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Plant-herbivore interactions evolved over long periods of time,
resulting in an elaborate arms race between interacting species.
While specialist herbivores evolved specific strategies to cope
with the defenses of a limited number of hosts, our understanding
of how generalist herbivores deal with the defenses of a plethora
of diverse host plants is largely unknown. Understanding the
interaction between a plant host and a generalist herbivore
requires an understanding of the plant’s mechanisms aimed
at defending itself and the herbivore’s mechanisms intended to
counteract diverse defenses. In this review, we use the two-spotted
spider mite (TSSM), Tetranychus urticae (Koch) as an example of
a generalist herbivore, as this chelicerate pest has a staggering
number of plant hosts. We first establish that the ability of TSSM
to adapt to marginal hosts underlies its polyphagy and agricul-
tural pest status. We then highlight our understanding of direct
plant defenses against spider mite herbivory and review recent
advances in uncovering mechanisms of spider mite adaptations to
them. Finally, we discuss the adaptation process itself, as it allows
TSSM to overcome initially effective plant defenses. A high-
quality genome sequence and developing genetic tools, coupled
with an ease of mite experimental selection to new hosts, make
TSSM an outstanding system to study the evolution of host range,
mechanisms of pest xenobiotic resistance and plant-herbivore
interactions. In addition, knowledge of plant defense mechanisms
that affect mite fitness are of practical importance, as it can lead
to development of new control strategies against this important
agricultural pest. In parallel, understanding mechanisms of mite
counter adaptations to these defenses is required to maintain the
efficacy of these control strategies in agricultural practices.

The interactions between herbivores and their plant hosts result
from an elaborate evolutionary interplay. For millions of years,
plants have developed strategies to deter attackers and reduce pest
fitness as a defense against herbivory, while herbivores have
evolved mechanisms to overcome plant defenses. Plant defenses

are versatile and efficiently deter herbivory of most arthropod
species. The interaction between a plant and a herbivore is defined
as incompatible when plant constitutive defenses prevent pest
attack or attack occurs but the plant recognizes the pest or its ef-
fectors and induces defenses. This leads to plant resistance and the
plant is defined as a nonhost plant. In contrast, a compatible in-
teraction occurs when the pest is either not detected by the plant or
the pest is detected but has evolved the ability to avoid or overcome
plant defenses. Under these circumstances, plant defenses are
ineffective and the pest can successfully develop and reproduce.
Such interaction leads to plant susceptibility and the plant is
considered a suitable host for the particular herbivore, Figure 1A.
Herbivores can be classified, based on their host-range spe-

cialization, into specialists (feeding on one or a few plant species
within the same genus), oligophagous herbivores (feeding on
several plant species, typically belonging to the same family), and
generalists (feeding on many hosts belonging to different plant
families) (Barrett and Heil 2012; Bernays and Graham 1988;
Futuyma and Gould 1979). On the generalist end of the spectrum
is the chelicerate herbivorous pest Tetranychus urticae (Koch) or
the two-spotted spider mite (TSSM), which feeds on over 1,100
plant species (including more than 150 crops) that belong to more
than 140 different families (Migeon and Dorkeld 2010). Its wide
host range, easy laboratory maintenance, short life cycle, and
ability to feed on plant model species (e.g., Arabidopsis and to-
mato), combined with recently developed TSSM genomic and
genetic tools (Grbic et al. 2011; Kwon et al. 2013; Suzuki et al.
2017a; Van Leeuwen et al. 2012), makes TSSM an excellent model
for studies aimed at the identification of molecular mechanisms
underlying the evolution of herbivore host range, plant-herbivore
interactions, and mechanisms of pest xenobiotic resistance.
TSSM’s capacity to feed on a wide range of hosts that utilize

diverse defenses to fend off herbivory implies that TSSM has
evolved an extraordinary ability to evade a great heterogeneity of
defense traits associated with potential hosts. Congruent with
TSSM’s ability to overcome a range of plant defenses is the ex-
pansion of gene families that encode proteins implicated in the
digestion, detoxification, and transport of xenobiotics (Grbic et al.
2011). Besides gene families that are conserved across arthro-
pods, TSSM has also acquired new classes of the detoxification
genes through horizontal gene transfers. For example, the TSSM
genome harbors a family of intradiol ring cleavage dioxygenases
that may enable them to metabolize aromatic compounds fre-
quently found in phytochemicals (Grbic et al. 2011) and a cyanate
lyase that allows mites to feed on cyanogenic plants (Wybouw
et al. 2014). As members of these gene families are expressed
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in adult and immature developmental stages under various condi-
tions and plant hosts (Grbic et al. 2011; Sterck et al. 2012), individual
TSSM populations might be able to performwell across all potential
hosts and realize the full complement of the species host range.
However, it has also been shown that individual TSSM pop-

ulations do not perform equally well on all potential hosts (Fellous
et al. 2014; Gotoh et al. 1993; Navajas 1999). An example of the
differential performance of locally adapted populations is shown
for TSSM field populations collected from citrus, oleander, and
tomato (Fellous et al. 2014). In this particular case, tomato pop-
ulations were able to develop only on tomato plants (of the three
plant hosts tested). However, citrus populations performed well on
both citrus and tomato but not on oleander, while oleander pop-
ulations performed similarly well on all three hosts tested, in-
dicating that local TSSM populations have different performances
on different plant hosts and that adaptation to one host may si-
multaneously adapt them to some other hosts as well.

Even though individual TSSM populations may have a narrow
spectra of hosts relative to the species-wide complement, experi-
mental selection demonstrated that TSSM can adapt to novel hosts
upon host shift (Agrawal 2000; Agrawal et al. 2002; Fry 1989;
Magalhães et al. 2009; Wybouw et al. 2015). In these experiments,
mites initially showed low preference or acceptability of the new
plant hosts and had low performance on them, reflecting the effi-
ciency of one or both the plant’s constitutive and induced defenses
to deter TSSM herbivory. However, over time (i.e., five to 25
generations), host acceptance and mite performance gradually im-
proved (Fig. 1B). Experimental selection studies performed under
controlled laboratory conditions that are void of complex ecological
interactions (e.g., coexistence of plant species, competitors, and
predators) can uncover the physiological basis of TSSM host ad-
aptations that are based on TSSM’s resistance to the originally
effective plant defenses and exclude adaptation processes that de-
pend on, for example, host-finding behavior or predator avoidance.

Fig. 1. Interactions between the two-spotted spider mite (Tetranychus urticae) (TSSM) and plant hosts (tomato, Arabidopsis, and grapevine). A, Plant–T.
urticae interactions are described by the continuum in the compatibility that ranges from the incompatible interactions, characterized by plant resistance and
low TSSM fitness, to compatible interactions, characterized by plant susceptibility and high TSSM fitness. Plant damage resulting from the incompatible
plant–T. urticae interactions is shown on the left and from the compatible interaction on the right. B and C, Compatibility of plant–T. urticae interactions
depends on the TSSM host-adaptation state and the ability of plants to mount the jasmonate defenses. B, Plants are resistant to host-nonadapted TSSM strains.
Continuous exposure of TSSM to such a marginal host can lead to TSSM host adaptation. In such cases, TSSM populations gain the ability to use initially
unfavorable hosts. Host-adapted mites have increased performance that is comparable to the performance of nonadapted mites on plants that lack jasmonic acid
(JA) defenses. C, Defenseless plants that lack JA or its signaling (coi1/aos) establish a compatible TSSM-plant interaction even with host-nonadapted mite
strains. On the opposite end, plants with the constitutive JA signaling (35S:PS; tomato) and plants with the constitutive overexpression of defensive compounds
regulated by JA (atr1D; Arabidopsis) show resistance to herbivory of most TSSM strains. At the extreme end of the incompatibility spectrum are nonhost plants
that are resistant to all TSSM populations. The placement of lines on the compatibility axis in B and C is approximate; its positioning can slide toward either
end of the axis in different TSSM strains and plant genotypes.
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One aspect of understanding TSSM’s extreme polyphagy is an
understanding of mechanisms underlying the adaptability of in-
dividual TSSM populations to novel plant hosts. In addition, as
only host-adapted TSSM populations cause substantial damage
that significantly and negatively affects the fitness of their respective
hosts (Fig. 1), adaptability is also the basis of TSSM’s agricultural
pest status. In this review, we highlight and discuss our current
understanding of the molecular physiology of TSSM-plant in-
teractions that underlie different stages in TSSM host adaptation
process. Since mites adapt to plant defenses that initially restrict
their performance, we first review our current knowledge of plant
defenses aimed to deter TSSM herbivory. Then, since TSSM pop-
ulations gain the ability to overcome these plant defenses, in the
second part of this review, we discuss strategies evolved in mites
to bypass plant defenses. Finally, we discuss potential molecular
mechanisms of the adaptation process itself, as they ultimately
underlie the mite’s ability to feed on many host plants.

PLANT DEFENSES
AGAINST SPIDER MITE HERBIVORY

To understand TSSM adaptation to its plant hosts, it is important
to identify factors that initially restrict fitness of host-nonadapted
TSSM populations. Here, we review direct plant defenses against
the TSSM, as they are major contributors to the incompatibility
observed between nonadapted TSSM populations and their po-
tential hosts under both field and laboratory conditions.
Constitutive defenses, including both physical and chemical

barriers, are potent deterrents of TSSM herbivory. TSSM feed
from the cell content of individual mesophyll cells and use
cheliceral stylets to reach them. During feeding, stylets trans-
verse the leaf epidermis without damaging it, either in between
epidermal pavement cells (Fig. 2A) or through stomatal open-
ings (Fig. 2B) (Bensoussan et al. 2016)). Thick cuticle or wax
depositions on the leaf surface of some of the plant hosts are
physical barriers that impede the ability of mites to penetrate
their stylets past the epidermis and into the leaf mesophyll (Fig.
2A). In such cases, mites may exclusively depend on stomatal
openings to reach the inner leaf cellular layers with their stylets,
as shown for some Tetranychidae and Tenuipalpidae mites (Beard
et al. 2012; Marriott et al. 2013). However, additional deposits
at and around stomatal openings, e.g., in dwarf palmetto Sabal
minor (Jacq.), prevent mite feeding, rendering such plants non-
hosts (Beard et al. 2012). Apart from physical barriers, plant
metabolites that are either toxic, repellent, or both to TSSM can
also confer high levels of constitutive resistance. Acylsugars
(Resende et al. 2002; Salinas et al. 2013), methyl ketones
(Antonious et al. 2014; Chatzivasileiadis and Sabelis 1997), and
terpenoids (Bleeker et al. 2012) that accumulate in trichomes of
wild tomato relatives contribute to their resistance against TSSM.
These metabolites have either been lost (Bleeker et al. 2012), are
present at lower levels (Williams et al. 1980), or have a narrower
range (Ghosh et al. 2014) in domesticated tomato. Thus, current
breeding efforts focus on the restoration of their biosynthesis in
elite tomato genotypes (Bleeker et al. 2012; Fan et al. 2016). In
addition, phenolic compounds, e.g., in chrysanthemum (Kielkiewicz
and van de Vrie 1990; Kos et al. 2014), terpenoids, e.g., in
cucumber and citrus (Agut et al. 2015; Balkema-Boomstra et al.
2003), and flavonoids, e.g., in citrus (Agut et al. 2014) correlate
with cultivar resistance to TSSM. Constitutive defenses may
render plants nonacceptable. In such cases, TSSM readily disperse
in search of more favorable hosts without causing damage on the
resistant plant host (Diaz-Riquelme et al. 2016).
If constitutive defenses fail to deter TSSM, they start to feed.

However, mite feeding induces plant responses that can negatively
impact TSSM performance, leading to plant resistance. These re-
sponses are triggered by the recognition of molecules that are

either characteristic of the herbivore (herbivore associated mo-
lecular patterns [HAMPs] [Mithofer and Boland 2008]) or plant
damage that is associated with herbivore feeding (damage asso-
ciated molecular patterns [DAMPs] [Boller and Felix 2009]). At
present, the elicitors of plant responses to TSSM herbivory are not
known. However, mites have a unique feeding pattern that differ-
entiates them from other cell content–feeding arthropods, such as
thrips, or phloem feeders, e.g., aphids. While thrips use mandibles
for leaf penetration and stylets to subsequently suck the released
cell content (Abe et al. 2008; Kindt et al. 2003; Walling 2000),
mites and phloem feeders (e.g., aphids and white flies) insert stylets
directly into individual cells they feed from. However, phloem
feeders feed for prolonged periods of time from cells that remain
alive (Walling 2008), while mites empty the content of the cell they
feed on within 10 to 30 min (Fig. 2B and C) (Bensoussan et al.
2016). As cells that mites feed from die, most likely the surrounding
cells generate the response to the HAMPs and DAMPs released
during TSSM feeding (Fig. 2C). It is hypothesized that cellular
content ingested by mites undergoes preoral digestion and liq-
uefaction, potentially generating breakdown products of plant
compounds that can act as elicitors, as shown for proteolytic
products of the plant chloroplastic ATP synthase g-subunit found in
Spodoptera frugiperda (fall armyworm) oral secretions (Schmelz
et al. 2006). In addition, TSSM feeding causes a fragmentation of
cellular membranes that allows leakage of cytoplasmic content into
the apoplast (Tanigoshi and Davis 1978). Apart from potential
elicitors deposited at the feeding site, TSSM excrete enzymatically
active feces and synthesize and deposit silk on the leaf surface (Fig.
2D) (Santamaŕıa et al. 2015), both of which might be a rich source
of potential elicitors. Furthermore, TSSM salivary secretions could
contribute additional elicitors of plant responses (Jonckheere et al.
2016; Villarroel et al. 2016).
The receptors for TSSM-associated HAMPs and DAMPs

have not yet been identified. Intriguingly, homologs of LYSM-
CONTAINING RECEPTOR-LIKE KINASE 4 (LYK4), shown
to be involved in chitin-triggered signaling in Arabidopsis
(Wan et al. 2012), are induced by TSSM herbivory across plant
species (Diaz-Riquelme et al. 2016), leading to the hypothesis that
chitin present in the arthropod exoskeleton may be one of the
elicitors of plant defense responses. Transduction of TSSM-
triggered signaling in plant tissues is largely unknown as well.
However, it appears to be shared with other biotic stressors. For
example, Arabidopsis Ser/Thr phosphatase of type 2C (AP2C1)
and Mite Attack Triggered Immunity (MATI) are regulators that
affect plant responses not only induced by TSSM but also by the
necrotrophic pathogen Botrytis cinerea and the chewing lepidop-
teran Spodoptera exigua, respectively (Santamarı́a et al. 2017a;
Schweighofer et al. 2007). Besides locally induced plant responses
that occur at the feeding site, the perception of TSSM feeding is
also transmitted to distal plant tissues to trigger systemic responses
that prepare undamaged tissues against a secondary TSSM attack.
It was recently shown that glutamic acid and other means of
communication between roots and shoot are important for the
establishment of systemic defense against TSSM in citrus (Agut
et al. 2016). In addition, it has been demonstrated that T. urticae–
induced volatiles can induce resistance in neighboring plants, ac-
counting for plant to plant induction of citrus defenses against
mite herbivory (Agut et al. 2015).
Jasmonic acid (JA) is a principal and conserved regulator of

induced plant defenses triggered by a wide array of herbivores,
such as thrips (Abe et al. 2008, 2009; Li et al. 2002), aphids (Ellis
et al. 2002; Koramutla et al. 2014), whiteflies (Zarate et al. 2007;
Zhang et al. 2009), caterpillars (Yang et al. 2015; Zheng et al.
2007), and spider mites (Ament et al. 2004; Li et al. 2002, 2004a;
Schweighofer et al. 2007; Zhurov et al. 2014). JA levels tightly
correlate with the degree of plant resistance to TSSM herbiv-
ory, such that plants with constitutive JA-mediated responses
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(e.g., the Arabidopsis atr1D mutant that overaccumulates indole
glucosinolates [Bender and Fink 1998] or tomato 35S:PS transgenic
plants that overaccumulate the prosystemin gene product and exhibit
a constitutively activated JA signaling pathway [Chen et al. 2006;
Kandoth et al. 2007]) are more resistant to bean-maintained TSSM
populations, relative to their correspondingwild-type plants (Fig. 1C)
(Li et al. 2002; Zhurov et al. 2014). Conversely, plants that lack the
ability to synthesize JA or to transmit JA-signaling (e.g., aos/coi1/def-1)

are susceptible to these mite populations (Fig. 1C) (Ament et al.
2004; Howe et al. 1996; Li et al. 2004a; Park et al. 2002). JAwas
shown to interact with other plant hormones to regulate plant de-
fenses. These interactions allow diversification of plant-induced
defenses and their integration with other stresses and developmental
cues. In particular, salicylic acid (SA), ethylene, and abscisic acid
have been shown to modulate JA-induced defenses in response to
herbivory (Erb et al. 2012; Verhage et al. 2011; Vos et al. 2013).
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SA- and JA-mediated responses are antagonistic in many plant-
herbivore interactions. In particular, phloem feeders induce the
SA-responses that, in turn, suppress the effective JA-regulated
plant defenses (Walling 2008), aphids (Coppola et al. 2013; De
Vos et al. 2005; Giordanengo et al. 2010), and whitefly (Kempema
et al. 2007; Zarate et al. 2007). However, even during an in-
compatible interaction with its host, TSSM induces the accu-
mulation of both JA and SA in tomato (Alba et al. 2015; Ament
et al. 2004, 2010; Glas et al. 2014; Kant et al. 2004, 2008;
Martel et al. 2015), Arabidopsis (Zhurov et al. 2014), and
citrus (Agut et al. 2014). In this context, SA does not antagonize
JA responses. Rather, SA responses contribute to defenses against
TSSM in tomato (Alba et al. 2015; Ament et al. 2004) but not
significantly in Arabidopsis (Zhurov et al. 2014) or citrus (Agut et al.
2014). Interestingly, the antagonism between SA- and JA-
signaling pathways has been implicated in the regulation of
indirect plant defenses against TSSM in bean (Wei et al. 2014),
indicating that the interaction between these hormones is plant
species–dependent and can differentially affect different responses.
The differential contribution of plant hormones to the induction

of plant defenses in different plant hosts parallels the remarkable
plant-host specificity of defense compounds. For example, Arab-
idopsis, tomato, and grapevine responses to feeding of the TSSM
reference “London” strain shared only 36 one-to-one orthologous
genes (Diaz-Riquelme et al. 2016). Arabidopsis defenses rely
mostly on indole glucosinolates (IGs), secondary metabolites
whose levels increase upon TSSM herbivory (Zhurov et al. 2014),
due to the induced expression of their biosynthetic genes regulated
by JA (Brader et al. 2001). On the other hand, TSSM feeding induces
the expression of phenylpropanoid, flavonoid, and terpenoid bio-
synthetic genes, as well as a wide range of antinutritive enzymes
(e.g., proteinase inhibitors [PI], amino acid catabolizing enzymes,
polyphenol oxidases) in tomato (Kant et al. 2004;Martel et al. 2015).
Even though the PI gene families are present in both tomato and
Arabidopsis, PI genes are recruited for defense in tomato but not in
Arabidopsis. PI genes induced by TSSM feeding belong to tomato-
specific members within the PI expanded family that have acquired
transcriptional regulation by JA. Conversely, PI family members
with clear orthology between tomato and Arabidopsis were not
regulated by JA and were not induced by TSSM feeding (Martel
et al. 2015). Thus, expansion within a family of plant proteins and
acquisition of the regulation of their expression by JA, contributed to
the establishment of host-specific induced responses to herbivory.
In most cases, host defense compounds that restrict mite her-

bivory are unknown. At present, it is not clear if PI and other

antinutritive enzymes contribute to tomato resistance to TSSM.
For example, leucine aminopeptidase (Gu et al. 1999), threonine
deaminase (Chen et al. 2007), and arginase (Chen et al. 2004) were
shown to function only in an alkaline pH range (characteristic of
lepidopteran midgut), with little or no activity at pH values below
6.0. As such, they are ineffective against pests with the acidic guts,
e.g., the Colorado potato beetle (Felton et al. 1992; Gonzales-Vigil
et al. 2011) and probably T. urticae (Carrillo et al. 2011; Erban and
Hubert 2010). Likewise, specific plant metabolites that are toxic to
TSSM are known only for a limited number of hosts. Among these
are cucurbitacin-c from cucumber (Agrawal 2000; Da Costa and
Jones 1971), O-dimethylallyleugenol from Japanese star anise
(Illicium anisatum) (Koeduka et al. 2014), 7-epizingiberene from
S. habrochaites (Bleeker et al. 2012), synthetic and natural acyl
sugars (Puterka et al. 2003), methyl ketones (2-tridecanone and
2-undecanone) from (wild) tomato (Chatzivasileiadis and Sabelis
1997), and indole glucosinolates from Arabidopsis (Zhurov et al.
2014). Even when such phytochemicals have been identified, their
TSSM targets remain elusive. The identification of defense com-
pounds with acaricidal activity requires functional analysis of
individual candidate host defense metabolites and proteins. Rec-
ognition of their targets and determination of their mode of action
as well as their potential modifications in TSSM gut upon in-
gestion will greatly facilitate the understanding of mechanisms of
plant resistance as well as mechanisms used by the host-adapted
TSSM populations to render them inefficient.

TSSM COUNTER-ADAPTATIONS
TO PLANT DEFENSES

The improved reproductive performance of TSSM on initially
incompatible hosts indicates that host-adapted mites are able to
overcome plant defenses. Several mechanisms can lead to in-
creased herbivore performance on a particular plant host, of which
manipulation of host induced responses and biochemical adapta-
tions or detoxification have been described for TSSM.

Manipulation of host defense physiology.
In certain cases of compatible TSSM-plant interactions, plant

responses can be profoundly affected by the herbivore. For
example, tomato-adapted TSSM populations (Alba et al. 2015;
Kant et al. 2008; Wybouw et al. 2015; Xémenez-Embún et al.
2017) and mites specialized on Solanaceous crops (Tetranychus
evansi [Baker & Pritchard] [Sarmento et al. 2011; Alba et al.
2015] and Aculops lycopersici [Massee] [Glas et al. 2014])

Fig. 2. Cellular and molecular aspects of plant–Tetranychus urticae interactions. A, Summary schematics depicting potential determinants of plant–T. urticae
interactions. The two-spotted spider mite (TSSM) feeds from the content of leaf mesophyll cells (dark green: palisade mesophyll; light green: spongy mesophyll). Stylet
(red thin line) crosses the epidermal leaf layer (in light blue) either in between the pavement cells (as shown) or through the stomatal opening (stomatal guard cells are
shown in the lower epidermis as two pink cells belowwhich the cuticule [red line] is disrupted). The TSSMdelivers potential elicitors and effectors into the plant tissue via
the stylet. Egg oviposition fluid, silk, and fecesmight be additional sources of TSSM elicitors and effectors. Plants use constitutive defenses, physical barriers (cuticle), and
phytochemicals (frequently deposited in trichomes [shown in yellow]), to fend TSSMherbivory. In addition, mite feeding elicits plant-induced responses that may result in
the synthesis of defense compounds that are either toxic to mites or decrease the mite’s ability to utilize plant nutrients. The TSSM uses various classes of proteins (e.g.,
effectors and detoxification enzymes) to decrease the efficiency of plant defense compounds. B, Composite of the scanning electron microscopy (SEM) image of spider
mite feeding on a bean leaf and cross-section of a leaf, capturing feeding site with damaged and consumed cells (red asterisk) and part of the spider mite stylet (red
arrowhead). The stylet penetrated the leaf epidermis through the stomatal opening.C,Bright field optical section of trypan blue–stained leaf after spider mite feeding (left
panel). Spider mite feeding results in a death of the single mesophyll cell, which stains blue in these preparations (red arrowhead). The content of the feeding cell is
removed, also seen in the labeled cells in B. The right panel shows a schematic of the spider mite feeding site. The cell TSSM fed on is shown in white, with fragmented
plasma membrane. Expected damage- and herbivore-associated molecular patterns (DAMPs and HAMPs) are shown as blue and black dots, respectively, while putative
TSSM effectors are shown in red. These molecules are expected within the damaged feeding cell and in the apoplast surrounding it, in which they may diffuse. Cells that
directly respond to these DAMPs and HAMPs trigger local responses and are shown in pink. Cells surrounding the feeding site and not directly exposed to DAMPs and
HAMPs (light green) mount the systemic response. The model predicts that some TSSM effectors (red dots) are internalized by cells surrounding the cell TSSM fed on.
These effectors may modulate plant transcriptional response to TSSM feeding.D, Potential TSSM-HAMPs. Enzymatically active feces (red arrowhead), developing eggs
(yellow arrowhead) on the surface of the leaf (on the left panel), and extensive silk deposits (red arrowhead) of TSSM-infested bean plant (on the right panel).E,Gene set
enrichment analysis shows that a tomato-adapted TSSM population is capable of attenuating transcriptome-wide plant responses that are detectable in plants subjected to
herbivory by nonadapted spider mite population. F, SEM image of mouth parts and frontal part of spider mite prosoma (left), next to the confocal image showing the
expression of putative secreted protein in the salivary gland of a spider mite (cyan) and autofluorescence of spider mite cuticle (magenta) (right). Putative secreted protein
may act as an effector or an elicitor that is deposited by TSSM at the feeding site.G, Expansion of xenobiotic sensing receptors gene family and gene families involved in
digestion, detoxification, and molecular transport in TSSM genome. Gene number ratio shown is relative to Drosophila melanogaster (TSSM: Drosophila).
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can attenuate plant-induced responses relative to those induced
by the nonadapted mites. An example of such attenuated tomato-
induced response to feeding of tomato-adapted TSSM populations
is shown in Figure 2E (Wybouw et al. 2015). Even though these
attenuated responses were associated with plant susceptibility,
their direct contribution to the TSSM adaptive state has not yet
been functionally demonstrated.
TSSM (Jonckheere et al. 2016; Villarroel et al. 2016), like

other herbivores (Felton et al. 2014; Hogenhout and Bos 2011;
Kaloshian and Walling 2016), phloem-feeders (Bos et al. 2010;
Elzinga et al. 2014; Furch et al. 2015; Will et al. 2013), lepi-
dopteran herbivores (Consales et al. 2012; Dafoe et al. 2013
Schmelz et al. 2012; Wu et al. 2012), and hessian fly (Williams
et al. 2011; Zhao et al. 2015), are able to secrete molecules that
affect their interaction with host plants. In silico predictions,
analysis of prosoma-enriched transcripts and peptidomic anal-
ysis of compounds secreted into an artificial diet led to a sys-
tematic analysis of the TSSM secretome (Jonckheere et al. 2016;
Villarroel et al. 2016). TSSM secreted proteins are produced in
TSSM secretory glands (Fig. 2F) (Jonckheere et al. 2016;
Villarroel et al. 2016) and are presumably deposited to the plant
tissue via the stylet during feeding. The ectopic expression of a
few of the identified TSSM and T. evansi proteins in Nicotiana
benthamiana resulted in the suppression of SA- and JA-regulated
defenses and increased mite performance, consistent with the
possibility that some of these candidate proteins act as effectors
(Schimmel et al. 2017; Villarroel et al. 2016). Deciphering the
biochemical activities of TSSM secreted proteins will be critical
for the understanding of mechanisms of TSSM host adaptation.
Future research should aim at addressing the following ques-
tions: What are the host targets of TSSM effectors? Where are
they localized (given that TSSM kills the cell it feeds from)?
What is the function of host targets in the establishment of plant
defenses? Are host targets conserved across TSSM plant hosts?
How do TSSM secreted proteins reprogram host defenses?
Besides herbivore-encoded secreted proteins, proteins orig-

inating from herbivore-associated microbes have also been
identified in the blend of molecules responsible for modulating
plant responses (Chaudhary et al. 2014; Chung et al. 2013a
and b; Elzinga and Jander 2013; Guo et al. 2013; Ray et al.
2016). Bacterial species from genera Wolbachia, Cardinium,
Spiroplasma, and Rickettsia are commonly associated with the
TSSM. They affect mite reproductive development (Breeuwer
1997; Enigl and Schausberger 2007; Gotoh et al. 2003, 2007;
Weinert et al. 2009), but their ability to modulate plant-induced
responses and mite performance has been only recently pos-
tulated (Staudacher et al. 2017). In addition, some mite spe-
cies, e.g., false spider mites of the genus Brevipalpus (Acari),
transmit viruses that attenuate mite-induced plant defenses, re-
sulting in increased mite performance and greater virus trans-
missibility (Arena et al. 2016). While the current focus of the
search for TSSM effectors lies in the analysis of oral secretions,
TSSM excrete enzymatically active feces (Santamarı́a et al.
2015) that could be an additional source of elicitors or effectors,
as demonstrated in the fall armyworm (Ray et al. 2015, 2016).

Detoxification of plant defense compounds
and metabolic resistance.
In addition to manipulating levels of defense compounds in

planta, herbivores overcome plant compound toxicity through
excretion, sequestration, or detoxification, singly or in combi-
nation, as well as target-site mutations, through processes termed
‘metabolic resistance.’ While excretion, sequestration, and target-
site mutation were shown to underlie host adaptation in specialist
herbivore populations (Dobler et al. 2012; Pentzold et al. 2014,
2015), detoxification of plant metabolites has been proposed to
be the prevailing mechanism of host adaptation in generalist

herbivores (Heidel-Fischer and Vogel 2015; Li et al. 2000;
Wybouw et al. 2014). Carboxyl/cholinesterases, cytochrome P450
monooxygenases (P450s), glutathione-S-transferases, and UDP-
glycosyltransferases (UGTs) are expected to be the major enzymes
contributing to the detoxification of plant defense compounds.
Analysis of the TSSM genome revealed lineage-specific expan-
sions in all gene families encoding enzymes involved in xenobiotic
detoxification (Fig. 2G) (Grbic et al. 2011), however, their direct
involvement in TSSM host adaptation awaits functional analysis.
In general, metabolic resistance can result from two main

mechanisms: i) the overexpression of genes encoding enzymes that
can metabolize (modify, degrade, or detoxify) plant toxins, and ii)
allelic variation in the gene-coding region of the detoxification en-
zymes that generate allozymes with increased metabolic efficiency.
Neither of these twomechanisms have been demonstrated in TSSM
host adaptation. However, in the adaptation of the polyphagous
aphid Myzus persicae (Myzus persicae nicotianae) to tobacco,
it has been shown that a dinucleotide expansion within the pro-
moter region and gene amplification (up to 50-fold increase in the
copy number) leads to the overexpression of the cytochrome P450
CYP6CY3 to a level that efficiently detoxifies nicotine (Bass et al.
2013). Induced expression of detoxification genes upon host change
has been well documented in TSSM (Grbic et al. 2011; Wybouw
et al. 2015; Zhurov et al. 2014). In particular, analysis of the tran-
scriptional response of TSSM to Arabidopsis and its associated IGs
identified 40 genes with dose-dependent expression levels cor-
related with levels of IGs (Zhurov et al. 2014). Half of the IG-
responsive genes encoded P450s and UGTs. Upregulation of these
detoxification enzymes is consistent with the possibility that IGs are
detoxified by the oxidation-conjugation reactions performed by
P450s and glycosyltransferases, respectively. However, the ability of
these enzymes to metabolize IGs is, at present, not known.
Besides their overexpression, an alteration in the primary

sequence of detoxification genes is another mechanism that can
lead to metabolic resistance and host adaptation by a herbivore.
For example, Mao et al. (2007) showed the existence of an in-
traspecific sequence variation at the CYP6AB3 locus in the parsnip
webworm (Depressaria pastinacella) that allowed the formation of
local parsnip webworm populations that match the furanocoumarin
content of their plant hosts. The structural, sequence, and copy
number variation in genes involved in xenobiotic stress have not
been assessed across different TSSM local populations. However, a
high-quality TSSM genome sequence and its small size make se-
quence analysis of host-adapted TSSM populations feasible. Link-
ing potential structural and allelic variations to host adaptation will
then be possible through genetic crosses and subsequent experi-
mental selection on different hosts. In cases in which one or more
defense compounds may be known, a functional characterization of
metabolic capabilities and substrate specificities of different allo-
zymes would determine their contribution to host adaptation.

The TSSM dilemma: manipulate host defenses
or detoxify?
The relative importance of the manipulation of host defense

physiology and detoxification in TSSM-plant interactions has
not been experimentally addressed. At present, it is unclear
whether and how host chemistry affects the mechanism of
TSSM adaptation. One could hypothesize that plant hosts with a
single defense metabolite impose similar xenobiotic stress as
pesticides, and thus, TSSM adaptation to such hosts might
mirror mechanisms underlying pesticide resistance detoxification
of a xenobiotic compound. Conversely, manipulation of host de-
fenses that results in the attenuation of plant-induced responses
may be more efficient in reducing the toxicity imposed by the
proteinaceous defense compounds (e.g., antinutritive enzymes
that have multiple or unspecific targets) or when multiple com-
pounds act to restrict TSSM performance. While detoxification as
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a mechanism of adaptation can be efficient against both consti-
tutive and induced plant defenses, host manipulation has, so far,
only been described in the context of the induced plant responses.
Whether host-adapted TSSM populations use both mechanisms

simultaneously to counteract plant defenses or they are mutually
exclusive remains to be determined. Likewise, it is not clear if a
TSSM population that uses one mechanism of host adaptation can
switch to another upon host change. Elucidation of the significance
of TSSM host-adaptation mechanisms necessitates simultaneous
characterization of both manipulative and detoxifying capabilities
of TSSMpopulationswhile feeding on plant hosts they are adapted
to. However, such correlative analysis requires functional scrutiny
of these two capabilities to establish their requirement for the
TSSM adaptive evolution to a specific host.

MECHANISMS OF ADAPTATION

The ability of TSSM to establish populations on initially
unfavorable hosts has been demonstrated in numerous eco-
logical studies. However, with the advancement of genetic and
genomic tools established for TSSM (Grbic et al. 2011; Kwon
et al. 2015; Suzuki et al. 2017b; Van Leeuwen et al. 2012), it is
now possible to investigate the molecular basis of TSSM adapt-
ability to xenobiotics. Recently, major strides were accomplished
in the understanding of TSSM resistance to pesticides (Van
Leeuwen and Dermauw 2016). Prior knowledge of the pesticide
active ingredient and, in most cases, its target greatly facilitated
the identification of target-site changes (both point mutations and
amplification) and detoxification enzymes that underlie or corre-
late with the evolution of TSSM pesticide resistance. Such studies
are, so far, lacking for TSSMadaptation to plant xenobiotics. Hence,
the extreme polyphagous feeding pattern of TSSM raises the fol-
lowing questions. Which properties of TSSM genome and biology
predispose TSSM but not other herbivores to readily adapt to
different plant hosts? Do TSSM populations have considerable
genetic variability that allows the selection of host-resistant in-
dividuals, or do they have an extraordinary phenotypic plasticity
that enables them to efficiently respond to plant xenobiotics?
Intraspecific variation that affects life-history traits and host

utilization of mite populations has been described in both po-
lyphagous (T. urticae [Diaz-Riquelme et al. 2016; Fellous et al.
2014; Kant et al. 2008; Xémenez-Embún et al. 2017], T. kanzawai
[Ozawa et al. 2017], and T. pacificus [Scranton et al. 2013]) and
oligophagous (T. evansi [Alba et al. 2015; Santamarı́a et al.
2017b]) mites. While, in most cases, the genetic differences be-
tween mite strains with different host utilization have not been
determined, the difference between two genotypes in T. kanzawai
has been attributed to a single gene (Yano et al. 2003) whose
dominant allele associates with the higher gene expression and
activity of detoxification enzymes as well as a wider host range
and greater resistance to pesticides (Ozawa et al. 2017). The
existence of a locus that can pleiotropically enhance mite adapt-
ability suggests that selection might be able to act on limited
numbers of genes to dramatically change mite host performance.
TSSM host adaptation substantially narrows genetic varia-

tion in the derived (adapted) populations (Gotoh et al. 1993).
Likewise, laboratory TSSM populations typically have narrow
genetic variability. Regardless, these populations usually adapt
to new hosts in experimental selection experiments (Magalhães
et al. 2007). If selection is the major mechanism of adaptation,
then how do (isolated) TSSM populations maintain or rebuild
their genetic variability? At present, the mutation rate in TSSM
is not known. Transposable elements and ‘mutator’ loci have
been postulated as generators of new genetic variation (Baym
et al. 2016; Glassner et al. 1998; Schmidt et al. 2010), but their
contribution to TSSM genetic variability is not known. In
addition, the TSSM genome harbors expanded families of

genes encoding proteins involved in the detoxification of xe-
nobiotics, including gene clusters that appear as tandem du-
plications (Grbic et al. 2011). These genomic regions are prone
to copy number variation and formation of chimeric genes due
to unequal crossovers, potentially resulting in alleles that were
shown in other herbivores to contribute to the expansion of host
range (Bass et al. 2013; Joussen et al. 2012). However, the in-
traspecific variation at these loci has not been characterized, nor is
it clear that it can contribute to TSSMhost adaptation. Determination
of homozygosity over time in TSSM inbred line populations,
patterns and rates of newly generated genetic variation, and
ability of inbred populations to adapt to new hosts will test the
importance of selection on TSSM host adaptation.
It is clear spider mites do not always need to adapt to envi-

ronmental changes via selection, since they display a range of
plastic traits, such as detoxification mechanisms that become
operational only in the presence of harmful substances (Dermauw
et al. 2013; Wybouw et al. 2015). In vertebrates and insects,
xenobiotic sensing is mediated by two receptor systems, the
Nrf2/Keap1 (kelch-like ECH-associated protein 1–NF-E2-related
factor 2 [Fuse and Kobayashi 2017; Misra et al. 2011]) and the
PXR (pregnane X receptor/DHR96 [Handschin and Meyer 2003;
King-Jones et al. 2006]). Xenobiotic regulation via these two
classes of transcription factors differs. In the Nrf2/Keap1 system,
Keap1 is an adaptor protein that binds the xenobiotic ligand to
regulate both the intracellular localization (cytoplasmic vs. nu-
clear) and protein stability and ubiquitination of the transcriptional
activator Nrf2 (Itoh et al. 2003; Misra et al. 2011). On the other
hand, direct interaction between the PXR nuclear receptor and the
xenobiotic ligand enables PXR to bind to promoters of xenobiotic-
responsive loci (Handschin and Meyer 2003; King-Jones et al.
2006). PXR is a promiscuous receptor whose binding pocket can
accept a range of ligands (Jones et al. 2000), so that PXRmediates
responses to a variety of xenobiotics. Putative homologs of both
these xenobiotic-sensing receptors have been identified in TSSM.
However, while vertebrates and insects have only one PXR gene,
there are eight PXR homologs in TSSM (Fig. 2G) (Grbic et al.
2011). Whether these nuclear receptors mediate responses to dif-
ferent classes of xenobiotic ligands to regulate the same or a
distinct set of xenobiotic-induced genes remains to be determined.
However, it is tempting to speculate that the expansion of this
protein family enables TSSM to respond to a greater variety of
xenobiotic molecules.
Nrf2 and PXR were shown to mediate coordinated transcrip-

tional activation of detoxifying enzymes as well as transporters
involved in the efflux of modified xenobiotics in vertebrates and
insects (King-Jones et al. 2006; Misra et al. 2011). In TSSM, genes
encoding detoxification enzymes as well as salivary secreted
proteins (potential effectors) are among the most prominently
expanded in the genome and upregulated loci upon TSSM host
transfer (Fig. 2G) (Dermauw et al. 2013; Grbic et al. 2011;
Wybouw et al. 2015; Zhurov et al. 2014). In other generalist
herbivores (e.g., Bemisia tabaci, Helicoverpa zea) (Halon et al.
2015; Li et al. 2004b) xenobiotic responsive detoxification en-
zymes canmodify a wide range of structurally diverse compounds.
Thus, it is plausible that, upon exposure to novel hosts, TSSM
induce a battery of enzymes that can neutralize host defenses,
providing a sufficient fitness benefit that facilitates the (sub-
sequent) adaptation. The substrate specificity of TSSM de-
toxification enzymes and the specificity of xenobiotic induction of
individual members of the extended family of genes encoding
detoxification enzymes have not been characterized. In humans,
for example, of the 57 P450s, only 15 are involved in xenobiotic
metabolism (Handschin and Meyer 2003). The analysis of TSSM
transcriptional responses to plant phytochemicals and functional
analysis of upregulated detoxification enzymes for their ability to
metabolize a range of plant toxins may reveal patterns of TSSM
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xenobiotic detoxification. But, is transcriptional plasticity suffi-
cient for the adaptation? Are these initial xenobiotic-induced genes
the same (and expressed at the same level) as those that underlie
the final adaptive state? If they are, thenwhy is TSSMperformance
gradually improving over at least several generations upon host
shift? TSSM adapted states are preserved even upon the switch to
the ancestral host for one to two generations (Wybouw et al. 2015).
What stabilizes this phenotypic plasticity? Are epigenetic changes
also contributing to the establishment of the adaptation state? The
answers to these questions await further experimentation.

SUMMARY AND FUTURE DIRECTIONS

TSSM have an extremely wide host range, but individual
TSSM populations do not perform equally well across all po-
tential plant hosts. However, TSSM populations can adapt to
marginal hosts, implying that they evolved mechanisms that
can overcome a diversity of initially effective plant defenses.
Physical barriers to TSSM stylet penetration into the leaf
mesophyll and various phytochemicals have been identified as
potent constitutive defenses that can directly restrict TSSM
feeding or fitness, or both. The perception of TSSM feeding
triggers defenses that are primarily regulated through JA and,
in some plant hosts, by SA signaling. Hormonal signaling, in turn,
induces a plethora of species-specific defenses, including the ac-
cumulation of host-specific compounds, many of which remain
unknown. TSSM counteradaptations to plant defenses are expec-
ted to be at least partially based on proteins secreted into the leaf
tissue and on TSSM ability to manipulate plant-induced responses.
In addition, expansion of families of xenobiotic sensors and de-
toxifying genes associate with the ability of TSSM to respond to a
wide range of xenobiotics.
TSSM host adaptability is one of the salient features of TSSM

polyphagy and its agricultural pest status. As such, the molecular
mechanisms of its successful adaptation to a wide range of plants
are the focus of current TSSM research. Identification of plant
compoundswith acaricidal activity, their mode of action, and TSSM
targets will greatly facilitate the understanding of how plants defend
themselves to restrict TSSM herbivory. On the other hand, the
identification of plant targets of TSSM effectors and TSSMproteins
that inactivate plant defense compounds will uncover mechanisms
of TSSM counteradaptations to these defenses. The availability of a
high-quality genome sequence for TSSM and genetic tools that are
under development for TSSM combined with resources available in
plant models (Arabidopsis, tomato, tobacco) and their integration
with ecological and biochemical studies should facilitate rapid ad-
vancement in our understanding of TSSM-plant interaction.
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