SA-related defenses (Sarmento et al., 2011) to maintain a high fitness
(Alba et al., 2015). Although it is largely unknown which terminal plant
defenses determine resistance or susceptibility to mites, negative correla-
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tions were found between mite fitness and several plant secondary metabolites (Bleeker et al., 2012; Chatzivasileiadis and Sabelis, 1997; Jared et al.,
2015; Zhurov et al., 2014). How plants detect spider mite feeding is poorly
understood, but analyses of transcriptional networks have suggested the
involvement of receptor-like kinases reminiscent of other plant-herbivore
interactions (VanDoorn and de Vos, 2013). These receptors may be involved
in the recognition of molecules (elicitors) released during the onset of the
plant-pathogen or plant-herbivore interaction (Martel et al., 2015).
Many herbivore elicitors emanate from saliva or regurgitation fluids
released on or in the plant during feeding (Schmelz et al., 2009).
Reminiscent of phytopathogens (Boller and Felix, 2009; Bonaventure et al.,
2011; Jones and Dangl, 2006), herbivores evolved additional salivary molecules to counter the induction of defenses (Acevedo et al., 2015; Hogenhout
and Bos, 2011; Kant et al., 2015). Such molecules, enhancing herbivore performance, were originally referred to as ‘effectors’. Some plant varieties
have, however, evolved the means to recognize these effectors, effectively
turning them into elicitors which activate plant defense responses
(Hogenhout et al., 2009; Jones and Dangl, 2006; Lapin and Van den
Ackerveken, 2013). Due to this context-dependency (Schmelz et al., 2012),
a broader inclusive definition of the term effector was suggested
(Hogenhout et al., 2009). Effectors are defined as pathogen- or herbivoresecreted proteins and small molecules that alter host-cell structure and
function. Effectors are of high interest to the plant breeding industry
because they can lead to the identification of resistance genes (R genes)
(Bent and Mackey, 2007) and susceptibility genes (S genes) (van Schie and
Takken, 2014). R genes code for immune receptors which confer recognition of pathogen- or herbivore-derived effectors or their modification
inflicted on a host protein, eventually resulting in the activation of host
defenses (van Schie and Takken, 2014). S genes, on the other hand, can considered to be all plant genes that facilitate infection and support compatibility (van Schie and Takken, 2014).
The vast majority of herbivore effectors emanate from saliva. Silencing
salivary effectors in non-arthropod herbivores like nematodes has been
shown to reduce their performance (Elling and Jones, 2014). Likewise,
silencing salivary effectors in insects like aphids reduced their reproduction
(Coleman et al., 2015). These studies indicate that salivary components are
key players in the plant-herbivore molecular battlefield, and hence their
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identification is a high priority. Salivary proteins can be inferred from
genomic, transcriptomic and/or proteomic data using a combination of criteria. For example, combining temporal and spatial gene expression data
with the predicted presence of an N-terminal signal peptide (SP) in the corresponding proteins results in lists of putative salivary proteins (e.g., Bos
et al., 2010; Carolan et al., 2011). For T. urticae, an annotated genome is
available (Grbić et al., 2011b), but no salivary gland-specific transcriptome
and/or proteome has been obtained yet. It is known that spider mites inject
salivary substances into host plant leaves (Avery and Briggs, 1968;
Rodriguez, 1954; Storms, 1971). However, the proteomic composition of
these substances has yet to be elucidated. The generation of gland specific
transcriptomes and proteomes is hampered by the extremely small size of
spider mites and the complex morphology of the glands (Mothes and Seitz,
1981) (T. urticae adults have a body length of 400-500 μm with an approximate salivary gland length of 50 μm). Salivation of several eriophyid mite
species has been achieved by soaking adult mites into immersion oil (De
Lillo and Monfreda, 2004), and of Varroa destructor mites by topical application of cholinomimetic agents (Richards et al., 2011). Protein sequences
were not obtained in these studies, however. A successful approach for
obtaining sufficient amounts of salivary secretions suitable for protein
analysis from non-mite arthropods has been to collect secretions from artificial diets encapsulated by a membrane on which feeding has taken place.
For example, using this approach, multiple proteins, in a range from 10 to
100, have been identified in the secreted saliva of aphids (Nicholson et al.,
2012; Vandermoten et al., 2014) and true bugs (Cooper et al., 2013).
We developed a set-up for collecting salivary secretions of T. urticae
from artificial diet and analyzed the proteomic composition of these secretions. Our approach involved T. urticae lines that were reared on distinct
economically important host plants for more than five generations, a period during which adaptation usually occurs (Fry, 1989). By including lines
adapted to different hosts, we aimed to discover a broader spectrum of salivary proteins. Mite salivary secretions were harvested using a customdeveloped mite feeding assay and subsequently investigated by nano-LCMS/MS analysis. Additionally, a transcriptome of the proterosoma -harboring the salivary glands- was constructed to validate proteomic data.
Evidence for the salivary origin of a selection of identified proteins was
obtained by whole-mount in situ hybridizations (ISHs). Furthermore, to
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assess host-specificity of salivary gland productions, we investigated the
host-dependency of expression of genes coding for the identified putative
salivary proteins (Chapter 4). The results from this study lay the groundwork for an improved understanding of the molecular machinery behind
induction or suppression of resistance during plant-mite interactions, and
may open new opportunities for mite-resistance plant breeding.
3 . 2 . M AT E R I A L

AND METHODS

3. 2.1. Est ablishmen t o f T. ur ticae lines on different host
pla nts
The T. urticae London strain has been maintained under laboratory conditions on bean plants (Phaseolus vulgaris cv. ‘Prelude’, Fabaceae) for many
years. The genome of this London strain has been sequenced (Grbić et al.,
2011b). Lines on alternative host plants were established by transferring
approximately 250 adult female mites from the London strain on bean to
new hosts. These new host plants were cotton (Gossypium hirsutum,
Malvaceae), maize (Zea mays, cv. ‘Ronaldinio’, Poaceae), soy (Glycine max, cv.
‘Merlin’, Fabaceae) and tomato (Solanum lycopersicum, cv ‘Moneymaker’,
Solanaceae). Three independent lines were generated for cotton and tomato, while 4 independent lines were obtained for maize and soy. The mite
lines were maintained in a climatically controlled environment at 26°C with
60% RH, and a light:dark (L:D) photoperiod of 16:8 h. Mites were offered
fresh plants as needed, and were used in experiments after five generations
for all hosts, except tomato, where replicate lines derived from London were
adapted and maintained on tomato for over 30 generations (Wybouw et al.,
2015).
3. 2.2. Co llec t ion o f ar t if icial diet enriched with T. ur ticae
sa li va
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 (see FIGURE S3.1), consisting of a 96 well
plate (plate thickness 4.2 mm, hole diameter 4.5 mm) fitting on 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,
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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 (approximately 4 x 4 cm), mounted
on the back of a small petri dish (90 mm diameter), and placed in a large
petri dish (135 mm diameter) 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 (FIGURE 3.1). 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, Sigma) to control
diet hemispheres was used to verify spider mite feeding as assessed by staining of gut contents (FIGURE 3.1). 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 h, the remaining content of the feeding hemispheres
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, 10-15 diet hemispheres per samle) 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 nanoLC-MS/MS analysis.
3.2.3. N an o - LC- MS/MS analy sis
Twenty μg of total protein (Pierce BCA Protein Assay Kit, Thermo
Scientific) of the sample was reduced using 1.25 μl of 500 mM TRIS (2-carboxyethyl) phosphine in a volume of 100 μl 100 mM TEAB, and incubated
for 1 h at 55°C. Next, the samples were processed using the filter-aided sample preparation (FASP) procedure (FASP Protein digestion kit, Protein discovery, Knoxville, TN) according to manufacturer’s instructions. In short,
the samples were diluted in a urea buffer and processed on a FASP filter,
alkylated with iodoacetamide and digested with trypsine (enzyme-protein
ratio = 1:50) overnight. Liquid chromatography mass spectrometric analysis was performed on a 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 (1 μg) was loaded on
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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% acetonitrile in water, 0.1% formic acid to
40% acetonitrile 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 60,000) was followed by a maximum of ten CID tandem mass
spectra (100 to 2000 m/z). Peptide ions were selected as the 20 most intense
peaks of the MS1 scan. CID scans were acquired in the LTQ iontrap part of
the mass spectrometer. The normalized collision energy used was 35% in
CID. We applied a dynamic exclusion list of 45 s.
3. 2.4. Pro t ein iden t ific ation
Prior to protein identification, calibration of the data was performed using
the methods described by Gibbons et al. (2015), correcting the systematic
bias in mass measurement in the 2nd replicate. Peak lists obtained from
MS/MS spectra were identified using OMSSA version 2.1.9 (Geer et al.,
2004), X!Tandem version X! Tandem Vengeance (2015.12.15.2) (Craig and
Beavis, 2004), and MS-GF+ version Beta (v10282) (Kim and Pevzner,
2014). The search was conducted using SearchGUI version 2.8.5 (Vaudel et
al., 2011). Protein identification was conducted against a concatenated target/decoy version of the T. urticae protein database holding 17,907 target
sequences (version of December 16th 2014, see Data S3.1) and the common
Repository of Adventitious Proteins (cRAP) database (available at
http://www.thegpm.org/crap/). Reversing the target sequences in
SearchGUI created the decoy sequences. The identification settings were as
follows: trypsin with a maximum of 2 missed cleavages; 10.0 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), pyrocmc (-17.026549 Da) and pyro-glu from n-term e (-18.010565 Da). Peptides
and proteins were inferred from the spectrum identification results using
PeptideShaker version 1.10.2 (Vaudel et al., 2015) [see TABLES S3.1 and
S3.2 for a detailed list of all features of the LC-MS/MS identifications at
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the protein and peptide level in the treatment samples (artificial diet with
feeding mites), respectively, and TABLE S3.3 for a list of all features of the
LC-MS/MS identifications at the protein level in the reference samples
(artificial diet without feeding mites)]. Peptide Spectrum Matches (PSMs),
peptides and proteins were validated at a 1.0% False Discovery Rate (FDR)
estimated using the decoy/hit distribution.
The mass spectrometry data along with the identification results have
been deposited to the ProteomeXchange Consortium (Vizcaino et al., 2014)
via the PRIDE partner repository (Martens et al., 2005) with the dataset
identifiers PXD003022 and 10.6019/PXD003022.
3.2.5. Ex perimen t al desi gn and statistical r ationale
Two technical replicates of artificial diets enriched with saliva of mites
maintained on four different host plant species were analyzed in this nanoLC-MS/MS study. The different host plants to which the mite lines have
been adapted were bean, maize, soy and tomato, as described in 3.2.1. Eight
samples were analyzed in total, yielding a list of putative T. urticae salivary
proteins. Care should be taken when comparing the proteomics data of the
different host plant lines, as each host-specific dataset is based on one
pooled biological replicate (each analyzed in two technical replicates).
However, we believe that our approach was sufficiently rigorous as host
plant specific production of T. urticae salivary proteins was complemented
by a gene expression analysis of mites maintained on the four different host
plants (see Chapter 4).
3.2.6. Prot eo mic s dat a filtering and abundance r ank ing
Proteins identified in the artificial diet were pooled into one dataset, while
retaining host plant specific information. In order to retain confident proteins identifications, only proteins identified in at least one of the samples
with a mean PSM value of at least two, calculated over both technical replicates per host plant, were retained in the final putative salivary protein list.
A MS1-intensity based Top3 analysis was performed to derive protein
abundance (Silva et al., 2006). First, the moFF (modest Feature Finder,
https://github.com/compomics/moFF) tool was used to extract the MS1
intensities from the Thermo raw files for the validated PSMs matching to
non-decoy (true) sequences (see TABLE S3.4). Afterwards, the intensities of
the three (or fewer) peptides with the highest intensities were averaged for
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every protein detected. Next, a normalized abundance factor (rTop3) was
calculated by dividing the Top3 value by the sum of all Top3 values of the
quantified proteins in each experiment (Krey et al., 2014), excluding contaminants. Additionally, the proteins were ranked according to their maximal rTop3 value, as calculated across each host-plant specific sample.
3. 2.7. X- r ay sub- mic ro n com p uted tom og r ap hy
Adult female T. urticae specimens were fixed as described previously
(Laumann et al., 2008). Briefly, live mites were collected and then incubated
in a 6:3:1 mixture of 80% ethanol, 38% formaldehyde and 100% acetic acid
for 72 h. Specimens were washed with 70% ethanol and dehydrated through
graded concentrations of 70 to 100% ethanol (5% steps) for 10 minutes per
step. The 100% ethanol step was done overnight at room temperature (RT).
The dehydrated specimens were critical point dried with CO2 (Bal-Tec CPD
020, Liechtenstein) and glued with their opisthosoma to a 0.5 mm carbon
pencil lead (Staedtler, Belgium). Spider mite specimens were scanned with
Nanowood (Dierick et al., 2014), an X-ray sub-micron computed tomography (CT) system developed at the Ghent University Centre for X-ray
Tomography (UGCT). The sample was scanned with an open-type nanofocus X-ray tube, reaching a focal spot size <1 μm. Samples were scanned for
1 h, resulting in scans with an isotropic voxel pitch of approximately 0.5 μm.
Reconstructions were performed using Octopus Reconstruction, a tomography reconstruction package for parallel, cone-beam and helical geometry
(Vlassenbroeck et al., 2007), licensed by InsideMatters (www.insidematters.
eu). Filtering was performed using the single step phase-retrieval Paganin
algorithm (Paganin et al., 2002). After reconstruction, a noise removal
anisotropic diffusion filter was applied using Octopus Analysis, formerly
known as Morpho+ (Brabant et al., 2011), also licensed by InsideMatters. All
visualization was performed with Fiji (Schindelin et al., 2012).
3.2.8. R NAseq e x pressio n analy sis of the p roterosom a of T.
ur ticae adult females
RNA was extracted from intact adult T. urticae females and from dissected proterosomas of adult females using the Qiagen RNeasy RNA extraction kit
(Qiagen, The Netherlands). Three replicates of 100 intact adult females from
the London strain were collected from bean plants. For dissection of the proterosoma, a dissection chamber was prepared by affixing a square piece of 12.7
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mm width double sided Scotch tape (3M, Maplewood, MN) on the bottom of
a 35 mm Petri plate and allowing tape to cure for 24 h. Adult female mites of
the London strain were carefully attached to tape with their ventral side downwards and covered with 1x phosphate buffered saline solution (PBS). The dorsal side of the hysterosoma was opened using micro-dissecting needles and
contents (gut, ovaries, eggs, dorsal parts of exoskeleton) were removed with
dissecting needles and micropipette. Remaining tissue (proterosoma, 1st and
2nd pair of legs, nervous mass, salivary glands) was gently lifted from tape and
transferred to Buffer RLT (Qiagen RNeasy RNA extraction kit) using a
micropipette. In total, 250 mites were dissected and dissected tissue was pooled
into one sample. RNA from this sample, as well as three samples collected from
whole adult females, was used for Illumina library construction and subsequent
sequencing on a HiSeq instrument (Fasteris, Switzerland). Briefly, 100 bp
strand-specific paired-end reads were generated for all samples. The paired-end
strand-specific Illumina RNA-seq reads were aligned to the T. urticae reference
genome (Grbić et al., 2011b) using the two-pass alignment mode of STAR
2.5.0b (Dobin et al., 2013) with a maximum intron size of 20 kb (the results
were splice-aware alignments made independently of the reference genome
annotation). The resulting BAM files were subsequently sorted by read name
using Samtools 1.2 (Li et al., 2009). Read counts per gene, based on the reference annotation (version October 29, 2015), were then obtained using the default
settings of HTSeq 0.6.0 (Anders et al., 2014) with the ‘STRANDED’ flag set
to ‘yes’ and the ‘FEATURE’ flag set to ‘exon’. Differentially expressed genes
between the proterosoma of T. urticae females and intact T. urticae females were
determined using the DESeq2 (version 1.6.3; Anders et al., 2013) and
Bioconductor (http://bioconductor.org/) R-packages. The ‘unfiltered DESeq2
results’ settings [dds <- DESeq(dds, minReplicatesForReplace=Inf) and res <results(dds, cooksCutoff=FALSE, independent Filtering=FALSE)] were used
for differential expression analysis. Genes with a fold change (FC) ≥8 and a
Benjamini-Hochberg adjusted p≤0.05 were considered differentially expressed
(DE). All gene expression data have been uploaded to the Gene Expression
Omnibus with accession number GSE81128.
3.2.9. Validat ion o f salivar y p roteins by whole-m ount in
situ hybridizat io n
In situ hybridization in T. urticae was based on Dearden and Akam (2000)
and Dearden et al. (2002). Briefly, RNA was extracted from T. urticae mites
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(London strain) feeding on bean or tomato plants (Total RNA Isolation
Mini Kit, Agilent), treated with TURBO DNA-freeTM Kit (Ambion) to
remove contaminating genomic DNA and used for cDNA synthesis using
Maxima First Strand cDNA Synthesis Kit. Primers were designed using
Primer3 (http://bioinfo.ut.ee/primer3/). A fragment with preferred length
of about 300 bp was amplified (primers used are in TABLE S3.5). PCR products were cloned into pGEM-T plasmids (Promega) and transformed into
E. coli. Plasmids from liquid cultures were purified after which insert orientation and nucleotide sequence were determined by sequencing (LGC
Genomics, Germany). A PCR was performed on the plasmids using
pUC/M13 primers (TABLE S3.5). PCR product, containing insert flanked by
T7 and SP6 promoter sites from the plasmid backbone, was checked by
agarose gel electrophoresis and purified using E.Z.N.A. Cycle Pure Kit
(Omega Biotek, GA, USA). Depending on orientation, sense or anti-sense
digoxigenin-labeled (DIG-labeled) probes were generated using T7 or SP6
RNA polymerase (Roche), using the pUC/M13 PCR product and DIGUTPs (Roche) in the in vitro labeling reaction. Probes were then purified
using SigmaSpinTM Sequencing Reaction Clean-Up Columns (Sigma), supplemented with 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)] and stored at -20°C until used.
Tetranychus urticae nymphs and adults (London strain) of both sexes
were collected from bean and tomato plants and fixed overnight in a 1:1
mixture of heptane and PTw (PBS with 0.1% Tween-20) containing 4%
formaldehyde. The mites were then washed in methanol and gradually
rehydrated in PTw, followed by sonication in a sonic cleansing bath and
treatment with 0.2 mg/ml Proteinase K during 10 min. The mites were
then re-fixed with 4% formaldehyde in PTw. After washing in PTw, mites
were prehybridized in hybridization buffer for 1 h at 52°C. Hybridization
buffer (300 μl) was refreshed and probe (4 μl) was added. The mites were
then incubated overnight at 52°C. Washing occurred at 53°C with wash
buffer composed of 50% formamide, 2x SSC and 0.1% tween-20. After
washing at room temperature with PBTw (PTw with 0.1 % BSA, Sigma),
the mites were incubated at RT for 2 h with a 1:1000 dilution of anti-digoxigenin-AP (Fab fragments, Roche) in PBTw. The mites were then washed

102

WimJonckheere-ch3_Vera-ch1.qxd 29/11/2017 16:18 Page 103

Chapter 3
with PTw and alkaline phosphatase (AP) buffer (100 mM Tris pH 9.5,
100mM NaCl, 1 M MgCl2, 0.1% Tween-20). AP buffer containing the
FastRed substrate (SIGMAFASTTM Fast Red TR/Naphthol AS-MX
tablets, Sigma) was added and mites were incubated at RT in the dark, until
red staining was visible. Methanol was used to reduce background staining
and the mites were eventually cleared in 70% glycerol in PTw (pH 8.5) after
washing with pure PTw. The mites were then mounted on a microscopy
glass for further microscopic investigation (Nikon A1R fluorescence confocal microscope; emission at 500-530 nm and acquisition at 488 nm for spider mite auto-fluorescence and emission at 570-620 nm and acquisition at
561.7 nm for FastRed signal). Z-stacks were created using 15 slices with 23 μm distance between slices. All images were processed with Fiji
(Schindelin et al., 2012).
3.2.10. Tetran y chus ur ticae p rotein fam ily analy ses
Tetranychus urticae proteins were assigned to OrthoMCL groups using the
online OrthoMCL software tool (http://www.orthomcl.org/orthomcl/
proteomeUpload.do) and the T. urticae proteome (version July 29, 2015,
available via the ORCAE database) as query (Chen et al., 2006). Signal peptides were predicted with SignalP 4.1 (Petersen et al., 2011) and protein
subcellular localization was predicted using WoLF PSORT (organism type:
‘Animal’) (Horton et al., 2007) at http://www.genscript.com/wolfpsort.html. Proteins with a sequence length less than 30 AA or not containing a start methionine (pseudogenes) were excluded from WoLF PSORT
analysis. Transmembrane domains were predicted using TMHMM server
2.0 (http://www.cbs.dtu.dk/services/TMHMM/). A phylogenetic analysis
was performed for proteins belonging to OrthoMCL cluster Tu_MCL_35
and Tu_MCL_36. Except for tetur55g00110 (Tu_MCL_36) which is
encoded by a pseudogene, proteins from each cluster were aligned using
MUSCLE (Edgar, 2004). Model selection was done with ProtTest 2.4
(Abascal et al., 2005) and according to the Akaike information criterion
WAG+G and WAG+G+F were optimal for the phylogenetic reconstruction of Tu_MCL_35 and Tu_MCL_36 proteins, respectively. Finally, for
each alignment a maximum likelihood analysis was performed using
Treefinder (version 2011) (Jobb et al., 2004) bootstrapping with 1000
pseudoreplicates (LR-ELW). The resulting trees were midpoint rooted and
edited with MEGA 6.0 software (Tamura et al., 2013).
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3. 2.11. Evaluat io n o f T. ur ticae salivar y p roteins using
ava i lable dat abases
T. urticae salivary proteins identified by nano-LC-MS/MS were used as
query in a BLASTp search (E-value threshold 1.0 E-5) against the proteome of the non-phytophagous American house dust mite,
Dermatophagoides farinae (Chan et al., 2015). Furthermore, expression levels of genes coding for putative T. urticae salivary proteins were compared
between feeding (mobile) T. urticae stages (larva, nymph and adult) and the
embryo stage (Grbić et al., 2011b), while a nano-LC–nano-ESI-QTOF
MS/MS proteomic analysis of mite faeces (Santamaría et al., 2015) was
screened for the presence of putative salivary proteins of T. urticae. A set
of differentially expressed genes in diapausing T. urticae females (Bryon et
al., 2013) was also investigated for genes coding for putative T. urticae salivary proteins. Finally, an expression dataset of T. urticae genes across different time points of host plant transfer to tomato (Wybouw et al., 2015)
was mined for putative T. urticae salivary genes.
3 . 3 . R E S U LT S
3. 3.1. Tetran y chus ur ticae secretes p roteins in ar tificial diet
wh i ch c an reliably be ide ntified through m ass sp ectrom etr y
a na lysis
Spider mite lines propagated for at least 5 generations on different host
plants (i.e., bean, maize, soy and tomato) were allowed to feed on an artificial diet encapsulated in parafilm (FIGURE 3.1). Mites fed on the artificial
diet within hours, as assessed by blue staining of control mites being fed an
erioglaucine-supplemented diet. After 24 h, the artificial diet was collected
for each plant-adapted mite line and for reference samples (artificial diet
without feeding mites) and the protein content was analyzed using nanoLC-MS/MS. The detected salivary proteins from all host plant-adapted
mites were pooled into one dataset. Ninety-five proteins (some belonging to
12 ‘protein inference groups’ containing proteins identified by shared peptides) had a mean PSM of at least 2 and were retained as putative T. urticae
salivary proteins (TABLES 3.1 and S3.6). Subsequently we used the normalized (relative) abundance factor rTop3, based on MS1 intensity, for abundance ranking of these putative salivary proteins. This rTop3 value has
been shown to correlate with the mole fraction of the protein of interest
(Grossmann et al., 2010; Krey et al., 2014). Proteins with a high rTop3 fac104
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tor are therefore assumed to be more prominent in T. urticae saliva. The
majority (81%) of the putative T. urticae salivary proteins had a SP for
secretion as predicted by SignalP. Only four (tetur03g08030,
tetur10g00090, tetur10g00100, tetur22g00260) out of the 95 putative salivary proteins were predicted to have a transmembrane domain, while 76
(80%) were predicted to have an extracellular localization (TABLE 3.1). The
OrthoMCL analysis grouped 13,558 T. urticae proteins into 6397 ortholog
groups. The majority of these groups already existed in the OrthoMCL
database (http://www.orthomcl.org/orthomcl/), while 401 ortholog
groups (group names starting with ‘Tu_MCL’) were specific for T. urticae
(TABLE S3.7). From the 95 putative T. urticae salivary proteins detected by
nano-LC-MS/MS, 63 proteins could be assigned to an existing OrthoMCL
group, 22 proteins were grouped into a T. urticae specific OrthoMCL group
and 10 proteins could not be included into any group (TABLES 3.1 and S3.6).

A
paper towel

large
petri dish

cotton

diet (70 mL)

spider mite

parafilm

tape

water

small
petri dish

B

FIGURE 3.1. Feeding arena used to collect spider mite saliva. (A) Schematic
drawing of the feeding arena. (B) Left panel: overview of the feeding arena; middle panel: top view of the diet hemisphere infested with spider mites; right panel:
adult female spider mite feeding on a control hemisphere with a blue colorant
added to the diet (note the blue color visible in the gut of the spider mite).
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TABLE 3.1. List of putative Tetranychus urticae salivary proteins identified in artificial diet using nano-LC-MS/MS
Proteins are ranked based on normalized abundance factor (rTop3). See TABLE S3.6 for a detailed overview.
T. urticae
Functional description
Max. SPc WPd ISHe Dff OrthoMCL (#)g Feeding Proterosoma
protein IDa
rTop3b
FCh
FCi
tetur01g01850 Projectin
0.1484 N
C
* OG5_126738 (10) 0.4
2.9*
tetur20g00560 Hypothetical protein
0.1137 Y
E
A
Tu_MCL_12 (35) 6.0
33.9*
tetur07g00150 Serine protease
0.0877 Y
E
A
* OG5_135950 (7) 8.0
28.6*
tetur28g01330, Wannes-Thomas Secreted
0.0855 Y
E
Tu_MCL_36 (13) 3.7
37.1*
tetur55g00040 Protein (WTSP) 1
tetur03g03700 Hypothetical protein/PE-PGRS 0.0817 Y
E
OG5_144177 (6) 30.4
30.9*
family protein
tetur12g03940, Serine protease
0.0816 Y
E
* OG5_168371 (5) emb(0) 10.4*
tetur12g03950
tetur03g03680 Hypothetical protein/PE-PGRS 0.0738 Y
E
OG5_144177 (6) 17.9
38.9*
family protein
tetur32g00050 Small Secreted Protein, Family F 0.0691 Y
E
A
Tu_MCL_35 (14) 2.3
10*
tetur03g03670, Hypothetical protein/PE-PGRS 0.0628 Y
E
OG5_144177 (6) 15.3
40*
tetur03g03690, family protein
tetur03g03730,
tetur03g10093
tetur06g06630 Cystatin
0.0530 Y
E
A
Tu_MCL_45 (11) emb(0) (-)
tetur06g02580 Cathepsin B
0.0469 Y
E
* OG5_127800 (28) 1.5
5.9
tetur05g04580 Wannes-Thomas Secreted
0.0429 Y
E
D
Tu_MCL_36 (13) 11.4
9.5*
Protein (WTSP) 10
tetur16g03470 Serine protease homologue
0.0387 Y
E
* OG5_152237 (2) 3.7
12.6*
tetur06g03320 Wannes-Thomas Secreted
0.0328 Y
E
Tu_MCL_36 (13) (-)
-3.3
Protein (WTSP) 3
tetur16g03420 Beta-mannosidase
0.0313 Y
E
* OG5_129300 (4) 2.5
18.4*
tetur29g01360* Hypothetical protein
0.0233 Y
E
D
3.8
29.5*
tetur03g10083 Hypothetical protein/PE-PGRS 0.0219 Y
E
Tu_MCL_74 (6) 9.4
36.1*
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TABLE 3.1. Continued
T. urticae
Functional description
a
protein ID
family protein
tetur01g02670 MD-2-related lipid-recognition
domain protein
tetur04g05980* Apolipoprotein D precursor
tetur05g04560 Wannes-Thomas Secreted Protein
(WTSP) 8
tetur07g00160* Hypothetical protein
tetur03g03680, Hypothetical protein/PE-PGRS
tetur03g03700, family protein
tetur03g10083
tetur40g00392, Trypsin Inhibitor-like, cysteine
tetur95g00080 rich domain protein
tetur28g00360 Beta-mannosidase
tetur06g00510 Hypothetical protein
tetur55g00040 Wannes-Thomas Secreted
Protein (WTSP) 1b
tetur14g02090 Immunoglobulin E-set
tetur07g01660 Hypothetical protein
tetur28g01330 Wannes-Thomas Secreted
Protein (WTSP) 1a
tetur31g00630 Hypothetical protein with
Armadillo-type fold
tetur03g08710 Hypothetical protein
tetur14g02080 MD-2-related lipid-recognition
domain protein
tetur02g04310 Glycoside hydrolase, catalytic core
tetur516g00020 Vitellogenin 1, partial
E
E
E
E
E
E
E
E
E
E
C

0.0128 Y
0.0122 Y
0.0119 Y
0.0118 Y
0.0111 Y
0.0108 Y
0.0100 Y
0.0098 N

E

0.0167 Y
0.0167 Y
0.0162 Y
0.0131 Y

E
E

0.0200 Y
0.0196 Y
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D

A

D

D

E
E

0.0215 Y
0.0209 Y

*
*

*

*

*

*

3.3

4.4
17.9

OG5_127620 (2)
OG5_132251 (7)

7.9
336.7

3.0
OG5_133467 (14) 8.9

Tu_MCL_25 (17) 4.7

OG5_133467 (14) 9.1
5.1
Tu_MCL_36 (13) 3.7

5.5
3.9
Tu_MCL_36 (13) 1.8

OG5_129300 (4)

OG5_207753 (2)

OG5_144177,
Tu_MCL_74 (6)

OG5_130527 (50) 6.4
Tu_MCL_36 (13) 10.3

-1.8*
-3.9*

36*
-22.6*

27.3*

-2.7*
10.5*
37.1*

44*
41.1*
16.4*

45.3*

14.6*
38.9*

-1.3
10.5*

-2*

4.6

OG5_158831 (2)

E

0.0217 Y

*

Feeding Proterosoma
FCh
FCi

Max. SPc WPd ISHe Dff OrthoMCL (#)g
rTop3b
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TABLE 3.1. Continued
T. urticae
Functional description
a
protein ID
tetur01g05230, Cathepsin B
tetur01g16473,
tetur06g02570,
tetur06g02580
tetur30g01440 Serine protease
tetur32g01880 Hypothetical protein
tetur28g01720 Short-chain dehydrogenase/
reductase SDR
tetur14g02070 MD-2-related lipid-recognition
domain protein
tetur10g00090† Glycine-rich secreted protein
tetur09g04400* Cathepsin L
tetur43g00010* Vitellogenin 5
tetur01g01010 Orphan Secreted protein
tetur07g07380* Beta-galactosidase
tetur10g00100† Hypothetical protein
tetur04g09479 Small Secreted Protein, Family F
tetur01g00950 Orphan secreted protein
tetur06g00230 Hypothetical protein
tetur12g01860* Cathepsin L
tetur31g00830 Hypothetical protein
tetur03g07920* Glutathione S-transferase,
delta class
tetur31g01040, Hypothetical protein with
tetur31g01060 Armadillo-type fold
tetur03g08030† Cathepsin B
tetur16g03190 Serine protease homologue
E
E
C
E
E
E
E
E
M
E
E
E
E
E
E
C
E
E
E

0.0096 Y
0.0094 Y
0.0091 N
0.0091 Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
N

0.0083
0.0083
0.0082
0.0078
0.0074
0.0072
0.0068
0.0068
0.0061
0.0057
0.0056
0.0053
0.0051 Y
0.0051 Y
0.0050 Y

A
A

D
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*
*

*

*

*

*
*

*

*

*

OG5_127800 (28) 13.3
OG5_141111 (2) 5.3

Tu_MCL_25 (17) 8.6

Tu_MCL_35 (14)
Tu_MCL_211 (2)
Tu_MCL_25 (17)
OG5_126607 (22)
Tu_MCL_25 (17)
OG5_126942 (17)

OG5_126607 (22)
OG5_132251 (7)
Tu_MCL_212 (2)
OG5_128163 (4)

5.0
8.0
536.3
8.9
5.5
4.2
5.9
7.5
5.1
8.2
emb(0)
5.7

OG5_133467 (14) 7.8

OG5_152337 (1) 5.1
Tu_MCL_43 (12) 2.6
OG5_128170 (22) 4.9

-15.8*
48.7*

47.7*

31.5*
-1.1
-7.5*
21.9*
-2.3*
24.4*
65.8*
28.6*
29.3*
-1.5*
14.4
-2.2*

-16.7*

46.4*
62.3*
-46.1*

Max. SPc WPd ISHe Dff OrthoMCL (#)g Feeding Proterosoma
rTop3b
FCh
FCi
0.0097 Y
E
* OG5_127800 (28) 6.5
-6.4*
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TABLE 3.1. Continued
T. urticae
Functional description
a
protein ID
tetur01g02510* Glutathione S-transferase,
class delta
tetur39g00810* Vitellogenin 2
tetur23g01640 Flavin reductase
tetur26g02320 Superoxide dismutase, copper/
zinc binding
tetur19g01900 Prolylcarboxypeptidase
tetur18g03030* Alpha-2-macroglobulin
tetur07g08034 Serine proteases, trypsin family
tetur09g03880 Serine protease
tetur06g01060 Cystatin
tetur14g03160 Hypothetical protein
tetur06g01640 Outer membrane lipoprotein Blc/
Lipocalin
tetur20g01290 Hypothetical protein
tetur13g03820 Proteinase inhibitor I2, Kunitz
metazoa
tetur25g00650* Cathepsin L
tetur13g00600 Hypothetical protein
tetur147g00020, Glycoside hydrolase, subgroup,
tetur33g01260 catalytic core
tetur01g00940 Orphan secreted protein
tetur09g03620, Cystatin
tetur09g03650,
tetur09g03670
tetur22g00260† Trypsin Inhibitor-like, cysteine
rich domain protein
E
C
C
E
C
E
E
E
E
E
E
E
E
E
E
E
E
E

0.0045 Y
0.0043 N
0.0043 N
Y
N
Y
Y
Y
N
Y

0.0043
0.0042
0.0042
0.0040
0.0039
0.0039
0.0031
0.0030 Y
0.0030 Y
0.0030 Y
0.0029 Y
0.0029 Y
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0.0029 Y
0.0028 Y
0.0027 Y

A

*

*

*

*
*
*
*
*

*

*

574.8
2.7
1.8

9.3
4.1

OG5_176862 (1)

11.3

Tu_MCL_212 (2) 7.0
OG5_147492 (6) 7.0

OG5_126607 (22) 16.4
3.8
OG5_129423 (34) 17.5

OG5_126560 (8)
OG5_134456 (1)

3.5
890.1
OG5_149533 (13) 1.0
OG5_168371 (5) 6.7
OG5_147492 (6) 10.1
Tu_MCL_63 (8) emb(0)
OG5_130527 (50) 3.8

OG5_130246 (1)

OG5_132251 (7)
OG5_131746 (2)
OG5_127584 (8)

2.6*

23.4*
-1.8*

-1.4
25.4*
-1

-12.2*
2.5*

-1.8*
-12.3*
4
48.3*
-2.9*
3.1
-2.3*

1.3*
1.3
3.2*

Max. SPc WPd ISHe Dff OrthoMCL (#)g Feeding Proterosoma
rTop3b
FCh
FCi
0.0048 N
C
* OG5_126942 (17) 1.2
10.1*
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TABLE 3.1. Continued
T. urticae
Functional description
Max. SPc WPd ISHe Dff OrthoMCL (#)g Feeding Proterosoma
a
protein ID
rTop3b
FCh
FCi
tetur02g12930 Glycoside hydrolase, subgroup,
0.0027 Y
E.R.
* OG5_129423 (34) 8.2
-3.9*
catalytic core
tetur02g11340, Aldo-keto reductase family B,
0.0026 N
C
* OG5_126583 (9) 5.0
8.1*
tetur02g11390 member 1
tetur32g02327 Short-chain dehydrogenase/
0.0022 N
C
* OG5_128075 (3) emb(0) 2.7*
reductase
tetur01g11910 Chitinase
0.0022 Y
E
* OG5_152454 (3) 0.7
28.7*
tetur09g00900 Hypothetical protein
0.0022 Y
E
2.1
21.3*
tetur07g03440*, Fructose-bisphosphate aldolase, 0.0018 N
C
* OG5_127143 (3) 2.0
2.8*
tetur109g00010 class-I
tetur03g09480*, Actin
0.0017 N
CS
* OG5_126595 (3) 0.5
14.1*
tetur09g05350*,
tetur09g05360
tetur11g01500 Carboxyl/cholinesterase
0.0015 Y
E
* OG5_136350 (8) 1.6
-1.1
tetur03g04470 Fibronectin, type III-like fold
0.0012 Y
E
Tu_MCL_153 (3) 6.7
1.3*
a accession number in the ORCAE genome database (http://bioinformatics.psb.ugent.be/orcae/overview/Tetur); an asterisk
(*) indicates that the T. urticae protein has been found in faeces of mites (Santamaría et al., 2015) while a cross (†) indicates that
the T. urticae protein was predicted with a transmembrane domain by TMHMM 2.0 (http://www.cbs.dtu.dk/services/
TMHMM/)
b maximal rTop3 value across the four T. urticae host plant adapted lines (bean, soy, maize, tomato)
c presence (Y= yes, N= no) of a signal peptide as predicted by SignalP 4.0 (Petersen et al., 2011)
d subcellular localization prediction by WoLF PSORT (CytoSkeleton/Cytoplast/Endoplasmic Reticulum/Extracellular/
Mitochondrial) (Horton et al., 2007)
e gland expression localization determined by whole-mount in situ hybridization (ISH): Anterior or Dorsal podocephalic glands
f homologues (BLASTp E-value threshold 1E-5) identified in the American house dust mite D. farinae (Df) (*)
g OrthoMCL group with the number of OrthoMCL members present in the T. urticae genome shown between brackets (see
Table S3.7 for OrthoMCL details)
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et al., 2011a); in case of gene groups the expression ratio of the first gene is shown; emb(0): no reads could be mapped to this
gene in the embryo stage; (-) T. urticae gene was not annotated at time of experiment
i fold change in gene expression between T. urticae proterosomas and intact T. urticae females (* = Benjamini-Hochberg
corrected p≤0.05); in case of gene groups the FC of the first gene is shown; (-) no reads could be mapped to this gene

h overall average expression across all the feeding stages (larva, nymph, adult) relative to expression in the embryo stage (Grbić
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3. 3.2. R NAseq an alysis of T. ur ticae p roterosom as sup p or ts
the salivar y o rigin o f m any identified p roteins
RNA was extracted from 100 intact adult female T. urticae mites with threefold biological replication and from 250 dissected T. urticae proterosomas.
For all T. urticae genes the number of mapped RNAseq reads can be found
in TABLE S3.8. Using the RNAseq data and the DESeq2 software, we performed a differential expression analysis (Benjamini-Hochberg adjusted p≤
0.05 and |FC|≥8) (FIGURE S3.2, TABLE S3.9) between dissected T. urticae
proterosomas and intact females: 1800 T. urticae genes showed a significantly higher expression in the proterosoma compared to intact females, while
1268 had a significantly lower expression. About 20% (591 genes) of the
genes with a significantly different expression in the proterosoma coded for
extracellular proteins, with 455 out of 591 genes having a significantly
higher expression and 136 having a significantly lower expression in the
proterosoma (FIGURE 3.2, TABLE S3.9). Fifty-three percent of the top 100
(ranked based on decreasing log2FC values) of the genes coding for extracellular proteins with significantly higher expression in the proterosoma
coded for proteins with unknown function, while genes coding for serine
proteases (eight genes), neuropeptides (six genes) or homologues of ‘salivary gland peptides’ of ticks (five genes) were also observed (TABLE S3.9).
About half of the genes (54%) coding for T. urticae putative salivary
proteins detected by nano-LC-MS/MS had significantly different expression levels (Benjamini-Hochberg adjusted p≤0.05 and |FC|≥8) in the proterosoma (FIGURES 3.2 and S3.2, TABLE S3.9). The majority (88%) of these
genes showed a higher expression in the proterosoma while only 6 had a
lower expression. Among those genes with a higher expression, we identified actin (tetur03g09480), an aldo-keto reductase (tetur02g11340), a glutathione S-transferase (tetur01g02510), a chitinase (tetur01g11910), a protein with a trypsin inhibitor-like, cysteine rich domain (tetur40g00392), 2
beta-mannosidases (tetur16g03420, tetur28g00360), 7 serine-proteases
(tetur07g00150, tetur09g03880, tetur12g03940, tetur12g03950,
tetur16g03190, tetur16g03470, tetur30g01440) and 31 genes coding for
proteins with a yet unknown function. Among the 6 genes with a lower
expression we found genes coding for a cathepsin (tetur03g08030), a shortchain dehydrogenase (tetur28g01720), an alpha-2-macroglobulin
(tetur18g03030), conserved secreted proteins with MD-2-related lipid
recognition domain (tetur14g02070 and tetur14g02080), and a gene coding
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for a protein with an unknown function (tetur20g01290) (TABLES 3.1 and
S3.9, FIGURES 3.2 and S3.2).
3.3.3. Evaluat io n o f t he salivar y p rotein re p er toire with
previ ously published dat asets
Fifty of the 95 proteins (53%) identified by nano-LC-MS/MS shared
homology (BLASTp with E-value threshold 1.0 E-5) with proteins of the
most closely related non-phytophagous acariform mite for which proteomA

B
-log10(Benjamini-Hochberg corrected p-value)

300
100 μm

not DE
DE
DE/LC-MS
DE/LC-MS/ISH
not DE/LC-MS

250

200

150

100

50

0
-10

-5

0

5

10

log2FC

FIGURE 3.2. Tetranychus urticae genes that code for extracellular proteins and are
differentially expressed between proterosomas and intact females. (A) Dissected T.
urticae proterosomas used for RNA extraction (see Figure 3.3 for dissection position). (B) The negative log10 of Benjamini-Hochberg adjusted p-values were plotted against the log2FC in gene expression for all T. urticae genes (see FIGURE S3.2)
and subsequently filtered for genes coding for extracellular proteins (predicted to
be extracellular by WoLF PSORT (Horton et al., 2007) and predicted with a SP
by SignalP 4.1 (Petersen et al., 2011), see TABLE S3.9). Differentially expressed
genes (|FC| ≥8, Benjamini-Hochberg adjusted p≤0.05) are shown as grey dots
(DE), while genes that were not differentially expressed are shown as grey circles
(not DE). Genes coding for extracellular proteins that were identified by nano-LCMS/MS (‘extracellular LC-MS salivary protein genes’) are depicted as stars.
Extracellular LC-MS salivary protein genes that were differentially expressed are
depicted as green stars (DE/LC-MS). Extracellular LC-MS salivary protein genes
that were differentially expressed and for which ISH confirmed expression in salivary glands are depicted as red stars (DE/LC-MS/ISH) while extracellular LCMS salivary protein genes that are not differentially expressed are shown as blue
stars (not DE/LC-MS).
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ic resources were available, the American house dust mite D. farinae
(TABLES 3.1 and S3.6). These were mainly proteins with a predicted function in digestion (26 out of 50), like glycoside hydrolases, beta-galactosidase/mannosidase, propylcarboxypeptidase, proteinase inhibitors and serine proteases. Tetranychus urticae proteins with an unknown function did not
share homology with D. farinae proteins. A previously published dataset of
the T. urticae transcriptome across different developmental stages (Grbić et
al., 2011b) was mined for the gene expression-levels of T. urticae putative
salivary genes. The overall average expression for all T. urticae genes (calculated as ‘reads per kb of transcript per million mapped reads’: RPKM)
across all the feeding stages (larva, nymph, adult) relative to the overall
average expression in the embryo stage was 2.21 fold higher (Grbić et al.,
2011b). Seventy-five out of 95 T. urticae putative salivary genes had a ratio
higher than this average, while 28 (30%) have an expression ratio more than
8 (TABLE 3.1). Moreover, while only three putative T. urticae salivary protein genes were expressed at lower levels in non-diapausing as compared to
diapausing adults, we found that 26 genes were more strongly expressed in
non-diapausing adults that are actively feeding (Bryon et al., 2013; TABLES
3.1 and S3.6). Finally, 15 putative T. urticae salivary proteins were also
detected in a proteome analysis of T. urticae faeces (TABLE 3.1; Santamaría
et al., 2015). These included cathepsins (tetur09g04400, tetur25g00650 and
tetur12g01860), actins (tetur03g09480, tetur09g05350), a lipocalin
(tetur04g05980), beta-galactosidase (tetur07g07380), fructose-biphosphate
aldolase (tetur07g03440), glutathione S-transferases (tetur01g02510,
tetur03g07920), vitellogenins (tetur39g00810, tetur43g00010), alpha2macro-globulin (tetur18g03030) and two proteins with unknown function
(tetur07g00160 and tetur29g01360).
3.3.4. ISH of salivar y protein genes com b ined with
mor phologic al an alysis distinguishes anterior and dor sal
podoce phalic glan ds
The spatial expression pattern of 15 putative T. urticae salivary protein
genes was evaluated using whole-mount in situ hybridization (ISH). These
genes were selected out of the nano-LC-MS/MS dataset based on the possession of a SP for secretion and a relatively high expression in the proterosoma (TABLE 3.1). Furthermore, we endeavored to include genes from as
many different gene families as possible. To ensure that the observed ISH
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signal is linked to the genuine morphological structure, T. urticae internal
anatomy was investigated by means of X-ray sub-micron computed tomography. This imaging technique resulted in high-resolution three-dimensional pictures, providing additional insights into spider mite internal anatomy
from those reported previously (Alberti and Crooker, 1985; Blauvelt, 1945;
Mothes and Seitz, 1981), and allowed more accurate interpretation of the
ISH signal observed by bright field and fluorescence confocal microscopy. Of
the 15 genes, 14 were expressed specifically in either the anterior or dorsal
podocephalic glands (FIGURE 3.3). None of the genes we tested showed
expression in both the anterior and dorsal glands, and staining was not
observed when using sense control probes. We did not detect gene expression in a third pair of glands annotated previously as being salivary, and
known as the coxal organs (Mothes and Seitz, 1981). Tetur13g00600 was
also tested, yet no clear specific staining was visible in any gland or tissue.
3.4. DISCUSSION
3.4.1. Iden t ific at ion o f salivar y gland p roteins secreted by
th e sp ider mit e T. ur ticae
The spider mite T. urticae is well known for its ability to feed on an extraordinary wide range of different plant species even though their feeding
activities induce plant defenses that can negatively affect mite fitness (Glas
et al., 2014; Kant et al., 2008; Li et al., 2002). However, arthropod populations have adapted to suppress these defenses, including T. urticae populations (Alba et al., 2015; Godinho et al., 2015; Sarmento et al., 2011;
Wybouw et al., 2015), suggesting that effectors in their saliva are crucial
determinants for success in colonizing host plants. To gain insight into the
salivary proteome of T. urticae, spider mites were allowed to feed on small
hemispheres filled with artificial diet. Using this setup, mites can secrete
saliva into the diet, which in turn can be used for nano-LC-MS/MS analysis. By combining this approach with extensive follow-up analyses, we
aimed to obtain an as accurate as possible set of proteins that are actually
injected by T. urticae into host plants. In the past, this kind of approach was
also successful to identify aphid salivary proteins (Chaudhary et al., 2015;
Rao et al., 2013b; Thorpe et al., 2016a). Tetranychus urticae gene expression
profiles are known to be highly host plant dependent (Díaz-Riquelme et al.,
2016; Wybouw et al., 2015). By using spider mites reared on four different
host plant species for a minimum of five generations, we maximized
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proterosoma

hysterosoma
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chances of capturing a higher variety of salivary proteins. In addition, this
allowed to study the influence of the host plant on spider mite salivary protein composition (Chapter 4).
By design, our method is suitable to collect saliva from small numbers of
potentially tiny arthropods. In recent studies on aphid saliva (Chaudhary et
al., 2015; Rao et al., 2013a; Thorpe et al., 2016b), tens of thousands of aphids
were needed to collect saliva in sufficient quantities for protein identification.
Despite the smaller size of T. urticae (0.4-0.5 mm) compared to aphids (> 1
mm), we managed to collect sufficient amounts of saliva for nano-LCMS/MS analysis using only about 500 mites per sample. Limited volumes of
diet were sufficient for the analysis via state-of-the-art mass spectrometry,
making the analysis of salivary proteomes of small herbivorous arthropods
time- and resource-efficient where feeding on an artificial diet is feasible.

FIGURE 3.3. Localization of expression of Tetranychus urticae genes coding for
putative salivary proteins identified by nano-LC-MS/MS. A schematic representation of a mid-sagittal section of a T. urticae female is shown on top (redrafted from (Alberti and Crooker, 1985) with the permission from Elsevier). Dorsal
podocephalic glands (DPGL) are shaded green while the anterior podocephalic
glands (APGL) are shaded red. Tetranychus urticae genes for which ISH confirmed
expression in one of the podocephalic salivary glands are framed by a box shaded
red (APGL) or green (DPGL). A red arrow indicates the dissection position for
collection of proterosomas. (A-D) virtual sections obtained by a sub-micron CT
scan of a T. urticae adult female confirmed the internal morphology as described
by Alberti and Crooker (1985). (A) virtual mid-sagittal section, dashed straight
lines represent the other virtual sections that were created and are shown in panels B, C and D. (B) Virtual cross section at the tracheal glands (TRGL): DPGL and
APGL are indicated with a green and red dashed line, respectively. (C) Virtual
frontal section at TRGL, DPGL are indicated with a dashed green line. (D)
Virtual frontal section at the central nervous mass (CNM), APGL are indicated
with a dashed red line. (E-H) Confocal images of whole-mount in situ hybridization of putative T. urticae salivary protein genes. A DIG-labeled antisense probe
was used for hybridization and the signal was developed using anti-DIG-AP and
FastRed as substrate. The reaction product is visible as a red signal while the spider mite body shows green autofluorescence. Signal development corresponded to
the localization of the podocephalic glands as shown in panels B, C and D. (E,G)
Dorsal (Z-stack maximum intensity projection) and lateral (sagittal stack) view of
signal development in the DPGL (tetur07g00160). (F,H) Dorsal (Z-stack maximum
intensity projection) and lateral (sagittal stack) view of signal development in the
APGL (tetur28g01360, panel F, and tetur01g00950, panel H). Other abbreviations:
SILKGL, silk glands; ES, oesophagus; OV, ovaria; ST, stylet; VE, ventriculus;
EX/HI, excretory organ/hindgut; and L2, second pair of legs.
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Salivary proteins need to be secreted by the salivary glands into the
salivary duct before they can be delivered into a host plant via the saliva.
The majority of the 95 putative T. urticae salivary proteins identified by
nano-LC-MS/MS possess a SP and were predicted to be localized extracellularly, consistent with secretion. However, the lack of a SP for 18 out of
the 95 proteins does not exclude that these proteins are secreted, as secretory pathways independent of the canonical endoplasmic-reticulum-Golgi
network may exist (Haegeman et al., 2012). Additionally, SPs can be missed
by gene prediction programs during genome annotation. In fact, both reasons have been proposed to explain why many putative arthropod salivary
proteins lack a predicted SP (e.g., Chaudhary et al., 2015).
Although detection by LC-MS is one of the most robust methods to
identify secreted salivary proteins, the list in TABLE 3.1 should not be considered exhaustive. A number of factors determine detection by nano-LCMS/MS, including the adhesion to the material of the collection device
during sample preparation, the presence of trypsin cleavage sites
(Vandermarliere et al., 2013), the quality of MS/MS spectra, the type of
chemical or post-translational modifications that were accounted for in the
database search, and the protein hydrophobicity influencing the fractionation (Sheng et al., 2006). We validated proteomic findings with additional
expression datasets. Previously, transcriptome analyses of salivary glands
of insects have been reported (e.g., Celorio-Mancera et al., 2011; StaffordBanks et al., 2014a; Su et al., 2012). Current technology, however, does not
allow straightforward generation of specific spider mite salivary transcriptomes as spider mite glands are merely 50 μm in diameter. We therefore isolated spider mite proterosomas, the anterior body region that includes the
salivary glands next to other tissues such as the nervous mass and the silk
glands (Figure 3.3). In this study, the salivary glands were confirmed to be
localized in the proterosoma using X-ray tomography. In a comparison
between transcriptomes of T. urticae intact females and T. urticae proterosomas, candidate genes for salivary gland expression are expected to be
more highly expressed in the latter. Our analysis revealed more than 400
genes with a significantly higher expression in the proterosoma.
Reassuringly, most of the identified putative T. urticae salivary proteins are
predicted to be secreted, are encoded by genes of which the expression is
higher in the body region containing the salivary glands, and are expressed
specifically in feeding spider mites (TABLES 3.1 and S3.6).
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3.4.2. Gen es en c odin g putative salivar y p roteins are
e xpre ssed in t he salivar y glands
Despite multiple lines of evidence for salivary origins, the proteins we identified could still originate from another source. Of particular note, the catalogue of putative salivary proteins did show some overlap (15 out of 95),
with proteins identified from spider mite faecal extracts (Santamaría et al.,
2015). However, with ISH we showed that for genes encoding two of these
proteins (tetur07g00160 and tetur29g01360) expression is specific to the salivary glands (TABLE 3.1, FIGURE 3.3). Hence, the proteins present in the faeces probably reflect a salivary origin. This indicates that secreted salivary
proteins may end up in the digestive system during feeding, either directly or
indirectly after ingesting cytoplasm from cells in which saliva had been injected. Interestingly, many putative T. urticae salivary proteins shared homology
with D. farinae proteins that were predicted to have a function in digestion.
ISH in T. urticae showed that some of the genes that code for presumptive gut
proteins, for example tetur07g00150 (a serine protease) and tetur28g00360 (a
beta-mannosidase), are actually expressed in the salivary glands (TABLE 3.1).
Hence, they may have a digestive function in the saliva instead of, or in addition to, a potential role in the gut. Nevertheless, some proteins we found in
the artificial diet could be fecal contaminants. This is also suggested by the
proterosomal transcriptome, as some of the proteins detected in the diet are
not differentially expressed, while the digestive enzymes confirmed by ISH
are highly expressed in proterosomas (FIGURE 3.2, TABLE S3.9). Adult female
spider mites were found to deposit eggs and silk on the diet membrane and
together with the mite’s cuticle these could be other potential sources of contamination, e.g., for vitellogenin (tetur39g00810, tetur43g00010 and
tetur516g00020). Among the 15 genes selected for ISH, we included some
coding for proteins with either high or low rTop3 values, but all were more
highly expressed in the proterosoma and belonged to the most prominent
proteins or protein families in the dataset (TABLE 3.1). Of the 15 selected
genes, 14 were found to be expressed in either the paired anterior or paired
dorsal podocephalic glands. Both of these podocephalic salivary glands are
predicted to be rich in proteins as assessed by ribosomes presence (Mills,
1973) and staining for proteins with methylene blue (Mothes and Seitz,
1981). Intriguingly, our data show that the anterior and dorsal podocephalic
glands are responsible for the production of a discrete subset of the salivary
proteome. Such ‘division of labor’ has been reported for the different secreto-
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ry cell types in the salivary glands of aphids (Mutti et al., 2008; Pan et al.,
2015; Wang et al., 2015) and has been suggested for thrips as well (StaffordBanks et al., 2014b). The regulatory mechanism by which these glands or cell
types are ‘assigned’ to produce particular proteins in spider mites, aphids or
thrips is not known. A functional distinction between anterior and dorsal
podocephalic glands in spider mites was already predicted by Mothes and
Seitz (1981). The production of a serous secretion was attributed to dorsal
glands, while the anterior glands were predicted to produce a mucous secretion (Mothes and Seitz, 1981). However, supporting evidence for these specific predictions is not provided by our study.
For one of the 15 genes selected for ISH, expression in the salivary
glands could not be confirmed, nor did we observe staining in other tissues.
This does not exclude that this gene encodes a salivary protein, as ISH ‘failure’ may have several causes including poor probe design or expression
below the detection limit.
3. 4.3. The saliva of T. ur ticae com p rises a cock tail of
di fferen t prot ein families
Among the different putative T. urticae salivary proteins we identified, several were carbohydrate and protein degrading enzymes including cathepsins, serine proteases, glycoside hydrolases, beta-galactosidases and betamannosidases. Genes coding for serine proteases and beta-mannosidases
also showed a higher expression in the proterosoma (TABLES 3.1 and S3.9).
These catabolic proteins could have a digestive function during the feeding
process before ingestion. For example, polysaccharide-digesting enzymes
present in the saliva of the hemipteran herbivore Homalodisca vitripennis
have been proposed to play a role in the degradation of cell wall material,
hereby facilitating stylet penetration (Backus et al., 2012). Pre-digestion of
plant material has been suggested to be a property of spider mite saliva (De
Lillo and Monfreda, 2004; Mothes and Seitz, 1981; Storms, 1971) but there
is no empirical evidence to support this hypothesis. Recently, the spider mite
consumption rate was estimated at a single mesophyll cell per 10 min
(Bensoussan et al., 2016), which is much lower than reported previously
(Liesering, 1960). Hence, such a low consumption rate might allow predigestion of plant cells with spider mite salivary enzymes. However, secreted digestive enzymes could have a function in the mite itself, e.g., in the
oesophagous, after ingestion. Like caterpillar feeding, also spider mite feed-
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ing induces the plant to produce defensive proteins like serine protease
inhibitors (PI-I and PI-II) (Kant et al., 2004; Kant et al., 2008; Li et al.,
2002; Martel et al., 2015). The production of salivary serine proteases may
be a means to compensate for inactivation of gut serine proteases. The mite
itself also produces salivary proteinase inhibitors as we detected several
cystatins (cysteine protease inhibitors: tetur06g01060, tetur06g06630,
tetur09g03620, tetur09g03650 and tetur09g03670) secreted in the diet.
Cystatins can play important roles in plant-pathogen interactions. The
maize pathogen Ustilago maydis manipulates expression of a plant cystatin
via its effector protein pep1, causing inactivation of defensive Cys proteases thereby making the plant susceptible to infection (van der Linde et al.,
2012). In addition, Phytophthora infestans produces secreted serine protease
inhibitors and cystatin-like effectors (Tian et al., 2007) to target key extracellular defensive proteases of its hosts and a host plant shift of this
pathogen was attributed to a single amino acid change in one of these cystatin effectors (Dong et al., 2014). This illustrates how decisive effectors can
be for determining host plant compatibility of a pest and it may suggest
that unrelated organisms might have evolved effector proteins with similar
functions (i.e., similar plant targets).
We identified a chitinase (tetur01g11910) among the T. urticae salivary
proteins as well. Chitinase was also found in saliva of an aphid species
(Diuraphis noxia) feeding on wheat (Triticum aestivum) and it was suggested
that this enzyme might inhibit secondary fungal infections at the feeding
site by hydrolyzing fungal chitin-rich cell walls (Nicholson et al., 2012). We
found the chitinase only in the saliva of mites-lines adapted to both bean
and maize (TABLES 3.1 and S3.6, FIGURE 3.2) suggesting there might be a
host plant specific role for these proteins. However, salivary chitinases are
not uncommon and were found, for example, in saliva of humans (Van
Steijn et al., 1999), remipedes (von Reumont et al., 2014), octopuses (Grisley
and Boyle, 1990), nematodes (Gao et al., 2002; Niblack et al., 2006) and
insects (Nicholson et al., 2012) and were suggested to play a defensive role
against chitinous pathogens. Finally, among characterized proteins, a superoxide dismutase (SOD, tetur26g02320), which targets reactive oxygen
species that are often induced in plants upon damage, was also detected.
Noteworthy, SODs have also been identified in the saliva of a potato
leafhopper (Empoasca fabae) and two aphids (D. noxia and Ropalosiphum padi)
(Sharma et al., 2014).
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Intriguingly, several of the most abundant proteins in the saliva are
coded by multi-membered gene families of unknown function. Most of
these proteins were encoded by genes with proterosoma-enriched expression, and lacked homologues in D. farinae, a non-plant feeding mite. One
possibility, although speculative, is that the proliferation of these families
facilitated host-range expansion in T. urticae. Polyphagous species are proposed to harbor a larger collection of salivary proteins since they are
exposed to a greater diversity of selection pressures, i.e., host plants that
vary in morphology and (defensive) physiology (Vandermoten et al., 2014).
Analogous gene family proliferations have been described for other proteins
relevant for plant-spider mite interactions, such as detoxification enzymes
(cytochrome P450s, carboxyl/choline esterases and glutathione S-transferases), transporters (Dermauw et al., 2013a,b; Van Leeuwen and Dermauw, 2016) and digestive cysteine peptidases (Santamaría et al., 2012).
Furthermore, host plant dependent expression of salivary protein genes
was suggested when comparing the composition of salivary secretions of
spider mites adapted to the different host plants. This observation was studied in more detail in Chapter 4, where statistically supported evidence for
host plant dependent gene expression was supplied by whole-genome transcriptome analysis of the four host plant (T. urticae adapted to bean, maize,
soy or tomato) adapted lines used for proteomics analysis (this chapter), and
an additional T. urticae line adapted to cotton (Gossypium hirsutum).
3. 4.4. Predic t ion o f effector p roteins
Confidently identifying salivary proteins as effectors is not straightforward.
Arthropod effector proteins are characterized by the presence of a N-terminal SP, directing them to the secretory pathway, and their encoding genes
show signatures of rapid evolution (poor sequence similarity with other
genera, multiple gene copies, and high rates of non-synonymous nucleotide
mutations) (Aggarwal et al., 2014; Mitchum et al., 2013; Pitino and
Hogenhout, 2013; Zhao et al., 2015). Due to the highly specific function of
effectors, variable expression levels depending on the host plant could also
be indicative of a context-dependent function (Pan et al., 2015). The presence of R genes, which turn effectors effectively into elicitors, can differ
among plant species or varieties (Kanvil et al., 2014; Stuart, 2015; Stuart et
al., 2012), as does the presence of S genes (van Schie and Takken, 2014), the
target of the effector. As such, the R and S gene composition of a host may

122

WimJonckheere-ch3_Vera-ch1.qxd 29/11/2017 16:18 Page 123

Chapter 3
determine the specific transcriptional response of a herbivore’s secretome
and thus its effector repertoire. Proteins of the OrthoMCL groups
OG5_144177, Tu_MCL_25, Tu_MCL_35 and Tu_MCL_36 have characteristics attributed to (arthropod) effectors: (I) they are targeted to the saliva and are secreted during feeding, (II) they share no homology with proteins of non-phytophagous mite species, and (III) they belong to multigene families (>10 members) (TABLES 3.1, S3.6 and S3.7). Furthermore
(IV), host-dependent production was suggested for some of the proteins
belonging to these groups (studied in more detail in Chapter 4).
Intriguingly, salivary proteins from the OrthoMCL groups Tu_MCL_25
and Tu_MCL_211 (tetur31g01040 and tetur01g01000, respectively, see
TABLE S3.6), were shown to act as effector proteins (Villarroel et al., 2016).
These proteins were identified using an in silico approach and were shown
to enhance T. urticae reproductive performance when transiently expressed
in N. benthamiana leaves (Villarroel et al., 2016) (Chapter 1). However,
future research is needed to unravel the function of the T. urticae salivary
constituents documented here. The peptide composition of saliva was
determined as well (Chapter 5), while one effector protein family was studied in more detail (Chapter 5).
3.5. Co n c lusio n s
Despite the minute size of T. urticae, we managed to collect saliva for proteome analysis through an artificial diet system. Using nano-LC-MS/MS,
95 putative T. urticae salivary proteins were identified, indicating that these
mites employ a complex protein cocktail in their interaction with host
plants. A proterosoma specific transcriptome is presented as a second discovery pipeline, and a considerable overlap with nano-LC-MS/MS data was
observed. A selection of genes coding for putative salivary proteins was
confirmed to be expressed in the salivary glands by whole-mount in situ
hybridizations. Several proteins belong to protein families with as yet
unknown functions, with some having structural and gene family features
suggestive of roles as effector proteins. The search for effectors and their
possible targets is essential to our understanding of polyphagy and the evolution of the plant-mite interactions, but it is also of practical importance,
as it would enable plant breeders to discover new R and S genes in order to
develop mite-resistant crops.
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FIGURE S3.1. Custom built device used for producing artificial diet hemispheres. The custom built vacuum device consisted of (A) a 96 hole well plate (1)
fitting in a bottom vacuum manifold base (2) with a 40 micron porus steel (surrounded by a neoprene gasket) in between (3). (B) a vacuum pump (not displayed)
is connected to the vacuum manifold base (arrow points to connection point).
Plastic packaging tape was used to restrict suction to one of the 96 holes when
creating individual parafilm hemispheres (not shown).
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FIGURE S3.2. Volcano plot of differentially expressed genes between
Tetranychus urticae proterosomas and intact T. urticae females. The negative log10
of Benjamini-Hochberg adjusted p-value was plotted against the log2FC in gene
expression for all T. urticae genes. Differentially expressed T. urticae genes (|FC|
≥ 8, Benjamini-Hochberg adjusted p≤0.05) are shown as grey dots (DE), while
genes that were not differentially expressed are shown as grey circles (not DE).
Genes coding for salivary proteins that were identified by nano-LC-MS/MS (‘LCMS salivary protein genes’) are depicted as stars. LC-MS salivary protein genes
that were differentially expressed are depicted as green stars (DE/LC-MS). LCMS salivary proteins that were differentially expressed and of which ISH confirmed their expression in the salivary glands are depicted as red stars (DE/LCMS/ISH) while LC-MS salivary proteins that are not differentially expressed are
shown as blue stars (not DE/LC-MS).
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3.7. SUPPLEMENTARY MATERIAL
Supplementary material can be found at http://doi.org/10.1074/mcp.M116.
058081.
Table S(3.)1 - Detailed list of all features of the LC-MS/MS identifications at
the protein level of all treatment samples [artificial diet enriched with saliva
of mites, 8 samples in total, 2 technical replicates for every host plant (bean,
maize, soy, tomato) adapted T. urticae line]. The export generated from
PeptideShaker holds all required information necessary as stated by the guidelines
on publication of mass spectrometry protein identifications.
Table S(3.)2 - Detailed list of all features of the LC-MS/MS identifications at
the peptide level of all treatment samples [artificial diet enriched with saliva
of mites, 8 samples in total, 2 technical replicates for every host plant (bean,
maize, soy, tomato) adapted T. urticae line]. The export generated from
PeptideShaker holds all required information necessary as stated by the guidelines
on publication of mass spectrometry peptide identifications.
Table S(3.)3 - Detailed list of all features of the LC-MS/MS identifications at
the protein level in reference samples (artificial diet, 2 samples in total).
Table S(3.)4 – MS1 intensities from the Thermo raw files extracted using
modest Feature Finder (https://github.com/compomics/moFF).
Table S(3.)5 - Primers used in this study.
Table S(3.)6 - Detailed overview of putative T. urticae salivary proteins identified in artificial diet using nano-LC-MS/MS.
Table S(3.)7 - T. urticae proteins and their OrthoMCL groups. Groups starting
with “Tu_MCL” contain T. urticae proteins that could not be mapped to existing
OrthoMCL groups (“OG5_” groups).
Table S(3.)8 - The number of mapped RNA reads per T. urticae gene for both
intact T. urticae females and T. urticae proterosomas. Mapped reads were counted
using HTseq ( HYPERLINK \l "Anders et al., 2014).
Table S(3.)9 - Differentially expressed genes (Benjamini-Hochberg adjusted pvalue ≤ 0.05 and │FC│>= 8) between T. urticae proterosomas and intact T.
urticae females.
Data S(3.)1 - T. urticae proteome, version of December 16th 2014 (FASTA-format).
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4 . 0 . A B S T R AC T
The proteomic composition of secreted saliva from Tetranychus urticae lines
adapted to different host plant species (bean, maize, soy and tomato) was
analyzed using a custom-developed feeding assay coupled with nano-LC
tandem mass spectrometry. The mite’s salivary protein composition
depended on the host plant the mite was adapted to (Chapter 3). To supplement the proteomics analysis with statistically supported data, genomewide expression profiling was performed on T. urticae lines adapted to five
different hosts (bean, maize, soy, tomato, and additionally, cotton). Indeed,
the plant species had an effect on the expression level of several salivary
protein genes. Furthermore, the genomes of two closely related spider mite
species with a distinct host range – the Ulex europaeus specialist T. lintearius
and the Solanaceae specialist T. evansi – were searched for homologs of the
salivary proteins identified in T. urticae. For some salivary protein families
the number of members and the size of the host plant repertoire of the
mite was correlated. This study confirms that the salivary protein cocktail
delivered in the host depends on the plant species. In addition, it provides
support for the hypothesis that the salivary proteome of spider mites coevolved with the host plant range. This would suggest polyphagous herbivores require a more complex salivary (effector) protein repertoire than
monophagous species.
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4 . 1 . I N T RO D U C T I O N
The cosmopolitan spider mite Tetranychus urticae is able to feed on an impressive array of different plant species. With more than 1100 different hosts
recorded, belonging to more than 140 different families (Migeon and
Dorkeld, 2006-2017), this species can considered to be one of the most
polyphagous arthropods. Distinct host plants represent different challenges
for herbivores, as each is characterized by its own nutritional composition
and defensive compounds. Furthermore, distinct plant species may respond
differently to herbivory (Chapter 1). Considering these differences amongst
plant species, it does not come as a surprise that mites adjust the expression
of genes coding for proteins involved in digestion and detoxification to the
host plant they are feeding on (Dermauw et al., 2013; Wybouw et al., 2015;
Van Leeuwen and Dermauw, 2016). As such, T. urticae is well equipped to
deal with the diverse secondary metabolites it encounters when feeding on
its various hosts (Dermauw et al., 2013; Van Leeuwen and Dermauw, 2016).
In order to breach plant defensive barriers, herbivores produce effectors
which target the products of certain plant susceptibility genes (S genes).
Plants have, however, evolved to recognize some of these effectors by means
of resistance gene (R gene) encoded receptors, effectively turning these
effectors into elicitors of plant defenses. The interaction between effector
and R or S gene product is highly specific and the nature of these genes can
determine plant-herbivore compatibility (Kaloshian, 2004; Harris et al., 2012;
van Schie and Takken, 2014). Reminiscent of digestive enzymes and ABCtransporters, the expression level of herbivore effectors may differ between
host plants. The putative aphid effector ACYPI006346, for example, has different transcript levels in aphids adapted to different plants (Pan et al., 2015).
Differential expression of effectors after adaptation to a new host plant may
also occur in spider mites since mite adaptation has been shown to affect the
transcriptional response of the host plant (Wybouw et al., 2015).
With the salivary proteome of T. urticae elucidated (Chapter 3), and
with a host-specific salivary protein composition suggested by this proteomics analysis, we additionally studied the host-dependent expression
level of all identified salivary proteins using genome-wide transcriptomics
analysis of T. urticae lines adapted to five host plants (i.e., bean, maize, soy,
tomato, and additionally, cotton).
Furthermore, the occurrence of homologs of T. urticae salivary proteins was studied in the related spider mite species T. lintearius and T. evan-
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si. These mites are specialists on Ulex europaeus (Fabaceae) and the
Solanaceae family respectively (Ireson et al., 2003; Migeon and Dorkeld,
2006-2017; Navajas et al., 2013). A glimpse into their salivary protein
repertoire can provide additional insights in the molecular machinery of
salivary proteins and will allow a better understanding of the link between
salivary proteins and the compatibility of the plant-mite interaction.
4 . 2 . M AT E R I A L

AND METHODS

4. 2.1. Est ablishmen t o f T. ur ticae lines on different host
pla nts
The T. urticae London strain has been maintained under laboratory conditions on bean plants (Phaseolus vulgaris cv. ‘Prelude’, Fabaceae) for many
years, and the genome of this strain has been sequenced (Grbić et al., 2011).
Lines on alternative host plants were established by transferring approximately 250 adult female mites from the London strain on bean to new hosts.
These new host plants were cotton (Gossypium hirsutum, Malvaceae), maize
(Zea mays, cv. ‘Ronaldinio’, Poaceae), soy (Glycine max cv. ‘Merlin’, Fabaceae)
and tomato (Solanum lycopersicum, cv. ‘Moneymaker’, Solanaceae). Three
independent lines were generated for tomato (Wybouw et al., 2015) and
cotton, while four independent lines were obtained for the other hosts. The
mite lines were maintained in a climatically controlled environment at 26°C
with 60% RH, and a photoperiod of 16:8 h light:dark. Mites were offered
fresh plants as needed, and were used in experiments after 5 generations for
all hosts, except tomato, where replicate lines were adapted and maintained
on tomato for over 30 generations (Wybouw et al., 2015).
4.2.2. Ho st plan t - de pen dent salivar y p rotein identification
i n a r tific ial diet probed by T. ur ticae
The list of T. urticae salivary proteins, identified in Chapter 3 using nanoLC-MS/MS analysis of T. urticae probed artificial diet, was split up again
over the separate host plant lines (i.e., bean, maize, soy and tomato). Host
plant specificity of putative T. urticae salivary proteins was visualized by
means of a venn diagram depicting the number of proteins that are uniquely identified in the samples of a specific host plant line and the number of
proteins that are shared by different samples (FIGURE 4.1.A). In addition, a
heatmap visualizing the mean rTop3 factor of a selection of candidate salivary proteins (maximum rTop3 value higher than the 30th percentile of all
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maximum rTop3 values) for the different investigated host plants was generated (FIGURE 4.1.B).
4.2.3. Tr an sc ript ome an aly sis of T. ur ticae m aintained on
di fferen t ho st plan t s
For each host plant adapted mite line, three (tomato and cotton) or four
(bean, maize and soy) biologically replicated RNA samples were obtained.
Each RNA sample was extracted from 100-150 pooled female adult mites
using the RNeasy extraction kit (Qiagen) and was subsequently treated with
DNase (Turbo DNA-free kit, Ambion). RNA quantity and integrity was
measured using an Agilent TapeStation system. RNA samples were labeled
with cyanine dyes following the Low Input Quick Amp Labeling Kit (Agilent
Technologies), with 100 ng of total RNA as starting material. RNA samples
from mites feeding on the reference bean host plant were labeled with cy3,
while cy5-labelling was performed on all other samples. Samples were
pooled per host plant transfer and hybridized to a custom-made Sureprint
G3 8x60K array (Agilent Technologies, with a GEO platform number of
GPL16890) following the standard procedure of the Gene Expression
Hybridization Kit (Agilent Technologies). After washing procedures (Gene
Expression Wash Buffer kit; Agilent Technologies), raw data was extracted
from the 8x60k slides using the GE2_107_Sep09 protocol of the Agilent
Feature Extraction Software. The intraspot correlation coefficient per array
and the metrics from the arrayQualityMetrics package per host plant line
were assessed for optimal background correction and normalization procedures (Kauffmann et al., 2009). Data was background corrected using the
‘normexp’-method and normalized by loess and Aquantile (Ritchie et al.,
2007). Cyanine intensities were extracted from the processed RG-object and
averaged per host plant. Using the normalized MA-object, differential
expression was assessed for mites on cotton, maize, soy and tomato against
the corresponding ancestral mite population living on bean by an empirical
Bayes approach. A heatmap vizualizing the expression levels (absolute and
relative cyanine intensities) of putative salivary protein-encoding genes in
mites adapted to the different hosts was generated (FIGURE 4.2). Tetranychus
urticae gene expression data have been uploaded to the Gene Expression
Omnibus with accession number GSE80337.
A phylogenetic analysis was performed for proteins belonging to
OrthoMCL cluster Tu_MCL_35 and Tu_MCL_36. Except for tetur55g00110
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(Tu_MCL_36) which is encoded by a pseudogene, proteins from each cluster
were aligned using MUSCLE (Edgar, 2004). Model selection was done with
ProtTest 2.4 (Abascal et al., 2005) and according to the Akaike information criterion WAG+G and WAG+G+F were optimal for the phylogenetic reconstruction of Tu_MCL_35 and Tu_MCL_36 proteins, respectively. Finally, for
each alignment a maximum likelihood analysis was performed using Treefinder
(v. 2011) (Jobb et al., 2004) bootstrapping with 1000 pseudoreplicates (LRELW). The resulting trees were midpoint rooted and edited with MEGA 6.0
software (Tamura et al., 2013) (FIGURE 4.3).
4.2.4. Min in g of t he T. lintearius, T. evansi and T. ur ticae
proteomes for homologs of salivar y p roteins identified in T.
ur ticae
The online OrthoMCL software tool (Li et al., 2003, Chen et al., 2006) was
used to search the proteomes of T. urticae, the monophagous T. lintearius and
the oligophagous T. evansi (versions of 11/08/2016) for homologs of the T.
urticae salivary proteins identified in Chapter 3 (TABLE 3.1). The genomes of
T. lintearius and T. evansi are unpublished, yet are available to researchers from
the Spider Mite Consortium via the ORCAE website (Sterck et al., 2012).
4 . 3 . R E S U LT S
4. 3.1. Host plan t - de pen dent salivar y p rotein com p osition
Host plant specificity of putative T. urticae salivary proteins (FIGURE 4.1.A),
obtained by a proteomics analysis of artificial diet fed upon by mite lines

FIGURE 4.1. Overview of nano-LC-MS/MS identified putative Tetranychus
urticae salivary proteins. (A) Venn diagram depicting overlap between putative T.
urticae salivary proteins secreted by mites adapted to different host plants (bean,
maize, soy, tomato). Only those salivary proteins with a mean PSM of at least two
in at least one of the T. urticae host plant adapted lines were used for comparison
(see TABLES 3.1 and S3.6). (B) Heat map of mean rTop3 values of putative T. urticae
salivary proteins secreted by mites adapted to different host plants (bean, maize,
soy, tomato). Only those salivary proteins (and ‘protein inference groups’) with a
mean PSM of at least two in at least one of the T. urticae host plant adapted lines
and with a maximum rTop3 value higher than the 30th percentile of maximum
rTop3 values were used for comparison (see TABLES 3.1 and S3.6). The Euclidean
distance metric and Ward’s method were used for clustering of both rows and
columns. All putative salivary proteins for which the corresponding genes were
shown to be expressed in the salivary glands by ISH (FIGURE 3.3) are shaded grey.
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TABLE 4.1. The number of identified Tetranychus evansi, T. lintearius and T.
urticae proteins homologous to proteins identified in artificial diet fed upon
by T. urticae. Only proteins which could be assigned to groups already existing in
the OrthoMCL database were accounted for in this list. Detailed information can
be found in TABLE S4.1.
OrthoMCL
T. evansi
T. lintearius
T. urticae
OG5_126560
6
3
7
OG5_126583
7
6
10
OG5_126595
2
2
3
OG5_126607
12
9
21
OG5_126738
8
10
10
OG5_126942
6
8
15
OG5_127143
2
2
3
OG5_127584
8
8
8
OG5_127620
2
2
2
OG5_127800
9
10
29
OG5_128075
2
2
3
OG5_128163
3
3
4
OG5_128170
2
3
20
OG5_129300
3
1
4
OG5_129423
15
14
35
OG5_130246
1
1
1
OG5_130527
17
13
52
OG5_131746
2
3
2
OG5_132251
0
6
6
OG5_133467
8
7
15
OG5_134456
1
1
1
OG5_135950
3
5
5
OG5_136350
4
3
6
OG5_141111
3
2
2
OG5_144177
0
0
6
OG5_147492
5
4
5
OG5_149533
3
2
13
OG5_152237
0
1
2
OG5_152337
3
1
1
OG5_152454
3
3
3
OG5_158831
0
0
2
OG5_168371
0
0
5
OG5_176862
0
0
1
OG5_207753
0
0
2

adapted to different host plants (Chapter 3) was further illustrated by means
of a heat map depicting the mean rTop3 factor of a selection of candidate
salivary proteins (maximum rTop3 value higher than the 30th percentile of
all maximum rTop3 values) for the different investigated host plants
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(FIGURE 4.1.B). The most apparent case of host-specific salivary proteins
was tetur55g00040/tetur28g01330 (WTSP1, belonging to OrthoMCL
group TuMCL_36), proteins with an unknown function, which were uniquely and abundantly identified from saliva of the tomato-adapted mites. Based
on the clustering analysis, the salivary proteomic repertoire of T. urticae
feeding on bean plants seemed most similar to the repertoire of soy-adapted mites (both plant species belong to the Fabaceae). However, since only one
biological replicate (with two technical replicates) was analyzed with NanoLC-MS/MS for each host plant specific diet sample, one should be careful to
draw conclusions solely based on this comparative proteomics analysis.
4. 3.2. Host plan t - de pen dent e xp ression of T. ur ticae
sa li var y pro t ein gen es
To additionally validate the host-specific findings based on individual biological replicates, as well as to compare in further detail the expression level
of genes coding for T. urticae putative salivary proteins across host plant
species, we performed a genome-wide expression analysis of the mite lines
that were used in the proteomic experiments (i.e., T. urticae adapted to
maize, soy or tomato relative to the reference line on bean) using an Agilent
gene expression microarray. Additionally, a line adapted to cotton during
five generations was also investigated. We determined the absolute expression levels using normalized cyanine 3 (cy3) intensity values but also calculated the expression levels relative to the mites feeding on bean as a benchmark (FIGURE 4.2.A and B). We confirmed what we detected previously
when comparing the rTop3 values of the proteomics data across different
host plant lines (FIGURE 4.1): the salivary composition of T. urticae is host
plant dependent. For example, in the tomato-adapted mite lines several salivary protein genes were highly expressed relative to bean-adapted mites:
tetur32g00050 (Tu_MCL_35), tetur28g01330 and tetur55g00040 (Tu_MCL_36)
and tetur31g00830 (Tu_MCL_25). Alternatively, tetur03g03670, tetur03g10093,
tetur03g03700, tetur03g03680, tetur03g03690 and tetur03g03730 (OrthoMCL
cluster OG5_144177; SHOT family, Chapter 5) were expressed at much
lower levels in mites feeding from all host plants except for soy, compared
to bean. The absolute expression level of the latter six genes was very high
after feeding on bean or soy (cy3 intensity levels were in the top 1% of most
highly expressed genes in mites on either bean or soy) and relatively low
after feeding on the non-leguminous host plants under study (fold changes
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TABLE 4.2. The number of identified spider mite specific Tetranychus evansi, T. lintearius and T. urticae proteins homologous to proteins identified in artificial diet fed
upon by T. urticae. Detailed information can be found in TABLE S4.2.
OrthoMCL
T. evansi
T. lintearius
T. urticae
Tu_MCL_12
1
1
37
Tu_MCL_25
2
4
17
Tu_MCL_43
2
6
9
Tu_MCL_35
3
0
14
Tu_MCL_36
4
0
12
Tu_MCL_45
0
0
12
Tu_MCL_63
0
2
8
Tu_MCL_74
2
1
5
Tu_MCL_211
2
2
2
Tu_MCL_212
1
2
2
Tu_MCL_153
1
2
2
No group
1
3
1
No group
2
0
2
No group
1
1
1
No group
0
0
3
No group
0
0
2
No group
1
0
1
No group
1
0
1

between mites on bean and mites on tomato, maize or cotton varied between
7 and 289).
4.3.3. Min in g o f t he T. lintearius, T. evansi and T. ur ticae
g enomes fo r homologs of salivar y p rotein genes identified
i n T. ur ticae
The genomes of T. urticae, T. lintearius and T. evansi were searched for
homologs of T. urticae salivary protein genes identified in Chapter 3
FIGURE 4.2. Heatmap of expression levels of putative Tetranychus urticae salivary protein encoding genes and their up- or downregulation in mites adapted to different host plants. (A) Heatmap of cyanine intensities of putative T.
urticae salivary protein encoding genes. The Euclidean distance metric and Ward’s
method were used for clustering of both rows and columns. For 92 out of 95 putative salivary protein genes expression data was available. (B) Heatmap of log2FCs
of putative salivary protein genes in mites adapted to soy, maize, cotton or tomato as compared to mites adapted to bean. Genes are sorted based on their order in
panel A. Genes that were shown to be expressed in the salivary glands by ISH
(FIGURE 3.3) are shaded grey. A circle, triangle, filled square and empty square
indicates whether a gene belongs to OrthoMCL cluster OG5_144177,
Tu_MCL_25, Tu_MCL_36 and Tu_MCL_35, respectively.
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(TABLE 3.1). The OrthoMCL analysis grouped the proteins homologous to
the identified putative T. urticae salivary proteins into 34 groups which
already existed in the OrthoMCL database (http://www.orthomcl.org/
orthomcl/) (TABLES 4.1 and S4.1), and in 18 groups which did not exist in
the OrthoMCL database yet. Latter group names start with ‘Tu_MCL’ and
are likely spider mite specific (TABLES 4.2 and S4.2). In what follows, I zoom
in on some peculiarities.
The number of identified proteins belonging to an already existing
group was, with 304 proteins, highest in T. urticae. Tetranychus evansi and T.
lintearius had less than half of this number: 140 proteins for T. evansi and
135 proteins for T. lintearius. In 91% of these already existing OrthoMCL
groups, T. urticae had at least as many members as T. evansi or T. lintearius.
The extreme cases were OG5_127800 (Peptidase C1A, papain C-terminal),
with 29 members in T. urticae, 9 in T. evansi and 10 in T. lintearius (TABLES
4.1 and S4.1). OG5_128170 (short-chain dehydrogenase/reductase SDR)
had 20 members in T. urticae, yet only 2 and 3 in T. evansi and T. lintearius
respectively. OG5_129423 (glycosyl hydrolase) had 35 members in T.
urticae, 15 in T. evansi and 14 in T. lintearius. OG5_130527 (lipocalins) was,
with 52 members, extremely expanded in T. urticae, while only 17 and 13
homologs were identified in T. evansi and T. lintearius respectively.
The number of identified proteins belonging to spider mite specific
groups was, with 132 proteins, highest in T. urticae, while T. evansi and T. lintearius had less than one fifth of this amount: 25 proteins for T. evansi and 24
proteins for T. lintearius. In 89% of these spider mite specific OrthoMCL
groups, T. urticae has at least as many members as T. evansi or T. lintearius
(TABLES 4.2 and S4.2). The absolute expression levels of the T. urticae
homologs of mites adapted to different host plants are shown in FIGURE 4.4.
The spider mite specific OrthoMCL group that includes most genes is
Tu_MCL_12, which is, with 37 representatives, highly expanded in T.
urticae. Strikingly, T. evansi and T. lintearius each possess only one homolog
(tetev485g00030 and tetli56g00590 respectively). Proteins of Tu_MCL_12
lack homology with other known proteins, and their function remains
unknown. Despite the expanded nature of Tu_MCL_12 in T. urticae, only
tetur20g00560 could reliably be identified from secreted saliva. This protein may be one of the most prominent (putative) effectors in T. urticae saliva. Indeed, tetur20g00560 has the highest maximal rTop3 value of all putative salivary proteins identified in artificial diet fed upon by T. urticae
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(TABLE 3.1). Furthermore, of all T. urticae homologs, only the expression of
genes tetur13g04230, tetur20g00050, tetur20g00090, tetur20g00540 and
tetur20g00560 was significantly higher (Benjamini-Hochberg adjusted
p≤0.05 and FC≥8) in the proterosoma compared to the entire body. Genes
encoding other homologs were not differentially expressed (DATA S3.9).
The second most gene-rich mite-specific OrthoMCL group is
Tu_MCL_25. Again this group is expanded in T. urticae, where 17 representatives were found. Eight genes coding for these proteins have a significantly higher expression (Benjamini-Hochberg adjusted p≤0.05 and FC
≥8) in the proterosoma relative to the entire body (DATA S3.9), while four
proteins were detected in the artificial diet fed upon by T. urticae. In addition, several of the genes have a host-dependent expression level (Wybouw
et al., 2015). In T. evansi, two homologs were identified and four could be
found in T. lintearius (TABLES 4.2 and S4.2). The Tu_MCL_25 cluster
includes proteins from ‘family 28’ (Tu28 and Te28), which we have shown
to be effectors (Chapter 2).
The next spider mite specific OrthoMCL group that catches the eye is
Tu_MCL_43. This group is expanded in T. urticae (nine members), has two
members in T. evansi, and is with six members relatively well represented in
T. lintearius. Seven out of the nine homologs in T. urticae have a high gene
expression level in the proterosoma (Benjamini-Hochberg adjusted p≤0.05
and FC ≥8) (DATA S3.9).
Tu_MCL_35 is expanded (14 members) in T. urticae, yet only
tetur04g09479 and tetur32g00050 are significantly upregulated in the proterosoma, while tetur12g00700 is even strongly downregulated in this head
region (Benjamini-Hochberg adjusted p≤0.05 and │FC│ ≥8). Host dependent expression levels are evident (FIGURE 4.4). Tu_MCL_35 has three
homologs in T. evansi and appears to lack representatives in T. lintearius
(TABLES 4.2 and S4.2).
Some genes of the Tu_MCL_36 group (WTSP) are highly expressed
when T. urticae is feeding on tomato plants (FIGURE 4.3). Furthermore, two
proteins of this group (tetur28g01330 and tetur55g00040) were uniquely
and abundantly identified from saliva of T. urticae adapted to tomato plants.
This points to a tomato- or Solanaceae-specific function for these two proteins. Intriguingly, the Solanaceae specialist T. evansi possesses four genes
coding for Tu_MCL_36 homologs, while homologs could not be found in
the gorse-specialist T. lintearius (TABLES 4.2 and S4.2).

147

WimJonckheere-ch4_Vera-ch1.qxd 29/11/2017 16:21 Page 148

Host plant dependency of salivary protein composition

log2FC

Tu_MCL_36

10

-2 0
tetur28g01410

100

tetur55g00090
53

95 tetur28g01380

tetur28g01360
84

tetur55g00040

99
99

tetur28g01330
tetur16g03610

tetur06g03320
tetur05g04580

96

tetur05g04560
100
0.2

tetur01g10090
80

tetur01g10080

log2FC

Tu_MCL_35
-4
99
99
97
65

0

6

tetur01g16564
tetur86g00050

tetur86g00060
tetur143g00020

40

tetur04g09479
tetur04g00770

49
81

tetur04g09459
tetur04g09489
tetur32g02287
100

tetur44g00301
tetur12g00700

tetur32g00050
tetur32g02297

B_30GT_2GB

B_24hT

tomato

B_30GT

tetur44g00291

0.05

soy

100

maize

99

cotton

79

FIGURE 4.3. Expression profiles of genes coding for members of the expanded Tu_MCL_36 and Tu_MCL_35 protein families in Tetranychus urticae.
Phylogenetic analyses of Tu_MCL_36 and Tu_MCL_35 proteins are shown next
to heatmaps depicting relative gene expression of Tu_MCL_35 and Tu_MCL_36
genes in T. urticae subjected to different host plant regimes (log2FCs, relative to
the expression level on bean). The heatmap on the left represents log2FCs of
Tu_MCL_35 and Tu_MCL_36 genes in mites adapted to soy, maize, cotton or
tomato compared to bean, while the heatmap on the right represents log2FCs of
Tu_MCL_35 and Tu_MCL_36 genes in T. urticae after host shifts between bean
and tomato (B_24hT, mites from the London reference strain on bean transferred
to tomato for 24h; B_30GT, mites from the bean strain grown on tomato for 30
generations; B_30GT_2GB, mites from the bean strain grown on tomato for 30
generations and transferred back to bean for two generations; Wybouw et al.,
2015). Grey boxes indicate that for a specific gene no probes were included in the
T. urticae microarray design, and hence expression could not be assayed.
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FIGURE 4.4 Heatmap of the absolute expression levels of a selection of genes
of Tetranychus urticae adapted to different host plants. The selection consists of
homologs of spider mite-specific genes encoding putative salivary proteins identified in artificial diet after feeding by T. urticae. The genes are grouped in
‘Tu_MCL’ clusters. The absolute expression level is shown as cyanine intensity,
while genes for which no expression data are available are depicted as gray boxes.
Superscripts supply additional info: AD protein identified in artificial diet fed upon
by T. urticae; P expression level is significantly higher (FC≥8, adj. p≤0.05) in the
proterosoma versus the entire body of T. urticae adapted to bean plants; ISH gene
confirmed to be expressed in the salivary glands using whole-mount in situ
hybridizations.

Tu_MCL_45 has representatives in T. urticae, yet not in T. evansi and T.
lintearius (TABLES 4.2 and S4.2). Protein tetur06g06630 was detected in
artificial diet fed upon by T. urticae, while its encoding gene was shown to
be expressed in the salivary glands (Chapter 3). Only tetur06g06650
appears to be significantly upregulated in the proterosoma (BenjaminiHochberg adjusted p≤0.05 and FC ≥8).
Tu_MCL_63 has eight members in T. urticae, five of which are upregulated in the proterosoma (Benjamini-Hochberg adjusted p≤0.05 and FC
≥8). No representatives could be found in T. evansi, while two were present
in T. lintearius (TABLES 4.2 and S4.2).
Proteins belonging to the spider mite-specific group Tu_MCL_74 are
homologous to proteins belonging to OG5_144177 and are further discussed in Chapter 5 (SHOT family) (TABLES 4.2 and S4.2).
The other Tu_MCL groups (TABLES 4.2 and S4.2, Figure 4.4) include
just a few proteins each, of which several were confirmed to be produced in
the salivary glands using whole-mount in situ hybridizations (Chapter 3).
Most of the genes coding for these proteins are significantly upregulated in
the proterosoma. Many lack homologs in T. evansi or T. lintearius (TABLES
4.2 and S4.2).
4.4. DISCUSSION
4.4.1. The salivar y pro t ein com p osition of T. ur ticae is host
pla nt- de pen den t
A host plant-dependent T. urticae salivary protein composition was evident
from the proteomics data in Chapter 3 and was studied in more detail in
this chapter. To this purpose, genome wide expression analyses were per-
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formed on the mite lines used for the salivary proteome study. Additionally,
cotton-adapted lines were also investigated.
Secreting the full salivary protein repertoire, independent of the host
plant, might come with an enhanced risk that some salivary proteins are perceived as elicitors. In addition, it is unlikely that all proteins will function
optimally in all hosts as targets may differ across plants or may be absent.
Therefore it would be beneficial for polyphagous herbivores to alter the composition of their saliva according to the nature of the host plant. Differences
between the salivary gland transcriptomes of two populations of
Nilaparvata lugens, a rice specialist, maintained on either a resistant or susceptible rice variety, were proposed to be related to different virulence traits
of these brown planthoppers (Ji et al., 2013; Wang et al., 2015).
Furthermore, drastically different salivary protein profiles were found when
the western tarnished plant bug Lygus hesperus was fed artificial diet, cotton
or pinto bean (Habibi et al., 2001). Hence, we investigated host plant specific secretion and expression of the mite’s salivary genes. As suggested by the
proteomics data (FIGURE 4.1), transcriptome analysis revealed that the
expression of T. urticae salivary protein genes is strongly influenced by the
host plant species on which the mites had been feeding (FIGURE 4.2). For
example, proteins tetur28g01330 and tetur55g00040 were uniquely and
abundantly identified from diet fed upon by tomato-adapted mites (FIGURE
4.1), while expression of the corresponding gene was also extremely high
when feeding on tomato, relative to mites feeding on the other tested plants
(FIGURE 4.2). Next to individual genes, we also studied OrthoMCL gene
family groups. Tu_MCL_25, Tu_MCL_35 and Tu_MCL_36 (TABLES 3.1
and S3.7) all have members that are highly expressed when feeding on tomato, while the expression of other members of these groups was not influenced by the host plant (FIGURES 4.2 and 4.3). Future experiments should
point out whether this is due to the fact that mites from the tomato-adapted
lines had been maintained on tomato for many more generations than mites
on the other hosts or whether this is due to the specific allelochemicals of
tomato posing digestive or defensive challenges. Members of the
OrthoMCL group OG5_144177 (SHOT family, Chapter 5) (TABLES 3.1 and
S3.7) were, relative to mites on bean, expressed at lower levels in mites feeding from maize, cotton and tomato (FIGURE 4.2). When feeding on soy, however, these genes were expressed at slightly higher levels. A similar pattern
can also be deduced from the proteomics data of mites adapted to bean and
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soy versus mites adapted to maize and tomato. Bean and soy both are legume
species (Fabaceae) and mites feeding on these plants probably encounter
analogous plant secondary compounds that select for or induce a similar
repertoire of salivary proteins. The observation that different host plant
species can differentially affect expression levels of genes coding for salivary
proteins – such as effectors – has been reported for aphids as well (Elzinga
et al., 2014; Pan et al., 2015; Wang et al., 2015). Elzinga et al. (2014) suggested that the differential expression of salivary effector genes represents
a strategy to avoid activation of defenses and to facilitate feeding.
In the scope of this discussion it is important to realize that only one T.
urticae strain (London) was used. Although mites from this strain had been
maintained on bean for many years, previous studies have shown that this
population is both not fully inbred (Van Leeuwen et al., 2012) and capable
of extensive transcriptional plasticity upon transfer to new hosts (Grbić et
al., 2011; Dermauw et al., 2013; Wybouw et al., 2014; Zhurov et al., 2014),
the latter of which has been further confirmed in this study. We believe
therefore that this study has captured much of the repertoire of T. urticae’s
biologically relevant salivary proteins. However, as marked variation of
genotypes exists between T. urticae populations and across spider mite
species (Kant et al., 2008; Alba et al., 2015), the use of additional T. urticae
strains or different spider mite species may deliver additional salivary proteins. Identification via shotgun proteomics will, however, be less straightforward without reference genomes for these strains or species.
Due to the highly specific function of effectors, variable expression levels depending on the host plant could be indicative of such context-dependent function (Pan et al., 2015). The presence of R genes, which turn effectors effectively into elicitors, can differ among plant species or varieties
(Stuart et al., 2012; Kanvil et al., 2014; Stuart, 2015), as does the presence
of S genes (van Schie and Takken, 2014), the target of the effector. As such,
the specific R and S gene composition of a specific host may determine the
specific transcriptional response of a herbivore’s secretome and thus its
effector repertoire.
4.4.2. A glimpse in t o t he salivar y p rotein com p osition of T.
evansi an d T. lintearius
Tetranychus urticae and T. lintearius are closely related species which are
more distantly related to T. evansi (Toni Gabaldon, personal communication
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in Cao, 2014). Despite the close phylogenetic relationship of these three
spider mites, their host ranges differ dramatically. Tetranychus lintearius is a
specialist on U. europaeus (common gorse, Fabaceae), while the polyphagous
T. urticae has been reported to feed on plants belonging to 140 different
families (Ireson et al., 2003; Migeon and Dorkeld, 2006-2017). Tetranychus
evansi is an oligophagous mite which is specialized in feeding on solanacean
host plants such as tomato, although it has been recorded on other plant
families as well (Migeon and Dorkeld, 2006-2017; Navajas et al., 2013).
With the annotated genomes of these three species available to our
research group, the occurrence of homologs of genes coding for (putative)
T. urticae salivary proteins (Chapter 3, TABLE 3.1) in the genomes of T. lintearius, T. evansi and T. urticae could be investigated. It is important to keep
in mind that proteins identified in the secreted saliva of T. urticae were used
as a query. As such, ‘new’ salivary protein families, unique to T. lintearius
and/or T. evansi, could not be identified, and we can only compare the number of members within the query families. With an efficient proteomics
approach to identify spider mite salivary proteins reported in this PhD thesis (Chapter 3), it should be straightforward to determine the salivary proteome of T. lintearius and T. evansi as well, particularly because their
genomes will be publically available soon. Encouragingly, preliminary proteomics experiments with T. evansi saliva have proven to be successful (data
not shown). Not all NanoLC-MS/MS identified proteins used as search
query (Chapter 3, TABLE 3.1) are true salivary proteins as some contamination is present. The proterosoma fold change (expression relative to the
entire mite body) is an important criterion to evaluate whether these proteins are produced in the salivary glands or not. Of further notice, the proterosomal transcriptome (Chapter 3, DATA S3.9) was constructed using a
T. urticae line (London) adapted to bean (P. vulgaris), and as such, these relative gene expression data may not be representative for genes with a
strong host-dependent expression level (e.g., a gene that has a low expression level when feeding on bean will have a relatively low proterosoma to
body expression ratio, which might have been high if a tomato-adapted line
was used to generate the proterosoma transcriptome). Furthermore, proteins likely to be contamination – based on the proterosoma FC – were not
omitted from TABLE 3.1 because these proteins, although contamination
from, e.g., gut and cuticle, may still induce defenses when they end up in the
plant tissue. As such, they may be relevant for other studies.
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The identification of salivary protein orthologs among spider mite
species is an important step in determining the protein’s function during
the plant-mite interaction. In aphids, for example, the functionality of
Myzus persicae and Acyrthosiphon pisum orthologs of the effectors c002,
PIntO1 (MP1) and PIntO2 has been evaluated (Pitino and Hogenhout,
2013). Myzus persicae is polyphagous and can count Arabidopsis amongst its
host plants, while A. pisum specializes on colonizing fabacean hosts.
Transgenic Arabidopsis lines producing the M. persicae orthologs of latter
three effectors were found to increase the reproduction of M. persicae feeding on them. Reproduction of this aphid species did, however, not increase
when they fed on Arabidopsis lines expressing the A. pisum orthologs of
C002, PIntO1 or PIntO2 (Pitino and Hogenhout, 2013). This suggests that
effector orthologs have evolved to enhance compatibility between the herbivore and a specific group of host plant species. This adaptation may, however, compromise the effector function in other plant species, potentially
excluding them as hosts. Analogously, the host plant range of T. urticae, T.
lintearius and T. evansi may be mirrored in the diversity of their effectors.
For example, proteins encoded by the genes tetur28g01330 and
tetur55g00040 (Tu_MCL_36) were abundantly and uniquely identified in
salivary samples from tomato-adapted T. urticae lines. This was accompanied by a high gene expression level. The Solanaceae specialist T. evansi
possesses four Tu_MCL_36 genes, while in the Ulex specialist T. lintearius,
homologs were absent. This may be indicative for a Solanaceae-specific
function of (most) Tu_MCL_36 members. However, a more detailed study
is clearly needed to vouch for this hypothesis. Another example
(Tu_MCL_74 & OG5_144177, ‘SHOT’ family) of host-dependent expression in T. urticae, and presence or absence of homologs in closely related
spider mites species with a limited host range is studied in more detail in
Chapter 5.
The comparative OrthoMCL study revealed that T. urticae possesses
most proteins (436 proteins) homologous to proteins identified in artificial
diet fed upon by T. urticae. Further, we identified 165 homologs in T. evansi
and 159 in the closely related T. lintearius. As such, there is a correlation
between the number of recorded host plants and the (predicted) number of
putative salivary proteins. Whether this represents a causal relationship
remains to be elucidated. But it would not come as a surprise that salivary
protein homologs provide functional variability, allowing interaction with
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components of distinct host plants. Alternatively, qualitative difference
between the annotated genomes of the three mite species may be at the
basis of the difference between the identified number of homologs. Indeed,
the genome of T. urticae was sequenced using whole genome shotgun
sequencing with Sanger technology (Grbić et al., 2011), while the genomes
of T. lintearius and T. evansi were sequenced using Illumina technology
(2012) (Cao, 2014). However, the EuGene gene prediction platform (Foissac
et al., 2008) was used for genome annotation of all three species, using identical parameters. Furthermore, the size of the genomes and proteomes of
all three mite species appeared to be about the same (Cao, 2014). So, despite
the fact that the proteomes were not obtained by an identical procedure, a
comparison seemed to be justified. In addition, a comparative analysis on
the gustatory receptors of T. urticae, T. lintearius and T. evansi was based on
the same genomic databases used in current study. It revealed an analogous
correlation between the size of the host range and the number of these
chemoreceptors, which have a function in the detection of chemical components in their environment, including those of plants (Ngoc et al., 2016).
Interestingly, genes encoding (predicted) salivary proteins belonging to
the same (expanded) OrthoMCL cluster are often in close proximity of
each other on the genome scaffold [e.g., tetur20g00010-tetur20g00020(Tu_MCL_12)
and
tetur20g00030-tetur20g00040-tetur20g00050
tetli84g01040-tetli84g01050-tetli84g01060-tetli84g01070 (Tu_MCL_43)].
This may be a signature of (tandem) gene duplication followed by diversification, showing the effect of diversifying selection (Chen et al., 2010;
Johnson et al., 2015; Zhao et al., 2015). The ubiquitous proliferations in salivary protein families in T. urticae may correlate with the polyphagous
nature of this pest. One member of a family may for example be active in
one host plant or group of related plants, while another member is active
in another host plant (group). The few salivary protein families that are
expanded in T. evansi and T. lintearius may reflect proliferation of a salivary
protein family that is advantageous or even essential when feeding on the
host plant group these mites have specialized to feed on. However, additional research is needed. Next to the identification of protein family expansions, an additional source of information about the ecological adaptation of
the three spider mite species to their host plant range may be to look at
pseudogenisation events (Ngoc et al., 2016). These pseudogenes are relics
of former genes that no longer possess biological functions and can be
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regarded as fossilized footprints of past gene expression. Most pseudogenisation events occur through random accumulation of mutations in genes on
which the functional constraints are relaxed (Podlaha and Zhang, 2010).
For example, T. lintearius may have lost salivary protein members since its
divergence from the common ancestor with T. urticae because these genes
are no longer needed due to the reduced host arsenal. An in-depth study of
one family (SHOT) of salivary proteins (Chapter 5) further supports this
hypothesis and we conclude that a spider mite’s salivary protein repertoire
is a reflection of its host plant range.
4.5. Co n c lusio n s
The saliva of T. urticae contains many proteins which appear to be spider
mite specific and as such are likely to have a unique function. Several of
these proteins are encoded by genes belonging to expanded families. In
addition, the expression level of some of these putative salivary protein
genes is influenced by the plant species to which the mite lines were adapted. This host dependent expression may be an indication of a host plant
specific mode of action, which may be characteristic for effectors.
Furthermore, in silico prediction of T. evansi and T. lintearius homologs of
salivary proteins identified in T. urticae has shed some light on the salivary
proteome of spider mite species with a more limited host range. It further
supports our hypothesis that the host range of spider mites is linked to the
salivary protein composition, and as such, expansions in T. urticae salivary
protein gene families are likely key to T. urticae’s polyphagous nature.
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TABLE S4.1. Tetranychus evansi, T. lintearius and T. urticae proteins homologous to proteins identified in artificial diet fed upon
by T. urticae. Only proteins which could be assigned to groups already existing in the OrthoMCL database were accounted for
in this list.
OrthoMCL
Functional description
T. evansi
T. lintearius
T. urticae
protein ID
protein ID
protein ID
OG5_126560
tetev174g00270
tetli08g00930
tetur01g09300
tetev38g02260
tetli38g00560
tetur02g10210
tetev50g00620
tetli78g00410
tetur03g08060P
tetev54g00330
tetur05g07800
tetev59g00640
tetur12g01140
tetev73g00390
tetur12g02880
tetur24g01640
OG5_126583
IPR023210 (NADP-dependent oxidotetev275g00070
tetli105g00100
tetur02g07450
reductase domain), IPR018170 (Aldo/
tetev33g00180
tetli154g00030
tetur02g07550
keto reductase, conserved site),
tetev43g00610
tetli216g00070
tetur02g07590
IPR020471 (Aldo/keto reductase)
tetev43g00640
tetli231g00220
tetur02g11330
tetev43g00670
tetli23g02180
tetur02g11340AD,P
tetev43g00690
tetli333g00010
tetur02g11390
tetev89g00430
tetur02g11410
tetur02g11530
tetur02g90723
tetur30g00660
OG5_126595
IPR004000 (Actin family), IPR004001
tetev109g00360
tetli04g00180
tetur03g09480AD,P
(Actin, conserved site), IPR020902 (Actin/ tetev26g00150
tetli246g00020
tetur09g05350
actin-like conserved site)
tetur09g05360
OG5_126607
IPR013201 (Cathepsin propeptide
tetev02g00220
tetli09g00600
tetur05g92633
inhibitor domain; I29), IPR025660
tetev28g00730
tetli33g01670
tetur06g03520
(Cysteine peptidase, histidine active site),
tetev321g00030
tetli344g00080
tetur09g04400AD
IPR025661 (Cysteine peptidase,
tetev36g00820
tetli38g01500
tetur09g04420
asparagine active site), IPR000668
tetev36g00830
tetli38g01510
tetur09g04470
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OG5_126738

IPR013783 (Immunoglobulin-like fold),
IPR007110 (Immunoglobulin-like domain),
IPR003961 (Fibronectin type III),
IPR000719 (Protein kinase domain),
IPR008271 (Serine/threonine-protein
kinase, active site), IPR017441 (Protein
kinase, ATP binding site), IPR013098
(Immunoglobulin I-set), IPR002290
(Serine/threonine/dual specificity protein
kinase, catalytic domain), IPR003599
(Immunoglobulin subtype), IPR003598

(Peptidase C1A, papain C-terminal),
IPR000169 (Cysteine peptidase, cysteine
active site)

TABLE S4.1. Continued.
OrthoMCL
Functional description

tetev04g01160
tetev101g00190
tetev101g00220
tetev124g00030
tetev124g00040
tetev169g00060
tetev169g00210
tetev169g00220

T. evansi
protein ID
tetev36g00840
tetev36g00850
tetev36g00860
tetev36g00870
tetev36g00880
tetev38g02400
tetev85g00370

tetli260g00310
tetli260g00320
tetli26g02110
tetli26g02120
tetli26g02130
tetli302g00020
tetli321g00010
tetli46g00640
tetli478g00030
tetli69g00060

T. lintearius
protein ID
tetli38g01520
tetli38g01530
tetli38g01540
tetli38g01550

T. urticae
protein ID
tetur123g00050
tetur12g01810
tetur12g01820
tetur12g01830
tetur12g01840
tetur12g01850P
tetur12g01860AD
tetur12g04631
tetur16g03680
tetur16g03770
tetur23g00050
tetur23g00860
tetur23g00880
tetur23g00890
tetur23g01290
tetur25g00650AD
tetur01g01810
tetur01g01830
tetur01g01850AD
tetur04g02800
tetur04g02880
tetur05g03810
tetur06g00290
tetur114g00010
tetur30g00590
tetur31g01290
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OG5_127584

OG5_127143

OG5_126942

IPR013785 (Aldolase-type TIM barrel),
IPR029768 (Fructose-bisphosphate
aldolase class-I active site), IPR000741
(Fructose-bisphosphate aldolase, class-I)
IPR001424 (Superoxide dismutase, copper/
zinc binding domain), IPR018152
(Superoxide dismutase, copper/zinc,
binding site)

(Immunoglobulin subtype 2), IPR011009
(Protein kinase-like domain)
IPR012336 (Thioredoxin-like fold),
IPR010987 (Glutathione S-transferase,
C-terminal-like), IPR004045 (Glutathione
S-transferase, N-terminal), IPR004046
(Glutathione S-transferase, C-terminal)

TABLE S4.1. Continued.
OrthoMCL
Functional description

tetli162g00220
tetli162g00240
tetli07g00150
tetli125g00040
tetli147g00210
tetli147g00500
tetli149g01060
tetli168g00290
tetli52g00820

tetev11g00600
tetev11g00760
tetev14g00420
tetev16g00390
tetev204g00040
tetev38g02250
tetev43g00880

tetli118g00150
tetli118g00180
tetli118g00190
tetli118g00200
tetli16g01140
tetli16g01220
tetli26g01650
tetli29g00100

T. lintearius
protein ID

tetev258g00130
tetev258g00160

tetev125g00360
tetev125g00410
tetev25g01600
tetev25g01620
tetev52g01110
tetev88g01280

T. evansi
protein ID
tetur01g02230
tetur01g02470
tetur01g02480
tetur01g02490
tetur01g02500
tetur01g02510AD,P
tetur03g07920AD
tetur26g01450
tetur26g01460
tetur26g01490
tetur26g01500
tetur26g02801
tetur26g02802
tetur29g00220
tetur31g01330
tetur07g03440AD
tetur109g00010
tetur109g00020
tetur01g16010
tetur02g04630
tetur02g11180
tetur04g09509P
tetur07g03760
tetur09g01550
tetur26g02320AD

T. urticae
protein ID
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OG5_127800

OG5_127620

IPR013780 (Glycosyl hydrolase, family 13,
all-beta), IPR002241 (Glycoside hydrolase,
family 27), IPR013785 (Aldolase-type
TIM barrel), IPR000111 (Glycoside
hydrolase family 27/36, conserved site),
IPR017853 (Glycoside hydrolase superfamily)
IPR000668 (Peptidase C1A, papain
C-terminal)

TABLE S4.1. Continued.
OrthoMCL
Functional description

tetev12g02780
tetev176g00050
tetev183g00220
tetev32g00870
tetev33g00190
tetev407g00010
tetev488g00020
tetev650g00030
tetev92g00890

T. evansi
protein ID
tetev44g01030
tetev05g00340
tetev98g00090

tetli105g00130
tetli179g00030
tetli179g00040
tetli179g00350
tetli179g00580
tetli256g00020
tetli256g00230
tetli256g00240
tetli268g00120
tetli48g01490

T. lintearius
protein ID
tetli80g00540
tetli02g00890
tetli94g00190

tetur01g05230AD
tetur01g05480
tetur01g16463
tetur01g16473
tetur02g11420
tetur03g07930
tetur03g07950
tetur03g08010
tetur03g08020
tetur03g08030AD
tetur03g09997
etur06g02570
tetur06g02580AD
tetur08g05010
tetur08g05020
tetur08g05030
tetur08g05310
tetur09g00570
tetur09g00600

T. urticae
protein ID
tetur26g02520
tetur02g04310AD
tetur04g00130
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OG5_128170

OG5_128163

OG5_128075

IPR002347 (Glucose/ribitol dehydrogenase), IPR002198 (Short-chain dehydrogenase/reductase SDR), IPR020904
(Short-chain dehydrogenase/reductase,
conserved site), IPR016040 (NAD(P)binding domain)
IPR001944 (Glycoside hydrolase, family
35), IPR008979 (Galactose-binding domain-like), IPR017853 (Glycoside hydrolase superfamily), IPR019801 (Glycoside
hydrolase, family 35, conserved site),
IPR013781 (Glycoside hydrolase, catalytic
domain), IPR031330 (Glycoside hydrolase
35, catalytic domain), IPR026283 (Betagalactosidase 1-like)
IPR016040 (NAD(P)-binding domain),
IPR002347 (Glucose/ribitol dehydroge-

TABLE S4.1. Continued.
OrthoMCL
Functional description

tetev38g02000
tetev92g00590

tetev10g00930
tetev15g00040
tetev178g00370

tetev61g00450
tetev61g00560

T. evansi
protein ID

tetli04g01370
tetli287g00100

tetli108g00380
tetli24g00700
tetli31g00290

tetli84g00100
tetli84g00140

T. lintearius
protein ID

tetur06g04880
tetur06g04890

tetur07g07380AD
tetur09g05870
tetur13g04220
tetur13g04678

T. urticae
protein ID
tetur24g00270
tetur24g00280
tetur28g01340
tetur28g01390
tetur28g01400
tetur28g01420
tetur28g01430
tetur55g00100
tetur55g00120
tetur55g00130P
tetur32g01960
tetur32g02180
tetur32g02327AD
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OG5_129423

OG5_129300

T. evansi
protein ID

IPR013781 (Glycoside hydrolase, catalytic tetev16g01180
domain), IPR008979 (Galactose-binding
tetev16g01190
domain-like), IPR006104 (Glycosyl hydro- tetev69g00510
lases family 2, sugar binding domain),
IPR017853 (Glycoside hydrolase superfamily)
IPR013780 (Glycosyl hydrolase, family 13, tetev10g00050
all-beta), IPR001139 (Glycoside hydrolase, tetev193g00310
family 30), IPR013781 (Glycoside hydrotetev213g00090
lase, catalytic domain), IPR017853 (Glyco- tetev246g00020

nase), IPR020904 (Short-chain dehydrogenase/reductase, conserved site),
IPR002198 (Short-chain dehydrogenase/
reductase SDR)

TABLE S4.1. Continued.
OrthoMCL
Functional description

tetli112g00490
tetli112g00550
tetli134g00100
tetli164g00130

tetli94g00590

T. lintearius
protein ID
tetli29g01000

tetur02g07230
tetur02g07250
tetur02g07770
tetur02g07780

T. urticae
protein ID
tetur06g04900
tetur06g04970
tetur06g04980
tetur06g04990
tetur06g05070
tetur06g05090
tetur07g07300
tetur07g07310
tetur106g00010
tetur106g00040
tetur13g04450
tetur28g01070
tetur28g01140
tetur28g01710
tetur28g01720AD
tetur28g01730
tetur28g01740
tetur29g00870P
tetur02g02400
tetur16g03420AD,P
tetur16g03430P
tetur28g00360AD,ISH,P
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side hydrolase superfamily)

TABLE S4.1. Continued.
OrthoMCL
Functional description
T. evansi
protein ID
tetev291g00040
tetev299g00050
tetev299g00100
tetev370g00030
tetev39g00060
tetev52g00390
tetev59g00540
tetev689g00010
tetev689g00020
tetev85g00380
tetev89g00470

T. lintearius
protein ID
tetli168g00350
tetli16g01210
tetli186g00110
tetli236g00110
tetli237g00180
tetli41g00220
tetli41g00260
tetli70g01270
tetli87g00560
tetli95g00230

T. urticae
protein ID
tetur02g10940
tetur02g12930AD
tetur02g90714
tetur04g00790
tetur05g06960
tetur05g07000
tetur06g01570
tetur06g01580
tetur06g01590
tetur06g01660
tetur06g01690
tetur06g01700
tetur09g06680P
tetur147g00020AD
tetur147g00030
tetur147g00040
tetur17g00790
tetur17g00830
tetur17g00850
tetur17g00870
tetur187g00010
tetur187g00020
tetur24g02260P
tetur30g02260
tetur31g01370
tetur32g00060
tetur33g01260
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OG5_130527

OG5_130246

IPR029058 (Alpha/Beta hydrolase fold),
IPR008758 (Peptidase S28)
IPR012674 (Calycin), IPR022271 (Lipocalin, ApoD type), IPR011038 (Calycinlike), IPR000566 (Lipocalin/cytosolic fattyacid binding domain), IPR003057
(Invertebrate colouration protein)

TABLE S4.1. Continued.
OrthoMCL
Functional description

tetev01g00490
tetev06g00100
tetev124g00310
tetev124g00320
tetev124g00340
tetev147g00020
tetev14g00610
tetev14g00630
tetev14g00640
tetev164g00040
tetev164g00070
tetev210g00200
tetev210g00210
tetev210g00220
tetev299g00070
tetev52g00260
tetev83g00450

tetev75g00330

T. evansi
protein ID

tetli07g01010
tetli07g01020
tetli102g00300
tetli112g00400
tetli139g00390
tetli13g00660
tetli145g00130
tetli145g00300
tetli208g00170
tetli358g00010
tetli41g00210
tetli80g00390
tetli80g00400

tetli03g01710

T. lintearius
protein ID

tetur01g01510
tetur01g05730
tetur01g05740
tetur01g05750
tetur01g05770
tetur01g05880
tetur04g05970
tetur04g05980AD
tetur04g06000
tetur04g06010
tetur05g07070
tetur06g01640AD
tetur06g02130
tetur06g02140
tetur06g02670
tetur06g03020
tetur06g03090
tetur06g03100
tetur06g03340
tetur06g03350
tetur06g03360

T. urticae
protein ID
tetur33g01270
tetur33g01290
tetur72g00010P
tetur72g00020P
tetur19g01900AD
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TABLE S4.1. Continued.
OrthoMCL
Functional description
T. evansi
protein ID

T. lintearius
protein ID

T. urticae
protein ID
tetur06g03370
tetur06g03440
tetur06g03550
tetur06g03860P
tetur06g06691
tetur06g91377
tetur06g91385
tetur07g03970
tetur09g04720
tetur09g04730
tetur09g04920
tetur11g05210
tetur11g05230
tetur16g03410
tetur16g03450
tetur16g03460
tetur174g00050
tetur18g00900
tetur282g00020
tetur30g01430
tetur31g00670
tetur31g00680
tetur31g00710
tetur31g00730
tetur31g00780
tetur31g00800
tetur31g00880
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IPR003172 (MD-2-related lipid-recognition domain), IPR014756 (Immunoglobulin E-set)

IPR001846 (von Willebrand factor, type D
domain)

OG5_132251

OG5_133467

IPR016040 (NAD(P)-binding domain)

OG5_131746

TABLE S4.1. Continued.
OrthoMCL
Functional description

tetev107g00370
tetev107g00380
tetev107g00390
tetev107g00400
tetev13g01150
tetev25g01430
tetev52g01260
tetev95g00110

tetev116g00460
tetev22g00600

T. evansi
protein ID

tetli15g00980
tetli33g01300
tetli93g00560
tetli04g00850
tetli04g00860
tetli07g01670
tetli07g01700
tetli1323g00010
tetli571g00010
tetli01g01890
tetli132g00590
tetli16g00920
tetli25g00680
tetli318g00040
tetli51g00500
tetli85g00410

T. lintearius
protein ID

tetur07g05480
tetur39g00700
tetur39g00720
tetur39g00810AD
tetur43g00010AD
tetur516g00020AD
tetur03g01850
tetur04g08680
tetur07g02990
tetur13g92931
tetur140g00020
tetur14g01690
tetur14g01700
tetur14g02060
tetur14g02070AD
tetur14g02080AD
tetur14g02090AD
tetur17g03530
tetur17g03550
tetur28g01370

T. urticae
protein ID
tetur31g00900
tetur31g00920
tetur31g01880
tetur37g00940P
tetur01g12240
tetur23g01640AD
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IPR001254 (Serine proteases, trypsin
domain), IPR009003 (Peptidase S1, PA
clan), IPR018114 (Peptidase S1, trypsin
family, active site), IPR001314 (Peptidase
S1A, chymotrypsin-type)
IPR019826 (Carboxylesterase type B,
active site), IPR029058 (Alpha/Beta hydrolase fold), IPR002018 (Carboxylesterase,
type B)

IPR001254 (Serine proteases, trypsin
domain), IPR009003 (Peptidase S1, PA
clan)
‘Secreted host responsive protein in
Tetranychidae’ (SHOT) family (Chapter 5)

IPR000010 (Cystatin domain)

OG5_135950

OG5_141111

171

OG5_147492

OG5_144177

OG5_136350

IPR002223 (Pancreatic trypsin inhibitor
Kunitz domain), IPR020901 (Proteinase
inhibitor I2, Kunitz, conserved site)

OG5_134456

TABLE S4.1. Continued.
OrthoMCL
Functional description

tetev08g00660
tetev08g00670

tetev136g00120
tetev18g00990
tetev194g00150

tetev492g00030
tetev56g01620
tetev59g00690
tetev97g00030

tetev13g01730
tetev30g00470
tetev83g00070

tetev232g00090

T. evansi
protein ID

tetli144g00040
tetli145g00170

tetli10g00400
tetli51g00300

tetli06g01170
tetli115g00180
tetli154g00160
tetli28g00930
tetli79g00510
tetli72g00640
tetli72g00650
tetli72g00720

tetli06g00480

T. lintearius
protein ID

tetur03g03670AD,P
tetur03g03680AD,P
tetur03g03690ISH,P
tetur03g03700AD,ISH,P
tetur03g03730P
tetur03g10093P
tetur06g01060AD
tetur06g06610

tetur06g06761P
tetur07g00150AD,ISH,P
tetur09g00280P
tetur35g00910
tetur35g01000
tetur02g09310
tetur02g14551
tetur02g15189
tetur11g01500AD
tetur207g00020
tetur29g00950
tetur13g00200
tetur16g03190AD,P

T. urticae
protein ID
tetur55g00080
tetur13g03820AD
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OG5_152454

OG5_152337

OG5_152237

OG5_149533

T. evansi
protein ID
tetev100g00570
tetev116g00510
tetev292g00240
tetev37g01130
tetev37g01260
tetev49g00470

IPR009003 (Peptidase S1, PA clan),
IPR001254 (Serine proteases, trypsin domain)
IPR009003 (Peptidase S1, PA clan),
tetev229g00140
IPR018114 (Peptidase S1, trypsin family,
tetev38g00570
active site), IPR001254 (Serine proteases,
tetev83g00100
trypsin domain), IPR001314 (Peptidase S1A,
chymotrypsin-type)
IPR002557 (Chitin binding domain),
tetev08g01790
IPR029070 (Chitinase insertion domain),
tetev22g00350
IPR011583 (Chitinase II), IPR001579
tetev31g00080
(Glycoside hydrolase, chitinase active site),

IPR009003 (Peptidase S1, PA clan),
IPR001254 (Serine proteases, trypsin
domain), IPR001314 (Peptidase S1A,
chymotrypsin-type), IPR018114 (Peptidase
S1, trypsin family, active site)

TABLE S4.1. Continued.
OrthoMCL
Functional description

tetli179g00520
tetli184g00230
tetli21g00780

tetli208g00160

tetli51g00220

tetli18g00950
tetli50g00280

T. lintearius
protein ID
tetli37g00030
tetli38g00430

tetur01g11910AD,P
tetur08g05470
tetur11g03440

T. urticae
protein ID
tetur09g03620AD
tetur09g03650
tetur09g04770
tetur05g08340
tetur07g08034AD
tetur35g00970
tetur35g01050
tetur35g01250
tetur35g01260
tetur35g01270
tetur35g01310
tetur35g01540
tetur35g01600
tetur35g01610
tetur35g01630
tetur441g00030
tetur07g03160
tetur16g03470AD,P
tetur30g01440AD
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T. evansi
protein ID

T. lintearius
protein ID

T. urticae
protein ID

IPR013781 (Glycoside hydrolase, catalytic domain), IPR017853 (Glycoside
hydrolase superfamily), IPR001223 (Glycoside hydrolase family 18, catalytic domain)
OG5_158831
IPR003172 (MD-2-related lipid-recogtetur01g02650
nition domain), IPR014756 (Immunoglotetur01g02670AD
bulin E-set)
OG5_168371
IPR001254 (Serine proteases, trypsin domain),
tetur09g03880AD,P
IPR001314 (Peptidase S1A, chymotrypsintetur12g03940AD,P
type), IPR018114 (Peptidase S1, trypsin
tetur12g03950P
family, active site), IPR009003 (Peptidase S1,
tetur66g00060
PA clan)
tetur66g00070
OG5_176862
IPR002919 (Trypsin Inhibitor-like, cysteine
tetur22g00260AD
rich domain)
OG5_207753
IPR002919 (Trypsin Inhibitor-like, cysteine
tetur22g00290P
rich domain)
tetur40g00392AD,ISH,P
AD Protein identified in artificial diet fed upon by T. urticae (Chapter 3), ISH Gene coding for the protein is confirmed to be
expressed in the salivary glands using whole-mount in situ hybridizations (Chapter 2, 3 & 5), P Expression level of the gene
coding for the protein is significantly higher (FC≥8, adj. p≤0.05) in the proterosoma versus the entire body of T. urticae adapted to bean plants (Chapter 3, TABLE S3.9)

TABLE S4.1. Continued.
OrthoMCL
Functional description
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TABLE S4.2. Spider mite-specific Tetranychus evansi, T. lintearius and T. urticae proteins homologous to proteins identified in artificial diet fed upon by T. urticae.
OrthoMCL group T. evansi
T. lintearius
T. urticae
Tu_MCL_12
tetev485g00030 tetli56g00590
tetur02g14280
tetur02g14420
tetur02g14470
tetur08g03060
tetur12g00580
tetur13g04230P
tetur19g92445
tetur20g00010
tetur20g00020
tetur20g00030
tetur20g00040
tetur20g00050P
tetur20g00090P
tetur20g00100
tetur20g00540P
tetur20g00550
tetur20g00560AD, P, ISH
tetur19g00950
tetur20g90779
tetur20g90780
tetur20g90781
tetur19g02210
tetur20g00670
tetur47g00120
tetur47g00170
tetur43g00560
tetur43g00570
tetur43g00580
tetur58g00010
tetur58g00020
tetur58g00030
tetur58g00050
tetur58g00090
tetur58g00100
tetur58g00110
tetur58g90066
tetur58g90067
Tu_MCL_25
tetev52g01490
tetli16g00750
tetur03g07610
tetur03g07590
tetur14g02720P
tetur31g00630AD, P
tetur31g00690P
tetur31g00740P
tetur31g00770
174
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TABLE S4.2. Continued.
OrthoMCL group T. evansi

Tu_MCL_25

tetev219g00200

Tu_MCL_43

tetev148g00350
tetev102g00780

Tu_MCL_35

tetev446g00020
tetev370g00040
tetev54g00740

Tu_MCL_36

tetev13g01130
tetev187g00210
tetev192g00290
tetev317g00050

T. lintearius

tetli16g00760
tetli174g00060
tetli174g00050
tetli20g03110
tetli84g01040
tetli84g01050
tetli84g01060
tetli84g01070
tetli84g00020
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T. urticae
tetur31g00810
tetur31g00820
tetur31g00830AD
tetur31g00850
tetur31g00890
tetur31g00910
tetur31g01040AD, P
tetur31g01060AD
tetur31g01860
tetur06g00230AD, P, ISH
tetur03g00040P
tetur03g00050P
tetur03g00070P
tetur08g08070P
tetur32g01880AD, P
tetur33g00840
tetur33g00850P
tetur33g00860
tetur33g00870P
tetur01g16564
tetur04g09459
tetur04g09479AD, P
tetur04g09489
tetur04g00770
tetur12g00700
tetur143g00020
tetur32g02287
tetur32g02297
tetur32g00050AD, P, ISH
tetur44g00291
tetur44g00301
tetur86g00050
tetur86g00060
tetur01g10080
tetur01g10090
tetur05g04560AD, P
tetur05g04580AD, P, ISH
tetur16g90599
tetur196g90150
tetur28g01330AD, P
tetur28g01360
tetur28g01380
tetur28g01410
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TABLE S4.2. Continued.
OrthoMCL group T. evansi

T. lintearius

Tu_MCL_45

Tu_MCL_63

tetli115g00430
tetli115g00400

Tu_MCL_74

tetev340g00035
tetev340g00030

tetli74g00350

Tu_MCL_211
Tu_MCL_212

tetev132g00350
tetev132g00300
tetev132g00290

Tu_MCL_153

tetev252g00100

No group

tetev06g00640

tetli11g00110
tetli11g00160
tetli11g00100
tetli11g00170
tetli223g00110
tetli223g00120
tetli23g01520
tetli23g01540
tetli66g00240

No group

tetev223g00110
tetev01g02160
tetev117g00420

No group
No group

tetli101g00190

No group
No group

tetev168g00210
176

T. urticae
tetur55g00040AD, P
tetur55g00090
tetur02g06500
tetur02g06490
tetur02g06520
tetur02g06560
tetur02g06600
tetur02g92468
tetur04g08190
tetur06g06630AD, ISH
tetur06g06650P
tetur06g03000
tetur307g00010
tetur307g00020
tetur14g03160AD
tetur14g03170P
tetur14g03240P
tetur14g03250
tetur14g03560
tetur14g03430P
tetur14g02600P
tetur517g00010P
tetur03g03620
tetur03g10083AD, P
tetur11g01360P, ISH
tetur11g06390P
tetur11g06400P
tetur01g00950AD, P, ISH
tetur01g01000P
tetur01g00940AD, P, ISH
tetur01g01010AD, P
tetur03g04460
tetur03g04470AD
tetur07g01660AD, P
tetur06g00510AD, P
tetur29g01360AD, P, ISH
tetur03g08710AD, P, ISH
tetur13g00610P
tetur13g00600AD, P
tetur13g00650P
tetur09g00900AD, P
tetur03g10103P
tetur10g00090AD, P, ISH
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TABLE S4.2. Continued.
OrthoMCL group T. evansi
T. lintearius
T. urticae
No group
tetev168g00220
tetur10g00100AD, P
OG5_126560
tetev64g00950
tetur20g01290AD
AD Protein identified in artificial diet fed upon by T. urticae (Chapter 3)
P Expression level of the gene coding for the protein is significantly higher (FC≥8,
adj. p≤0.05) in the proterosoma versus the entire body of T. urticae adapted to bean
plants (Chapter 3, TABLE S3.9)
ISH Gene coding for the protein is confirmed to be expressed in the salivary glands
with whole-mount in situ hybridizations (Chapter 3 & Chapter 5)
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A putative salivary effector family of
Tetranychus urticae shows host plant dependent
expression
Partly redrafted after:
Jonckheere, W., Dermauw, W., Khalighi, M., Pavlidi, N., Reubens, W., Baggerman, G.,
Tirry, L., Menschaert, G., Kant, M.R., Vanholme, B., Van Leeuwen, T. (2017)
A gene family coding for salivary proteins (SHOT) of the polyphagous spider mite
Tetranychus urticae exhibits fast host-dependent transcriptional plasticity.
Molecular Plant-Microbe Interactions (in press)
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5 . 0 . A B S T R AC T
The salivary protein repertoire released by the herbivorous pest Tetranychus
urticae is assumed to hold key to its success on diverse crops. We report on
a spider mite-specific protein family which is expanded in T. urticae. The
encoding genes have an expression pattern restricted to the anterior
podocephalic glands while peptide fragments were found in T. urticae’s
secretome, supporting the salivary nature of these proteins. As peptide
fragments were identified in a host-dependent manner, we designated this
family as the ‘Secreted HOst-responsive protein of Tetranychidae’ (SHOT)
family. The proteins were divided in three groups based on sequence similarity. Unlike TuSHOT3 genes, TuSHOT1 & 2 genes were highly expressed
when feeding on a subset of Fabaceae, while expression was depleted on
other hosts. TuSHOT1 & 2 expression was induced within 24 hours after
certain host transfers, pointing towards transcriptional plasticity rather
than selection as the cause. Transfer from an ‘inducer’ to a ‘non-inducer’
plant was associated with slow yet strong downregulation of TuSHOT1 &
2, occurring over generations rather than hours. This asymmetric on/off
regulation points towards host-specific effects of SHOT proteins, which is
further supported by the diversity of SHOT genes identified in
Tetranychidae with a distinct host repertoire. Preliminary experiments for
SHOT functional validation were performed, including yeast two-hybrid
studies, which revealed the interaction between TuSHOT2b and MUT9like kinases in Arabidopsis.
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5 . 1 . I N T RO D U C T I O N
Being sessile organisms, plants use a wide range of strategies to ward off
arthropod herbivores. These include constitutive chemical and physical
defenses which discourage feeding and are present irrespective of the presence of herbivores, as well as induced defenses which are specifically activated upon attack (Howe and Jander, 2008; Wu and Baldwin, 2010). The latter include the production of toxic and anti-digestive compounds, but also
the attraction of natural enemies of the herbivore via induced volatiles.
Furthermore, resources can be re-allocated towards non-attacked tissues to
minimize the negative fitness consequences of tissue loss (Howe and Jander,
2008). Because of these defenses, plants can be challenging to feed on, and
many herbivores have evolved host-specific adaptations to deal with specific defenses (Nosil, 2002; Ali and Agrawal, 2012; Barrett and Heil, 2012;
Kant et al., 2015). On the other end of the diet breath spectrum are the
polyphagous herbivorous species, of which the two-spotted spider mite
Tetranychus urticae (Acari: Tetranychidae) is a representative. This cosmopolitan pest has been recorded to feed on over 1000 different plant species
belonging to more than 100 different families (Migeon and Dorkeld, 20062017; Grbić et al., 2011). The exceptional polyphagous nature of T. urticae
has been linked to the expansion of several gene families implicated in
digestion, detoxification and transport of xenobiotics (Grbić et al., 2011;
Santamaría et al., 2012; Wybouw et al., 2012; Dermauw et al., 2013a,b; Van
Leeuwen and Dermauw, 2016). Despite being extremely polyphagous as a
species, T. urticae does not necessarily consist of generalist individuals (Fox
and Morrow, 1981; Kant et al., 2008). It has high intraspecific genetic variability (Magalhaes et al., 2007) and it has been proposed that local populations form host races that do not perform equally well on all potential host
plant species (Gotoh et al., 1993; Navajas, 1998; Agrawal et al., 2002; DíazRiquelme et al., 2016).
Although spider mites have acquired an impressive arsenal of adaptations, plant defenses mainly orchestrated by the phytohormones jasmonic
acid (JA) and salicylic acid (SA) still prevent mites from achieving their
maximal reproductive performance (Li et al., 2002; Ament et al., 2004; Li et
al., 2004, Kant et al., 2008, Alba et al., 2015). Manipulation of plant defenses offers a major fitness advantage to the pest. Spider mite species like T.
evansi (Sarmento et al., 2011; Alba et al., 2015), T. ludeni (Godinho et al.,
2015) and some genotypes of T. urticae (Kant et al., 2008; Alba et al., 2015,
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Wybouw et al., 2015) were shown to suppress these defenses thereby
increasing their fitness (Ataide et al., 2016).
Recognition of an invading organism is key for the plant to initiate a
successful defense response. Dodging such recognition has been well studied for plant-pathogen interaction, yet appears to apply to arthropod herbivores as well. Tissue damage caused by pathogens or herbivores produces
endogenous molecules referred to as ‘damage-associated molecular patterns’ (DAMPs), which are proposed to be recognized by pattern recognition receptors (PRRs) of the plant and initiate defense responses (Erb et al.,
2012, Pieterse et al., 2012). In addition, this general response can be tailored to the attacker when conserved patterns of pathogen- or herbivorespecific molecules, known as ‘pathogen-‘ or ‘herbivore-associated molecular
patterns’ (PAMPs or HAMPs), also proposed to be detected by PRRs, are
leading to PAMP/HAMP-triggered immunity (PTI or HTI) (Jones and
Dangl 2006, Erb et al., 2012, Pieterse et al., 2012). However, pathogens and
herbivores evolved so-called effector molecules (often proteins) that enable
them to evade PTI/HTI of some of their host plants (Deslandes and Rivas
2012, Kant et al., 2015, Lo Presti et al., 2015). Interference of pathogen
effectors with PTI leads to effector-triggered susceptibility (ETS). In turn,
some plant varieties have evolved special sensory proteins, referred to as Rproteins, which recognize these effectors, activating effector-triggered
immunity (ETI) as a by-pass of suppressed PTI/HTI. This in its turn
drives the evolution of alternative effectors that yet again can suppress host
resistance (Jones and Dangl, 2006; Barrett and Heil, 2012; Erb et al., 2012;
Win et al., 2012; Lapin and Van den Ackerveken, 2013). While the molecular details of this so-called ‘Zigzag model’ have been worked out for
pathogens, it most likely applies for herbivores as well (e.g., Jing et al., 2017;
Mondal, 2017). However, the extent of the parallels is still a matter of
intensive research (Kaloshian and Walling, 2015).
As the saliva of arthropod herbivores forms an important source of molecules that could trigger or manipulate plant defense responses (e.g., Musser
et al., 2002; Mutti et al., 2008; Hogenhout and Bos, 2011), we partly elucidated the salivary protein repertoire of T. urticae by means of comparative
proteomics and transcriptomics (Jonckheere et al., 2016). Besides the finding
of proteins presumably involved in digestion and detoxification, a large collection of proteins with unknown functions was identified. Some of these
proteins inhibited plant defenses and enhanced mite reproduction, in line
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with a potential role as effectors (Villarroel et al., 2016). However, the experimental setup of the proteomics analysis did not allow for the identification
of endogenous peptides within T. urticae saliva (Jonckheere et al., 2016). Yet,
such peptides could play, like mature proteins, distinct roles in the plant-mite
interaction since peptide signaling regulates several aspects of plant growth
and development, and endogenous plant peptide elicitors have a role in regulating plant immunity to both pathogens and herbivores (Yamaguchi and
Huffaker 2011). Furthermore, plant-parasitic nematodes secrete peptides
mimicking plant hormone-like peptides to establish a successful interaction
with its host (Mitchum et al., 2012, Mitchum et al., 2013). In addition,
arthropods are shown to use peptide toxins to subdue their prey (Fletcher et
al., 1997). It is therefore relevant to look for endogenous peptides in the saliva of T. urticae, as spider mites might potentially employ salivary peptides
to manipulate plant responses to obtain maximal fitness.
In the current study, we examined the peptide fraction of T. urticae saliva and focused on a putative effector family. This protein family (SHOT)
appears to be unique for spider mites, is expanded in T. urticae compared to
close relatives and the corresponding genes show rapid changes in host
plant dependent expression. A next step was to investigate SHOT protein
function. Yeast two-hybrid (Y2H) screens were performed to identify their
host interaction partners, yielding an insight in the cellular processes they
target.
5 . 2 . M AT E R I A L

AND METHODS

5.2.1. Mit e lin es
For peptidomics analyses, T. urticae mites (London strain) were transferred
from bean (Phaseolus vulgaris cv. ‘Prelude’, Fabaceae) to new host plants as
described earlier (Wybouw et al., 2015; Jonckheere et al., 2016 (Chapter 3)).
In short, four replicate lines on soy bean (Glycine max cv. ‘Merlin’, Fabaceae)
and tomato (Solanum lycopersicum cv. ‘Moneymaker’, Solanaceae) were established. The spider mites were maintained on their host plants during five
generations for G. max (Jonckheere et al., 2016 (Chapter 3)), and for over
30 generations for S. lycopersicum (Wybouw et al., 2015).
5. 2.2. N an o- LC- MS/MS analy sis of secreted saliva
Collection of spider mite saliva was done as in Jonckheere et al. (2016)
(Chapter 3). Briefly, mites on P. vulgaris, G. max and S. lycopersicum were
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collected (mites originating from the same replicated host plant line were
pooled) and transferred to feeding arenas containing holidic artificial diet
encapsulated in Parafilm. The spider mites were allowed to feed for 24
hours, whereupon the remaining diet, containing saliva, was collected.
Samples were stored at -80°C until sufficient material (about 0.3 ml, 10–15
diet hemispheres/sample) was collected for nano-LC-MS/MS analysis.
Samples (0.2–0.3 ml; two technical replicates of artificial diets enriched
with saliva of mites maintained on three different host plant species) were
filtered on a Millipore Amicon Ultra-0.5 ml 10K spindown filter (Merck
Chemicals, Belgium). The flow-through, containing the peptides, was collected and a solid phase extraction was performed on a Pierce C18 spin column (ThermoFisher Scientific, Belgium), according to the manufacturers
protocol. The eluate was collected, dried in a vacuum centrifuge and stored
at -80°C until analysis. Liquid chromatography mass spectrometric (LCMS) analysis was performed on an Easy nLC 1000 (ThermoFisher
Scientific) connected to a Q-Exactive plus Orbitrap mass spectrometer
(ThermoFisher Scientific). The dried eluate was dissolved in 10 μl of 2%
acetonitrile in HPLC-grade water and 5 μl was subsequently loaded on the
trapping column (PepMap C18, 300 μm x 20 mm, ThermoFisher Scientific)
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, an Acclaim PepMap RSLC C18 (2 μm, 100 Å, 50 μm i.d. x 15 cm,
Thermo Scientific). Separation was conducted using a linear gradient from
2% acetonitrile in water, 0.1% formic acid to 40% acetonitrile in water, 0.1%
formic acid in 100 min. The flow rate was set at 300 nl min-1. The QExactive plus Orbitrap was set up in a data dependent MS/MS mode where
a full scan spectrum (350–2000 m/z, resolution 60,000) was followed by a
maximum of twenty HCD tandem mass spectra (100 to 2000 m/z). Peptide
ions were selected as the 20 most intense peaks of the MS1 scan. The normalized collision energy used was 28% in HCD. We applied a dynamic
exclusion list of 45 s.
5.2.3. Pe pt ide iden t ific ation
Peak lists obtained from MS/MS spectra were identified using OMSSA version 2.1.9 (Geer et al., 2004), X!Tandem version X! Tandem Vengeance
(2015.12.15.2) (Craig and Beavis 2004) and MS-GF+ version Beta (v10282)
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(Kim and Pevzner, 2014). The search was conducted using SearchGUI version 3.2.9 (Vaudel et al., 2011). Protein identification was conducted against
a concatenated target/decoy version of the T. urticae protein database holding 19,086 T. urticae target sequences (version of August 11th 2016) and
the common Repository of Adventitious Proteins (cRAP) database (available at http://www.thegpm.org/crap/; 116 sequences). The decoy
sequences were created by reversing the target sequences in SearchGUI.
The identification settings were as follows: no cleavage specificity; 10.0 ppm
as MS1 and 10.0 ppm as MS2 tolerances; variable modifications: Amidation
of the peptide C-term (-0.984016 Da), Pyrolidone from Q (-17.026549 Da),
Oxidation of M (+15.994915 Da), variable modifications during refinement
procedure: Acetylation of protein N-term (+42.010565 Da), Pyrolidone
from E (-18.010565 Da), Pyrolidone from Q (-17.026549 Da), Pyrolidone
from carbamidomethylated C (-17.026549 Da). Peptide spectrum matches
(PSMs) were inferred from the spectrum identification results using
PeptideShaker version 1.16.2 (Vaudel et al., 2015) PSMs were validated at a
1.0% False Discovery Rate (FDR) estimated using the decoy hit distribution. The mass spectrometry data along with the identification results have
been deposited to the ProteomeXchange Consortium (Vizcaino et al., 2014)
via the PRIDE partner repository (Martens et al., 2005) with the dataset
identifier PXD006385.
5. 2.4. Pe pt idomic s dat a filtering, quantification and
bi oi nfo r mat ic s an alyses
First, for each LC-MS/MS replicate (two technical replicates for each host
specific sample) the modest Feature Finder (moFF; Argentini et al., 2016)
tool was used to extract the MS1 intensities from the Thermo raw files for
the validated PSMs matching to non-decoy (true) and not matching to the
cRAP sequences (see TABLE S5.1). The moFF program (moff.py) was run
with the following settings ‘--tol 10 --rt_w 5 --rt_p 0.6’. Those PSMs for
which no intensities could be extracted (‘-1’ values) were discarded from
further analysis. Next, the normalized intensity value for each PSM was
calculated by dividing the intensity value by the total sum of intensity values of all PSMs for each replicate. A MS1 intensity value was then calculated for each peptide by averaging the normalized intensity values across
the different PSMs, matching with each peptide. Only those peptides with a
MS1 intensity value in both technical replicates were used for further analy-
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sis, and the MS1 intensity for each peptide was averaged across the two
technical replicates for each host plant specific sample. Those proteins for
which an averaged MS1 intensity across technical replicates could be
derived for one of their peptides were subjected to several analyses.
Proteins were first mined for conserved domains using CD-search (default
E-value threshold E-2) at the Conserved Domain database (Marchler-Bauer
et al., 2011). Subsequently, they were screened (D-cutoff of 0.450) for the
presence of a signal peptide (SP) using SignalP 4.0 (Petersen et al., 2011)
and their subcellular localization was predicted using YLoc-HighRes version ‘animals’ (Briesemeister et al., 2010). The Peptide Prediction with
Abundance (PPA) tool was used to predict easily detectable peptides (peptides that are likely to provide the best detection sensitivity) from T. urticae
proteins of which peptides where identified. Tetranychus urticae proteins
without their SP were used as input for PPA, using default settings. Lastly,
a previously published dataset of differentially expressed genes between
dissected T. urticae proterosoma’s – containing the salivary glands – and
intact females (Jonckheere et al., 2016) (Chapter 3) was mined for genes
encoding proteins from which peptides were identified.
5. 2.5. Ho molog y searc he s and in silico e xp ression analy sis
Homologous proteins were identified by tBLASTn searches (E-value threshold of E-5) against the genome sequences of T. urticae (available at
http://bioinformatics.psb.ugent.be/orcae/overview/Tetur; Grbić et al.,
2011), T. evansi and T. lintearius (unpublished data) and the transcriptomes of
Panonychus citri and P. ulmi (Niu et al., 2012; Bajda et al., 2015). In addition,
BLASTp and tBLASTn searches (E-value threshold of E-5) were performed
against the non-redundant protein database and available Acari genomes at
the NCBI website, respectively (date accessed: 1st of February 2017).
Protein sequence alignments were performed using the online version of
MUSCLE (Edgar 2004) with 1000 iterations. Model selection was done with
ProtTest 3.4 (Darriba et al., 2011) and according to the Akaike information
criterion, WAG+G+F was optimal for the phylogenetic reconstruction. A
maximum likelihood analysis was performed using RAxML v8 (Stamatakis,
2014) with 1000 bootstrapping replicates. The resulting tree was midpoint
rooted and visualized using MEGA 6.0 (Tamura et al., 2013). Tree layout
was edited with Adobe Illustrator software (Adobe Inc., USA). Expression
levels of T. urticae genes were compared between feeding (mobile) T. urticae
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stages (i.e., larva, nymph and adult) and the embryo stage (Grbić et al.,
2011). Finally, an expression dataset of T. urticae genes across different time
points of transfer to tomato (Wybouw et al., 2015) and in mite lines adapted to different host plants (Jonckheere et al., 2016) was mined.
5. 2.6. W hole- moun t in situ hy b ridization
Primers for whole-mount in situ hybridization (ISH) probe templates were
designed using Primer3 (Rozen and Skaletsky, 1999), with a preferred
amplicon length of about 300 nucleotides (TABLE S5.2). The ISH procedure
was performed as described earlier (Jonckheere et al., 2016) (Chapters 2
and 3) .
5.2.7. RT- qPCR
Total RNA was isolated from 100-150 adult female spider mites using the
RNeasy Mini Kit (Qiagen, Belgium) and DNA was removed using the
Turbo-DNA-free Kit (Thermo Fisher Scientific, Belgium). Next, 2 μg of
RNA was used for cDNA synthesis using the Maxima First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific). The RT-qPCR reactions were
conducted with the Maxima SYBR Green qPCR Master Mix (Thermo
Fisher Scientific) using a Mx3005P qPCR System (Agilent Technologies,
Belgium) combined with MxPro Software (Agilent Technologies). For each
experiment, three biological replicates were used, each analyzed in two
technical replicates. Tetranychus urticae (London strain) adapted to and
maintained on P. vulgaris served as the reference condition in all qPCR
experiments. The primers used for qPCR are listed in TABLE S5.2. Final
melt curves and no-template-controls ensured specific amplification and the
absence of contamination respectively. The raw quantification cycle (Cq)
values were analyzed using qbase+ (Biogazelle, Belgium). Cq values were
normalized against the housekeeping genes Ribosomal protein 49 (Rp49,
tetur18g03590) and Ubiquitin C (UBQ, tetur03g06910). The mean amplification efficiency of each reference target (Rp49 and UBQ) and each target of
interest was determined based on standard curves made from dilution series
of pooled cDNA and was considered as acceptable (ranging from 2.01 to
2.05) for RT-qPCR. Unpaired Student’s t-tests were used for statistical
analysis, without assuming a normalized distribution (qbase+).
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5. 2.8. Ex pressio n levels in T. ur ticae after long ter m feeding
on d i f feren t host s
In a first set of RT-qPCR experiments, four lab strains were used for
expression analysis of SHOT genes: the T. urticae London strain established on P. vulgaris and strains derived from this strain after long term
maintenance (>10 generations) on three other plant species, being S. lycopersicum, barrel medic (Medicago truncatula, ecotype A17, Fabaceae) and cotton (Gossypium hirsutum, Malvaceae). Furthermore, three wild T. urticae
strains were collected (Belgium, East Flanders province, 2011) from cherry (Prunus avium cv. ‘Kordia’, Rosaceae), elderberry (Sambucus nigra,
Adoxaceae) and cucumber (Cucumis sativus, Cucurbitaceae) plants (Wybouw
et al., 2012). The wild strains were maintained under lab conditions on their
original host plant species until used for expression analysis.
5.2.9. Shor t t er m e x pression m odulation after a host
tr a nsfer
Host transfer experiments were performed by transferring mites collected
from the S. lycopersicum adapted strain to P. vulgaris plants (100-150 adult
females, triplicate per time point). After 3, 6, 12 and 24 h, mites were collected again from the P. vulgaris plants for gene expression analysis. Mites maintained on S. lycopersicum were used for expression analysis at 0 hours.
Tetranychus urticae adapted to and maintained on P. vulgaris served as reference condition in each qPCR experiment. In a follow up experiment, different host plants were used as acceptor plants for the mite strain adapted to S.
lycopersicum. These host plants were: (1) sweet pea (Lathyrus odoratus cv.
‘Dorothy Eckford’, Fabaceae), (2) pea (Pisum sativum cv. ‘Ceresa’, Fabaceae),
(3) Mimosa spp. (Fabaceae), (4) gorse (Ulex europaeus, Fabaceae), (5) peanut
(Arachis hypogaea, Fabaceae), (6) lupin (Lupinus angustifolius, Fabaceae), (7)
soybean (Glycine max cv. ‘Merlin’, Fabaceae), (8) maize (Zea mays, Poaceae), (9)
gerbera daisy (Gerbera jamesonii, Asteraceae), (10) thale cress (Arabidopsis
thaliana, ecotype Col-0, Brassicaceae) and (11) tobacco (Nicotiana benthamiana,
Solanaceae). The experimental setup was as described above, with the only
exception that gene expression analysis was performed 24 h after transfer.
5.2.10. Yeast t wo- hybrid screens of SHOT p roteins
Three different yeast two-hybrid (Y2H) screens were performed to elucidate putative plant targets of spider mite SHOT proteins. The SHOT pro188
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teins, lacking their native SP, were used as a ‘bait’ for interacting plant ‘prey’
proteins. (1) For a SHOT1 & 2 member of T. urticae (TuSHOT2b), an A.
thaliana seedling (1 week old plants) cDNA library was used. (2) For a
SHOT3 member of T. urticae (TuSHOT3b), a cDNA library from miteinfested S. lycopersicum leaves was screened. Both of these ‘ULTImate Y2H
SCREEN’ analyses were performed by Hybrigenics Services (Paris,
France). Additionally, (3) a SHOT3 member of T. evansi (TeSHOT3b) was
submitted to a Y2H screen, using a tomato library. This screen was performed by Keygene (Wageningen, the Netherlands).
5. 2.11. Evaluat ion o f SHOT effector action in m ite
perfor man c e assays
Tetur03g03680 (SHOT1b) and tetur11g01360 (SHOT3a) were amplified
without native SP. Att-B gateway recombination sequences and a simple
Kozak sequence with initiation codon (CACCATG) were added during two
successive PCR reactions (gene specific primers, and primers with overlap
sequences, TABLE 5.1), taking care to adjust for the reading frame. Next,
PCR products were cloned into vector pDONR221 (Gateway system,
ThermoFisher Scientific) and the genes were eventually transferred to the
binary vector pK7WGF2 (Karimi et al., 2002). In this vector, the gene of
interest is under the control of a CaMV 35S promotor and positioned
downstream of eGFP. The destination vectors were transformed into the
GV3101 strain of Agrobacterium tumefaciens by electroporation.

TABLE 5.1. Primers used for amplification of SHOT vector inserts
Forward primer
Reverse primer
Tetur11g01360_PCR1 gatgaacaacccgaactttcttta
ttattgcttattttgagtcctacc
aacg
gaag
Tetur03g03690_PCR1 aatgaacaatcacccgacttcg
ttaaccgaacaatttaccagcgac
Tetur11g01360_PCR2 AAAAAGCAGGCTTCA CAAGAAAGCTGGG
CCATGgatgaacaacccgaac TTttattgcttattttgag
Tetur03g03690_PCR2 AAAAAGCAGGCTTCA CAAGAAAGCTGGG
CCATGaatgaacaatcaccc
TTttaaccgaacaatttac
Attb_PCR3
GGGGACAAGTTTGTA GGGGACCACTTTGTA
CAAAAAAGCAGGCT
CAAGAAAGCTGGGT
Italicized letter T: nucleotide to correct for reading frame
Bold: kozak with start codon
Fragments with lower-case nucleotides overlap with each other in the next PCR,
as well as underlined nucleotide fragments
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For the A. tumefaciens transient transformation assays (ATTAs),
agrobacteria of strain GV3101 harboring the SHOT1b:pK7WGF2 or
SHOT3a:pK7WGF2 vectors, empty pK7WGF2 vector, or pBIN61 vector
carrying the silencing inhibitor p19 (Voinnet et al., 2003) were grown at
28°C in 2 ml of YEB medium supplemented with the appropriate antibiotics. After 24 h, 25 ml YEB medium was inoculated with 50 μl pre-culture
supplemented with the appropriate antibiotics, acetosyringone and MES.
Cultures were grown for about 24 h until the optical density at 600 nm
(OD600) reached 0.6. The bacteria were subsequently harvested by centrifuging for 15 minutes at 5000 g. Next, cells were re-suspended in MMAi
medium (2% sucrose, 10mM MES, 0.2 mM acetosyringone) to a final OD600
of 0.6 and incubated at room temperature for 2 hours.
The agrobacteria harboring the SHOT1b:pK7WGF2, SHOT3a:
pK7WGF2 or empty pK7WGF2 vector were co-infiltrated at a 1:1 ratio
with the 35S-p19 agrobacteria into the abaxial side of N. benthamiana leafs
using a needleless syringe. Two days after infiltration, the leafs were cut
from the plants and the trichomes on the adaxial side were removed by rubbing with wet paper tissue. Next, leaf disks (diameter of 20 mm) were
punched out of the leafs and 60 disks transformed with each construct
(eGFP-SHOT1b, eGFP-SHOT3a or eGFP) were distributed, adaxial side
up, on wet cotton wool (semi-randomly divided over several plates). One
female adult mite (T. urticae, London strain on P. vulgaris), 2-4 h since turning adult, was added to each leaf disk. Disks with mites were placed in an
incubator (Panasonic MLR-352H) at 26°C, 16:8 L:D and 60% RH. The
eGFP fluorescence of additional control leaf discs was monitored to ascertain transgene expression throughout the experiment. Eggs were counted
(blind) 3 days after transfer of mites to the leaf disks. Data analysis of egg
number was performed in Rstudio (Team 2015) using the Kruskal-Wallis
rank sum test. Kruscalmc test, using R package pgirmess, was used to
determine significant differences among treatments.
5.2.12. Tr an sien t e x pression of SHOT genes in S.
l y copersicum an d t he effect on JA and SA levels
Agrobacteria (strain ID1249s) harboring SHOT1b:pK7WGF2,
SHOT3c:pK7WGF2 or the empty pK7WGF2 vector were infiltrated in S.
lycopersicum (5 weeks old) leaflets using a needleless syringe. For each plant,
three leaflets were infiltrated. Additional control plants remained untreated
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or were infiltrated with Agrobacterium-free infiltration medium. Per time
point and per treatment, four plants were used for hormone data collection,
while one extra plant per treatment was used for evaluation of eGFPexpression.
After two and five days, leaflets were collected (without petiolule),
pooled per plant as one biological replicate, flash frozen in liquid nitrogen
and stored at -80°C. Next, plant hormone analysis was performed using the
procedure of Wu et al. (2007), with some minor modifications as described
by Alba et al. (2015) (see also Chapter 2). Phytohormone titers were compared across treatments per time point using Anova with Tukey HSD test
(R-studio; Team 2015).
5 . 3 . R E S U LT S
5.3.1. Pe pt idomic s an alysis of T. ur ticae saliva secreted into
a r ti fi c ial diet
T. urticae lines propagated for at least 5 generations on different host plants
(P. vulgaris, G. max and S. lycopersicum) were allowed to feed on an artificial
diet encapsulated in Parafilm. After 24 h, the artificial diet was collected for
each plant-adapted mite line and the peptide content was analyzed using
nano-LC-MS/MS. The detected salivary peptides from all host plant adapted mite samples were pooled into one dataset, retaining host specific information. In total, 279 peptides were identified, of which 216, 116 and 133
were found in the P. vulgaris, G. max and S. lycopersicum samples, respectively (FIGURE 5.1, TABLE S5.3). Identified peptides typically had an arginine
(R) or lysine (K) at their C-terminus (210/279 peptides), or were preceded
by an R or K in the sequence of the proteins from which they originate
(51/279). Taking into account that miscleavage of tryptic peptide bonds is
a common phenomenon (Siepen et al., 2007), it can be assumed that the
identified peptides originated from tryptic cleavage. The identified peptides
mapped to a total of 40 different proteins distributed over the P. vulgaris (36
proteins), G. max (32 proteins) and S. lycopersicum (32 proteins) samples.
Twenty-six of these proteins (65%) were also identified in a previous study
in which the salivary protein repertoire of T. urticae was studied using a
proteomic approach (Jonckheere et al., 2016) (Chapter 3). Conserved
domain database searches were used to find additional information on the
function of the 40 identified proteins. Five, two and six peptides belonged
to either proteinase inhibitors (tetur22g00290, tetur40g00392,
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A
P. vulgaris

G. max
39
(6)

93
(2)

56
(26)

28
(2)

14
(0)
7
(0)

42
(4)

SHOT1 & 2
peptides

S. lycopersicum

B

G. max

P. vulgaris

S. lycopersicum

SHOT3

SHOT2

SHOT1

NEQSPELNLQGNVHGR*
NEQSPELNLQSNVHGR*
NEESPELNLQSNVHGR*
NEQSPELNLQSNVHG**
NEESPELNLQSNVHG**
GIGGVANQAADAETK
GIGGVANQAADAETKLGNAVSSGINGVGK
VDSAVGAITDGASK
IGSAADKKFDALGDLNVVGGK
AGQMAESGVKAASDAAGK
LASAGSNVAAGAVESFANMK
LASAGSNVAAGAVESFANMKGDAVR
EQSPELNLQSNVHGR**
NEQSPELNLQSN**
IASNVVSSVASNAGK
ANMASGAIKGAGQMAN
AGEMASNGVKAAGDAAG
NEQSPELNLQGNVHG**
EESPELNLQSNVHGR**
NEQSPDFDLQSNVHGR*
NEQSPDFDLQSNVHG**
EQSPDFDLQSNVHGR**
NEQSPDFDLQSNVH**
SPDFDLQSNVHGR**
VVCNEQSPDFDLQSNVHGR**
VCNEQSPDFDLQSNVHGR**
PDFDLQSNVHGR**
VAGDVTGSVVGAVAGK
LGDAVSSGINGVGK
VAGKVAGDVTGSVVGAVAGK
AIKGVGNVGESLTNGLGK
VGQMADSGVKAVGSGVG
GVGNVGESLTNGLGK
VGQMADSGVKAVGSGVGK
VAGDVTGKVVGAVAGK
VGQMADSGVKAVGSGVGKVAGK
VAGKVAGDVTGKVVGAVAGK
VVGAVAGKLF
AGLLAGGASKVGQMADSGVKAVGSGVGK
KGVGNVGESLTNGLGK
AGASVADMGFGLKAN
SFLNPANLIAN
DEQPELSLNGKVHGR
DEQPELSLNGK
DEQPELSLNGKVHG
IASTGSQIGSSLAQSGGR
IASTGASMGANGVSSFGNAVGSGIKGAGK
AASSGIKTIGSLESSAIKGAGK
TIGSLESSAIKGAGK

-log10(normalized intensity)
1−2

2−3

3−4
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tetur95g00060 and tetur95g00080), serine proteases (tetur12g03940,
tetur12g03950, tetur30g01440, tetur66g00060 and tetur66g00070) and
proteins with an Armadillo-fold (InterPro domain IPR016024;
tetur31g00630 and tetur49g00080), respectively. No function could be allocated to the other 29 proteins for which peptides were identified (266/279
peptides).
With the exception of tetur18g00530, all proteins from which peptides
were identified, had a predicted SP for secretion and 34 of the 40 proteins
(85%) were predicted to be targeted towards the extracellular space (TABLE
S5.4). In addition, most of the corresponding genes (33/40) were, based on an
RNA-seq expression analysis, significantly upregulated in the proterosoma –
the body region which harbors the salivary glands – relative to the entire mite
body (Benjamini-Hochberg adjusted p≤0.05 and FC≥8) (TABLE S5.4).
Together these data support the salivary nature of the identified proteins.
About 50% (149/279) of the identified peptides mapped to only two protein groups (tetur29g01360; tetur07g00160 & tetur07g01660) that were
present in all host specific samples (TABLES S5.3 and S5.4). Eight peptides
belonged to four T. urticae proteins (tetur22g00290, tetur30g01440,
tetur31g00830 and tetur49g00080) that were exclusively found in the sample of mites that had been feeding from S. lycopersicum (FIGURE 5.1, TABLE
S5.4). Remarkably, about 20% (49/279) of the identified peptides mapped to
a group of related proteins (tetur03g03620, tetur03g03670, tetur03g03680,
tetur03g03690,
tetur03g03700,
tetur03g03730,
tetur03g10083,
tetur03g10093, tetur11g01360, tetur11g06390 and tetur11g06400). These

FIGURE 5.1. Peptides identified in artificial diet probed by Tetranychus urticae
lines adapted to different host plants. (A) Venn diagram depicting the overlap
between T. urticae peptides identified in secretions from mites adapted to G. max,
P. vulgaris and S. lycopersicum. The number of unique proteins from which these
peptides could originate is shown between brackets. All but one (41/42) peptides
originating from SHOT1 & 2 proteins were identified in the G. max or P. vulgaris
samples exclusively (shaded in gray). (B) Heatmap of normalized intensity (-log10
transformed) of identified peptides from SHOTs. The Euclidean distance metric
and Ward’s method were used for clustering of columns. SHOT1 and SHOT2
peptide groups were sorted based on decreasing order of intensity values of the
P. vulgaris sample while those of the SHOT3 peptide group were sorted based on
decreasing order of intensity values of the S. lycopersicum sample. Those SHOT1
& 2 peptides that were in silico predicted (PPA; Muntel et al., 2015) to have the
highest confidence to be detected are marked with one asterisk. Those peptides
marked with two asterisks represent variants of these SHOT1 & 2 peptides.
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proteins and homologs thereof are here designated to the ‘SHOT’ (Secreted
Host-responsive protein in Tetranychidae) family.
5.3.2. T. ur ticae SHOT fam ily analy sis
tBLASTn searches resulted in the identification of 13 SHOT genes in the T.
urticae genome, while four and two were found in the draft genomes of T. lintearius and T. evansi, respectively (TABLE S5.5, DATA S1). The P. ulmi and P.
citri transcriptomes harbored one and three SHOT transcript(s) respectively
(contig 00033 [P. ulmi; Bajda et al. (2015); contig 183, 22851 and 29686, P.
citri; Bajda et al. (2015); see DATA S1]. BLASTp and tBLASTn searches
against the non-redundant protein database (E-value < E-5) and Acari
genomes, respectively, using intact Tetranychidae SHOT members as query
did not yield hits with proteins of non-tetranychid species (TABLE S5.5).
Genes lacking a proper start codon or containing a frameshift (T. urticae:
1, T lintearius: 2, P. citri: 2) were considered as pseudogenes/fragments and
were not included for further analysis. A maximum-likelihood phylogenetic
analysis of SHOT protein sequences (FIGURE 5.2) revealed that the SHOT
family could be divided into three different clusters: a cluster containing
tetur03g03620,
tetur03g03680,
tetur03g03700,
tetur03g03740,
tetur03g10083 and TlSHOT1a (referred to as SHOT1), a cluster containing
tetur03g03670, tetur03g03690, tetur03g03730 tetur03g10093 and
TlSHOT2a (referred to as SHOT2), and a third cluster containing
tetur11g01360, tetur11g06390, tetur11g06400, TeSHOT3a, TeSHOT3b, P.
ulmi contig 00033 and P. citri contig 183 (referred to as SHOT3).
Intact T. urticae, T. lintearius and T. evansi SHOT genes are single exon
genes and in T. urticae, SHOT3 genes are located in a 11 kb region of scaffold 11 (671,365 bp – 682,501 bp), while T. urticae SHOT1 & 2 genes are in
close proximity of each other on scaffold 3 (1,642,274 bp – 1,703,045 bp).
Except for tetur03g03620, T. urticae SHOT1 & 2 genes occur as consecutive
pairs (tandem duplications) of one SHOT1 gene and a neighboring SHOT2
gene that is located on the opposite strand (1,682,835bp – 1,703,045 bp).
All intact SHOT members have a predicted SP for secretion (TABLE S5.5)
and are enriched in glycine, alanine and serine (on average 17.7, 17.6 and
11.1%, respectively, TABLE S5.5). In contrast to Panonychus SHOT members,
Tetranychus SHOTs possess either a proline-glutamic acid, proline-glutamine
or proline-aspartate motif at the N-terminus (FIGURE S5.1). The average
length of SHOT1, SHOT2 and SHOT3 proteins is 324, 275 and 319 amino
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acids, respectively. For those SHOT genes of which expression data of developmental stages was available, the average expression of intact T. urticae
SHOT genes across all the feeding stages (larva, nymph, adult) relative to the
expression in the embryo stage was 4- to 18-fold higher than the overall
genome-wide average of this expression ratio (average genome-wide ratio of
2.2; Chapter 3; Jonckheere et al., 2016). Except for tetur03g03620, all intact
SHOT genes were significantly upregulated (fold changes ranging from 17
to 40) in the proterosoma relative to the entire mite body (TABLE S5.5).
Interestingly, the peptides originating from SHOT1 & 2 proteins were
almost uniquely identified in either the P. vulgaris or G. max samples (41/42)
(FIGURE 5.1A), whereas four out of seven SHOT3 peptides were only found

FIGURE 5.2. Phylogeny of the SHOT family and expression levels of
Tetranychus urticae SHOT genes in different mite lines. (A) Midpoint rooted
maximum-likelihood tree of SHOT proteins from T. urticae (TuSHOT), T. evansi
(TeSHOT), T. lintearius (TlSHOT), P. citri (PcSHOT) and P. ulmi (PuSHOT). Three
groups can be distinguished: SHOT1, SHOT2 and SHOT3. Branch length represents the substitutions per site while numbers above the branches show bootstrap
support based on 1000 bootstrap replicates. (B) (Top) Heatmap of cyanine intensities of putative T. urticae SHOT genes in different host plant adapted mite lines
(P. vulgaris, G. max, S. lycopersicum, G. hirsutum, and Z. mays; Jonckheere et al.,
2016). (Bottom) Heatmap of log2FCs of SHOT genes in T. urticae after host shifts
between P. vulgaris and S. lycopersicum (B_24hT, mites from the London reference
strain on P. vulgaris transferred to S. lycopersicum for 24h; B_30GT, mites from the
P. vulgaris strain grown on S. lycopersicum for 30 generations; B_30GT_2GT, mites
from the P. vulgaris strain grown on S. lycopersicum for 30 generations and transferred back to P. vulgaris for two generations (Wybouw et al., 2015).
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in S. lycopersicum samples. SHOT1 & 2 peptides flanking the predicted signal
peptide (with aa sequences ‘NEQSPELNLQGNVHGR’, ‘NEESPELNLQSNVHGR’, ‘NEQSPELNLQSNVHGR’ and ‘NEQSPDFDLQSNVHGR’, see
FIGURE S5.1) were among the top ten of peptides with the highest MS1
intensity in both the P. vulgaris and G. max samples, while a similar peptide
of SHOT3 proteins (‘DEQPELSLNGKVHGR’) was among the top ten of
peptides with the highest MS1 intensity in the S. lycopersicum sample (FIGURE
5.1B, TABLE S5.3). This indicates that the expression of the SHOT genes is
host plant dependent.
5. 3.3. Con fir mat ion o f salivar y gland-sp ecific e xp ression
usi ng whole- moun t in situ hy b ridization
The spatial expression pattern of three T. urticae SHOT genes was investigated using whole-mount in situ hybridization (ISH). Three SHOT genes
were selected as representative for the different subfamilies
(tetur03g03690/TuSHOT2b, tetur03g03700/TuSHOT1c, tetur11g01360/
TuSHOT3a). The genes were shown to be expressed in the anterior
podocephalic glands of T. urticae (FIGURE 5.3). Simultaneously performed
ISH experiments with sense control probes did not show localized expression, supporting specific staining of the anti-sense probes.

FIGURE 5.3. Expression localization of Tetranychus urticae SHOT genes. Wholemount in situ hybridization reveals specific expression of SHOT genes in the anterior podocephalic glands of T. urticae. ISH reaction product is visible as a red signal on the confocal fluorescence images, while the mite body emits green autofluorescence. All tested SHOT genes (SHOT1c, SHOT2b and SHOT3a) show an identical expression pattern. No specific signal development was visible in negative
control samples using sense probes. (A) Lateral view of mite from ISH experiment
using an antisense SHOT3a probe. (B) Dorsal view of mite from ISH experiment
using an antisense SHOT2b probe. Scale bar in each panel represents 100 μm.
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5.3.4. SHOT gen e e x pression after long ter m feeding on
d i fferen t host s
The expression level of SHOT genes of T. urticae feeding on different hosts
was studied using RT-qPCR. Due to strong gene sequence similarity within the SHOT family, three non-specific primers sets were used during qPCR
analysis, each amplifying a group of SHOT genes [SHOT1_q_Fw/Rv
primers amplifying a region of tetur03g03680, tetur03g03700, tetur03g03740
and tetur03g10083 (belonging to the SHOT1 cluster), SHOT2_q_Fw/Rv
primers amplifying tetur03g03670, tetur03g03690, tetur03g03730 and
tetur03g10093 (belonging to the SHOT2 cluster) and SHOT3_q_Fw/Rv

FIGURE 5.4. Relative transcript abundance of SHOT gene groups in Tetranychus
urticae strains adapted to different host plants. The different host-adapted mite
strains originally derived from the T. urticae London strain, except for the three
wild strains, which are marked with a degree symbol (°). Log2 transformed data are
presented as gene expression levels in the different host-adapted T. urticae strains,
relative to gene expression levels in T. urticae adapted to P. vulgaris. Three qPCR
primer pairs amplified the three SHOT transcript groups (TABLE S5.1): SHOT1,
SHOT2 and SHOT3. Error bars show the 95% confidence interval (CI) while asterisks indicate the significance level of the expression ratio of the host strains relative to the strain on P. vulgaris (*p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001).
197

WimJonckheere-ch5_Vera-ch1.qxd 29/11/2017 16:22 Page 198

Host plant dependent expression of salivary proteins
amplifying tetur11g01360, tetur11g06390 and tetur11g06400 (belonging to
the SHOT3 cluster)] (TABLE S5.2). Tetranychus urticae strains maintained on
P. avium, C. sativus and S. nigra showed a highly significant reduced expression of SHOT1 & 2 genes, compared to the reference T. urticae London
strain adapted to P. vulgaris (FIGURE 5.4). This extremely reduced expression ranged from a log2FC of -9.15 (95% confidence interval (CI): -8.15 to
-10.15) for the SHOT2 gene group of mites adapted to C. sativus to a
log2FC of -13.93 (95% CI: -13.21 to -14.66) for the SHOT1 gene group of
mites adapted to P. avium. In absolute numbers, this means expression
dropped 568 to 15,608 fold compared to the expression in mites maintained
on P. vulgaris. A similar observation was made for T. urticae (London strain)
adapted to S. lycopersicum and G. hirsutum. Also in this case SHOT1 & 2
genes of mites feeding on these two host plants were expressed at extremely reduced levels. However, mites adapted to the fabacean host M. truncatula had SHOT1 & 2 gene expression levels which were significantly higher
than in the reference mite strain maintained on P. vulgaris. In short, when
adapted to P. vulgaris or M. truncatula, T. urticae does express SHOT1 & 2
genes at high levels, while these genes are virtually non-expressed when
the mites where maintained on P. avium, G. hirsutum, C. sativum, S. lycopersicum or S. nigra. The expression levels of the SHOT3 genes were slightly
but significantly upregulated when feeding on all investigated host plants
relative to P. vulgaris, except for M. truncatula (FIGURE 5.4). The variation
in expression level for SHOT3 genes was, however, less pronounced than
the variation observed for the SHOT1 & 2 genes. For example, the SHOT3
genes of mites adapted to P. avium were most strongly upregulated, with
an associated log2FC of 3.18 (95% CI: 1.96 to 4.40).
5. 3.5. SHOT gen e e x pression during a 2 4 h tim e window
a fter ho st t r an sfer
Preliminary experiments showed that SHOT1 & 2 gene expression levels
could quickly increase when mites were transferred from ‘non-inducer’
plants such as S. lycopersicum to ‘inducer’ plants such as P. vulgaris.
Expressional changes after such host transfer were studied in closer detail
over a 24 h time window. Tetranychus urticae mites adapted to S. lycopersicum
were transferred to P. vulgaris plants, and the expression of SHOT gene
groups was monitored 3, 6, 12 and 24 h after transfer. Mites collected from
the original host plant, S. lycopersicum, were used for expression analysis at
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0 h. Mites adapted to and maintained on P. vulgaris served as reference condition. The expression ratios are represented in FIGURE 5.5. While the
expression ratios of SHOT1 & 2 genes of T. urticae adapted to S. lycopersicum were extremely low compared to the P. vulgaris reference line (mean
log2FC of -12.35 at 0 h), mites transferred to P. vulgaris showed a severely
reduced downregulation as soon as 3 h after transfer. Expression was still
significantly lower than in mites from the reference strain (mean log2FC of
-4.08 at 3 h) although expression of both SHOT1 and SHOT2 groups
increased about 300 times within 3 h after host transfer. The transcript lev-

FIGURE 5.5. Relative transcript abundance of SHOT gene groups in T. urticae
transferred from S. lycopersicum to P. vulgaris for an increasing period of time.
Mites originating from a strain adapted to S. lycopersicum were transferred to P. vulgaris plants for 3, 6, 12 and 24 h. Mites maintained on S. lycopersicum were used for
gene expression at 0 h. Log2 transformed data are presented as gene expression levels in mites which had been transferred to P. vulgaris for x h, relative to gene expression levels in T. urticae adapted to and maintained on P. vulgaris. Three qPCR
primer pairs amplified the three SHOT transcript groups (TABLE S5.1): SHOT1,
SHOT2 and SHOT3. Error bars show the 95% confidence interval (CI) while asterisks indicate the significance level of the expression ratio of the host strains relative to the strain on P. vulgaris (*p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001).
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els increased further until, after 24 h on P. vulgaris, gene expression levels
equaled or exceeded the expression level of reference mites adapted to and
maintained on P. vulgaris. Expression of SHOT3 genes of the S. lycopersicum-derived mites was significantly higher than the P. vulgaris reference
strain at all time points after transfer. As 24 h appeared to be sufficient for
T. urticae to fully induce SHOT1 & 2 gene expression after host transfer,
this time scale was used for additional short term expression analyses.

FIGURE 5.6. Relative transcript abundance of SHOT gene groups in Tetranychus
urticae transferred to different host plants for 24 h. Mites from the strain adapted to S. lycopersicum were transferred to a new host for 24 h. Fabacean plant species
(legumes) are marked above the bar chart, and include several Papilionoideae
(Fabeae and non-Fabeae) and one Mimosoideae species. Log2 transformed data are
presented as gene expression levels in T. urticae maintained on the new host for
24h, relative to gene expression levels in T. urticae adapted to and maintained on
P. vulgaris. Three qPCR primer pairs amplified the three SHOT transcript groups
(TABLE S5.1): SHOT1, SHOT2 and SHOT3. Error bars show the 95% confidence
interval (CI) while asterisks indicate the significance level of the expression ratio
of the mites on the new host relative to the strain on P. vulgaris (*p≤0.05;
**p≤0.01; ***p≤0.001; ****p≤0.0001).
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5.3.6. SHOT gen e e x pression m odulation after shor t ter m
tr a nsf er t o various ho st s
T. urticae mites from the S. lycopersicum adapted strain were transferred to new
host plants, and 24 h after transfer the expression levels of SHOT genes were
evaluated (FIGURE 5.6). The SHOT3 genes were expressed at a slightly, yet
significant, higher level (mean ± SEM log2FC over all host plants: 1.61 ± 0.37)
when mites fed on all tested host plants, relative to the P. vulgaris adapted
strain. For the SHOT1 & 2 genes, different responses were noticeable. Genes
of these subfamilies were either significantly downregulated (T. urticae transferred to L. odoratus, Mimosa spp., A. thaliana, G. jamesonii, N. benthamiana and
Z. mays), or highly expressed (T. urticae transferred to A. hypogaea, G. max, L.
angustifolius and U. europaeus). The mean relative expression levels of SHOT1
& 2 genes of mites transferred to P. sativum were much lower than the reference strain (mean log2FC: -10.17), yet this was bordering significance due to
high variation between biological replicates. The experiment with P. sativum
was therefore repeated, yet with the same outcome (data not shown).
5.3.7. Yeast t wo - hybrid screens of SHOT p roteins
To elucidate SHOT host plant interaction targets, three yeast two-hybrid
screens were performed. (1) TuSHOT2b was found to interact with very
high confidence with A. thaliana MUT9-like kinases (MLK), encoded by the
genes AT5G18190 (MLK1), AT3G03940 (MLK2) and AT3G13670 (MLK4).
(2) For the TuSHOT3b Y2H screens, only one interacting S. lycopersicum
protein had a good confidence score (Solyc07g053740.1.1, Ethylene-responsive transcription factor 4). However, this ‘prey’ was also shown to interact
with the control validation bait, and therefore most likely represents a false
positive interaction partner. In addition, two prey proteins showed a moderate confidence of interaction (Solyc07g052830.2.1, Storekeeper protein; and
Solyc10g051340.1.1, Adenylyl cyclase-associated protein). (3) TeSHOT3b
did interact with diverse S. lycopersicum proteins such as a LRR receptor-like
serine/threonine-protein kinase, an isochorismatase hydrolase, a nodulinlike protein and phytoalexin deficient 4.
5. 3.8. Evaluat io n o f SHOT effector action in m ite
perfor man c e assays
Transient expression of SHOT1b and SHOT3a eGFP-fusion proteins in
the non-leguminous plant N. benthamiana was performed, while the number
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of eggs produced during three days was used as a spider mite performance
index (preliminary data) (FIGURE 5.7). The performance of T. urticae feeding
on N. benthamiana leaf disks expressing eGFP-SHOT1b was significantly

FIGURE 5.7. Spider mite reproductive performance on Nicotiana benthamiana
transiently expressing SHOT genes. The figure shows the average number of
eggs laid by one adult T. urticae female after three days on N. benthamiana leaf discs
producing SHOT-eGFP fusion proteins or eGFP as control (preliminary data).
The error bars represent the standard error (SE), while different letters indicate
statistical differences according to Kruskal-Wallis rank sum test (p<0.05).

FIGURE 5.8. Transient expression of TuSHOT genes and the effect on phytohormones in Solanum lycopersicum leaf discs. (A) Levels of jasmonic acid (JA) at
2 and 5 dpi. The error bars represent the standard error (SE) of the mean. No statistical differences (Tukey HSD test, p<0.05) could be found between different
treatments at 2 dpi. There were significant differences between samples at 5 dpi,
yet not between leaf discs producing eGFP-SHOT3a, eGFP-SHOT1b or eGFP.
(B) Levels of salicylic acid (SA) at 2 and 5 dpi. The error bars represent the SE of
the mean. No significant differences (Tukey HSD test, p<0.05) could be found
between leaf discs producing eGFP-SHOT3a, eGFP-SHOT1b or eGFP at any
time point. MC= medium control, UC= untreated control.
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lower (p = 0.03) than for mites feeding on eGFP expressing controls.
Feeding on eGFP-SHOT3a transformed leaf disks did not result in a significantly altered performance (p>0.05). Ectopic protein expression was evident from fluorescence microscopy investigation.
5. 3.9. Tr an sien t e x pression of SHOT genes in S.
l y copersicum an d t he effect on JA and SA levels
The JA and SA levels measured in transiently transformed S. lycopersicum
leaflets is shown in FIGURE 5.8. Infiltration of Agrobacterium-free medium
(medium control, MC) did not lead to an augmented JA level, while it did
result in a significant increase in the SA levels at both time points (p<0.0001
at 2 dpi; p<0.0001 at 5 dpi). Infiltration with control Agrobacteria, producing eGFP, resulted in an increase of JA levels at 5 dpi (p = 0.014), but not
yet at 2dpi. SA levels, however, were increased at both time points
(p<0.0000001 at 2 dpi; p<0.00001 at 5 dpi). No statistical difference in JA or
SA levels between leaflets producing eGPF or salivary fusion proteins
eGFP-SHOT1b or eGFP-SHOT3a could be observed at any time point.
5.4. DISCUSSION
5.4.1. Pe pt idomic s an alysis of sp ider m ite saliva
The T. urticae salivary proteome was previously analyzed by shotgun proteomics, where a tryptic digest was performed on the secreted salivary protein mixture prior to nano-LC-MS/MS analysis (Jonckheere et al., 2016)
(Chapter 3). To determine the endogenous peptide content of spider mite
saliva, we now complemented this proteomics analysis with a peptidomics
analysis. Spider mite saliva was collected as in Jonckheere et al. (2016)
(Chapter 3) but the samples were enriched in protein fragments/peptides
smaller than 10 kDa and no tryptic digestion was applied. It should be
noted, however, that peptides longer than 30 aa could not be detected by our
approach due to the technical limitations of bottom-up peptidomics (see
Steen and Mann 2004). In future experiments, this drawback might be circumvented by performing a proteomics analysis (i.e., proteolytic digestion
with trypsin or another protease prior to sample analysis) on a sample
enriched in peptide fragments smaller than 10 kDa.
Except for peptides mapping to tetur18g00530, all peptides that were
identified in this study mapped to T. urticae proteins longer than 100 aa
and almost all peptides showed signs of tryptic cleavage, indicating that
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the T. urticae peptides identified in the artificial diet mainly comprise tryptic cleavage fragments of longer proteins instead of being discrete short
open reading frame encoded peptides. As peptidomics approaches do not
involve in vitro digestion of the sample prior to analysis, endogenously
secreted tryptic proteases most likely digested the secreted proteins in the
saliva or artificial diet. Strikingly, a previous proteomics analysis
(Jonckheere et al., 2016) (Chapter 3) and, to a lesser extent, current study
(see TABLE S5.2) revealed the presence of endogenous trypsins (serine proteases with InterPro domain IPR033116 and IPR018114) in T. urticae saliva, suggesting that tryptic peptides could be generated in situ by endogenous enzymes.
5. 4.2. SHOTs are pro duced in the salivar y glands and are
secret ed in a host de pen dent m anner
The peptidomics approach to identify salivary proteins revealed a novel
gene family, designated as SHOT family. Genes encoding SHOTs were considerably higher expressed in the salivary gland region (proterosoma), compared to the entire spider mite body (Jonckheere et al., 2016) (Chapter 3)
and whole-mount in situ hybridizations confirmed that SHOT genes are
expressed in the salivary glands of T. urticae, more specifically in the anterior podocephalic glands (FIGURE 5.3). Hence, SHOT genes can be considered to encode genuine salivary proteins. Interestingly, SHOTs were secreted in a host plant-dependent manner. For example, peptides belonging to
proteins of the SHOT1 & 2 group were almost exclusively found in artificial diet enriched with saliva of mites adapted to the legume plants P. vulgaris or G. max (FIGURE 5.1.A and B), whereas SHOT3 peptides were identified in diet after feeding of all the host plant-adapted mite lines (FIGURE
5.1.B). Remarkably, N-terminal peptides of mature SHOTs had a very high
MS1 intensity compared to peptides matching to other regions of mature
SHOTs (FIGURE 5.1, TABLE S5.3). Although tempting to link the abundance
of these N-terminal SHOT peptides to a biological function of these peptides per se, these peptide fragments also had the highest likelihood to be
detected by MS (PPA analysis, see TABLE S5.7), and their high intensity is
probably due to their specific physicochemical properties.
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5.4.3. The SHOT e x pression can b e r ap idly induced up on
host t r an sfer
Gene-expression analysis revealed that genes encoding SHOT1 & 2 proteins were highly expressed in T. urticae lines adapted to P. vulgaris or G.
max, while on average being expressed 7-60x lower in lines adapted to S.
lycopersicum, G. hirsutum or Z. mays. SHOT3 genes, on the other hand, did
not show such extreme variation in expression levels (FIGURE 5.2.B)
(Jonckheere et al., 2016). As both P. vulgaris and G. max belong to the
Papilionoideae superfamily within the Fabaceae (legumes), the phytochemistry of both plants is quite comparable, relative to the chemistry of S.
lycopersicum, G. hirsutum and Z. mays. Hence, the underlying phytochemistry
might be reflected in a similar salivary protein repertoire when feeding
either from P. vulgaris or G. max. The T. urticae lines used by Jonckheere et
al. (2016) (Chapters 3 & 4) and used in this study for peptidomics analysis,
were all derived from the London strain, of which the genome has been
sequenced and annotated (Grbić et al., 2011).
To further survey host-dependent SHOT expression, we established
additional adapted T. urticae lines derived from the London strain (this
study). SHOT1 & 2 expression was found to be high in mites adapted to the
legume host M. truncatula, yet expression was extremely low when feeding
on the tested non-legume hosts. Wild T. urticae strains feeding on nonlegume hosts were studied as well, and SHOT1 & 2 expression was always
found to be very low relative to the London strain adapted to P. vulgaris
(FIGURE 5.4). To test whether the host plant-dependent expression of the
SHOT1 & 2 genes was the result of adaptation (between generations) or
transcriptional plasticity (within a single generation), we performed a time
course experiment. During this experiment, mites were transferred from S.
lycopersicum, a host on which expression of SHOT1 & 2 genes was very low
after adaptation, to the reference host P. vulgaris, on which expression of
these genes is a 1000-fold higher. SHOT1 & 2 gene transcript levels were
found to quickly increase during this time course experiment, and expression was equally high in mites transferred to P. vulgaris for 24 h as in mites
that had been adapted to this plant for many generations. Since 24 h sufficed
to fully induce SHOT1 & 2 expression, selection could be excluded as cause
for this differential expression. In an additional set of experiments, mites
were transferred from the ‘non-inducer’ S. lycopersicum to a number of other
hosts for 24 h. Combining all host-dependent gene expression data, it is clear
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that the SHOT1 & 2 genes are highly expressed when T. urticae is feeding on
a subset of legume hosts, more specifically Papilionoideae with the exclusion
of the Fabeae tribe, and that this induction occurs rapidly in all cases.
Interestingly, host transfer of mites in the opposite direction (from ‘inducer’
to ‘non-inducer’ host) is associated with a relatively slow downregulation of
SHOT1 & 2 genes. Indeed, when mites adapted to P. vulgaris were transferred to S. lycopersicum for 24 h (FIGURE 5.2.A) (Wybouw et al., 2015),
SHOT1 & 2 expression levels barely changed compared to mites adapted to
P. vulgaris. However, 30 generations after this transfer, members of the
SHOT1 & 2 groups were strongly downregulated (FIGURE 5.2.A). Such slow
downregulation could be determined by the timing of food digestion and/or
excretion, as inducing plant compounds may be detained in the mite body.
On the other hand, it may suggest that SHOT1 & 2 upregulation when feeding on a subset of Papilionoideae hosts is much more important to the mite
than downregulation on non-Papilionoideae hosts and point towards a
Papilionoideae-specific plant trait, such as a metabolite that triggers the
expression. Notably, transcriptional plasticity in a different group of mite
effector genes was also observed in response to competition (Schimmel et al.,
2017) reinforcing the notion that spider mites might be able to customize the
release of salivary (effector) proteins depending to the circumstances.
The transcriptional plasticity of genes like SHOT1 & 2 suggests that a
sensory system may be involved, allowing T. urticae to detect environmental cues such as those from host plants, and to customize salivary gland
gene expression accordingly. Recently, it has been shown that the
chemosensory perception of T. urticae is well-developed and consists of an
extraordinary large number of chemosensory receptors in lineage-specific
proliferations (Ngoc et al., 2016). A potential factor determining the
SHOT1 & 2 induction in T. urticae may be secondary metabolites.
Isoflavonoids, for example, are predominantly found in the subfamily of
Papilionoideae (Wink, 2013) including those used in this study, but nonFabeae Papilionoideae specific isoflavonoids have not yet been reported. On
the other hand, Mimosa, Lathyrus and Pisum possess simple indoles, while
all other tested Fabaceae hosts contain pyrrolizidines (Wink and Mohamed,
2003; Wink, 2013). The synthesis of these pyrrolizidine alkaloids is, however, not restricted to the Fabaceae (Ober and Kaltenegger, 2009) and does
not explain the SHOT1 & 2 gene expression differences between nonFabeae Papilionoideae and all tested other plants. Tetranychus urticae feeding
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on Mimosa spp., L. odoratus and P. sativum did result in variable SHOT1 & 2
expression levels between biological replicates (see the rather large 95% CI,
FIGURE 5.6), while the variability on the other tested plant species was
much smaller. Maintaining replicates of these plants under different controlled conditions or subjecting them to different stresses prior to mite
transfer and expression analysis might point towards the plant traits
responsible for the variability in SHOT1 & 2 gene expression.
Host-dependent expression levels of salivary genes have also been
described in aphids and caterpillars (Afshar et al., 2010; Pan et al., 2015;
Eyres et al., 2016; Lu et al., 2016). ACYPI006346 expression, for example,
differed between Acyrthopsiphon pisum colonies feeding on three different
host plants (Pan et al., 2015). However, these three aphid lines were each
adapted to one of the three host plants, and the observed differential
expression does therefore not necessarily reflect a plastic response as, alternatively, it may be the result of plant-dependent selection. Finally, differential expression of genes, including several putative salivary genes, of
aphids from within a single generation on different hosts has been observed
as well (Eyres et al., 2016; Lu et al., 2016). However, the rapid and strong
upregulation in response to a specific set of closely related plant species is,
to our knowledge, unprecedented.
5.4.4. The diver sit y o f SHOT genes in Tetr anychidae is
li nked t o ho st plan t r an ge
Despite the polyphagous nature of T. urticae, P. vulgaris is one of its most
suitable hosts (Yano et al., 1998) and fabacean plants in general appear to be
readily accepted as a host by T. urticae (van den Boom et al., 2003).
Furthermore, the plant family with most species on which T. urticae has been
recorded is the Fabaceae family (recorded on 119 Fabaceae species) (Migeon
and Dorkeld, 2006-2017). The diversification of SHOTs into multi-member
subfamilies (FIGURE 5.2.A) in T. urticae may be causally linked to the expanded host range of this species with its apparent preference for legumes. The
distribution of intact homologs across the related spider mites T. lintearius,
T. evansi, P. citri and P. ulmi supports this hypothesis. (1) T. lintearius has a
narrow host range (six recorded host plants; Migeon and Dorkeld 20062017) and is considered to be an Ulex spp. (Fabaceae, Papilionoideae) specialist. This close relative of T. urticae can typically be found on common gorse
(U. europaeus) (Hill and O'Donnell 1991, Ireson et al., 2003, Norambuena et
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al., 2007), a plant we have shown to induce SHOT1 & 2 gene expression in
T. urticae. Indeed, 24 h after transfer from the ‘non-inducer plant’ S. lycopersicum to U. europaeus, expression levels of TuSHOT1 & 2 genes were in the
same order of magnitude as on the reference ‘inducer plant’ P. vulgaris
(FIGURE 5.6). Tetranychus lintearius was found to possess SHOT1 & 2 genes
(FIGURE 5.2.A) whereas the two identified TlSHOT3 genes appeared to be
pseudogenes. Such pseudogenes can be regarded as ‘fossilized footprints of
past gene expression’, and are relics of former genes that no longer possess
biological functions (Podlaha and Zhang, 2010). Likely, T. lintearius’ and T.
urticae’s common ancestor possessed intact SHOT3 genes, which were subsequently lost in T. lintearius when it specialized on its fabacean host U.
europaeus. (2) T. evansi is considered to be a specialist of Solanaceae, although
it has been recorded on other host plants as well (Migeon and Dorkeld 20062017, Navajas et al., 2013). Tetranychus urticae does not express SHOT1 & 2
genes when feeding on solanacean species such as S. lycopersicum or N. benthamiana (strong downregulation relative to the reference ‘inducer plant’ P.
vulgaris; FIGURES 5.4, 5.5 & 5.6). Accordingly, members belonging to SHOT1
& 2 appear to be absent in the T. evansi genome. However, T. evansi does possess two SHOT3 genes (FIGURE 5.2.A). The T. urticae homologs of the
TeSHOT3 genes were expressed at high levels in T. urticae feeding on all
tested host plants (FIGURES 5.4 & 5.6). (3) In addition, the oligophagous P.
citri has been recorded on 108 hosts belonging to different families, yet it can
typically be found on citrus plants and fruit trees. As such, it is only rarely
found on fabacean plants, like T. evansi (Takeyama et al., 2006; Migeon and
Dorkeld, 2006-2017). In line with this, SHOT1 & 2 genes could also not be
identified in the transcriptome of this mite, yet one gene belonging to the
SHOT3 cluster was found to be expressed. (4) Finally, a second Panonychus
species, P. ulmi, has been recorded on 141 different host plants, most of
which belong to the Rosaceae and including few leguminous plants (Migeon
and Dorkeld, 2006-2017). The only SHOT gene of P. ulmi found to be
expressed is a SHOT3 type.
In summary, all tetranychid species for which genomic or transcriptomic resources were available possessed SHOT genes. SHOT1 & 2 genes were
only discovered in spider mites of which fabacean species are commonly
reported as natural hosts, presumably reflecting a specialized function of
these proteins in a subset of Fabaceae. As stated by Vandermoten et al.
(2014), polyphagous herbivores are exposed to a greater diversity of plant
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defenses, which may require a larger complement of salivary proteins. The
expansion of the SHOT family in T. urticae may be an example of this
hypothesis.
5.4.5. SHOTs as put at ive effector s
In stylet feeding herbivores such as gall midges (Stuart et al., 2012; Zhao et
al., 2015) and aphids (Mutti et al., 2008; Carolan et al., 2011; Hogenhout and
Bos, 2011; Mondal, 2017), effectors are typically delivered inside the host via
physical injection of salivary secretions. This injection is suggested to allow
for immediate interaction of spider mite effectors with the damaged plant
tissue (Bensoussan et al., 2016). We have shown that SHOTs are produced
in the salivary glands of T. urticae and are injected into the mite’s diet, supporting a suggested role as effectors. While functional validation is required
to determine if SHOTs alter host cell structure and function (Hogenhout
and Bos, 2011), there are additional indications that SHOTs may be effectors. Indeed, host-dependent expression levels, as reported here for SHOT
genes, may imply that a protein serves as an effector, mediating herbivoreplant interaction (Pan et al., 2015). Further, SHOT genes are highly
expressed in the feeding stages of T. urticae, relative to the non-feeding
embryonic stage, pointing towards a feeding-related function. In addition,
tetranychid SHOTs do not show homology (BLASTp E-value <10) with
proteins of other organisms, while also lacking known functional domains.
Therefore, SHOTs are likely not involved in general functions such as digestion and detoxification, but rather possess a unique function, potentially as
an effector. The amino acid composition of Tetranychus SHOT (see section
3.2) is somehow reminiscent of Mycobacterium tuberculosis PE_PGRS effector proteins. These Mycobacterium proteins are characterized by a prolineglutamic acid motif at their N-terminus and are rich in glycine-alanine
repeats (Tian and Jian-ping, 2010; Deng et al., 2017). Some PE_PGRS proteins in M. tuberculosis bind calcium (Yeruva et al., 2016) and if SHOTs
would have a similar property they could potentially interfere with the Ca2+
signaling of the host plant, inhibiting defense induction. Sabotage of calcium-dependent sieve-tube exclusion in attacked plants by salivary components that bind calcium has been described for phloem feeding aphids (Will
et al., 2007). However, spider mites do not feed from vascular sap and the
sequence homology is low and any statement regarding possible function is
rather speculative and should be the subject of further research.
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The diversification of the SHOT gene family in Tetranychidae is correlated with the diversity and identity of the host plants of each of the
respective mite species. The polyphagous spider mite T. urticae has SHOT
genes belonging to all three subfamilies we identified, while the
monophagous species T. lintearius and the oligophagous species T. evansi, P.
citri and P. ulmi possess either only SHOT1 & 2 or only SHOT3 genes. The
highly inducible and fast regulation of TuSHOT1 & 2 gene expression after
transfer to particular hosts suggests they may play a central role in determining mite-plant compatibility. We formulated three hypotheses with
respect to host plant compatibility. Our first hypothesis is that the SHOT1
& 2 proteins could facilitate colonization on all the host plants tested but
could be needed in different quantities on different hosts, e.g., in higher
quantities and for a longer period of time when feeding on a subset of
Fabaceae (Papilionoideae excluding the Fabeae tribe) compared to the other
hosts. In that case downregulation may reflect mostly a fine-tuning event
that could also serve to save resources. This hypothesis is also in line with
the observation that downregulation of SHOT1 & 2 expression on nonFabaceae is relatively slow compared to the speed of upregulation under the
reverse conditions. Such asymmetric on/off regulation suggests that the
mite’s need to upregulate the SHOT genes on the subset Fabaceae is much
greater than its need to downregulate these on the alternative hosts. If so,
it is possible that on this subset of Fabaceae long-lasting high production
of SHOT proteins is required for these to take effect, while for the other
hosts such effects are reached faster and/or at lower protein levels. Such
host-dependent fine-tuning of secreted effectors has also been suggested
for microbial pathogens (Guyon et al., 2014). This hypothesis, however,
contradicts the fact that tetranychid species such as Panonychus sp. and T.
evansi do not have SHOT1 & 2 genes while mainly feeding on non-fabacean
hosts.
Our second hypothesis is that these particular SHOT1 & 2 proteins are
involved in the establishment of a compatible interaction with the subset of
Fabaceae on the one hand but are detrimental for the establishment of a
compatible interaction with non-Fabaceae on the other. In that case downregulation may be needed primarily to limit the ecological costs of the
interaction. In aphids, for example, it is known that effectors can take effect
in an opposite manner in different host plants (Pitino and Hogenhout, 2013;
Kettles and Kaloshian, 2016; Thorpe et al., 2016; Rodriguez et al., 2017).
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For example, expression of the Macrosiphum euphorbiae effector Me47 in N.
benthamiana enhanced reproductive performance of Myzus persicae while
delivery of Me47 into A. thaliana reduced M. persicae reproductive performance (Kettles and Kaloshian, 2016). In view of this second hypothesis, the
high expression of SHOT genes when feeding on some Fabaceae exclusively, and their concomitant down-regulation on the other plant species, could
indicate these other hosts respond to the SHOTs in an unfavorable manner,
for example by initiating effector-triggered immunity (ETI). However, ETI
operates via specialized sensory proteins (called R-proteins) which are usually species- or even cultivar-specific. Thus, one would expect SHOTinduced ETI to occur in a limited range of hosts – not in a broad range
(Ercolano et al., 2012).
Our third hypothesis is that SHOT1 & 2 proteins are involved in the
establishment of a compatible interaction with a subset of Fabaceae but do
not affect the extent of compatibility with other hosts. For example, the
SHOT1 &2 proteins could serve to interfere with Fabaceae–specific recognition of spider mites and the subsequent defense activation. The transient
downregulation observed after transfer from a fabacean (P. vulgaris) to a
non-fabacean host (S. lycopersicum) is rather slow (Wybouw et al., 2015),
which may suggest that the cost of expression may not be particularly high
when feeding on non-Fabaceae. The downregulation in the mites feeding on
non-Fabaceae would most probably reflect a resource-saving mechanism. In
view of this hypothesis, SHOT1 & 2 proteins could thus be specialized for
acting on a subset of Fabaceae.
5.4.6. Evaluat ion o f SHOT effector action
The ultimate proof of effector function is through functional validation.
Yeast two-hybrid assays were performed, and TuSHOT2b was shown to
interact with Arabidopsis serine/threonine protein kinases (MUT9-like
kinases, MLKs). Arabidopsis mutants defective in the genes coding for these
interaction partners, At3g03940 and At5g18190, show pleiotropic phenotypes including dwarfism and hypersensitivity to osmotic/salt stress. It is
suggested that these proteins are involved in chromatin reorganization
(Wang et al., 2015). Interestingly, mlk1,3,4 triple mutants exhibit stronger
SA-induced defense marker gene expression, relative to wild type
Arabidopsis. In addition, the oomycete effector HaRxL106 is suggested to
manipulate the function of RCD1 (RADICAL-INDUCED CELL
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DEATH1), while these RCD1-type proteins interact with MLKs. As such,
this oomycete effector suppresses Arabidopsis innate immunity
(Wirthmueller et al., 2017). This study shows that MLKs may be relevant
targets for effectors, such as TuSHOT proteins.
The identified TuSHOT interaction partners in Arabidopsis may be the
‘intended’ effector target (i.e., a S gene products), which is the target to
which the effector evolved to interact with in order to obtain a higher mite
fitness. It may, however, also interact with the plant factors that induce a
defense response, such as R gene products or associated decoy proteins.
Indeed, when T. urticae feeds on a non-leguminous host such as Arabidopsis,
the production of TuSHOT1 or TuSHOT2 proteins is downregulated
(FIGURE 5.6), which suggests these proteins may have a negative effect on
the fitness of mites feeding on these hosts. For the identification of the
functionally most relevant interaction partner for T. urticae SHOT1 and
SHOT2 proteins, a cDNA library of a fabacean host plant (e.g., M. truncatula) should be used. However, Y2H analyses on these libraries were not easily attainable.
Tetranychus urticae produced SHOT3 proteins when feeding on all studied plant species, although there is some variation in expression levels of the
encoding genes. The plant species of the Y2H cDNA library likely is of
minor importance. The Y2H screen of TuSHOT3b in S. lycopersicum did not
seem to result in the identification of a biologically relevant plant target.
TeSHOT3b on the other hand, interacted with several interesting S. lycopersicum proteins during the Y2H screens, though with low confidence.
Amongst these identified proteins was a LRR receptor-like serine/threonine-protein kinase, for which a role in plant defense signaling is assumed
(Afzal et al., 2008). Furthermore, interaction with an isochorismatase hydrolase occurred as well. This enzyme may inhibit the production of salicylic
acid and has been proposed as plant-defense suppressor of the phytopathogenic fungus Verticillium dahlia (El‐Bebany et al., 2010). Also, interaction
between TeSHOTb3b and a nodulin-like protein occurred. Latter proteins
are important for transport and for major aspects of plant development.
Their activity has also been associated with the enhancement of pathogen
fitness during host plant colonization (Denancé et al., 2014). Furthermore,
interaction with PAD4 occurred, a lipase-like protein that is important in SA
signaling (Jirage et al., 1999). While these plant interactors are plausible
biological targets for spider mite salivary effectors, the in vivo relevance of
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these interactions remains to be confirmed. Additional Y2H experiments are
planned to further elucidate SHOT protein interaction partners.
The effect of transiently expressed TuSHOT1b and TuSHOT3a eGPFfusion proteins in N. benthamiana leaves on mite reproduction was studied
(preliminary data). Ectopic expression of a TuSHOT1b-eGFP led to a significant reduction (p = 0.03) of spider mite reproductive performance.
Interestingly, genes coding for TuSHOT1 proteins are not expressed by T.
urticae feeding N. benthamiana (see FIGURE 5.6). Presumably, TuSHOT1 proteins act as elicitors in N. benthamiana, and hypothetically also in most
plants except for a subset of Fabaceae. The genes coding for TuSHOT3 are
constitutively expressed in T. urticae adults, independent of the host plant,
although some host-plant dependent expression was apparent (FIGURES 5.4
& 5.6). Ectopic expression of TuSHOT3 in N. benthamiana did not result in
a significant change of spider mite performance. This may be caused by the
fact that all mites, including those of the control group, are assumed to produce TuSHOT3 proteins themselves, potentially rendering the ectopically
expressed TuSHOT3 redundant. The use of TuSHOT3 knock-down spider
mites would provide a solution. However, this technique is not yet straightforward in spider mites, and would be hard to perform since three
TuSHOT3 genes are involved in T. urticae. Another approach would be to
use T. evansi as test organism. For example, ectopic expression of T. urticae
TuSHOT1 & 2 in a leguminous plant such as M. truncatula could hypothetically enhance the performance of T. evansi (lab strains feeding on bean do
exist), which does not possess SHOT1 & 2 genes. Also, considering the high
number of putative salivary effector proteins of T. urticae (Chapter 3), the
positive effect of each effector is potentially subtle and may be hard to
detect using ATTAs coupled to performance assays.
Transient expression of TuSHOT genes in S. lycopersicum did not result
in detectable changes of leaf JA or SA levels. According to Alba et al.
(2015), S. lycopersicum defense suppression by spider mites occurs downstream of JA and SA, and independent of the JA-SA antagonism.
Potentially, most spider mite effectors therefore exert their function downstream of these phytohormones (Villarroel et al., 2016).
5.5. CONCLUSIONS
A peptidomics analysis of spider mite saliva revealed that about 20% of all
identified peptides mapped to a spider mite-specific protein family, which we
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denominated the ‘SHOT’ family. SHOTs are encoded by genes specifically
expressed in the anterior podocephalic (salivary) glands of T. urticae. A subset of the SHOT family, SHOT1 & 2, appeared to be secreted in a hostdependent manner. Furthermore, SHOT1 & 2 genes were rapidly induced
when mites were transferred to certain fabacean host plants. Together with
the fact that the identity of SHOT members could be linked to the host
plant repertoire in related Tetranychidae, this points towards a host-specific function for these putative effectors. Interestingly, host transfers in the
opposite direction (from P. vulgaris to S. lycopersicum) appear to result in a
slow yet strong decrease of SHOT1 & 2 gene-expression, taking place over
generations rather than hours. To our knowledge, SHOT1 & 2 proteins are
the first putative arthropod effectors for which asymmetric on/off regulation in a host plant-dependent manner, i.e., rapid upregulation on one host,
and slow downregulation on another, has been demonstrated. Additionally,
we explored several techniques to gain insight into the molecular function
of SHOT proteins. The results are promising, although further study is
clearly needed. Preliminary data of transient expression experiments
reveal that SHOT proteins may have an impact on spider mite performance.
In addition, yeast two-hybrid assays revealed interacting plant proteins.
However, care must be taken, since the interaction partners are expected to
be highly host plant dependent.
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5 . 7 . S U P P L E M E N TA RY

M AT E R I A L

Supplementary information can be located at the MPMI website at
https://doi.org/10.1094/MPMI-06-17-0139-R
FIGURE S5.1. Alignment of intact SHOTs. Intact SHOTs were aligned using
MUSCLE (Edgar, 2004). The predicted signal peptides are indicated with an
arrow, while those peptides that are adjacent to the SP, had a high MS1 intensity,
and that were identified in this study, are framed with a blue rectangle. The proline-glutamic acid, proline-glutamine or proline-aspartate motif in Tetranychus
SHOTs is indicated with an asterisk.
TABLE S5.1. Modest Feature Finder (MoFF) extracted MS1 intensities from the
Thermo raw files for the validated PSMs matching to non-decoy (true) sequences
[MS1 intensities from two technical LC-MS/MS replicates for each host plant
specific sample (bean, soybean and tomato)].
TABLE S5.2. List of primers used in this study.
TABLE S5.3. Normalized MS1 intensities of peptides identified in artificial diet
enriched with saliva of adult T. urticae females that were propagated for at least 5
generations on bean, soybean or tomato.
TABLE S5.4. Proteins of which peptides were identified (see TABLE S5.3) in artificial diet enriched with saliva of adult T. urticae females that were propagated for
at least 5 generations on bean, soybean or tomato.
TABLE S5.5. Properties of intact members of the SHOT family.
TABLE S5.6. Amino acid composition of intact members of the SHOT family.
TABLE S5.7. PPA analysis of those proteins of which peptides were identified in
this study (peptides were sorted based on decreasing detection probability).
DATA S5.1. SHOT gene/transcript sequences (.txt format).
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6 . 0 . A B S T R AC T
In the previous chapters, the salivary proteome of spider mites was investigated, with a focus on the extremely generalist species Tetranychus urticae.
The main aims were to identify effectors, digestive proteins and proteins
involved in detoxification of secondary plant metabolites. Effectors are
molecules that the mite evolved in order to manipulate the plant’s cellular
actions so that the plant becomes a better food source. Both a bio-informatics prediction approach and a proteomics-based approach revealed that the
salivary proteome is key to T. urticae’s polyphagous nature. The datasets
produced in this PhD study will be a starting point to further unravel the
molecular interplay between spider mites and their host plants. This may
eventually lead to the discovery of plant resistance (R) and susceptibility
(S) genes, in turn aiding the development of crops with an enhanced resistance or a reduced susceptibility to spider mites. However, the sustainable
application of these (modified) plant genes in crop protection might prove
challenging. After all, T. urticae likely exhibits polymorphism in effector
genes and is, above all, a master in detoxification as well.
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6 . 1 . I n t ro d u c t i o n
Spider mites are important crop pests with a worldwide distribution. The
two-spotted spider mite, T. urticae, is the most notorious one as it can thrive
on a wide range of different host plants and possesses the ability to quickly develop resistance against acaricides with various modes of action (Van
Leeuwen et al., 2010). Furthermore, many arthropod herbivores have been
shown to manipulate defense responses allowing them to thrive on their
host plants. The main molecular mediators, so-called effectors, are assumed
to be transferred through saliva (Mutti et al., 2008; Hogenhout and Bos,
2011; Musser et al., 2012). Recent research suggests this is also the case for
spider mites (Takabayashi et al., 2000; Kant et al., 2008; Sarmento et al.,
2011, Alba et al., 2015; Schimmel et al., 2017).
Although T. urticae is a model organism for studies on the evolution of
host specialization (Fellous et al., 2014), hardly any information about spider mite saliva was available at the onset of this PhD research project. We
aimed to fill this void in scientific knowledge by using a multi-disciplinary
approach based on proteomics, transcriptomics and in silico predictions,
supplemented with comparative genomics and functional analysis. In what
follows, the findings from the different approaches are integrated in the
plant-mite molecular interaction and linked to the broader context of spider mite biology.
6 . 2 . E VA L UAT I O N

O F T H E U S E D A P P R O AC H E S

In this thesis, two different approaches were used to identify spider mite
salivary (effector) proteins. A first approach relied heavily on a bio-informatics pipeline to filter relevant protein sequence from genome and transcriptome datasets (Chapter 2), while a second approach was founded on
nano-LC tandem mass spectrometry of secreted mite saliva (Chapter 3).
The first approach, an in silico-based method, allowed the identification
of putative effector proteins of T. urticae and T. evansi (Chapter 2). Such
bio-informatics approaches produce, depending on the stringency of the
selection criteria, long lists of candidate effectors which require experimental confirmation to verify if these proteins are indeed effectors. A first condition is that the proteins should be secreted into the host. Confirmation of
expression of the corresponding gene in the salivary glands by in situ
hybridization (ISH) is a strong indication that the identified protein is
secreted into the host plant and therefore may be an effector (Haegeman et
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al., 2012). However, this ISH technique is labor-intensive, hampering its use
as a screening technique. Therefore, stringent selection criteria were used
in the in silico approach to come up with a top list of high quality effector
candidates. This inevitably may involve the loss of promising effector proteins from the dataset. A complementary proteomic approach was therefore
initiated, focusing on the analysis of artificial diet fed upon by T. urticae
(Chapter 3). Mite lines adapted to distinct hosts were used to ascertain a
broad range of salivary proteins could be identified, including those with a
host-dependent production level. Identification of proteins by this proteomics approach is in itself already a good indication that the protein is
secreted into the host. Implementing proterosoma-specific expression data
further aided in distinguishing between salivary proteins and contaminating proteins, while also in silico selection criteria (e.g., the presence of a signal peptide) were used to prioritize candidates for further study. For example, on the one hand, protein tetur03g07920 was identified in artificial diet
fed upon by T. urticae and is annotated as a glutathione S-transferase, which
is known to act as a salivary effector in aphids (Kettles and Kaloshian,
2016). However, the expression of the encoding gene is downregulated in
the mite body region that contains the salivary glands (proterosoma) and
the protein is not predicted to be secreted. As such, this glutathione Stransferase likely does not end up in the saliva and does not act as an effector. Proteins belonging to Tu_MCL_211 and Tu_MCL_25, on the other
hand, were also identified in the artificial diet, yet the encoding genes are
highly expressed in the proterosoma. Additionally, they are predicted to be
secreted. Whole-mount ISH supported the salivary nature of these proteins, while some family members were indeed shown to act as effectors
(Chapter 2). Thanks to the stringent selection criteria, most of the selected genes (17/18) eventually tested with whole-mount ISH proved to be
expressed in the salivary glands (Chapter 3). These genes should be prime
candidates for further study.
Both the bio-informatics- and proteomics-based approaches have their
limitations. For example, only a fraction of the peptides present in a proteomics sample will be detected using a specific LC-MS/MS procedure
(Muntel et al., 2015). Also, if a protein is not produced or secreted at the
time of saliva collection, for example due to host plant-specificity, it will not
be detected. Hypothetically, a spider mite may sense that it is feeding on
non-host material (i.e., the artificial diet), and secrete saliva with another
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composition. Tetranychus urticae specimens fed well on the artificial diet
hemispheres, as assessed by blue-staining of the gut in control mites feeding on erioglaucine-supplemented diet. In addition, the presence of proteins in the diet, of which the production site has been confirmed to be the
salivary glands (dorsal and anterior podocephalic glands), confirms that the
secretions of the glands are injected into the diet. Therefore, it is assumed
that the artificial diet is accepted as a food source by the mite. Further, the
qualitative composition of saliva that is secreted in the artificial diet within the 24 h time window of collection is assumed to be representative of
saliva secreted in the original host, while the quantitative composition may
differ slightly from the saliva secreted in the plant due to ‘host-dependent’
transcriptional plasticity. Indeed, the expression of certain salivary genes
may change as soon as the mite is transferred to the artificial diet, which
may be perceived by the mite as a new host plant. Therefore, gene expression data from the mite lines collected directly from their hosts should be
used as an additional source of quantitative information on the salivary
protein composition and its host-dependency (Chapters 4 & 5).
The bio-informatics based approach consisted of a filtering strategy
based on two main phases: firstly genome-wide secretome prediction and
secondly effector repertoire prediction (Chapter 2). In the approach, selecting for proteins with a signal peptide (SP) was one of the main selection
steps (Bos et al., 2010; Carolan et al., 2011; Atamian et al., 2013; Thorpe et
al., 2016). Even though this selection criterion is often used for secretome
prediction, proteomics studies did point out that many proteins detected in
herbivore saliva may not possess such SPs. Indeed, proteins might be
secreted using a secretory pathway independent of the canonical endoplasmic reticulum-Golgi network (Haegeman et al., 2012). Furthermore, much
depends on the quality of the used database. For example, SPs can simply
be overlooked because 5’-sequences required for SP prediction can be missing from datasets such as (de novo) transcriptome sequences (Thorpe et al.,
2016). In our proteomics-based approach (Chapter 3), the presence of a SP
was used as a means to prioritize candidates rather than as a strict selection
criterion (i.e., proteins without predicted SP were maintained in the
dataset). Indeed, the detection of a protein in collected salivary secretions
rendered the SP-criterion rather accessory. From our data (TABLE 3.1),
however, it was clear that most identified salivary proteins possess a SP. In
addition, the apparent absence of a SP for some of the detected proteins

227

WimJonckheere-ch6_Vera-ch1.qxd 29/11/2017 16:22 Page 228

General discussion
appeared to be due to incomplete annotation. It can be concluded that ‘presence of a SP’ is indeed a valuable criterion to select for salivary (effector)
proteins in bio-informatics approaches, and that a potential loss of some
false negatives is currently acceptable.
In Chapter 2, five candidate effector families from the bio-informatics
prediction approach were selected for further analysis, being family numbers 19, 28, 84, 90 and 128 (TABLE 2.1). Proteins belonging to Tu28 and
Tu84 were indeed shown to act as effectors. Proteins from these two groups
were also identified in the proteomics approach, as were proteins belonging
to Tu128 (TABLE 3.1) (Chapter 3). Although no proteins belonging to the
Tu18 and Tu90 family could be identified using the proteomics approach,
some homologs of Tu90 family members were found (DATA S4.1 and S4.2)
(Chapter 4). This illustrates there is overlap between the bio-informatics
and the proteomics results, and both can be used to identify effector proteins. Unless strict selection criteria are used, the bio-informatics method
may, however, deliver irrelevant proteins. The proteomics approach likely
underestimates the number of salivary proteins, although a genome search
for homologs may add missed candidates.
The whole-mount ISH technique was of utmost importance during this
PhD study. In both the bio-informatics as the proteomics approach, ISH
was used to prove that the genes encoding some of the identified proteins
are expressed in the salivary glands. As such, ISH made clear that the
majority of the identified proteins which fulfill the selection criteria are
indeed bona fide salivary proteins. Additionally, ISH allowed us to partly
unravel the functional complexity of spider mite salivary glands. The salivary genes were shown to be expressed in either the dorsal or the anterior
podocephalic gland. Such ‘division of labor’ has been described for insects
such as aphids (Mutti et al., 2008; Pan et al., 2015; Wang et al., 2015) and
thrips (Stafford-Banks et al., 2014) (Chapter 3), yet the functional relevance
in spider mites is still unknown.
6.3. A

P RO P O S E D F U N C T I O NA L F R A M E WO R K F O R

T.

URTICAE

EFFECTORS

6. 3.1. The ‘ zigzag’ mo de l and p oly p hagous attacker s
A four phased ‘zigzag’ model of the plant immune system (FIGURE 1.2) has
been presented by Jones and Dangl (2006). Basically, it distinguishes two
related categories of immunological mechanisms. Firstly there is basal or
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innate immunity, and secondly there is R-gene-mediated immunity (genefor-gene interactions), in which an evolutionary arms race between the host
and its antagonist results in an oscillation between susceptible and resistant
states of the host over time. A decade has passed since the publication of
this landmark paper, and it has become clear that the use of the model is
not limited to plant-pathogen interactions but applies to plant-herbivore
interactions as well (Poland et al., 2009; Stuart, 2015; Rodriguez et al.,
2017) (Chapter 1). R-gene-mediated immunity has been described for the
interaction between (amongst others) the Asian rice gall midge (Orseolia
oryzae) and rice (Oryza sativa), the small brown planthopper (Nilaparvata
lugens) and rice, and the Hessian fly (Mayetiola destructor) and wheat
(Triticum spp.) (reviewed in Stuart, 2015). However, it is important to keep
in mind that none of these herbivores are polyphagous, and all have specialized to feed on a limited number of related host plants. This implies a close
molecular interaction, much alike in most plant-pathogen interactions. The
Hessian fly, for example, forces its host plants to create an enriched gall
nutritive tissue that feeds the larva (Harris et al., 2006; Stuart et al., 2012).
Notably, the defense response of rice plants against O. oryzae involves a
hypersensitive response (HR) (Rawat et al., 2012; Stuart, 2015), which has
been argued to be the most common plant resistance mechanism against
insect herbivores that have intimate associations with their host plants,
including gall formers (Fernandes and Negreiros 2001). Incompatibility in
these intimate associations has severe consequences on the survival of the
antagonist. As such, the plant defense response appears to result in a ‘black
or white' situation: if there is an interaction between an R-gene-product
and the cognate effector, the host is fully resistant. If there is no interaction, the host is fully susceptible. However, resistance levels are in fact
shades of gray ranging from complete resistance to incomplete resistance.
These two general categories of plant disease resistance are conditioned by
a single gene or by multiple genes of partial effect, respectively. Other
terms have been used to refer to this dichotomy, including ‘qualitative disease resistance’ versus ‘quantitative disease resistance’, where R genes are
sometimes used to refer to genes that confer complete effects explicitly
(Poland et al., 2009).
Because of its mobility (relative to pathogens and gall formers such as
O. oryzae and M. destructor) and its extensive detoxification mechanisms, it
can be assumed that the occurrence of complete or qualitative R-gene-
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mediated resistance will be rare against T. urticae. Quantitative or incomplete resistance is, however, likely to exist and may aid in reducing spider
mite performance. In light of this, a ‘moderated’ version of the zigzag
model has here been applied to the plant-mite interaction.
6. 3.2. The plan t - mit e molecular b attlefield: the role of
sa li var y c o mpo n en t s
As soon as T. urticae arrives on its host plant, it may start gathering information about the host plant identity. Indeed, it may ‘taste’ or ‘smell’ plant
components via cuticular pores in neuron-rich setae on its palps and legs
(Bostanian and Morrison, 1973), which likely represent chemosensory sensilla (Ngoc et al., 2016). Clusters of chemosensory receptors are expanded
in T. urticae. These receptors may allow the polyphagous mite to detect a
huge variety of different compounds, potentially including sex pheromones
(Ngoc et al., 2016), although it would not come as a surprise if most of
these receptors would recognize molecules of plant origin. Chemosensory
perception may affect gene expression changes and may activate detoxification pathways (Ngoc et al., 2016). Although no evidence is at hand, it is
tempting to speculate on a mechanism whereby the chemosensory perceptions influence expression levels of some effectors as well (Chapter 5). As
such, T. urticae may be prepared to deal with the host plant at hand, even
before feeding has started. This is still hypothetical and may prove interesting for future research.
Tetranychus urticae inserts its stylet between epidermal pavement cells or
through stomatal openings in order to feed on the underlying mesophyll
cells (Bensoussan et al., 2016). It is known that certain enzymes of phytophagous insects allow stylet penetration through the intercellular matrix.
For example, the aphid stylet path travels intercellularly. Pectic compounds,
cementing adjacent cells, can be dissolved by pectinases contained within
the aphid’s saliva (McAllan and Adams, 1961; Celorio‐Mancera et al., 2009;
Raman, 2012; Stafford-Banks et al., 2014). Likely, enzymes with such function will also be among the identified T. urticae salivary proteins. We have
shown that T. urticae saliva contains several proteins with a glycoside hydrolase function (TABLE S3.6). Two of such proteins (encoded by tetur16g03420
and tetur28g00360) are annotated as β-mannosidase and are highly upregulated in the proterosoma, while one of the genes (tetur28g00360) was shown
to be specifically expressed in the anterior podocephalic glands (TABLE 3.1).
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Clearly, these are likely bona fide salivary proteins. Glycoside hydrolases are
known to be involved in the degradation of plant cell wall polysaccharides (Minic and Jouanin, 2006). As such, these two proteins may facilitate
stylet penetration in T. urticae, or they may be involved in extra-oral digestion of plant cell walls. However, a detailed study of their physiological role
during spider mite feeding remains to be made.
Spider mites belong to the Chelicerata, and in predatory chelicerates such
as spiders, horseshoe crabs and scorpions, pre-oral digestion is a common
digestive strategy. Also predatory mites utilize secreted proteins to facilitate
prey consumption (Cohen, 1995; Bensoussan et al., 2016). For example, the
predator mite Phytoseiulus persimilis spends the first 20 minutes of its feeding
on T. urticae to a pre-oral digestive process (Pérez‐Sayas et al., 2015).
Analogously, the duration of the consumption of a single mesophyll cell by
T. urticae ranges from several minutes to more than half an hour (Bensoussan
et al., 2016). This time window seems reasonable for pre-oral digestion reactions to occur. A way to check if extra-oral digestion also occurs in spider
mites would be to add compounds such as proteins and carbohydrates to the
artificial diet used in Chapter 3 and to verify if break-down products can be
detected in the diet hemisphere after spider mite feeding. The detection of
cleaved peptides, originating from salivary proteins, in the artificial diet
points towards the activity of proteases in spider mite saliva (Chapter 5).
The top-10 list of the most abundantly identified T. urticae salivary proteins
contains two proteins annotated as serine protease. (TABLE 3.1). Serine proteases are common salivary proteases attributed to digestion of dietary proteins by phytophagous insects (Stafford-Banks et al., 2014) and based on our
results we concluded that they are also important in phytophagous mites.
As soon as the mite starts feeding, constitutive plant defensive compounds may be partially disarmed by the mite’s extensive detoxification
pathways (Wybouw et al., 2012; Dermauw et al., 2013). While it can be suggested that detoxification mainly occurs inside the mite body (e.g., ABC
transporters are membrane-spanning proteins; Dermauw, 2013), the mite
injects putative salivary detoxification proteins into the host cells as well
(Chapter 3). The expression of mite genes involved in detoxification pathways can be upregulated upon initial exposure to the novel plant, increasing short-term reproductive performance (Wybouw et al., 2015). As mentioned before, chemosensory receptors may be involved in the activation of
this process (Ngoc et al., 2016, Van Leeuwen and Dermauw 2016).
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In the generations following the colonization of a new host plant, mites
will adapt and improved detoxification genotypes will gradually be selected
out of the founder population. Indeed, mites exhibit genetic polymorphism
in resistance characteristics (Kant et al., 2008). The host history of the mites
will determine the performance on the new host. For instance, mite adaptation to a certain host plant can lead to pre-adaptation to live on other plant
species through pleiotropy (Fellous et al., 2014). Alternatively, adaptation
can result in a loss of the ability to grow on an original host (Fellous et al.,
2014). Mites are likely to have a higher success in colonizing plants which
are closely related to the original host, as, for example, the salivary composition (Chapter 4) and the detoxification metabolism are already predisposed
to deal with certain classes of phylogenetically specific allelochemicals.
Tetranychus urticae appears to feed in a way that limits host plant mechanical damage (Bensoussan et al., 2016). Nevertheless, plant defenses are
induced, in many cases leading to visible chlorotic spots. Plants carry pattern
recognition receptors (PRRs) at their cell surface that mediate the recognition of slowly evolving pathogen-derived molecules, referred to as PAMPs
(pathogen-associated molecular patterns) (Jones and Dangl, 2006; Schie and
Takken, 2014). In analogy, it can be assumed that PRRs also recognize ‘herbivore-associated molecular patterns’ (Mithöfer and Boland, 2008;
Hogenhout and Bos, 2011). These HAMPs are conserved molecules, and
avoidance of recognition through alterations (caused by mutations) in these
molecules are assumed to be rare since most would have severe consequences
for mite survival. A proposed example of such spider mite HAMP is chitin,
the main component of the exoskeleton and gut lining (Merzendorfer and
Zimoch, 2003; Díaz-Riquelme et al., 2016). Interestingly, a putative chitindegrading protein (chitinase, encoded by tetur01g11910) has been identified
in T. urticae saliva (Chapter 3). The relevance of this protein in the molecular battlefield between T. urticae and its hosts remains to be determined. In
plant-parasitic nematodes chitinase has been attributed effector-like properties (Gao et al., 2002, 2003). Yet, plants also produce chitinases in response to
spider mite attack (Ozawa et al., 2011). Clearly, further research is needed.
Next to HAMPs, plant-derived DAMPs (damage-associated molecular
patterns), including cell wall fragments, are also recognized by PRRs.
Whether the putative digestive enzymes in T. urticae’s saliva generate such
DAMPs (e.g., by the hypothetical extra-oral digestion of plant cell walls) is
unknown. HAMP or DAMP recognition by PRRs activates plant defense
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responses designated ‘HAMP-triggered immunity’ (HTI). Since HTI is
activated by evolutionary conserved molecules, it offers broad recognition.
During mite attack, it may for example recognize a shared component of all
Acari or even all Arthropoda. HTI involves a whole set of actions aiming
to counter the mite attack, and may include the production of proteinase
inhibitors, polyphenol oxidases and indole glucosinolates. These defense
compounds are host specific and reflect differences in secondary metabolism
between these plants (Díaz-Riquelme et al., 2016). In response to this diversity in potentially encountered compounds, the polyphagous T. urticae likely evolved a plethora of salivary protein variants (expansions) (Chapters 2
& 3). Due to their limited host range, mono- or oligophagous spider mites
such as T. lintearius and T. evansi are exposed to a lower diversity of plant
allelochemicals. This could be at the basis of their less varied salivary protein repertoire (Chapter 4).
The ubiquitous presence of different (serine) proteases in T. urticae saliva may be a means to compensate for the inactivation of gut proteases by
plant proteinase inhibitors. The use of such ‘decoys’ has been described in
plant pathogens (Ma et al., 2017). Furthermore, salivary ‘trypsin inhibitorlike’ proteins may inhibit digestion-inhibiting plant serine proteases. In
addition, spider mites likely evolved a plethora of salivary effector molecules which alter host cell structure and function (Chapters 2, 3, 4 & 5),
and whose activity may lead to effector-triggered susceptibility (ETS)
(Jones and Dangl, 2006; van Schie and Takken, 2014). This ETS is unlikely to involve a complete shutdown of the plant immune system, but each
effector may turn the plant into a more susceptible host for T. urticae.
Findings advocating such ‘incomplete susceptibility’ are presented
throughout this thesis and in literature about plant-mite interactions (e.g.,
Kant et al., 2008). As shown in previous chapters, the number of putative
effector proteins contained within the saliva is plentiful. Each likely has a
partial effect on the eventual defense state of a particular host. Some of the
effectors will act as elicitors (e.g., potentially SHOT1 & 2 in non-fabacean
hosts; Chapter 5), activating certain defense responses. Others will act as
virulence factors, manipulating a specific reaction or interaction somewhere
in the complex defense pathway. Since the effector-mediated defense suppression appears to occur downstream of the main phytohormone hub
(Alba et al., 2015), it is conceivable that only one of the many downstream
defense branches is targeted by a single effector, and the realized mite fit-
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ness on a particular host is the result of positive and negative actions of
several effectors. Also, recombinant expression of individual effectors in
leaves only had a small effect on spider mite performance, which may support this hypothesis (Chapters 2 & 5). Alternatively, however, it is suggested that – given the broad host range of T. urticae – defense manipulation
must occur at early and conserved elements in the pathway. Otherwise, specific mechanism should have evolved for each of the host plant species (Van
Leeuwen and Dermauw, 2016). Additional research is clearly needed to help
resolve this contradiction.
While effectors are most often associated with defense-suppression, the
broad inclusive definition (Hogenhout et al., 2009) allows several other
potential functions. Salivary proteins involved in pre-digestion can hardly be
seen as effectors, but mite proteins redirecting the plant nutrient flow
towards the feeding site or the aboveground tissues fully pertain to the effector definition. Indeed, they are secreted by the attacker (i.e., pathogen or herbivore) and alter host-cell structure or function (Hogenhout et al., 2009).
Such effectors, turning the feeding site in a better food source are described
in other herbivores, including the Hessian fly (Stuart et al., 2012) and several nematode species (Haegeman et al., 2012). It is possible that such molecules are also included in spider mite saliva, although they may not necessarily be proteins. Phytohormone-mimics have been suggested to occur in spider mite saliva (Storms, 1971), yet this still needs to be confirmed.
To counter the activity of effectors, plants evolved the ability to recognize either the effector itself or its modification inflicted on a host protein
using resistance (R) genes, in most cases encoding intracellular nucleotidebinding leucine-rich-repeat (NB-LRR) proteins. R-gene-mediated immunity is referred to as effector-triggered immunity (ETI). ETI is more specific
than HTI as effectors are highly polymorphic, and ETI can be considered
as an amplified version of HTI (Jones and Dangl, 2006; van Schie and
Takken, 2014). ETI would favor mites which have lost the elicitor, or which
have an effector variant which does no longer trigger ETI. Indeed, effectors
which trigger ETI are under strong negative selection pressure and the
encoding genes often evolve rapidly. The resulting arms race forces the
mite to continuously evolve new strategies to evade or suppress HTI and
ETI (Schie and Takken, 2014). This arms race is traceable in genomes of
herbivores (Stuart, 2015). This is also the case for T. urticae since it possesses an arsenal of spider mite-specific expanded effector-encoding gene fam-
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ilies (Chapters 2, 3 & 5). Furthermore, R-gene-mediated recognition
might hypothetically favor mites which limit the expression of the associated gene when the mite is feeding on particular plant species (Chapter 4).
After colonization of a new host plant, gene expression changes may
occur during the first generation. Over several generations, the frequency of
mites with ‘optimal’ effector genotypes and detoxification genotypes increases. An important factor in this process may be the size of the founder population. Colonization of a new host plant by a group of spider mites (e.g., in a
‘collective silk ball’; Clotuche et al., 2011), will likely have higher chances of
being successful than colonization by a single mite, since a more diverse mite
genepool will be present for selection to work on. After some generations, a
well-adapted mite strain may become established. Formerly abundant alleles
may persist in the background and re-emerge if the gene product offers the
mite a fitness advantage when the conditions change, e.g., after a host plant
shift or when a new host plant genotype appears due to co-evolution. Indeed,
in an environment where frequent host shifts occur, balancing selection may
sustain genotypic and phenotypic diversification of resistance and defense
manipulation characteristics. While data on the evolution of (putative) effectors and their effect on mite fitness are not provided by this PhD study, the
absence of SHOT3 genes in the Ulex specialist T. lintearius, for example, may
illustrate that a useless effector can be lost if a mite strain is maintained on a
particular host for a long period of time (Chapter 5). Additionally, new genotypes might arise through mutations. Again, an example may be found in
Chapter 5: it can be hypothesized that SHOT1 & 2 genes evolved from
SHOT3 genes, and that this event co-occurred with a host transfer from the
common ancestor of T. urticae and T. lintearius to a fabacean host.
During the evolution of effectors, different mite genotypes may have an
influence on each other. Indeed, defense-suppressing mite genotypes may
enhance the fitness of non-defense-suppressing genotypes residing on the
same plant (Kant et al., 2008; Alba et al., 2015). As such, it can be hypothesized that they temporary prevent the extinction of these genotypes, and
the loss of potentially ‘valuable’ alleles from the population.
The mesophyll cell on which the spider mite is feeding is unlikely to
mount a defense response by itself. Indeed, stylet puncturing will disturb
intracellular ion balances, and mite-derived digestive proteins may likely
disable the cell’s signaling processes. Furthermore, the content will be
withdrawn from the plant cell within several minutes (Bensoussan et al.,
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2016). It is therefore conceivable that the defenses are initiated in the neighboring plant cells. Upon puncturing the plant cell and injecting it with saliva, molecules derived from the mite and the injured plant cell [e.g., phosphatidic acid (Kant et al., 2004), ROS, Ca2+, extracellular ATP, effectors
(Guiguet et al., 2016)] spread throughout the apoplast and the plasmodesmata and will interact with extra- and intracellular receptors of the neighboring cells. Electrical signals may be involved as well. In these cells, the
defenses are then activated, and signals are sent to distant plant parts to
prepare them for future mite attack (systemic acquired resistance; SAR).
6.4. R

AND

S

G E N E S : M I T E - R E S I S TA N T C R O P S

Among the more than thousand different T. urticae host plants, 150 are of
great economic value (Santamaría et al., 2012). Some important crops were
used in this study to establish mite lines on: bean, cotton, maize, soybean and
tomato (Chapter 3 & 4). Other well-known agriculturally important plants
which can be affected include grape vine, corn, apple, strawberry, pea, pepper
and cucumber (Migeon and Dorkeld, 2006-2017). To limit the associated
crop loss, farmers commonly rely on acaricides. However, T. urticae is known
to quickly evolve resistance to these compounds (Van Leeuwen et al., 2015;
Van Leeuwen and Dermauw, 2016), an asset that appears to be linked to the
mite’s evolutionary history. Indeed, the adaptation to an extreme diversity of
host plant species has equipped T. urticae with metabolic tools allowing it to
deal with a variety of plant toxins, tools which come in handy when a synthetic chemical is encountered as well (Grbić et al., 2011; Dermauw et al.,
2013; Van Leeuwen et al., 2015; Van Leeuwen and Dermauw, 2016).
Nowadays, T. urticae has developed resistance to almost all chemical classes
used for its control. Furthermore, the application of pesticides may negatively affect the environment and human health, and as such, alternative control
measures are desirable (Van Leeuwen et al., 2015). One of the proposed alternatives are biotech crops, engineered for mite resistance.
Resistance against herbivorous arthropods in transgenic plants is commonly obtained through the insertion of toxin genes, e.g., Bt (Bacillus
thuringiensis) toxin genes. These Bt genes encode Cry proteins, which are solubilized and activated in the insect midgut, after which they form pores in the
gut epithelial membrane, leading to cell lysis and eventually death (Vachon,
2012; Lombardo, 2016). Next to Bt toxin genes, one relies on transgenic
plants overexpressing inhibitors of proteinases, lectins, α-amylase inhibitors,
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chitinases and biotin-binding proteins. These compounds combat phytophagous pests by altering their digestive system or by reducing the availability of nutrients (Lombardo et al., 2016). Instead of developing plants
which produce such anti-herbivore compounds, an alternative strategy may
be to modify plants in a way that they gain the ability to recognize the attacker (via R genes), or do not longer possess certain genes that facilitate infection and support compatibility (S genes). Contrary to R genes, which are typically dominant, resistance conferred by loss or alteration of S genes is generally recessive. Hence, S gene mediated resistance is assumed to be more
durable then R gene mediated resistance. Indeed, for an attacker to overcome
R gene-based resistance, a simple point mutation in a protein or effector recognized by an NB-LRR or PRR may be sufficient to evade recognition.
However, many effectors are recognized indirectly by monitoring the host
target. As such, an effector would need to alter its activity on the host target,
or it would need to disappear altogether. Since effectors are often redundant,
the fitness penalty of losing the effector may be small making the recognition
of conserved effectors more durable (Schie and Takken, 2014). For the attacker to overcome S gene-based resistance, it must overcome its dependency on
a host factor. This involves the acquisition of a new function, which is more
difficult to accomplish than a loss-of-function (Schie and Takken, 2014).
The list of spider mite salivary proteins presented in this thesis, including several putative effector families, can be a starting point for the identification of plant R and S genes. These genes can then be used by breeders to
develop mite-resistant plants. Research and development costs for genetically engineered crops are high, and their widespread use will therefore depend
on their effective lifetime. The main threat to this lifetime is the evolutionary change in the targeted pest species (Rausher, 2001). The overall rate of
evolution depends on the turnover rate of individuals in populations (generation time) and the genomic variation among individuals (Gillooly et al.,
2005). Tetranychus urticae has a very short life cycle (8-12 days) and a high
fecundity, which leads to exponential population growth (Jeppson et al.,
1975). As a result, a relatively high number of random mutations may occur
during a given period of time. In addition, T. urticae has a worldwide distribution and has been recorded on an extremely high number of host plants
(Migeon and Dorkeld, 2006-2017). Even within populations, there are different plant-defense-related genotypes (Kant et al., 2008; Alba et al., 2015). As
such, the genomic variation among individuals can considered to be high.
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Despite their huge potential, the development of sustainable miteresistant crops mediated by R and S genes will not be straightforward, particularly not for T. urticae. Although we showed that salivary effectors are
playing a role in the host plant colonization success of T. urticae, the mite’s
capability to feed on thousands of different hosts is presumably mainly
accomplished by its extensive detoxification mechanisms. The relative
importance of defense manipulation on the one hand, and detoxification of
induced and constitutive defensive compounds on the other hand (FIGURE
6.1), remains to be determined. Furthermore, variation in this relative
importance between mite strains is to be expected, while also the host plant
may play a role (Kant et al., 2008; Díaz-Riquelme et al., 2016).
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FIGURE 6.1. Detoxification and defense manipulation. (A) If plant defenses are
present (pink leaf), and the mites do not possess the appropriate detoxification
mechanisms, mites are unable to colonize the plant. (B) If the mites possess the
appropriate detoxification mechanisms, a population can be established.
Detoxification occurs inside the mite body, although detoxification proteins were
also found in the saliva. (C) If the plant possesses strong defense mechanisms
which mites cannot detoxify, a population can be established if salivary effectors (*)
are employed that interfere with host defenses (green). The ability of spider mites
to colonize a host thus depends on detoxification and/or defense manipulation. The
relative importance of both is likely to be host plant and mite strain dependent.
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Generalist species can be considered as conglomerates of specialized
genotypes (Barrett and Heil, 2012). Therefore, it seems highly likely that
different mite populations are characterized by different sets of salivary
effectors. This can be assumed because some salivary genes show strong
differential expression after just a few generations of adaptation to a new
host (Chapter 4). If the mite lines would be maintained on the same host
for many generations, it can be assumed that useless effectors, characterized
by extremely low expression levels, accumulate mutations without a fitness
loss. Another cue for the existence of populations with a distinct effector
set is that T. urticae shows distinct variation in plant-defense-associated
traits (resistance/susceptibility, induction/suppression) (Kant et al., 2008;
Alba et al., 2015). For some (putative) effector genes, strong differential
expression is noticeable within less than 24 h after host plant transfer
(Chapter 5), pointing towards strong transcriptional plasticity. These
observation may underline the importance of effector action in some
strains: the outcome of producing inappropriate effectors types, or producing them in inappropriate amounts may be severe enough that a regulatory
mechanism may have evolved, allowing high or low production levels,
depending on the host plant species (FIGURE 6.2.A) (Chapter 4). Due to
natural selection, specific effector-related mite genotypes (differences in the
coding sequence of the effector itself, or in regulatory elements that lead to
altered expression of the effector) giving the mite a fitness advantage in a
specific interaction will increase in successive generations. Eventually an
effector(-related) genotype can become ubiquitous if the population is
maintained on the same host plant genotype during multiple generations
(FIGURE 6.2.B). In environments where host plant shifts occur frequently,
there may be a continuous alternation between different effector-related
genotypes, and unfavorable effector genotypes may temporary persist in the
background, ready to re-emerge after certain host plant jumps. If there is
a continuous shift between groups of host plants (e.g., legumes and nonlegumes) which require different effectors, fast transcriptional plasticity
might offer an additional advantage (Chapter 5). With the presented list of
salivary proteins of the London strain of T. urticae (originally collected
from apple trees and maintained on Phaseolus vulgaris since 10 years (DíazRiquelme et al., 2016) in Chapter 3, we probably identified a core set of
effector proteins, yet only a fraction of host plant specific effectors. As such,
‘mite-resistant’ plant varieties harboring specific R genes or modified S
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FIGURE 6.2. Host plant change and spider mite gene expression. Mites are
transferred from a host on which they perform well, without effective defenses
(green), to a new challenging host (pink). (A) The new host plant may induce the
expression of effector £ in the spider mite salivary glands. Effector secretion
locally interferes with defense mechanisms (green). The expression change occurs
within one generation and is due to transcriptional plasticity. In an alternative situation (B), spider mite effectors $ and £ may be expressed constitutively when
feeding on the original host, where they have a neutral or positive effect on spider
mite fitness. In this example, the founder population consist of a variety of effector genotypes ($, £, $£). The new host may possess strong defense mechanisms
against spider mites (HTI, pink). Mites expressing the effector $ locally inhibit the
defense responses (green) in the new host, while effector £ is recognized by the
host, activating even stronger defense responses (ETI, red). Due to natural selection, the mite genotypes expressing elicitor £ gradually decrease in frequency,
although they may persist for a while due to local defense inhibition by mites with
a $ genotype. Also mites with $£ genotypes may decrease in frequency, although
the possession of $ may attenuate the selection pressure on £. As such, £ may be
maintained in the genetic background until a host is colonized where £ offers a
fitness advantage again. Whether or not the effector genes are dominant or recessive further complicates the fate of the effectors.
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genes offering a higher resistance against particular T. urticae strains might
still fall prey to T. urticae strains with another effector set. To avoid this
resistance breakdown (Jones et al., 2014), the effector repertoire of additional T. urticae strains or Tetranychidae species should be investigated,
allowing identification of conserved or critical effectors and the associated
durable plant R and S genes. Considering the speed with which mites can
adapt to new host plants, it seems likely that some spider mite strains will
eventually overcome the additional defenses of the engineered plant,
requiring a continuous development of new mite-resistant varieties. A solution to this problem may be to combine multiple R genes with several mutations in S genes (Stuart, 2015). As such, each gene can be expected to
reduce the selection pressure against the other genes in the construct (Zhu
et al., 2012; Jones et al., 2014). To create such varieties within acceptable
time-scales, plant breeding should be based on genetically modified (GM)
methods instead of crossing with resistant wild species (Jones et al., 2014).
However, the use of GM plants is restricted in Europe although newly
developed technologies for resistant plants may perhaps result in a broader
acceptance of biotech crops (Lombardo et al., 2016).
The plant-mite interaction requires a lot more research to determine
the relative importance of effector action versus detoxification pathways.
Indeed, even if plants can be developed which recognize specific mite effectors, it remains to be seen whether T. urticae, as a species, will really suffer
from the associated defense responses (e.g., Kant et al., 2008). Grapevine,
for example, activates strong defense responses against the adapted Murcia
spider mite line, while no evidence for defense-suppression was found. This
mite strain, however, has intrinsic ability to reduce or eliminate restrictions
imposed by grapevine and is able to flourish on this host (Díaz-Riquelme et
al., 2016). Therefore, even if a defense response (natural or transgenically
introduced) reduces T. urticae fitness, this may not be sufficient to limit crop
losses to an acceptable level. A combination with other strategies, such as
biological control, may be opted to further reduce spider mite damage.
However, a recent study showed that an increase in plant toxicity for resistance-breeding purposes may lead to a decreased predation of spider mite
eggs by predators used for biological control (Ataide et al., 2016). Further
research is needed to address this issue. In addition, one should keep in
mind that plant S genes have a function other than being just a compatibility factor for antagonists. Therefore mutations in these genes, although ren-
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dering the plant more resistant to an attacker, might cause pleiotropic side
effects (Schie and Takken, 2014).
Despite the difficulties associated with the application of S and R genes
to control T. urticae, additional studies on the plant-T. urticae interaction are
of utmost importance. The fundamental lessons that will be learnt may be
helpful to limit the damage inflicted by specialists such as T. evansi. This
species has been shown to strongly inhibit tomato defenses (Sarmento et al.,
2011; Godinho et al., 2015), and as such it may suffer more severely from
the inhibition of this defense manipulation.
6.5. FUTURE

R E S E A RC H A N D P E R S P E C T I V E S

The complex list of proteins found in spider mite salivary secretions raises more questions than answers. How is the expression of salivary protein
genes regulated in function of the host plant? Why are some salivary proteins produced in the anterior podocephalic gland, and others in the dorsal
podocephalic gland? Would spider mites still be able to colonize thousands
of different plant species without some of these salivary proteins? Which
additional salivary proteins could be identified in other populations of the
cosmopolitan T. urticae?
The most relevant question, however, may be: what is the function of all
those salivary proteins? The genetic and functional characterization of the
salivary (effector) proteins is, however, an arduous task (Guiguet et al.,
2016). A first important step would therefore be to narrow the field of
effector candidates. One suggested approach can be to look for homologues
of previously characterized effectors from other species, which should not
be restricted to herbivores. Information of the interaction between bloodfeeding parasites and their mammalian hosts, for example, can be useful as
well. Due to their importance for human health, these interactions have
been studied for a longer period of time than plant-feeding parasites, and
convergent mechanisms of effectors are likely to exist (Guiguet et al.,
2016). However, spider mite saliva appears to contain several expanded protein families which do not share homology to other known proteins.
Furthermore, homology to functionally characterized proteins can give a
clue about the means of action, but the actual interaction partner or the
substrate molecule can be variable, as well as the outcome of the interaction or the resulting reaction product. As such, deriving the function of the
most interesting spider mite salivary proteins based on homology to other
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characterized proteins will be difficult. Alternatively, the function of proteins can be inferred by studying the nature of their interacting proteins. A
promising method to study these interactions, next to yeast two-hybrid, is
tandem affinity purification coupled to mass spectrometry (TAP-MS). This
technique allows the highly specific isolation of protein complexes, in this
case an effector and its target (or its cognate R gene product), under nearphysiological conditions (Van Leene et al., 2015). The stability of the interactions, however, determines the success of this technique. Another
approach may be to silence effector genes in spider mites via RNA interference (RNAi), and study the effect on the plant or on mite performance.
RNAi has indeed been used to study effector action in aphids, and analogous
techniques may be applicable to spider mites as well (Khila and Grbić 2007).
This may, however, be complicated by the expansion of many putative effector families that lead to effector redundancy.
While a plethora of proteins has been identified in spider mite saliva,
non-protein components may be present as well. Phytohormone-mimics, for
example, were suggested by Storms (1971). In the future, this can also be
studied using LC/MS analysis of mite secretions. Another use of the artificial diet may be to add host extracts, and to evaluate if this has an effect
on expression of specific salivary protein genes (e.g., by qPCR).
The proteomics approach of mite secretions (Chapter 3) proved to be
efficient for the identification of salivary proteins. With the genomes of T.
evansi and T. lintearius at hand, a logical next step would be to allow these
mite species to feed on the artificial diet and to analyze their secretions with
nano LC-MS/MS. Comparing these proteomes with the salivary proteome
of T. urticae could immediately lead to the identification of new interesting
effector candidates, without the need for further ‘cleanup’ procedures.
Indeed, the contaminating and irrelevant proteins (e.g., from cuticle, silk
and eggs) in the T. evansi and T. lintearius datasets are likely to be the same
as those in the T. urticae proteome. Therefore, proterosoma transcriptomes
for the two former species can considered to be facultative. Next to the
identification of new effector candidates, a comparative study would also
allow the identification of core/conserved spider mite effectors.
The study of effector action is complicated by the spider mite’s extensive detoxification pathways, potential interactions between effectors, effector redundancies and the effect of the host plant species or genotype.
Furthermore, functional validation methods such as transient expression of
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effectors are associated with several confounders such as defenses induced
by the infiltration of Agrobacteria (Pruss et al., 2008).
6.6. CONCLUSIONS
The characterization of the salivary proteome of T. urticae has provided the
scientific community with a foundation for a more detailed understanding
of the interaction between spider mites and their host plants. While the
function of the identified salivary proteins is still unknown, everything
goes to show that some of these proteins are involved in the host plant specialization process. As such, we can state that the salivary protein complement of T. urticae is key to this mite’s polyphagous nature.
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THE

S A L I VA RY P R O T E O M E O F

I T S P O LY P H AG O U S N AT U R E ?

TETRANYCHUS

URTICAE: K E Y TO

The two-spotted spider mite Tetranychus urticae (Acari: Tetranychidae) is an
extremely polyphagous herbivore. This tiny crop pest has been recorded on
over 1100 host plant species belonging to 140 different families, while herbivores are generally specialized in feeding on a limited number of hosts.
This is due to elaborate plant defenses, which may be diverse and lineagespecific and which subvert the performance of attackers (Chapter 1). Next
to the production of toxic components or the activation of a controlled cell
death, plants can produce alarm signals which attract the natural enemies
of the herbivore. Tetranychus urticae, however, appears to be capable to deal
with many of the plant secondary metabolites. The same mechanisms also
predisposed spider mites to develop resistance against several acaricides.
Detoxification mechanisms are not the only adaptation at the basis of the
broad host range of T. urticae. Indeed, it has been shown that spider mites
are able to interfere with plant defense activation. Such defense manipulation has also been described for pathogens, nematodes and herbivorous
insects and is mediated by so-called ‘effector’ proteins. These include all
proteins or small molecules which are secreted by pathogens or herbivores
and which alter the structure or function of the host cell. The aim of this
PhD study is to investigate the role of the salivary components of T.
urticae, notably effectors, during the interaction with its many host plants.
In Chapter 2, we predicted the effector composition of T. urticae and T.
evansi secretions using a strategy based on a bio-informatics pipeline, coupled to a gnathosoma-specific expression analysis (qPCR). Some of the
identified proteins indeed had an effect on the defense response of the host
plant and on spider mite performance.
In Chapter 3, the secreted saliva of T. urticae lines adapted to various
host plants was investigated using nano-LC-MS/MS (proteomics analysis).
The list of identified proteins was compared with RNAseq data of mite
proterosoma, which is the head region harboring the salivary glands. As
such, some contaminating proteins could be identified. The obtained list of
about 90 proteins comprises several putative digestive enzymes and, more
importantly, many proteins which do not show resemblance to other known
proteins. To verify the expression localization of some candidate salivary
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WimJonckheere-Summary_Vera-ch1.qxd 29/11/2017 16:23 Page 250

Summary
protein genes, whole-mount in situ hybridizations were performed. Most of
the tested genes were indeed expressed in the salivary glands, and a ‘division of labor’ between two different salivary gland types was evident. The
elucidation of the salivary protein repertoire can help in the development
of spider mite-resistant crops since they are critical for the identification of
plant resistance and susceptibility genes.
The proteomics analysis in Chapter 3 revealed that the production of
some salivary proteins is highly dependent on the host plant to which T.
urticae is adapted. This observation was further substantiated in Chapter 4
by complementing the host specific proteomics data with gene expression
data (micro-array) of the mite lines adapted to the different host plants. The
discovery of host-dependent expression of some salivary protein genes is an
important step in functional validation since effectors often have a highly specific mode of action. In addition, the occurrence of the identified T. urticae
salivary proteins in the proteomes of the related species T. evansi and T. lintearius was studied using an OrthoMCL analysis. These two mite species are
specialists on Solanaceae and Ulex respectively. By comparing the (predicted)
salivary protein composition of these three species with a highly different
number of potential hosts, we hoped to discover adaptations to polyphagy.
Tetranychus urticae secretions were again analyzed using nano-LCMS/MS, but this time the focus was on endogenous peptides present in the
saliva. One family of spider mite specific salivary proteins appeared to be of
high interest and was subjected to further research: the ‘Secreted HOstresponsive protein of Tetranychidae’ (SHOT) family. This family is
expanded in T. urticae, while homologs do not occur in other organisms
except for related spider mite species. In addition, the expression of some
SHOT members was highly dependent on the host plant on which T. urticae
had been feeding. Induction was noticeable within a few hours after host
plant transfer. This salivary protein family is discussed in Chapter 5, while
also their occurrence in other mite species was investigated and linked to
the host range of these species.
In Chapter 6, the findings from the other chapters are linked with each
other and discussed in the context of the biology of T. urticae. In addition,
the development of mite-resistant crops, using (modified) R and S genes, is
discussed.
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Samenvatting
HET

TETRANYCHUS
AARD?

S P E E K S E L P R O T E O O M VA N

S L E U T E L T O T Z ’ N P O LY FAG E

URTICAE:

De spintmijt Tetranychus urticae (Acari: Tetranychidae) is een extreem
polyfage herbivoor. Deze minuscule landbouwplaag werd reeds
waargenomen op zo’n 1100 verschillende planten, behorend tot wel 140
families. Over het algemeen zijn herbivoren aangepast aan een beperkt aantal plantensoorten. Dit komt doordat deze primaire producenten zich met
een gans arsenaal aan verdedigingsmechanismen verweren tegen belagers
(Hoofdstuk 1). Naast de productie van gifstoffen en het activeren van
gecontroleerde celdood kunnen ook alarmsignalen worden afgegeven door
de plant die natuurlijke vijanden van de herbivoor aantrekken. Tetranychus
urticae blijkt echter uitstekend in staat te zijn om diverse plantaardige gifstoffen onschadelijk te maken. Diezelfde mechanismen spelen ook een rol bij
het ontstaan van resistentie tegen synthetische gifstoffen, ingezet ter
bestrijding van de spintmijt (acariciden). Dat deze detoxificatie-mechanismen waarschijnlijk niet de enige aanpassing zijn die aan de basis liggen van
het brede gastheerspectrum van T. urticae blijkt uit het feit dat spintmijten
ook in staat zijn de afweerrespons van planten te onderdrukken. Met name
geïnjecteerde componenten uit het speeksel zouden hier verantwoordelijk
voor zijn. Het ondermijnen van de planten-afweerrespons wordt ook bij
pathogenen, nematoden en herbivore insecten teruggevonden. De componenten worden ‘effectoren’ genoemd, en omvatten alle eiwitten of kleine
moleculen die door pathogenen of herbivoren gesecreteerd worden en die
de functie of structuur van de gastheercel wijzigen. De centrale onderzoeksvraag van deze doctoraatsstudie luidt dan ook als volgt: ‘Welke rol
spelen de speekselcomponenten van T. urticae, in het bijzonder effectoren,
tijdens de interactie met de gastheerplanten?’.
In Hoofdstuk 2 voorspelden we effectoren van T. urticae en T. evansi aan
de hand van een strategie die gebaseerd is op een bio-informatica procedure
gekoppeld aan expressie analyses in geïsoleerde mijten-achterlijven
(qPCR). Enkele geïdentificeerde eiwitten bleken een effect te hebben op de
afweerrespons van de waardplant en op het reproductief succes van de
mijten die op de plant voeden.
In Hoofdstuk 3 werd het gesecreteerde speeksel van T. urticae lijnen,
aangepast aan verschillende planten, onderzocht door middel van nano-LC251
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MS/MS. De lijst met geïdentificeerde eiwitten werd vergeleken met
expressie-data van de kop-regio, die de speekselklieren bevat. Op deze
manier konden contaminerende eiwitten geïdentificeerd worden. De lijst,
die een 90-tal eiwitten omvat, bevat verschillende vermoedelijke verteringsen detoxificatie-enzymen, en bestaat verder hoofdzakelijk uit eiwitten
waarover niets geweten is. Vervolgens werd de plaats van expressie van
enkele genen coderend voor kandidaat-speekseleiwitten bepaald aan de
hand van in situ hybridisaties. Het merendeel van de geteste genen bleek
inderdaad in de speekselklieren tot expressie te komen, en een functieverdeling tussen twee types speekselklieren werd waargenomen. Het
beschikbaar stellen van de lijst van speekseleiwitten kan op termijn aanleiding geven tot de ontwikkeling van resistente gewassen vermits hiermee
sleutelelementen in de afweer van planten blootgelegd kunnen worden.
Uit de analyses in Hoofstuk 3 kon worden waargenomen dat de productie van sommige speekseleiwitten sterk afhankelijk is van de gastheerplant
waaraan T. urticae is aangepast. Dit werd in Hoofdstuk 4 verder statistisch
onderbouwd en bevestigd door expressiedata (micro-array) van de mijten
aangepast aan de verschillende planten. De ontdekking van de gastheerafhankelijke expressie van sommige genen coderend voor speekseleiwitten
is een eerste stap richting functionele validatie aangezien effectoren vaak
een zeer specifieke werking hebben. Verder werd de speekselsamenstelling
van de nauw verwante soorten T. evansi, specialist op Solanaceae, en T. lintearius, specialist op Ulex, voorspeld aan de hand van de geïdentificeerde T.
urticae eiwitten (OrthoMCL analyse). Door de speekselsamenstelling van
deze mijten met een sterk verschillende gastheerspectrum te vergelijken
konden we adaptaties aan polyfagie waarnemen.
Het speeksel van T. urticae werd opnieuw geanalyseerd met nano-LCMS/MS, maar deze keer lag de focus op endogene peptiden. Eén familie van
spintmijt speekseleiwitten bleek uitermate interessant voor verder onderzoek: de ‘Secreted HOst-responsive protein of Tetranychidae’ (SHOT) familie. Deze familie blijkt namelijk sterk geëxpandeerd te zijn in T. urticae, terwijl gelijkaardige eiwitten bij geen enkel ander organisme voorkomen, met
uitzondering van verwante spintmijtensoorten. Bovendien was de expressie
van sommige van de SHOT leden sterk afhankelijk van de gastheerplant
waarmee T. urticae zich voedt. Een extreme inductie na bepaalde gastheertransfers was reeds binnen enkele uren duidelijk waarneembaar. Deze familie werd in Hoofdstuk 5 besproken, terwijl ook het voorkomen van SHOT
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eiwitten in verwante spintmijten onderzocht werd. Ook hier kwam een
duidelijke link met het gastheer-repertoire naar voren.
In Hoofdstuk 6 worden de bevindingen uit het onderzoek met elkaar
gelinkt en gezamenlijk geïnterpreteerd vanuit de levenswijze van T. urticae.
Tevens wordt het ontwikkelen van spintmijt-resistente gewassen, gebruik
makend van (gemodificeerde) R en S genen besproken.
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