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Chapter 7
G e n e r a l d is c u s s io n

Ernesto Villacis – Perez

Chapter 7

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
207
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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
209
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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
211
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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
213
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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
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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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