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Chapter 1
G e n e r a l in tr o d u c tio n

Ernesto Villacis-Perez

Chapter 1

E c o lo g ic a l s p e c ia t io n a n d a d a p t iv e e v o lu t io n in a
h e r b iv o r o u s m it e
Host specialization and speciation in plant-herbivore interactions
The role of natural selection in the generation of biodiversity is one of the
cornerstones of evolutionary biology. The vast diversity of life forms that occupy
Earth’s environments prompted 19th- and 20th-century biologists to investigate the
complexity of ecological communities across multiple environments. Darwin and
Wallace formulated the hypothesis that selection from ecological interactions is a
major force driving the evolution of biodiversity (Darwin & Wallace 1858; Darwin
1859). Organisms in nature occupy multi-dimensional niches, determined by the
particular abiotic and biotic factors of an environment, and by the traits of the
organism that are suited for life in that environment. Such adaptive traits allow an
organism to persist in an environment by maximising its genetic contribution to the
next generation, i.e., by maximising its fitness (Darwin 1859; Dobzhansky 1956).
Adaptation is often inferred by the relative quantification of fitness proxies that
promote population growth in a particular environment, such as habitat preference,
adult reproductive output (i.e., the amount of offspring produced per time unit),
juvenile developmental time and mortality. By bringing together the frameworks of
genetics and evolutionary biology, Dobzhansky, Fisher and contemporary biologists
pictured how adaptation via natural selection may drive trait and organismal
evolution (Gloss & Whiteman 2016). Selection acts upon random heritable variation
(Fisher 1930). Across the spatial range of a species, local environments may differ in
the strength and direction in which selection affects local populations, driving them
towards different trait optima (Dobzhansky 1951; Levene 1953). Divergent selection
can promote patterns of local adaptation, in which the frequency of genetic variants
underlying adaptive traits changes between populations in different environments.
Local variants may underperform in alternative environments when the alleles that
confer an adaptive advantage in their home environment are not advantageous
elsewhere (Rose 1982). This drives the evolution of specialization, where there is a
trade-off between the ability to optimally exploit one environment and the ability
to exploit many environments, but to a lesser extent than the possible optimum
(Kawecki & Ebert 2004).
The persistence of local genetic variants will largely depend on the balance between
local selection and the amount of gene flow between local populations.
Recombination may erode local differentiation by homogenizing the gene pool of
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the species (Felsenstein 1981). Barriers to gene flow, leading to divergence towards
new species, are promptly achieved when populations are physically away from
each other (Lande 1980; Coyne & Orr 1989). Yet, evidence of ecology-based barriers
to gene flow has re-ignited research on speciation occurring in the presence of gene
flow (Bush 1975; Hawthorne & Via 2001; Via 2001; Roesti et al. 2015). Earlier
distinctions between sympatric and allopatric modes of speciation muffled the idea
that ecological specialization can contribute to evolutionary divergence across
spatial and temporal scales. The theoretical framework of ecological speciation
assumes that selection acts against gene flow, thus creating a proper split between
divergent populations (Via & Hawthorne 2002; Smadja & Butlin 2011). For example,
selection can act against hybrids that do not inherit the adaptive traits that allow
their parents to survive in their environments. Similarly, selection can act against
migrants that are not adapted to the local environment, reducing the possibility of
mating encounters in the parental environments (Villa et al. 2019). Pre-mating
isolating mechanisms, such as habitat or mate choice, may also evolve when
unsuccessful hybridization events impose strong selection, reinforcing reproductive
isolation. The genomes of incipient species will progress towards full differentiation
when loci under divergent selection become linked with speciation loci (Via &
Hawthorne 2002; Feder et al. 2012; Via 2012; Gavrilets 2014; Riesch et al. 2017).
The arms race between plants and herbivores nicely conceptualizes the framework
of ecological speciation. Plant immunity has evolved as a fine-tuned system that
recognizes the nature of an attack and ensues a tailored response against different
attackers (Berenbaum et al. 1986; Howe & Jander 2008; Pieterse et al. 2012). In
response, herbivore arthropods evolve mechanisms that allow them to overcome
the defence mechanisms of challenging host plant taxa. Traits that facilitate host
use in arthropods include i) behavioural avoidance of structural and chemical
defences; ii) enzymatic detoxification pathways that decrease the impact of plantderived defensive metabolites deployed upon herbivory; iii) transport mechanisms
involved in the excretion or sequestration of these metabolites; and iv) deploying
into their host plants pre-digestive factors that disrupt pathways involved in the
production of anti-herbivory defences (Win et al. 2012; Kant et al. 2015b; Van
Leeuwen & Dermauw 2016; Heckel 2018). Herbivores may experience different
plant taxa as discrete habitats open for colonization. A general observation is that
many herbivores spend their entire life, from egg to adult, on their hosts, on which
they develop, feed, find mates, and oviposit. Thus, populations that adapt to feeding
on different host plant species may become isolated from each other (S R Diehl &
Bush 1984; Bush 1987). Host plant adaptation may contribute to speciation by
3
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creating or reinforcing reproductive barriers between host-adapted herbivore
populations (Mayr 1947; Dres & Mallet 2002; Rundle & Nosil 2005; Seehausen et al.
2014; Forbes et al. 2017). Empirical evidence for this premise in different
herbivorous arthropods is increasing.

Ecological specialization and speciation in herbivorous arthropods
Across arthropod phylogenies, herbivore taxa are highly speciose (Futuyma &
Agrawal 2009; Wiens et al. 2015). Empirical evidence supporting the idea that host
shifts contribute to herbivore speciation has accumulated in the last decade
(reviewed in Shafer & Wolf 2013; Forbes et al. 2017). Reproductive isolation
between once panmictic populations of a herbivore can evolve when they adapt to
different hosts species, facilitating the fixation of adaptive traits related to the use
of alternative hosts. The causal relationship between host specialization and insect
diversification has been established in plant-herbivore systems where the
introduction of a novel host plant species into the range of a herbivore previously
adapted to another ancestral host has been documented. The system put forward
by Guy Bush in the sixties argued in favour of ecological speciation, amidst a strong
wave of evolutionary biologists who were against the idea of speciation occurring
in the face of gene flow (Bush 1966; Bush 1969).
Local hawthorn trees were replaced by apple crops when apple farming was
introduced to the Northwestern United States in the mid-1800s. Populations of
Rhagoletis pomonella fruit flies, which preferentially used native hawthorn, started
using apple as a host across parts of their geographical range (Walsh 1867).
Diapausing pupae match the time of hatching into adult flies with the phenology of
their preferred host fruits; hawthorn is the predominant fruit for early hatchers,
while apple is predominant for late hatchers. Timing of diapause is selected by host
availability, and this results in genome-wide differentiation between hostassociated populations (Feder et al. 1998; Feder et al. 2005; Egan et al. 2015a).
Reproductive isolation between host-associated genotypes (so-called host races) is
achieved by several mechanisms: the host races experience allochronic separation
of individuals that hatch at different times of the seasons, and choice for the
parental host fruits further contributes to the assortative mating among the host
races (Feder et al. 1993; Feder et al. 1994).
Additional plant-herbivore systems, in which shifts towards novel hosts promote
herbivore speciation, have been documented since then. For example, cases of
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diversification within two species of rhopalid bugs have been documented when
bug populations started using exotic host plants that were recently introduced into
their range. Populations of the bug Jadera haemotoloma from the southern United
States started using the Taiwanese rain tree (Koelreuteria elegans) as a host, which
was introduced in Florida in the 1950s, instead of their ancestral host, the balloon
vine (Cardiospermum corundum; Carroll 1988). Similarly, populations of the
soapberry bug Leptocoris tagalicus started using Cardiospermum grandiflorum as a
novel host after it was introduced to Australia in the 1920s, instead of its native
Alectryon hosts (Carroll et al. 2005). Rhopalid bugs feed from the host’s seeds, which
they access by piercing through the fruit flesh with their extended proboscis, and in
both cases, the amount of fruit flesh differed between ancestral and novel hosts; in
response, the morphology of the bug’s mouthparts evolved in order to better
exploit the novel fruit (Carroll et al. 2001; Carroll et al. 2005). Mouthpart
morphology has a genetic basis in these species, and selection acts against migrants
and hybrids from non-natal hosts, where they cannot access the seeds due to
morphological impairments (Carroll 1988; Carroll et al. 1997; Carroll et al. 2001;
Carroll et al. 2005). These fitness differences, in addition to host preferences,
promote reproductive isolation between host-associated populations by reducing
chances to encounter mates on or around their natal hosts (Carroll & Boyd 1992).
The above-mentioned examples helped establish a proof of principle for ecological
speciation in plant-herbivore interactions, and have laid the groundwork to study
the genomic architecture underlying ecological specialization and speciation
(Carroll et al. 2001; Doellman et al. 2019). However, a setback for these classic insect
systems is that they are difficult to raise in the laboratory since they depend on tree
species as hosts and they reproduce only once or a few times per year (S R Diehl &
Bush 1984; Carroll 1988). These intrinsic characteristics can complicate efforts to
dissect the genetic bases underlying adaptive traits, because high resolution genetic
mapping generally requires organisms with high recombination rates. Researchers
have turned to biological systems with life histories that are more suited for
experimental research (e.g. Belliure et al. 2010; Schneeberger 2014). Among these,
herbivorous mites contain all the key ingredients to study adaptive evolution and
speciation in the field and in the laboratory.
Herbivorous mites are a polyphyletic group (Matsuda et al. 2014), widely distributed
across ecosystems, with species ranging from specialists that feed from one or a few
related host species to extreme generalists (Andres & Prout 1960; Boudreaux 1963;
Helle & Van Zon 1970; Helle & Sabelis 1985; Migeon et al. 2010). Mites can build
5
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very large populations on their host plants. In most species, all life stages feed from
either the outer cell layers of the leaves or stem, or from the cells in the parenchyma
layer (Helle & Sabelis 1985). Mites are easily reared under controlled environmental
conditions, so the quantification of fitness proxies is amenable in large numbers and
at the level of the individual and the population (Belliure et al. 2010). Analogous to
local adaptation, adaptation to one host is measured as either relative to another
host (i.e., home vs. away), or relative to a different population per host (i.e., local
vs. foreign; Kawecki & Ebert 2004). Specialist and generalist taxa are thought to deal
differently with their hosts: the fitness of specialist taxa is highest on natal hosts,
but it is lower on plant species outside their host range, while generalists perform
similarly across species inside their range without performing optimally on any of
them (Futuyma & Agrawal 2009; Ali & Agrawal 2012). For example, the specialist
cassava mite, Mononychellus progresivus, performs better than the generalist
Oligonychus gossypii on cassava, whilst both of them occur on this host in nature
(Bonato & Gutierrez 1996). Populations of the generalist Tetranychus kanzawai
raised on non-native hosts have a lower rate of population increase compared to
the specialist of those hosts, T. parakanzawai (Gotoh & Gomi 2003). Tetranychus
urticae is an extreme generalist that is found sometimes on tomato, but tomato
specialists T. evansi and Aculops lycopersici deploy several mechanisms that allow
them to perform better on this host than competitors (Glas et al. 2014; Schimmel
et al. 2017; Schimmel et al. 2018). These examples show that specialists are adapted
to their hosts, but it also points to the fact that generalists may have different
mechanisms to deal with multiple hosts.

Adaptation and divergence in herbivorous mites
Whether generalist mite species are actually cryptic complexes of host-specialized
genotypes, or whether they truly are a ‘general purpose’ genotype that encodes for
plasticity in host use, is so far unknown and the major question behind this
dissertation. If host adaptation has a genetic basis, we would expect trade-offs in
fitness traits between hosts, which are evidence of antagonistic pleiotropy of gene
complexes selected upon specialization to one host, but not to another (Kawecki &
Ebert 2004). Evidence of antagonistic pleiotropy has been found in loci underlying
female reproductive output in Eutetranychus banksi, which lay fewer eggs on
experimental, non-native hosts than on hosts in their natural range (Mattos & Feres
2009). Females of the generalist T. urticae show variation in reproductive output on
different hosts: populations experimentally isolated on a particular host will build a
pattern of local adaptation in which they perform better on this host that on
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alternative ones (Gould 1979; Fry 1990; Gotoh et al. 1993; Krips et al. 1998; AguilarFenollosa et al. 2012). However, local adaptation in T. urticae does not necessarily
incur in fitness trade-offs on alternative hosts, and thus it is possible that phenotypic
plasticity facilitates host use in this species (Yano et al. 2001; Magalhães et al. 2009;
Magalhães et al. 2014; Marinosci et al. 2015; Miyazaki et al. 2015). Furthermore,
selection may target other traits associated with environmental factors rather than
to host species, such as diapause incidence (Kroon & Veenendaal 1998; Ito 2004; Ito
2009; Ito 2011) or fluctuation of environmental conditions (Olivieri et al. 1990; Li &
Margolies 1993). Thus, answering the question whether generalists adapt and
diverge into host races on different hosts requires an explicit consideration of the
spatial and temporal patterns of divergence within a species.

Molecular evidence of intraspecific divergence in herbivorous mites
Over the last 30 years, genetic characterization of host specialization in mite
populations has been established using single, or at best pairs of, neutral
mitochondrial and nuclear markers (Navajas & Fenton 2000; Cruickshank 2002).
Nuclear and mitochondrial markers reveal information on different time scales of
diversification; nuclear sequences are highly conserved, following evolutionary
change at the level of mite species (Navajas et al. 2000). Nuclear sequences, such as
ribosomal internal transcribed spacers (ITS1 and ITS2), or loci underlying highly
conserved metabolic enzymes, discriminate well between species of tetranychid
spider mites, as they are highly uniform across populations of the same species but
differ between species, regardless of the host from which the populations were
collected (Tsagkarakou et al. 1999; Tsagkarakou et al. 2002; Navajas & Boursot
2003; Matsuda et al. 2013). However, there are also quite a few reports showing
patterns of variation within these nuclear loci within species, following ecological
adaptation to different host species (Osakabe & Komazaki 1996; Ben-David et al.
2007; Hurtado et al. 2008). Nuclear markers that extend to larger areas of the
genome, such as amplified fragment length polymorphisms (AFLPs) or
microsatellites, have also shown nuclear differentiation associated with host
association in T. urticae populations (Weeks et al. 2000; Nishimura et al. 2005).
Because extensive polymorphisms within mite species in mitochondrial marker
genes compared to large homogeneity of nuclear genes have been reported,
mitochondrial sequences are thought to evolve faster than nuclear sequences. As
such, they should capture variation within species, following microevolutionary
changes related to host association or local adaptation. However, the cytochrome
oxidase subunit 1 (CO1) locus, a highly used genetic marker for DNA barcoding,
shows complex patterns in herbivorous mites. Variation at this locus does not seem
7
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to follow host adaptation, as found in sequence comparisons from populations
collected from different host plants across the world (Navajas 1998; Xie et al. 2006;
Calatayud et al. 2016). Moreover, available CO1 sequences of closely related species
from the genus Tetranychus show a history of introgression and polyphyly reflected
in mitochondrial sequences (Matsuda et al. 2014; Matsuda et al. 2018). The pattern
was further confounded by the wrong annotation of available sequences before the
revision of Ros and Breeuwer (2007) and de Mendoça et al. (2011).

Reproductive isolation between host-associated mite populations
Herbivorous mites sustain high levels of gene flow between populations, as shown
by inter-populational crosses which exhibit similar fitness as intra-populational
crosses (Gomi & Gotoh 1996; Yuan et al. 2010). Inferring genetic differentiation by
means of reproductive compatibility essays also gives us the opportunity to assess
the role of ecological adaptation in promoting reproductive barriers within species.
Genetic incompatibilities can contribute to the maintenance of different mite
genotypes in sympatry, by producing sterile hybrids with a lower fitness than their
progenitors (Fry 1989). Host races of T. kanzawai show evidence of genetic
structuring, yet the patterns of reproductive compatibility between them suggest
that gene flow is prevalent between some populations, but not between other
populations (Gomi & Gotoh 1996; Nishimura et al. 2003). Similarly, in T. urticae,
genetic incompatibilities between populations are often but not always reported,
as this species harbours large genetic variation, some of it functional, within and
between populations (de Boer 1980; de Boer 1981; de Boer 1982a, b; Fytrou &
Tsagkarakou 2014). Incompatibilities are apparent, but not widespread, in crosses
between different populations that differ in colouration and diapause incidence
(Gotoh & Tokioka 1996). Similarly, crosses between host-associated populations
result in hybrid breakdown (Gotoh et al. 1993; Gotoh et al. 1995; Gotoh & Tokioka
1996; Sugasawa et al. 2002). However, two main factors confound most of the
literature regarding reproductive compatibility in mites. First, many herbivorous
mite species are haplodiploid. Populations of haplodiploid taxa may be prone to
rapid diversification due to the quick purge of deleterious alleles due to Muller’s
ratchet (Egas et al. 2002; Knegt et al. 2017). This process may facilitate the fixation
of genetic variants that arise due to drift or to processes other than host adaptation,
making it difficult to use reproductive compatibility assays to assess host-related
differentiation, specially without knowledge of the genotype of each experimental
population. Similarly, mitochondrial-nuclear interactions may drive rapid
population differentiation in haplodiploids in cases where selection targets traits
that require the concerted action of mitochondrial and nuclear loci (Burton et al.
8
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2013; Gibson et al. 2013; Hill 2015). Second, most studies quantifying population
differentiation using reproductive compatibility were performed before the
discovery of different strains of bacterial endosymbionts that are able to alter
reproductive patterns in mites (Breeuwer & Werren 1990; Ros et al. 2009; Suh et al.
2015). Without a proper diagnosis of the infection status of experimental
populations, population divergence assays might be confounded by the presence of
endosymbionts that also cause reproductive incompatibility.

Mechanisms of adaptation in herbivorous mites
Host preference can play a pivotal role in the evolutionary divergence of hostassociated mite populations (Agrawal 2000). Tetranychus kanzawai populations
that are collected from different hosts have preferences for a common set of host
species, but each population also prefers a subset of hosts on which their fitness is
higher than on other hosts (Gomi & Gotoh 1996). Greenhouse T. urticae populations
associated with either tomato or cucumber can learn to discriminate between host
species and choose for the host on which they perform better, based upon previous
experience (Gotoh et al. 1993; Egas & Sabelis 2001; Agrawal et al. 2002; Magowski
et al. 2003). A proposed mechanism for the observed cases of adaptive learning is
the induction of resistance mechanisms against plant metabolites upon previous
exposure to those hosts (Magowski et al. 2003; Wybouw et al. 2019a). Still, evidence
on the incidence of mechanisms that facilitate host preference in field spider mite
populations is scarce.
The annotation of the genome of T. urticae revealed molecular adaptations to a
generalist lifestyle, including large radiations of gene families potentially involved in
the chemoreception, detoxification, transport and degradation of allelochemicals
(Grbic et al. 2011; Altincicek et al. 2012; Santamaria et al. 2012; Wybouw et al. 2012;
Dermauw et al. 2013; Wybouw et al. 2014; Ngoc et al. 2016). In addition, empirical
evidence showing that tetranychid mites inject salivary proteins into the plant
before ingesting the cell contents is growing (Jonckheere et al. 2016; Villarroel et al.
2016). These proteins interact with targets in the plants, which can result in the
altered expression of plant defence pathways and products (Alba et al. 2015; Kant
et al. 2015b). Tomato specialists such as T. evansi or certain populations of T. urticae
can suppress tomato defences, ultimately increasing herbivore fitness on
suppressed hosts (Sarmento et al. 2011a; Alba et al. 2015). The salivary proteome
of T. urticae varies according to the host they feed from (Jonckheere et al. 2018),
but it is yet unclear whether and how natural selection pressure from the host
targets these molecules.
9
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By far, most knowledge on the molecular bases of mite adaptation comes from
studies focused on acaricide resistance. The feeding behaviour of herbivorous mites
results in large crop yield losses across many agricultural systems (Migeon et al.
2010). This has led to the widespread use of chemical control agents: 2013, the
world-wide sales of acaricide compounds was approximately 900 million € (Euro),
which may actually be an underestimation, as broad-spectrum insecticides are often
used against mites (Van Leeuwen et al. 2015). Mites can readily evolve high levels
of resistance after the introduction of a novel compound (Van Leeuwen et al. 2015;
Van Leeuwen & Dermauw 2016; Sparks et al. 2020). Several mechanisms of
resistance have been described and some functionally validated in T. urticae,
including members of classic detoxification enzyme families, such as cytochrome
P450s,
glutathione-S-transferases,
and
carboxyl/cholinesterases
(Van
Nieuwenhuyse et al. 2009; Van Leeuwen et al. 2010; Khajehali et al. 2011; Dermauw
et al. 2012; Van Leeuwen et al. 2012; Demaeght et al. 2014; Riga et al. 2014; Pavlidi
et al. 2015; Bajda et al. 2017; Mermans et al. 2017; Riga et al. 2017; Schlachter et
al. 2019; Wybouw et al. 2019b). Transmembrane transporters have also been found
to have a role in acaricide resistance, likely aiding in the sequestration or excretion
of allelochemicals (Dermauw et al. 2013). Genome sequencing has also facilitated
the identification of resistant T. urticae populations with different allelic variants at
the sites targeted by acaricides. The occurrence of functional variation in pesticide
resistance in natural mite populations does not show patterns of association with
plant species in the field (İnak et al. 2019). A scenario that may explain the rapid
evolution of pesticide resistance in mites is that selection from host plant
allelochemicals may contribute to the maintenance of functional genetic variation
in traits related to pesticide resistance (Dermauw et al. 2018; Hardy et al. 2018).
Current evidence to support this claim is that many pesticides are based on organic
molecules that also occur in chemically defended plant species, and that
herbivorous mites that are highly polyphagous are also highly resistant to pesticides
with different modes of action (Dermauw et al. 2018; Hawkins et al. 2019).
However, the role of host plant in the maintenance of functional variants related to
pesticide or to plant allelochemical metabolism in natural mite populations is not
known. Thus, advancing fundamental knowledge on the evolution of host plant use
and its molecular targets can also provide applied knowledge that can be used to
improve pest management.
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Thesis motivation and study system
The main motivation behind this dissertation is to understand how phytophagous
mites evolve. Many questions regarding the contribution of host adaptation to
herbivore trait evolution and species diversity can be answered by focusing on
mites. For instance, do chemical plant defences contribute to the evolution of trait
and species diversity in mites? If so, is there functional variation in mite populations
in nature upon which selection from their host defences can act? How does this
contribute to reproductive isolation? And how does it contribute to pesticide
resistance? Which mechanisms are involved? Furthermore, how do extreme
generalists exploit their hosts? Are generalists formed by complexes of
inconspicuous host races that have adapted and partially diverged on different
hosts? Can we find evidence for that in nature? These are the main questions that
motivate the research presented in this dissertation.

Study organism: Tetranychus urticae
The two-spotted spider mite, Tetranychus urticae, is an ideal organism to
experimentally tackle the research questions presented above. Spider mites build
large populations on their host plants in a short amount of time, and experiments
from the individual to the population level can be performed with high numbers of
replicates in the laboratory and in the greenhouse (Helle & Sabelis 1985; Belliure et
al. 2010; Kurlovs et al. 2019). In T. urticae, developmental time from egg to adult
includes one larval and two nymphal stages, each followed by a quiescent stage,
and it occurs in approximately 12 to 14 days depending on environmental
conditions (Helle & Sabelis 1985). This species has a haplodiploid sex determination
system, with females developing from fertilized diploid eggs and males from
unfertilized haploid eggs (Helle & Sabelis 1985; Li & Margolies 1993). First-male
sperm precedence is largely predominant in this species; the sperm that fertilizes a
female’s batch of eggs belongs to the first male that copulate with her (Helle &
Sabelis 1985). Before emerging from the last quiescent juvenile stage, the
teleochrysalis, virgin females are guarded by one or more males, who often engage
in male - male competitions to mate with the female as soon as she emerges (Satoh
et al. 2001). The physical differences between a male and a female teleiochrysalis
facilitates separating individual virgin females, who will only lay male, haploid eggs
that result from the recombination of the female’s diploid genome. Thus, motherson matings can be used to create iso-female lines in the laboratory, fixing the
genetic variants of different individuals or different populations that can then be
genotyped and phenotyped.
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Tetranychus urticae is also used as a study system in this dissertation because of its
polyphagous feeding lifestyle. This spider mite is considered an extremely generalist
herbivore, being reported to feed on more than a thousand species belonging to
over one hundred plant families, many of which are agricultural crops (Migeon et
al. 2010). Larvae, juvenile nymphs and adults actively feed from the cellular content
of the leaves of their host plants using stylet-like mouthparts, which often results in
the overexploitation of their hosts (Bensoussan et al. 2016). The mechanisms by
which T. urticae is potentially able to exploit so many host plant species include
large expansions, some of them species-specific, of a repertoire of chemosensory,
detoxification and transport proteins in their genome (Grbic et al. 2011; Dermauw
et al. 2013; Ngoc et al. 2016; Snoeck et al. 2018). Moreover, T. urticae regulates the
expression of salivary proteins that are injected into their host plants when they are
feeding from different host plant species (Jonckheere et al. 2016; Jonckheere et al.
2018). Some of these salivary proteins can potentially act similarly to the effector
molecules of plant pathogens, which suppress certain targets of the enzymatic
pathways that lead to the build-up of plant defences (Glas et al. 2014; Alba et al.
2015; Villarroel et al. 2016). Despite advancing in the characterization of
mechanisms involved in plant-mite interactions, the evolutionary origins of these
processes remain poorly understood. As I have presented in the previous section
(see the section ‘Adaptation and divergence in herbivorous mites’), evidence of
whether T. urticae is a collection of host races that have specialised on different
plant species is conflicting, largely because the idea is often challenged by the
scarcely available molecular evidence of population structure associated to host
adaptation (Navajas 1998; Calatayud et al. 2016).

Molecular characterization of spider mite evolution
In this dissertation, I aim to investigate evolutionary divergence in spider mite
populations by genotyping individuals and by sequencing the genomes of natural
populations. As discussed above, evidence of genetic divergence due to host
adaptation in mites is limited. So far, few genetic markers have been used, which
do not seem to capture variation between host-associated populations of a species:
conserved nuclear sequences, such as ITS1-2, often show large species-wide
homogeneity, and mitochondrial sequences, such as CO1, do not differ between
spider mite populations collected from different host species (Navajas et al. 1996;
Navajas 1998; Navajas et al. 1998; Navajas & Fenton 2000; Cruickshank 2002). This
is also true of spider mite populations collected from similar host species across the
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globe (Calatayud et al. 2016). However, very little research has focused on
investigating variation within populations of spider mites (but see: de Boer 1980;
Weeks et al. 2000; Ben-David et al. 2007; Hurtado et al. 2008; Kant et al. 2008). In
addition, most research has focused on mite populations collected from
greenhouses or those that are associated with crop fields, which may not be
appropriate environments to investigate evolutionary processes in mites. This is due
to artificial selection pressures associated to crop management, such as crop and
soil rotation, the constant use of pesticides, and the possibility that spider mites are
transported globally along with agricultural products, which can influence genetic
patterns between mite populations upon hybridization. Therefore, exploring
patterns of intraspecific variation within and between spider mite populations using
rapidly evolving genetic markers, such as mitochondrial sequences, can potentially
be informative to understand the evolution of host adaptation in mites in nature.
The use of next generation sequencing technology to understand adaptation and
speciation in natural populations of herbivorous arthropods has gained momentum
in the last decade (Ehrenreich et al. 2010; Nadeau & Jiggins 2010; Stapley et al.
2010; Schneeberger 2014; Egan et al. 2015b; Doellman et al. 2019). The array of
genomic tools developed for T. urticae has expanded since the sequencing of its
genome by Grbic et al. (2011), but most of the studies that have inferred genetic
evolution have focused on acaricide resistance (Van Leeuwen et al. 2010; Demaeght
et al. 2014; Van Leeuwen & Dermauw 2016; Kurlovs et al. 2019; Wybouw et al.
2019a). By coupling artificial selection experiments and novel bioinformatical
analytical approaches, Kurlovs et al. (2019) have developed a technique based on a
bulked segregant analysis (BSA), in which allele frequencies between control and
selected populations are compared along the entire genome of T.urticae in order to
identify quantitative trait loci (QTL). The resolution to which the BSA technique can
map adaptive traits is very precise, as mapping of acaricide resistance traits and
traits related to diapause have been mapped within relatively few base pairs from
causal loci (for example, Snoeck et al. 2019; Wybouw et al. 2019a). Thanks to the
large number of BSA experiments performed on T. urticae, Wybouw et al. (2019a)
have been able to largely validate the three chromosome conformation that was
previously proposed (Helle & Sabelis 1985). In addition, the development of
genome-wide linkage maps in this species has also resulted in high-resolution
mapping of acaricide resistant traits (Sugimoto et al. 2020), and it has confirmed for
the most part the three pseudochromosome arrangement (Wybouw et al. 2019a).
In the same study, Wybouw et al. (2019a) aimed to map QTLs related to adaptation
to tomato in T. urticae using the BSA technique; despite finding a significant QTL for
13
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tomato adaptation, the genomic region where it resided was very large, and
resolution was thus not fine enough to pinpoint a particular target of adaptation.
Thus, replicating and expanding the BSA technique to study host adaptation of T.
urticae to other hosts, for example other Solanum species, can confirm or expand
the insights of Wybouw et al. (2019a). Genetic screening of single individuals from
nature, genome sequencing of field-derived populations and mapping of QTLs in
experimental settings will thus be used to study the evolutionary ecology of T.
urticae in this dissertation (Grbic et al. 2007; Belliure et al. 2010; Grbic et al. 2011;
Van Leeuwen et al. 2013; Fellous et al. 2014; Kurlovs et al. 2019).

General outline of the thesis
In this dissertation, I use the plant - T. urticae system to study the role of plant - mite
interactions in mite adaptation and diversification. Specifically, I aim i) to investigate
the ecological and molecular patterns of intraspecific divergence related to host
plant adaptation in natural mite populations, ii) to identify and characterize host
adaptation traits in mite populations, and iii) to identify the molecular basis of
adaptive mite phenotypes. To overcome research bias while nominating candidate
traits as adaptive, I focus on aims i and ii in natural populations of spider mites. In
this dissertation, I will argue that focusing on natural populations is imperative in
order to develop an unbiased understanding of the mechanisms and consequences
of host adaptation.
In Chapter 2, I ask whether evidence of host-associated genetic structure can be
inferred from mite populations in nature. To do so, I integrate multiple lanes of
evidence to infer the extent of intraspecific divergence within and between T.
urticae populations. Extensive genotyping of mite individuals from the field across
three consecutive years is performed using a single mitochondrial genetic marker,
namely CO1. This field research is coupled with bioassays with whole genome
sequencing of field-derived mite lines to obtain single nucleotide polymorphisms
(SNPs) and perform population genomics on the resulting dataset. With this
approach, I investigate the extent of host specialization, genetic divergence and
reproductive isolation between sympatric mite populations inhabiting multiple host
species.
In Chapter 3, I delve into the factors that lead to the formation of mite host races
due to plant-mite interactions. I characterize the interaction between sympatric
mite genotypes and wild honeysuckle (Lonicera periclymenum), a widespread host
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in the dune ecosystem of the Netherlands that harbours a host specialized race of
T. urticae. I quantify the mechanisms of host exploitation and the mechanisms of
plant defence response when attacked by specialist and generalist mite genotypes.
In addition, I quantify the contribution of host-mediated mechanisms that
contribute to the reproductive isolation of sympatric mite genotypes.
In Chapter 4, I review the physiological, ecological and evolutionary mechanisms
(and their consequences) of plant defence suppression in spider mites. To do so, I
review the available literature regarding effector biology in spider mites, and the
mechanisms that allow for the maintenance of plant defence suppression traits
within an ecological and evolutionary context.
In Chapters 5 and 6, I couple experimental evolutionary assays with bulk segregant
analyses to map the genomic location and molecular bases of host plant adaptation
and pesticide resistance in T. urticae. I conduct long term evolutionary experiments
with different sources of selection. in Chapter 5, I use abamectin, a macrocylic
lactone compound that disrupts cellular respiration functions in mites, fenbutatin
oxide, an organotin compound that disrupts neural and motor functions in mites,
and potato (Solanum tuberosum), a host that contains a large array of potential antiherbivory secondary metabolites (Adamski et al. 2014; Sparks et al. 2020). In
Chapter 6, I use three mitochondrial electron transport chain inhibitors of Class I
(METI-I) as sources of selection, namely fenpyroximate, tebufenpyrad, and
pyridaben. I investigate the molecular targets of selection by analysing the
differences in allele frequencies between control and selected populations with
bioinformatic pipelines developed by colleagues from Gent University.
In Chapter 7, I summarize and integrate the findings from the previous chapters,
address the main questions of this dissertation, identify knowledge gaps, and
present future perspectives in the study of adaptation and speciation in plant herbivore interactions.
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Chapter 2

A b stra c t
Plant-herbivore interactions are motors that promote the generation and
maintenance of both plant and herbivore biodiversity. The antagonistic interactions
between plants and herbivores lead to host race formation: the evolution of
herbivore types specializing on different plant species, with restricted gene flow
between them. Understanding how ecological specialization promotes host race
formation usually depends on artificial approaches, using laboratory experiments
on populations associated with agricultural crops. However, evidence on how host
races are formed and maintained in a natural setting remains scarce. Here, we take
a multidisciplinary approach to understand whether populations of the generalist
spider mite Tetranychus urticae form host races in nature. We show the occurrence
of a host race co-occurring among generalist conspecifics in the dune ecosystem of
The Netherlands. Extensive field sampling and genotyping of individuals over three
consecutive years showed a clear pattern of host associations. Genome-wide
differences between the host race and generalist conspecifics were found using a
dense set of SNPs on field-derived iso-female lines and previously sequenced
genomes of T. urticae. Hybridization between lines of the host race and sympatric
generalist lines is restricted by post-zygotic breakdown. Selection impacts
negatively the survival of generalists on the native host of the host race. Our
description of a host race among conspecifics with a larger diet breadth shows how
ecological and reproductive isolation aid in maintaining intra-specific variation in
sympatry, despite the opportunity of homogenization through gene flow. Our
findings highlight the importance of explicitly considering the spatial and temporal
scale on which plant-herbivore interactions occur in order to identify functional
variants in nature. This system can be used to study the underlying genetic
architecture and mechanisms that facilitate the use of a large range of host plant
taxa by extreme generalist herbivores. In addition, it offers the chance to investigate
the prevalence and mechanisms of ecological specialization in nature.
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I n t r o d u c t io n
For herbivorous arthropods, the transition to a plant-eating lifestyle has contributed
to their immense diversity. Herbivore arthropods are significantly more speciose
than arthropod taxa that do not feed on plants (Mitter et al. 1988; Futuyma &
Agrawal 2009); a significant proportion of speciation events in insect herbivores can
be attributed to shifts towards novel host plant taxa (reviewed in Forbes et al. 2017).
Plants and herbivores exert strong selective pressures on each other. These
antagonistic interactions may promote local adaptation and potentially host race
formation: herbivore ‘types’ with restricted gene flow that specialize on different
plant species (Futuyma & Peterson 1985; Dres & Mallet 2002; Funk 2012). Host
races have been identified in maple- and willow-infesting Neochlamisus bebbianae
beetles (Mikheev & Kreslavskii 1980; Funk 2012), in Rhagoletis flies associated with
apple or hawthorn (Walsh 1867; Bush 1966; Doellman et al. 2019), in the pea aphid,
Acyrthosiphon pisum (Via 1999; Via et al. 2000; Peccoud et al. 2009), and in many
other arthropod herbivore species (reviewed in Dres & Mallet 2002; Forbes et al.
2017). In nature, the composition of vegetation varies across spatial and temporal
scales, and the availability of certain hosts can be restricted across clines in the
landscape (Huxley 1938; Endler 1977; Doebeli & Dieckmann 2003). Herbivores with
large geographic ranges may encounter a myriad of plant taxa, some more heavily
defended against herbivory than others. This results in a mosaic of locally available
hosts, in which herbivore population structure can arise due to spatially and
temporally varying selection, resulting in local adaptation and extinction events
(Levene 1953; Gloss et al. 2016). Local variation in the strength of host selection can
contribute to the evolution of host races (Dres & Mallet 2002; Kawecki & Ebert
2004; Funk 2012).
Whether generalist herbivores adapt and diverge via the interaction with their host
plant is not clear. Most herbivore arthropods are specialists; they only accept
species within a single plant family or even one or a few closely related species
(Bernays & Graham 1988; Nosil 2002). Specialist herbivores exploit their hosts by:
1) behavioural avoidance of physical or chemical plant defences, (2) decreasing the
impact of chemical defences through various detoxification enzymatic pathways
that are deployed upon exposure to plant-derived defensive metabolites, and (3)
the active transport of these metabolites towards excretion or sequestration (Ali &
Agrawal 2012; Goldman-Huertas et al. 2015; Van Leeuwen & Dermauw 2016). Only
a few examples exist of true generalist herbivores occurring on host plant species
across families (Nosil 2002). Generalists are thought to feed on a large range of plant
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taxa either by plasticity in characters that determine host range, or by forming
cryptic species complexes of host-adapted genotypes, like in the whitefly Bemisia
tabaci (Liu et al. 2012). The ecological interactions of extreme generalists and their
hosts in the field and through time are not well understood, and knowledge of
whether cryptic species within a taxon may be confounding such patterns remains
scarce (Rafter & Walter 2020).
The two-spotted spider mite Tetranychus urticae (Acari: Tetranychidae), for
example, has an extremely large host range spanning over a 1000 plant species,
distributed among over 120 families, some of which are important crops (Jeppson
et al. 1975; Migeon et al. 2010). Yet, the role of host adaptation in promoting
population structure and reproductive isolation in T. urticae in nature is not clear,
as it is uncertain whether it is a complex of host races or cryptic species, or whether
its breadth in host range reflects variation in host preference (Agrawal 2000; Egas
& Sabelis 2001; Agrawal et al. 2002) or plasticity in its molecular toolkit (compare
Tsagkarakou et al. 1997; Navajas 1998; Tsagkarakou et al. 1999; Navajas & Fenton
2000; Weeks et al. 2000; Ben-David et al. 2007; Magalhães et al. 2007a; Hurtado et
al. 2008; Calatayud et al. 2016; Jonckheere et al. 2018; Snoeck et al. 2018; Wybouw
et al. 2019a).
Previous research on the subject is conflicting. Firstly, population differentiation
based on genetic markers has rarely been found to be correlated with colonized
host plant species. Instead, differentiation has been found to decrease with
decreasing distance between populations and with increasing population densities
(de Boer 1980; de Boer 1981; Hinomoto & Takafuji 1995; Tsagkarakou et al. 1997;
Tsagkarakou et al. 2002). This is likely due to sexual reproduction homogenizing the
genetic pool when populations associated to different hosts encounter each other.
Still, fine-scale genotyping of individuals has shown that population structure exists
(de Boer 1981; Weeks et al. 2000; Ben-David et al. 2007; Hurtado et al. 2008; Sun et
al. 2012). These findings suggest that reproductive barriers between individuals may
maintain population structure, even when gene flow seems likely due to physical
proximity. Moreover, population differentiation based on genetic markers has
rarely been coupled with assays quantifying reproductive compatibility (Navajas &
Fenton 2000). Research quantifying hybrid unviability in this species is largely
confounded, because the infection status of experimental populations with strains
of common mite endosymbionts, which cause similar patterns of reproductive
incompatibility, is often not reported (Boudreaux 1963; Helle & Pieterse 1965;
Overmeer & Van Zon 1976; Gotoh & Tokioka 1996; Breeuwer 1997). Lastly,
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experimental assays suggest a genetic basis for increased fitness traits on novel host
species, yet most studies that have analysed whether field-collected mite
populations are adapted to their host plants have not been coupled with molecular
genetic data (Magalhães et al. 2007a; Tien et al. 2010; but see Wybouw et al.
2019a).
Here, we aimed to determine the role of the host plant in the genetic population
structure and diversification of the extreme generalist T. urticae in nature. To
contextualize our findings, we established a set of four expectations based on the
framework of host race formation as described in Drès & Mallet (2002). If the host
plant contributes to intraspecific divergence of T. urticae in nature, we expect: i)
occurrence of host-associated populations across spatial and temporal scales; ii)
some extent of genetic divergence between host-associated populations; iii)
incomplete reproductive isolation between host-associated populations; and iv)
evidence of host adaptation contributing to intraspecific divergence. To test these
expectations, we conducted a holistic analysis that integrates four complementary
approaches: i) extensive field sampling and genetic screening of individuals on
multiple host species across a single ecosystem over three consecutive years; ii)
screening for genome-wide and localized patterns of sequence differentiation
between field-derived lines and available genomes of T. urticae; iii) quantification
of the extent of reproductive isolation between field-derived lines; and iv)
quantification of fitness traits in field-derived lines to test for host plant adaptation.
We present clear evidence for the occurrence of a specialist T. urticae host race,
which is isolated from sympatric generalist populations by a post-zygotic barrier to
gene flow, and that exhibits genetic differentiation from sympatric generalist
populations that co-occur at small spatial scales.

R e s u lts a n d D is c u s s io n
1) Consistent associations between sympatric mite cytotypes and their host
species in nature
To determine if sympatric T. urticae populations showed genetic differentiation
based on host species across spatial and temporal scales, we extensively sampled
and genotyped individual mites from several co-occurring plant species over the
course of three years. Specifically, we looked for consistent associations between
spider mite cytotypes (inferred from mitochondrial cytochrome oxidase I [CO1]
haplotype groups) and several host plant species in two nature reserves of The
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Netherlands – the dunes near Castricum and the dunes near Meijendel in the
summers of 2015, 2016 and 2017. We report, for the first time, a strong association
across multiple years between host species and three common mite cytotypes in
sympatry, one being completely restricted to wild honeysuckle (Lonicera
periclymenum) and the other two cytotypes having larger host ranges (Figure 1).
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Figure 1. Associations between Tetranychus urticae cytotypes and host plant species in the
dune ecosystem of The Netherlands. Host range of the three most abundant Tetranychus
urticae CO1-based cytotypes (C1, C2 and C3) identified in 2015, 2016, and 2017 (left, middle,
and right, respectively). Percentages on the x-axis represent the number of individuals
belonging to a cytotype over the total number of individuals (N) per year. Proportions on the
y-axes represent the number of individuals of a cytotype found on a particular host over the
total number of individuals belonging to that cytotype. Host species (legend, far right) are
ground ivy (Glechoma sp.), wild honeysuckle (Lonicera periclymenum), Salomon’s seal
(Polygonatum sp.), spindle tree (Euonymus europaeus), and stinging nettle (Urtica sp.).
‘Other’ includes blackberry, stalk rose, elderberry, and at least three different host-species
that were not taxonomically identified.

We determined 598bp-long CO1 sequences of 1023 individuals collected over the
three years of field sampling from 48 locations (30 in Castricum and 18 in
Meijendel). All sequences closely matched GenBank sequences previously
annotated and validated as T. urticae (Ros & Breeuwer 2007). The 1023 sequences
represented 156 different haplotypes. A maximum-likelihood phylogenetic analysis
grouped these haplotypes into six clades (hereafter called cytotypes, followed by a
number, i.e., C1 through C6) varying in their bootstrap support (Figure S1). While
cytotypes C2 and C3 were found on every host sampled, C1 was restricted to
honeysuckle, and these association patterns were consistent across the three years
of sampling. Cytotypes C4, C5, C6 were rare in the field and were not documented
every year; thus, we focused subsequent analyses on C1, C2, and C3, to which the
majority of individuals (997 mites) were assigned; 20% of the 997 individuals were
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assigned to C1, 57% to C2, and 23% to C3 (Figure 1). The restriction of cytotype C1
to honeysuckle did not seem to be an artefact of our sampling design. Even in
locations where mites from any cytotype had an equal chance of colonizing either
of two co-occurring wide-spread hosts, honeysuckle or spindle tree (Euonymuous
europeaus), more than 97% of C1 individuals were found on honeysuckle (the
proportion of C1 individuals found on spindle tree was not significantly different
from zero; Figure S2). Tetranychus urticae mostly disperses passively with the wind
and occasionally by actively walking to close-by plants (Helle & Sabelis 1985;
Peterson & Denno 1998). We only once (2017) found a few C1 individuals on spindle
tree shoots growing underneath a large honeysuckle patch which was highly
infested with C1 individuals; this large C1 population likely spilled over but did not
establish on spindle tree.
The spatial scale at which the processes that lead to mosaics of genetic variation in
herbivore taxa occur largely depends on the local and regional availability of suitable
hosts (Cogni & Futuyma 2009; Cogni et al. 2011; Gloss et al. 2016). For example, the
maintenance of genetically structured populations of the whitefly Bemisia tabaci
depends on the seasonality of host availability, which influences interpopulation
gene flow by temporally isolating B. tabaci populations associated to hosts with
different phenologies (Naranjo et al. 2009). Similarly, variation in the availability and
phenology of local hosts across the United States and Mexico promotes the
maintenance of apple- and hawthorn-associated host races of Rhagoletis flies
(Doellman et al. 2019). In contrast, T. urticae genetic population structure has not
been previously shown to depend on host species, regardless of the spatial scale at
which these hosts occurs (Navajas 1998; Navajas & Fenton 2000; Calatayud et al.
2016). Moreover, prior studies have not investigated the temporal persistence of
spider mite genotypes in the field. In this study, extensive sampling and genotyping
of individuals within and between populations on a small spatial scale, across
consecutive years, revealed the spatial scale that promotes spider mite population
structure across time in the field.

2) Genome-wide divergence of honeysuckle-restricted lines relative to
sympatric and non-sympatric conspecifics
To confirm and further assess the extent of genetic divergence between hostassociated populations, we also asked if the CO1-based cytotypes were consistent
with full mitochondrial genomes, as well as with patterns of nuclear variation. To do
this, we established 26 iso-female lines from cytotypes C1, C2, and C3 in the
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laboratory, sequenced the lines using the Illumina method, and predicted single
nucleotide polymorphisms (SNPs) for the 90 Mb genome of T. urticae. With a highquality subset of SNPs, we constructed mitochondrial and nuclear phylogenies. We
found that the phylogeny based on the whole mitochondrial genome was congruent
with the phylogeny based on CO1 haplotypes (Figure S3). The nuclear phylogeny
also split the 26 lines into three clades, hereafter referred to as nucleotypes N1, N2,
and N3. The 26 lines were subsequently labelled based on their genotype, this is,
their cytotype and nucleotype (e.g., lines C1N1a, C1N1b, C2N2a, C2N2b, etc; Table
S1). While each of the three nucleotypes had >95% bootstrap support, the N1 clade
associated with the C1 cytotype grouped away from N2 and N3, with the latter in a
well-supported clade (bootstrap support 100%) (Figure 2).
To further explore genetic relationships, we performed principal component
analyses (PCA) with the 26 iso-female lines, and included 30 previously sequenced
lines of T. urticae green forms, two lines of T. urticae red forms (MR-VL and TuSB9),
and two sister species (T. turkestani and T. kanzawai) (Figure 3A). As expected, T.
kanzawai, for which no viable progeny from interspecific crosses with T. urticae
have been reported (Shih & Shiue 1995), was separate from all T. urticae lines along
PC1. Previously, viable but infertile F1 progeny have been reported in crosses
between T. urticae and T. turkestani (Ben-David et al. 2009), which clustered
separately from all T. urticae lines along PC2. All green forms of T. urticae, including
the 26 iso-female lines derived in this study, formed a tight cluster distinct from T.
urticae red forms, for which varying levels of incompatibility have been reported
(Gotoh & Tokioka 1996; Sugasawa et al. 2002). A PCA restricted to nuclear data for
the 56 T. urticae green forms revealed that lines with nucleotype N1 clustered
together and away from N2 and N3 along PC1; as expected for local population
differentiation, all of the N1, N2 and N3 lines from our study sites clustered
separately from lines reported previously from other geographic locations (Figure
3B). The PCA on nuclear data are therefore consistent with species and population
delineations (red versus green forms) reported previously. The PC analyses also
revealed no apparent separation of N2 and N3 by host plant species, although the
N2 and N3 lines did appear to have a modest genetic separation based on geography
(e.g., N2 lines grouped closer to each other based on sampling site, while all
members of N3 were collected in Meijendel, Figure S4E).
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Figure 2. Mitochondrial and nuclear genome phylogenies of field-derived
Tetranychus urticae lines. At left is a maximum likelihood analysis based on the
optimal partitioning scheme of 13 protein-coding mitochondrial genes. At right is a
neighbour-joining analysis using whole nuclear genomes. In both analyses,
Tetranychus kanzawai is included as an outgroup. The scale bar of the mitochondrial
phylogeny represents the nucleotide substitutions per site, the scale bar of the nuclear
genome phylogeny represents substitutions per nuclear SNP position. Mitochondrial
and nuclear phylogenies for the same field-derived lines are labelled and connected
by lines, with colours according to their cytotype and shapes according to their native
hosts. Cyto-nuclear hybrids are connected with dotted black lines and have asterisks
next to their nuclear name. Only bootstraps values ≥ 65 are shown.

We also quantified the extent of genetic differentiation between field-derived lines
by calculating genome-wide Fst values and found that genetic differences between
N1 and the other two nucleotypes (FstN1-N2 = 0.46 and FstN1-N3 = 0.54) were
substantially higher than between N2 and N3 (FstN2-N3 = 0.07) (Figure 3C). To
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understand whether localized genomic regions of unusually high or low genetic
differentiation were apparent, we quantified Fst in sliding windows across the
genome among the nucleotype groups, and found that divergence between N1 and
N2/N3 was approximately uniform along each of the three T. urticae chromosomes
(Figure 3D). Given their co-occurrence at field sites, the genome-wide uniformity of
divergence of N1 from the other nucleotypes as assessed with Fst was unexpected.
A potential explanation for this finding was revealed by an analysis of genetic
variation within nucleotypes. As our study used iso-female lines (expansions from
single diploid females), residual genetic variation was anticipated in each line.
Consistent with this expectation, segregation of genetic variants was observed for
large genomic regions in the N2 and N3 iso-female lines. In striking contrast, each
of the N1 lines was inbred, or nearly so, as assessed with the dense, genome-wide
SNP data (Figure S5). This pattern can only be explained if the females used for
establishing the N1 lines were isogenic (or largely so) at the time of collection from
the field. This observation, coupled with the finding that the N1 lines are
predominantly identical by allelic state genome-wide (Figure S6), revealed that our
N1 nucleotype constituted a highly inbred population across our study locations in
nature (a pattern expected to elevate Fst values in population comparisons). The N1
lines were not uniformly inbred, however, as revealed by the phylogenetic and PC
analyses (Figure 2 and Figure 3B), and a few small genomic intervals were
segregating in a few N1 lines (Figure S5A). Moreover, while twenty-two out of the
26 N1-3 lines formed analogous clades with respect to both the cytotype and the
nucleotype, (i.e., N1, N2 and N3 were consistent with C1, C2, and C3, respectively),
there were four exceptions (hereafter referred to as cyto-nuclear hybrids, Figure 2).
One of these involved an N1 nucleotype, C2N1f, for which the nuclear genome was
most distinct within the N1 nucleotype group (Figure 2 and Figure 3B), potentially
reflecting introgression in nature.
Together, these data suggest that gene flow is prevalent within and between the N2
and N3 nucleotypes, while the N1 nucleotype co-occurring at minute spatial scales
exists across collection sites largely as a genetic clone. The level of homozygosity of
N1 resembles those expected of inbreeding in small, isolated populations
(Charlesworth & Willis 2009). Whether this is a general pattern of host race
formation in this system is unclear. In yeast, the early stages in the dynamics of
experimental adaptation to a novel environment are accompanied by a loss of
genetic diversity (James et al. 2019). Haplodiploid taxa, such as tetranychid mites
and parasitoid hymenopterans may exist as inbred populations in nature (Werren
1993; Mori et al. 2005). Haplodiploids are expected to suffer less from inbreeding
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than taxa with other sex determinations systems due to a lower genetic load, as
deleterious recessive mutations are purged via exposure in haploid males (Werren
1993; Henter 2003).
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Figure 3. Extent of genetic divergence between Tetranychus species and among
Tetranychus urticae lines. Genetic differentiation between 26 field-derived Tetranychus
urticae (green) lines (this study), 30 additional T. urticae lines (28 green and 2 red lines,
denoted as “other” and green or red as indicated) and two other Tetranychus species (T.
turkestani and T. kanzawai) as assessed by principal component analyses (A and B), as well
as by (C) pairwise genome-wide Fst calculations (the extent of shading reflects Fst levels as
indicated, bottom right). For panel B, genetic differentiation assessed by a principal
component analysis, but limited to T. urticae green lines (see dashed lines connecting to
panel A), is shown. (D) Genetic differentiation among the 26 field-derived green lines (this
study) as assessed in a sliding window Fst analysis across the T. urticae genome (the three
scaffolded chromosomes are as indicate with alternative shading; unplaced and
concatenated scaffolds are shaded green, far right).
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3) Reproductive isolation between sympatric mite genotypes and genetics
of cyto-nuclear hybrids
To quantify the extent of reproductive isolation in this system, we assessed the
extent of reproductive compatibility between field-derived lines. We performed
pairwise reciprocal crosses between individuals of several lines of C1N1, C2N2 and
C3N3, and assayed how traits associated with hybrid breakdown, such as
percentage of sterile F1 females, F1 sex ratio, and F2 egg mortality, compared
between hybrids and parental lines (Tables S2-3). We found consistent evidence of
F1 and F2 hybrid breakdown between members of C1N1 and the other two
genotypes that was not as apparent in crosses between C2N2 and C3N3 (Figure 4).
These patterns can be potentially be confounded by the presence of symbiotic
intracellular bacteria common to mite and insects, and that can cause reproductive
incompatibility (e.g. Breeuwer & Werren 1990; Breeuwer 1997; Groot & Breeuwer
2006). To assess the presence of known incompatibility-inducing bacteria
(Wolbachia, Cardinium and Spiroplasma) we sequenced bacterial 16S rDNA of our
lines. These bacterial taxa were not found in any of the laboratory lines, and neither
were any other bacterial sequences correlated to a cytotype or nucleotype (Figure
S7).
Interline crosses produced F1 offspring with slightly altered sex ratios compared to
controls, but daughters were always present, demonstrating fertilization in all
interline crosses (Figure 4, Table S2). The asymmetrical pattern of distorted sex
ratios in the F1 can be explained by hybridization revealing recessive maladaptive
combinations between the cytoplasmatic background and the nuclear-encoded
mitochondrial genes in hybrids, as observed in haplodiploid taxa (Breeuwer &
Werren 1990; Breeuwer & Werren 1995; Perrot-Minnot et al. 2004; Hill 2015). A
higher percentage of sterile F1 hybrid female virgins occurred when C1N1 was
crossed to C2N2 or C3N3 compared to controls; non-sterile F1 virgins from these
crosses also laid significantly fewer F2 eggs than controls. In striking contrast, both
reciprocal N2 vs. N3 F1 hybrids showed no higher proportion of sterile females, and
even a non-significant trend of larger egg clutch sizes compared to controls, which
resembles the outbreeding effects of heterosis found among compatible loci
related to female reproduction (Knegt et al. 2017). F1 males were not considered
in the analysis because they inherit all the genetic material from their mothers and
are therefore not hybrids.
Hybrid breakdown between N1 and either N2 or N3 was strongest in F2 male
offspring, which are recombinant haploid individuals. Compared to controls, fewer
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Figure 4. Reproductive compatibility of field-derived Tetranychus urticae lines.
Reciprocal crosses were performed between different lines of C1N1, C2N2 and C3N3.
Fitness traits measured in individuals across two filial generations are presented on the
y-axes of each row. F1 adult sex ratio, F1 female sterility, and F2 egg hatchability are
presented as percentages ± one standard error of the mean (SEM); F1 clutch size per day
is presented as average number of eggs per day ± SEM. A linear mixed-effect model was
fit to compare the mean of a crossing treatment (reciprocal ♀x♂ crosses; black bars) to
their respective controls within each panel (α ≤ 0.05; light grey bars); letters above bars
represent significant differences within each panel (Tukey post-hoc test)
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F2 hybrid eggs hatched (<8% vs. >90%), with the embryonic development of most
eggs stopping before the stage of red-eye formation, which is the stage just prior to
larval hatching. However, the few individuals that did hatch completed
development and reached adulthood. This points to genomic incompatibilities
between nuclear loci that impact pre-hatching embryonic development. It remains
unknown whether the F2 individuals that managed to reach adulthood were indeed
balanced hybrids, or alternatively whether they derived mostly from one parental
genotype. Hybrids between C2N2 and C3N3 displayed significantly reduced F2 egg
hatching rates as well, but to a much lesser degree than crosses involving C1N1. This
higher hatching rate of N2 vs. N3 crosses agrees with the larger similarity between
N2 and N3 genomes (Figures 2, 4 and S6). To evaluate whether these patterns
depended on the compatibility of nuclear genomes, we performed similar reciprocal
crosses between several cyto-nuclear hybrid lines and lines we hypothesised to be
either compatible or incompatible with them (Figures 2 and S8). As expected, in
incompatible crosses we found a significantly higher percentage of sterile F1 hybrid
virgin females as compared to controls, and non-sterile F1 females laid fewer eggs
than controls. Less than 3.5% of F2 eggs laid by these females hatched. Also, as
expected, we found that in compatible crosses, F1 females were not more sterile
than controls, laid as many or more eggs than controls, and more than 70% of their
F2 eggs hatched (Figure S8). Thus, we related the genome-wide differentiation
between N1 and either N2 or N3 to hybrid breakdown due to incompatibility at
nuclear loci, as expressed most clearly in F2 recombinant individuals.
In conclusion, our data show that post-zygotic barriers to gene flow contribute to
the maintenance of a host race of T. urticae restricted to honeysuckle. Barriers to
gene flow expressed as F2 hybrid breakdown are not uncommon in haplodiploid
taxa (Gibson et al. 2013; Beukeboom et al. 2015). It is possible that the interactions
between the nuclear and the mitochondrial genomes in hybrids contribute to the
patterns in this system, as it is observed in haplodiploid taxa (Hill 2015). For
example, although crosses between N2 and N3 were largely compatible, the fitness
of F2 hybrids was asymmetrical: a higher proportion of individuals with a C2
cytotype hatched compared to their reciprocal C3 hybrids (49% vs. 23%, Figure 4).
Mito-nuclear interactions are found in populations that have recently experienced
selection, as the mtDNA needs to accommodate the changes imposed by the
selection regime acting on the nuclear genome in order to maintain homeostasis
(Ballard & Rand 2005; Hill 2015; Baris et al. 2016). If embryonic development in T.
urticae resembles larval development in Nasonia wasps and Tigriopus copepods, we
might expect the oxidative phosphorylation pathway to delay or fully stop normal
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development of hybrid larvae due to an impaired ability to synthesize ATP (Burton
et al. 2013; Gibson et al. 2013).

4) Fitness advantage of the honeysuckle race on its host over sympatric
conspecifics
Given the population differentiation of T. urticae in the dune ecosystem, what
maintains the spider mite gene pool from mixing? The existence of a genetically
distinct host race on honeysuckle with reproductive isolation from sympatric
conspecifics could be explained by the extent of selection exerted by their host plant
species. Using the field-derived lines, we quantified host adaptation by measuring
fitness traits from individual to population levels. Due to its restriction to
honeysuckle in the field, we expected N1 individuals to (1) perform better on
honeysuckle than on other host species tested, (2) to outperform other sympatric
mite genotypes on honeysuckle, or (3) do both (Agrawal 2000; Kawecki & Ebert
2004).
We observed that reproductive performance (eggs/female/day) of individual N1
females (1-2 eggs/female/day) from several lines was more than twice lower than
that of N2 (~5 eggs/female/day) and N3 females (~5 eggs/female/day) on leaf discs
of honeysuckle, a finding that was consistent as well for most other host plant
species tested (Figure S9). Similar reproductive performance values were also
obtained on detached honeysuckle twigs (N1 = 1.54 ± 0.14 [mean ± SEM], n = 12;
N2 = 4.92 ± 0.47, n = 12). We focused on early individual female reproductive
performance as this is an important trait determining the rate of population
increase in spider mite populations (Yano et al. 1998; Agrawal 2000; Yano et al.
2001). The clutch sizes of N1 females were low relative to most reports of
reproductive output in spider mite females (Helle & Sabelis 1985). Since N1 females
reproductive performance is no better on honeysuckle than on other hosts tested,
it is possible that genetic trade-offs in host adaptation are either low or absent, if
host adaptation is determined by different loci on the hosts species we selected
(Gould 1979; Fry 1990; Gotoh et al. 1993; Agrawal 2000; Yano et al. 2001;
Magalhães et al. 2009). Alternatively, but not mutually exclusive, since N1 lines are
largely inbred (Figure S5), the low reproductive performance of N1 females might
indicate that they suffer from inbreeding depression. Spider mite populations can
harbour genetic variation for the number of eggs laid per female, but low egg
numbers may result from the expression of deleterious alleles in inbred individuals,
rather than from trade-offs as a result of antagonistic pleiotropy of host-adaptation
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loci (Tien et al. 2010). Furthermore, experimental inbreeding negatively affects the
rate of female oviposition compared to outbred populations of T. urticae (Tien et al.
2015). We argue that genetic load could still be prevalent in N1 females.
Despite the low reproductive performance of N1 females, they nonetheless build
larger population sizes on wild honeysuckle plants than conspecifics, as line C1N1a
expanded from 30 to 643 ± 243 adult females after two generations, while line
C2N3a only produced 188 ± 80 adult females. We found that this is largely due to
the higher survival of N1 juveniles compared to N2 juveniles on honeysuckle (Figure
5). During the development from egg to adult (13-14 days for this species), the
survival of juveniles of N2-N3 lines dropped to ~0.8 around day 7, when most
individuals were larvae, compared to N1 survival, which was close to 1 at that time.
N2-N3 survival kept decreasing significantly from that of N1 until day 11 in all
experiments. N2-N3 juveniles mostly died trying to escape the leaf enclosures,
where they became stuck on the wet enclosure barriers, or in sugary exudates on
the leaf surface. By day 13, mortality in all lines increased due to adults trying to
escape from the arenas. As a reference, survival of N1, N2 and N3 juveniles to
adulthood was high (>90%) on common bean, a very permissive host to T. urticae
(Table S2, S3). This disparity in juvenile and maternal traits is not unusual (Gloss et
al. 2016). In T. urticae, the genetic architecture determining juvenile survival seems
to be decoupled from loci that determine female reproductive performance in some
cases, but in other cases both traits increase together after experimental isolation
to one host (e.g. Magalhães et al. 2007a; Magalhães et al. 2009; Tien et al. 2010,
2015).
Together, our data suggest that host adaptation plays a pivotal role in the
maintenance of the honeysuckle host race among generalist conspecifics in nature.
Population growth of the host race on honeysuckle is higher than that of generalist
conspecifics. This is, unintuitively, not due to a higher reproductive output of host
race females over generalist conspecifics on honeysuckle, but rather due to a higher
mortality of generalist juveniles on this host. This would give the host race a
competitive advantage over conspecifics on honeysuckle. In contrast, the host race
is possibly outcompeted on alternative hosts due to its low reproductive output
(Figure S9), especially if the survival of generalist juveniles on non-honeysuckle
hosts would be higher than on honeysuckle itself (e.g. Table S2). Given the high
mortality of generalists on honeysuckle, we could expect selection to act upon
variation in mechanisms that prevent generalists from visiting this host, which
would further restrict the opportunities for mating encounters and subsequent
40
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gene flow between honeysuckle specialists and generalist conspecifics, a possibility
that remains to be tested empirically.
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Figure 5. Proportion of juvenile survival of Tetranychus urticae field-derived lines on
honeysuckle. The survival proportion of juveniles (y-axes) from six field-derived lines
representing common T. urticae cytotypes found in the Dutch dunes was tested in three
independent experiments. Honeysuckle-restricted lines C1N1a, C1N1d and C1N1e are
coloured green and represented by a solid line; generalist lines C2N3a, C2N2d and C2N2b are
coloured red and represented by a dashed line. Survival was scored across five consecutive
time points, spanning from egg hatching to adulthood (represented in days on the x-axes).
Stars represent a significantly different survival mean for each time point (α ≤ 0.05); coloured
ribbons represent one SEM (n=6).

C o n c lu s io n s
We present evidence of intraspecific population structure related to host
adaptation and incomplete reproductive isolation in the generalist herbivore T.
urticae. Integrating lines of evidence of this process across scales (ecosystem –
population – individual) proved imperative to grasp the extent of evolutionary
divergence within this species in nature. The distribution of genetic variation of T.
urticae across the Dutch dune ecosystem shows a consistent pattern across years,
where honeysuckle-restricted genotypes co-exists with generalist conspecifics.
Genetic structure was apparent genome-wide between the honeysuckle-restricted
genotypes and most available genomes of T. urticae. The persistence of a genetically
distinct, inbred population on honeysuckle is partially maintained in sympatry by
post-zygotic reproductive barriers, leading to incomplete isolation between the
honeysuckle host race and generalist conspecifics. Selection exerted by honeysuckle
impacts negatively the survival of generalists on this host, which is expected to
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further reduce chances for hybridization with the host race. In nature, patterns of
functional variation related to host use can be revealed using common genetic
markers, but this is dependent on the choice of markers and on extensive
genotyping of individuals within and between populations. Hybridization can occur
in this system, but reproductive barriers are incomplete and expressed postzygotically. Previous genetic studies with T. urticae, often with reproductively
compatible green forms collected in greenhouses or agricultural settings, might
suggest that host race formation in this generalist species is rare. Yet, host race
formation could be more prominent in nature than in agricultural settings, where
monocultures and pesticide use may erode genetic variation. Further research
focusing on dissecting the patterns of intraspecific functional variation within
herbivore taxa is needed to answer this question.

M a t e r ia l s a n d m e t h o d s
1) Associations between sympatric mite cytotypes and their host species in
nature
To investigate the occurrence of host-associated populations across spatial and
temporal scales, populations of T. urticae were sampled in two coastal nature
reserves near Castricum (CAS) and Meijendel (MEY) in The Netherlands, which are
part of the European dune ecosystem (Table S1). Three to four ~1km long transects
were established within the forested dune areas of each nature reserve. Along a
transect, 10m x 10m sampling locations were established at least 50 meters away
from each other (CAS: 30 locations in total; MEY: 18 locations in total). Sampling
took place in 2015, 2016 and 2017. At every location, multiple leaves from every
host plant species showing signs of spider mite damage were collected, and placed
in plastic bags unique to location and host plant species to avoid crosscontamination. Within 48 hours after field sampling, DNA was extracted from up to
10 individual mites, preferably adult females, per collection (Appendix A1).
Individuals were genotyped by analysing SNPs in a 598 base pair (bp) stretch within
the mitochondrial cytochrome oxidase subunit 1 (CO1) gene (the so-called Folmer
fragment; Folmer et al. 1994). The region was amplified using PCR and Sangersequenced (Appendix A1). Sequence files were analysed and aligned using
CodonCode Aligner (v. 6.0.2). To obtain a high-quality sequence, the ends of each
sequence were trimmed to a final length of 598bp. The haplotypes found have been
deposited onto GenBank under project SUB7841957. All sequences were run
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through MegaBLAST to confirm their similarity to previously annotated T. urticae
sequences. Sequences were aligned using the MUSCLE algorithm with a maximum
of 5 iterations and a UPGMA clustering method in MEGA for Mac (v. 7). A maximum
likelihood tree based on the Tamura-Nei nucleotide substitution model and
bootstrapped 1000 times was constructed using all the unique haplotypes found
across all samples. Clades with bootstrap support of 60% or above were used to
define haplotype groups, which we referred to as cytotypes. Based on these clades,
each individual mite was assigned to a particular cytotype. Host-mite associations
were determined based on the proportion of samples that belonged to each
cytotype that were sampled from a particular host plant species, per year. We
analysed a subset of these data with samples from locations where we marked the
co-occurrence of two wide-spread host species, wild honeysuckle (Lonicera
periclymenum) and spindle tree (Euonymuous europeaus), whether they were
infested by mites or not. For cytotypes with evidence of host associations, we
compared the proportion of individuals occurring on the alternative host to zero
with a one sample t-test.

2) Analysis of genomic divergence of honeysuckle-restricted lines relative
to sympatric and non-sympatric conspecifics
Establishment of lab populations, DNA extraction and endosymbiont
diagnosis
To quantify the extent of genetic divergence between host-associated populations,
we established field-derived lines by re-sampling honeysuckle and spindle tree
leaves at specific locations in CAS and MEY in August - September 2015 (Table S1);
infested leaves were collected as mentioned previously. Virgin females at the last
moulting stage before adulthood (teleiochrysalis) were isolated individually on
common bean (Phaseolus vulgaris cv. Speedy) leaf clippings of 3x3cm surrounded
by wet cotton wool, and kept under controlled conditions (25°C, 16h:8h Light:Dark,
60% Relative Humidity; hereafter “standard conditions”). Virgin females were
allowed to oviposit for 7-10 days; their eggs developed under the same conditions,
but the females were transferred to a colder chamber (12°C, standard light regime
and humidity) for ~10 days to slow down the aging process while their unfertilized
eggs matured into adult males. Once the males emerged, the mother and her sons
were placed together to mate on new bean cut-outs. After ~5 days of oviposition,
females were collected for individual DNA extraction, CO1 amplification and Sanger
sequencing as described above. A total of 26 iso-female lines were established to
represent the most common mite cytotypes previously identified and were
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maintained since their establishment on detached bean leaves in standard
conditions. After 2 weeks (~1 generation for this species), up to 800 adult females
were pooled per line and their DNA extracted (Appendix A2). The 26 pairs of reads
generated as part of this project have been deposited onto sequence-read archive
(SRA) under accessions SAMN13693727-52. Dilutions of 1:10 of this DNA and of DNA
obtained from three laboratory populations known to harbour reproductive
endosymbionts were used to diagnose the presence of bacterial symbionts by
sequencing the V3 region of the 16S rDNA subunit on an Illumina MiSeq platform
(Appendix A3). The reads generated from the 29 bacterial communities have been
deposited under accessions SRR12491964-89 and SRR12492212-14. Protocols
followed for processing, mapping and variant calling, validation of species identity
using nuclear sequences, quality control of the predicted variants, and assessment
of heterozygosity levels in the field-derived lines are specified in Appendix A3-A7.

Mitochondrial genome and phylogenetic tree
Illumina reads were mapped to the T. urticae mitochondrial genome using BWA (v.
0.7.12-r1039) (Li 2013). We extracted the 13 protein-coding genes from the
mitochondrial genomes for use in phylogenetic analyses, and individual alignments
for each region were performed using MAFFT v. 7.721 (Katoh et al. 2002) with the
following settings: strategy: auto; gap open penalty = 1.53, offset value = 0.0, and
then visually IGV v. 2.3 (Robinson et al. 2011). The 13 T. kanzawai mitochondrial
genes were included in the analysis as an outgroup (Appendix A4; Wybouw et al.
2019b). Subsequently, the 13 regions were concatenated into a supermatrix
containing 10225bp. The best-fitting partitioning scheme was estimated using
PartitionFinder2 (Lanfear et al. 2017). Several partitioning schemes were tested
including division of protein-coding genes into 1st, 2nd and 3rd codon positions. The
most suitable partitioning scheme was selected using the Akaike information
criterion. Maximum likelihood (ML) phylogenetic analysis of the partitioned dataset
was performed using RAxML (v. 8.2.8) (Stamatakis 2014), with BSbrL enabled and
500 bootstrap replicates to evaluate branch support.
Nuclear phylogenetic tree
A phylogenetic tree was constructed based on nuclear SNPs of all the iso-female
lines from this study, as well as a previously published line of T. kanzawai (Wybouw
et al. 2019b) which served as an outgroup (Appendix A4). To minimize the number
of SNPs that were in linkage disequilibrium with each other, SNPs that were used
for making the tree had to be spaced at least 20kb apart. In the event of
heterozygosity in a line at a given locus, the allele with higher read depth support
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was selected. From the resulting set of SNPs, a BioNJ (Gascuel 1997) neighbourjoining tree based on observed nucleotide differences was constructed in PhyML
3.1 (Guindon et al. 2010) using the Seaview v. 4.6.1 graphical user interface (Gouy
et al. 2010) with 500 bootstraps.

PCA and Fst estimation
Principal component analyses (PCAs) and an Fst estimation at the whole genome
level were performed in R (v. 3.3.2) as described by Zheng (2015), using packages
SNPRelate (v. 1.8.0) and gdsfmt (version 1.10.1; Zheng et al. 2012). The PC analysis
was performed by running the snpgdsPCA function with option autosome.only =
FALSE. The snpgdsFst function was used to calculate Fst values following Cockerham
& Weir (1986; autosome.only = FALSE). Additionally, Fst values were also calculated
in a sliding window approach. Before conducting the sliding window analysis along
the genome, the VCF file was transformed to be concordant with the recently
reported three-chromosome assembly (Wybouw et al. 2019a). The R-package
PopGenome (Pfeifer et al. 2014)was used to perform pairwise Fst estimations for
each window. Fst estimations were calculated based on the bi-allellic positions for
windows of 10 kb and a window slide of 2 kb. The curves were smoothed by using
the spline interpolation option (span = 0.01).

3) Reproductive isolation between sympatric mite genotypes and genetics
of cyto-nuclear hybrids
Crossing bioassays between field-derived lines
To quantify the extent of reproductive isolation between host-associated mite
genotypes, reciprocal crosses between C1N1 and C2N2, C1N1 and C3N3, and C2N2
with C3N3 were carried out with individuals from several lines per genotype. We
quantified multiple fitness proxies in the parental crosses (P0) and in F1 and F2
hybrid offspring, using intra-line crosses as controls in each experiment. We
measured the sterility of P0 mated and F1 virgin females (frequency of females that
did not lay any eggs), mated P0 and virgin F1 egg clutch size (the number of eggs)
per female per day, P0 and F1 female mortality (average number of days alive during
the experiments), F1 and F2 egg hatchability (percentage of viable eggs over the
total number of eggs), F1 and F2 juvenile survival to adulthood (percentage of adult
offspring over the number of viable eggs), and the sex ratio of F1 adult progeny
(percentage of females over total number of adult offspring). In P0 to F1
experiments, 8 – 10 virgin females (teleiochrysalis stage) from a field-derived line
were placed together with 4 – 5 adult males from either the same line for control,
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or males from a line belonging to a different nucleotype for treatments, on a
detached leaf disc (⌀=24mm) from common bean (P. vulgaris cv. Speedy). Fortyeight hours later, mated females were transferred to experimental boxes, where
each female was placed individually on a new bean leaf disc (⌀=15mm) surrounded
by wet cotton wool. For F1 to F2 experiments, F1 individuals were collected from
parental crosses similar to the ones described above. Eight to ten female F1 virgin
females were collected and placed on new discs for 48 hours without males. All
experimental females were allowed to lay eggs for 24 hours and were then
transferred to a new leaf disc; females were allowed to oviposit for a maximum of
5 days. A total of 951 females were analysed between all experiments, with an
average of 50 females per crossing arrangement (Table S2 and S3). Statistical
analyses are described in Appendix A9.

4) Measurement of fitness traits in the honeysuckle race on this host
against sympatric conspecifics
Reproductive performance on different host plants
To gather evidence of host adaptation, we quantified several fitness proxies of the
field-derived lines on different hosts. Oviposition of adult, mated females was
measured as the number of eggs laid per mite, per day on detached leaf discs, for
five consecutive days (eggs/female/day). An independent experiment was
conducted for each of the five plant-species tested: common bean (P. vulgaris cv.
Speedy), nightshade (Solanum nigrum), spindle tree (E. europaeus), stinging nettle
(Urtica sp.), and honeysuckle (L. periclymenum). Bean and nightshade were grown
under greenhouse conditions (25°C, 16hL:8hD, 60%RH), spindle tree and stinging
nettle were collected from the field, and honeysuckle was bought from a
commercial supplier, defoliated and re-grown under greenhouse conditions. Before
each experiment, virgin females in the last juvenile stage (teleiochrysalis) were
selected from several laboratory lines belonging to C1N1, C2N2 or C3N3, and were
placed together with adult males from the same line on bean leaf discs (⌀ = 24mm)
for 48 hours (Table S1). Then, each ± 1-day-old mated female was transferred to an
individual leaf disc (⌀ = 15mm) of the experimental plant, surrounded by wet cotton
wool and kept under standard conditions. Females were transferred to freshly cut
leaf discs after 24 hours, for a maximum of 5 days. The total number of females used
per line per experiment is summarised in Table S1. Statistical analyses are described
in Appendix A10.
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Juvenile survival on detached honeysuckle twigs
To infer fitness advantages of the honeysuckle host race over other genotypes on
its host, we quantified the proportion of juveniles that survived to adulthood on
honeysuckle. Three independent experiments were conducted, each using a
different pair of lines: C1N1a and C2N3a; C1N1d and C2N2d; C1N1e and C2N2b.
Experiments were conducted on detached honeysuckle twigs, consisting of two
opposing leaves pressed against a bed of wet cotton wool, one with the top and one
with the bottom side up. An area of approximately 2x3cm within each leaf was
delimited using thin paper tissue strips embedded into the wet cotton bed. An a
priori limitation of the mite lines used here is that C2 females lay on average 5-6
eggs per day, whereas females from C1 females lay 1-2 eggs per day on honeysuckle
and other hosts (see Results). Taking this into account, 16 adult females from C1 and
8 females from C2 per experiment were placed on each leaf of the experimental
arenas. After 48 hours, all eggs were removed from the leaf surface, and any dead
females were replaced. After 24 hours, all females were removed; eggs were
removed until a total of 12 eggs were left on each leaf. The experiments spanned
for the turnover of one generation for the species (approx. 13 days under lab
conditions). Survival scoring started from 5 days after egg laying and continued
every 2 days for a total of five time points (day 5, 7, 9, 11 and 13), when over 50%
of surviving individuals had reached adulthood. At each time point, the number of
alive individuals and their life stage were scored, along with the cause of death of
the dead individuals. Statistical analyses are described in Appendix A11.
Population growth on full honeysuckle plants
Store-bought honeysuckle plants were defoliated, replanted in new soil and placed
inside a mite-proof cage under standard greenhouse conditions. Experimental
plants were used within 4 weeks of planting, but several replicates showed signs of
infection by powdery mildew. The number of green leaves, and estimates of the
percentage of the plant covered by mildew were noted before mite infestation (T0).
At T0, each plant was infested with 28 mites from population C1N1a or mites from
population C2N3a. After two generations (i.e. ~ 40 days later), adult female mites
were counted non-invasively, and damage by mildew was assessed as at T0. Two
blocks of the experiment were performed consecutively and were set up with, 4
replicates per line each, for a total of 8 replicates for C1N1a and 8 replicates for
C2N3a. Plants were watered once a week during the experiments. Statistical
analyses are described in Appendix A12.
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Figure S1. Phylogenetic analysis of all the CO1 haplotypes found in Tetranychus urticae
individuals in the dune ecosystem of The Netherlands. The phylogenetic relation of 156
unique CO1 haplotypes observed among all spider mite individuals from the Dutch coastal
dunes collected over the 2015, 2016 and 2017 field seasons is shown. The tree is drawn to
scale, with branch lengths measured as the number of substitutions per site. Clades with
bootstrap values >60 were coloured and labelled as cytotypes 1 through 6. The most common
and prevalent cytotypes were C1, C2 and C3 (in red, blue, and yellow, respectively), while C4,
C5 and C6 (in green, turquoise, and grey, respectively) were rare and were not found every
year in the field.
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Figure S2. Occurrence of three common Tetranychus urticae cytotypes on two common
host species in the dune ecosystem of The Netherlands. The proportion of individuals (yaxis) belonging to each of three cytotypes, C1, C2 or C3, found on wild honeysuckle and
spindle tree plants (legend, right) in the dune ecosystem of The Netherlands as summed over
three consecutive field seasons (2015-17). The number of locations at which a cytotype
occurred is shown underneath each cytotype (n).
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Figure S3. Congruence between phylogenetic analyses based on CO1 and full mitochondrial
sequences of the field-derived Tetranychus urticae lines. Maximum likelihood analyses
based on the CO1 sequences (left) and on the optimal partitioning scheme of the 13
mitochondrial genes (right). The two scale bars represent the number of nucleotide
substitutions per site. The lines linking the names of the T. urticae lines between the two
phylogenies are coloured based on their cytotype (C1: red, C2: blue, C3: yellow). Only
bootstraps ≥ 65 are shown.
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Figure S4. PCA plots of the field-derived Tetranychus urticae lines. Principal component
analyses for 26 field-derived lines based on nuclear and mitochondrial variation (left versus
right) demarcated by cytotype, host plant species, and sampling location as indicated (A&B,
C&D, and E&F, respectively). For panel A, each cyto-nuclear hybrid line is labelled individually
in black.
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Figure S5. Heterozygosity along the genome of field-derived Tetranychus urticae lines. The
fraction of heterozygous (segregating) SNPs (y-axis) was plotted in 100kb sliding windows
along the genome (cumulative genomic position on x-axis) for all lines and presented in a
separate panel for each nucleotype: (A) N1, (B) N2, and (C) N3. The T. urticae lines were
coloured based on their cytotype: C1 in red, C2 in blue, and C3 in orange.
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Figure S6. Percentage of genome-wide SNP similarity between field-derived Tetranychus
urticae lines. The lines are grouped by their nucleotype (N1, N2, or N3), from left to right
and from top to bottom.
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Figure S7. Proportions of bacterial families associated with field-derived Tetranychus
urticae lines. The proportion of 16S bacterial sequences (y-axis), identified to the family level,
associated with the 26 field-derived lines of this study, and three laboratory lines (Controls
E28, E29, E30) known to harbour common mite endosymbionts as positive controls (x-axis).
In the legend, the families of Wolbachia and Cardinium, two known reproductive

59

Chapter 2

manipulating bacteria associated to arthropods, are highlighted in blue and red, respectively.
These taxa were not present in the field-derived lines.
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Figure S8. Analyses of reproductive compatibility between selected field-derived
Tetranychus urticae lines. Reciprocal crosses between lines hypothesised to be either
compatible (same nucleotype) or incompatible (different nucleotypes) (♀X♂ in the x-axes
of all panels). Fitness traits measured in individuals across two filial generations are presented
on the y-axes of each row. F1 female sterility, and F2 egg hatchability are presented as
percentages ± SEM; F1 clutch size per day is presented as average number of eggs per day ±
SEM. A linear mixed-effect model was fit to compare the mean of a crossing treatment (black
bars) to their respective controls within each panel (α ≤ 0.05; light grey bars); letters above
bars represent significant differences within each panel (Tukey post-hoc test).
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Figure S9. Reproductive performance of three Tetranychus urticae cytotypes on multiple
host species. The average number of eggs per female per day ± SEM (y-axes), over a
maximum of five consecutive days. Young mated females from 4 to 5 field-derived lines
belonging to each cytotype were allowed to oviposit on leaf discs of either honeysuckle
(Lonicera peryclimenum), spindle tree (Eounymus europaeus), stinging nettle (Urtica sp.),
night-shade (Solanum nigrum) or common bean (Phaseolus vulgaris cv. Speedy). Significant
differences, analysed with a linear mixed-effect model fitted to each host (α≤ 0.05), are
represented by different letters above bars according to a Tukey post-hoc test.
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Table S1. Cytotype, nucleotype, native host, sampling site, field coordinates, SNP
characteristics and heterozygosity of each field-derived Tetranychus urticae line
Cytotype Nucleotype
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
3
2
2
3
3
3
3

1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
3
3
3
3
3
3
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Line

Host plant

Site

Coordinates

C1N1a
C1N1b
C1N1c
C1N1d
C1N1e
C1N1f
C1N1g
C2N1f
C2N2b
C2N2c
C2N2d
C2N2e
C2N2h
C2N2i
C2N2j
C2N2k
C2N2l
C2N2m
C2N2n
C3N2e
C2N3a
C2N3g
C3N3a
C3N3b
C3N3c
C3N3d

Honeysuckle
Honeysuckle
Honeysuckle
Honeysuckle
Honeysuckle
Honeysuckle
Honeysuckle
Honeysuckle
Spindle tree
Spindle tree
Honeysuckle
Honeysuckle
Spindle tree
Honeysuckle
Spindle tree
Honeysuckle
Spindle tree
Spindle tree
Spindle tree
Honeysuckle
Honeysuckle
Spindle tree
Honeysuckle
Honeysuckle
Spindle tree
Spindle tree

Meyendel
Castricum
Meyendel
Castricum
Castricum
Castricum
Castricum
Castricum
Castricum
Meyendel
Meyendel
Meyendel
Castricum
Meyendel
Castricum
Meyendel
Meyendel
Castricum
Castricum
Meyendel
Meyendel
Meyendel
Meyendel
Meyendel
Meyendel
Meyendel

N52° 07.900' E4° 21.262'
N52° 32.433' E4° 38.531'
N52° 07.815' E4° 19.860'
N52° 32.617' E4° 37.612'
N52° 32.867' E4° 38.288'
N52° 32.984' E4° 38.524'
N52° 32.542' E4° 38.623'
N52° 32.365' E4° 38.472'
N52° 32.590' E4° 38.356'
N52° 09.616' E4° 21.642'
N52° 07.871' E4° 20.385'
N52° 07.871' E4° 20.451'
N52° 33.049' E4° 38.705'
N52° 07.871' E4° 20.451'
N52° 32.643' E4° 37.787'
N52° 07.871' E4° 20.385'
N52° 07.815' E4° 19.768'
N52° 32.587' E4° 37.806'
N52° 32.593' E4° 38.759'
N52° 07.905' E4° 21.384'
N52° 09.468' E4° 21.691'
N52° 09.536' E4° 22.571'
N52° 09.546' E4° 21.655'
N52° 09.428' E4° 21.628'
N52° 09.625' E4° 22.207'
N52° 09.536' E4° 22.571'

Mean SNP
%
No. SNPs
coverage depth heterozygosity
79.99
0.95%
561576
82.38
0.90%
562328
71.2
0.91%
562297
78.86
1.01%
562901
77.78
2.10%
565881
75.06
1.25%
563273
107.61
0.87%
561564
78.09
0.96%
563242
86.32
47.45%
740588
78.05
53.18%
767328
84.32
47.47%
727628
82.09
51.21%
753045
89.32
46.62%
729987
94.66
54.16%
773754
80.53
51.72%
756568
77.25
55.00%
771338
70.31
55.35%
771722
94.94
32.94%
668879
79.44
30.33%
662172
76.31
63.53%
816463
80.78
53.08%
780419
82.77
54.83%
807683
73.5
33.78%
688540
81.04
45.91%
737728
66.33
59.61%
828189
79.29
58.79%
831822
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2x3

N2

N3

3x1

1x3

N1

N2

2x1

1x2

N1

N3

N2

N1

Cross

53

32

42

29

53

54

51

43

29

34

38

43

53

29

43

N

3.77 ± 2.58

0.00 ± 0.55

0.00 ± 0.37

0.00 ± 0.64

3.77 ± 2.58

5.56 ± 3.04

12.00 ± 4.32

9.30 ± 4.23

0.00 ± 0.64

0.00 ± 0.50

0.00 ± 0.43

9.30 ± 4.23

3.77 ± 2.58

0.00 ± 0.64

9.30 ± 4.23

P0 Female
sterility2

4.47 ± 0.12 a

4.31 ± 0.19 a

3.93 ± 0.19 ab

3.28 ± 0.28 b

4.47 ± 0.12 a

4.26 ± 0.15 a

2.96 ± 0.18 b

2.98 ± 0.18 b

3.28 ± 0.22

3.62 ± 0.22

3.45 ± 0.18

2.98 ± 0.18

4.47 ± 0.12 a

3.28 ± 0.28 b

2.98 ± 0.18 b

P0 females
Days alive3

51

32

42

29

51

51

44

39

29

34

38

39

51

29

39

N

6.82 ± 0.41 ab

7.99 ± 0.38 a

5.30 ± 0.45 b

5.25 ± 0.61 b

6.82 ± 0.41 a

6.97 ± 0.41 a

2.89 ± 0.29 b

2.13 ± 0.23 b

5.25 ± 0.61 a

5.49 ± 0.58 a

2.58 ± 0.30 b

2.13 ± 0.23 b

6.82 ± 0.41 a

5.25 ± 0.61 a

2.13 ± 0.22 b

Clutch size
(per day)3

92.42 ± 1.88

97.13 ± 1.19

94.40 ± 1.14

97.03 ± 0.97

92.42 ± 1.88 a

91.46 ± 1.84 a

81.86 ± 4.47 b

94.17 ± 1.68 a

97.03 ± 0.97

93.13 ± 3.23

93.43 ± 2.80

94.17 ± 1.68

92.42 ± 1.88

97.03 ± 0.97

94.17 ± 1.68

F1 Egg
viability2

51

32

42

29

51

51

42

39

29

33

37

39

51

29

39

N

80.08 ± 2.51

87.27 ± 1.88

88.21 ± 1.71

83.46 ± 3.66

80. 08 ± 2.51

78.04 ± 2.50

77.36 ± 3.94

84.81 ± 3.06

83.46 ± 3.66

83.73 ± 2.64

84.78 ± 3.28

84.81 ± 3.06

80. 08 ± 2.51

83.46 ± 3.66

84.81 ± 3.06

F1 Juvenile
survival2

1.56 ± 0.16 b

3.26 ± 0.33 a

1.06 ± 0.09 b

1.09 ± 0.17 b

1.56 ± 0.16 b

3.33 ± 0.25 a

0.59 ± 0.07 c

0.53 ± 0.06 c

1.09 ± 0.17 ab

1.78 ± 0.27 a

0.51 ± 0.06 b

0.53 ± 0.06 b

1.56 ± 0.16 a

1.08 ± 0.17 a

0.53 ± 0.06 b

Sons (per
day) 3

3.96 ± 0.35

3.82 ± 0.35

3.64 ± 0.37

3.49 ± 0.46

3.96 ± 0.35 a

2.26 ± 0.20 b

1.73 ± 0.25 c

1.23 ± 0.16 c

3.49 ± 0.46 a

2.90 ± 0.29 a

1.79 ± 0.24 b

1.23 ± 0.16 b

3.96 ± 0.35 a

3.49 ± 0.46 a

1.23 ± 0.16 b

Daughters
(per day) 3

51

32

42

29

51

51

41

39

29

33

36

39

51

29

39

N

68.31 ± 3.02 a

54.42 ± 4.10 b

72.19 ± 3.39 a

71.40 ± 4.67 a

68.31 ± 3.02 a

37.42 ± 2.60 b

57.73 ± 5.70 ab

60.52 ± 5.01 a

71.40 ± 4.67

66.41 ± 2.82

71.04 ± 3.48

60.52 ± 5.01

68.31 ± 3.02

71.40 ± 4.67

60.52 ± 5.01

F1 sex
ratio2,*

51

32

42

29

51

51

44

39

29

34

38

39

51

29

39

N

80.08 ± 2.51

87.27 ± 1.88

88.21 ± 1.71

83.46 ± 3.66

80.08 ± 2.51

78.69 ± 2.53

73.84 ± 4.49

84.81 ± 3.06

83.46 ± 3.66

81.26 ± 3.55

82.54 ± 3.90

84.81 ± 3.06

80.08 ± 2.51

83.46 ± 3.66

84.81 ± 3.06

F1 adults per
clutch2

Table S2. Fitness traits of parents (P0) and resulting hybrid F1 offspring between lines of three sympatric nucleotype of Tetranychus
urticae (N1, N2, N3)1

N3

3x2

1: Variables that differed significantly (p ≤ 0.05) from their respective intra-line controls in the linear-mixed models fitted are marked with different appended letters within
each panel (column by rows between thin black lines), according to a Tukey post-hoc test (see Methods). 2: Average percentage ± SEM. 3: Average mean ± SEM. *: tertiary
sex ratio = females/adult offspring. N columns: sample size for columns on their right-side.

63

2

64

15.38 ± 4.61

19.61 ± 4.99 ab

15.38 ± 4.61 b

2.63 ± 2.60

51

38

52

51

41

35

38

51

48

57

52

38

36

36

52

N1

N2

N3

N1

1x2

2x1

N2

N1

1x3

3x1

N3

N2

2x3

3x2

N3
4.35 ± 0.18

4.41 ± 0.23

4.63 ± 0.21

3.90 ± 0.24

4.35 ± 0.18 a

4.38 ± 0.16 a

4.84 ± 0.12 a

3.60 ± 0.22 b

3.90 ± 0.24 bc

4.43 ± 0.21 ab

4.61 ± 0.11 a

3.60 ± 0.22 c

4.35 ± 0.18

3.90 ± 0.24

3.60 ± 0.22

F1 females
Days alive3

44

31

34

37

44

35

29

41

37

31

30

41

44

37

41

N

4.96 ± 0.39

6.95 ± 0.48

6.41 ± 0.50

5.03 ± 0.36

4.96 ± 0.39 a

1.96 ± 0.26 c

2.34 ± 0.30 bc

3.42 ± 0.27 ab

5.03 ± 0.36 a

3.27 ± 0.40 b

2.46 ± 0.31 b

3.42 ± 0.27 b

4.96 ± 0.39 a

5.03 ± 0.36 ab

3.42 ± 0.27 b

Clutch size
(per day) 3

87.04 ± 2.49 a

23.10 ± 4.80 c

49.04 ± 4.03 b

88.34 ± 3.20 a

87.04 ± 2.49 a

1.10 ± 0.67 b

2.85 ± 1.30 b

96.93 ± 1.18 a

88.34 ± 3.20 a

8.19 ± 2.14 b

2.63 ± 1.15 c

96.93 ± 1.18 a

87.04 ± 2.49

88.34 ± 3.20

96.93 ± 1.18

F2 egg
viability 3

44

26

33

37

44

3

5

41

37

15

7

41

44

37

41

N

89.59 ± 1.90 ab

91.43 ± 2.26 ab

85.72 ± 3.09 b

95.01 ± 1.38 a

89.59 ± 1.91 a

66.67 ± 33.33 b

70.00 ± 20.00 b

96.41 ± 1.34 a

95.01 ± 1.38 a

74.44 ± 8.47 b

78.57 ± 14.87 ab

96.41 ± 1.34 a

89.59 ± 1.91

95.01 ± 1.38

96.41 ± 1.34

F2 juvenile
survival 3

4.05 ± 0.39 a

2.05 ± 0.46 b

2.95 ± 0.38 ab

4.25 ± 0.36 a

4.05 ± 0.39 a

0.18 ± 0.10 b

0.44 ± 0.17 b

3.21 ± 0.26 a

4.25 ± 0.36 a

0.42 ± 0.11 b

0.27 ± 0.06 b

3.21 ± 0.26 a

4.05 ± 0.39

4.25 ± 0.36

3.21 ± 0.26

Sons (per
day) 2

44

31

34

37

44

35

29

41

37

31

30

41

44

37

41

N

78.67 ± 3.08 a

20.67 ± 4.38 c

42.78 ± 3.88 b

84.12 ± 3.31 a

78.67 ± 3.08 b

0.86 ± 0.63 c

2.32 ± 1.16 c

93.38 ± 1.67 a

84.12 ± 3.31 a

5.29 ± 3.31 b

1.96 ± 0.83 b

93.38 ± 1.67 a

78.67 ± 3.08

84.12 ± 3.31

93.38 ± 1.67

F2 adults
per clutch 3

1: Variables that differed significantly (p ≤ 0.05) from their respective intra-line controls in the linear-mixed models fitted are marked with different appended letters within
each panel (columns by rows between thin black lines), according to a Tukey post-hoc test (see Methods). 2: Average percentage ± SEM. 3: Average mean ± SEM. N columns:
sample size for columns on their right-side.

15.38 ± 4.61

13.89 ± 5.37

5.56 ± 3.74

38.60 ± 5.06 a

39.58 ± 5.49 a

19.61 ± 4.99 ab

2.63 ± 2.60 b

11.43 ± 5.08 ab

26.83 ± 5.93 a

2.63 ± 2.60

19.61 ± 4.99

N

Cross

F1 Female
sterility2

Table S3. Fitness traits of the F1 virgin females resulting from parental crosses between three sympatric nucleotypes of Tetranychus urticae
(N1, N2, N3), and their F2 male offspring1
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A p p e n d ix
A1: Individual DNA extraction and CO1 amplification
Individual Tetranychus urticae mites were placed in PCR strip tubes and crushed
directly with a pipette tip in 20µl of TE buffer (10mM Trish-HCL, 100mM NaCl, 1mM
EDTA [ph8]) and 1µl of Proteinase K (20mg/µl); samples were incubated for 30mins
at 37°C, followed by inactivation of Proteinase K for 7mins at 95°C; DNA was then
stored at -20°C until downstream analyses. Each sample was genotyped by
analysing single nucleotide polymorphisms (SNPs) within the Folmer fragment
(Folmer et al. 1994), which is a ~700 base pair (bp) stretch within the
mitochondrially encoded gene cytochrome oxidase subunit 1 (CO1). The forward
primer (LCO1490) was 5’-GGTCAACAAATCATAAAGATATTGG-3’; the reverse primer
(HCO2198) was 5’-TAAACTTCAGGGTGACCAAAAAATCA-3’. The PCR reaction was
performed using two different protocols. In 2015 and 2016, 1µl of DNA extract was
added to a 19µl mix comprised of 9.4µl purified water, 4.0 µl of 5X Hot start
polymerase buffer, 4.0 µl of 1mM dNTPs, 0.6 µl of each primer [10 µM] and 0.4 µl
of Hot start polymerase. For this mix, PCR conditions were: 30secs at 98°C, and 34
cycles of 10secs at 98°C, 10secs at 48°C, 15secs at 72°C and a final step at 72°C for
60secs. In 2017, the PCR reaction instead contained 3µl mite DNA in a 25µl mix of
11.0µl water, 3.75 µl of 10x Taq buffer, 5.0 µl of 1mM dNTP’s, 1.25 of bovine serum
albumin 10mM 0.4µl of each primer [10µM] and 0.2µl Taq polymerase 5U. Four µl
of each PCR product was checked in a 1% agarose gel stained with Midori green.
A2: Pooled DNA extraction
Between 400 and 800 adult females from the first laboratory generation of each isofemale line (26 in total) were aspirated from bean leaves using a vacuum and were
collected in a single Eppendorf tube. The tubes were flash frozen in liquid nitrogen
and stored at -80°C before DNA extraction. Purified DNA was obtained by
homogenising each sample in a mix of 100µL SDS buffer (200mM Tris-HCl, 400mM
NaCl, 10mM EDTA, 2% SDS at pH 8.2), 15µl Proteinase K and 3µl of RNase A. After
incubation at 60°C for 2 hours in a water bath, 3µl RNase A were added to each
sample, and incubated at 37°C for 1h45mins in a Thermomixer at 300rpm. The
homogenate was moved to a new 2ml tube and an equal volume (~800µl) of a
Phenol: Chloroform: isoamyl alcohol solution (25:24:1) was added and shaken
manually for 1min. After centrifugation for 5m at ~14 000rpm, the aqueous layer
containing the DNA was transferred to a new safe-lock Eppendorf 1.5ml tube, at
which point ~450µl of ice-cold isopropanol was added, and the resulting solution
was mixed by slowly inverting the tube. After incubation for 15mins at room
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temperature, the tubes were centrifuged at maximum speed for 45mins at 4°C. The
supernatant was removed with a pipette and the resulting pellet was washed two
consecutive times with 500µl of ice-cold ethanol (70%). After washing, the ethanol
was further removed by centrifuging and collecting all droplets, and by allowing the
DNA pellet to dry for 3mins. The pellet was eluted in 32µl of standard elution buffer
and resolved overnight at 4°C. The quality, purity and amount of DNA per sample
were first assessed by Nanodrop measurements and by visual assessment in a 1%
agarose gel (ran for ~45mins at 50V). An aliquot of 3µl per sample was diluted 10
times in double-distilled water and used for downstream PCR analyses; the
undiluted DNA was used for whole-genome sequencing (WGS).

A3: Endosymbiont presence diagnosis
Aliquots of purified DNA (1:10; see above) were used to diagnose the presence of
three common endosymbionts in each of the 26 iso-female lines created from field
samples within one generation after being established in the laboratory. The
presence of a bacterial symbiont was assessed in two ways. First, we amplified
marker genes previously reported for known arthropod endosymbionts: (1) the
Wolbachia wsp gene using primers 81F and 691R (Zhou 1998), (2) the Cardinium
CLO gene using primers F1 and R1 (Gotoh et al. 2007), (3) the Spiroplasma dnaA
gene using primers ApDNaAF1 and ApDNAaR1 (Fukatsu et al. 2001). For wsp and
dnaA amplification, we used a mix of 12.25µl of ddH20, 2.5µl of 10x buffer, 5µl of
1mM dNTPs, 1.25µl of BSA 10mM, 0.4µl of 10uM for each primer, 0.2µl of
DreamTaq polymerase (ThermoFisher) (5U) and 3µL of DNA template, for a total
volume of 25µl per sample. The protocol used for these two genes started with
2mins denaturation at 95°C, followed by 35 cycles of 30secs at 95°C, 30secs of
annealing at 51°C (52°C for dnaA), 60secs at 72°C, and a final step for 4mins at 72°C.
For CLO amplification, we used a mix of 13.5µl of ddH20, 2.5µl of 10x buffer, 5µl of
1mM dNTP’s, 0.4µl of 10µM for each primer, 0.2µl of DreamTaq polymerase
(ThermoFisher, 5U) and 3µl of DNA template, for a total volume of 25µl per sample.
The protocol for CLO amplification started with 2mins denaturation at 94°C,
followed by 35 cycles of 40secs at 94°C, 40secs of annealing at 57°C, 45secs at 72°C,
and a final step for 5mins at 72°C. Each PCR was performed with a negative control
of ddH20 and a positive control from a mite population in our laboratory that was
previously reported to be infected with an endosymbiont. For Wolbachia, DNA from
five adult female Bryobia mites was extracted by crushing individuals in 100µl of a
5% Chelex solution with 10µl of 20mg/ml proteinase K; samples were placed in a
thermocycler at 37°C for 30mins followed by 7mins at 95°C. For Cardinium and
Spiroplasma, the DNA of four adult Brevipalpus mites and of four adult T. urticae
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females, respectively, was extracted using the same Chelex-based protocol.
Amplicons were run on 1% agarose gels for ~45mins at 120V.
Second, we sequenced the bacterial 16S rDNA subunit from a 1:10 DNA aliquot from
each of our 26 iso-female lines, plus three control populations. We used the same
phenol-based extraction protocol as described above to obtain purified DNA from
three other T. urticae laboratory populations previously determined to be infected
by Wolbachia, Spiroplasma and Cardinium, as positive controls. 16S rDNA was
amplified and sequenced by LGC Genomics, (Germany), using an Illumina MiSeq
platform. Briefly, DNA samples were checked for quality, and PCR was targeted for
the V3-V4 region of the 16s subunit, according to the MiSeq Illumina guidelines. PCR
products were cleaned of remaining primers and primer dimers, after which
Nextera adapter sequences were attached to the amplicons of each sample. A
second round of PCR clean-up was used to produce the normalised libraries used
for sequencing. Around 5 million read pairs were generated (~100 000 reads per
sample, 2X300bp), which were then processed according to the Qiime2 pipeline
(Bolyen et al. 2019) using custom Python scripts (miniconda3 environment). Raw
fastaq files were demultiplexed by barcode identity. The quality of the sequence
data was further controlled using the dada2 pipeline for Illumina reads. The
taxonomic analysis was performed using a Naïve Bayes classifier based on the
Greengenes 13_8 99% OTUs from 515F/806R region of sequences. Bar graphs
representing the relative bacterial taxa frequencies per sample were obtained with
the ‘Qiime2 view’ interface.

A4: Mapping and variant calling
Illumina genomic library construction and DNA sequencing were performed at the
High-throughput Genomics Core at the Huntsman Cancer Institute of the University
of Utah (Salt Lake City, USA) to produce paired-end reads of 125 bp as previously
described (Wybouw et al. 2019a). The resulting reads were aligned to the T. urticae
reference genome (Grbic et al. 2011) using the default settings of BWA 0.7.15-r1140
(Li 2013) and sorted by coordinate using SAMtools 1.3.1 (Li et al. 2009). In line with
the recommendations described in the GATK Best Practices workflow (Van der
Auwera et al. 2013) duplicate reads were marked with Picard tools 2.6.0-SNAPSHOT
[https://broadinstitute.github.io/picard] prior to indel realignment with GATK 3.60-g89b7209 (DePristo et al. 2011). SNPs were then called jointly across these and
select other T. urticae strains for which Illumina sequences were previously
deposited in public databases [see BioProject PRJNA530192, and Bryon et al. (2017),
Snoeck et al. (2019), and Wybouw et al. (2019a; 2019b); collectively, strains Albino67
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JP, Brazil, Catnip6, FG, GH, Heber, Hib, Foothills, KH, Kigen, Lemon5, London Inbred,
MAR-AB, MR-VL, MR-VP, NightS, PA2, ParkCity, Parrott, PyrR, RB, RS, ShCo, Spain,
SR-VP, TuSB9, UK, Wasatch, WG-Del, WG-S] using GATK UnifiedGenotyper (DePristo
et al. 2011). Samples released in PRJNA530192 but that potentially do not belong to
T. urticae were only included as well in the joint variant call if we were able to
identify them to species using ITS2 sequences, please see “Species identification
based on ITS sequences” below, as assessed with the output of the GATK
UnifiedGenotyper tool.

A5: Species identification based on ITS2 sequences
Some descriptions for Tetranychus strains submitted as part of BioProject
PRJNA530192 noted a high level of divergence from T. urticae, and the strains were
flagged as potential cryptic species or sister species. To assign species identifications
to these strains where possible, we examined their ITS2 sequences in the Illumina
read alignments to the T. urticae genome (see section “mapping and variant
calling”). To determine the location of the ITS2 repeats in the T. urticae assembly,
we aligned the Tetranychus ITS2 primers used for phylogenetic analysis in Ben-David
et al. (2007) to the T. urticae 640-scaffold assembly using ORCAE (Sterck et al. 2012),
which placed the repeats in several locations along scaffold 42. We then used the
Integrative Genomics Viewer (IGV) v. 2.3 (Robinson et al. 2011) to determine the
location of variants in the repeats. As reads did not align uniquely in the repeats,
and read coverage was variable, we focused on the sequence between positions
100,363 and 100,883 on scaffold 42 where the read coverage was relatively even.
Using this method, we were able to identify strains GD, Jriv, Mt0 and Sh, as
belonging to T. turkestani, as they matched the consensus T. turkestani ITS2
sequence based on previously reported sequences of ITS2 fragments (Navajas &
Boursot 2003). Strains that did not match any of the previously described ITS2
patterns were not included in the joint variant call described in the previous section.
A6: Quality control on predicted variants
Variants predicted by GATK were subjected to quality control (QC), and those that
passed were considered for further analyses; the QC metrics we used on the output
variant call format (VCF; v. 4.2) were adapted from recommendations in GATK’s post
#2806 (https://gatkforums.broadinstitute.org/gatk/discussion/2806/howto-applyhard-filters-to-a-call-set, accessed 9 July 2018) and required that each SNP had (1)
a quality score normalized by allele depth (QD field in the VCF file) of at least 2, (2)
mean root square mapping quality (MQ) of at least 50, (3) strand odds ratio (SOR)
below 3, (4) mapping quality rank sum (MQRankSum) higher than or equal to -8, (5)
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rank sum for relative positioning of reference versus alternative alleles in reads
(ReadPosRankSumTest) of at least -8, and also (6) fall within 25% and 150% of the
sample’s genome-wide mean SNP read coverage (AD). These QC metrics were used
for all analyses unless specified otherwise.

A7: Levels of heterozygosity
To avoid counting SNPs in copy-variable regions as heterozygotes, QC settings were
adjusted from those outlined in Quality control on predicted variants. Specifically,
only SNPs with coverage depth falling within 0.75x and 1.25x of the genome-wide
mean were considered, and mapping quality rank sum score (MQRankSum), as well
as rank sum for relative positioning of reference versus alternative alleles in reads
(ReadPosRankSumTest) had to be within -8 and 8. Percentage of heterozygous SNPs
across the genome were determined in 100kb sliding windows with a 10kb offset.
Each window had to contain at least 20 SNPs to be included.
A8: Genome-wide analysis of SNP similarity between lines
SNPs that passed quality control (as per A6) were used to calculate genome-wide
percent SNP similarity between the lines. In the event that a SNP was heterozygous,
we chose the allele with the higher Illumina read support (using the AD field in the
VCF file). Percent similarity was then computed using custom Python scripts with
the help of the Python package pandas v. 1.0.3 (McKinney 2010).
A9: Crossing bioassays between host-associated populations – statistical
analysis
A mixed-effects linear model (package lme4 in R v. 3.6.1) was fitted to analyse the
effect of hybridisation on (1) P0 and F1 egg clutch size per female per day, (2) F1
and F2 female mortality, (3) F1 and F2 egg hatchability, (4) F1 and F2 juvenile
survival to adulthood, and (5) F1 sex ratio. ‘Crossing treatment’ was used as a fixed
effect; iso-female line, and experimental box within experiment were used as
random effects in each model. When a main significant effect of the crossing
treatment was found, significance of pairwise comparisons between crossing
scheme pairs were determined using linear hypotheses with a Tukey correction for
multiple testing. Basic model assumptions of residual normal distribution and
homoscedasticity were assessed for each fitted model and data were log+1
transformed when needed. To compare the frequency of sterile versus fertile
females between crosses, we performed a chi-square test of independence and a
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post-hoc test with multiple pairwise comparisons with a Bonferroni correction to
account for multiple comparisons.

A10: Reproductive performance on different hosts – statistical analysis
Differences in the average eggs/female/day between nucleotypes were assessed
using two mixed-linear models in R (package lme4 in R v. 3.6.1), in which the
response variable was the number of eggs/female/day log+1 transformed to meet
model assumptions. The average number of eggs/female/day in the first model was
compared within each host tested, with nucleotype as the fixed factor with three
levels (C1N1, C2N2 and C3N3) and iso-female line as the random factor. A second
model was applied to the general mean reproductive performance (i.e. average
eggs/female/day across all hosts together) with genotype as the fixed factor with
three levels (C1N1, C2N2 and C3N3), and iso-female line as a random factor.
Females that died before day 1 of the experiment were eliminated from the
analyses.
A11: Juvenile survival on detached honeysuckle twigs – statistical analysis
Differences in the mean proportion of surviving individuals per time point between
members of each pair were analysed using a mixed-linear effects model (package
lme4 in R v. 3.6.1). As a response variable, we included the average proportion of
individuals alive, square-root-transformed to meet model assumptions. The model
parameters, fixed and random, were defined by comparing a full model to reduced
versions of it and choosing the one with the lowest Akaike’s information criterion
(AIC) score. The full model was defined as: sqrt(alive.percentage) ~ genotype + (1|
leaf side) + (1|genotype:leaf side) + (1|population:replicate) + (1|
replicate:genotype). The best fitting model was a reduced model, defined as:
sqrt(alive.percentage) ~ genotype + (1|leaf side) + (1|replicate:genotype), where
mite iso-female line (genotype) was the fixed effect, and leaf side (leaf) and
(replicate:genotype) were set as random effects.
A12: Population growth on full honeysuckle plants- statistical analysis
We fitted a mixed linear model to test whether the initial conditions of the
experimental plants differed significantly between each other. A term representing
the interaction between the number of green leaves in each cage with the
percentage of mildew covering them (leaves*mildew) was used as the response
variable, line was a fixed factor, and block was used as a random factor. Another
mixed linear model was used to assess the differences in the number of adult
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females on the plants after ~40 days between lines. To meet model assumptions,
the log-transformed number of females was used as a response variable, the
interaction between the final number of green leaves found and their percentage
of mildew, line, and number of days since the beginning of the experiment were
fixed factors, and block was used as random factor.
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A b stra c t
Herbivores and plants are involved in an on-going arms race; herbivores evolve
mechanisms to consume their plant hosts, which in turn evolve defence
mechanisms against herbivory. This can drive the evolution of host plant
specialization: conspecific populations become associated to one plant taxon or a
narrow range of related plant taxa. Host specialization potentially isolates herbivore
populations that have specialized on different host species from each other,
promoting further intraspecific genetic differentiation and eventual reproductive
isolation. We previously found genotypes of the polyphagous spider mite
Tetranychus urticae that are restricted and adapted to a single host species,
honeysuckle (Lonicera periclymenum), in the Dutch dune ecosystem, whereas other
sympatric genotypes are found on multiple host species, but are outperformed by
the host race on honeysuckle. Here, we investigate whether traits related to the
plant-mite interaction contribute to the maintenance of the mosaic patterns of
genetic variation found in mite populations in the field. We characterize a set of
host-mediated mechanisms of adaptation and isolation between field-derived mite
lines representing the honeysuckle race (i.e. specialist) and a sympatric generalist
genotype (i.e. generalist). We show that mite herbivory results in the production of
sticky droplets on the leaf laminae of honeysuckle, which directly impacts mite
survival. Adaptation to honeysuckle involves the ability to suppress the production
of droplets on the surface of honeysuckle leaves. We show that the ability to
suppress droplet production is inherited as a dominant trait in hybrids between
adapted and non-adapted mite genotypes, favouring a scenario in which hybrids
can avoid selection from this defence response of honeysuckle, thus facilitating the
homogenization of the species gene pool. However, the non-adapted genotype
avoids honeysuckle and has a lower reproductive performance on honeysuckle than
on other available hosts. Ultimately, these mechanisms contribute to the isolation
of the honeysuckle race from invading conspecifics. Hybridization between
sympatric adapted and non-adapted genotypes is possible, but seems rare, which
can explain the spatial mosaic of population structure found in host-associated
spider populations in nature.
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I n t r o d u c t io n
The role of ecological selection in the formation of new species is a central question
in evolutionary biology. Selection acting on phenotypes that confer a fitness
advantage in one particular habitat but not in another, can result in a shift in the
allele frequencies of selected loci in the populations adapted to each particular
habitat (Levene 1953; Egan et al. 2015a; Doellman et al. 2019). Locally adapted
genotypes can co-exist even when gene flow is prevalent between them, creating a
spatial mosaic of genetic diversity in nature (Dobzhansky 1941; Levin 1995; Gloss &
Whiteman 2016). Under certain conditions, adaptation to the local habitat may
promote barriers to hybridization between divergent populations, as local selection
can act against migrants and eventual hybrids that are less fit than their parents
(Funk et al. 2006; Egan & Funk 2009; Funk et al. 2011; Villa et al. 2019). A prevalent
framework that aims to explain the role of ecological selection in promoting
reproductive isolation correlates the neutral genetic distance between habitatassociated populations to a measure of phenotypic variation in divergent candidate
traits, while correcting for the increasing isolation expected from the geographical
distance between populations (Wright 1946; Shafer & Wolf 2013). At the molecular
level, the framework of ecological speciation pictures divergence to be first confined
to a few loci under ecological selection. Subsequently, recombination rates,
selection strength and genomic architecture can cause divergence to hitchhike
across surrounding loci, and eventually further across the genome, effectively
reducing recombination among loci across the entire genome (Hawthorne & Via
2001; Wu 2001; Via & West 2008; Nosil et al. 2012; Roesti et al. 2015; Riesch et al.
2017). Yet, the nature of the ecological and molecular factors that contribute to
ecological speciation in nature are not well known.
Much of the empirical evidence of ecological selection shaping genomic divergence
across phylogenetic lineages originates from herbivorous arthropods (Funk 2012;
Gompert et al. 2014; Riesch et al. 2017; Doellman et al. 2019). Plants have evolved
physical and chemical defence systems against herbivory, which may be
constitutively present or induced upon attack. Defences can act directly on the
herbivore to deter its feeding or hamper its metabolism, or indirectly by attracting
natural enemies of the herbivore (Sabelis et al. 2001; Kessler & Baldwin 2002; Dicke
& Hilker 2003; Kant et al. 2015a). In turn, herbivores are under pressure to evolve
mechanisms to exploit potential new hosts by overcoming this set of anti-herbivory
plant mechanisms. This arms race can drive the evolution of host specialization and
result in herbivore populations that are associated with certain host plant species
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(Futuyma & Peterson 1985). Selection from the host plant can promote
reproductive isolation between divergent herbivore genotypes when acting against
migrants or hybrids, or when promoting assortative mating between divergent
genotypes, creating host races with varying degrees of reproductive isolation
between them (Dres & Mallet 2002). Host races in herbivorous arthropods are
biological systems in which the role of ecological selection in promoting
reproductive isolation can be investigated, both in nature and in laboratory
bioassays, with the aim to dissect the phenotypes under ecological selection and
their molecular underpinnings. For example, colour morphs of the stick insect
Timema cristinae are under divergent selection on different host plants, where birds
predate upon individuals that are not camouflaged. The basis for body colouration
is confined to a QTL of large effect between these morphs, but across the stick insect
phylogeny, differentiation increases over larger areas of the genome as
reproductive barriers evolve between taxa (Riesch et al. 2017). Similarly, host
preference of Neochlamisus leaf beetles has a genetic basis, and gene flow is further
reduced due to host selection against hybrid and migrant individuals, which cannot
exploit parental host plant species (Funk 2012).
The evolution of reproductive isolation through host adaptation is thought to be
prevalent in phytophagous mites, many species of which depend tightly on their
hosts to complete their rapid life cycles and to find mates (Helle & Sabelis 1985;
Magalhães et al. 2007b; Belliure et al. 2010). Moreover, the generational time of
many mite species is considerably short, and they disperse to nearby hosts passively
by wind or by walking (Helle & Sabelis 1985). Most species evolved as specialists on
a relatively small number of plant taxa, yet some species are extreme generalists. A
well-studied example of the latter is the two-spotted spider mite, Tetranychus
urticae. It is found on over 1000 host plant species belonging to more than 120 plant
families. Most T. urticae populations from across the globe have highly similar
genomes and only a few cases of genetically different host races have been reported
(Gotoh et al. 1993; Hurtado et al. 2008); Chapter 2). Such cases present an
opportunity to investigate the role of host plant adaptation in promoting
reproductive isolation between populations of a highly polyphagous species. The
honeysuckle (Lonicera periclymenum) host race of T. urticae is a distinct genotype
restricted exclusively to this host; it occurs in sympatry with more widespread
generalist genotypes in nature, but it has higher fitness on honeysuckle than those
generalist genotypes (Chapter 2). We observed that when T. urticae feeds from
honeysuckle, its leaves exude droplets composed of a viscous, sticky liquid. Many
plant species are known to exude substances that can potentially deter herbivory,
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such as secondary metabolites aimed to interfere with herbivore homeostasis in
glandular trichomes (Glas et al. 2012), or sugary exudates that can trap herbivores
and support populations of omnivorous predators, such as sugary substances on the
leaves and stems of attacked plants (Krimmel & Pearse 2013; Lopresti & Toll 2017).
Plant defences are largely regulated by the orchestrated activity of phytohormones
such as jasmonic acid (JA) and salicylic acid (SA) and the pathway downstream of
hormone accumulation (Pieterse et al. 2012).
Here, we investigate the role of host plant defences in contributing to the
maintenance of discrete mite genotypes that occur in sympatry. We use fieldderived lines of the honeysuckle race of T. urticae (hereafter referred to as
‘specialist genotype’), a sympatric generalist genotype of the same species (referred
to as ‘generalist genotype’) and honeysuckle as the ecological trait that could
promote reproductive barriers between them. We characterize the biochemical
composition of sticky droplets that are produced on honeysuckle upon mite
herbivory, and ask whether sticky droplets produced differ in quantity and
composition between the two mite genotypes. The effect of phytohormone on
droplet production is also quantified. To assess the defensive nature of sticky
droplets we quantify their direct impact on individual mite survival. We expect that
the adapted genotype would be able to overcome defence responses to a larger
extent than the non-adapted genotype. To investigate whether plant defences
promote reproductive isolation between mite genotypes, we ask whether F1
hybrids between specialist and generalist genotypes inherit traits that allow them
to overcome plant defences. In addition, we quantify host choice and performance
in specialist and generalist genotypes, and investigate whether host choice and
performance are correlated in the T. urticae - honeysuckle system. We had no a
priori expectations regarding the correlation of performance and choice on either
specialist or generalist genotypes. However, given its restriction to honeysuckle in
nature, we expected the host race to show a preference for honeysuckle and the
generalist genotype to show no preference to any particular host species.

M a t e r ia ls & M e t h o d s
Plants and mites
Wild honeysuckle plants from a local garden centre were re-potted, defoliated and
allowed to regrow inside individual mite-proof cages at 20oC, 60% relative humidity,
and 16h Light: 8h Dark period (from here on referred to as ‘standard conditions’) in
the greenhouse of the University of Amsterdam. Experimental arenas consisted of
a honeysuckle branch cut above and below the knot of two opposing leaves, which
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were flattened on a bed of wet cotton wool; an area of 2x3cm was delimited with
wet paper tissue on each leaf. The ends of each stalk were embedded in the wet
cotton wool. Female T. urticae were originally collected from honeysuckle growing
in the dune ecosystem near Castricum and Meijendel, The Netherlands in 2015 and
used to start iso-female lines and kept in standard conditions in the laboratory on
common bean, Phaseolus vulgaris, detached leaves surrounded by wet cotton wool.
The genome of each field-derived line was sequenced and classified as either the
honeysuckle specialist genotype (lines C1N1a, C1N1b, and C1N1d) or as one of two
sympatric generalist genotypes (lines C2N3a, C2N2b, C2N2d, and lines C3N3a,
C3N3b, C3N3d), following the nomenclature in Villacis-Perez et al. (2020).

Video recordings of sticky droplet production as a response to mite feeding
Honeysuckle plants exude sticky droplets on the abaxial side of the leaf upon mite
feeding. To visualize the sequence of steps leading to the production of sticky
droplets and observe whether specialist and generalist feeding would result in a
different response of the host plant, we infested the abaxial side of a honeysuckle
leaf in an experimental arena with five adult females from a line of the specialist
genotype (line C1N1a) or from the generalist genotype (line C2N3a). A Nikon D750
camera with a macro 60mm focal length lens surrounded by a LED lamp was fixed
to a vertical stand and positioned above the experimental arena with a tripod.
Recording started one minute after mites were added to the arenas. Pictures were
taken every 30sec for 12 consecutive hours with an automated shutter. We
assembled the pictures into a time-lapse video with a speed of 10 frames per second
(fps), fitting approximately 12hr of mite feeding into a 26-second-long video.
Sugar and amino acid quantification of sticky droplets
The amounts of sucrose, fructose, glucose and amino acids in the droplets were
analysed using High-Performance Liquid Chromatography (HPLC). For the
quantification of the three sugars, honeysuckle leaves were infested for 24hr with
5-10 adult mites from either one specialist (C1N1a) or one generalist (C2N3a) line.
We collected 0.5-1µl of droplets from each treatment separately in capillary tubes,
which were placed immediately after collection in 150μl double-distilled water in a
HPLC vial for 24hr to allow the sugars to dissolve. The water that was drawn into the
capillaries was pushed with a syringe back into the vial. Samples were analysed with
HPLC-UV/VIS_RID (LC-20AT, Prominence, Shimadzu), on an ion-exclusion Rezex
ROA-Organic Acid H+(8%) column (300x 7.8mm; Phenomenex) with guard column
(Phenomenex) and 5mN H2SO4 in double-distilled water (18.2MΩ) as mobile phase.
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The isocratic flow rate was set on 0.2ml/min for 40min to allow full separation of
the sucrose, glucose and fructose peaks. The injection volume was 15µl
(Autosampler: SIL-20AC, Prominence, Shimadzu), the column oven temperature
was set at 55⁰C (CTO-20A, Prominence, Shimadzu). Detections were performed with
RID (Refractive Index Detector: RID 20A, Shimadzu). For amino acid quantification,
we used the protocol described in Gao et al. (2016), except we did not clean up
samples before analyses. Honeysuckle leaves were infested for 24hr with several
adult mites from either one specialist (C1N1a) or one generalist (C2N3a) line.
Approximately 5µl of droplets were collected per sample in capillary tubes, which
were placed inside an HPLC vial with 50µl double-distilled water after collection.
This solution was further diluted with 450µl solvent B (ACN/H2O 90/10+0.1%FA).
Internal standards for the three sugars and amino acids were run in parallel with the
samples. Amounts of each compound obtained after peak integration relative to
internal standards were subsequently corrected for the volume of droplet collected
per sample.

Sticky droplet production upon mite herbivory
To quantify the number of sticky droplets produced by specialist and generalist
genotypes, we infested experimental arenas with five adult female mites; only one
mite line infested an arena. The total amount of droplets produced per leaf, per
arena, per mite genotype was counted every 24hr. We conducted two separate
experiments. In the first, we infested the abaxial side of one leaf per replicate with
females from three field-derived lines for each of the two most common generalist
genotypes found co-occurring in nature with the honeysuckle host race, and three
lines for the host race (Chapter 2). We included three controls to dissect the main
effect of mite genotype on the amount of sticky droplets produced: 1) a noninfested control to assess the effect of the overall set-up, 2) a control where we
damaged the leaves with a fine leaf puncher to control for the effect of physical
damage to the leaves, and 3) a treatment with Frankiniella occidentalis thrips larvae
to assess whether droplet production is a mite-specific plant response (n=4
replicates for every iso-female line treatment and for all controls). Total amount of
droplets was counted every day for three consecutive days. The total amount of
droplets by the last day was compared using a linear mixed-effects model (package
lme4 in R v3.6.1), (log+1)-transformed to improve model fit, with mite genotype as
fixed factor and the experimental block (2 levels), and field-derived line as random
factors. Significant differences were further analysed using generalized linear
hypothesis with a Tukey correction for multiple testing.
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To simplify subsequent analyses, we chose specialist line C1N1a and generalist line
C2N3a as representatives of their particular genotypes and conducted a second
experiment to phenotype them. We infested arenas composed of two leaves, one
exposing the abaxial and one exposing the adaxial side. For this experiment we only
included a non-infested control (n=6 replicates each). Total amounts of droplets
were counted every day for five consecutive days. Adult females that died during
the experiment were replaced with female mites from the same line. The total
amount of droplets produced was compared using a linear model (command aov in
R v3.6.1), square-root transformed to improve model fit, with mite genotype as
fixed factor. Significant differences were further analysed using generalized linear
hypothesis with a Tukey correction for multiple testing.

Effect of phytohormone accumulation on sticky droplet production
To determine whether the production of sticky droplets depended on the
accumulation of phytohormones, we embedded the bottom end of a honeysuckle
twig with a single leaf into a 15ml tube containing sterilized tap water. We
punctured the lid of each tube and passed the stem through the puncture to hold
the stem upright and prevent mites from escaping by adding a lanoline barrier to
the junction of lid and stem. All replicates (n=120) were kept in sterilized tap water
for three days. Then, water was discarded and replaced with one of three solutions:
a jasmonic acid [0.05mM] + isoleucine [1mM] solution, a salicylic acid solution
[0.05mM], or a mock treatment as a control solution of sterilized water with 1%
methanol, which was used because the JA and SA stock solutions were diluted in
methanol. Concentrations were based on the experimental design described by
Ataide et al. (2016). We infested 30 replicates, 10 replicates per treatment solution,
with five adult female mites from the specialist line C1N1a, and 30 replicates with
five adult female mites from the generalist line C2N3a. Another set of 30 replicates
were not infested with mites, but were subjected to mechanical damage daily by
using a fine leaf puncher to assess the effect of physical damage, and a fourth set of
30 replicates were left undamaged and without mites to assess the impact of the
overall set-up. All treatments started at the same time, but half of the replicates
across treatments were sampled two days post infestation (dpi) and the other half
were sampled at 4dpi. Females that died or escaped from the leaves were replaced
with females from the same line daily. The number of sticky droplets was counted
at each time point (2 or 4dpi). The mean number of sticky droplets was compared
between the three treatment solutions within each day, within each treatment,
using a linear model (package aov in R v3.6.1) with ‘treatment solution’ as the fixed
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factor. Significant differences were further analysed using generalized linear
hypothesis with a Tukey correction for multiple testing.

Effect of sticky droplets on mite survival
To quantify the effect of the presence of sticky droplets on mite fitness, we
measured juvenile survival, as we know that it is an important trait determining
population growth in this system (Chapter 2). We conducted an experiment in two
blocks. For each block, we infested the abaxial side of experimental arenas with five
adult female mites from the generalist line C2N3a and let them feed and oviposit
for 48 hours. Then, we removed every egg, web and droplet from the arena, and we
allowed the adult females to further feed and oviposit. Twenty-four hours later, we
counted the newly formed droplets, removed the adult females and reduced the
number of eggs to a total of 12 per arena. At this point, we also divided the arenas
into two treatments: one with sticky droplets and one without them (n=6 replicates
per treatment, per block). For the treatment with droplets, we did not manipulate
the arenas any further. For the treatment without droplets, we removed every
droplet that was produced during this pre-treatment period, and once a day during
the experiment. The proportion of juvenile survival was quantified every two days
across five consecutive time points, spanning from egg hatching on day 5 after
removing the adults, until reaching adulthood by day 13. We analysed the
differences in juvenile survival proportion on each day by fitting a linear mixedeffects model (package lme4 in R v3.6.1) with treatment as main factor and block as
random factor.
Relative droplet production with increasing mite density
To investigate whether increasing the density of specialist mites would result in an
increased production of sticky droplets on honeysuckle relative to generalist mites,
we used experimental arenas (n=6 for each treatment) with one leaf exposing the
abaxial side, and infested each one with adult females of each line separately, in
three treatments of increasing specialist : generalist mite densities. For densities of
1:1, each arena was infested with either five specialist (line C1N1a) adult females or
with five generalist (line C2N3a) adult females; For 2:1 densities, each arena was
infested with either 16 specialist adult females, or with 8 generalist adult females;
and for 3:1 densities, arenas were infested with either 30 specialist adult females,
or with 10 generalist adult females. Dead or escaped mites were counted but not
replaced, making our response variable the relative production of sticky droplets by
specialist : generalist females per day.
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Suppression of droplet production by specialist mites
To investigate whether the specialist genotype actively suppressed the production
of sticky droplets, rather than failing to induce it, we compared the total amount of
droplets produced on four different treatments. First, experimental arenas with one
leaf exposing the abaxial side were infested with five adult females from either the
specialist or the generalist lines (C1N1a and C2N3a, respectively). After two days, all
the females, eggs, web and droplets were removed from the arenas and we reinfested them with five new adult females from the colonies, creating four
treatments (n=6 replicate for each treatment): 1) generalist mites fed first and were
replaced with generalist mites; 2) generalist mites fed first and were replaced with
specialist mites; 3) specialist mites fed first and were replaced with generalist mites;
4) specialist mites fed first and were replaced with specialist mites. Four days
thereafter, we counted the total number of droplets produced on each arena and
compared it between treatments using a linear mixed-effects model (package lme4
in R v3.6.1) with treatment as fixed factor and day as a random factor. Dead and
missing females were replaced daily.
Sticky droplet production upon herbivory by hybrid individuals
To understand whether there is a genetic basis for suppression of droplet
production, we compared the amounts of droplets produced upon feeding by
specialist and generalist females to the amounts produced by reciprocal F1 hybrid
females. We obtained F1 hybrid females from controlled crosses between lines
C1N1a and C2N3a. Recently hatched parental and hybrid virgin females were
isolated on separate common separate common bean leaf discs for 48hr before
placing them on honeysuckle arenas. In addition, we included a treatment with
individuals from a field-derived line which naturally contained the cytoplasmic
background of the generalist genotype with most, but not all of the nuclear genome
of the specialist genotype (line C2N1f in Villacis-Perez et al. 2020). Experimental
arenas with one leaf exposing the abaxial side were infested with five adult females
from either the specialist line, the generalist line, each of the two reciprocal F1
hybrids, or the naturally occurring hybrid line. We compared the total amount of
droplets produced after four days using a linear mixed-effects model (package lme4
in R v3.6.1), square-root transformed to improve model fit with mite genotype as
fixed factor and the number of females that died per treatment as random factor.
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Quantification of mite host preference
To quantify the preference for feeding and oviposition on a particular host, we
conducted the following two-choice experiment. First, we synchronized the age of
experimental individuals by collecting approximately 200 adult females from the
specialist and generalist lines C1N1a and C2N3a, and transferring them to detached
common bean leaves. Females were transferred to fresh bean leaves every other
day to ensure a steady supply of age-synchronized mite cohorts. Then, we cut off
leaf discs (24mm diameter) from honeysuckle and spindle tree (Euonymus
europaeus) plants. Each sample consisted of two half discs exposing the abaxial side
of the leaf, touching each other by the straight edge so mites could walk freely to
either side. We embedded each pair of half discs on a bed of wet cotton wool inside
a petri dish. Ten adult female mites from the synchronized cohorts were first
transferred to a small plastic square, which was then placed on top of the edge
between the two half discs. Preference was measured as the number of alive adult
females on each side of the disc one hour after infestation. We also counted the
total number of eggs produced on each half disc after 24 hours. We created four
different treatments: 1) clean honeysuckle vs. clean spindle tree (n=30 per line) to
assess for host preference; 2) honeysuckle on which specialist mites had fed on for
at least 48 hours vs. clean honeysuckle (n=10); 3) honeysuckle on which generalist
mites had fed on for at least 48 hours vs. clean honeysuckle (n=10); 4) honeysuckle
on which specialist mites had fed on for at least 48 hours vs. honeysuckle on which
generalist mites had fed on for at least 48 hours (n=10) to investigate whether host
preference was altered by previous mite feeding. We pooled the total number of
individuals, or the total amount of eggs, per mite genotype and per treatment, and
we compared the preference percentage to a 50:50 distribution using a chi-square
test for given probabilities (package stats in R v3.6.1).
Quantification of mite reproductive performance per host plant species
Reproductive performance of adult females on a particular host species was
measured in no-choice experiments. First, to synchronize the age of experimental
individuals, we collected and isolated virgin females in their last moulting stage
before adulthood from the specialist or the generalist lines C1N1a and C2N3a for 72
hours on common bean leaf discs. Then, we transferred five adult virgin females to
a leaf disc of either honeysuckle or spindle tree exposing the abaxial side and
embedded in wet cotton wool (n=6 per plant species, per mite genotype). Every 24
hours we scored the amount of dead females. After a total of four days we counted
the total number of eggs on each disc. We compared the mean number of eggs per
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mite alive per day within each mite genotype using a linear model (package aov in
R v3.6.1) with host species as fixed factor.

R e s u lts
We aimed to dissect the interaction between the two-spotted spider mite and
honeysuckle, a host plant species that is common across its range in the dune
ecosystem of The Netherlands. Previously, we described the occurrence of a
honeysuckle host race of T. urticae in this ecosystem, with large genome-wide
differentiation and higher fitness on this host than sympatric mite conspecifics with
larger host ranges (Chapter 2). Here, we quantified a set of host-mediated
mechanisms of adaptation and isolation between field-derived lines representing
the honeysuckle race (i.e. specialist genotype) and a sympatric generalist (i.e.
generalist genotype).

Video recordings of sticky droplet production as a response to mite feeding
We observed that infesting potted honeysuckle plants with two-spotted spider
mites resulted in the production of a plant exudate on the leaves, shaped as
droplets. We filmed the sequence of events leading to droplet production due to
generalist mite feeding (Video 1) and specialist mite feeding (Video 2) on separate
honeysuckle leaves. After initial probing with their chelicera, mites fed from a spot
for a prolonged amount of time. In some leaf areas, mite feeding induces a burst of
an aqueous substance in the layer of spongy mesophyll cells under the epidermis,
which expands through the leaf laminae across contiguous areas delimited by the
leaf’s veins. Close to the area where the aqueous burst started, a droplet is exuded
out of the leaf surface after a short period of time. The aqueous burst eventually
resides, but the droplet remains on the leaf surface, which allows using droplet
number as a proxy for the plant response to mite herbivory.
Sugar and amino acid composition of sticky droplets
Sticky droplets contained fructose, glucose and sucrose. Sucrose made up 99% of
the total content of the three sugars. The amount of fructose and glucose was
relatively similar between droplets produced by feeding of specialist or generalist
mites, but the average amount of sucrose was almost twice as large in droplets
produced by generalist mite feeding (Table S1). In addition, we detected the
presence of 17 amino acids out of the 20 tested in the sticky droplets produced by
generalist mite feeding (Table S2). We were unable to collect enough droplets for
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the amino acid quantification procedure in replicates upon which specialist mites
fed.

Sticky droplet production upon mite herbivory
We asked whether specialist and generalist mite genotypes produced similar
amounts of sticky droplets upon feeding. We quantified the amount of droplets
produced by three common mite genotypes that occur on honeysuckle in the dunes
of The Netherlands, and found that lines representing the honeysuckle host race
induced a significantly lower amount of sticky droplets than the two generalist
genotypes; controls did not induce a significant droplet production (F5,5.7 = 6.11, p =
0.026; Figure S1). To facilitate our experiments, we conducted all subsequent assays
using two field-derived lines, one representing the honeysuckle race and one
representing a generalist genotype [lines C1N1a and C2N3a described in Chapter 2].
These lines exhibit the pattern of droplet production as the genotypes that they
represented, with the honeysuckle specialist line inducing a significantly lower
sticky droplet production than the generalist line and the un-infested control (F2,15
= 13.70, p < 0.001; Figure 1).
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Figure 1. Cumulative number of sticky droplets (mean ± one standard error of the mean
[SEM], y-axis) exuded on the surface of detached honeysuckle twigs with 2 leaves, per
consecutive day (x-axis). ‘Specialist’ and ‘Generalist’ are field-derived lines representing the
honeysuckle host race of Tetranychus urticae and a common generalist conspecific,
respectively (n = 6 for every treatment). Letters next to shapes on day 5 show significant
differences between treatments.
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Effect of phytohormone accumulation on sticky droplet production
We asked whether droplet production depended on the accumulation of JA and SA
on honeysuckle leaves under attack, either caused by mite herbivory or by
mechanical damage. We found that leaves embedded in JA produced larger
amounts of droplets upon mite herbivory, but not upon mechanical damage. This
pattern was present two days after mite infestation, and it was highly significant
four days after mite infestation (specialist line: F2,12 = 8.19, p = 0.006; generalist line:
F2,12 = 9.97, p < 0.003; Figure S2). Replicates embedded in JA showed similar
responses between specialist and generalist lines. Replicates embedded in SA
showed different responses between specialist and generalist lines: the amount of
droplets was low, similar to mock controls when specialist mites fed from the leaves,
but it was intermediate between controls and the JA treatment values when
generalist mites fed from the leaves (Figure S2).
Effect of sticky droplets on mite survival
We asked whether the presence of sticky droplets on a honeysuckle leaf increased
mortality in mite juveniles. In replicates where sticky droplets were present, the
proportion of dead juveniles was significantly higher on each day of counting,
compared to replicates where sticky droplets were manually removed (Figure 2,
Table S1).

Relative droplet production with increasing mite density
The low production of droplets upon specialist mite feeding prompted us to
investigate whether increasing the feeding intensity, by increasing densities of
mites, would result in an increased production of sticky droplets by specialist mite
relative to generalist mite feeding. If higher densities of specialist mites would
ultimately result in more droplets, we expected droplet amount to be higher in
replicates where the density of specialist relative to generalist mites was 3:1 than in
replicates where the relative density was 2:1 or 1:1. We found that increasing
numbers of specialist mites relative to numbers of generalist mites did not cause an
increase in droplet production. In fact fewer droplets were produced by specialist
mite feeding compared to generalist feeding in the highest, i.e. 3:1, relative density
of specialist mites (Figure S3).
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Figure 2. Proportion of Tetranychus urticae juvenile survival on detached honeysuckle twigs.
The mean survival proportion (y-axis) of individuals was measured in two treatments: with
sticky droplets (solid line), or without sticky droplets (dashed line), in which every droplet was
removed manually. Survival proportion was measured across five consecutive time points,
spanning from egg hatching in day 5, to reaching adulthood by day 13 (x-axis). Stars represent
a significantly different survival mean for each time point (a ≤ 5%); shadow ribbons represent
the SEM (2 experimental blocks, n=6 per experiment).

Suppression of droplet production by specialist mites
Next, we asked whether the low droplet production upon herbivory by specialist
mites could be a result of suppression of the pathway that leads to the production
of sticky droplets in honeysuckle. If feeding by specialist mites suppressed droplet
production, we expected that feeding by specialist mites would hamper droplet
production upon subsequent generalist mite feeding. We found that replicates
where the specialist mites fed before the generalist mites produced significantly
fewer droplets (F3,112 = 27.85, p = 1.569e-13) than replicates where only generalist
mites fed upon (Figure 3). Following the same trend, replicates in which the
generalist mites fed first and then adapted mites produced almost no droplets at
all. All treatments differed significantly from each other, except for the ‘specialistspecialist’ and ‘generalist-specialist’ treatments, which were statistically similar
(Figure 3).
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Figure 3. Daily production of sticky droplets on the bottom side of detached honeysuckle
leaves after consecutive herbivory by a given mite genotype. The total number of droplets
(mean ± SEM; y-axis) produced by a leaf was counted. For 2 days previous to the experiment,
5 adult female Tetranychus urticae from a generalist line and a line from the honeysuckle
specialist fed on honeysuckle arenas (n=12 per mite line). At day 0, all droplets and mites
were removed from the arenas and four treatments were created) based on the combination
of mites that fed on the leaves before and after day 0 (n = 6 per treatment).

Sticky droplet production upon herbivory by hybrid individuals
We investigated the genetics of the suppressing trait and asked whether it was
inherited by F1 hybrid females from both of the possible crosses between specialist
and generalist individuals. We compared the total number of droplets produced
upon feeding by specialist and generalist genotypes, their reciprocal F1 hybrids, and
by a naturally occurring hybrid line, which has most of the nuclear genome from the
specialist genotype but regions of introgression from generalist genotypes. We
found that all hybrid and the specialist individuals induce a similar amount of
droplets, while generalist individuals kept inducing significantly higher amounts of
droplets (F4,104 = 19.486, p = 5.445e-12; Figure 4).
Mite host preference
We investigated the preference of the specialist and generalist mite lines for feeding
from a particular host and for oviposition on that host in two distinct experiments.
First, we asked whether specialist and generalist mites exhibited a preference for
one of two available hosts, honeysuckle or spindle tree. Both hosts co-occur and are
infested by spider mites in the dune ecosystem where the mite lines were collected
from. Based on its restriction to honeysuckle in the field and higher fitness on this
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Figure 4. Daily production of sticky droplets on the bottom side of
detached honeysuckle leaves. The total number of droplets (mean ±
SEM) produced by a leaf was counted in relation to the mite line
feeding on it: a honeysuckle specialist line, a generalist line, their
reciprocal F1 hybrids (female X male), and a naturally occurring hybrid
line with the mitochondrial genome of the generalist and the nuclear
genome of the specialist.

host than generalist conspecifics, we expected specialist mites to show a preference
for honeysuckle and generalist mites to show no preference for either host. Instead,
we found that specialist mites do not show a preference for feeding on honeysuckle
or spindle tree (Figure S4), or for oviposition either on honeysuckle or spindle-tree,
while the generalist genotype avoided to oviposit or feed from honeysuckle (Figure
5A, B). Generalist mites preferred to oviposit on clean leaves rather than on leaves
upon which any mite genotype fed on previously, but showed no preference
between leaves previously fed upon by either specialist or generalist mites (Figure
S4B). Specialist mites showed no preference in any of the treatments but one,
choosing to oviposit significantly more on leaves where generalist mites fed on
previously over clean leaves (Figure S4A).

Mite reproductive performance per host plant species
Lastly, we quantified the reproductive performance, counted as number of eggs per
female alive per day of specialist and generalist mites separately on honeysuckle
and spindle tree. We expected specialist mites to have a higher oviposition on
honeysuckle than on spindle tree, and generalist mites to lay as many eggs on either
host. In contrast, we found that specialist mites laid as many eggs on either host,
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and that generalist mites laid significantly fewer eggs on honeysuckle than on
spindle tree, and that they laid as many eggs on those two hosts (generalist
genotype: F2,15 = 67.004, p 3.323e-08; Figure 5c).
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Figure 5. Adaptive avoidance of honeysuckle by generalist mites. In a two-choice experiment,
adult females of a generalist line of Tetranychus urticae significantly preferred to feed on
spindle tree after one hour of probing (A), and oviposit most of their eggs on this host after
24 hours (B), rather than on honeysuckle. In a no- choice experiment, generalist mites laid
significantly fewer eggs on honeysuckle compared to spindle tree (C). Honeysuckle specialist
mites did not show a preference for either host, neither did they lay more eggs on any
particular host. Stars represent a significant difference from a 50:50 probability in A and B,
and a significant difference in the mean egg production between hosts in C.

D isc u ssio n
Populations of the honeysuckle host race of T. urticae occur in sympatry with
populations of several generalist genotypes of the same species across the forested
area of the Dutch dune ecosystem, forming a persistent mosaic of genetic variation
(Chapter 2). We sequenced the genome of field-derived iso-female lines from these
genotypes and found large genome-wide differentiation, both in terms of frequency
and diversity of single nucleotide polymorphisms, and reproductive incompatibility
between them (Chapter 2). Here, we investigate whether traits related to host plant
adaptation could explain the co-existence of discrete mite genotypes in nature.

Honeysuckle exudes extrafloral nectar as a response to mite herbivory
Here we describe the production of extrafloral nectar (EFN) on the leaf laminae of
wild honeysuckle, Lonicera peryclimenum, as an inducible defence response against
spider mite herbivory. The amino acids and sugar profile of the EFN produced by
wild honeysuckle is similar in composition to its floral nectar (Gardener & Gillman
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2002) and to the EFN profile of other plant species (Rudgers & Gardener 2004;
González-Teuber & Heil 2009; Heil 2015). It is possible that EFN is produced by
honeysuckle upon attack by other taxa in nature, although in our experiments,
thrips larvae did not induce this response (Figure S1). We could not find reports of
EFN production or triggering of defences in other members of the family
Caprifoliaceae upon attack by herbivores. Electron microscopy and cellular staining
of petals of a related species, Lonicera japonica, revealed that unicellular trichomes
are responsible for the transport of the nectar stored in the spongy mesophyll layer
of cells to the surface (Fahn 1979). It is possible that a similar mechanism is
responsible for EFN production by wild honeysuckle leaves. The liquid bursts in the
spongy mesophyll observed mainly in Video 1 suggest that upon plant recognition
of mite feeding, either phloem flow is diverted towards the mite feeding area or
sucrose storage vacuoles within the mesophyll burst and the liquid accumulates,
followed by the formation of a droplet outside of the leaf. In either case, we propose
sugar transport as a candidate mechanism within the pathway that leads initial plant
recognition of mite feeding, to subsequent EFN production.

Mite adaptation to honeysuckle relies on the suppression of EFN production
Adaptation to honeysuckle partially entails the suppression of EFN production, as
the presence of droplets directly (Figure 2), and potentially indirectly, impacts
spider mite fitness. The presence of EFN droplets significantly impacts spider mite
juvenile survival, either because individuals got stuck on the sugary surface of the
droplets as they walked on them or as they tried to feed from them, or because they
were prompted by EFN presence to escape the experimental arenas and got
trapped in the wet barriers that enclosed the arenas. We found that specialist mites
suppress the formation of EFN droplets, even when generalist mites feed on the
same plant (Figure 3), which suggests that they manipulate the EFN production
pathway. Spider mites deploy effector molecules produced in their salivary glands,
specific for plant taxa during feeding (Jonckheere et al. 2016; Villarroel et al. 2016;
Jonckheere et al. 2018). Tomato-adapted T. urticae genotypes, as well as related
mite species such as T. evansi and Aculops licopersici, suppress defences of tomato
by manipulating the accumulation of either phytohormones such as SA or JA, or the
genes these hormones activate downstream in the pathway of secondary
metabolite production (Glas et al. 2014; Alba et al. 2015; Kant et al. 2015a; Wybouw
et al. 2015; Schimmel et al. 2018). EFN production is under the control of the JA
hormone pathway in several plant species (Heil et al. 2001; Howe 2004) which
supports the observations we report in Figure S2. We hypothesize that EFN
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suppression of the honeysuckle race may be a trait that recruits the expression of
effector molecules, which can impact the accumulation of JA or the expression of
downstream JA-dependent genes, eventually disrupting the transport (or the
accumulation) of sucrose from inside the leaf towards the abaxial surface (MillánCañongo et al. 2014).
The presence of sugars and amino acids in the EFN could potentially make the
combination of droplets and trapped mites a coveted food source for natural
enemies of herbivores (Krimmel & Pearse 2013; Lopresti & Toll 2017). EFN could
indirectly decrease mite survival by recruiting natural enemies to attacked plants,
and that in turn, suppression of EFN production could increase mite survival on
honeysuckle, but the role of EFN as an indirect defence mechanism of honeysuckle
still remains an open question.

Host-mediated isolation of sympatric spider mite genotypes
Our experiments were carried out with two field-derived T. urticae lines with
available genomic information: one line representing a wide-spread, generalist
genotype characterized by very high genetic diversity, and another line representing
the honeysuckle host race, which in contrast has extremely low genome-wide
diversity and it is restricted to honeysuckle in nature (described in detail in Chapter
2). We asked whether the defence response of honeysuckle could play a role in the
maintenance of these patterns in nature. Since the ability to suppress EFN is
necessary for a higher survival on honeysuckle, we expected the trait to be recessive
if invading non-adapted mites were to hybridize with adapted individuals, thus
facilitating selection to act upon hybrids, isolating only adapted genotypes to
honeysuckle. However, the EFN suppression trait is heritable and dominant in F1
hybrids (Figure 4) which can rather facilitate hybridization once non-adapted
individuals invade honeysuckle. Using forward genetic assays to find loci underlying
tomato adaptation, Wybouw et al. (2015) found large areas of the genome inherited
as dominant loci in individuals that had been adapted to tomato. It is possible that
the adaptive traits related to host use that spider mites pass on to their offspring
are inherently dominant, which could explain the patterns described both in
Wybouw et al. (2015) and in this study.
Unexpectedly, the honeysuckle host race does not prefer its host, but it is rather the
generalist genotype that avoids honeysuckle and prefers spindle tree (Figure 5).
Tetranychidae host races prefer to feed on and oviposit on their particular host(s)
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(Gotoh et al. 1993; Gomi & Gotoh 1996). Here, we found that the honeysuckle race
is not a true specialist, but rather an estranged generalist: it does not have a
preference for honeysuckle, neither does it perform better on it than on other hosts,
yet it is isolated to honeysuckle because other conspecifics do not feed from it.
Species within the genus Lonicera produce a diverse set of secondary metabolites,
predominantly iridoid-glucosides and other glucoside derivatives, out of which
apigenin and chlorogenic acid have been observed to deter insect herbivory
(Cipollini et al. 2008; Lieurance & Cipollini 2013; Lieurance et al. 2015). Wild
honeysuckle has a secondary metabolite profile rich in similar compounds (Calis et
al. 1984; Calis & Sticher 1984; Gardener & Gillman 2002). Thus, it is possible that
these populations of spider mites vary in functional traits that are related to host
perception and metabolism of honeysuckle and its secondary metabolites.

C o n c lu d in g re m a rk s
The maintenance of intraspecific diversity in host plant use in T. urticae partially
depends on the ecological interactions experienced by different variants. Traits that
increase the survival of certain genotypes on a particular host plant can have a large
impact on the assortative mating of spider mites, which mate with individuals they
encounter on the leaves on which they feed (Helle & Sabelis 1985). We found T.
urticae populations that vary in traits that allow them to be maintained as discreet
genotypes, instead of as a panmixing population, in the dune ecosystem of The
Netherlands. Mite herbivory induces the production of EFN droplets on wild
honeysuckle, which directly impacts mite survival by trapping mites on their sugary
surface. The biochemical composition of EFN also points to its potential role as an
indirect defence mechanism involved in top-down control of mite genotypes that
induce EFN production. An adapted mite genotype, the honeysuckle host race of T.
urticae, can suppress EFN production. The suppressing trait has a genetic basis,
which is inherited dominantly, facilitating hybridization on honeysuckle.
Unexpectedly however, the host race does not have a preference for honeysuckle,
but the generalist genotypes avoid it, which can reduce their encounter rate on
honeysuckle. It is possible for individuals of the host race to disperse to other hosts,
which could either result in homogenization of the gene pool upon hybridization, or
in the honeysuckle-adapted mites being outcompeted and excluded from other
hosts, as they produce significantly fewer eggs than generalist conspecifics.
Together, these host-mediated mechanisms can contribute to the maintenance of
genetic and trait diversity in spider mite populations despite sympatry.
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Figure S1. Cumulative number of droplets (mean ± SEM, y-axis) exuded per day on detached
honeysuckle leaves. Tetranychus urticae genotypes (honeysuckle specialist C1N1, generalist
C2N2 and generalist C3N3) are represented by 3 field-derived lines with 4 replicates each,
averaged for plotting; each replicate consisted of 5 adult females placed on an arena on the
bottom side of honeysuckle leaves. Uninfested control are empty arenas; Mechanical
damage was inflicted to control arenas with a puncturing tool; 10 thrips (Frankliniella
occidentalis) larvae were used per arena. n for Control and Mechanical damage = 5. n for
thrip larvae = 12. Letters represent significant differences between treatments.
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Figure S2. Cumulative number of droplets (mean ± SEM) on the surface of one honeysuckle
leaf from a detached twig, from four different treatments at two time points. Treatments:
Control, free of mites; Mechanical damage, inflicted mechanically with a puncturing tool;
Specialist, herbivory by a honeysuckle specialist line; Generalist, herbivory by a generalist
line. Treatments with mites had 5 adult females per replicate. A set of 5 replicates per
treatment were sampled at 2 days post infestation with mites (dpi) and another set of 5
replicates at 4dpi. Per treatment, twigs were embedded in either a Mock solution (M), a
JA+ile dilution (JA) or a SA dilution. Letters represent significant differences between
solutions, within a panel.
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Figure S3. Comparison between droplets produced by honeysuckle leaves after herbivory by
either an specialist or a generalist line of Tetranychus urticae. On the y-axis, the number of
droplets produced by honeysuckle when specialist mites fed from it, divided by the number
of droplets when generalist mites fed from it. On the x-axis, three treatments with increasing
density of Specialist vs. Generalist mites (1:1, equal number of mites; 2:1 twice as many mites
from the specialist than generalist; 3:1, thrice as many mites from the specialist than the
generalist).
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Figure S4. Preference for oviposition site by a specialist and a generalist line of Tetranychus
urticae. In a two-choice experiment, either choice 1 (black bars, left) or choice 2 (white bars,
right) were performed per row in the graphs; choice1 vs. choice2 in the labels. Adult female
mites were allowed to oviposit on the two-choice set-up for 24hr. A) Specialist mite preference.
B) Generalist mite preference. Stars represent significant differences from a 50:50 probability.

Table S1. Sugar composition of the sticky droplets produced by honeysuckle leaves upon mite
herbivory. Concentrations of three major sugars (average ± SEM) were quantified from
droplets produced upon feeding by a specialist and a generalist line of Tetranychus urticae
(n=3).

Mite genotype
Specialist

Generalist

[ηg/μL]
Average
SEM
%
Average
SEM
%

Glucose
30.47
3.44
<0.001
27.01
2.32
<0.001

Fructose
42.46
10.15
<0.001
53.43
24.82
<0.001

Sucrose
8077.91
896.27
99
14487.27
2636.24
99
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Table S2. Amino acid composition of the sticky droplets produced by honeysuckle leaves
upon mite herbivory.

asp
glu
gln
lys
ala
thr
hit
ser
val
asn
phe
tyr
leu
ile
gly
arg
pro
met
sar
trp

100

Average [µg/ml]
12.19
9.26
6.87
5.16
2.42
2.39
2.31
1.29
1.13
0.96
0.79
0.63
0.57
0.49
0.46
0.29
0.24
NA
NA
NA

SEM Percentage
2.02
25.68
0.56
19.51
1.11
14.47
0.45
10.88
0.43
5.10
0.40
5.03
0.63
4.88
0.33
2.73
0.37
2.38
0.28
2.03
0.22
1.67
0.17
1.32
0.21
1.19
0.08
1.03
0.05
0.98
0.05
0.62
0.06
0.51
NA
NA
NA
NA
NA
NA
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A b stra c t
Plants have evolved numerous defensive traits that enable them to resist
herbivores. In turn, this resistance has selected for herbivores that can cope with
defences by either avoiding, resisting or suppressing them. Several species of
herbivorous mites, such as the spider mites Tetranychus urticae and Tetranychus
evansi, were found to maximize their performance by suppressing inducible plant
defences. At first glimpse it seems obvious why such a trait will be favoured by
natural selection. However, defence suppression appeared to readily backfire since
mites that do so also make their host plant more suitable for competitors and their
offspring more attractive for natural enemies. This, together with the fact that
spider mites are infamous for their ability to resist (plant) toxins directly, justifies
the question as to why traits that allow mites to suppress defences nonetheless
seem to be relatively common? We argue that this trait may facilitate generalist
herbivores, like T. urticae, to colonize new host species. While specific detoxification
mechanisms may, on average, be suitable only on a narrow range of similar hosts,
defence suppression may be more broadly effective, provided it operates by
targeting conserved plant signalling components. If so, resistance and suppression
may be under frequency-dependent selection and be maintained as a
polymorphism in generalist mite populations. In that case, the defence suppression
trait may be under rapid positive selection in subpopulations that have recently
colonized a new host but may erode in relatively isolated populations in which hostspecific detoxification mechanisms emerge. Although there is empirical evidence to
support these scenarios, it contradicts the observation that several of the mite
species found to suppress plant defences actually are relatively specialized. We
argue that in these cases buffering traits may enable such mites to mitigate the
negative side effects of suppression in natural communities and thus shield this trait
from natural selection.
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I n t r o d u c t io n
Among the diverse organisms that parasitize plants are numerous species of mites
(Arachnida: Acari). With a body size of usually less than a millimetre, these mites
are among the smallest herbivores. They feed by piercing an epidermal or mesophyll
cell with their stylet-like mouthparts, after which they suck up the cellular contents
(Helle and Sabelis 1985; Lindquist et al. 1996; Bensoussan et al. 2016). Despite their
relatively limited per capita consumption, herbivorous mites are a pest on nearly
every agriculturally or horticulturally important plant species, causing massive
economic losses worldwide (Helle and Sabelis 1985; Lindquist et al. 1996; Van
Leeuwen et al. 2015). That is because herbivorous mites generally have high
fecundity, a short developmental time and a female-biased offspring ratio, which,
among others, allows them to build up populations large enough to destroy entire
plants within just a few weeks (Helle and Sabelis 1985; Lindquist et al. 1996).
In order to protect themselves from mites and other phytophagous organisms,
plants have evolved a plethora of defensive traits. A subset of these traits is aimed
at deterring, inhibiting or killing the parasite via mechanisms that range from
physical obstruction to the production of (volatile) metabolites or proteins that
either directly harm the attacker, e.g. due to their toxic or antinutritional properties,
or that do so indirectly via facilitating the recruitment of the attacker’s natural
enemies (Figure 1A) (Jones and Dangl 2006; Heil 2008; Mithöfer and Boland 2012;
Schuman and Baldwin 2016). A major source of resistance to small arthropod
herbivores, including mites, are the glandular trichomes, as these represent physical
barriers that also produce, store and/or exude large amounts of (volatile) defensive
metabolites and proteins (Glas et al. 2012). Many defensive traits, however, are
more specific in the sense that they: (a) are most effective against a relatively
narrow range of attackers, and; (b) are confined to a single plant species, -family, order or –clade (Mithöfer and Boland 2012; Couto and Zipfel 2016; Schuman and
Baldwin 2016). Furthermore, in many cases the amounts of defensive metabolites
and proteins are low or absent under unstressed conditions but increase
considerably upon attack. Probably, inducible defences have evolved to save
resources and/or to limit autotoxic effects (Mithöfer and Boland 2012; Couto and
Zipfel 2016; Schuman and Baldwin 2016). Such inducibility requires a rapid and
robust signalling machinery to activate the appropriate defences in a timely
manner, which starts with detection of the attacker.
How plants recognize mite-feeding or the extent to which they can tell mites apart
from other herbivores, is yet unknown. Plants are thought to recognize their
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Figure 1. Schematic, simplified overview of the direct and indirect interactions between
cultivated tomato plants, herbivorous spider mites, and carnivorous predatory mites.
(A) Mite herbivory induces direct and indirect plant defences that hamper mite
performance. While feeding, Tetranychus urticae triggers the accumulation of the
phytohormones jasmonic acid (JA) and salicylic acid (SA), which, in turn, promotes the
production of (volatile) metabolites and proteins (arrow 1), aimed at harming or deterring
the mite (inhibition line 2a). Such plant-produced metabolites and proteins may similarly
affect mites that simultaneously or subsequently feed from the same or from not
previously-attacked, systemic tissues (inhibition line 2b). Additionally, they may mediate
the attraction and arrestment of the attacker’s natural enemies (arrow 3), thereby
facilitating predation of the herbivore (inhibition line 4). The areal surface of tomato
plants contains glandular trichomes (inset), which not only represent a physical barrier
for mites, but also produce large amounts of defence-associated (volatile) metabolites
and proteins. (B) In natural communities, herbivorous mites that suppress plant defences
may suffer from negative side effects associated with this trait. That is, by suppressing
defences, the host becomes a better food source, including for competitors, which may
therefore be promoted on a shared leaf (arrow 5). Furthermore, defence-suppressing
mites themselves may become a better food source for their natural enemies, i.e. better
than defence-inducing mites (inhibition line 6). (C) For more polyphagous mite species,
intraspecific variation in traits related to mite-plant interactions exists within natural
populations. Three T. urticae genotypes have, for instance, been described: (i) Mites that
induce defences on wild type (WT) tomato and that are susceptible to these defences
(brown mites). Consequently, these mites have a low fitness on WT plants, a much higher
fitness on JA-impaired mutants (def-1) and an extremely low performance on transgenic
35S::prosystemin (PS) plants that constitutively display JA defence responses. (ii) Mites
that are susceptible to tomato defences but nevertheless maintain a high fitness because
they suppress these defences (black mites). These mites perform as well on WT as on def1, but have a lower fitness on PS, presumably because they cannot suppress the
extraordinarily strong defences of PS plants. Mites from this genotype appear to be
relatively rare as compared to the defence-inducing/susceptible ones. (iii) Mites that
induce defences but that are metabolically resistant to plant-produced defensive
metabolites or proteins and, therefore, have an equally high fitness on WT, def-1 and PS
(pink mites). This genotype appears to be rare as well. Note that mites are not drawn to
scale and are distinctively colored for illustrative purposes only. In nature, T. urticae from
the three described genotypes are, by eye, morphologically indistinguishable.

attacker based on the perception of two classes of molecules: The first one being
damage-associated molecular patterns (DAMPs), which are plant-derived and
modified or dislocated as a consequence of wounding (Heil and Land 2014; Gust et
al. 2017). Spider mites seem to avoid causing unnecessary damage and, hence, the
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release of DAMPs, by inserting their stylet in between epidermal cells or via open
stomata to reach the mesophyll (Bensoussan et al. 2016). The second one being
microbe- or herbivore-associated molecular patterns (MAMPs or HAMPs,
respectively), which can be attacker-derived, plant-derived (but often modified by
the attacker) or conjugates of the two (Boller and Felix 2009; Acevedo et al. 2015).
DAMP-, MAMP- and presumably also HAMP-recognition is mediated by patternrecognition receptor (PRR) proteins (Couto and Zipfel 2016). Such recognition
activates an intracellular signalling cascade that, within minutes, results in the
induction of defences (Couto and Zipfel 2016). This entire process is known as
pattern-triggered immunity (PTI). Whereas PTI has been well established for plants
attacked by diverse microbial phytopathogens and is expected to function in plantherbivore interactions as well, experimental evidence for the latter hypothesis is
still scarce and often indirect. For instance, while several HAMPs have been
characterized at the molecular level, no matching PRR has been identified (Acevedo
et al. 2015; Schmelz 2015). Likewise, some plant PRRs have been implicated in plant
resistance to herbivores (Gilardoni et al. 2011; Cheng et al. 2013; Gouhier-Darimont
et al. 2013; Liu et al. 2015; Hu et al. 2018) but the matching herbivory-derived
ligands remain elusive. Hence, while it is likely that they exist, mite-derived HAMPs
and cognate plant PRRs have not been identified yet.
The PTI signalling cascade critically depends on the action of several
phytohormones, the most important ones are jasmonic acid (JA) and salicylic acid
(SA) (Pieterse et al. 2012; Couto and Zipfel 2016). Generally, JA is required to mount
effective defence responses against herbivores as well as microbial pathogens with
a necrotrophic life style (Pieterse et al. 2012). By contrast, resistance against
biotrophic microbial pathogens depends on SA (Glazebrook 2005; Pieterse et al.
2012). Curiously, some mites, including the extremely polyphagous cosmopolitan
pest species Tetranychus urticae, simultaneously induce JA and SA-regulated
defences (Figure 1A; Kant et al. 2004; Zhurov et al. 2014; Alba et al. 2015; Schimmel
et al. 2017a, b), although plant resistance to these mites predominantly depends on
JA (Kant et al. 2008; Zhurov et al. 2014; Villarroel et al. 2016). Signalling components
of the JA and SA pathways can interact with each other, synergistically or
antagonistically, but can also interact with signalling components of growthregulating hormonal pathways (Pieterse et al. 2012). Hormonal crosstalk is thought
to adaptively tailor defence responses to different enemies as well as to minimize
wasting resources on unnecessary defences (Thaler et al. 2012). Finally, many of the
defence responses activated during PTI are induced not only in the attacked tissue
but also in non-attacked, systemic tissues (Fu and Dong 2013; Schuman and Baldwin
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2016). Herbivorous mites, too, induce defence responses in systemic leaves
(Sarmento et al. 2011a), which may increase the resistance of these tissues when
attacked later on (Agut et al. 2016).
PTI confers resistance to the majority of all plant parasites, meaning to those that
induce defences and are susceptible to them. Many phytophagous organisms,
however, have acquired traits that enable them to overcome plant defences (Kant
et al. 2015). These traits can roughly be divided into three categories: (1) avoidance,
(2) metabolic resistance, and (3) suppression, i.e. host plant manipulation. The
avoidance of (induced) plant defences entails a behavioural strategy that has been
observed for diverse arthropod herbivores (Dussourd 2017) at spatial resolutions
ranging from between individual plants (Kessler et al. 2004) to within a single leaflet
(Shroff et al. 2008). Metabolic resistance to plant defences can arise from targetsite insensitivity or from detoxification mechanisms that may include metabolite
modification, degradation and/or secretion (Despres et al. 2007; Heckel 2014).
Defence suppression is achieved via sabotage of the host plant’s molecular
machinery. To do so, plant-feeding organisms have evolved specialized molecules
which they secrete into or onto their host and which interfere in various ways with
the host’s ability to defend itself (Hogenhout and Bos 2011; Kant et al. 2015; Khan
et al. 2018). Such molecules are referred to as “effectors” or “virulence factors”, but
it is important to point out that effectors that suppress defences in one host plant
may elicit defences in another (in the latter case they are also referred to as
“avirulence factors”; Hogenhout et al. 2009). Here we will use the term “effector”
in the context of host-plant defence suppression. Finally, it is of note that symbioses
with microorganisms, or alternatively horizontal gene transfer events from
microbes, may underlie a herbivore’s ability to overcome plant defences (Douglas
2015; Wybouw et al. 2016).
Among herbivorous arthropods, suppression of defences has been observed in
several insect species (Stahl et al. 2018), three spider mites species (T. urticae: Kant
et al. 2008; Tetranychus evansi: Sarmento et al. 2011a; Tetranychus ludeni: Godinho
et al. 2016) and an eriophyoid mite species (Aculops lycopersici: Glas et al. 2014).
Research on defence suppression by arthropods has almost exclusively focused on
the source of suppression (i.e. effectors) and the effect of suppression on plant
physiology (Stahl et al. 2018). Defence suppression has obvious benefits for
herbivores as the down-regulation of defences coincides with an increase in
herbivore fitness (Kant et al. 2008; Sarmento et al. 2011a; Alba et al. 2015; Schimmel
et al. 2017a). This observation comes mostly from laboratory experiments lacking
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the natural ecological context. Yet, for understanding which factors drive the
emergence, persistence and disappearance of this trait this context may be crucial.
For example, defence suppression appeared not only to benefit the herbivore doing
it but also its competitors residing on the same leaf (Kant et al. 2008; Sarmento et
al. 2011b; Alba et al. 2015) and may underlie patterns of mite species succession
observed in the field (Glas et al. 2014). In addition, defence suppression may
promote predation (Figure 1B), given that the predatory mite Phytoseiulus longipes
consumed more spider mite eggs that had been produced on defence-suppressed
plants than eggs produced on plants with induced defences (Ataide et al. 2016). This
suggests that plant defensive substances, produced in response to herbivory, are
transferred to the mite’s eggs and may hamper predators, unless defences are
suppressed. In nature, mites commonly live in close proximity to other herbivorousand predatory mites, i.e. on the same plant or even on the same leaf (De Moraes
and Lima 1983; Rosa et al. 2005; Ferragut et al. 2013; Glas et al. 2014). If so, then
how do defence-suppressing mites control the apparent ecological costs of
suppression? This question becomes even more puzzling when considering that
species like T. urticae possess an extraordinary number of genes associated with
metabolic resistance (Grbić et al. 2011; Dermauw et al. 2013) and, hence, may not
need to suppress defences in the first place. By means of this review we propose
scenarios that may explain why defence suppression seems to be a relatively
common trait among specialist as well as generalist plant-feeding mites.
We will first present the mechanistic background of defence suppression by
herbivorous mites, including how to experimentally tell suppression apart from
induction or from stealth feeding. Then, we will explore the eco-evolutionary
scenario’s that may favour this trait. Finally, we will outline which traits may enable
herbivorous mites to counteract the negative side effects of defence suppression
that can occur when living in natural communities. We will focus on the direct and
indirect interactions between cultivated tomato (Solanum lycopersicum), the
generalist two-spotted spider mite (T. urticae), and the specialist tomato red spider
mite (T. evansi), because these three species have become a model for addressing
mechanistic or ecological questions on the costs and benefits of defence induction
versus suppression by arthropod herbivores.

Mechanistic background of plant defence suppression by mites
The ability to suppress plant defences is a trait that allows a phytophagous organism
to lower the magnitude of a defensive process, either constitutive or induced, such
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that it gains a reproductive advantage. Although this definition could include
behavioural sabotage such as vein-cutting (Dussourd 2017), we will focus here on
the suppression of molecular processes. The definition also excludes stealth feeding
(Walling 2008), because this does not affect the defensive process as such. It is
important to realize that suppression does not need to be absolute, i.e. down to- or
below levels of non-attacked plants, as it can already be effective when defences
are down-regulated to intermediate levels (Glas et al. 2014; Alba et al. 2015). In our
experience, such absolute suppression is rare. Defence-suppressors rather reduce
the extent to which a subset of defences are induced (Glas et al. 2014; Alba et al.
2015). For example, when compared to non-infested controls, an infestation with
defence-suppressing T. urticae or T. evansi typically results in the increased
accumulation of JA and SA, as well as in the increased expression of defenceassociated genes, yet the magnitude of these defence responses is very small when
compared to an infestation with non-adapted T. urticae (Alba et al. 2015; Schimmel
et al. 2017a, b). These properties make it challenging to experimentally tell
suppression apart from induction as well as from stealth feeding. However, there
are three selection criteria that, together, enable researchers to identify defencesuppressors.
The first of these criteria is that defence-suppressing mites should have a similar
fitness on wildtype (WT) plants versus on defence-deficient mutants (Figure 1C).
That is because suppression renders WT plants phenotypically equivalent to such
mutants in terms of their susceptibility to herbivores. Indeed, whereas non-adapted
T. urticae performed much better on the JA-biosynthesis mutant defenceless-1 (def1) than on WT tomato (Li et al. 2002), defence-suppressing T. urticae and T. evansi
mites performed just as well on WT as on def-1 plants (Kant et al. 2008; Alba et al.
2015). Since defence-resistant mites will also have an equally high fitness on WT
and defence-deficient mutants, this assay can be expanded with a set of hyperdefended plants, such as transgenic 35S::prosystemin (PS) plants, to further
discriminate the suppressor mites from the defence-resistant ones (Kant et al.
2008). The idea behind this is that suppressors can no longer suppress the
extraordinarily strong defences of PS plants, while resistant mites remain
unaffected by them (Figure 1C).
The second criterion is that, on a shared host, defence-suppressing mites should be
able to facilitate conspecific and/or heterospecific mites, including non-adapted
ones. The reasoning behind this is threefold: (1) Plants attacked by suppressor mites
are a better food source than plants attacked by defence-inducing mites. This will
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translate into a higher herbivore fitness on the former. (2) Suppression is most likely
not free of costs for mites, i.e. it requires resources/energy, thus also suppressors
will benefit when defences are already suppressed by others. (3) Mites that have
adapted to plant defences by not inducing them (avoidance) or by evolving
insensitivity (metabolic resistance) will not pass this test, as they are unable to
facilitate other mites. Accordingly, compared with their respective controls, nonadapted T. urticae had a higher reproductive performance when their tomato host
was either previously or simultaneously infested with defence-suppressing
T. urticae (Kant et al. 2008; Alba et al. 2015) or T. evansi (Sarmento et al. 2011b;
Alba et al. 2015). Similar experiments have identified T. ludeni (Godinho et al. 2016)
and A. lycopersici (Glas et al. 2014) as defence-suppressors. Despite the reported
success of these co-infestation assays, they may also deliver variable results
because the outcome strongly depends on the infestation conditions, such as timing
of the infestations and the number of mites used (de Oliveira et al. 2016; Schimmel
et al. 2017a, b). In addition, these co-infestation assays cannot discriminate
between effects due to induced/suppressed defences on the one hand and, for
example, effects on plant resources on the other.
Whereas the first two criteria are bioassay-based and, thus, have mite performance
as readout, the third criterion is based on a molecular assay and aimed to assess the
impact of an alleged suppressor on an induced defence via an ask-the-plant
approach. In practice this means that defence-suppressing mites should be able to
suppress defences that are induced by non-adapted mites or, in principle, by any
other type of induction. The magnitude of defences in plants that were infested with
suppressor mites during or after the induction treatment should be lower than in
plants that only received the induction treatment. For example, expression levels of
defence-associated genes were significantly lower in tomato leaflets simultaneously
infested with defence-suppressing T. evansi and defence-inducing T. urticae than in
leaflets solely infested with defence-inducing T. urticae (Alba et al. 2015), even
though the mite density was two-fold higher on the dual-infested leaves. This assay
should be combined with one or both of the other methods as statistical significant
down-regulation of defences is by itself not proof for a biologically relevant effect.
Finally, this assay may overlook relatively weak suppressors or suppressors with a
primarily local effect.
How suppression of plant defences by mites, or by herbivorous arthropods in
general, works at the molecular level is still poorly understood. Suppression by T.
urticae, T. evansi and A. lycopersici was found to act downstream from
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phytohormone accumulation and independently of JA-SA crosstalk (Glas et al. 2014;
Alba et al. 2015). While feeding, mites secrete saliva, which contains effector
proteins that sabotage the host’s defences, resulting in effector-triggered
susceptibility (Figures 2A-B; Jonckheere et al. 2016; Villarroel et al. 2016). Combined
genomic and transcriptomic analyses have revealed that spider mites are likely
capable of producing and secreting several hundreds of salivary proteins
(Jonckheere et al. 2016; Villarroel et al. 2016). Further proteomic analyses of
salivary secretions collected using an artificial diet system have thus far identified
95 proteins from T. urticae’s saliva (Jonckheere et al. 2016). It remains unknown,
though, how many of the (putative) salivary proteins actually interfere with the
host’s defences. Firstly because the sequence identity of effectors is usually very
species-specific thus hampering in silico identification (Arnold et al. 2009; Lo Presti
et al. 2015). Secondly, effectors do not necessarily target plant defences to trigger
host susceptibility (Van Schie and Takken 2014; Macho 2016). Thirdly, salivary
proteins may have effector-unrelated functions. For example, several mite salivary
proteins were predicted to be carbohydrate or protein catabolic enzymes,
suggesting a role in the degradation of plant material, possibly prior to ingestion
(Jonckheere et al. 2016). Lastly, salivary proteins may be multifunctional. Salivary
proteases of insects, for instance, may serve to (pre)digest proteins as food but may
additionally target plant defensive proteins (Zhu-Salzman and Zeng 2015).
Recent microscopic observations indicate that spider mites probably have much
lower consumption rates than was hitherto assumed (Bensoussan et al. 2016). On
common bean (Phaseolus vulgaris), the average duration of a single T. urticae
feeding event was found to last nearly 14 minutes (Bensoussan et al. 2016), i.e.
considerably longer than the roughly three seconds reported earlier (Liesering
1960). If feeding events indeed last several minutes instead of seconds, predigestive functions of secreted salivary proteins would be conceivable. Likewise, this
amount of time could allow effectors to interfere with host defences in the pierced
cell prior to ingestion. Additionally, it may allow effectors or their secondary signals
to translocate to neighbouring cells or to the apoplast to suppress defences in plant
tissues beyond the attacked cell (Figure 2B; Bensoussan et al. 2016; Rioja et al.
2017). Indeed, there is empirical evidence for defence suppression to occur
systemically within leaflets (Alba et al. 2015) and within compound leaves
(Sarmento et al. 2011a). However suppression appears to be a predominantly local
event, i.e. largely restricted to the mite’s multicellular feeding patch (Schimmel et
al. 2017a, b). Molecular studies at single cell resolution are required to assess the
true spatial extent of suppression.
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Figure 2. Schematic, simplified overview of the in planta molecular interplay between
herbivorous spider mites and their host. (A) Spider mites use their stylet-shaped
mouthparts to retrieve the contents of mesophyll cells, which may trigger the activation
of plant defense responses that render the plant resistant. Mites pierce mesophyll cells
and inject them with saliva prior to ingestion of their contents. This may cause the release
of damage- and/or herbivore-associated molecular patterns (DAMPs and HAMPs,
respectively) that are recognized by plant pattern-recognition receptors (PRRs) and which
leads to pattern-triggered immunity (PTI). Spider mites seem to minimize the release of
DAMPs by inserting their stylet via open stomata (not shown) or in between epidermal
cells to reach the mesophyll. (B) Mites may interfere with PTI and other host processes
by injecting salivary effector molecules (E) that target and interact with various plant
proteins (T) to inhibit or to exploit their function and, thereby, render the plant
susceptible. This process is termed effector-triggered susceptibility (ETS). (C) Plants have
evolved intracellular receptor proteins (R) that detect effectors directly or indirectly and
subsequently restore PTI responses plus induce additional defenses that altogether
render the plant resistant again. This process is referred to as effector-triggered immunity
(ETI). Herbivory by mites likely induces PTI- or ETI-associated defense responses beyond
the attacked cell, i.e. also in non-attacked tissues, but the spatiotemporal dynamics of
such systemic responses are not fully understood. Likewise, mites are thought to
manipulate their host plant beyond the attacked cell, for instance via the intracellular
transport of effectors. Note that mite-HAMP and plant-PRR pairs have not been identified
yet. Mites, plant cells and their (secreted) components are not drawn to scale.

We can only speculate about how mite salivary effector proteins operate inside the
host plant. Most likely they interact with plant proteins to modulate their function
such that the plant becomes more suitable as food. Numerous of such in planta
targets have been identified for effectors from diverse microbial phytopathogens
and for many of these their mode of action has been characterized as well, providing
valuable insights into the molecular mechanisms underlying pathogen virulence
(Khan et al. 2018; Xin et al. 2018). The majority of phytopathogen effectors as well
as their in planta targets appear to be of proteinaceous nature (Khan et al. 2018),
but note that this could be due to a methodological bias. Large scale protein-protein
interaction assays have revealed that a subset of the effectors deployed by
phytopathogens targets and modifies a relatively small but conserved set of plant
signalling “hubs”, which represent highly connected nodes within the plant protein
network, as each of them (potentially) interacts with dozens of other plant proteins
(Mukhtar et al. 2011; Wessling et al. 2014). Examples of effector-targeted hub
proteins are: TCP transcription factors, which function at the nexus of plant
development and defence (Lopez et al. 2015); subunits of the ubiquitin-proteasome
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system, which are crucial for protein turnover including during phytohormone
signalling (Banfield 2015); JAZ proteins, which are transcriptional repressors of JA
responses (Howe et al. 2018), and; papain-like cysteine proteases, which have
diverse functions in immune signalling (Misas-Villamil et al. 2016). Consistent with
their role in PTI, mutations in effector-targeted hub proteins generally have
dramatic consequences for plant resistance to phytopathogens (Mukhtar et al.
2011; Wessling et al. 2014). Other components of the PTI machinery, i.e. that are
(relatively) less well-connected, are manipulated by phytopathogen effectors as
well. These include conserved detection and signalling components (e.g. PRRs, coreceptors, receptor-like cytoplasmic kinases, MAP kinases, transcriptional
regulators; Macho and Zipfel 2015; Kahn et al. 2018) as well as proteins that are
produced by the plant to actually fight off the pathogen (e.g. proteases and protease
inhibitors; Jashni et al. 2015). Finally, phytopathogen effectors have been found to
target proteins with less obvious connections to plant immunity but whose
manipulation is nevertheless essential for virulence and pathogen proliferation (Van
Schie and Takken 2014; Macho 2016). Examples of such so-called susceptibility
proteins are: nutrient transporters (Chen et al. 2010), proteins involved in vesicular
trafficking (Xin et al. 2016) and cell cycle regulators (Wildermuth et al. 2017). The
first reports of proteinaceous plant targets of effectors from herbivorous
arthropods indicate that at least some members of this diverse group of plantfeeders may have evolved mechanisms to manipulate their host that are similar to
those of microbial phytopathogens. That is, effectors secreted by larvae of the
Hessian fly (Mayetiola destructor) were shown to interact with the wheat (Triticum
spp.) Skp subunit of the ubiquitin-proteasome system (Zhao et al. 2015) and effector
Mp1 secreted by the aphid Myzus persicae was found to interact with Arabidopsis
(Arabidopsis thaliana) as well as potato (Solanum tuberosum) VPS52, which is
thought to be involved in vesicular trafficking (Rodriguez et al. 2017). Since mites
are not highly mobile, small, and feed from one cell at a time, we hypothesize that
there will be considerable overlap between the effector targets of biotrophic
microbial pathogens and those of mites, in particular for generalists like T. urticae.
Specifically, we predict effectors of generalist mites to target conserved plant
targets. If so, this would allow the mite to manipulate different hosts using a
relatively small set of effectors as compared to the number of metabolic resistanceconferring genes that would be needed to overcome the defences of all its different
hosts. Specialized mite species may have evolved effectors more specific for their
host and as a consequence they may have lost redundant effector paralogs.
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Despite the convincing genomic, transcriptomic and proteomic data on mite salivary
proteins, the far majority still awaits functional characterization (as effectors). Four
mite proteins have been identified as plant defence-suppressing effectors so far;
Tu28 and Tu84 from T. urticae and the orthologous Te28 (66% identical) and Te84
(63% identical), respectively, from T. evansi (Villarroel et al. 2016; Schimmel et al.
2017a). As indicated by their numbers, these proteins represent members from two
putative effector families: in T. urticae family 28 has 10 members (paralogs),
whereas T. evansi has only one; family 84 has two paralogs in both mite species
(Villarroel et al. 2016). Proteins from these families have also been recovered from
the saliva of T. urticae feeding on artificial diet (Jonckheere et al. 2016). When
transiently overexpressed in Nicotiana benthamiana these effectors suppressed SAdefences (Villarroel et al. 2016) as well as JA-defences (Schimmel et al. 2017a) and
three of the four homologs promoted the fitness of non-adapted T. urticae
(Villarroel et al. 2016). Te28 did not enhance the performance of T. urticae on
N. benthamiana, probably due to the severe chlorosis that coincided with Te28
overexpression (Villarroel et al. 2016). In line with this reasoning, on tomato, Te28
transcript abundance in T. evansi correlated negatively with the magnitude of JA
and SA defences in the plant, and positively with mite performance (Schimmel et al.
2017a). Similar correlations were found for Te84 (Schimmel et al. 2017a), strongly
suggesting that Te28 and Te84 are indeed used by T. evansi to suppress tomato
defences. The fact that defence-inducing T. urticae possess gene copies that encode
the functional effectors Tu28 and Tu84 suggests that these mites, too, can suppress
defences. Expression analysis of the corresponding effector genes, though, revealed
stunning quantitative differences between T. urticae and T. evansi, especially for
effectors of family 84. On tomato, across different -but comparable- infestation
conditions, the relative expression of Tu28 versus Te28 ranged from similar levels in
the two species to Te28 transcripts being up to six times more abundant in T. evansi
than Tu28 transcripts in non-adapted T. urticae (Schimmel et al. 2017a). Transcripts
of effector 84 were much more abundant in T. evansi regardless of infestation
conditions, i.e. Te84 was roughly 60 to 140 times higher expressed than Tu84
(Schimmel et al. 2017a). Thus, in addition to differences in the amino acid sequences
between orthologous effectors of non-adapted T. urticae and specialist T. evansi,
there are probably also differences at the effector abundance level. Something
similar was observed for the spider mite-specific SHOT gene family, which is thought
to encode effector proteins (Jonckheere et al. 2017). The genome of generalist
T. urticae contains twelve SHOT paralogs while Solanaceae-specialist T. evansi
possess only one ortholog and the Fabaceae-specialist Tetranychus lintearius only
two (Jonckheere et al. 2017). The expression of several T. urticae SHOT genes
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appeared strongly host-dependent and remarkably plastic, as they were both
rapidly and massively induced upon transfer to Fabaceae hosts but were not
expressed on plants from other families (Jonckheere et al. 2016, 2017). Together
this underscores that the ability of mites to suppress plant defences via secreted
effectors, and possibly to dodge detection by plants, may be tremendously plastic
and cannot simply be inferred from the absence/presence of (putative) effectors in
the mite’s genome.
As indicated before, there is no information yet on the in planta targets of spider
mite effectors but based on our knowledge of effectors from microbial
phytopathogens (Mukhtar et al. 2011; Wessling et al. 2014; Khan et al. 2018), we
speculate that: (a) a subset of the mite effectors will target and manipulate
conserved plant proteins that function as signalling hubs in defence and/or
development; (b) multiple mite effectors will be able to interact with the same plant
protein, while simultaneously; (c) individual mite effectors will be able to interact
with multiple plant proteins. Finally, thus far research has been focused on the
identification of mite salivary proteins and their characterization as effectors, but
effectors are not necessarily of proteinaceous nature. For example, certain bacterial
phytopathogens secrete metabolites that function as plant hormones and exploit
the conserved hormonal crosstalk mechanism of the host to trigger susceptibility
(Zheng et al. 2012; McClerklin et al. 2018). Some eriophyid mites have been
suggested to produce and secrete functional plant hormones (De Lillo and
Monfreda 2004). There are no indications that spider mites do so (Grbić et al. 2011).
As another example, fungal phytopathogens (Weiberg et al. 2013) and parasitic
plants (Shahid et al. 2018) can secrete small RNAs that exploit the host’s RNA
interference machinery to silence defence-associated genes. Whiteflies have been
predicted to do the same, as they also secrete small RNAs into their host (van Kleeff
et al. 2016). The involvement of small RNAs in defence suppression by mites cannot
be excluded. Taken together, the mite effector repertoire may extend well beyond
their salivary proteins.
To counteract effector-triggered susceptibility, plants have evolved sensory
molecules (receptors) often referred to as R-genes/proteins that can by-pass the
effector’s manipulation. R-genes usually encode intracellular nucleotide-binding
leucine-rich-repeat (NLR) proteins or cell surface-localized receptor-like
proteins/kinases (RLPs/RLKs) that detect effectors or effector-activity and
subsequently restore PTI plus induce additional defences that altogether render the
plant resistant again (Cui et al. 2015; Kourelis and van der Hoorn 2018; Su et al.
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2018). This R-gene mediated process is referred to as effector-triggered immunity
(ETI; Figure 2C). Plant genomes typically contain hundreds of NLR-like and RLK-like
encoding genes that are fast-evolving and belong to expanded families (Jacob et al.
2013; Kourelis and van der Hoorn 2018; Su et al. 2018). Consequently, most of these
sensory proteins appear to be highly specific, meaning distinct variants are present
in each plant species, putatively reflecting the effector repertoire of the biotic
attackers they are commonly confronted with (Jacob et al. 2013; Kourelis and Van
der Hoorn 2018; Su et al. 2018). This implies that the occurrence of effective R-gene
resistance can differ greatly across genotypes (varieties) within plant species. As
with PTI, ETI has been well established for plants in response to attacks by microbial
phytopathogens, while its involvement during interactions with herbivores is still
being explored. For instance, only a small fraction of the R genes that have been
implicated in plant resistance to arthropod herbivores has been characterized to
date, i.e. Mi-1.2 in tomato (Milligan et al. 1998; Vos et al. 1998; Rossi et al. 1998),
Vat in melon (Cucumis melo; Dogimont et al. 2014) and several BPH genes in rice
(Oryza sativa; Du et al. 2009; Tamura et al. 2014; Wang et al. 2015; Ji et al. 2016;
Ren et al. 2016; Zhao et al. 2016; Guo et al. 2018). With respect to mites and ETI,
spider mite feeding was shown to rapidly affect the expression of large groups of
putative RLK-encoding genes in tomato and Arabidopsis (Martel et al. 2015),
suggesting these may play an important role in the detection of mite feeding, i.e. as
(co-)receptors for DAMPs, HAMPs or effectors (Couto and Zipfel 2016; Kourelis and
van der Hoorn 2018). Other than this report, the involvement of ETI in plantherbivorous mite interactions (Figure 2C) remains hypothetical and requires
experimental verification.
The strong selective pressures enforced by such plant receptors is reflected in the
characteristics of effector-encoding genes of phytophagous organisms: such genes
are usually highly abundant in their genomes, are fast-evolving and belong to
expanded families (Jiang et al. 2008; Raffaele et al. 2010; Zhao et al. 2015). This
appears to be the case for (putative) spider mite effector genes as well (Jonckheere
et al. 2016; Villarroel et al. 2016). Under pressure of ETI, plant-parasites have
evolved various counter-adaptations to overcome it, including: (a) the acquisition
of sequence mutations in ‘betraying effectors’ that do not interfere with their
function yet attenuate recognition by NLRs; (b) the loss of ‘betraying effectors’ via
gene silencing or gene removal; (c) the gain of novel effectors that serve as decoys
for- or that mask ‘betraying effectors’ (Aggarwal et al. 2014; Dong et al. 2014; Huang
et al. 2014; Wei et al. 2015; Ji et al. 2016; Zhao et al. 2016; Inoue et al. 2017; Ma et
al. 2017; Menardo et al. 2017). Not surprisingly, plant-feeding organisms deploy
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distinct sets of effectors depending on which host species they attack, likely to deal
with the specific defences they encounter (Yoshida et al. 2016; Mathers et al. 2017;
Rivera-Vega et al. 2017; Lorrain et al. 2018). The available data for spider mites is
consistent with this hypothesis (Jonckheere et al. 2016, 2017).

Eco-evolutionary background of plant defence suppression by mites
Plants and herbivores are probably engaged in a co-evolutionary arm’s race. If so,
there should be heritable variation in traits that allow plants to resist herbivores as
well as heritable variation in traits that allow herbivores to cope with these
defences, for natural selection to act on (Bolnick et al. 2011; Gloss et al. 2016). For
interactions between generalists and multiple host plants such interactions are
predicted to be more diffuse than for specialists (Futuyma and Agrawal 2009). Given
the tremendous diversity among the more than 200,000 defensive
metabolites/proteins found across the plant kingdom, it is hypothesized that the
larger the host range of a herbivore is, the smaller is the chance it will evolve
metabolic resistance-conferring traits (Becerra 1997; Despres et al. 2007; Ali and
Agrawal 2012). There are two main arguments to support this hypothesis: (1)
Mechanistically, metabolic adaptations to each individual class of defensive
metabolites/proteins encountered on diverse hosts do not seem feasible or seem
too costly. (2) By changing host species the selective pressure required to evolve
and/or maintain metabolic adaptations to specific plant defensive compounds will
decrease or disappear. Hence, metabolic resistance-conferring traits are most often
found in specialized herbivores, as these feed from a single or a few closely related
plants and, thus, continuously encounter the same defensive compounds. By
contrast, generalists are hypothesized to increase their fitness across multiple plant
taxa by actively interfering with conserved defence signalling components (Ali and
Agrawal 2012; Kant et al. 2015). Concurrently, plant-produced defensive
metabolites/proteins are expected to have a different impact on generalist versus
specialist herbivores. Whereas generalists are negatively affected at an
intermediate level by any class of defensive compounds, specialists are less affected
by metabolites/proteins produced by the plant species they have specialized on, but
on average suffer more from those produced by non-host plants (Ali and Agrawal
2012; Heckel 2014). Studies on various plant-insect systems have found empirical
evidence to support these hypotheses (Ali and Agrawal 2012; Kant et al. 2015), but
the available data on plant-mite interactions does not seem to do this for several
reasons.
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Firstly, among the mites species that have been found to suppress plant defences,
only T. urticae is a true generalist, whereas T. ludeni, T. evansi and A. lycopersici are
all (relatively) specialized herbivores, i.e. on Solanaceae (Helle and Sabelis 1985;
Lindquist et al. 1996). Additionally, within natural populations of T. urticae the
defence-suppressors do not appear to be the dominant genotype (Figure 1C; Kant
et al. 2008; Alba et al. 2015). So far, all sampled populations of T. evansi, covering
both haplotypes, were found to be potent suppressors of tomato defences
(Sarmento et al. 2011a; Alba et al. 2015), suggesting that the defence suppression
trait is fixed in this species. These observations apparently contradict the hypothesis
that most defence-suppressing herbivores should be generalists. It is worth pointing
out, though, that defence suppression by T. ludeni, T. evansi and A. lycopersici,
respectively, has only been demonstrated on cultivated tomato (Sarmento et al.
2011a; Glas et al. 2014; Alba et al. 2015; Godinho et al. 2016) and that, although
these mites predominantly infest Solanaceae, they have been found on plants
belonging to other families as well. Specifically, T. ludeni has been recorded on
plants from as many as 62 other families, T. evansi on plants from 35 other families,
and A. lycopersici on one other family, i.e. the Convolvulaceae (Helle and Sabelis
1985; Lindquist et al. 1996; Migeon et al. 2010). The extent to which T. evansi and
T. ludeni feed from- and reproduce on these non-solanaceous plants is not known.
The identification of these mites on non-solanaceous hosts might actually be
incorrect (i.e. many Tetranychus spp. are hard to distinguish by eye) or be an
incidental consequence of passive dispersal (i.e. mediated by wind) from nearby
overexploited solanaceous plants (Navajas et al. 2013). Nonetheless, it would be
exciting to find out if these (relatively) specialized mites are able to also suppress
defences of plants that do not belong to the Solanaceae.
Secondly, T. urticae mites collected from diverse hosts have frequently been shown
to be able to adapt to novel hosts. Strangely, most often this adaptation does not
seem to go at the expense of their fitness on the ancestral or other hosts (Gould
1979; Agrawal 2000; Magalhaes et al. 2009; Wybouw et al. 2015), suggesting T.
urticae to be a jack-of-all-trades. A comparative genome analysis has revealed that
T. urticae’s genome harbors expansions in multiple gene families that have been
implicated in xenobiotic metabolism, while such expansions were less dramatic, or
not found at all, in the genomes of the specialized mites T. evansi, T. lintearius and
A. lycopersici, which suggests that metabolic resistance is a prominent trait
underlying T. urticae’s adaptive abilities and enormous host range (Grbić et al. 2011;
Van Leeuwen and Dermauw 2016). Accordingly, (experimental evolution) studies
that have analysed the adaptation mechanism(s) of T. urticae to novel, challenging
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host plants have demonstrated large transcriptional plasticity in the mite’s
xenobiotic metabolism machinery (Dermauw et al. 2013; Zhurov et al. 2014;
Wybouw et al. 2015). Very similar findings have been reported for generalist versus
specialist aphids (Ramsey et al. 2010; Silva et al. 2012; Bansal et al. 2014; Mathers
et al. 2017; Wenger et al. 2017). However, T. urticae’s adaptation to a novel,
challenging host plant was also associated with the partial attenuation of a set of
plant defence-associated transcriptomic responses, indicative of defence
suppression (Wybouw et al. 2015). Something similar was observed for the
generalist Kanzawa mite, Tetranychus kanzawai, by Ozawa et al. (2017). This
suggests that the plasticity in the mite’s effector repertoire (Jonckheere et al. 2016,
2017; Schimmel et al. 2017a) may augment the plasticity in its xenobiotic
metabolism to rapidly overcome the resistances of novel hosts. Such a dual
mechanism has also been suggested for aphids, whose ability to colonize novel host
plants is correlated with transcriptional plasticity of a conserved set of genes,
several of which encode (putative) host plant-specific effectors (Elzinga et al. 2014;
Thorpe et al. 2016; Eyres et al. 2017; Mathers et al. 2017; Rodriguez et al. 2017).
Collectively, the available data suggest that mite traits enabling an improved
xenobiotic metabolism are linked, at least partially, with traits related to host
defence manipulation.
Tetranychus urticae appears to harbour distinct intraspecific variation for traits that
cause these mites to induce defences as well traits that allow them to suppress or
to resist tomato JA defences (Kant et al. 2008; Alba et al. 2015). Both Kant et al.
(2008) and Alba et al. (2015) sampled natural populations of T. urticae from various
non-solanaceous host plants. Subsequently they created near-isogenic lines from
individual mites, which were then submitted to a novel host, i.e. WT tomato plants,
def-1 and PS, as described earlier. These assays revealed the existence of three
distinct phenotypes (Figure 1C): (1) Mites that induce defence responses to which
they are also susceptible (i.e. these lower their fitness). This was the most common
phenotype. (2) Mites that induced defence responses to which they are resistant
(i.e. absence/presence of defence did not affect their fitness). This was a rare
phenotype, not found in all populations. (3) Mites that were susceptible to induced
defences but nevertheless had a high performance because they could suppress
these defences. This phenotype was found at low frequencies in all populations.
These results suggest that especially the defence-suppression traits could be
maintained as a polymorphism by frequency-dependent selection in populations of
T. urticae living on a mosaic of plant environments. This supports the scenario that
defence suppression is a generalist trait that allows it to behave as a jack-of-all120

Eco-evolutionary background of plant defence suppression by mites

trades, provided that the traits that allow mites to suppress defences are effective
on unrelated hosts. This would be possible if effectors target proteins or processes
conserved across multiple host taxa. Yet, since suppression of defences may come
at high ecological costs (Sarmento et al. 2011b; Glas et al. 2014; Alba et al. 2015;
Ataide et al. 2016) it may in time be replaced -via natural selection- by resistance
traits, which not only appear to be more ‘safe’ in an ecological context, but may also
promote fitness stronger than suppression does (Kant et al. 2008). In this scenario
defence suppression will allow populations that shift their host plant frequently to
act as jack-of-all-trades but master-of-none. Sub-populations confined to a single
host may gain resistance to that host at the expense of suppression and become a
master-of-some (i.e. specialized).
Although this scenario predicts that suppression will be rare among specialist this
does not seem to be the case for mites, as indicated earlier. This justifies the
question why the suppression-traits of mites have not been replaced by resistancetraits during the course of specialization? We argue that these species possess
buffering traits that can shield suppression-traits from natural selection imposed by
facilitated competitors and/or natural enemies.

Buffering traits that enable mites to mitigate negative side effects of host
defense suppression in natural communities
Probably the most obvious of such buffering traits of T. evansi concerns the
production of web. As a family characteristic, spider mites produce silk, which is
among others used to construct a web that shields the mites from unfavorable
abiotic conditions as well as from competitors and predators (Helle and Sabelis
1985). Silk production quantitatively differs between spider mite species and
T. evansi is known to synthesize extraordinarily large amounts of it (Helle and
Sabelis 1985). Shortly after colonization of a new host plant, when the population
size is small, only local feeding patches are covered with web, but as the population
grows, entire plants get readily encapsulated (Liu et al. 2017). The particularly dense
web of T. evansi effectively hinders competing herbivorous mites, such as T. urticae
(Sarmento et al. 2011b), as well as predatory mites, like Euseius concordis (De
Moraes and Lima 1983) (Figure 3A), but there is more to it than that. Results from
another study suggest that T. evansi may actively increase the exclusion of
competitors, as T. evansi females were found to produce a denser web in response
to cues emanating from nearby T. urticae feeding sites (Sarmento et al. 2011b;
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Figure 3A). The same happened in response to local T. urticae cues (Sarmento et al.
2011b). Vice versa, T. evansi does not appear to be hindered by T. urticae’s web, nor

Figure 3. Schematic, simplified overview of the buffering traits that may enable
Tetranychus evansi mites to mitigate negative side effects of host defense suppression that
can occur when living in natural communities. (A) T. evansi (Te) covers its feeding site with
copious amounts of silken web, which shields off competing Tetranychus urticae (Tu) as well
as predatory mites. Moreover, upon perception of T. urticae cues (dashed arrow), T. evansi
produces a denser web, presumably to increase exclusion of its competitor. (B) Multiple
species of predatory mites have an extremely poor performance on a T. evansi diet, possibly
because T. evansi mites and their eggs contain one or more host plant-derived toxins that
interfere with their predation. (C) Contrary to T. urticae males, T. evansi males prefer to
copulate with heterospecific (i.e. T. urticae) females, this asymmetric mating preference
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reinforces reproductive interference by T. evansi, which can negatively impact on the
population growth of competing T. urticae. Spider mites are haplodiploid organisms and
females show a strong first-male sperm precedence. Heterospecific mating events, therefore,
result in (near) male-only offspring (hybrid females are not fertile), whereas conspecific
mating events yield strongly female-biased offspring. (D) Upon perception of cues from
nearby T. urticae (dashed arrow), T. evansi mites hyper-suppress jasmonate (JA) and
salicylate (SA)-regulated plant defenses, albeit only at their feeding site, and this is paralleled
by an increased oviposition rate for T. evansi, while the invading T. urticae does not benefit
(yet). This rapid overcompensation response likely boosts T. evansi’s competitive population
growth. The asterisk denotes that there is currently no empirical evidence for a causal
relationship between the sequestration of toxins by T. evansi and the increased predation
risk that may be associated with defense suppression by these mites.

does T. urticae produce a denser web when T. evansi feeds close by (Sarmento et
al. 2011b). Surprisingly, local cues from the predatory mite P. longipes did not
trigger an increased production of web by T. evansi (Lemos et al. 2010). Different
predator-induced behavioral changes were observed instead: not only did T. evansi
lay fewer eggs, about a third of its eggs were suspended in the web, whereas nearly
all eggs were deposited on the leaf surface under predator-free conditions (Lemos
et al. 2010). Compared to eggs on the leaf surface, web-suspended eggs were less
likely to be eaten by P. longipes (Lemos et al. 2010), providing a clear explanation
for T. evansi’s altered behavior.
Predation of T. evansi eggs is actually a relatively rare event in nature, especially
outside T. evansi’s native area (Navajas et al. 2013). For numerous naturally cooccurring as well as commercially available predatory mites, T. evansi is an
unsuitable prey, meaning that aside from the adverse effects of the silken web and
host-plant trichomes, most predators have an extremely poor performance on a
diet of T. evansi, likely because it is toxic (De Moraes and McMurtry 1985; Escudero
and Ferragut 2005; Rosa et al. 2005; Ferrero et al. 2014). This toxicity has been
attributed to one or more plant-derived metabolites, which are probably modified
and/or sequestered by T. evansi and passed on to their eggs as well (Figure 3B; De
Moraes and McMurtry 1986; Koller et al. 2007; Ferrero et al. 2014). Selection for
this toxin sequestration has possibly been promoted by an increased predation risk
due to suppression of defences as suggested by Ataide et al. (2016). It should be
noted that defence suppression by T. evansi does not necessarily prevent the
attraction of predatory mites, i.e. indirect plant defences, despite their interference
with the herbivory-induced production of volatile organic compounds (Sarmento et
al. 2011a; Lemos 2015). Hence, the toxin sequestration may be a buffering trait.
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The third buffering trait of T. evansi concerns the direct interference with
T. urticae’s reproduction due to asymmetric mating preferences. Even though the
two species are reproductively incompatible, T. evansi males prefer to mate with
T. urticae females instead of with conspecific females, whereas T. urticae males do
preferentially mate with conspecifics (Sato et al. 2014, 2016). Since spider mites are
haplodiploid organisms and females show a strong first-male sperm precedence
(Helle and Sabelis 1985), this asymmetric mating preference can have a strong
negative effect on T. urticae’s population growth when mites from both species cooccur (Sato et al. 2014), a phenomenon known as reproductive interference (Figure
3C). That is because although heterospecific mating events do not affect the total
number of eggs laid, females produce predominantly male offspring upon mating
with a heterospecific male, as opposed to strongly female-biased offspring when
fertilized by a conspecific (Sato et al. 2014; Clemente et al. 2016). The few hybrid
females derived from interspecific mating events between T. urticae and T. evansi
are not fertile (Clemente et al. 2016). Reproductive interference has also been
observed between T. urticae and T. ludeni (Clemente et al. 2017), but it is not known
which effects this has on the population growth of both species.
The fourth buffering trait of T. evansi involves plasticity in its reproductive
performance -possibly resulting from plasticity in the magnitude of suppression– in
response to the presence of competitors (Figure 3D). Analogous to the competitorinduced increased web production, T. evansi females on a well-established feeding
site were found to suppress plant defences stronger, albeit only locally, when
T. urticae was introduced to adjacent leaf tissue (Schimmel et al. 2017a). This local
hyper-suppression coincided with the increased expression of effector-encoding
genes in T. evansi (Te28 and Te84) and, moreover, was paralleled by an increased
production of eggs by T. evansi –but not by the invading T. urticae (Schimmel et al.
2017a). Also Orsucci et al. (2017) found evidence for an increase in T. evansi’s
reproductive performance when T. urticae was present on the same tomato leaf. In
the opposite experimental situation, no significant changes were detected in the
plant’s defence responses, nor did T. urticae females produce more eggs upon
introduction of T. evansi to adjacent leaf tissue (Schimmel et al. 2017a). This
competitor-induced, plant-mediated overcompensation response of T. evansi
therefore likely promotes its competitive population growth on tomato.
The discovery and characterization of T. evansi’s buffering traits has raised
numerous questions, in particular whether similar traits can be found in other
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defence-suppressing mites (or insects)? For A. lycopersici the answer is a partial no,
because this species does not produce web at all. However, this mite is extremely
small and resides exclusively within the trichome forest on tomato stems and
leaves, which is neither accessible for T. urticae nor for predatory mites. This may
represent a behavioural trait that buffers facilitating competitors or natural
enemies. Interestingly, after a few days of feeding by A. lycopersici glandular- and
non-glandular trichomes on tomato deteriorate and this exposes the mite to its
natural enemies, such as the predatory mite Amblydromalus limonicus. On such
plants the russet mites were observed to rapidly move towards plant parts with
intact trichomes (Van Houten et al. 2013).
Taken together, although natural selection may act against defence suppression
under pressure of competition and predation this trait may also escape selection
when shielded by buffering traits. These buffering traits may allow defense
suppressors to remain suppressors, i.e. to counteract the evolution of resistance,
during periods of specialization by enabling them to maintain the monopoly on their
feeding site and to exclude natural enemies.

C o n c lu s io n s a n d p e rs p e c tiv e s
So why do herbivorous mites suppress plant defences?
1) Not all herbivorous mites seem to suppress plant defenses but those that do
obviously benefit from suppression as it increases their performance under
laboratory conditions.
2) Under natural conditions the benefits of suppression are less obvious since the
ecological risks (costs) that come with suppression can be considerable.
3) Suppression of defences by herbivores is facilitated by secreted salivary effector
proteins that manipulate plant processes to turn their host into a better food
source.
4) In our view the ability to suppress defences facilitates a generalist life style and
for these generalists –that move across environments with variable ecological risksthe advantage of being able to colonize multiple hosts may, on average, outweigh
the costs.
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5) Existence of intraspecific variation suggests suppression-traits of generalist
herbivores that live on a mosaic of plant environments to be maintained by
frequency-dependent selection.
6) We predict the effectors of generalists to target elements (e.g. proteins) of plant
processes (e.g. defence pathways), that are conserved across their multiple hosts
and thereby facilitate their multiple-host life style. This in contrast to xenobiotic
resistance that will usually only facilitate a herbivore’s compatibility with a limited
set of (related) plant hosts.
7) Evidence suggests that upon colonization of a novel host by the generalist T.
urticae the ability to suppress defences rapidly emerges possibly due to plasticity
and/or selection.
8) We predict that in generalist confined to a host for extended periods of time the
suppression trait will be replaced by resistance traits, because these traits are
ecologically more safe and, according to the data available, may have a larger
absolute effect on mite performance.
9) We argue that the existence of specialists that suppress defences rather than
resist these may represent ‘accidents’ facilitated by buffering traits that shield
suppression from natural selection. We predict these specialists to possess a smaller
set of effectors/effector paralogs than generalists do and these to more often target
less conserved (i.e. more host-specific) plant proteins or processes.
10) We speculate that also the suppression traits of specialists may erode because
of physiological costs and/or drift yet at a relatively slow pace due to buffering traits.
11) Finally, we argue that defence suppression traits and their buffering traits can
be, but not necessarily are, co-adaptations.
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Chapter 5

A b stra c t
Herbivorous arthropods experience different sources of selection pressure, both in
natural and agricultural ecosystems. Two of the main sources of selection pressure
that herbivores face are plant allelochemicals aimed to deter herbivory, and the use
of different agrochemical compounds aimed to control their populations in crops.
While these sources of selection pressure differ greatly between natural and
agricultural systems, adaptation of herbivorous arthropods to their host plants
involves very similar molecular mechanisms to those involved in resistance to
pesticide compounds, such as the evolution of target-site insensitivity, the
overexpression of metabolic enzymes or the transport and sequestration of toxins.
Despite our knowledge on the proximal mechanisms of host adaptation and
pesticide resistance, the evolutionary origins of these adaptive traits remain poorly
understood. Here, we apply a recently developed genetic high-resolution mapping
technique to identify quantitative trait loci (QTL) in the genome of a polyphagous
herbivore, the two-spotted spider mite Tetranychus urticae. We created a bulked
segregant population using experimentally inbred spider mite lines to identify the
genetic basis of resistance to fenbutatin oxide, an organotin compound that inhibits
cellular respiration; to abamectin, a macrocyclic lactone that targets neural
functioning in arthropods; and adaptation to potato, a chemically-defended host
plant. By quantifying the differences in allele frequencies using single nucleotide
polymorphisms (SNPs) data from selected and unselected spider mite populations,
we identified the genetic basis of resistance to FBO and to abamectin, and the basis
of adaptation to potato. Genes previously known to underlie resistance to FBO and
abamectin were found within the reported QTL, but also novel candidates that were
not previously associated with adaptation to both acaricides and to the host plant
were found. Our findings suggest that the genomic structure of acaricide resistance
is different from that of host plant adaptation, probably reflecting the distinctness
of the two selection pressures. Moreover, the QTL underlying adaptation to potato
in this study involved a completely different genomic region from a QTL previously
reported to underlie T. urticae adaptation to tomato, highlighting the differences in
genetic responses in herbivores to selection pressure from closely related plant
species.
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I n t r o d u c t io n

Studies on herbivorous arthropods can facilitate the identification of the genetic
basis of adaptation (Futuyma & Peterson 1985; Mitter et al. 1991). Herbivore pests
experience two major selection pressures that can cause shifts in the allelic
frequencies of loci underlying adaptive traits: defence traits of their host plants and
agrochemical compounds associated with crop management. Upon herbivory,
plants produce toxic secondary metabolites aimed to deter attacking herbivores. An
important factor determining herbivore specialisation to their host plants is the
evolution of adaptations aimed to avoid, to detoxify, to sequestrate or to inactivate
plant toxins (Grbic et al. 2011; Kant et al. 2015b; Heckel 2018). In parallel,
agrochemical compounds that target conserved physiological processes in
herbivores, such as respiration mechanisms or neural functions, are widely used as
control agents in agricultural settings, but cases of insecticide and acaricide
resistance are often documented shortly after their introduction (Hawkins et al.
2019; Sparks et al. 2020). Broadly, resistance to xenobiotic compounds can evolve
either from changes in the coding sequence of target proteins, i.e. toxicodynamic
resistance, or from changes that affect the metabolism, excretion, transport or
penetration of toxins, i.e. toxicokinetic resistance (Feyereisen et al. 2015; Van
Leeuwen & Dermauw 2016). Herbivore adaptation to challenging host plant
varieties and to pesticides threatens current efforts to build sustainable agriculture
frameworks based on integrated pest management (European Commission 2019).
The spatial and temporal scales associated with selection by host plants are
qualitatively and quantitatively different from those related to selection by
pesticides (Després et al. 2007). However, the mechanisms that lead to host plant
adaptation and to pesticide resistance often involve similar physiological processes
and enzymatic pathways (Van Leeuwen & Dermauw 2016; Dermauw et al. 2018).
Identifying the genetic bases of traits associated with host plant adaptation and to
pesticide resistance is at the crossroads between fundamental and applied research
(Ali & Agrawal 2012; Kant et al. 2015b; Van Leeuwen & Dermauw 2016; Hawkins et
al. 2019; Wybouw et al. 2019a).
Biochemical mechanisms that underlie herbivore adaptation to plant
allelochemicals and pesticides have been widely investigated. Cases of target-site
insensitivity involved in resistance to pesticides and acaricides have been widely
reported for many arthropod taxa (Dermauw et al. 2012; Demaeght et al. 2014;
Snoeck et al. 2019). Pesticide resistance relies on the action of enzyme classes
involved in toxin detoxification and transport, such as cytochrome P450s (CYPs),
monooxygenases, glutathione S-transferases, carboxyl/cholinesterases and ATP137
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binding cassette (ABC) transporters (Feyereisen 2015; Van Leeuwen & Dermauw
2016). The mechanisms involved in host plant adaptation seem to involve similar
processes as the ones involved in resistance to insecticides and acaricides. Upon
ingestion, plant toxins may be rendered ineffective by the evolution of target-site
insensitivity. For example, specific variants in the Na+/Ka+ ATPase pump occurring
across the phylogeny of monarch butterflies and related species prevent the binding
of toxic cardiac glycosides, which allows them to feed from milkweeds and other
hosts with similar defensive compounds (Van Leeuwen & Dermauw 2016;
Karageorgi et al. 2019). Molecular adaptations that allow specialist herbivores to
feed from hosts defended with compounds such as iridoids, alkaloids,
glucosinolates or glycosides include the modified expression of detoxication genes,
such as CYPs, dioxygenases and glutathione S-transferases (Wybouw et al. 2016;
Heckel 2018). Plant toxins may be sequestered or excreted by the action of proteins
previously involved in primary metabolic processes but repurposed to process
toxins, such as glycosyltransferases or transmembrane transporters (Pentzold et al.
2014; Zhurov et al. 2014; Bui et al. 2018; Heckel 2018). Alternatively, host
specialization may rely on the suppression of plant defences prior to their
production via the action of effector molecules that tamper with plant immunity
responses (Bos et al. 2010; Hogenhout & Bos 2011; Pitino & Hogenhout 2012;
Aggarwal et al. 2014; Kant et al. 2015b; Jonckheere et al. 2016; Blaazer et al. 2018).
Despite ample evidence on the proximal mechanisms of pesticide resistance and
host plant adaptation, the evolutionary origins of these adaptive mechanisms and
the specific targets of host and pesticide selection remain largely elusive (Neve et
al. 2014; Van Leeuwen & Dermauw 2016; Hawkins et al. 2019).
Recent technological and analytical advances have opened the opportunity to
uncover the genetic structure associated with herbivore adaptation, but challenges
remain (Nadeau & Jiggins 2010; Stapley et al. 2010; Goldman-Huertas et al. 2015;
Roesti et al. 2015; Riesch et al. 2017; Kurlovs et al. 2019; Pelaez et al. 2020). For
example, the structure of pesticide resistance has been found to be highly variable,
ranging from monogenic to highly polygenic and encompassing broad genomic
regions (Hemingway et al. 2004; Li et al. 2007; Hawkins et al. 2019; Wybouw et al.
2019a). Similarly, studies across herbivorous taxa have shown that the genetic
structure of host plant adaptation is also rather complex, ranging from oligogenic to
highly polygenic (Jaquiery et al. 2012; Oppenheim et al. 2012; Nouhaud et al. 2014;
Wybouw et al. 2015; Wybouw et al. 2019a). Moreover, studies focusing on the
structure of herbivore adaptation are largely biased towards taxa for which ample
genomic and analytical tools are available, such as Drosophila and related mosquito
138

Introduction

species (e.g., ffrench-Constant et al. 2004; Hemingway et al. 2004). In addition, a
pervasive problem in mapping studies is the low resolution to which functional
variants can be identified (Van Leeuwen et al. 2013; Kurlovs et al. 2019). To
overcome these hurdles, studies on organisms with high recombination rates, large
populations sizes and well developed genetic resources can largely facilitate a more
fine dissection of the genetic bases underlining adaptive traits (Kurlovs et al. 2019).
Herbivorous mites are ideal biological systems that meet these requirements (Helle
& Sabelis 1985; Belliure et al. 2010; Van Leeuwen et al. 2010). Species of the family
Tetranychidae are widespread crop pests that colonize many host species and that
are often reported to be resistant to multiple pesticides. In addition, analytical tools
developed for genomic inquiries on species such as Tetranychus urticae are readily
available (Migeon et al. 2010; Knegt et al. 2017; Kurlovs et al. 2019). Tetranychus
urticae, the two-spotted spider mite, is a generalist herbivore reported to occur on
more than 1000 host species, and is among the organisms with the most cases of
resistance to pesticides reported (Migeon et al. 2010; Sparks et al. 2020). Highresolution genetic mapping studies performed on experimentally-inbred T. urticae
lines have successfully uncovered the genetic basis of resistance to a number of
acaricides and to traits related to ecological adaptation, such as diapause induction
and adaptation to tomato (Solanum lycopersicum), a host with a large repertoire of
potential defences against herbivory (Bryon et al. 2013; Demaeght et al. 2014;
Wybouw et al. 2015; Chowański et al. 2016; Snoeck et al. 2018; Kurlovs et al. 2019;
Wybouw et al. 2019a; Fotoukkiaii et al. 2020).
The main question of this study is to investigate the genomic structure of acaricide
resistance and host plant adaptation. To do so, we map quantitative trait loci (QTL)
in the genome of T. urticae by looking at allele frequency differences associated
with the phenotypic evolution of acaricide resistance and host plant adaptation in
an experimental setup. Two experimentally inbred lines of T. urticae are
investigated: one resistant to fenbutatin oxide (FBO) and to abamectin, and one line
susceptible to these compounds, with a history of using potato (Solanum
tuberosum) as a host in the field. FBO is an organotin respiration inhibitor that
belongs to Group 12A in the Insecticide Resistance Action Committee (IRAC), known
to target the ion channel of ATP synthase (von Ballmoos et al. 2004; Sparks et al.
2020). Abamectin is a macrocyclic lactone belonging to IRAC Group 6 that acts as a
neural disruptor in arthropods (Sparks 2020). Cases of resistance to abamectin in
crop-associated populations of T. urticae have been recently reported, and multiple
mechanisms of abamectin resistance have been identified, including specific targetsite mutations and several detoxification mechanisms (Dermauw et al. 2012; Riga
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et al. 2014; Riga et al. 2017; Xue et al. 2020). In addition, cases of cross-resistance
to abamectin have been reported in FBO resistant mite populations (Flexner et al.
1988; Flexner et al. 1989). Here, a replicated experimental evolution set-up paired
with an established pipeline for QTL mapping (Kurlovs et al. 2019) revealed the
differences between the (polygenic) structure of acaricide resistance and host plant
adaptation, and provided a list of genes selected along these processes.

M a t e r ia ls & M e t h o d s
Plants and acaricides
For this study, commercial formulations of FBO (Torque; 550g/L suspension
concentrate [SC]), and abamectin (Vertimec, 18 g/L SC) were used. Experimental
common bean (Phaseolus vulgaris cv. Speedy) plants were grown from seeds, and
potato (Solanum tuberosum) plants were grown from tubers at 25 °C, 60% RH and
16:8 L:D photoperiod (hereafter referred to as ‘standard conditions’) in a
greenhouse.
Tetranychus urticae lines
The multi-resistant strain Marathonas was originally collected from a heavily
treated rose greenhouse near Athens, Greece in 2009. The strain is resistant to
abamectin, bifenthrin, clofentezine, hexythiazox, fenbutatin oxide (FBO) and
pyridaben (Dermauw et al. 2012). The ‘Potato’ strain was originally collected from
a potato field crop in Belgium in 2017. It is susceptible to abamectin and fenbutatin
oxide. Both strains were inbred by crossing mothers to their sons for seven
consecutive generations, as described previously (Bryon et al. 2017). This yielded
two inbred lines: Mar-i from the Marathonas parent, and Pot-i from the Potato line.
Prior to the experiment, both lines were maintained at standard conditions in the
laboratory on detached bean leaves resting on wet cotton wool to prevent
contamination. To assess the concentration of abamectin and FBO at which half of
the mite population would die (LC50), we constructed dose-response curves as
described previously (Van Leeuwen et al. 2004). For each acaricide and each line,
LC50 values, slopes and 95% confidence limits were estimated using Probit analysis
(package ecotox in R v3.6.1).
To estimate adaptation to potato, bean and potato leaf discs (ø = 24mm) were
placed on wet cotton wool, with half of the replicates placed with the abaxial side
up and the other half with the adaxial side up. Discs were infested with five adult
(~2 days old) females per disc (n=8 discs per host, per line). The average number of
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eggs produced per mite per day was calculated by dividing the total number of eggs
laid after four consecutive days, corrected for female mortality, which was counted
daily. Statistical differences were analysed separately between plants within line,
and between lines within a plant. In both cases, differences were analysed using
linear mixed effect models in lme4 R-package version 1.1 (Bates et al., 2015), with
either plant or line as fixed factor and leaf side as random factor. Because
adaptation is a relative measurement, we calculated a fitness coefficient per plant
by multiplying the average female reproductive output with the average mortality
per line, and subsequently we calculated a fitness ratio which related fitness on
potato relative to fitness on bean.

Experimental evolution set-up
Hybrid F1 individuals were obtained by crossing virgin females of the Pot-i line with
adult males of the Mar-i line. Resistance levels to abamectin, FBO and adaptation
to potato relative to bean of adult (~2 days old) F1 females were calculated similarly
to the parental lines. In parallel, 60 virgin females of the Pot-i line were crossed with
20 adult males of the Mar-i line, and the resulting F1 generation was used to infest
potted bean plants in a climate cabinet (Panasonic MLR-352H-PE, Kadoma, Japan)
set at standard conditions, and this segregant bulk population was expanded for
four to five generations. To set up each of the control replicates for the QTL
mapping, approximately 350 females were transferred from the segregant
population to fresh potted bean plants placed inside a mite-proof cage surrounded
by a soapy water barrier in a greenhouse at standard conditions. These
experimental populations were expanded for two generations. Then, ~500
individuals from each control replicate were used to infest each of the treatment
replicates; thus, control replicate 1 was used to infest FBO treatment 1, Abamectin
treatment 1 and Potato treatment 1. In total, 10 replicates per each of the three
treatments were infested from their paired control replicates. The starting
concentration for FBO sprayed treatments was 50mg/L, and for abamectin 0.5mg/L.
Acaricide concentrations were progressively increased throughout the experiment,
allowing the populations to build up large numbers before increasing selection
strength. Acaricide concentrations for the final rounds of selection were 20mg/L for
abamectin and 2500mg/L for FBO. Potato treatments and controls on bean were
refreshed with clean potted plants when the populations reached high numbers,
but before the plant was completely overtaken. The experimental evolution set-up
ran for a period of approximately 9 months (~20 generations).
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Pesticide resistance and host adaptation assays
To evaluate the effectiveness of acaricide selection toxicity tests were conducted.
Before performing the toxicity tests, populations were expanded on unsprayed
bean plants for two generations. To quantify survival of control and acaricideselected populations, approximately 30 adult females were transferred from
unsprayed plants to 9cm2 square bean leaf cuts on wet cotton cool, and
subsequently sprayed with 1 ml of fluid at 1 bar pressure with a Potter Spray Tower
(Burkard Scientific, Uxbridge, UK) to obtain a homogeneous spray film (deposit of 2
mg/cm2). To control for the effect of spraying, four leaf cuts were sprayed with
water and four leaf cuts were sprayed with an acaricide concentration per tested
population. Control populations and abamectin-selected populations were sprayed
with 15mg/L abamectin; control populations and the FBO-selected populations
were sprayed with 2500mg/L FBO. After spraying, leaf cuts were kept in a climate
chamber at standard conditions for 24 hours or for 72 hours, for abamectin- or for
FBO-sprayed replicates, respectively. Survival was determined when mites could
walk normally after being prodded with a camel’s hair brush. The survival
percentage of each population was calculated by correcting the mortality of
acaricide-sprayed replicates by the average mortality of water-sprayed replicates,
as described previously (Van Leeuwen et al. 2004). The difference in the corrected
survival percentage between acaricide-selected populations and unselected
controls was analysed separately for each acaricide, using a linear mixed effect
model in lme4 R-package version 1.1 (Bates et al. 2015), with selection treatment
as fixed factor and replicate as random factor.
To evaluate adaptation to potato, female reproductive output and mortality were
calculated. Before the assays, age-synchronized cohorts were created by
transferring approximately 120 gravid females from the potato-selected and control
populations to separate detached bean leaves for 48 hours and subsequently
removed. Offspring developed until adulthood at standard conditions on detached
bean leaves. Leaf discs (ø = 24mm) of either bean or potato were placed on wet
cotton wool with either the abaxial or adaxial side up, and infested with five 2-dayold (+-2 days) adult females per disc (n=8 discs per host, per line) from the cohorts.
The total amount of eggs laid per female alive was counted four days thereafter;
female mortality was scored daily. To compare fitness on potato relative to bean for
each replicate, the fitness coefficient per host of each replicate was divided by its
fitness coefficient on bean. The average fitness ratio obtained from the ten potatoselected replicates and the average fitness ratio from their ten paired control
replicates were compared using a linear mixed effect model in lme4 R-package
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version 1.1 (Bates et al. 2015), with selection treatment as fixed factor and replicate
as random factor.

DNA extraction
Genomic DNA was extracted from adult female mites from each of the 40
experimental populations according to Van Leeuwen et al. (2008). Acaricideselected individuals were collected from the second generation growing on
unsprayed bean plants. Potato-selected individuals were collected from the potato
plants. Individuals were collected in Eppendorf tubes, flash frozen in liquid nitrogen
and stored at -80 oC until DNA extraction. 2x400 adult females were collected from
each population. Individuals in each tube were homogenized with a mix of 800 μl of
SDS buffer (2% SDS, 200 mM Tris-HCl, 400 mM NaCl, 10 mM EDTA, pH = 8.33),
RNAse A and proteinase K, followed by DNA extraction using a previously described
phenol-chloroform-based protocol (Van Pottelberge et al. 2009). Prior to adding
isopropanol, the two extracts were pooled and precipitated together to obtain
sufficient DNA per population. DNA quality and quantity were quantified using an
ND-1000 NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA) and a Qubit dsDNA-dye protocol.
Genome sequencing, variant calling and quality control on predicted variants
Illumina libraries were constructed and sequencing was performed by Fasteris
(https://www.fasteris.com/dna). Sequencing on a Illumina Novaseq 6000 platform
generated 2x paired-end reads of 100 bp. The pipeline used to call variants and to
perform a quality control on those variants was described in Snoeck et al. (2019).
Briefly, reads were aligned to the reference Sanger draft T. urticae genome from the
London strain (Grbic et al. 2011) using default settings of the Burrows-Wheeler
Aligner (BWA) version 0.7.12-r1039 (Li & Durbin 2009) (Li et al. 2009), and then
processed into position-sorted BAM files using SAMtools 1.9 (Li et al., 2009), and
the three pseudochromosome arrangement of T. urticae established by Wybouw
and colleagues (Wybouw et al. 2019a). Duplicates were marked using Picard tools
2.20.4-SNAPSHOT (https://broadinstitute.github.io/picard), followed by indel
realignment with GATK version 4.1.4.1 (McKenna et al. 2010). Joint variants were
called across the 40 experimental and the two parental lines using GATK's
UnifiedGenotyper tool to produce a variant call format (VCF) file containing single
nucleotide polymorphisms (SNP’s) and indels.
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Variants used in downstream analyses were subjected to a stringent quality filter.
To be included, the variants had to segregate (i.e. contrasting fixed alleles in the
parental Pot-i and Mar-i lines) and be of high quality according to the following
criteria (adapted from the filtering recommendations of GATK post #2806
(https://gatkforums.broadinstitute.org/gatk/discussion/2806/howto-apply-hardfilters-to-a-call-set, accessed _ July 2020): (1) have a minimum quality score
normalized by allele depth (QD; this and subsequent acronyms and abbreviations
refer to how the metrics appear in the VCF 4.2 standard) of 2, (2) mean root square
mapping quality (MQ) of at least 50, (3) strand odds ratio (SOR) below 3, (4) mapping
quality rank sum (MQRankSum) higher than or equal to −8, (5) rank sum for relative
positioning of alleles in reads (ReadPosRankSumTest) of at least −8, and (6) be
within 25% and 150% of the sample's genome-wide mean SNP read coverage to
minimize false heterozygous variant calls caused by copy number variable regions
(Wybouw et al. 2019a); this was calculated using total depth per allele per sample
(AD).

Principal component analysis
A principal component analysis (PCA) was performed in R package prcomp (v2.3.0)
as described in Snoeck et al. (2019). To do so, a correlation matrix containing
individual SNP frequencies was used as input. Only SNP’s that differentiated the two
parental lines, and that were present on every treatment (FBO-selected, abamectinselected, potato-selected and control) were selected for the PCA. A twodimensional PCA plot along PC1 and PC2 was created in R (v2.3.0) as output.
Bulked segregant analysis mapping
BSA methods developed in earlier studies (Snoeck et al. 2019; Wybouw et al. 2019a)
were used to analyse loci from parental lines Pot-i and Mar-i (see
https://github.com/akurlovs/BS). The difference in allele frequency from the
resistant parent (Mar-i for FBO and abamectin selection; Pot-i for potato selection)
between selected and control replicates was averaged per treatment in overlapping
75kb genomic windows with 5kb offsets. Loci under selection, evidenced by peaks
in the genomic scan that deviate significantly from a genome-wide threshold, are
expected to occur across replicates, while smaller peaks that do not occur across
replicates are expected to be caused by drift (Kurlovs et al. 2019). To identify peaks
that responded to selection across replicates, BSA scans from all the replicates were
averaged, both from the acaricide-selected treatments and from their paired
control replicates. Based on inferences obtained in the PCA plot, a subset of potato-
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selected replicates (replicates 1, 2, 4, 5, 6, 8) were used to perform the BSA scans.
Statistical significance of the resulting BSA peaks was assessed using the
permutation approach outlined by Wybouw et al. (2019a). Differences in allele
frequencies between paired selected and control replicates were calculated
iteratively with 1000 permutations and with a false discovery rate (FDR) of 0.01.

R e s u lts
Acaricide resistance and potato adaptation in parental lines
To characterize resistance to abamectin and to FBO, toxicity tests were conducted
using two inbred lines of T. urticae. LC50 values showed that the Pot-i line and the
Mar-i line differed greatly in their susceptibility to both abamectin and FBO (Table
1). Line Mar-i was 1200-fold more resistant to abamectin, and 25-fold more
resistant to FBO than the Pot-i line. In fact, the LC50 of Mar-i for FBO could not be
estimated, as it exceeded >5000mg/L.
Table 1. Results of acaricide toxicity assays and potato adaptation in experimental
Tetranychus urticae lines. The resistance of parental lines Mar-i and Pot-i, and hybrid F1 Poti x Mar-i individuals to abamectin and FBO were assessed by obtaining LC50 values.
Adaptation to potato of parental and F1 hybrid individuals was assessed as a fitness ratio
relative to bean, calculated as the average number eggs produced per female daily by their
survival proportion.

Inbred Pot
F1: Pot x Mar
Inbred Marathonas

Daily eggs per
female
(average ± SEM)

Survival proportion
(average ± SEM)

Fitness coefficient
(daily eggs * survival)

Fitness ratio

Abamectin
LC50

FBO
LC50

Potato

Bean

Potato

Bean

Potato

Bean

(potato/bean)

0.1 ppm

200 ppm

2.30 ±
0.54

3.07 ±
0.43

0.96 ±
0.02

0.94 ±
0.03

2.21

2.86

0.77

>2000 ppm

6.00 ±
0.93

8.64 ±
0.26

0.98 ±
0.02

0.95 ±
0.02

5.88

8.21

0.72

>5000 ppm

2.55 ±
0.29

7.35 ±
0.21

0.75 ±
0.04

0.88 ±
0.05

1.91

6.46

0.30

1.2 ppm
120 ppm

To infer whether either of the two inbred lines were adapted to potato, female
reproductive performance and mortality were quantified on potato and on bean
(Table 1). Neither the average number of eggs laid per female, nor the survival of
the Pot-i line differed significantly on potato compared to bean. The Mar-i line laid
significantly fewer eggs on potato than on bean (F1, 9 = 188.48, p = 2.428e-07), and
its survival was also lower on potato than on bean. With these values, we calculated
a fitness coefficient used to compare adaptation to potato as relative to adaptation
to bean. This fitness coefficient per plant was calculated per line by multiplying the
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average number of eggs produced per female, by their average survival. Adaptation
to potato was then quantified as fitness on potato divided by fitness on bean, per
line (Table 1). The relative fitness of Pot-i line on potato was 0.76 times its fitness
on bean. In contrast, fitness of the Mar-i line on potato was approximately 0.33
times its fitness on bean.

Experimental evolution of resistance to abamectin, FBO, and adaptation to
potato
In order to identify the genetic bases of resistance to abamectin and to FBO, a
segregant bulk population was created by crossing the two inbred T. urticae lines.
The resistance to these acaricides was also tested on the F1 offspring generated
from the cross between females from the Pot-i lines and males from the Mar-i line.
The LC50 of the F1 progeny showed that it was susceptible to abamectin, with a
concentration of 1.2 mg/L. The F1 progeny was moderately resistant to FBO, with
an LC50 >2000mg/L (Table 1). After expanding the F1 progeny for four to five
generations, the population was divided into 10 potted unsprayed bean plants, 10
abamectin-sprayed bean plants, 10 FBO-sprayed bean plants, and 10 potato plants.
The acaricide-selected populations were reared on increasing concentrations of
acaricides for approximately 20 generations, until reaching a final concentration of
20mg/L for abamectin and 2500mg/L for FBO. For the same duration of time,
unsprayed bean and potato plants were refreshed constantly for controls and for
potato selection treatments, respectively. Afterwards, acaricide-selected and
control populations were tested at a discriminating concentration of 15mg/L for
abamectin, and 2500mg/L for FBO. At these concentrations, abamectin-selected
populations had a significantly higher survival rate compared to the control
populations (F1,69 = 5614.8, p < 2.2e-16; Figure 1A), as did FBO-selected populations
(F1,69 = 291.46, p < 2.2e-16; Figure 1B).
To identify the genetic basis of adaptation to potato, the fitness ratio of the F1
progeny from the cross between the two strains was calculated. The number of eggs
laid by F1 females on potato was significantly lower than those laid on bean (F1, 9 =
8.399, p = 0.01765, Table 1). The subsequent segregant bulk population was then
expanded and 10 replicates were isolated to potato, as described above.
Approximately 20 generations thereafter, the fitness of the 10 populations isolated
to potato was compared to fitness of the 10 unsprayed control populations on bean.
The relative fitness on potato of 9 out of the 10 potato-selected populations was
significantly higher than the unselected controls (F1, 9 = 25.49, p < 0.001; Figure 1C).
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Figure 1. Responses to selection in experimental Tetranychus urticae populations. (A)
Corrected survival of adult T. urticae females from FBO-selected and unselected experimental
populations after spraying with a concentration of 2500mg/L FBO (Torque). (B) Corrected
survival of adult T. urticae females from abamectin-selected and unselected experimental
populations after spraying with a concentration of 15mg/L abamectin (Vermitec). (C) Fitness
of potato-selected and unselected experimental populations of T. urticae, expressed as a
ratio of fitness on potato relative to fitness on bean. Fitness was calculated as the average
number of eggs laid by females by the average female survival of each population (see
‘’Materials & Methods”).
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Genomic responses to selection
A total of 609059 high-quality SNP’s was found to segregate in the experimental
replicates, and these were used to analyse global genomic responses to selection in
a PCA plot (Figure 2). All selection treatments differentiated from the controls along
PC1 (45.7% variation explained) and PC2 (15.1% variation explained). The 10 FBOselected replicates grouped together in a tight cluster and so did the 10 abamectinselected replicates and the 10 control replicates. Potato replicates also formed a
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Figure 2. Genomic responses to selection in experimental Tetranychus urticae
populations. A principal component analysis (PCA) performed with the allele frequency
dataset obtained from SNPs of FBO-, abamectin- and potato-selected and unselected T.
urticae populations. The percentage of variance explained by the two first principal
components is indicated in parenthesis on each axis. Circles are coloured according to
selection treatment and each of the replicates per treatment is labelled ABA for
abamectin-, FBO for fenbutatin oxide-, POT for potato-selected populations and CON for
control populations.
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defined cluster, but the response to potato selection was heterogeneous across
replicates, which were much farther dispersed along the PCA space than any of the
acaricide treatments or controls. Notably, four potato-selected replicates (reps 3, 7,
9, 10) grouped very closely to the control replicates, while the other six potatoselected replicates (reps 1, 2, 4, 5, 6, 8) diverged further along PC1 and PC2 from
the cluster formed by control replicates.

Bulked segregant analysis QTL mapping
Significant deviations of allele frequencies between selected replicates, i.e. FBO,
abamectin or potato-selected, and unselected controls were used to determine
local regions that responded to selection along the entire T. urticae genome.
Applying the pipeline developed by Kurlovs et al. (2019) to the 230202 high-quality
SNP’s that passed the established cut-offs (see Snoeck et al. 2019), two QTL
associated with FBO selection, four QTL associated with abamectin selection, and
one QTL associated with potato selection were identified (Figure 3). QTL for every
treatment were numbered according to their position along the genome. Allele
frequencies of all QTL reflected selection in the direction of the ‘adapted’ parent;
that is, the acaricide-resistant Mar-i line for the acaricide treatments and the
potato-adapted Pot-i parent for potato selection. As observed previously in the PCA
plot, genome-wide variation between replicates of the acaricide treatments was
lower than between replicates involved in potato selection (Figure 3). Candidate
genes located around the region located in the top 100kb (abamectin treatment) or
250kb (FBO and potato treatments) significant QTL window of each peak in the BSA
scans were further analysed.
Selection by FBO yielded two peaks with a significant difference in the allele
frequencies from the resistant pattern compared to the genome average (Figure
3A). Both peaks were located in pseudochromosome 1, at genome position ~13Mb
(FBO-peak 1) and 24Mb (FBO-peak 2) respectively, and reached a moderate
frequency of alleles from the resistant Mar-i parent (frequencies of 0.47 and 0.58
for FBO-peak 1 and 2, respectively). Eighty-nine annotated genes were identified
within the 250kb window around FBO-peak 1, among which tetur06g03770 and
tetur06g03780 were located, both coding for the known target of organotin
compounds, ATP synthase (Table S1, von Ballmoos et al. 2004). Within the 250kb
region of around FBO-peak 2 there were 123 annotated genes, most with diverse
functions. Among these, a gene coding for subunit 8 of NADH-ubiquinone
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oxidoreductase was found, which has been previously related to mitochondrial
diseases (Hong & Pedersen 2008; Ahmed et al. 2017).
Four significant QTL were associated with abamectin selection (Figure 3B). Two
peaks, located in pseudochromosomes 1 and 2, nearly reached fixation of the
resistant parent (average allele frequencies of 0.76 for Aba-peak 1 and 0.89 for Abapeak 2). The 100kb top windows around Aba-peak 1, located on genome position
22Mb, and Aba-peak 2 on position 35Mb, contained 31 and 37 annotated genes,
respectively (Tables S3-S4). Within each of these peaks, a gene coding for the
glutamate-gated chloride channel was found. These two copies are annotated as
TuGluCl2 (tetur08g04990) and TuGluCl3 (tetur10g03090) in the T. urticae genome
(Sterck et al. 2012). Thirty-nine genes were located within the 100kb top window
around Aba-peak 3 in pseudochromosome 2 (position 52Mb, allele frequencies of
0.57), among which a gene coding for a previously reported target of ivermectin
compounds, a DEAD/DEAH box DNA helicase (tetur02g04410) was found (Table S5;
Gilman et al. 2017; Caly et al. 2020). Aba-peak 4, located on position 68Mb in
pseudochromosome 3 (allele frequencies of 0.46), was not associated with an
obvious candidate gene related to abamectin detoxification, but around a third of
the 52 genes found in this peak coded for chemosensory receptors (Table S6).
Potato selection yielded one significant QTL in the subset of samples that showed
genome-wide responses to selection in the PCA (Figure 2). Pot-peak 1 was located
on pseudochromosome 1 at position 2Mb and reached allele frequencies of the
potato-adapted parent of 0.43 (Figure 3C). The 250kb region located around Potpeak 1 contained 109 annotated genes, many of which underlie traits potentially
involved in host plant use (Table S7). Among these genes, several have a known
function in allelochemical metabolism or host acceptance, such as ATP-binding
cassette (ABC) transporters (e.g. tetur01g10390, tetur26g02620; Dermauw et al.
2013); a gene involved in the transport of glucose in the gut epithelial cells, namely
sodium-dependent glucose transporter 1 (tetur01g10430; Harada & Inagaki 2012);
a gustatory receptor (tetur26g02843; Ngoc et al. 2016); and several enzymes
involved in the metabolism of reactive oxygen species, such as a serine/threonineprotein kinase (Mao et al. 2011) and two genes coding for copper-zinc superoxide
dismutase (CuZnSOD), annotated as tetur26g02320 and tetur26g02520.
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Figure 3. Local genomic responses to selection between selected and control Tetranychus
urticae populations. Differences between average allele frequency of (A) FBO-selected, (B)
abamectin-selected, and (C) potato-selected compared to unselected control populations in
sliding windows along the genome of T. urticae (75kb windows with a 5kb offset). Genomic
positions are denoted on the x-axes, with each of the three pseudochromosomes described
for T. urticae (Wybouw et al. 2019) shaded in different colours. Differences in allele
frequencies of the selected parent (Mar-i for A and B; Pot-i for C). Red dashed lines within
each panel denote confidence intervals based on a permutation analysis. QTL are defined as
peaks in allele frequency differences that are significantly different from the genome average
(FDR of 5%).
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D isc u ssio n
BSA methods have been previously applied to identify monogenic and polygenic
traits related to acaricide resistance in herbivorous mites (Kurlovs et al. 2019;
Snoeck et al. 2019; Wybouw et al. 2019a). In this study, these methods were applied
to identify the genetic bases of FBO and abamectin resistance, and adaptation to
potato in the phytophagous spider mite T. urticae. The sliding window analysis in
which the BSA method relies facilitated the characterization and comparison of
allele frequency differences associated with acaricide resistance and with host plant
adaptation. An inbred T. urticae line resistant to FBO and to abamectin was crossed
to an inbred line susceptible to these compounds, which was collected from a
potato crop field. The resulting segregant population was used to create multiple
replicates of an experimental evolution assay, in which increasing concentrations of
FBO and abamectin, and a transfer from bean (Phaseolus vulgaris) to potato as host,
were used to separately select for acaricide-resistant and host-adapted individuals
over the course of more than 9 months. The selection treatments resulted in the
phenotypic evolution of resistance to FBO and abamectin, and adaptation to potato
(Figure 1), whereas BSA scans identified the associated genetic bases that
responded to selection (Figure 2, 3). In this section, the role of specific candidate
genes that are highly likely to be involved in resistance or adaptive traits will be
discussed, but it is recognized that other genes found in the analyses may play a role
in these processes (Tables S1-S7).

Genetic bases of FBO resistance
Previous reports investigating the inheritance of resistance to organotin compounds
in spider mites and related species show that the genetics are complex: resistance
tends to be incompletely dominant in F1 hybrids between susceptible and resistant
populations, and its architecture is likely polygenic (Croft et al. 1984; Pree 1987; Hoy
et al. 1988; Mizutani et al. 1988). Consistent with these observations, F1 hybrids in
this study showed high levels of resistance to FBO, which were intermediate to both
parental lines (Table 1). FBO-selection resulted on average in 90% survival at the
tested diagnostic dose of 2500mg/L (Figure 1A); however, the unselected controls
also had high levels of survival at the end of the experiment. On average, the 10
control replicates maintained approximately the same resistance levels to FBO as
the F1 generation (LC50F1>2000mg/L, Table 1). Thus, reversion towards
susceptibility did not occur in the unselected populations. When FBO application is
interrupted on field or laboratory spider mite populations, resistance is often but
not always reverted to susceptibility (Edge & James 1986; Flexner et al. 1989; Tian
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et al. 1992; Beers et al. 1998). Fitness traits such as larger developmental time and
shorter survival in resistant populations, and immigration of susceptible individuals
to resistant populations are important factors influencing the loss of organotin
resistance in field T. urticae populations (Flexner et al. 1989).
Two QTL’s were found in the genome of the FBO-selected populations (Figure 3A).
Among the genes within FBO-peak 1, two genes annotated as ATP synthase were
found (Table S1). Target site changes in ATP synthase have been previously
hypothesized to partly underlie organotin resistance in field spider mite populations
(Carbonaro et al. 1986; Miyasono et al. 1992; Herron et al. 1994). Experimental
approaches have found that the ion channel within subunit a of ATP synthase is the
main target of organotin compounds (von Ballmoos et al. 2004). Subunit a forms an
ion channel associated with the membrane-bound F0 unit of ATP synthase, along
which hydrated Na+ ions pass through after shedding their water shell by bounding
to a specific selectivity center; organotin compounds are hydrophobic and they
prevent Na+ ions to shed their hydration shell in the ion channel, thus blocking ATP
synthesis (von Ballmoos et al. 2004). Interestingly, the genes found in the BSA scan
do not code for subunit a, but instead they include the domain coding for subunit c
of ATP synthase. The F0 rotor of ATP synthase is bound to the mitochondrial inner
membrane by an oligomeric ring comprised of several c subunits forming two
hydrophobic regions, upon which an inhibitor of ATP synthase activity, dicyclohexylcarbodiimide (DCCD), binds to glutamate or aspartate residues (von Ballmoos et al.
2004). The mechanisms by which organotin compounds interact with the
hydrophobic region of subunit c to inhibit ATP synthesis remain unknown, but these
compounds are hydrophobic and could interfere with proper rotor activity. Within
FBO-peak 2, a gene coding for subunit 8 of NADH-ubiquinone oxidoreductase was
found (Table S2). This subunit is part of the assembly of complex I (ubiquinone) to
the inner mitochondrial membrane and includes a transmembrane helix domain.
Although subunit 8 is not part of the catalytic site involved in the electron transfer
to ubiquinone, impaired activity of its mammalian homologue (subunit ASHI) has
been associated with mitochondrial complex I deficiency in humans (Hoppe et al.
1984; Schuler et al. 1999; Zhu et al. 2016; Ahmed et al. 2017).

Genetic bases of abamectin resistance
The genetics of inheritance in abamectin-resistance lines of T. urticae green and red
morphs have been reported to be incompletely recessive, recessive, or incompletely
dominant, depending on the spider mite line used (Yorulmaz & Ay 2009; Dermauw

153

5

Chapter 5

et al. 2012). In line with these observations, the F1 generation from the
experimental cross between the resistant and susceptible lines showed
intermediate levels of resistance between the parental lines (Table 1); albeit the F1
generation was much more susceptible to abamectin than the resistant parental
line (1.2mg/L vs. 120mg/L), these levels were one order higher than the susceptible
line (1.2mg/L vs. 0.1mg/L), suggesting an incompletely recessive inheritance of
resistance. Abamectin selection resulted in very high mite survival (close to 100%)
upon application with high amounts of abamectin (Figure 1B). High levels of
resistance to macrocyclic lactones, such as abamectin, have recently been found in
field populations (Xue et al. 2020). However, no single mechanism alone can explain
the high resistance levels found in field populations, further supporting a polygenic
architecture of resistance (Khajehali et al. 2011; Dermauw et al. 2012; Riga et al.
2014; Pavlidi et al. 2015; Bajda et al. 2017; Mermans et al. 2017; Xue et al. 2020).
Target-site mutations in two copies of the cys-ligand loop of the glutamate-gated
chloride channel (TuGluCl1 and TuGluCl3) present in the genome of T. urticae are
major factors contributing to resistance (Kwon et al. 2010; Dermauw et al. 2012;
Xue et al. 2020); however, the presence of these mutations results in pleiotropic
effects that impact the fitness of spider mites without abamectin application (Bajda
et al. 2018).
BSA scans in this study found four significant QTL’s associated with abamectin
selection. Within Aba-peaks 1 and 2 resided two genes coding for the GluCl channel,
viz. TuGluCl2 and TuGluCl3, respectively (Tables S3, S4). Previous work on the
parental line of this study, Marathonas, demonstrated the role of a mutation in
TuGluCl3, acting either together or additively with a mutation in TuGluCl1, in
conferring high resistance against abamectin (Kwon et al. 2010; Dermauw et al.
2012). While TuGluCl3 was found within Aba-peak 2, Aba-peak 1 contained a copy
of TuGluCl2 (Table S3). This is an interesting observation, as TuGluCl1 and TuGluCl3,
together have been hypothesized to be the prime target sites of abamectin in T.
urticae (Dermauw et al. 2012). To which extent mutations in TuGluCl2 alter the
sensitivity to abamectin, relative to the mutations in sequences of GluCl1 and
GluCl3, needs to be further explored. Similarly, whether the combination of
TuGluCl2 and TuGluCl3 also result in the pleiotropic effects found in lines harboring
GluCl1 and GluCl3 (Bajda et al. 2018) remains to be investigated. Within Aba-peak
3, a copy of a DEAD/DEAH box DNA helicase was found (Table S5). Among the six
major superfamilies of described helicases, members of the DEAD/DEAH box
complex are part of superfamily 2, which are generally involved in the unwinding of
nucleic acids and the metabolism of RNA molecules. DEAD/DEAH box helicases in
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RNA viruses are essential for synthesis of new genomic RNA (Gilman et al. 2017).
Recently, ivermectin has been identified to interfere with the replication process of
flavoviruses and coronaviruses by targeting helicase activity (Mastrangelo et al.
2012; Caly et al. 2020). Whether mutations in the sequence of DEAD/DEAH box DNA
helicase found in the BSA scan of this study alter mRNA production, DNA replication
or other conserved processes in T. urticae associated with abamectin resistance,
remains an exciting observation to be further investigated. Within Aba-peak 4,
multiple chemosensory receptors were found (Table S6). Chemosensory receptors
are major determinants of host plant acceptance in arthropods (Ngoc et al. 2016;
Wicher & Marion-Poll 2019; Wybouw et al. 2019a). As such, their potential as novel
targets for pest control in crops is rising (Venthur & Zhou 2018). To our knowledge,
this is the first report of acaricide selection potentially targeting chemosensory
receptors in an experimental setting. It is likely that ion channels associated with
the activity of chemosensory receptors are altered upon abamectin application.
Since multiple genes coding for chemosensory receptors reside within Aba-peak 4,
the identification of specific groups of genes that mediate abamectin perception will
require further investigation.

Genetic basis of potato adaptation
Despite the large genomic toolkit related to host plant use in T. urticae, the
phenotypic characterization of host adaptation traits in this species (and many other
herbivores) has remained elusive (Van Leeuwen et al. 2013; Wybouw et al. 2014;
Wybouw et al. 2015; Van Leeuwen & Dermauw 2016; Wybouw et al. 2018; Wybouw
et al. 2019a; Chapter 3 of this dissertation). The inheritance of traits related to host
use in the wild honeysuckle host race of T. urticae appears to be monogenic and
dominant (Chapter 3 in this dissertation). In the current study, the F1 generation
between potato adapted and non-adapted lines shows a complex mode of
inheritance of fitness traits: F1 hybrids inherited the high survival levels of the
potato-adapted parent, but the number of eggs laid by F1 hybrids in potato are low
relative to the eggs laid on bean, similar to the non-adapted parent (Table 1). These
patterns suggest either independent inheritance of loci governing reproductive
output and survival, or alternatively, a single gene that when expressed in F1 hybrid
females produces these patterns of dominance. Potato selection resulted in an
increase in the fitness of selected replicates, but a drop in fitness of unselected
controls on potato was also apparent, suggesting possible pleiotropic effects or
fitness costs that become apparent when selection by potato is absent.
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Several genes within Pot-peak 1 could have a direct function in the adaptation of T.
urticae to potato. For example, one intact gustatory receptor was found within this
QTL, which opens the possibility to study the behavioural associations between this
gene and acceptance of potato as a host (Ngoc et al. 2016; Wybouw et al. 2019a).
Similarly, the sodium-dependent glucose transporter found within Pot-peak 1 could
play a role in the glucose uptake in the gut of T. urticae necessary to take advantage
of potato as a glucose source, like it has been shown for related orthologs of this
gene in mammals (Harada & Inagaki 2012). Interestingly, genes residing within Potpeak 1 did not include classic detoxification enzymes such as P450’s, UGT’s or GST,
which were previously found to underlie adaptation of T. urticae to another
Solanaceae host, tomato (Solanum lycopersicum; Wybouw et al. 2015; Wybouw et
al. 2019a). Instead, several genes within Pot-peak 1 point to a potential role of the
metabolism of reactive oxygen species in adaptation to potato. Supporting this
hypothesis, the highly conserved SOD was found within Pot-peak 1, along with a
gene coding for a serine/threonine-protein kinase, both of which are tightly related
to responses to oxidative stress (Ahmad 1992; Aucoin et al. 1995; Lukasik 2007; Mao
et al. 2011). In addition, two ABC transporters, one from class C and one from class
H were found within Pot-peak 1. ABCC and ABCH transporters have been found to
be upregulated in T. urticae lines upon transfer to toxic plants, and ABCC orthologs
have been identified in responses to oxidative stress in Drosophila melanogaster
(Monnier et al. 2002; Dermauw et al. 2013). Mechanisms against oxidative stress
are of particular importance in the interaction of potato and insect herbivores.
Potato leaf extracts, likely through the action of glycoalkaloids such as a-solanine,
induce oxidative stress and negatively impact the development of insect larvae
(Adamski et al. 2014; Chowański et al. 2016). Mechanisms that allow insects to cope
with the oxidative stress associated with feeding from potato involve the altered
expression of detoxification enzymes, such as GST’s, SOD, catalases, among others
(Aucoin et al. 1991; Krishnan & Sehnal 2006; Adamski et al. 2014; Apirajkamol et al.
2020). Whether sequence changes in SOD and the other candidate genes of potatoselected replicates result in their altered expression or in the insensitivity of T.
urticae towards potato-borne oxidative stress is a new research lane to be
investigated.

Differences in selection pressure from acaricides and host plants
While the BSA scans showed that allele frequencies along the genome of T. urticae
were consistent across the 10 acaricide-selected replicates, the allele frequencies
of potato-selected mites were more heterogeneous and variable across replicates
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(Supplementary Figure 1). Differences in allele frequencies, both around and away
from the Pot-peak 1 QTL were large, even when using the subset of six potatoselected replicates that showed larger differentiation from controls (Figure 2).
Moreover, differences in allele frequencies around the QTL at Pot-peak 1 were only
moderate, with allele frequencies of the adapted parent reaching a maximum of
~0.4 on the top BSA window (Figure 3). The large variation observed between
potato-selected replicates, and the relatively low allele frequencies of the potatoadapted parent could potentially be the result of different factors. Strong
population bottlenecks resulting from the shift of the segregant bulk from bean to
potato could have led to a large effect of drift in the subsequent BSA analysis.
Genetic drift may fix alternative alleles in different replicates, lowering the
resolution to which QTL can be mapped using the BSA technique (Kurlovs et al.
2019). Alternatively, it is possible that the host plant does not impose strong
selection pressure on different allelic variants in the mites, as it occurs with
acaricides, but that regulation of gene expression and subsequent protein
production mediates host adaptation in T. urticae (Alba et al. 2015; Jonckheere et
al. 2016; Villarroel et al. 2016; Jonckheere et al. 2018). The mechanisms by which
overexpression of relevant enzymes is regulated upon host adaptation in
herbivorous arthropods remain to be investigated. Yet, recent research suggests
that architectural variants, such as variation in the copy number of detoxification
genes, may mediate mechanisms of enzyme overexpression in insects (Nam et al.
2019; Hazzouri et al. 2020).
The selection pressures that pesticides and host plants impose on arthropods can
differ both qualitatively and quantitatively. Pesticides are usually comprised of a
major active compound that is targeted to specific enzymes or pathways in the
arthropod, and the compounds used here are particularly used for their acaricidal
activity. Conversely, plant allelochemicals are very diverse and their mode of action
is little known compared to the activity of pesticides, yet different plant species
produce different classes of toxic compounds that could potentially be aimed
against attackers (Stam et al. 2014; Chowański et al. 2016). Pesticide use leads to a
high probability of the arthropod being exposed to the chemical compound, while
exposure to plant allelochemicals can be highly variable and dependent on each
particular plant-herbivore interaction and on the array of defences of each host
species. The probability of encountering allelochemicals can determine the type of
resistance mechanism that evolves to cope with it: target-site mutations are often
found in cases of pesticide resistance, where exposure to the chemical is high, while
in host adaptation, where the probability of encountering allelochemicals is
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relatively lower than that of pesticides, mechanisms of detoxification or avoidance
are often found, even in highly specialist taxa (reviewed in Després et al. 2007). The
strength of selection can also differ between pesticides and host plants, particularly
in experimental settings. The concentration of pesticides used in experimental
assays tends to be on the same order as the recommend values for field application,
while host plant adaptation tends to be equated with isolating the arthropod to a
particular host. In nature, the ecological community associated with each host plant
taxon can impose extra selection pressure on the herbivores that feed from them
(Ataide et al. 2016; Wetzel et al. 2018; Boege et al. 2019). Thus, simply isolating
mites to a host plant may not result in the strength of selection pressure that
herbivores encounter in nature. Finally, it is important to consider the fact that
collecting mite populations from a particular host species is not necessarily
equivalent to collecting host-specialized populations that harbour genetic variants
related to host use (Chapter 2 of this dissertation). The evolutionary history of
adaptation to certain hosts or pesticides can significantly impact the ability of
arthropods to cope with novel selection pressures, both in natural and agricultural
systems (Chen et al. 2019; Pym et al. 2019; Weathered & Hammill 2019).

C o n c lu d in g re m a rk s
Tetranychus urticae is a predominant agricultural pest due to the rapid evolution of
acaricide resistance and host plant adaptation. Applying recently developed BSA
methods, we mapped and characterized the genomic architecture of resistance to
FBO and abamectin, and that of adaptation to potato in T. urticae. Our analyses
show that the architectures of both processes are polygenic, and that the processes
of resistance and host adaptation do not share the same genetic basis. In the
abamectin- and FBO- selected replicates, QTL’s were associated with genes
previously reported as target sites of these compounds, but new candidates are also
reported. A subset of replicates transferred from bean to potato responded to
selection, which allowed the identification of a QTL with several candidate genes,
several of which are potentially associated with the metabolism of oxidative stress
induced by potato feeding. This QTL fell in a different chromosome than a QTL
previously identified with the same methodology, which underpinned adaptation of
T. urticae to tomato (Supplementary Figure 2). However, an alternative method of
QTL analysis in Wybouw et al. (2019) revealed a QTL in the same location as the one
described here, secondary to the main one underlying tomato adaptation. Should
adaptation to Solanum species require a baseline set of traits in T. urticae, aimed to
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cope with the oxidative stress produced by secondary metabolites that are common
to this plant genus, remains to be explored. Characterization of the secondary
metabolites that are conserved along the genus Solanum, and the ability to create
mutants from many species of the genus, will allow the dissection of the plant
compounds exerting selection on herbivores. Similarly, whether the basis of
acaricide resistance and host plant adaptation found in this particular line of T.
urticae also occur across other lines of this species will reveal how evolutionary
conserved these processes are.
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Figure S1. Local genomic responses to selection in each of the selected and control
Tetranychus urticae populations. Frequency of parental alleles for (A) FBO-selected, (B)
abamectin-selected, and (C) potato-selected (blue lines in all panels) compared to unselected
control populations (red lines in all panels) in sliding windows along the genome of T. urticae
(75kb windows with a 5kb offset). Frequencies represent the alleles of the resistant line Mari. Genomic positions are denoted on the x-axes, with each of the three pseudochromosomes
described for T. urticae (Wybouw et al. 2019) shaded in different colours. For FBO-,
abamectin-selected and control populations n = 10, for potato-selected populations n = 6.
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Figure S2. Genomic responses to selection by Solanum hosts in T. urticae populations.
Average allele frequency differences between (A) the potato-selected populations of this
study, (B) tomato-selected populations in Wybouw et al. (2019) and unselected control
populations in sliding windows along the genome of T. urticae (75kb windows with a 5kb
offset). Unselected control populations were kept on common bean plants in both studies.
The genetic background of experimental populations differed between both studies. Dashed
lines within each panel denote confidence intervals based on a permutation analysis (FDR of
5% in both studies).

Supplementary tables can be found in the digital version of this thesis.
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A b stra c t
Arthropod herbivores cause dramatic crop losses, and frequent pesticide use has
led to widespread resistance in numerous species. One such species, the twospotted spider mite, Tetranychus urticae, is an extreme generalist herbivore and a
major worldwide crop pest with a history of rapidly developing resistance to
acaricides. Mitochondrial Electron Transport Inhibitors of complex I (METI-Is) have
been used extensively in the last 25 years to control T. urticae around the globe,
and widespread resistance to each has been documented. METI-I resistance
mechanisms in T. urticae are likely complex, as increased metabolism by
cytochrome P450 monooxygenases as well as a target-site mutation have been
linked with resistance. To identify loci underlying resistance to the METI-I acaricides
fenpyroximate, pyridaben and tebufenpyrad without prior hypotheses, we crossed
a highly METI-I-resistant strain of T. urticae to a susceptible one, propagated many
replicated populations over multiple generations with and without selection by
each compound, and performed bulked segregant analysis genetic mapping. Our
results showed that while the known H92R target-site mutation was associated with
resistance to each compound, a genomic region that included cytochrome P450reductase (CPR) was associated with resistance to pyridaben and tebufenpyrad.
Within CPR, a single nonsynonymous variant distinguished the resistant strain from
the sensitive one. Furthermore, a genomic region linked with tebufenpyrad
resistance harbored a non-canonical member of the nuclear hormone receptor 96
(NHR96) gene family. This NHR96 gene does not encode a DNA-binding domain
(DBD), an uncommon feature in arthropods, and belongs to an expanded family of
47 NHR96 proteins lacking DBDs in T. urticae. Our findings suggest that although
cross-resistance to METI-Is involves known detoxification pathways, structural
differences in METI-I acaricides have also resulted in resistance mechanisms that
are compound-specific.
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I n t r o d u c t io n
Agrochemicals that inhibit electron transport in the mitochondrial respiratory chain
have been commonly and successfully used against phytophagous mites (Lümmen
2007; Van Leeuwen et al. 2014). These compounds are referred to as Mitochondrial
Electron Transport Inhibitors (METIs) and have been classified into groups
depending on the site or complex they block. Four large transmembrane complexes
(I-IV) mediate electron transport in the mitochondrial inner membrane via several
redox reactions from NADPH and FADH2 to oxygen, which serves as the final
electron acceptor. An outcome of these sequential redox reactions is the proton
gradient that drives ATP synthesis by the F0F1 ATPase (complex V) (Karp 2008).
Classic METIs like quinolines, pyridinamines, pyrazoles and pyridazinones act on
complex I, the proton translocating NADH: ubiquinone oxidoreductase. This is the
largest and most complex multi-subunit structure of the respiratory chain, and is
responsible for catalyzing the electron transfer from NADH to coenzyme Q10
(ubiquinone). These acaricides are referred to as METI site I or METI-Is, and belong
to Insecticide Resistance Action Committee (IRAC) group 21 (Hollingworth et al.
1994; Hollingworth and Ahammadsahib 1995; Wirth et al. 2016). Although the
specific binding sites for ubiquinone and inhibitors may not be identical (Fendel et
al. 2008; Tocilescu et al. 2010), inhibition of complex I has been described for many
structurally diverse compounds that are thought to interfere with ubiquinone
reduction (Degli Esposti 1998; Lümmen 1998). Competition experiments have
shown that hydrophobic inhibitors of complex I share a common binding domain
with at least partially overlapping sites (Okun et al. 1999). Structural data on
complex I, as well as biochemical studies (Schuler and Casida 2001; Shiraishi et al.
2012), support the hypothesis that binding sites for both ubiquinone and inhibitors
are comprised of the nuclear-encoded PSST and the 49 kDa subunits of complex I
(Fiedorczuk et al. 2016; Vinothkumar et al. 2014; Zickermann et al. 2015). The PSST
subunit is the most likely carrier of iron-sulfur cluster N2, a proposed direct electron
donor for the ubiquinone reduction (Duarte et al. 2002; Friedrich 1998; Magnitsky
et al. 2002).
Acaricide resistance develops via two main mechanisms: the pharmacokinetic
mechanism, which is primarily caused by a decreased exposure due to quantitative
or qualitative changes in major detoxification enzymes and transporters, and the
pharmacodynamic mechanism, which involves a decrease in sensitivity due to
changes in the acaricide’s target site (Feyereisen et al. 2015; Li et al. 2007; Van
Leeuwen and Dermauw 2016). These mechanisms are driven by three types of
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genetic changes (Feyereisen 2015): (1) mutations that affect the coding sequences
of the target gene or detoxification genes, (2) mutations that alter expression levels
of target/detoxification genes by affecting cis or trans regulation, or (3) whole
target/detoxification gene duplications or deletions. Combinations of these genetic
mechanisms are also possible. For instance, point mutations in acetylcholinesterase
that make an organism resistant to organophosphates also decrease the enzyme’s
effectiveness, leading to gene duplications as a compensation mechanism (Kwon et
al. 2010).
Tetranychus urticae (Acari; Tetranychidae), the two-spotted spider mite, is a major
crop pest that feeds on over 1000 plant species and has been found on every
continent except Antarctica (Migeon et al. 2006-2018). T. urticae is notoriously
resistant to acaricides and insecticides, with resistance to over 95 active compounds
reported to date (Michigan State University 2018; Van Leeuwen and Dermauw
2016). Resistance to METI-Is in T. urticae was initially documented in the 1990s and
has since become widespread (Cho et al. 1995; Devine et al. 2001; Herron and
Rophail 1998; Ozawa 1994). METI-I resistance in the spider mite was first associated
with increased cytochrome P450 (P450) activity by synergism and enzyme activity
tests (Cho et al. 1995; Devine et al. 2001; Herron and Rophail 1998; Ozawa 1994;
Van Pottelberge et al. 2009b), and based on genome-wide microarray gene
expression data, a number of constitutively upregulated P450s were identified in
METI-I resistant strains. Subsequent studies revealed that one of those upregulated
P450s (CYP392A11) metabolized fenpyroximate – but not pyridaben or
tebufenpyrad – to a non-toxic metabolite when expressed in E. coli (Riga et al.
2015), suggesting that the enzymes involved in METI-I metabolism may vary
depending on the acaricide involved. More recently, targeted sequencing and
genetic analysis identified a variant in the T. urticae PSST homologue of complex I,
H92R (Yarrowia lipolytica numbering; H110R in T. urticae), that appeared to
significantly reduce sensitivity to fenpyroximate, pyridaben, and tebufenpyrad
(Bajda et al. 2017). This mutation is currently the only known genetic change
associated with resistance to METI-I compounds in T. urticae. Introgression into a
sensitive strain, however, suggested that the mutation explained only a fraction of
the total resistance phenotype (Bajda et al. 2017). Additional genetic changes
underlying other METI-I resistance mechanisms have so far remained elusive.
The two-spotted spider mite is a tractable organism for characterizing resistance
mechanisms, as its haplodiploid breeding system (males are haploid while females
are diploid) facilitates inbred line construction, its genome size is small (~90Mb), the
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generation time is as little as a week at optimal temperatures, and very large
populations can be propagated (Van Leeuwen and Dermauw 2016). Bulked
segregant analysis (BSA) approaches have been used with T. urticae to identify
monogenic loci (Bryon et al. 2017; Demaeght et al. 2014; Van Leeuwen et al. 2012),
and these methods were recently extended to successfully describe polygenic
resistance to a lipid-synthesis inhibiting acaricide, spirodiclofen (Wybouw et al.
2019). For genetic mapping of resistance with BSA methods, a resistant parent is
crossed with a sensitive one, and resultant populations are expanded and selected
with the pesticide. In T. urticae, BSA studies have used multigenerational
populations (which allow dense recombination to break apart haplotypes – a
prerequisite for high-resolution mapping), with whole-genome sequencing of
parents and derived populations to simultaneously genotype and detect allele
frequency changes that identify causal loci (i.e., fixation or increases in the
frequency of alleles contributed by the resistant parent).
In this study, we adapted recent advances in BSA methods, and a chromosome-level
assembly of the T. urticae genome (Wybouw et al. 2019), to comprehensively
investigate the quantitative (polygenic) genetic architecture of resistance to the
METI-I acaricides fenpyroximate, pyridaben and tebufenpyrad. To do so, we
performed multiple rounds of acaricide selection on the offspring of a cross
between a Belgian greenhouse strain of T. urticae (MR-VP) that exhibited high levels
of resistance to these commonly used METI-Is (Van Pottelberge et al. 2009b), and
the METI-I-sensitive strain Wasatch (Bryon et al. 2017). As assessed by wholegenome sequencing, multiple quantitative trait loci (QTL) for the three METI-I
acaricides were identified, revealing a common target-site mutation and suggesting
novel acaricide-specific resistance mechanisms.

M a t e r ia ls & M e t h o d s
Acaricides
The acaricides used in this study were commercial formulations (Fyto Vanhulle,
Belgium) of fenpyroximate (Naja; 50 g a.i. L-1 SC), pyridaben (Sanmite; 150 g a.i. L-1
SC) and tebufenpyrad (Pyranica; 200 g a.i. L-1 SC).
Tetranychus urticae strains
The METI-I resistant strain MR-VP was originally collected in September 2005 from
bean plants in a greenhouse at the National Botanical Garden (Brussels, Belgium;
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Van Pottelberge et al. 2009b), which had a spray history of tebufenpyrad (Pyranica;
200 g a.i. L-1 SC) and pyridaben (Sanmite; 150 g a.i. L-1 SC); the strain has since been
kept in the laboratory at a constant selection pressure of 1000 mg L-1 tebufenpyrad.
The susceptible Wasatch strain was originally collected from tomato (Solanum
lycopersicum) in Salt Lake City, Utah, USA (Bryon et al. 2017), from a public garden
where spraying with synthetic pesticides was prohibited. Both strains were motherson inbred for six generations as previously described (Bryon et al. 2017; Van
Petegem et al. 2018). Prior to the experiment, both T. urticae strains were
maintained under laboratory conditions (25 °C, 60% RH and 16:8 L:D photoperiod)
on detached bean leaves (Phaseolus vulgaris) resting on cotton pads in plastic boxes
to prevent contamination. LC50 assays for strains MR-VP and Wasatch were
performed as previously described (Van Leeuwen et al. 2004). For each acaricide,
LC50 values, slopes and 95% confidence limits of the parental strains were estimated
using Probit Analysis (PoloPlus version 2.0; LeOra Software, Berkeley, CA, USA). If
5000 mg L-1 did not cause 50% mortality, no further attempts were made to
determine LC50.

Experimental evolution set-up of METI-I resistance
An F1 hybrid population was generated by crossing 22 one-day-old virgin adult
females of the inbred Wasatch strain with a single young male of the inbred MR-VP
strain. 332 virgin F1 teliochrysalis females were collected in total and were
backcrossed to 70 males of the Wasatch strain. Subsequently, approximately 500 F2
females were used for the inoculation of potted bean plants, and the resulting
segregating bulk populations were kept in a climatic chamber (Panasonic MLR352H-PE, Kadoma, Japan) at 28 °C with a photoperiod of 16:8 h light:dark for 4-5
generations to expand the population. To set up acaricide selection, 500 individuals
from the bulk population were transferred to control plants or those sprayed with
50 mg L-1 of either fenpyroximate, pyridaben, or tebufenpyrad; ten replicates were
set up for each of the four groups. Experimental evolution on whole bean plants
took place in the greenhouse at 21 °C over a period of nine months (~25
generations). When the population size was large enough, mites from each
treatment group were transferred to new plants with an increasing concentration
of the respective acaricide over time. The concentrations varied depending on the
acaricide and were empirically determined based on the efficacy of the previous
round of selection. Selection was considered complete when no acaricide-related
mortality was observed on beans sprayed until run-off with the final concentrations
of 3500, 1250, and 750 mg L-1, for fenpyroximate, pyridaben, and tebufenpyrad,
respectively.
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METI-I resistance and adaptation assay
Effectiveness of selection to the three acaricides was evaluated by performing
toxicity bioassays as previously described (Van Leeuwen et al. 2004). Mites were
grown on unsprayed bean plants for two to four generations, depending on the
population size, before conducting toxicity tests. To determine toxicity,
approximately 30 gravid adult females were transferred to 9 cm2 square-cut leaf
discs on wet cotton wool and then sprayed with 1 ml of fluid at 1 bar pressure with
a Potter Spray Tower (Burkard Scientific, Uxbridge, UK) to obtain a homogenous
spray film (deposit of 2 mg cm-2). Each of the ten replicates of the three acaricideselected populations and the control populations were tested in four replicates at a
discriminating concentration of 2500 mg L-1 of the relevant acaricide. The leaf disks
were kept in a climatically controlled room at 25 °C, 60% RH with a 16:8 h light:dark
photoperiod for 24 hours. Mites were scored as being alive if they could walk
normally after being prodded with a camel’s hair brush. Survival percentages of the
three acaricide-selected and control populations were analysed separately using a
generalized linear mixed model with a binomial distribution using the lme4 Rpackage version 1.1 (Bates et al., 2015). Here, selection regime was incorporated as
a fixed effect in the linear model, while replicate was regarded as a random effect.
RNA extraction and sequencing
Total RNA was extracted from about 100 adult female mites from the inbred MR-VP
strain using the RNeasy mini kit (Qiagen, Belgium) with five-fold biological
replication. The quality and quantity of the total RNA was analyzed by a DeNovix DS11 spectrophotometer (DeNovix, Wilmington, DE, USA) and by running an aliquot
on a 1% agarose gel. Illumina libraries were constructed from the RNA samples with
the TruSeq Stranded mRNA Library Preparation Kit with polyA selection (Illumina,
San Diego, CA, USA), and the resulting libraries were sequenced on an Illumina HiSeq
2000 to generate strand-specific paired reads of 2 × 100 bp (library construction and
sequencing was performed at Centro Nacional de Análisis Genómico [CNAG],
Barcelona, Spain). The RNA reads have been placed in the Sequence Read Archive
under accession numbers SAMN11334652 through SAMN11334656.
DNA preparation, genome sequencing and variant detection
Genomic DNA of inbred MR-VP and each selection and control population was
extracted from female mites according to Van Leeuwen et al. (Van Leeuwen et al.
2008). Briefly, 4 × 200 adult mites/population were homogenized in a 2 ml
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Eppendorf tube containing 800 µl of SDS buffer (2% SDS, 200 mM Tris-HCl, 400 mM
NaCl, 10 mM EDTA, pH = 8.33), followed by DNA extraction using a previously
described phenol-chloroform-based protocol (Van Pottelberge et al. 2009a). Prior
to adding isopropanol, the four extracts were pooled and precipitated together to
obtain sufficient DNA per population. Subsequently, samples were further columnpurified using an EZNA Cycle Pure Kit (Omega Bio-tek, Norcross, GA, USA) according
to the manufacturer’s protocol and quantified using an ND-1000 NanoDrop
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
Illumina genomic DNA libraries were constructed, and sequencing was performed
to generate paired-end reads of 101 bp (inbred MR-VP strain) or 125 bp (all other
samples). Library construction and sequencing was performed at either the Centro
Nacional de Análisis Genómico (CNAG, Barcelona, Spain) for inbred MR-VP strain or
the Huntsman Cancer Institute of the University of Utah (Salt Lake City, UT, USA) (all
segregating populations). Genomic sequence reads for strain MR-VP and the
segregating populations have been deposited in the Sequence Read Archive under
accession numbers SAMN11350708-SAMN11350748. Illumina reads were aligned
to the reference Sanger draft T. urticae genome from the London strain (Grbić et al.
2011) using the default settings of the Burrows-Wheeler Aligner (BWA) version
0.7.15-r1140 (Li and Durbin 2009) and processed into position-sorted BAM files
using SAMtools 1.3.1 (Li et al. 2009). Following recommendations described in the
Genome Analysis Toolkit (GATK) best practices pipeline (Van der Auwera et al.
2013),
duplicates
were
marked
using
Picard
tools
2.6.0
(https://broadinstitute.github.io/picard), followed by indel realignment with GATK
version 3.6.0-g89b7209 (McKenna et al. 2010). Joint variant calling across all 40
populations and the parental strains was carried out with GATK’s UnifiedGenotyper
tool to produce a variant call format (VCF) file containing single nucleotide
polymorphisms (SNPs) and indels.

Quality control on predicted variants
To be informative for downstream genetic analyses, variants needed to segregate
(i.e., be fixed for contrasting alleles in the MR-VP and Wasatch inbred parental
strains) and be of high quality. SNPs were therefore selected according to the
following criteria, which were adapted from the hard-filtering recommendations in
GATK
post
#2806
(https://gatkforums.broadinstitute.org/gatk/discussion/2806/howto-apply-hardfilters-to-a-call-set, accessed 9 July 2018): (1) have a minimum quality score
normalized by allele depth (QD; this and subsequent acronyms and abbreviations
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refer to how the metrics appear in the VCF 4.2 standard) of 2, (2) mean root square
mapping quality (MQ) of at least 50, (3) strand odds ratio (SOR) below 3, (4) mapping
quality rank sum (MQRankSum) higher than or equal to -8, (5) rank sum for relative
positioning of alleles in reads (ReadPosRankSumTest) of at least -8, and (6) be within
25% and 150% of the sample’s genome-wide mean SNP read coverage to minimize
false heterozygous variant calls caused by copy number variable regions (see also
Wybouw et al. 2019); this was calculated using total depth per allele per sample
(AD).

Responses to selection and validation of the T. urticae three-chromosome
assembly
For most downstream analyses, we transformed variant positions as assessed on
the T. urticae draft Sanger genome assembly onto the recently reported T. urticae
three-chromosome assembly (Wybouw et al. 2019). For simplicity, we refer to
pseudochromosomes 1-3 in this assembly as chromosomes 1-3 (Chr1-3). This
assembly was constructed with replicated population allele frequency data from 22
populations in an earlier study, and was partially validated with short-read de novo
assemblies from multiple T. urticae strains (Wybouw et al. 2019). The authors of this
study noted that additional, dense population allele frequency would be important
to validate the assembly. To do this, and to assess the appropriateness of the
assembly for use in our study, we calculated the average window distance (AWD)
metric across Chr1-3 using the allele frequency data of all of our 39 individual
population samples (one of the 40 segregating populations was excluded from the
analysis, see Section 2.10). Briefly, as assessed from highly replicated population
allele frequency data, positive deflections of the AWD metric by position in genomewide scans detect assembly errors; our implementation of AWD calculations
followed that of Wybouw et al. (2019).

Heterozygosity estimates
To verify that strains MR-VP and Wasatch were inbred to fixation, we used a
separate joint variant call analysis to estimate genome-wide levels of
heterozygosity. Briefly, to improve variant call accuracy, and to provide an
expectation for inbreeding to homozygosity, we included, in addition to MR-VP and
Wasatch, previously published inbred and non-inbred sequenced strains of T.
urticae (Albino-JP, Foothills, Lon-Inb, MAR-AB, PA2, SR-VP; (Bryon et al. 2017;
Wybouw et al. 2019)). The predicted variants were filtered as described above, with
modifications and additional filtering steps to reduce the number of false positives.
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Specifically, MQRankSum and ReadPosRankSumTest filters were bidirectional,
meaning we kept alleles that fell between -8 and 8 for both. In addition, to prevent
copy number variable regions from falsely elevating the heterozygosity estimates,
only alleles falling within 25% of the mean genome-wide SNP coverage depth for
each strain were considered. The extent of heterozygosity, as assessed from counts
for alleles at high-quality SNP positions in sliding windows, was visualized genomewide.

Principle component analysis
A principal component analysis (PCA) was performed in R version 3.4.3 (R
Developement Core Team, 2015). A correlation matrix containing the individual SNP
frequencies for specific alleles was used as input for the R function prcomp, which
is part of the R-package ‘stats’ (version 3.3.0). We selected only those SNP alleles
that were present in all treatments (fenpyroximate-selected, pyridaben-selected,
tebufenpyrad-selected and control). The PCA plots were created with autoplot, a
function of the R-package ‘ggplot2’ (version 2.1.0; Wickham 2009). An examination
of the resulting PCA analysis identified an extreme outlier in the pyridaben-selected
group (Figure. S1), presumably reflecting contamination by an unrelated strain; this
sample, P9, was therefore excluded from all subsequent analyses, and a PCA with
all samples except P9 was then generated.
Bulked segregant analysis genetic mapping
The ~590,400 loci from strains MR-VP and Wasatch were analyzed using BSA
methods adapted from earlier studies (Bryon et al. 2017; Demaeght et al. 2014; Van
Leeuwen et al. 2012; Wybouw et al. 2019). The difference in MR-VP allele frequency
between the acaricide-selected and the control samples was averaged for each
pesticide treatment in overlapping 75kb genomic windows with 5kb offsets.
Statistical significance of BSA peaks, as assessed across all replicates, was
determined with the permutation approach of Wybouw et al. (2019). Briefly, in
replicated BSA data, responses to selection among independent replicates are
expected to co-occur at the same genomic locations. Alternatively, where minor
peaks are solely due to drift, no systematic co-occurrence between replicates is
expected. The permutation method implemented by Wybouw et al. (2019) assigns
genomic regions responding to selection across samples (concerted responses at
specific genomic locations) from multigenerational, replicated unselected and
selected populations by establishing a significance threshold for QTL detection at a
specified genome-wide false discovery rate (FDR). The permutation method
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requires pairing of selected and unselected samples. In this study, we adapted the
sample matching approach that Wybouw et al. (2019) applied to the same
experimental design to detect a QTL for host plant adaptation using five selected
and unselected populations. An exception was that, as the current study used many
more replicates – 9 for pyridaben and 10 for fenpyroximate and tebufenpyrad
(hence 9! and 10! potential pairings) – subsets of 120 potential pairings were chosen
to make it computationally feasible. For each of the 120 sets, 5% FDR thresholds for
QTL detection were calculated from the distribution of maximal allele frequency
values for 104 permutations as described by Wybouw et al. (2019). Across the entire
set of 120 permutations, the most conservative 5% FDR cut-off was used for QTL
assignment.

Predicted effects of genetic variants in coding sequences
To assess coding sequence changes in genomic (QTL) regions for response to
pesticide selection, coding effects of SNPs and small indels identified by the GATK
analysis were predicted using SnpEff 4.2 (Cingolani et al. 2012) with a T. urticae
coding sequence database derived from the June 23, 2016 annotation available
from the Online Resource for Community Annotation of Eukaryotes (ORCAE) (Sterck
et al. 2012). The QTL were also visually inspected in Integrative Genomics Viewer
(IGV) version 2.3.90 (Robinson et al. 2011).
Alignment of CPR proteins
All protein sequences used in the alignment were accessed either using the UniProt
database (Bateman et al. 2015): (T. urticae (tetur18g03390), H. sapiens
(NP_000932.3), R. norvegicus (NP_113764.1), M. domestica (NP_001273818.1) and
D. melanogaster (NP_477158.1) or NCBI: C. sculpturatus (XP_023225549.1). The
sequences were aligned using Clustal W version 2.1 (Larkin et al. 2007).
Gene duplication of the DNA-binding domain (DBD)-lacking nuclear hormone
receptor (NHR-96)-like gene within a QTL connected with tebufenpyrad selection
De novo assemblies of inbred strains MR-VP and Wasatch were constructed from
paired-end Illumina data using CLC Genomics Workbench 9.0.1
(https://www.qiagenbioinformatics.com). Reads were imported and trimmed using
the “Trim Sequences” tool prior to assembly with the “De Novo Assembly” tool;
default settings were used for both. Contigs from the de novo assemblies were
aligned to the London reference genome using the default settings of BLASR 1.3.1
(Chaisson and Tesler 2012) with soft-clipping enabled. Contig sequences aligning to
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the DBD-lacking NHR 96-like gene in the QTL region for response to tebufenpyrad
(tetur06g04270) were extracted (File S1) and their open reading frames (ORFs)
determined using ExPASy (Gasteiger et al. 2003). RNA-seq alignments were
performed using Spliced Transcripts Alignment to a Reference (STAR) version 2.5.3a
(Dobin et al. 2013), with the two-pass mode and a maximum intron size of 20 kb;
the RNA-seq reads were aligned to a modified version of the London reference
sequence that was adjusted to include an MR-VP de novo assembled contig in the
genomic region spanning tetur06g04270. Gene duplications in both Wasatch and
MR-VP de novo contigs were annotated (File S2) based on the ORF information and
the MR-VP RNA-seq alignment visualization in IGV version 2.3.90 (Robinson et al.
2011).

Analysis of DBD-lacking NHR96-like genes in T. urticae: manual reannotation,
phylogeny, and genomic distribution
The T. urticae genome was mined for other DBD-lacking NHR96-like genes by using
the eight conserved NHR96-like ligand binding domains (LBDs) as queries in tBLASTn
and BLASTp searches (e-value threshold of e-3, BLAST+ version 2.2.31) against the
T. urticae genome (Grbić et al. 2011) and proteome (version of 11 August, 2016),
respectively. T. urticae gene models were modified when necessary or new gene
models were created using GenomeView version N39 (Abeel et al. 2012). The DBDlacking NHR96-like sequences can be found in File S3. To test for evidence of other
tandem duplications of DBD-lacking T. urticae NHR-like genes, Chr1-3 and the
smaller unplaced scaffolds were scanned for regions where at least two DBD-lacking
NHR genes occurred in the same orientation with 50kb or less between each pair of
genes within the cluster.
Subsequently, nuclear receptor sequences were obtained for Drosophila
melanogaster, Daphnia pulex and T. urticae (Grbić et al. 2011; King-Jones and
Thummel 2005; Thomson et al. 2009) [accession numbers can be found in Table S1].
Using Pfam 31.0 (Finn et al. 2016), each receptor sequence was analysed for the
presence of a conserved LBD (PF00104). Detected LBDs were aligned to those of the
mined candidate T. urticae DBD-lacking NHR96-like peptides using MAFFT version 7
with the E-INS-i iterative refinement method strategy (Katoh et al. 2002). A
phylogenetic analysis was performed on the CIPRES web portal (Miller et al. 2010)
using RAxML version 8 HPC2-XSEDE (Stamatakis 2014) with the automatic protein
model assignment algorithm using maximum likelihood criterion and 1000
bootstrap replicates; the LG + G protein model was selected as the optimal model
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for analysis. The resulting tree was midpoint rooted, visualized using MEGA6
(Tamura et al. 2013) and edited in CorelDRAW Home & Student X7 (Corel, Austin,
TX, USA).

NHR-like genes lacking DBD in other arthropods
To determine if DBD-lacking NHR genes (including DBD-lacking NHR96-like genes)
were common in other arthropods, we used two approaches: one relying on
comprehensive searches of the NCBI nr database (downloaded 13 June, 2018) for
DBD-lacking NHR-like genes using keywords, and the other based on BLASTp
(version 2.7.1) searches with DBD-lacking NHR96-like T. urticae gene queries against
the same database; the latter approach was undertaken to find NHR-like genes that
had not been annotated. Using the first approach, we extracted all protein
sequences that had “nuclear receptor”, “hormone receptor”, or “ecdysone” in their
description; the last keyword was used as many insect NHRs are involved in molting
and metamorphosis (Fahrbach et al. 2012). For the second approach, we used as
queries each of the 47 DBD-lacking NHR96-like genes present in the London genome
sequence of T. urticae, as well as the two copies of the tetur06g04270 gene from
strain Wasatch. We allowed 1000 results for each search and then extracted all the
resulting proteins that aligned with an e-value of 1 or below.
From the protein sequences obtained using both approaches, we only kept those
belonging to Arthropoda as assessed with the Python package ete3 (version 3.1.1)
(Huerta-Cepas et al. 2016). InterProScan version 5.29-68.0 was then used to predict
domains and conserved regions. From the resulting sequences, we extracted those
that were classified by InterProScan as “nuclear hormone receptor-like domain
superfamily” (IPR035500), and that lacked the “Zinc-finger, nuclear hormone
receptor type” motif (IPR001628) (Zdobnov and Apweiler 2001). In the event that
several proteins had the same amino acid sequence, only one was retained for
analysis.

R e s u lts
Characterization of METI-I resistant inbred strains
To facilitate genetic and genomic analyses, strain MR-VP was mother-son inbred for
six generations, a level of inbreeding similar to that of strain Wasatch, which was
performed in an earlier study (Bryon et al. 2017). To confirm that the strains were
isogenic, we sequenced the MR-VP strain using the Illumina method, and aligned
the resulting reads, as well as those from Wasatch and several other strains

181

6

Chapter 6

sequenced previously (Bryon et al. 2017), to the London reference genome. For
strains like MAR-AB and Albino-JP, which were either not inbred, or only inbred for
one generation (Bryon et al. 2017), heterozygosity was observed at 82.14% and
10.29% of SNP sites, respectively. In contrast, for MR-VP and Wasatch, only 1.77%
and 1.14% of variable positions were not fixed (Figure. S2), respectively, perhaps
reflecting sequencing errors or errant predictions in copy number variable regions.
Toxicity bioassays revealed that the inbred MR-VP and Wasatch strains varied
greatly in their susceptibility to METI-Is, with MR-VP withstanding 190-, 532- and
73-fold higher concentrations of fenpyroximate, pyridaben and tebufenpyrad,
respectively (Table 1). In fact, MR-VP’s LC50 for fenpyroximate could not be
calculated as it exceeded 5000 mg a.i. L-1.
Table 1. Results of toxicity bioassays for the inbred parental strains MR-VP and Wasatch.
Strain MR-VP showed significantly higher levels of resistance compared to strain Wasatch for
every acaricide tested. METI-I resistance of MR-VP had also been determined prior to the
strain’s inbreeding by Van Pottelberge et al. (2009b).

Fenpyroximate

Inbred Wasatch LC50

Inbred MR-VP LC50

Resistance

MR-VP before inbreeding LC50

(mg a.i. L-1, 95% CI)

(mg a.i. L-1, 95% CI)

factor

(mg a.i. L-1, 95% CI)

26.357

> 5000

> 190

10581

(18.161 – 32.101)
Pyridaben

Tebufenpyrad

(8441-13036)

4.274

2275.72

(3.759 – 4.845)

(1944.83 – 2663.03)

5.722

416.932

(4.788 – 6.818)

(356.990 – 475.636)

532

36959
(26450-59590)

73

1197
(1080-1309)

Evolution of METI-I acaricide resistance in experimental mite populations

To establish a segregating population for genetic mapping of resistance, we crossed
MR-VP to Wasatch, and then crossed the F1 hybrid population back to Wasatch. This
backcross was performed to maximize the recombination of haplotypes contributed
by the resistant MR-VP strain. After the resulting population was allowed to expand
in bulk for several generations, ten subpopulations were established for each of the
three acaricide treatments, in addition to ten control subpopulations (see Materials
& Methods). The 40 resulting populations were reared in separation in a
greenhouse on whole bean plants for over nine months (~25 generations). During
that time, each population in the three treatment groups was adapted to gradually
increasing concentrations of acaricide, ending with the final concentrations of 3500
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Figure 1. Response to acaricide treatment for MR-VP × Wasatch recombinant longterm acaricide-selected and control populations. Survival was scored in the adult
stage after spraying with 2500 mg a.i. L-1 of (A) fenpyroximate, (B) pyridaben and (C)
tebufenpyrad. All three sets of acaricide-selected populations showed significantly
higher survival rates compared to the control populations (p < 0.0001, generalized
mixed model). Error bars represent 2 × SE. The molecular structures of the three
acaricides are displayed to the right of the bar plots, with nitrogen heterocycles
shaded in gray.
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mg a.i. L-1 fenpyroximate, 1250 mg a.i. L-1 pyridaben, and 750 mg a.i. L-1
tebufenpyrad. Afterwards, the selected and the control populations were tested at
2500 mg a.i. L-1 of each acaricide, which proved to be a discriminating concentration
that showed a clear distinction between resistant and sensitive populations (Figure.
1). All three acaricide-selected population groups showed significantly higher
survival rates compared to the control populations (p < 0.0001, generalized mixed
model).

Genomic responses to selection
Following the experimental selections, we extracted DNA from each of the 40
populations and performed genome sequencing to produce a per-sample Illumina
read coverage ranging from 58 to 78 (based on the Variant Call Format [VCF] file;
see Materials and Methods). As revealed from alignments of the resulting reads,
and those of the MR-VP and Wasatch parents, to the T. urticae reference genome
(London strain; Grbić et al. 2011), ~590,400 high-quality SNP variants were
identified as segregating in the experimental populations. To test for responses to
selection, we performed PCAs using the genome-wide variant predictions (Figure.
2). As a preliminary PCA revealed that one pyridaben population was contaminated
by an unknown strain (Figure. S1), the analysis was repeated excluding that sample.
For the control, fenpyroximate-selected and tebufenpyrad-selected populations,
tight clustering was apparent, with no overlap among populations by treatment.
Along PC1, which explained 39.4% of the variation, pyridaben- and tebufenpyradselected populations clustered separately from control and fenpyroximate-selected
populations. However, along PC2 (7.2% of the variation), pyridaben-selected
populations were markedly more dispersed as compared to the other treatment
groups, consistent with a more heterogeneous response to selection by pyridaben
as opposed to the other two acaricides.

Regional genomic responses to selection and validation of the threechromosome assembly
As the principle component analysis (PCA) was consistent with genome-wide
responses to selection by each acaricide, we assessed the frequency of the MR-VP
alleles in sliding windows along Chr1-3 in the consolidated genome assembly
recently reported by Wybouw et al. (2019). For the control, fenpyroximate and
tebufenpyrad treatments, allele frequencies for populations within treatment
groups were highly correlated, as they were between treatment groups over much
of the genome length. For the pyridaben populations, greater variation was
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Figure 2. Principal component analysis (PCA) with control and selected populations based on
genome-wide allele frequencies at polymorphic sites. Individual populations are colored
according to the treatment group (legend, upper right). The control, fenpyroximate-selected
and tebufenpyrad-selected populations clustered tightly by treatment group, and separately
from each other. The pyridaben-selected populations clustered less tightly, but nevertheless
remained separate from control populations along PC1.

observed, consistent with the findings of the PCA. A potential explanation for this
result is that the pyridaben populations went through a more severe bottleneck
during acaricide selection as compared to the selections with the other two
compounds (during a bottleneck event, the effect of genetic drift is elevated).
Nevertheless, systematic differences were observed in allele frequencies between
the control populations and those in each acaricide treatment group (e.g., at ~30Mb
on Chr1), identifying putative regions for adaptation. Using the population allele
frequency data from the control and the fenpyroximate-selected, pyridabenselected and tebufenpyrad-selected populations, we also calculated the average
window distance (AWD) metric along the lengths of Chr1-3 (Figure. S3); positive
deflections in this metric are indicative of assembly errors, see Wybouw et al. (2019)
and Materials & Methods. As no such errors were apparent (confirming the integrity
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of the three-chromosome assembly), we used this chromosome-level assembly for
all further analyses.

Population bulked segregant analysis mapping of QTL
To detect genomic intervals that responded to acaricide selections, we tested for
significant deviations in allele frequencies between fenpyroximate, pyridaben and
tebufenpyrad treated populations as compared to the control populations. Using a
permutation-based framework for establishing QTL significance that takes into
account all replicate data (see Materials & Methods) adapted from Wybouw et al.
(2019), we identified one or more QTL for resistance for each of the three acaricides
at a FDR of 5% (Figure. 3). Within an acaricide-control comparison, QTL were
prefixed with the acaricide, and numbered in order from strongest to weakest as
assessed by the magnitude of the allele frequency deviations. In all cases, significant
QTL reflected selection for alleles contributed by the resistant MR-VP parent. For
each QTL region, we analyzed genes and genetic variants in the top 75kb window as
assessed from the BSA genomic scans.
All three acaricide-selected groups shared a QTL at a coincident location at ~30Mb
on Chr1 (fenpyroximate-, pyridaben- and tebufenpyrad-QTL 1; Figure. 3A-C,
respectively). Strikingly, in all the METI-I-selected populations, the haplotype
contributed by the resistant MR-VP strain went to complete (or nearly complete)
fixation (Figure. S3A-C). The top windows for each of these three QTL all harbored
NADH: ubiquinone oxidoreductase (also known as PSST, tetur07g05240), and the
putative H92R target-site resistance allele for fenpyroximate, pyridaben, and
tebufenpyrad (Bajda et al. 2017), among a total of 21 genes in the collective region
of 80kb spanning the three peak windows of response (Figure. 4; Table S2).
In addition, for the pyridaben and tebufenpyrad selections, a QTL for resistance was
also observed at a coincident location on Chr2 (at ~5.7Mb, pyridaben- and
tebufenpyrad-QTL 2; Figure. 3B,C, respectively). The top 75kb peak genomic
windows overlapped exactly for these two QTL, and the region harbored 27
annotated genes (Table S3). Within this region, cytochrome P450 reductase (CPR,
tetur18g03390), which encodes an enzyme required for P450 function (Demaeght
et al. 2013; Riga et al. 2015), was located within 20kb of the maximal allele
frequency deviations (Figure. 4B). An analysis of the MR-VP haplotype revealed that
it was identical to that of the spirodiclofen-resistant strain SR-VP studied by
Wybouw et al. (2019); in this study, the authors identified a nonsynonymous
variant, D384Y, as unique to SR-VP and only one other strain published to date.
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While this variant was also present in MR-VP, it was absent in the METI-I sensitive
parent, Wasatch.
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Figure 3. Genomic responses to acaricide selections. Bulked segregant analysis (BSA) genetic
mapping of QTL for resistance to (A) fenpyroximate (green), (B) pyridaben (blue), and (C)
tebufenpyrad (gray). Dashed lines delineate statistical significance for QTL detection (FDR of
5%). A QTL at a coincident location at ~30Mb on Chr1 (QTL 1) was observed for selection by
each acaricide, and corresponds to the target-site H92R mutation in NADH: ubiquinone
oxidoreductase (PSST). Coincident BSA peaks centered on cytochrome P450-reductase (CPR)
on Chr2 (QTL 2) and were observed in response to selection by both pyridaben and
tebufenpyrad. A less dramatic but nonetheless significant BSA peak at ~12.5Mb on Chr1 (QTL
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3) was only observed in response to selection by tebufenpyrad, and is located nearby two
tandemly duplicated nuclear hormone receptor 96 (NHR96)-like genes that lack the DNAbinding domains (DBDs).
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Figure 4. Genes in 75kb genomic windows of peak response at QTLs 1-3. Triangles positioned
along the top and bottom boundaries of each plot represent genomic window midpoints of
each acaricide treatment group: fenpyroximate-selected (green), pyridaben-selected (blue),
and tebufenpyrad-selected (gray). The orientation of gene models is as indicated (“+” or “-”
for forward and reverse strands, respectively). Coding exons are denoted by rectangles
shaded in light gray, and introns are shaded in darker gray. Putative candidate genes at the
BSA peaks are highlighted in orange (the June 2016 T. urticae annotation, Online Resource
for Community Annotation of Eukaryotes, or ORCAE, was used). The candidate genes are: (A)
QTL 1 (all selections); target enzyme NADH: ubiquinone oxidoreductase (PSST;
tetur07g05240), (B) QTL 2 (pyridaben and tebufenpyrad selections); cytochrome P450reductase (CPR) (tetur18g03390), and (C) QTL 3 (tebufenpyrad selections only); nuclear
hormone receptor 96 (NHR96)-like DNA-binding domain (DBD)-lacking (tetu06g04270).

A QTL at ~12.5Mb on Chr1 was specific for the tebufenpyrad group (tebufenpyrad
-QTL 3, Figure. 3C; while pyridaben-selected populations also showed elevated MRVP allele frequencies in this region, they did not pass the significance threshold).
The top window for response to tebufenpyrad selection was located near a DNAbinding domain (DBD)-lacking nuclear hormone receptor 96 (NHR96)-like gene
(tetur06g04270), among a total of 15 genes (Table S4).
In addition, we noted that the pyridaben- and tebufenpyrad-selected populations
had elevated frequencies of MR-VP alleles, relative to the control populations, over
a broad region from about 20-25Mb on Chr1. Although portions of this large interval
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passed the threshold for QTL detection, the region is located along the proximal
slope of the large response region for pyridaben- and tebufenpyrad-QTL 1. Whether
this region reflects one or more independent QTL, or rather the physical proximity
to QTL 1 (hitchhiking due to linkage), will require additional investigation.

Analysis of D384Y mutation in CPR
The D384Y change in the CPR gene of MR-VP was first reported in a genomic region
that showed significant response to spirodiclofen selection in T. urticae strain SR-VP
(Wybouw et al. 2019). The CPR gene is highly conserved in all organisms and
therefore alignments and modeling on known CPR structures are straightforward.
Figure. 5 shows an alignment of the T. urticae CPR sequence with other animal CPRs
in the region surrounding D384. When modeling CPR with Phyre2 (Kelley et al.
2015), an excellent match with rat CPR (pdb: c1j9zB) was obtained (score of
1184.13, e-value = 0, probability 100% with 58% identities). Spider mite D384, which
corresponds to rat or human Q391, was located on the surface of the protein,
specifically at the end of alpha helix I (nomenclature of Wang and Roberts 1997) in
the connecting domain between the conserved FAD/NADPH and FMN domains. This
region is not implicated in flavin cofactor or NADP(H) binding, and is distant from
the short “hinge” connecting the two flavin domains of CPR. Hence, the mutation
was not predicted to interfere in any major and obvious way with electron transfer
from NADPH to FAD and FMN, or electron transfer between the reductase and P450,
but it may have more subtle effects (see Discussion section 4).
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Figure 5. Alignment of cytochrome P450 reductase (CPR) sequences around the D384Y
variant. The conservation of alpha helices H (left), I (middle) and J (right) is shown. An 80%
threshold was used for identity (black background) and similarity shading (gray background).
The D384Y variant is located at the end of helix I (red star). The residue is charged in
arthropods (D in the scorpion C. sculpturatus and the spider mite and E in the insects M.
domestica and D. melanogaster), while most vertebrates have a polar Q at that position. The
homologous Q391 in the human CPR is predicted to interact with the FMN domain in the
open conformation in which electron transfer to P450s occurs.
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Figure 6. Phylogenetic analysis of T. urticae nuclear hormone receptor (NHR) genes, and
genomic distribution of T. urticae DBD-lacking NHR96-like genes. (A) Maximum likelihood LG
+ G phylogenetic tree of NHRs in D. melanogaster, D. pulex and T. urticae. Only bootstrapping
values higher than 65 are shown. The scale bar represents 0.5 amino acid substitutions per
site. Both T. urticae-specific DBD-lacking NHR96-like and canonical NHR96-like gene
expansions are shaded. (B) Genomic distribution of T. urticae's DBD-lacking NHR96-like genes
is shown with lengths of vertical line segments corresponding to the number of genes
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clustered (i.e., within 50kb of another such gene) in a head-to-tail orientation. The orientation
was delineated by “+” and “-” along the y-axis and by plotting the bars in shades of orange
and blue, respectively. Only intact DBD-lacking NHR96-like genes were included in the
analysis. The chromosomes are indicated by alternating white and gray shading, while small
scaffolds were concatenated and shaded in red to the right of the chromosomes.

Nuclear hormone receptor analysis
We identified a DBD-lacking NHR96-like gene (tetur06g04270) as one of the
candidate genes potentially linked with tebufenpyrad resistance. Aligning de novo
assembled contigs to the three-chromosome assembly suggested that T. urticae
strains MR-VP and Wasatch both harbored two copies of the DBD-lacking NHR96like gene in tandem in a head-to-tail orientation. Next, to verify gene models and to
determine if the genes were expressed, we aligned MR-VP RNA-seq reads to a copy
of the three-chromosome assembly in which a de novo assembled MR-VP contig
spanned the tetur06g04270 region in place of the original sequence. As the RNA
reads uniquely mapped to each gene, the alignments confirmed the presence of the
duplication and showed that both genes were expressed in MR-VP (Figure. S4).
The NR1J group represented in insects by the single NHR96 receptor was shown to
be expanded in T. urticae, where eight NHR96-like genes were found (Grbić et al.
2011). However, all of them contained the DBD. In this study, we annotated DBDlacking NHR96-like genes in the T. urticae genome and identified 47 genes that had
a ligand-binding domain (LBD) most similar to the eight canonical NHR96-like genes
previously reported (Cheng et al. 2008; Grbić et al. 2011; Robinson-Rechavi et al.
2003; Thomson et al. 2009), but that lack the DBD (Figure. 6, panel A). Most DBDlacking NHR96-like genes in T. urticae (37/47) occurred in clusters (i.e., within 50kb
of another DBD-lacking NHR-gene in a head-to-tail orientation) of up to seven
genes, suggesting sequential duplication events (Figure. 6B).
To determine if DBD-lacking NHR-like (and specifically, NHR96-like) peptides were
common in other arthropods, we comprehensively searched the NCBI database for
NHR-like DBD-lacking proteins. By far the most common types of previously
annotated DBD-lacking NHR-like receptors were E75s (88 in total), followed by FTZF1s (44), E78s (41), and photoreceptors (20). DBD-lacking NHR96-like genes, on
other hand, appeared to be relatively rare. Our nr database search only identified a
single annotated DBD-lacking NHR96 peptide in each of the following species:
Agrilus planipennis, Centruroides sculpturatus, Drosophila miranda, Plutella
xylostella, and Rhagoletis zephyria.
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D isc u ssio n
Previous investigations into METI-I resistance in MR-VP revealed that
fenpyroximate and pyridaben resistance were inherited as a monogenic and
dominant trait, whereas resistance to tebufenpyrad was polygenic and incompletely
dominant (Van Pottelberge et al. 2009b). Subsequently, sequencing of several
subunits presumably making up the target/binding-site identified a nonsynonymous
H92R change in the PSST subunit of NADH:ubiquinone oxidoreductase, which was
significantly associated with resistance (Bajda et al. 2017). Nevertheless, the
introgression of this mutation into a susceptible genetic background revealed that
the H92R variant alone failed to explain the strength of the resistance phenotype to
any of the three acaricides. This suggested roles for other loci and alleles in
resistance.
In this study, we subjected a segregating population (parental strains MR-VP and
Wasatch, which are resistant and sensitive, respectively) to multiple rounds of
selection by three METI-Is, and used BSA genetic mapping to identify loci responding
to selection for each acaricide. While the H92R change played a significant role in
resistance to each acaricide, one additional genomic region was significantly
associated with resistance to both pyridaben and tebufenpyrad, and a further QTL
was identified for tebufenpyrad resistance alone. The peak regions of response for
both additional QTL harbored candidate genes encoding an enzyme or putative
receptors associated directly or indirectly with xenobiotic detoxification (CPR, and
two tandem NHR96-like genes lacking DBDs). The candidate genes, and in some
cases putative variants for QTL, are discussed below, although for CPR and the
NHR96-like genes our conclusions are speculative.
The target-site H92R variant in the PSST subunit was coincident with the most
prominent peak in all three BSA scans (QTL 1). The unselected populations were
relatively resistant compared to the susceptible parent (Figure. 2), presumably
reflecting the high frequency of the H92R variant in the unselected populations –
about 0.5 after ~25 generations in the experimental evolution experiment (Figure.
S3) – likely reflecting the partially dominant nature of the change (Van Pottelberge
et al. 2009b). This pattern reveals that contrary to the fitness cost associated with
some resistance mutations in T. urticae (Riga et al. 2017) and the lethality of the
corresponding substitution in Drosophila melanogaster (Bajda et al. 2017), there is
no major fitness cost associated with the T. urticae H92R substitution. The earlier
work, as well as our current study, suggest that mutations occurring in this
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conserved part of the PSST subunit can have species-specific effects on fitness.
Further, mutations in the adjacent PSST subunit residue M91 in the aerobic yeast
Yarrowia lipolytica decreased enzymatic activity of complex I (Fendel 2008), but had
no effect on Vmax when binding ubiquinone-1 and even increased Vmax involving
ubiquinone-2, which has a longer isoprenoid side chain (Angerer et al. 2012; Fendel
et al. 2008).
In addition to the target-site change, mites selected to pyridaben and tebufenpyrad
showed significant responses in other genomic regions. This was consistent with the
previously reported incompletely dominant inheritance of tebufenpyrad resistance,
but contradicted an earlier result, which classified resistance to pyridaben as
monogenic (Van Pottelberge et al. 2009b). The likely explanation is that Van
Pottelberge and colleagues used a fairly recently collected outbred MR-VP strain,
while we used an inbred derivative of the same strain after it had been maintained
in the lab for ~11 years under constant selection (minor effect alleles may have been
selected in the laboratory as acaricide concentrations become high enough to
overcome target-site resistance).
Introgression of the H92R resistant allele into a sensitive background only resulted
in a fraction (average of 578 mg L-1 (Bajda et al. 2017)) of the MR-VP fenpyroximate
resistance phenotype observed in both this study (>5000 mg L-1) and in Van
Pottelberge et al. (2009b; 10,581 mg L-1). Nevertheless, fenpyroximate resistance
appeared to be monogenic in both Van Pottelberge et al. (2009b) as well as in our
study. While most of the resistance phenotype was likely due to multiple alleles of
minor effect that could not be detected by our methods, it remains unknown why
neither of the two genomic regions associated with selection to the other acaricides
showed a significant association with fenpyroximate resistance. Evidence from
functional cytochrome P450 expression in E. coli as well as from the application of
a selective P450-inhibiting synergist piperonyl butoxide (PBO) suggests that
fenpyroximate’s metabolism is different from that of pyridaben and tebufenpyrad
(see below). The divergent genomic response to selection could thus be related to
metabolic resistance, and specifically, to differences in P450-mediated
detoxification.
The second most prominent BSA peak (QTL 2) in the tebufenpyrad- and pyridabenselected T. urticae centered on a D384Y mutation in the electron transfer
flavoprotein CPR (Wybouw et al. 2019). CPR is an essential enzyme in all eukaryotes
that serves as an electron donor protein for all microsomal P450s and several other
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enzymes found in the endoplasmic reticulum of most cells (Murataliev et al. 2004).
CPR was not differentially expressed in MR-VP compared to the METI-I susceptible
strain London (Dermauw et al. 2013). Therefore, the D384Y mutation likely does not
affect the expression of CPR. Instead, it is possible that the mutation is
advantageous by improving P450 detoxification pathways.
The idea that a mutation in CPR can be implicated in resistance development by
interacting with relevant P450s in trans is attractive, because detoxification of METIIs is thought to be mostly P450-based (Cho et al. 1995; Devine et al. 2001; Herron
and Rophail 1998; Ozawa 1994; Van Pottelberge et al. 2009b). This, however, raises
the question of why selection to fenpyroximate did not favor the mutation. Possible
explanations include the relative specificity of P450s that metabolize acaricides as
well as the relative specificity in the interactions of CPR with P450s. P450 specificity
towards acaricides is supported by evidence that certain P450s target
fenpyroximate, but do not act on the other two acaricides; CYP392A11, a P450 that
is overexpressed in MR-VP compared to the METI-I sensitive strain London
(Dermauw et al. 2013), hydrolyzes fenpyroximate but not pyridaben or
tebufenpyrad when expressed in E. coli (Riga et al. 2015). Evidence that other P450s
may also fall into this pattern comes from treatment with the synergist PBO, which
does not suppress every P450 equally (Feyereisen 2015). Work on strain MR-VP
prior to inbreeding showed that PBO significantly decreased resistance to pyridaben
and tebufenpyrad, but had little effect on fenpyroximate resistance (Van
Pottelberge et al. 2009b), likely because PBO did not sufficiently target P450s that
metabolize fenpyroximate. Specificity in the interactions of CPR with P450 is
supported by evidence that human variants in CPR differentially affect various P450
activities (Burkhard et al. 2017). The only known human CPR variant with increased
activity is Q153R, and the effect of this mutation is positive on CYP19A1 and CYP3A4
activities but negative on CYP17A1 and CYP51A1 (Udhane et al. 2017). Furthermore,
P450 activity is directly related to the concentration of the CPR-P450 complex
(Murataliev et al. 2008), whose dissociation constant depends on the structure of
each P450. Consequently, the D384Y mutation may have a greater effect on P450s
that specifically metabolize pyridaben and tebufenpyrad.
It remains unclear from X-ray crystallography alone how the D384Y mutation can
affect P450 activity. The position of D384 on the surface of the protein in the
connecting domain of CPR would rule out an effect on FAD, FMN or NADP(H)
binding. D384 is also located far from the short hinge region that allows the
approximately 90-degree rotation of the FMN domain away from the FAD-linker
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domain seen between the open and closed conformations of CPR (Aigrain et al.
2009; Hamdane et al. 2009). It does not point towards the space expected to be
occupied by P450s in the open conformation of CPR, and superimposition of the
open and closed structures indicates little if any movement of the residue at
position D384. These considerations rule out a major effect on FAD to FMN to P450
electron transfer. The connecting domain and helix I of CPR are also predicted to
remain distant from the ER membrane surface in either open or closed
conformations (Laursen et al. 2011). The D384Y mutation has not been documented
in human variants of CPR (where the homologous mutation would be E394Y), and
the closest human variants S397L or E398A are not associated with any known
pathology (Burkhard et al. 2017).
The D384Y mutation additionally introduces a YY dipeptide in the structure. The
possible pi-stacking (McGaughey et al. 1998) of the two adjacent aromatic rings
might affect protein stability, or cause subtle long-range changes in conformational
dynamics which are known to take place during catalysis (Murataliev and Feyereisen
2000). Moreover, the solution structure of the CPR may differ from the crystal
structure in subtle ways (Huang et al. 2013). A model of the extended (open)
conformation of human CPR based on solution NMR and small angle X-ray scattering
experiments indicates that four residues of helix I of the connecting domain,
including the homologous Q391, make polar interactions with the FMN domain
(Huang et al. 2013). If this model faithfully represents the changes in the structure
of CPR during catalysis, then the most likely explanation for an effect of the D384Y
mutation would be a subtle change in the stability of the interaction between the
connecting domain and the FMN domain in the open conformation, which is the
conformation in which electrons are transferred from FMN to P450s.
Given the conservation of sequence, the homologous mutation to D384Y would be
E395Y in D. melanogaster. Therefore, the fly may be suitable for studying the effect
of the mutation in vivo by a reverse genetic approach using CRISPR-Cas9 technology
combined with homologous recombination-directed gene modification. An
intriguing possibility to explore is that the D384Y mutation has a fitness cost to mites
that are not exposed to pesticides. The BSA peak centring on the mutation results
not from elevated MR-VP frequency in the acaricide-treated groups, but rather in
relatively low MR-VP allele frequencies in mites from control populations (i.e., in
the absence of selection, the variant rapidly decreased in allele frequency, Figure.
S3B-C); the same pattern was also observed when the genomic region surrounding
the allele was associated with spirodiclofen resistance in SR-VP, a different strain of
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T. urticae (Wybouw et al. 2019), in which it was also shown that P450s are involved
in spirodiclofen resistance (Demaeght et al. 2013; Van Pottelberge et al. 2009a).
Another protein that may be involved in detoxification by way of P450 regulation is
a DBD-lacking NHR96-like gene, tetur06g04270, which appears in two tandem
copies in both sensitive and resistant parental strains; the genes fall roughly at the
center of a minor BSA peak (QTL 3) in the tebufenpyrad-selected group (mites in the
pyridaben-selected group also increased MR-VP derived allele frequency in that
region, albeit not significantly). Most NHRs are transcription factors; a ligandbinding domain (LBD) interacts with hydrophobic signaling molecules, which then
cause the NHR to affect transcription of select genes via its DNA-binding domain
(DBD). The two NHR96-like genes are not canonical NHRs as they completely lack
the DBD. Further genomic analyses revealed that in addition to the tetur06g04270
genes, the T. urticae genome contains 45 other NHR96-like genes that contained
the LBD but were missing the DBD, and that this gene expansion appears to be
unique to T. urticae (although genome information is not yet available for other
spider mite species).
NHRs are diverse and have many functions; they are classified into groups NR0
through NR6, and into subgroups according to their highly conserved domain
structure, with non-canonical NHRs that lack either the LBD or the DBD classified as
NR0 regardless of origin (Nuclear Receptors Nomenclature Committee 1999). Our
comprehensive search of the NCBI database showed that E75, E78, and FTZ-F1 DBDlacking NHR-like genes appear to be common in arthropods, but while canonical
E75s, E78s and FTZ-F1s are known for their role in metamorphosis, vitellogenesis
and embryogenesis (Fahrbach et al. 2012), little is known about the function of DBDlacking NHR-like genes or how they interact with their targets. In D. melanogaster,
DBD-lacking E75B acts by heterodimerizing with DHR3 (Reinking et al. 2005), while
a DBD-lacking DHR3 plays a role in regulating cell growth by interacting with
Drosophila ribosomal protein S6 kinase in a yet unknown fashion (Montagne et al.
2010). Since most of the work on arthropod NHRs has been done on D.
melanogaster, and NHR96-like DBD-lacking genes are only known to be expanded
in T. urticae, no information is currently available about their potential mode of
action. Given T. urticae's polyphagous lifestyle and pest status, a connection
between NHR96-like DBD-lacking genes and xenobiotic metabolism is a possibility
warranting further exploration, especially considering that D. melanogaster's
canonical NHR96 – which has the highest BLASTp match for either copy of
tetur06g04270 – has been implicated in detoxification. Xenobiotic-independent
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overexpression of NHR96 in D. melanogaster L3 larvae induced expression of
detoxification genes (King-Jones et al., 2006), and NHR96 overexpression in the
Malpighian tubules increased DDT resistance (Afschar et al. 2016). Additionally,
adult NHR96 null mutants of D. melanogaster were more sensitive to chronic DDT
exposure (King-Jones et al. 2006), the sedative effects of phenobarbital (PB) (KingJones et al. 2006), permethrin (a pyrethroid) (Beaver et al. 2010) and malathion
(Afschar et al. 2016). Many of the genes affected by either the NHR96 loss- or gainof-function mutations encode members of the classic detoxification enzyme
families: P450s, glutathione S-transferases (GSTs), carboxylesterases, and UDPglucuronosyl transferases (UGTs) (King-Jones et al. 2006). These gene families play
key roles in detoxification across the animal kingdom, and some – like the P450s –
have been expanded in T. urticae (Grbić et al. 2011).

C o n c lu s io n
In this study, we compared and contrasted selection responses to three METI-I
acaricides: fenpyroximate, pyridaben, and tebufenpyrad. We found that crossing a
resistant strain of T. urticae to a susceptible one and separately selecting the
offspring with the three acaricides did not yield the same genetic response. While a
previously identified H92R target-site mutation was significantly associated with
resistance to all three METI-I acaricides, we found that additional loci were
associated with resistance to pyridaben and tebufenpyrad, including a genomic
region previously associated with spirodiclofen resistance. This region included a
variant in CPR, which may be responsible for improving the efficiency of relevant
P450s, but at a likely fitness cost in the absence of acaricide treatment. A region
connected with resistance to tebufenpyrad included two tandem copies of NHR96like proteins that lacked a DNA-binding domain, and further manual annotation
revealed a total of 47 such genes in T. urticae. An NCBI database search suggested
that an expansion of these genes appears to be unique to T. urticae, and their
function is currently unknown. Although the role of the CPR mutation and the DBDlacking NHR96-like genes in xenobiotic resistance in T. urticae remain speculative,
the link between the associated genetic regions and resistance to some, but not all,
METI-Is, suggests that adaptation to treatment with those acaricides involves
different pathways in the spider mite.
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Plants are under pressure to evolve anti-herbivore defences, whereas herbivores
are under pressure to circumvent these defences. Plant-herbivore interactions may
lead to the co-evolution of traits and eventually to the co-diversification of plant
and herbivore taxa (Futuyma & Agrawal 2009). My research interest lies in
understanding how biotic interactions promote adaptive evolution. To do so, I study
the interactions between plants and herbivorous arthropods. In this dissertation, I
focus on the arthropod part of the story. The overarching aim of this research was
to investigate the role of the host plant in the evolution and diversification of a
herbivorous arthropod, the two-spotted spider mite Tetranychus urticae. I chose T.
urticae because it is an extreme generalist, prevalent in agricultural crops as well as
in natural ecosystems, and it is easily amenable for bioassays and genetic analyses
(Belliure et al. 2010; Migeon et al. 2010; Kurlovs et al. 2019). This particular plantmite system allowed me to address a long-standing question in evolutionary
biology: do populations of generalist herbivores adapt and diverge on the different
hosts they colonize? The genomic tools developed for T. urticae (Grbic et al. 2011;
Kurlovs et al. 2019; Wybouw et al. 2019a) allowed me to investigate the genetic
basis of host plant adaptation and in parallel, that of resistance to acaricides.
To address this question, I developed a multidisciplinary approach that gathered
evidence of the interaction between T. urticae and their host plants across several
levels of organization: ecological – population – individual – molecular. In Chapter
2, I asked whether there were consistent associations between spider mite
genotypes and their host plants in nature. By conducting bioassays, extensive
genotyping of individuals from nature, and genome sequencing of field-derived
lines, I quantified the extent of genetic divergence, host adaptation and
reproductive isolation within this species. In Chapter 3, I aimed to further dissect
the interaction of the hereby newly described host race of T. urticae and its native
host, wild honeysuckle (Lonicera periclymenum). To investigate host-adaptation
mechanisms and traits that promote reproductive isolation between sympatric
conspecifics, I performed bioassays with honeysuckle-specialist and generalist fieldderived lines of T. urticae and honeysuckle plants, and quantified plant responses
to mite herbivory and mite responses to plant defences. In Chapter 4, I aimed to
gather the current knowledge on the mechanistic and evolutionary background of
an important trait related to host use in herbivorous mites, namely plant defence
manipulation. To do so, I reviewed the available literature on plant defence
suppression by herbivorous mites and arthropods. In chapters 5 and 6, I aimed to
map quantitative trait loci (QTL) underlying host plant adaptation and acaricide
resistance in several experimental evolution assays coupled with a high-resolution
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genetic mapping technique (Kurlovs et al. 2019). In Chapter 5, loci involved in
adaptation to a challenging host plant, potato were mapped, in addition to loci
conferring resistance to fenbutatin oxide, an organotin compound targeting
complex V of the mitochondrial respiration chain, and to abamectin, which targets
the glutamate-gated chloride channel, important for nerve and muscle functioning.
In Chapter 6, loci underlying resistance to three mitochondrial electron transport
inhibitors of complex I (METI-I) acaricides were mapped. In the following
paragraphs, I will discuss the major conclusions drawn from this dissertation and
identify future research perspectives.

Divergent selection maintains genetically distinct generalist and specialist
populations of T. urticae at small spatial scales in nature
In Chapter 2, I asked if there were spatial and temporal patterns in the distribution
of genetic variation within and between T. urticae populations in nature, and
whether these patterns were associated with host specialization. Knowledge on
whether generalist herbivores specialise and diverge on different hosts in natural
settings remains scarce. I discovered a specialist host race of T. urticae adapted to
wild honeysuckle. This honeysuckle specialist is living in sympatry with generalist
conspecifics in the Dutch dunes. Honeysuckle specialists are genetically distinct
from sympatric generalists along their entire genome. This pattern largely results
from the unexpected finding that honeysuckle specialists are inbred. In nature, the
host race is effectively isolated from sympatric generalist conspecifics partly due to
incomplete reproductive incompatibility, and partly due to selection imposed by
honeysuckle, which negatively impacts the survival of genotypes other than the host
race. Genomic information from T. urticae lines collected across the world revealed
high genetic similarity between populations of the green colour morphs of this
species, which form a tight cluster that is separated from populations of the red
colour morphs and from closely related congenerics (Chapter 2). Wybouw et al.
(2015), Jonckheere et al. (2018), and Snoeck et al. (2018) have shown that plasticity
in the transcriptional profiles of some of the lines belonging to this cluster underlie
their large host breadth. The prevalence of an ‘all-mi(gh)ty’ cluster would agree with
the idea that host specialization in this species is rare (Calatayud et al. 2016).
However, this idea is confounded by the fact that, except for the genomes described
in Chapter 2, most genetic information of T. urticae originates from crop-associated
populations, and thus genetic variants of natural T. urticae populations may have
been underrepresented in studies of host specialization.
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Agricultural crops and natural ecosystems differ in factors that influence herbivore
genetic diversity, such as selection strength, identity of selective factors, and spatial
and temporal complexity. These differences have consequences for ecoevolutionary dynamics in plant-herbivore interactions (Després et al. 2007).
Agricultural crops are often monocultures of a plant species or even of single
cultivars, which deprives the crop plant of genetic variation. Consequently,
agricultural systems are relatively poor in the diversity of their ecological
community. Indeed, natural enemies of herbivorous arthropods are less prevalent
in the centre of crop fields than in its margins, where native plant biodiversity helps
sustain populations of natural enemies (Geertsema et al. 2016; van Rijn & Wäckers
2016). The abiotic conditions in crop ecosystems are usually managed in order to
maintain stable conditions that maximise crop growth and yield. In addition, crops
are commonly chemically managed upon or before pest infestation with a variety
of pesticides, with both broad ranges of action and high specificity, which can select
for resistant mite variants. All these conditions contrast with the dynamics of
natural ecosystems. Natural ecosystems, like the dune ecosystem of coastal Europe
(Chapter 2), are characterised by the co-occurrence of many host species with
different phenologies, life histories, anti-herbivory defence profiles and associated
ecological communities. In nature, abiotic conditions are spatially and temporally
varying, whereas they tend to be more structured or buffered in agricultural
systems. Variation in abiotic conditions creates locally distinct meso- and microhabitats, which can contribute to the persistence of local ecological communities,
and ultimately to the maintenance of genetic variation in plant and herbivore taxa
(Huxley 1938; Mitter et al. 1991; Doebeli & Dieckmann 2003). Thus, the complexity
of natural ecosystems is an important factor contributing to the maintenance of
genetic variation along spatial and temporal scales.

Suppression of host plant defences contributes to host specialization in the
wild honeysuckle race of T. urticae
The genetic and ecological knowledge of the system that is described in Chapter 2
allowed me to investigate the mechanisms that facilitate the co-occurrence of
specialist and generalist T. urticae genotypes in nature. Identifying and
characterising the mechanisms that contribute to the co-occurrence of genetically
distinct populations is important to understand the factors that prevent the gene
pool of a species from homogenising. To begin with such a task, I characterised the
phenotypic responses of wild honeysuckle to herbivory by field-derived T. urticae
generalist lines and wild honeysuckle specialist lines (Chapter 3). Herbivory by
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spider mites and certain Lepidopterans (Fox 1996) causes wild honeysuckle to
secrete sugary droplets on the leaf laminae, potentially as an anti-herbivory
response. Fox (1996) showed that the droplets cause the mandibles of caterpillars
to get stuck with a sugary substance, reducing their feeding rates. I observed the
same event in spider mites, but because of their size they often become engulfed
by the droplet and die (Figure 2, Chapter 3). Analyses of these droplets showed that
they are rich in sugars and contain many free amino-acids (Tables 1 and 2 in Chapter
3). These compounds may also play a role in the recruitment of top-down control
agents against herbivores. Krimmel & Pearse (2013) mentioned several cases where
sticky plant exudates trap herbivores that are then consumed by natural enemies,
in particular omnivores that can feed on plant material when prey food is not
available. If this is the case in the system described in Chapter 3, sticky droplets can
be a strong anti-herbivory mechanism that antagonises spider mite and caterpillar
population growth directly due to their detrimental impact on individual survival
and, potentially also indirectly, due to top-down population control. These data
suggest that spider mites are under pressure to avoid or suppress the sticky droplet
defence response.
There are several mechanisms by which spider mites could suppress droplet
production in wild honeysuckle. Sticky droplet and nectar production in
honeysuckle is likely mediated by unicellular trichomes on the surface of leaves and
petals (Fahn 1979; Fox 1996; Weryszko-Chmielewska & Bozek 2008). It is possible
that these trichomes are triggered by touch and initiate droplet production when
herbivores walk on the surface of honeysuckle leaves. However, videos 1, 2 and
Figure S1 of Chapter 3, and reports of Fox (1996) show that droplets are produced
close to feeding events, rather than in response to walking. Another possibility is
that pressurised leaf compartments such as storage cells or vacuoles burst upon
tissue damage when mites feed. I showed that droplet production does not occur
upon mechanical damage inflicted on wild honeysuckle leaves (Chapter 3). Droplets
are exuded at or around spider mite feeding spots, but they do not simply ooze out
of the destroyed tissues. Instead, observations presented by Fox (1996) and in
Chapter 3 support the idea that droplets are exuded from specific spots on the leaf
surface. Based on the cytological structure of other Lonicera species (Fahn 1979;
Weryszko-Chmielewska & Bozek 2008), droplets are likely exuded through
unicellular trichomes. In addition, sugary droplet production is, similar to that of
extrafloral nectar production, dependent on the accumulation of phytohormones
associated with defences against herbivory, such as jasmonic acid and salicylic acid
(Chapter 3, Heil et al. 2001). The accumulation of such hormones and the expression
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of the genes they regulate are manipulated by salivary proteins injected into the
host upon mite feeding (Sarmento et al. 2011a; Alba et al. 2015; Kant et al. 2015b;
Jonckheere et al. 2016; Villarroel et al. 2016; Blaazer et al. 2018; Schimmel et al.
2018). For example, T. evansi and specialist genotypes of T. urticae on tomato
(Solanum lycopersicum), and potentially other mite species such as Aculops
lycopersicum deploy salivary-encoded proteins that suppress tomato defences (Glas
et al. 2014; Alba et al. 2015; Wybouw et al. 2015; Schimmel et al. 2018; Knegt et al.
2020). The suppression of droplet production on wild honeysuckle by specialist T.
urticae populations possibly also involves the recruitment of salivary proteins.
Genes encoded in the salivary glands of T. urticae show host-specific expression
profiles, and the ones that induce defences in one host could suppress defences in
other hosts (Kobayashi 2016; Villarroel et al. 2016; Jonckheere et al. 2018). I showed
that the suppression of droplet production by spider mites has a genetic basis
(Chapter 3). Segregation of a genetic element that facilitates mite specialization on
wild honeysuckle is consistent with the gene-for-gene model of plant-pathogen
interactions (Flor 1956; Keen 1990). In this model and in derived models expanded
to include plant-herbivore interactions, a plant target is hypothesised to recognise
a molecular pattern derived from the herbivore or from its feeding on plant tissue,
which induces pattern-triggered plant immunity (Chapter 4: Blaazer et al. 2018). The
compatibility of specialist herbivores such as the Hessian fly (Maytetiola destructor)
and the brown planthopper (Nilaparvata lugens) with their particular hosts is
determined by recessive genes of large effect (Rider et al. 2002; Aggarwal et al.
2014; Kobayashi 2016). In my study, the factor suppressing defences of honeysuckle
is inherited as a dominant trait in the F1 progeny of a cross between specialists and
generalists (Figure S2 Chapter 3). It is possible that the gain of function in a gene
coding for an effector molecule in the specialist underlies the suppression of
honeysuckle droplet production.

Gene flow between sympatric T. urticae populations is limited by genetic
incompatibility as well as by physiological and ecological barriers
Throughout Chapters 2 to 4, I explore factors that contribute to the maintenance of
genetic and phenotypic variation related to host use in T. urticae. In nature, variants
of co-adapted gene complexes under selection can be lost by recombination in
panmictic populations. Thus, grasping the extent of gene flow and the factors that
interrupt it is vital to studying adaptive evolution (Futuyma & Peterson 1985).
Despite distinct genetic differences, the wild honeysuckle host race of T. urticae
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occurs in sympatry with generalist genotypes at small spatial scales (Figure 1 in
Chapter 2). Surprisingly, the honeysuckle specialist exists as an inbred population in
nature (Figure S5 in Chapter 2). Hybridization between generalists and specialists
may have occurred at some point in time, as inferred by the existence of the socalled ‘cyto-nuclear hybrids’ (Figure 2 in Chapter 2). Thus, barriers to gene flow
seem to be strong enough to keep the genetic integrity of inbred specialists among
generalists in nature, but these genetic barriers are incomplete.
Hybrid F1 adult progeny are produced in laboratory crosses between generalists and
specialists, but hybrid F1 females are often sterile or produce small batches of eggs
(Chapter 2). It is unlikely that pleiotropy due to the genetic element underlying the
suppression of honeysuckle defences causes genetic incompatibility between
generalists and specialists, even if the suppression trait were a single gene of large
effect. Genomic models of speciation suggest that loci of major effect are limited to
islands of tightly linked genes that are shielded from recombination by selection,
while gene flow is prevalent in the rest of the genome (Feder et al. 2014). In the
system described in Chapter 2, differentiation between specialist and generalist
genotypes occurs along the entire genome; it is not restricted to such islands (Figure
S5 in Chapter 2). While the detrimental effects of genetic incompatibility are
moderate in hybrid, diploid females, these effects are much more pronounced in
their F2 haploid offspring, which are not viable (Figures 4, S9 in Chapter 2).
Reproductive barriers related to divergent selection can effectively prevent the
homogenization of the species gene pool (Parchman et al. 2013; Villa et al. 2019).
While matings can still lead to some viable hybrid progeny between specialists and
generalists in this mite system, genetic incompatibilities are strong (Chapters 2 and
3), which leads to question whether other factors further prevent mating
encounters and lead to the isolation of the specialist in nature.
Physiological and ecological traits associated with host use could contribute to the
incomplete reproductive isolation between specialists and generalists in nature
(Chapters 2 and 3). Honeysuckle specialists survive on this host by suppressing the
production of sticky droplets, while generalists elicit this response on honeysuckle
and subsequently face reduced survival (Figure 2 in Chapter 3). Selection against
generalists on honeysuckle can reduce the probability of mating encounters with
the specialist. However, F1 hybrids between generalists and specialists can also
suppress droplet production (Figure 4 in Chapter 3). This suggests that if
hybridization occurs on honeysuckle, selection against hybrids on this host would
be weak. In addition, generalists can potentially benefit from the suppression of
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droplet production on honeysuckle (Figure 3 in Chapter 3). In nature, plant defence
manipulation can backfire for herbivores that suppress defences, since a plant with
suppressed defences can be exploited by other members of the ecological
community, including intraspecific competitors (Glas et al. 2014). In order to benefit
from plant defence suppression, mites that suppress plant defences may recruit
alternative traits that isolate them from potential competitors (Chapter 4), such as
increased web production (Sarmento et al. 2011b) or localized hyper-suppression
of defences when challenged by competitors (Schimmel et al. 2017). Whether such
alternative traits isolate honeysuckle specialists from co-occurring generalists
remains an open question.
As spider mites mate on the hosts on which they feed, host preference plays a key
role in the assortative mating of spider mites (Helle & Sabelis 1985; Gotoh et al.
1993; Gomi & Gotoh 1996). In laboratory assays, honeysuckle specialists do not
prefer their native host over other T. urticae host plants, but generalists do avoid
wild honeysuckle (Figure 5 in Chapter 3). Lonicera species, and wild honeysuckle in
particular have secondary metabolites such as iridoid glucosides that deter
herbivores, (Calis & Sticher 1984; Heckel 2018). Spider mites have an expanded set
of chemoreceptors, in particular gustatory receptors, which likely play a role in host
acceptance (Ngoc et al. 2016; Wybouw et al. 2019a). Genes of large effect
underlying behavioural traits related to host specialization have been described in
other plant-herbivore systems, such as the perception of volatile sugar alcohols in
the host plants of closely related Yponomeuta species (Hora et al. 2005), or the
perception of olfactory cues and subsequent attraction to host fruits in Drosophila
species (Auer et al. 2020). The possibility that host preference contributes to the
isolation of generalists and specialists in nature is likely but remains to be tested
empirically.

Plant-mediated interactions contribute to the maintenance of intraspecific
variation in T. urticae, but the evolutionary origins of specialist spider mite
genotypes remain unidentified
I have shown that the honeysuckle specialist is basically an inbred population that
has expanded from a single evolutionary origin (Figures S5, S6 in Chapter 2). This
specialist is isolated from sympatric conspecifics partially due to genetic
incompatibilities between them (Figures 3, 4 in Chapter 2), from differences in host
preferences quantified in the laboratory (Figure 5 in Chapter 3) and in the field
(Figure 1 in Chapter 2), and from plant-borne selection pressure (Figure 5 in Chapter
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2, Figure 5 in Chapter 3). Investigating the factors that contribute to the
maintenance of generalists and specialists in sympatry is important to understand
the evolutionary origins of host specialization. We do not know whether the
honeysuckle specialist evolved in sympatry with generalists or whether their cooccurrence is a case of secondary contact after allopatric speciation. Sympatric
speciation is still a controversial topic among evolutionary biologists, who have
argued in favour or against the plausibility of speciation occurring with gene flow
for decades (Felsenstein 1981; S R Diehl & Bush 1984; Coyne & Orr 1989; Via 2001;
Gavrilets 2005; Mallet et al. 2009; Gavrilets 2014). However, the use of such binary
definitions (as in many areas of society) can overshadow more fruitful research
efforts, which are aimed to quantify and model the processes that contribute to the
patterns observed in nature (Fitzpatrick et al. 2008). The evolutionary ecology of
host specialization in T. urticae could be explored using available theoretical models
that explain the co-existence of generalists and specialists.
Most models that explore the evolution of specialization assume the existence of
relatively simple environments with only two resource types (i.e. host plant
species), which can support the evolution of one generalist and one specialist,
provided they become assorted on the host on which they perform best (Egas et al.
2004; Ravigné et al. 2009). The vegetation of the forested area along the Dutch
dunes, where the honeysuckle specialist occurs, is characterized by local areas
where many different plant species co-occur in coarse patches across the landscape.
Egas et al. (2005) constructed a model of host specialization that explains coexistence of a generalist and a specialist when more than two hosts are available,
which relies on gradients of host quality, with the specialist consuming the high
quality resource and the generalist the low-quality resources. Models that analyse
the evolution of host specialization together with the evolution of dispersal in
spatially complex environments can explain the co-existence of a generalist and a
specialist, but they also require gradients of host quality (e.g., Kisdi 2002). Models
that consider fluctuations in the availability of different hosts across time scales can
explain the co-existence of multiple generalists and specialists, but fluctuations are
often not assumed due to the complications of model analysis (Wilson & Yoshimura
1994; Egas et al. 2004). Metapopulation models that investigate the evolution of
specialization can explain the co-existence of one generalist and multiple specialists
when multiple resources are available, given that performance on the different
available resources evolves jointly with dispersal rate (Nurmi & Parvinen 2011;
Nagelkerke & Menken 2013). Ultimately, a model that takes into account the spatial
complexity and temporal fluctuations of a natural environment, with the occurrence
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of patches with multiple host species, will be needed to understand the factors
promoting the maintenance of T. urticae specialists among multiple generalists in
the Dutch dunes.

Responses to acaricide selection differ strikingly from responses to host plant
selection
In Chapters 5 and 6, I investigated the genetic basis of adaptative traits in T. urticae.
Identifying the molecular basis underlying evolutionary processes such as acaricide
resistance or host plant adaptation can be achieved by mapping the loci associated
with these traits. To map loci responding to the selection pressure of an experiment,
I coupled experimental evolution assays with the analytical pipeline of the bulked
segregant analysis [BSA; Kurlovs et al. (2019)]. Mapping QTL underlying adaptive
traits by means of a BSA relies on analysing differences in the allele frequencies
between control and selected replicates of a population that originates from a cross
between an adapted spider mite line with a non-adapted line. QTL are analysed in
sliding windows along the entire genome based on a dense set of SNPs obtained
from each experimental replicate (Kurlovs et al. 2019). This methodology has been
successfully used to dissect mono- and polygenic bases of resistance to multiple
acaricides in spider mites (e.g., Van Leeuwen et al. 2012; Demaeght et al. 2014;
Snoeck et al. 2019; Wybouw et al. 2019a). In Chapter 5, this methodology was used
to map the loci associated with adaptation to potato (Solanum tuberosum), and to
the acaricides abamectin and fenbutatin oxide (FBO); in Chapter 6, the loci of
resistance to inhibitors of complex I of the mitochondrial electron transport chain (METI-I) fenpyroximate, tebufenpyrad and pyridaben were mapped. The genes and
mechanisms that are likely involved in the evolution of acaricide resistance and host
plant adaptation were discussed in Chapters 5 and 6. Here, I will discuss the broader
patterns of responses to both sources of selection pressure, and the possible
caveats of the approaches used in this dissertation to make these inferences.
A contrasting pattern was observed between BSA studies of acaricide resistance and
host adaptation. Acaricide resistance is characterized by acaricide-specific and
common QTL associated with selection by structurally similar compounds (Chapter
6; Sugimoto et al. 2020). These QTL appear as prominent peaks with high
frequencies of the resistant parent alleles in genomic scans, even nearly reaching
fixation in several QTL (e.g. Figure 3 in Chapter 5). These QTL are surrounded by
regions where differences in allele frequencies between acaricide-selected and
unselected replicates increase progressively towards the QTL, while these
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differences decrease as the scans move away from the QTL (Figure 3 in Chapter 5;
Figure 3 in Chapter 6). In contrast, the BSA studies of mite adaptation to potato
(Chapter 5) and tomato Wybouw et al. (2019a) revealed that QTL are associated
with small peaks, comprising broad genomic regions in the case of tomato selection.
These QTL are surrounded by regions where differences in allele frequencies
between host-selected and unselected replicates do not increase progressively
towards the QTL, but that rather exhibit large variation both globally and locally
along the genome (Figure S2 in Chapter 5). The patterns of large genome-wide and
localised variation found in the BSA of host adaptation could be the result of random
drift fixing alternative alleles among replicates (Kurlovs et al. 2019), which can
potentially occur due to population bottlenecks experienced upon transfer to
potato or tomato.
Comparing BSA studies on adaptation to Solanum hosts, it is clear that different
genomic regions harbour the QTL involved in adaptation to tomato and potato
(Chapter 5; Wybouw et al. 2019a). However, a pattern seems to emerge when these
two BSA studies are being compared. The genomic scans of the potato BSA (Chapter
5) and the scans of the tomato BSA performed by Wybouw et al. (2019) suggest that
there might be regions in common that are associated with selection by both
Solanum hosts (Figure S2 in Chapter 5), which is conceptually similar to the
observation that selection from structurally-similar acaricide compounds results in
common QTL (Chapter 6). Plant secondary metabolites are largely conserved across
plant phylogenies. The Solanaceae are a well-studied plant family that includes
several genera and multiple species and cultivars with rich metabolic profiles.
Should anti-herbivory mechanisms of closely related plant taxa target common and
also specific loci in the herbivore, genomic scans such as the ones presented here
may help reconstruct evidence of the (co-)evolutionary arms-race between plant
and herbivorous taxa.
The differences in response to acaricide selection and to host plant selection could
be the result of several factors. Selection pressures from acaricides and from host
plants differ quantitatively and qualitatively (Després et al. 2007). While acaricides
are compounds developed to target a specific point in a pathway of the herbivore’s
physiology, plants may contain rich metabolic profiles that can include many antiherbivory compounds, potentially with more than one of these compounds
targeting simultaneously several physiological processes in the attacking
herbivores. Hence, host plant adaptation may require the joint action of multiple
loci, some of relatively large effect but possibly more loci of small effect. If host plant
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adaptation is a polygenic trait involving multiple loci of small effect, identifying them
with a QTL mapping approach may be difficult, especially if the effect of drift is large.
Alternatively, it is possible that - in experimental set ups - the strength of selection
imposed by the host plant is weak compared to the selection pressure imposed by
acaricides. As a result, host adaptation may show a weak phenotype. In the potato
BSA, potato-selected replicates increased their egg production by ~20%, which is a
relatively weaker phenotype than, for example, the increased survival by >90%
observed in acaricide-selected replicates (Chapter 5). Lastly, it is possible that loci
involved in adaptation to one host plant are lost in the experimental steps in which
the segregant population is being developed for the BSA study, since it is kept on
the unselected control plants before replicates are transferred to tomato or to
potato. If this is the case, loci that determine host adaptation may be lost in the
host-selected replicates before the actual selection experiments. Similarly, if loci
necessary for host adaptation are inherited dominantly in the segregant population
and they are present in the unselected controls for the duration of the experiment,
QTL mapping would depend on these loci being lost in the unselected controls while
being maintained in the potato-selected replicates. The factors that potentially
contribute to the differences between selection responses to acaricides and to host
plants are not necessarily mutually exclusive, and therefore these factors need to
be considered jointly in future mapping studies of host plant adaptation QTL.

Novel insights on host specialization and speciation
The factors and mechanisms that contribute to the genetic differentiation and
isolation of sympatric host-associated herbivore populations have been amply
studied using classic insect systems, such as Rhagoletis pomonella fly races
associated with apple or hawthorn, or Neochlamisus bebbiane beetle races
associated with maple or willow (Dres & Mallet 2002; Funk 2012; Doellman et al.
2019). The study of the two-spotted spider mite as a model organism to understand
the evolution of host specialization and reproductive isolation revealed similarities
and differences in host-related differentiation processes with these and other
classic insect systems.
Host preference is an important factor in the evolution of host specialization in
herbivorous arthropods (Auer et al. 2020). The use of alternative hosts can
contribute to the evolution of host races because genes that determine host use
under divergent selection can lead to the assortative mating of populations under
divergent host selection (Bush 1975; Menken et al. 1992). Host races in flies, beetles
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and mites are comprised of populations that consistently use different host taxa
than sympatric conspecifics in nature, and they perform better on their native hosts
than conspecifics (Chapter 2; Gotoh et al. 1993; Funk 1998; Doellman et al. 2019).
Host races in flies and beetles prefer to feed and oviposit on their native hosts, and
this preference has a genetic basis (Feder et al. 1994; Funk 1998). Host preference
has also been described in crop-associated spider mite populations (Gotoh et al.
1993; Gomi & Gotoh 1996; Egas & Sabelis 2001); but, unexpectedly, the newly
discovered honeysuckle race of T. urticae does not have a preference for its native
host. Instead, it is the generalist genotypes it co-exists with that strongly avoid
honeysuckle (Figure 5 in Chapter 3). Host preference largely contributes to the
assortative mating of spider mite populations because mating encounters solely
occur on the hosts on which they feed (Helle & Sabelis 1985). Host avoidance by
generalist genotypes likely contributes to the spatial separation of specialist and
generalist spider mite populations in the Dutch dunes (Chapters 2 and 3). The lack
of host preference in specialist spider mites suggests that host specialization in this
system is likely accompanied by the loss of avoidance towards deterrent
compounds present in honeysuckle, as opposed to the evolution of attraction
towards honeysuckle by the specialist (Calis & Sticher 1984) (Calys). Host avoidance
is an important factor contributing to the sympatric co-existence of host races of
Rhagoletis flies and Yponomeuta moths (Menken et al. 1992; Forbes et al. 2005;
Hora et al. 2005).
The sympatric co-existence of genetically distinct herbivore populations is largely
determined by the extent of gene flow between them. Host races still exchange
gene flow in nature, as opposed to incipient species, who no longer hybridize (Dres
& Mallet 2002) (Dres and Mallet). Indeed, gene flow between apple- and hawthornassociated races of Rhagoletis flies, as well as between host races of Neochlamisus
beetles, is prevalent in nature and in laboratory experiments (Feder et al. 1998;
Egan & Funk 2009). Patterns of hybridization and gene flow in spider mites are
complex. Genetic incompatibilities are often reported between spider mite
populations (Overmeer & Van Zon 1976; de Boer 1981; Young et al. 1985; Fry 1989;
Fytrou & Tsagkarakou 2014; Knegt et al. 2017); yet, cases of introgression between
closely related mite taxa are also prevalent (Ros & Breeuwer 2007; de Mendonça et
al. 2011; Matsuda et al. 2018). I presented evidence that the T. urticae honeysuckle
specialist and generalists can still hybridize in the laboratory, suggesting that gene
flow in nature is still possible (Chapter 2, Chapter 3). However, the fitness of hybrids,
and in particular the fitness of recombinant hybrid males, is highly reduced. Indeed,
I reported the occurrence of spider mite iso-female lines that harbour the
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mitochondrial genome of a generalist population and the nuclear genome of a
specialist population (Figure 2 in Chapter 2). I also showed evidence that F1 hybrids
between individuals of the honeysuckle race of T. urticae and generalist conspecifics
have an advantage on honeysuckle, suggesting that there is no selection against
hybrids on this host (Chapter 3). Selection against hybrids is an important pressure
that determines the evolution of specialization in other herbivorous arthropods,
such as in rhopalid bugs (Carroll et al. 2005). Yet, unexpectedly, the honeysuckle
race of T. urticae is an inbred population (Figure S5 in Chapter 2). This suggests that
reproductive isolation, despite being incomplete (Figure 4 in Chapter 2), is strong in
this system. Together, these data suggest that reproductive isolation may quickly
evolve in spider mite populations under divergent selection due to the presence of
innate genetic incompatibilities between populations.

C o n c lu d in g re m a rk s
In this dissertation, I investigated the factors involved in the adaptive evolution and
reproductive isolation of the herbivorous two-spotted spider mite, T. urticae.
Finding and dissecting patterns in nature proved imperative to deriving hypotheses
regarding the origin and maintenance of genetic variation in this species.
Observations and descriptions of biotic interactions in nature may have taken a
back-seat position in evolutionary biology due to the explosion of genetic and
bioinformatic tools available for laboratory organisms. However, as I have shown in
this thesis, integration of field, experimental, laboratory and bioinformatic research
constitutes a powerful tool to identify and dissect the factors involved in
evolutionary processes. Genetic population structure was found in host-associated
populations of spider mites co-occurring at very small spatial scales with generalist
conspecifics in the Dutch dunes. The genetic differences between specialist and
generalist spider mite populations are relatively small when compared to
differences between populations of the same species from different geographical
origins, suggesting that host specialization may occur with relatively little genetic
differentiation in this species. Gene flow between specialists and generalists is
restricted by several pre- and post-zygotic reproductive barriers, including host
preference, hybrid genetic incompatibility, and by selection pressure from the
specialists’ native host, honeysuckle, impacting the fitness of non-specialists
negatively, both directly and potentially indirectly through the production of sugary
exudates that can recruit natural enemies of herbivores. Molecular evolution,
inferred by DNA sequences changes at the population level, revealed loci involved
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in traits related to host adaptation and pesticide resistance, which highlighted the
differences in selection pressure between plants and agrochemicals.
All the research presented in the experimental chapters of this thesis has only
considered a single T. urticae line to perform BSA studies, and a single host race to
investigate the patters of host race formation in this species. How consistent would
the patterns that I have described in this thesis be if different genetic backgrounds
of mites would have been used? In the paragraphs above I discussed the need for
more field research to further increase our understanding of the origins and
maintenance of functional variation. When new host races on different plant taxa
are found and characterised, will we find similar genomic patterns of divergence as
the ones described in Chapter 2? Will the same ecological factors contribute to the
adaptation and isolation of functional variants? Can these patterns be generalized
across arthropod taxa? Certainly, more integrative biological research like the one
presented in this dissertation is needed in order to find, characterise and
understand the evolutionary and ecological processes that result in, and maintain,
adaptive traits in plant-eating arthropods.

F u t u r e p e r s p e c t iv e s
Several fundamental questions originated from the research presented in this
dissertation. Whether the molecular and ecological patterns related to occurrence
of the honeysuckle host race of T. urticae are common patterns found in the process
of host race formation in this species remains unknown. Conducting spatially and
temporally comprehensive ecological research is a main factor in finding and
dissecting patterns of genetic variation in plant-herbivore interaction in nature.
Further sampling and genotyping of spider mite populations across ecosystems will
be necessary to reveal the factors contributing to the maintenance of patterns of
genetic variation across the landscape. In parallel to studying the overarching
mechanisms of host race formation, this approach can help understand the
prevalence of mechanisms of host specialization besides the evolution of coding
sequences, such as mechanisms that regulate plasticity in gene expression or
behaviour.
Furthermore, expectations from theoretical models of speciation through
specialization can be empirically investigated using plant-mite interactions. For
example, theory predicts that adaptive evolution will improve the fitness of a
population that faces an evolutionary challenge, but that the road through the
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adaptive landscape towards a novel adaptive peak may include stages where
genetic diversity and fitness of the population decrease (Orr 2005; Gavrilets 2014).
These predictions can be readily tested in spider mites by tracking the genetic
changes through the process of adaptation in controlled settings. In addition,
quantification of the parameters present in classic sympatric speciation models
(Gavrilets 2014), such as hybrid fitness and probability of assortative mating, can be
quantified in laboratory and field experiments using spider mites. Identifying the
extent to which host specialization and reproductive isolation explain the coexistence of generalist and specialists in nature will benefit from parameterising a
model that consider fluctuations in the fine- and coarse-grained spatial distribution
of multiple host species in nature.
Extrafloral nectar, produced on honeysuckle upon mite herbivory, has the potential
to recruit natural enemies of spider mites. If this is the case, selection from natural
enemies of herbivores can exert divergent selection on mite populations that induce
and suppress extrafloral nectar on honeysuckle. The production of extrafloral nectar
is a conspicuous trait in many plant taxa; here I presented evidence that indicates
its potential role in the direct and indirect defence of honeysuckle against mite
herbivory (Chapter 3). Sugar and free amino acids, which are part of the extrafloral
nectar droplets in wild honeysuckle, are coveted resources in nature. Among
species that can use extrafloral nectar as a feeding source, omnivorous predators
may predate on nectar-inducing spider mite populations. Alternatively, but not
mutually exclusively, the arrestment of omnivorous predators on honeysuckle could
be increased by the presence of extrafloral nectar. Thus, the induction of extrafloral
nectar production upon mite herbivory can select against nectar-inducing spider
mites by recruiting natural enemies. To test the hypothesis that natural enemies
have a role in reducing the growth of nectar-inducing mite populations, bioassays
can be performed with predators that occur in sympatry with the spider mites in
the Dutch dunes such as the predatory mite Amblyseius andersoni.
Genetic incompatibilities are abundant between mite populations across the globe.
However, the genetic basis of reproductive incompatibility has been scarcely
studied, particularly in the context of host specialization. Identifying the molecular
processes that result in the loss of fitness in hybrids between host specialised and
generalist spider mite populations can be achieved using the system described in
this dissertation. Identifying loci resulting in genetic incompatibilities between host
specialised spider mite populations can be achieved by sequencing the genomes of
hybrid individuals resulting from compatible and from incompatible crosses
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between genotyped mite populations. Even unviable individuals can be sequenced
because enough genetic material can be obtained from eggs that do not hatch.
Dense sets of genetic markers can help quantify parameters that can be used to
identify loci that result in reproductive incompatibility, such as recombination rates
and the location of speciation loci along the genome of T. urticae. Identifying
speciation loci and their location relative to adaptation loci can be achieved by
tracking the genetic changes that accompany the evolution of reproductive isolation
in populations isolated on different host plants. Whether genetic incompatibilities
play a prominent role in the evolution of host races in nature remains to be
investigated. The genetic basis of ecological speciation can be experimentally
elucidated by further studying spider mite evolution.
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Summary
Ecological speciation and adaptive evolution in a herbivorous mite
Interactions between organisms can generate and maintain biodiversity. Organisms
engaged in antagonistic interactions, such as plants and herbivores, can impose
strong selection pressure on each other. A myriad of different anti-herbivory
mechanisms are found across plant taxa, which include chemical compounds and
physical structures that herbivores need to overcome in order to exploit their hosts.
Herbivores have evolved many different mechanisms to overcome plant defences,
which has often led to the evolution of host specialization. Specialization on a single
species of host plant, or on few species of closely related taxa, is a widespread
phenomenon among herbivorous taxa. However, some herbivore species are
generalists that can consume multiple, even thousands of plant species of unrelated
plant taxa. Notorious examples include the green peach aphid (Myzus persicae), the
silverleaf whitefly (Bemisia tabaci), western flower thrips (Frankliniella
occidentalis), and the two-spotted spider mite (Tetranychus urticae). Current
knowledge of the ecology and evolution of these ‘true generalists’ is largely based
on research focused on populations associated with agricultural settings. However,
evidence on whether generalists adapt and diverge on different hosts in natural
settings is scarce. Investigating the evolution of host specialization in nature is
important because the selection pressures that herbivorous arthropods face in
nature in comparison to agriculture may vary both quantitatively and qualitatively.
The main aim of this dissertation was to investigate and characterise the role of the
host plant in the evolution of the generalist two-spotted spider mite. This spider
mite species feeds on multiple host species in natural and agricultural settings, and
it has developed high resistance to multiple pesticidal compounds. Thus, a second
aim of this dissertation was to investigate the genetic basis of resistance to different
acaricidal compounds in this species.
An overview of the literature related to host-associated adaptation and divergence
in herbivorous mites is presented in Chapter 1, as well as the general biology of the
two-spotted spider mite. Studies on the process of host adaptation and divergence
in herbivorous mites, namely host race formation, have often been conducted using
single genetic markers, but seldomly revealed host-mite associations. Crossing
assays aimed to determine the extent of genetic divergence and hence,
reproductive incompatibility between mite populations have found that genetic

Summary

incompatibilities are abundant, but rarely associated with host use. Ultimately,
studying the evolutionary ecology of the two-spotted spider mite requires
understanding the patterns of genetic variation related to host use that exist within
and between mite populations in natural settings. However, research that
integrates the ecology of mite populations in nature with molecular data that
expands beyond a few genetic markers in combination with controlled crossing
bioassays between host-associated populations is lacking.
Hence, in Chapter 2, the aim was to investigate whether patterns of genetic
variation associated with host use exist in natural populations of the two-spotted
spider mite. Extensive field sampling and genotyping of spider mites from common
plant species in the forested area of the Dutch dunes revealed consistent
associations between mite genotypes and their host plant species across three field
seasons. A newly discovered host race of the two-spotted spider mite restricted to
wild honeysuckle (Lonicera periclymenum) was found to co-exist with conspecifics
associated with multiple hosts in the Dutch dunes. Whole genome sequencing of
field-derived iso-female lines representing three mite genotypes common to this
ecosystem revealed that the honeysuckle race constitutes a cluster of genotypes
that is distinctly separated from the genomes of sympatric conspecifics. Integrating
this genomic dataset with genomic data available from two-spotted spider mite
populations across the globe showed that restriction to honeysuckle is associated
with relatively little genetic differentiation from the species gene pool. However,
the honeysuckle race is an inbred population. Crossing bioassays between fieldderived lines revealed that genetic incompatibilities result in strong, but incomplete
post-zygotic reproductive isolation between the honeysuckle race and sympatric
conspecifics. An important factor that prevents the homogenization of the species
gene pool was found to be selection against genotypes other than the host race on
this host, whose survival decreases on honeysuckle. Together, these data indicate
that genetic incompatibilities and host selection contribute to the co-existence of
honeysuckle specialist spider mite populations with populations of generalist
conspecifics at minute spatial distances.
In Chapter 3, I conducted experiments to further dissect the interaction between
honeysuckle, and specialist and generalist populations of the two-spotted spider
mite. The aim of this chapter was to characterise the traits that contribute to the
isolation between co-existing specialist and generalist populations described in
Chapter 2. Herbivory by generalist spider mite iso-female lines results in the
production of sticky droplets on the leaf surface of honeysuckle, while herbivory by
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specialist lines does not induce droplet production, and as shown in experimental
assays, it suppresses this plant response. Suppression of sticky droplet production
is an important adaptive trait because the presence of droplets on honeysuckle
leaves increases mite mortality significantly. The presence of sugar and amino acids
in the sticky droplets suggests this response may also play a role on the recruitment
of omnivore natural enemies of spider mites. The suppression trait is inherited
dominantly in hybrids between specialist and generalist lines, which suggests that
selection against hybrids on this host is weak. Honeysuckle contains iridoid
glucosides and bitter compounds that deter insects. Unexpectedly, specialist mites
do not have a preference to feed on honeysuckle, but generalists strongly avoid this
host. Together, these data suggest that a gain of function mutation associated with
defence suppression, and a loss of function mutation associated with host
preference contribute to honeysuckle specialization. The interplay of these traits is
an important factor determining the co-existence of specialists and generalists in
nature, because it can increase (or decrease) the probability of mating encounters
and subsequent reproductive isolation of populations occurring on different hosts.
Many herbivorous mite species can manipulate or circumvent the defence
mechanisms of their host plants. In Chapter 4, together with colleagues, I conducted
a literature review focused on host defence suppression by herbivorous mites,
where we discuss the mechanistic, ecological and evolutionary background of this
adaptive trait. The mechanistic background of the interactions between mites and
their host plants have been largely studied on Solanaceae hosts, such as tomato
(Solanum lycopersicum). Mite herbivory triggers the accumulation of
phytohormones associated with defence pathways on tomato, such as jasmonic
acid and salicylic acid, which induces direct and indirect plant defences aimed to
deter mites. Generalist species, such as the two-spotted spider mite, harbour
intraspecific variation in traits related to the interaction with their host plants,
where populations can be comprised by individuals that induce defences and by
individuals that suppress plant defences. Tomato specialists, such as the red spider
mite (Tetranychus evansi), suppress their host’s defences by hampering with
defence pathways that are downstream from phytohormone accumulation. Mites
that suppress plant defences most likely do so by deploying salivary proteins into
their hosts. Mite proteins detected by the plant’s recognition system elicit defence
production; effector proteins in the saliva of mites tamper with the pathway of
defence production in order to suppress it. Mites that suppress plant defences face
an ecological problem, because competitors can also benefit from plants with
lowered defences. Traits that can buffer suppressing mites from the pressure from
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competitors include the increased production of dense webbing and the hyperlocalised suppression of plant defences. We hypothesize that defence suppression
of conserved pathways is a prevalent mechanism used by generalist mites to exploit
multiple, unrelated hosts.
Identifying the genetic basis of the mechanisms by which herbivores exploit their
hosts can be achieved by mapping the loci associated with host use. High-resolution
genetic mapping techniques have been developed for the two-spotted spider mite,
in which several traits related to acaricide resistance and pigment synthesis have
been identified. In Chapter 5, loci underlying traits associated with adaptation to
potato (Solanum tuberosum) and with resistance to two different acaricides were
mapped using a bulked segregant analysis (BSA) approach. This technique relies on
crossing an adapted line to a non-adapted line in case of host adaptation, or a
resistant and susceptible line in case of acaricide resistance, and subsequently
exposing replicates of the hybrid population to a selection pressure and sequencing
their genomes. A quantitative trait locus (QTL) associated with potato adaptation
comprised genes involved in the metabolism of reactive oxygen species (ROS),
which have been reported to prevent herbivory against potato in other arthropods.
Two QTL were associated with resistance to fenbutatin oxide, an organotin
respiration inhibitor known to target the ion channel of ATP synthase. ATP synthase
was mapped within one of these QTL, and the second QTL included a gene coding
for a structural subunit of mitochondrial respiration complex I. Four QTL were
associated with resistance to abamectin, a macrocyclic lactone that acts as a neural
disruptor in arthropods. Two of these QTL harboured a species-specific copy of the
glutamate-gated chloride channel each, the target of abamectin. The two remaining
QTL harboured genes coding for a DNA helicase targeted by compounds similar to
abamectin in viruses, and a large number of chemosensory receptors. The various
QTL underlying host adaptation and acaricide resistance resided in different regions
of the genome of the two-spotted spider mite. The BSA approach revealed the
quantitative and qualitative differences between selection pressure from a host
plant and from acaricides.
Using the BSA approach, the genetic basis of resistance to three inhibitors of
complex I of the mitochondrial electron transport chain (METI-I compounds) was
investigated. These compounds have been largely used as acaricides in agricultural
crops for over two decades, and multiple cases of resistance in spider mite
populations have been reported. Several molecular mechanisms of resistance to
METI-I compounds have been identified, including metabolic resistance due to the
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increased activity of cytochrome P450 monooxygenases as well as a specific
mutation in the target of these compounds, NADH:ubiquinone reductase. A
relatively unbiased identification of the traits selected upon exposure to METI-I
compounds can be achieved by mapping the loci associated with METI-I resistance
using a BSA approach. Progressively higher acaricide concentrations were applied
on experimental mite populations, using fenpyroximate, tebufenpyrad and
pyridaben as selection pressures. Responses to selection revealed common QTL
among the three compounds, but also acaricide-specific QTL. The QTL found in
populations exposed to the three compounds contained the previously reported
target-site mutation in NADH:ubiquinone reductase. In addition, a second QTL
associated with resistance to tebufenpyrad and to pyridaben was found, which
harboured a cytochrome P450 reductase. A third QTL associated with tebufenpyrad
resistance was found, which contained the nuclear hormone receptor 96 (NHR96),
which forms part of an expanded family of NHR96 proteins that lack a DNA nuclear
binding domain in the two-spotted spider mite. This study revealed the differences
and similarities in responses to selection from structurally similar compounds in the
two-spotted spider mite.
In Chapter 7, I summarise and discuss the findings of this dissertation. This thesis
resulted in the description of a new system to study the ecological and molecular
factors involved in ecological specialization and speciation in herbivorous
arthropods. Exploring this system, I presented evidence on several mechanisms that
contribute to the co-existence of specialist and generalist populations of a herbivore
that is widespread in natural and agricultural ecosystems. Candidate mechanisms
that contribute to the co-existence of specialists and generalists in nature include
the suppression of physical defences, i.e. sticky droplets, and the avoidance by
generalists of a host that is used by the specialist. Using a previously described
genetic mapping technique, research in this dissertation revealed differences in the
responses to host plant selection and to acaricide resistance in a generalist
herbivore. In parallel, this research also provided new evidence highlighting the
similarities in the responses to selection from closely related plant species in a
generalist herbivore. Future research avenues are also presented in this chapter,
which include investigating the role of the ecological community in the evolution of
herbivore specialization, and investigating the molecular mechanisms that result in
genetic incompatibilities between populations under divergent selection.
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Samenvatting
Ecologische soortvorming en adaptieve evolutie in een plantenetende mijt
Interacties tussen organismen kunnen nieuwe biodiversiteit doen ontstaan en
bestaande biodiversiteit laten voortbestaan. Organismen die betrokken zijn bij
antagonistische interacties, zoals planten en herbivoren, kunnen een sterke
selectiedruk op elkaar uitoefenen. In het plantenrijk wordt een veelheid aan
verschillende beschermingsmechanismen tegen herbivorie gevonden, vooral
chemische verbindingen en fysieke structuren die herbivoren moet overwinnen
voordat de gastheren geëxploiteerd kunnen worden. Herbivoren hebben veel
verschillende mechanismen ontwikkeld om de plantenverdediging te doorbreken,
en dit heeft vaak geleid tot de evolutie van gastheerspecialisatie. Specialisatie op
een enkele plantensoort, of op een paar nauwverwante plantensoorten, is een
verschijnsel dat algemeen voorkomt onder herbivoren. Er bestaan echter ook
generalisten, soorten die meerdere - soms zelfs een paar duizend - niet verwante
plantensoorten kunnen consumeren. Beruchte voorbeelden zijn de groene
perzikluis (Myzus persicae), de tabakswittevlieg (Bemisia tabaci), de Californische
trips (Frankliniella occidentalis), en de bonenspintmijt (Tetranychus urticae). De
huidige kennis met betrekking tot de ecologie en evolutie van deze “echte
generalisten” is grotendeels gebaseerd op onderzoek gericht op populaties in de
land- en tuinbouwsector.
Aanwijzingen dat in de natuur generalisten zich aanpassen aan en divergeren op
verschillende gastheren zijn evenwel schaars. Onderzoek naar de evolutie van
gastheerspecialisatie in de natuur is van belang omdat selectiedrukken op
natuurlijke populaties van herbivore geleedpotigen zowel kwalitatief als
kwantitatief kunnen verschillen van die in de landbouw. Het voornaamste doel van
deze dissertatie was om de rol van de gastheerplant in de evolutie van de
generalistische bonenspintmijt te onderzoeken en te karakteriseren. Deze spintmijt
leeft op een groot aantal gastheerplanten in natuurlijke en landbouwkundige
omgevingen, en heeft een hoge mate van resistentie ontwikkeld tegen
verschillende pesticiden. Deze dissertatie beoogt derhalve ook de genetische basis
van resistentie tegen verschillende acariciden in deze mijtensoort te onderzoeken.
Een literatuuroverzicht van onderzoek naar gastheer-geassocieerde adaptatie en
divergentie in herbivore mijten wordt gepresenteerd in Hoofdstuk 1; ook wordt er
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aandacht geschonken aan de algemene biologie van de bonenspintmijt. Studies
naar het proces van gastheer-geassocieerde adaptatie en divergentie in herbivore
mijten, ook wel gastheerrasvorming genoemd, zijn vaak uitgevoerd met een enkele
genetische merker, maar slechts in enkele gevallen werden er duidelijke gastheermijt associaties aangetroffen. Kruisingsexperimenten bedoeld om de mate van
genetische divergentie en daarmee reproductieve incompatibiliteit tussen
mijtenpopulaties vast te stellen, toonden aan dat incompatibiliteit regelmatig
voorkomt, maar deze is zelden geassocieerd met waardplantgebruik. Onderzoek
naar de evolutionaire ecologie van de bonenspintmijt vereist begrip van de
genetische variatiepatronen die gerelateerd zijn aan het waardplantgebruik binnen
en tussen mijtenpopulaties in de natuurlijke omgeving. Onderzoek waarin de
ecologie van mijtenpopulaties geïntegreerd wordt met moleculaire informatie die
verder gaat dan een paar genetische merkers, gecombineerd met gecontroleerde
kruisingen tussen waardplant-geassocieerde populaties ontbreekt evenwel geheel.
In hoofdstuk 2 was het doel te onderzoeken of er genetische variatiepatronen in
natuurlijke populaties van de bonenspintmijt bestaan die geassocieerd zijn met
voedselplantgebruik.
Uitgebreide bemonstering van veldpopulaties en
genotypering van spintmijten van algemene plantensoorten in beboste gedeelten
van de Nederlandse duinen onthulde het bestaan van consistente associaties tussen
mijtgenotypen en hun waardplanten. Een nieuw-ontdekt gastheerras van de
bonenspintmijt, monofaag op wilde kamperfoelie (Lonicera periclymenum), bleek
voor te komen samen met soortgenoten geassocieerd met meerdere waardplanten.
Een “whole genome sequencing” analyse, waarbij het gehele DNA-profiel van een
individu wordt bekeken, van uit het veld afgeleide iso-female lijnen van drie in dit
ecosysteem algemeen voorkomende mijtgenotypen liet zien dat het
kamperfoelieras uit een cluster van genotypen bestaat dat duidelijk gescheiden is
van de genomen van sympatrische soortgenoten. Uit een integratie van deze
genomische informatie met genomische gegevens betreffende mijtenpopulaties
van overal over de wereld liet zien dat het beperkt zijn tot kamperfoelie
geassocieerd is met een relatief geringe differentiatie van de genenpoel van de
soort. Het kamperfoelie gastheerras vertoont echter duidelijke sporen van inteelt.
Kruisingsproeven tussen uit het veld afgeleide lijnen lieten zien dat genetische
incompatibiliteiten leiden tot een sterke, maar incomplete post-zygotische
reproductieve isolatie tussen het kamperfoelieras en sympatrische soortgenoten.
Selectie tegen genotypen anders dan het kamperfoelieras is een factor die
belangrijk is in het verhinderen van de homogenisering van de genenpoel van de
bonenspintmijt. Samengevat geven deze gegevens aan dat genetische
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incompatibiliteiten en waardplantselectie bijdragen aan de coëxistentie van op
kamperfoelie gespecialiseerde spintmijtpopulaties en populaties van
generalistische soortgenoten op geringe afstanden van elkaar.
In Hoofdstuk 3 heb ik experimenten uitgevoerd om de interactie tussen
kamperfoelie en gespecialiseerde en generalistische populaties van de
bonenspintmijt verder uit te pluizen. Het doel van deze studie was het
karakteriseren van kenmerken die bijdragen aan de isolatie van naast elkaar
bestaande specialistische en generalistische populaties, als beschreven in
Hoofdstuk 2. Als kamperfoelieplanten aangetast worden door generalistische isofemale lijnen van de spintmijt produceren zij kleverige druppeltjes op hun
bladoppervlak, terwijl specialistische mijtenlijnen dergelijke druppeltjes niet
induceren, maar juist deze plantenrespons onderdrukken. Onderdrukking van de
productie van kleverige druppeltjes is een belangrijk adaptief kenmerk, want de
aanwezigheid van deze druppeltjes op de bladeren van kamperfoelie verhoogt
significant de mortaliteit van de mijten. De aanwezigheid van suikers en aminozuren
in deze kleverige druppeltjes suggereert dat deze plantenrespons ook een rol speelt
in het rekruteren van omnivore natuurlijke vijanden van de spintmijten.
Onderdrukking wordt dominant overgeërfd in hybriden tussen specialistische en
generalistische lijnen; dit suggereert dat selectie tegen hybriden op kamperfoelie
zwak is. Kamperfoelie bevat iridoïde glycosiden en bittere stoffen die insecten
afstoten. Tegen de verwachting in blijken specialistische mijten geen voorkeur voor
kamperfoelie te hebben, de generalisten daarentegen vermijden deze plant.
Samengevat suggereren deze gegevens dat een winst-mutatie geassocieerd met
onderdrukking van de plantenverdediging en een verlies-mutatie geassocieerd met
gastheervoorkeur bijdragen aan de specialisatie op kamperfoelie. Het samenspel
van deze kenmerken is een belangrijke bepalende factor in de coëxistentie van
specialisten en generalisten in de natuur, omdat het de waarschijnlijkheid van
paringen en dus reproductieve isolatie van populaties op verschillende
waardplanten kan vergroten (of verkleinen).
Nog al wat herbivore mijten kunnen de verdedigingsmechanismen van hun
waardplanten manipuleren of ontwijken. In Hoofdstuk 4 heb ik samen met collega’s
een
literatuuronderzoek
uitgevoerd
naar
de
onderdrukking
van
verdedigingsmechanismen van hun waardplanten, waarin we de mechanistische,
ecologische en evolutionaire achtergrond van dit adaptieve kenmerk
bediscussiëren. De mechanistische achtergrond van de interacties tussen mijten en
hun waardplanten is vooral op planten uit de nachtschadefamilie, zoals de tomaat
233

Samenvatting

(Solanum lycopersicum), onderzocht. Aantasting door mijten stimuleert de
ophoping van fytohormonen die geassocieerd zijn met de verdedigingsroutes in
tomaat, zoals jasmonzuur en salicylzuur, en deze ophoping induceert de directe en
indirecte plantenverdediging, bedoeld om de mijten af te schrikken. Generalistische
soorten als de bonenspintmijt vertonen intraspecifieke variatie in kenmerken die
samenhangen met de interactie met hun waardplanten: populaties kunnen bestaan
uit individuen die de verdediging induceren en individuen die de verdediging juist
onderdrukken. Specialisten op tomaat, zoals Tetranychus evansi, onderdrukken de
verdediging van hun waardplant door verdedigingsroutes te verstoren die
stroomafwaarts van de fytohormoon-ophoping liggen. Mijten die de
plantenverdediging onderdrukken doen dit waarschijnlijk door speekseleiwitten af
te geven aan hun waardplanten. Eiwitten van de mijt die door het
herkenningssysteem van de plant worden opgepikt stimuleren de verdediging:
effectoreiwitten in het speeksel van de mijten verstoren de verdedigingsroute,
zodat die onderdrukt wordt. Mijten die de plantenverdediging onderdrukken
hebben een ecologisch probleem: concurrenten profiteren ook van planten met een
verminderde verdediging. Kenmerken die de verdediging-onderdrukkende mijten
kunnen beschermen tegen de druk van de concurrentie zijn o.a. de verhoogde
productie van dicht spinsel en de zeer lokale onderdrukking van de
plantenverdediging. We veronderstellen dat onderdrukking van geconserveerde
verdedigingsroutes een gangbaar mechanisme is dat door generalisten aangewend
wordt om meerdere, niet-verwante waardplanten te exploiteren.
De genetische basis van de mechanismen die ten grondslag liggen aan
gastheerexploitatie kan opgehelderd worden door de genen die geassocieerd zijn
met gastheergebruik in kaart te brengen. Hoge-resolutie genetische
karteringstechnieken werden ontwikkeld voor de bonenspintmijt, waarmee
verscheidene kenmerken gerelateerd aan acaricideresistentie en pigmentsynthese
geïdentificeerd zijn. In hoofdstuk 5 zijn genen voor kenmerken die gerelateerd zijn
aan aanpassing aan aardappel (Solanum tuberosum) en aan resistentie tegen twee
verschillende acariciden in kaart gebracht met behulp van “bulked segregant
analysis” (BSA). Deze methode is gebaseerd op een kruising tussen een
geadapteerde en een niet-geadapteerde lijn - in geval van gastheeradaptatie - en
van een resistente en gevoelige lijn - in geval van acaricideresistentie -, waarna
individuen uit de hybride populatie onderworpen worden aan een selectiedruk
waarna hun genomen gesequenced worden. Een “quantitative trait locus” (QTL)
geassocieerd met adaptatie aan aardappel bevatte genen die betrokken zijn bij de
afbraak van reactieve zuurstofverbindingen, van welke verbindingen bekend is dat
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zij aantasting van aardappel door andere arthropoden tegen gaat. Twee QTL waren
geassocieerd met resistentie tegen fenbutatine-oxide, een organotin
ademhalingsinhibitor waarvan bekend is dat het interfereert met het ionkanaal van
ATPsynthase. Het ATPsynthase-gen werd gelokaliseerd binnen een van deze QTL;
de tweede QTL bevatte een gen dat codeert voor de structurele subunit van het
mitochondriale ademhalingscomplex I. Verder werden er vier QTL gevonden die
geassocieerd waren met resistentie tegen abamectine, een macrocyclische lacton
dat in geleedpotigen werkt als een neurale stoorzender. Twee van deze QTL
bevatten een soortspecifieke copie van het glutamaat-gated chloridekanaal, het
doeleiwit van abamectine. De twee resterende QTL bevatten genen die coderen
voor een DNA helicase, het doeleiwit van op abamectine gelijkende verbindingen in
virussen, en een groot aantal chemosensorische receptoreiwitten. De verschillende
QTL die zorgen voor adaptatie aan de waardplant en voor acaricideresistentie liggen
in verschillende delen van het genoom van de bonenspintmijt. De BSA benadering
onthulde de kwantitatieve en kwalitatieve verschillen tussen de selectiedruk van
een waardplant en de selectiedruk van acariciden.
Met behulp van de BSA benadering werd in Hoofdstuk 6 de erfelijke basis van
resistentie tegen drie inhibitoren van complex I van de mitochondriale
elektronentransportketen (METI-I verbindingen) bestudeerd. Deze verbindingen
werden de afgelopen twee decennia voornamelijk gebruikt als acariciden in
landbouwgewassen, en diverse gevallen van resistentie in spintmijtpopulaties zijn
inmiddels gerapporteerd. Verscheidene moleculaire resistentiemechanismen tegen
METI-I verbindingen zijn geïdentificeerd, o.a. metabolische resistentie ten gevolge
van de toegenomen activiteit van cytochroom P450 mono-oxigenasen en een
specifieke mutatie in het doeleiwit NADH:ubiquinon reductase. Een relatief
onbevooroordeelde identificatie van de kenmerken die geselecteerd werden na
blootstelling aan de METI-I verbindingen kan worden verkregen door de met METII resistentie geassocieerde genen te karteren middels een BSA benadering.
Experimentele mijtenpopulaties werden blootgesteld aan toenemend hogere
concentraties van de acariciden fenpyroximate, tebufenpyrad en pyridaben als
selectiedruk. De selectieresponsen onthulden gemeenschappelijke QTL voor de drie
acariciden maar ook acaricide-specifieke QTL. De QTL die aldus gevonden werden
bevatten de eerder vermelde doelmutatie in NADH:ubiquinon reductase. Daarnaast
werd een tweede QTL, geassocieerd met resistentie tegen tebufenpyrad en
pyridaben, gevonden waarin zich een cytochroom P450 reductasegen bevindt. Er
werd nog een derde QTL gevonden, geassocieerd met tebufenpyrad resistentie, die
de nucleaire hormoonreceptor 96 (NHR96) bevat. Deze receptor behoort tot een
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uitgebreide familie van NHR96 eiwitten die in de bonenspintmijt een nucleair-DNA
bindingsdomein missen. Dit onderzoek laat in de bonenspintmijt de
overeenkomsten en verschillen in selectieresponsen van structureel vergelijkbare
verbindingen zien.
In hoofdstuk 7 worden de bevindingen in deze dissertatie samengevat en
bediscussieerd. Er wordt een nieuw system beschreven om de ecologische en
moleculaire factoren die betrokken zijn bij ecologische specialisatie en
soortvorming in plantenetende arthropoden te bestuderen. Ik schep duidelijkheid
in een aantal mechanismen die bijdragen aan de coëxistentie van specialistische en
generalistische populaties van een plantenetende mijt, die wijdverspreid is in
natuurlijke en landbouwkundige ecosystemen. Mogelijke mechanismen die
betrokken zijn bij deze coëxistentie zijn de onderdrukking van de fysieke
verdediging, d.w.z. de kleverige druppeltjes die een plant produceert na aantasting,
en het door generalisten vermijden van waardplanten die reeds door de specialist
zijn aangetast. Met behulp van een eerder beschreven karteringstechniek worden
in deze dissertatie verschillen onthuld die bestaan in de reactie van een
generalistische herbivoor op enerzijds waardplantselectie en anderzijds acaricide
resistentie. Parallel hieraan wordt er nieuwe evidentie verschaft aangaande de
selectieresponsen op nauw-verwante plantensoorten van deze generalist. Ten
slotte worden in dit hoofdstuk een paar toekomstige onderzoeksrichtingen
beschreven zoals daar zijn: de rol die de ecologische levensgemeenschap speelt in
de evolutie van voedselplantspecialisatie en de moleculaire mechanismen die
leiden tot genetische incompatibiliteiten tussen populaties onder een regiem van
divergente selectie.
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