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General introduction

Chapter 1

Arthropod pests threaten food security
Food security is the most basic human need and right (Kent 2003). It is defined by the
Food and Agriculture Organization of the United Nations (FAO) as “a situation that
exists when all people, at all times, have physical, social and economic access to
sufficient, safe and nutritious food that meets their dietary needs and food preferences
for an active and healthy life” (Clay 2002). Reduction of food production due to
limitations in natural resources and crop losses by pests, diseases, and weeds on one
hand, and the constantly increasing global human population [80 million per year
(Crossette 2010)] on the other hand, are the major challenges for food security
(Thacker 2002). According to the FAO, arthropods are the main crop pests and cause
20-40 % loss of global food production.
The phylum Arthropoda is the largest and most varied group in the animal kingdom
with 1,302,809 described species, including 45,769 fossil species (Zhang 2013;
Chakravarthy et al. 2016). These invertebrates are characterized by an exoskeleton
(external skeleton) containing chitin, a segmented body, and paired jointed
appendages (Valentine 2004; Cutler 1980). In arthropods, the classes Insecta with
1,070,781 species and Arachnida with 114,275 species are the most diverse groups,
that are believed to owe their success, in part, to herbivory (Zhang 2013; Wiens et al.
2015; Futuyma and Agrawal 2009). The largest subclasses in the Arachnida are the
Acari (mites and ticks) and Araneae (spiders). Many herbivorous species of
arthropods, mainly insects and mites, are considered as pre- and postharvest crop pests
and transmitters of a number of the world’s most important viral, bacterial, protozoan,
and fungal diseases (Thacker 2002). Plant pest and disease outbreaks have caused
massive food shortages and famines over the years and humanity has constantly been
dealing with them throughout history. For example, the total population of Ireland
was reduced to 20-25 % by death and emigration due to the outbreak of potato blight
(Phytophthora infestans) (Kinealy 1994; O'Neill 2009; Ross 2006). In addition, it is
estimated that the livelihood of 10 % of mankind is threatened by desert locusts
(Schistocerca gregaria), one of the most devastating migratory pests on any kind of
green vegetation in Africa, the Near East, and Southwest Asia (Joffe 1998).
Modern practices in agriculture, including reduction in agro-ecosystem species
diversity, monoculture, decreasing crop rotation, and intense application of pesticides,
tend to enhance the pest problem (FAO and UNICEF 2017; Mathukumalli et al. 2016;
Nelson 2009). Unfortunately, these factors pose even a greater threat than before since
global trade and climate changes are increasing (FAO 2008). Global trades have been
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facilitating pest movement from their native environments, and as a result invasive
arthropod pest species cost the global economy around $470 billion (Sharma et al.
2017). For example, the spider mite Tetranychus urticae is native to Eurasia.
However, it has acquired a cosmopolitan distribution as a devastating pest on a wide
range of crops (Mason and Huber 2002). Tetranychus evansi, native to South
American, is another spider mite that has recently emerged as a threat on solanaceous
crops in Africa and the Mediterranean basin (Boubou et al. 2011). Another infamous
example is the Colorado potato beetle, Leptinotarsa decemlineata, which is native to
Mexico, where its main host plants are two species of the Solanaceae, namely
Solanum elaeagnifolium and Solanum buffalobur (Solanum rostratum). Currently, the
Colorado beetle is a key pest on potato with a wide distribution across Europe and
Asia ( Alyokhin et al. 2013; Batkhuyag and Kh 2018). In China, the “potato as staple
food strategy”, launched in 2015, is strongly threatened by L. decemlineata, with a
current annual economic loss of $3.2 million (Batkhuyag and Kh 2018).
Recently, climate change has become a major challenge to agriculture and food
production. Theoretical models show that rises in temperature will reduce crop yield
and induce the proliferation of pest species at the same time (Mathukumalli et al.
2016; Nelson 2009). Global warming will alter the spatial and temporal distribution
of arthropod species, which can lead to changes in their phenology (Sharma 2014).
For instance, in a large-scale modeling study, a considerable increase in the
distribution areas of coleopteran and lepidopteran pest species is predicted for
Swedish forests which may result in unprecedented outbreaks (Hof and Svahlin 2016).
In a more recent study, reproduction, development, and global spread of T. evansi is
estimated to be favored by global warming (Ghazy et al. 2019).

Development of pest control
The pest problem might be, at least, as old as agriculture. Before the development of
modern agriculture, humans gradually developed different control methods such as
crop rotation, field sanitation, deep ploughing, and application of plant-derived
pesticides such as neem, tobacco, and rotenone through trial and error experience
(Metcalf and Luckmann 1994; Arora et al. 2017). At the end of the 19th century and
the beginning of the 20th century, a number of synthetic inorganic pesticides
containing arsenic, mercury, tin, and copper were developed. Discovery of the
insecticidal properties of dichlorodiphenyltrichloroethane (DDT) by Paul Müller in
1939 and its enormous success as a pesticide started the pesticide era in pest control.
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This synthetic organic insecticide was initially used with great effect to combat
malaria, typhus, and other insect-vectored human diseases among both military and
civilian populations. DDT spraying was also very effective for insect control in crop
and livestock production, institutions, homes, and gardens. It did not take long before
hundreds of new and effective synthetic pesticides, including acaricides, fungicides,
herbicides, insecticides, nematicides, and rodenticides, entered the markets. In 1975,
the number of registered insecticides dramatically increased from less than 30 to more
than 200 insecticides and the annual U.S. production raised from about 150 million
pounds to more than 660 million pounds (Metcalf and Luckmann 1994).
Due to their efficacy, convenience, flexibility and low-costs, pesticides were widely
used all over the world and played a major role in increasing crop production, a
practice that led to the “Green Revolution”. However, mankind gradually realized that
there are important risks associated with pesticides, including harmful effects on nontarget organisms such as humans, natural enemies of pests, and pollinators (Dreistadt
2016; Pilling and Jepson 1993; Yang et al. 2008), bioaccumulation and
biomagnification (Johnson et al. 1971; Boobis et al. 2008). Bioaccumulation is the
accumulation of pesticides in the body tissues of an individual tolerant organism and
biomagnification is the accumulation of pesticides in the bodies of successively
higher-level organisms in a food chain. However, the most serious consequence of
pesticide application was the development of resistance in the pest species (Aktar et
al. 2009; May and Dobson 1986). Resistance not only makes control of pests more
difficult and complicated, but it also enhances the harmful effects of chemical control
compounds on human health and environment through an increase in pesticide dosage
and diversity. In many cases, the detrimental effects of indiscriminate use of pesticides
were even greater than their beneficial ones (Arora et al. 2017). Therefore, pest control
strategies should aim at minimizing the adverse effects of chemical pesticides while
maintaining or increasing their efficiency. This led to the evolution of “Integrated Pest
Management” (IPM), an ecosystem-based, long-term pest control strategy that aims
to employ a combination of techniques such as the introduction of natural enemies,
cultural manipulation through intercropping, the use of resistant plant varieties, and
the application of pesticides as a last resort.
The term IPM was first used by Smith and van den Bosch in 1967 (Kilgore and Doutt
1967; Pimentel and Peshin 2014). The FAO defines IPM as “the careful consideration
of all available pest control techniques and subsequent integration of appropriate
measures that discourage the development of pest populations and keep pesticides
and other interventions to levels that are economically justified and reduce or
minimize risks to human health and the environment. IPM emphasizes the growth of
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a healthy crop with the least possible disruption to agro-ecosystems and encourages
natural pest control mechanisms” (FAO 2012). IPM, to some extent, stopped the
exponential problems associated with the indiscriminate use of chemical pesticides
(Hokkanen 2015; Stern et al. 1959). IPM promotes four paradigms (Pimentel and
Peshin 2014): the first, dominant paradigm includes training/educating farmers to use
pesticides carefully and target specific pesticides to minimize the development of
resistance, conserve beneficial arthropods, and reduce health and pollution risks
(Clarke et al. 2009; Cooper and Dobson 2007; Popp et al. 2013). The second paradigm
promotes incorporating ecologically rational pest management tactics so that
pesticides only remain as a last option (FAO et al. 2011). In the third paradigm, a
pesticide-free pest management is encouraged (Ramanjaneyulu et al. 2004). Using
transgenic crops to reduce pesticide use is the fourth paradigm (Perlak et al. 2001;
Huang et al. 2002; Bennett et al. 2004). Although nowadays IPM is the worldwideaccepted strategy for pest management and large-scale government IPM programs are
operational in more than 60 countries (FAO et al. 2011), in practice it is often
converted into “integrated pesticide management” (Arora et al. 2017).

Pesticide resistance and resistance management
Arthropods are an evolutionarily very successful animal group. The remarkable
adaptive ability of arthropods enables them to colonize highly diverse niches and
survive extreme environmental conditions. Arthropod pests have also been very
successful in evolving resistance to pesticides, which is perhaps the most serious
consequence of widespread and indiscriminate use of pesticides (Feyereisen 1995).
The Insecticide Resistance Action Committee (IRAC) defines insecticide resistance
as “a heritable change in the sensitivity of a pest population that is reflected in the
repeated failure of a product to achieve the expected level of control when used
according to the label recommendation for that pest species” (Nauen et al. 2012;
Sparks and Nauen 2015).
The first sign of pesticide resistance was recorded in the housefly, Musca domestica,
which showed resistance to DDT within 2 years after its widespread use (Brown and
Pal 1971). Parallel to the housefly, resistance was also observed in the citrus red mite,
Panonychus citri, in California citrus orchards, the European red mite, Panonychus
ulmi, in apple orchards, and the cotton bollworm, Helicoverpa zea, and the tobacco
budworm, Helicoverpa virescens, in the cotton fields of Peru, Egypt, central America,
and Texas (Metcalf and Luckmann 1994; Metcalf 1980; Arora et al. 2017). The
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number of cases of resistance in populations of plant-feeding insects and mites has
been constantly rising. The number rose from seven DDT-resistant arthropod species
in 1938 to over 447 species that are resistant to the various principle classes of
pesticides, i.e., DDT, cyclodiens, organophosphorates, carbamates, and pyrethroids in
1984 (National Research Council 1986). The overall number of resistant species to
conventional pesticides has reached 570 in 2010 and 586 in 2014 (Whalon 2010-2017;
Sparks and Nauen 2015). Current statistics show that T. urticae and the diamondback
moth, Plutella xylostella, have over 400 cases of resistance each to more than 90
different compounds, which makes them the most resistant arthropods to date (Van
Leeuwen and Dermauw 2016; Sparks and Nauen 2015).
To prevent the development of pesticide resistance, crop specialists recommend
resistance management (RM) programs as part of a larger IPM approach covering
three basic components: (1) field monitoring for changes in pest population density,
(2) focusing on economic injury levels (EIL), and (3) integrating multiple control
strategies. EIL is the lowest population density that will cause yield losses equal to
the costs of pest management. Pesticides should thus be used only if the pest
population is high enough to cause economic losses that exceed the costs of control
by pesticides. In an IPM program, different control strategies, as many as possible,
should be incorporated. To reduce the chance of the development of resistance, the
intensity of pesticide applications should be minimized. To this end, pesticide
application must be timed correctly, so that it targets the most vulnerable life stage of
the arthropod pest. Moreover, the spray rates and intervals should follow the
recommendations of the manufacturer and local agricultural regulations.
It has been shown that similar resistance mechanisms evolve against pesticides with
similar mode of action (MoA) (Hawkins et al. 2019), leading to cross-resistance:
species that evolve resistance to a pesticide show resistance to other compounds of
the same class as well, even though the populations have never been exposed to these
compounds. To avoid cross-resistance, it is essential to alternate, rotate, or sequence
the pesticides based on their MoA. Preservation of susceptible alleles/genes is another
RM strategy. Susceptible genotypes can be maintained in pest populations by
providing a refuge or haven such as unsprayed areas within treated fields, adjacent
refuge fields, or attractive habitats within a treated field (Caprio et al. 2004; Thomas
et al. 1991; Carriere et al. 2012). Susceptible and resistant genotypes may then
interbreed to dilute the impact of any resistance that have developed in the population
(Carriere et al. 2012).
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Mechanisms of resistance
Mechanisms of pesticide resistance can be classified in two categories, toxicodynamic
and toxicokinetic changes (Feyereisen et al. 2015; Van Leeuwen and Dermauw
2016). In toxicodynamic changes, the sensitivity or availability of the target-site is
reduced due to, e.g., point mutation(s) (both synonymous and non-synonymous), gene
knockout, and/or gene amplification. Toxicokinetic changes lead to a reduction in the
amount of pesticide that reaches the target-site through changes in, e.g., exposure,
penetration, transportation, metabolism, or excretion.
Pest species may exhibit different combinations of toxicodynamic and toxicokinetic
mechanisms at the same time (Snoeck et al. 2019; Wybouw et al. 2019). The achieved
levels of resistance may equal the sum of the resistance conferred by each of the
mechanisms alone. Mechanisms may also combine multiplicatively and exhibit
resistance levels higher than the sum of the constituent mechanisms (Bohannan et al.
1999; Zhang et al. 2016; Zimmer et al. 2018). Antagonistic interactions between
resistance mechanisms might also occur (Brindley and Selim 1984). In the following,
I will further outline the main mechanisms governing resistance in arthropods, with a
focus on acaricide resistance.

Toxicodynamic resistance
Target-Site Resistance
Target-site resistance can evolve through mutations that alter the sequence of the
target protein or mechanisms that influence the expression of the target site of a
pesticide.

Target-site resistance to classic non-specific compounds
Non-specific compounds include organochlorines (OCs) (e.g., DDT and dicofol),
organophosphates (OPs), carbamates, pyrethroids, and the more recently developed
group of phenylpyrazoles. The target-site of OPs is acetylcholinesterase (AchE).
Pyrethroids, DDT, and dicofol target voltage-gated sodium channels (VGSC), and
GABA-gated chloride channels (also called resistance to dieldrin locus, Rdl) are the
target site for OCs and phenylpyrazoles (Van Leeuwen and Dermauw 2016). The first
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case of target-site insensitivity was demonstrated in T. urticae (Smissaert 1964),
where biochemical tests indicated that resistance to OPs was linked to AChE
insensitivity. Since then, a large number of target-site mutations has been linked to
pesticide resistance [for a review see (Van Leeuwen, and Dermauw 2016)].
Organophosphates interfere with the normal functioning of AChE which is an
essential enzyme for the hydrolysis of acetylcholine and other choline
neurotransmitters. OPs are acetylcholine analogs which bind to the AChE active site
and thus block the enzyme (Aldridge 1950). Mutations in AChE causing
organophosphate resistance have been particularly well studied, and these studies
reveal the complexity of the resistance mechanism. According to the ESTHER
database (Feyereisen et al. 2015; Lenfant et al. 2012), more than a dozen amino acid
substitutions at different positions in the AChE sequence are associated with OP
resistance. Several mutations in the AChE gene of the spider mite species T. urticae,
T. kanzawai, T. evansi, and P. ulmi correspond largely to the positions of the mutation
in insects (Bajda et al. 2015; Feyereisen et al. 2015). In most cases, a combination of
mutations has been reported and a number of these combinations was investigated by
functional expression in vitro. It was shown that the F331W and G328A mutations
individually confer moderate resistance to monocrotophos, whereas their combination
results in high levels of resistance (Kwon et al. 2012). A decreased catalytic activity
can be compensated by gene amplification and overexpression as was observed in
strains of T. urticae that carry multiple copies of the insensitive allele (Kwon et al.
2010; Lee et al. 2015).
Target-site resistance to OPs as well as to carbamates has also been observed in
predatory mites that are used as biological control agents in agriculture. The single
point mutation G119S in AChE has been reported to be associated with resistance in
the predatory mite Kampimodromus aberrans (Cassanelli et al. 2015). The same point
mutation was previously reported for T. urticae, which makes it an excellent example
of convergent evolution between predator and prey species which colonize the same
habitat (Cassanelli et al. 2015).
Mutations in the VGSC gene are also well documented to confer DDT and pyrethroid
target-site resistance. In the spider mites T. urticae, T. evansi, and P. citri, VGSC
mutations confer resistance to pyrethroids and dicofol. Resistance to these compounds
was first reported from M. domestica populations in 1957 in Italy and then in 1964 in
Japan (Milani and Travaglino 1957; Tsukamoto 1964; Williamson et al. 1993).
Resistance was reported to be conferred by kdr and super-kdr mutations in the highly
conserved regions of the VGSC protein, and their impact has been thoroughly
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reviewed (Dong 2007; Dong et al. 2014; Rinkevich et al. 2013). So far, insensitivity
to pyrethroids has been reported from at least nine orders of insects and also from
mites, with 51 species reported to carry one or multiple mutations in VGSC
(Feyereisen et al. 2015). In a recent survey, 61 different amino acid substitutions at
different locations within VGSC, which are present in different combinations, have
been reported (Feyereisen et al. 2015; Dong et al. 2014). Interestingly, a mutation was
found at the super-kdr M918 site (but not at kdr) only in T. evansi (Nyoni et al. 2011),
whereas most other reported mutations are at the kdr site, such as substitution F1538I
(T. urticae) in domain III L6 and substitution L1024V (T. urticae) in domain II L6
(Tsagkarakou et al. 2009). In spider mites, F1538I and L1024V mutations have been
reported at relatively high frequencies in many regions around the world (Ilias et al.
2014; Kwon, Deok Ho et al. 2014). Overall, kdr and super-kdr mutations are typically
not found in mite species. As suggested by molecular docking, pyrethroids are
particularly good acaricides due to specific interactions between acaricides and the
specific amino acids in the binding pocket of mite VGSC (O'Reilly et al. 2014).
Although it is unclear whether the interactions also account for the lack of evolution
of kdr and super-kdr mutations in most mite species, it has been suggested that the
different intrinsic properties of sodium channels might be exploited to develop more
selective pyrethroid acaricides (O'Reilly et al. 2014).
Compared with AChE and VGSC, many fewer resistance mutations have been
described for GABA, the target site of cyclodienes and phenylpyrazoles (ffrenchConstant 2013; ffrench–Constant et al. 1998). The most frequent and best-studied
mutation in this group is A301S, which has been identified in 27 species from six
insect orders (Feyereisen et al. 2015). The substitution not only changes insecticide
binding, but also destabilizes the insecticide-preferred conformation of the receptor
(Zhang et al. 1994). Insects have a single Rdl ortholog, whereas three homologs have
been reported from T. urticae and multiple Rdl homologs are found in the ant
Myrmecia occidentalis (four copies) and in the mites Aculops lycopersici (four copies)
and Dermatophagoides farinae (three copies). Alternative splicing of Rdl has been
reported from insects but not from T. urticae, suggesting that the number of orthologs
alone does not explain total functional variability (Van Leeuwen and Dermauw 2016;
Dermauw et al. 2012). The proliferation of orthologs might have consequences for
resistance development as it might need a mutation in all receptor orthologs. This
indeed seems the case in T. urticae where none of the three orthologs has an alanine
at position 301 but instead they have either a histidine or a serine (Dermauw et al.
2012).
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Target-site resistance to specific compounds
This section focuses on the target-site insensitivity to compounds that exclusively
affect mite species, including complex III inhibitors (acequinocyl and bifenazate) and
mite growth inhibitors (etoxazole, clofentezine, and hexythiazox) (Van Leeuwen et
al. 2015). Target-sites of these compounds have been identified in studies on
resistance mutations, comparative genomics, and high-resolution genomic mapping.
For example, bifenazate was first considered as a neurotoxic acaricide against spider
mites. Since bifenazate resistance in some strains of T. urticae (as well as P. citri) is
maternally inherited, the whole mitochondrial genome (mtDNA) from a susceptible
and a resistant T. urticae strain was sequenced. Mitochondrial DNA comparisons
revealed only a few polymorphisms, all located at the cd1 and ef helices that form the
Q0 binding pocket of cytochrome b (cytb). Several lines of evidence further supported
cytb to be the target-site of bifenazate (Van Leeuwen et al. 2008; Van Nieuwenhuyse
et al. 2012). Resistance to bifenazate serves as a new paradigm for resistance as it is
the only mitochondrially encoded resistance documented in arthropods (Van Leeuwen
and Dermauw 2016). Mitochondrial genes do not experience recombination during
meiosis and their inheritance is completely maternal. About 100-1,000 mtDNA copies
are usually carried by a cell, including oocytes, and intuitively, a mitochondrially
encoded acaricide target-site could be considered as resistance proof, as it does not
seem likely that a single mutation in a single copy of mtDNA would convey a strong
resistant phenotype. Field resistance to bifenazate developed rapidly in spider mites.
Quantification of the mutation/haplotype frequency in the progeny of heteroplasmic
mites (i.e., mites in which more than one mtDNA haplotype is present) indicated that
genetic bottlenecking during transmission of mitochondria to oocytes can lead to a
rapid fixation of de novo mitochondrial mutations, explaining the field resistance (Van
Leeuwen et al. 2008). This case is a rare example of genetic adaptation in which
genetic bottlenecking and drift are the major factors.
Genome sequencing has also helped to identify the molecular target-sites of the mite
growth inhibitors etoxazole, hexythiazox, and clofentezine. Van Leeuwen et al.
(2012) mapped monogenic and recessive etoxazole resistance to a small region in the
genome of T. urticae. High-throughput genome sequencing data and population-level
bulked segregant analysis mapping ultimately led to the identification of I1017F in
chitin synthase 1 (CHS1) as the resistance mutation which also defined the target-site
(Van Leeuwen et al. 2012). Resistance loci in clofentezine- and hexythiazox-resistant
strains have also been mapped by a similar, but improved approach (Demaeght et al.
2014). In that study, a single resistant male was used in the crosses, which increased
the mapping resolution remarkably, and led to the identification of the same mutation
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in three independent mapping experiments. I1017F, therefore, confers crossresistance to all three compounds. In the inspection of different haplotypes of CHS1,
evidence was found for multiple events of mutation and selection of I1017F (Van
Leeuwen et al. 2012). Based on the similarity of toxicity symptoms and on earlier
work conducted with etoxazole and lufenuron on Spodoptera frugiperda, Van
Leeuwen et al. (2012) suggested CHS1 to be the target site of the well-known class of
benzoylphenyl ureas.

Toxicokinetic resistance
The amount of pesticide that reaches the target-site can be reduced through
metabolism of the compound or through non-metabolic mechanisms such as reduced
penetration, lower exposure, or increased excretion. Physico-chemical alterations to
the structure of the insect cuticle can result in lower penetration of the chemicals.
Although such alterations confer only low levels of resistance, they protect insects
from a wide range of xenobiotics (Panini et al. 2016). Reduced penetration is usually
found in combination with other resistance mechanisms, enhancing their effects by,
for example, providing more time for enzymatic detoxification of the pesticide
(Oppenoorth and Welling 1976; Strycharz et al. 2013). For example, resistance to
pyrethroids is associated with cuticle structure and composition in mosquitos (Fang et
al. 2015; Wood et al. 2010). Insecticide uptake through legs is limited in resistant
mosquitoes by enhanced deposition of cuticular proteins and chitin, leading to thicker
legs (Balabanidou et al. 2019). Moreover, it has recently been suggested that the
expression of a sensory appendage protein (SAP2) in legs confers pyrethroid
resistance to Anopheles gambiae through high-affinity binding of SAP2 to pyrethroid
insecticides. (Ingham et al. 2020). In the green peach aphid, Myzus persicae, several
genes that code for cuticular proteins are differentially expressed in neonicotinoidresistant populations, suggesting that this mechanism might contribute to the
resistance (Puinean et al. 2010).
Behavioral changes can also provide toxicokinetic resistance. Resistant pests can
evolve ways to detect pesticides and stop feeding and/or leaving the treated area by
walking or flying away (Sparks et al. 1989; Gatton et al. 2013; Yu et al. 2008). The
example per excellence is the house fly, M. domestica, avoiding malathion baits
(Schmidt and Labreoque 1959); however, behavioral mechanisms are overall poorly
documented.

17

Chapter 1

An extensive body of literature exists on the metabolic and transport systems that are
linked to toxicokinetic resistance (Feyereisen et al. 2015; Despres et al. 2007; Heckel
2018; Heidel-Fischer and Vogel 2015; Li et al. 2007). Metabolic detoxification by
enzymes can be divided into three phases depending on how the enzymes interact with
the pesticide. In phase I, the xenobiotic is metabolized and converted to a more polar
metabolite through introducing or unmasking a functional group (-OH, -NH2, -SH).
Enzymes of phase II conjugate the toxin with endogenous metabolites such as
glucuronic acid, sulfate, acetate, or an amino acid to further increase polarity and
water solubility. In phase III, enzymes translocate the metabolites across the cell
membranes and excrete them (Kennedy 2008; Van Leeuwen et al. 2015; Brattsten
1988).
Detoxification genes typically occur in the families of cytochrome P450
monooxygenases (P450s), carboxyl/cholinesterases (CCEs), glutathione-Stransferases (GSTs), and ATP-binding cassette (ABC) transporters. Genomic
resources in arthropod pests allow to identify and characterize metabolic
detoxification genes through analysis of their expression patterns (Dermauw et al.
2013b; Grbić et al. 2011; Wybouw et al. 2015). In T. urticae, lineage-specific
expansions have been observed in almost all detoxification gene families. P450s are
phase I enzymes and play an essential role in the catabolism and anabolism of
xenobiotics as well as endogenous compounds. It has been argued that P450
monooxygenase-mediated pesticide resistance is probably the most common
metabolism-based resistance type in arthropod pests (Scott 1999). In arthropods,
P450s are typically distributed over four major clans including CYP2, CYP3, CYP4,
and mitochondrial CYP (Feyereisen 2012). Although P450s can act as isomerases,
reductases, or oxidases, they are best known for their monooxygenase activity, where
they catalyze the transfer of one atom of molecular oxygen to a substrate and reduce
the other atom to water (Feyereisen 1999).
In the genome of T. urticae, 81 CYP genes have been identified, a number that is
similar to the one in insects, but with a remarkable lineage-specific expansion of
duplicated intronless genes of the CYP2 clan (Grbić et al. 2011). Several studies have
shown a strong connection between members of the CYP392 family within the CYP2
clan and pesticide resistance. For example, CYP392E10, CYP392A16, CYP392A12,
and CYP392A11 are overexpressed in acaricide-resistant strains and the encoded
enzymes respectively metabolize spirodiclofen (acetyl CoA carboxylase inhibitors),
abamectin (chloride channels activator), cyenopyrafen and cyflumetofen (METI-II),
and fenpyroximate (METI-I) (Demaeght et al. 2013; Riga et al. 2014; Riga et al. 2015;
Van Leeuwen and Dermauw 2016; Khalighi et al. 2016).
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NADPH cytochrome P450 reductase (CPR) is a membrane-bound enzyme that
functions as an electron donor protein for all microsomal P450s and several other
enzymes found in the endoplasmic reticulum of most eukaryotes cells (Murataliev et
al. 2004). In T. urticae, it has been demonstrated that the single CPR copy is
functional as a redox partner for P450s (Demaeght et al. 2013; Riga et al. 2014).
Carboxylcholine esterases (CCEs) are another important phase I enzyme group. These
enzymes are involved in metabolic resistance to a number of classes of pesticides,
including OPs, carbamates, and pyrethroids (Hemingway and Karunaratne 1998;
Wheelock et al. 2005; Oakeshott et al. 2010). The traditional classification of this
group of enzymes is based on the interaction with OPs and other inhibitors (Aldridge
1953; Aldridge and Reiner 1972). CCEs hydrolyze covalent ester bonds of toxins but
can also sequester xenobiotics into such tissues as the fat body and hemolymph
(Devonshire and Moores 1982). In T. urticae, the CCE gene family has 71 paralogs
with a single AChE gene and two new clades, J’ and J”, at the root of the tree of the
neurodevelopmental class, which harbor 34 and 22 CCEs, respectively (Grbić et al.
2011). There is a clear mismatch of CCE sequences of mites with the general
phylogeny-based classification of Oakeshott et al. (Oakeshott et al. 2010), and a
phylogenetic analysis including more CCE sequences of chelicerates would provide
significant insight into CCE evolution.
Some lines of evidence suggest that CCEs are involved in T. urticae resistance to
acaricides (Van Leeuwen et al. 2010; Van Leeuwen et al. 2009). Recently, it has been
suggested that selection with spirodiclofen results in the enrichment of a specific allele
of CCE04 (CCE04SR‐VP) (Wei et al. 2020). However, no direct evidence has yet been
obtained from functional expression assays showing metabolism or sequestration of a
xenobiotic by a particular esterase (Van Leeuwen and Dermauw 2016).
Glutathione-S-transferases (GSTs) belong to a multifunctional enzyme family and
play an important role in both phase I and phase II of the metabolism of xenobiotics.
Insect cytosolic GSTs can be categorized in 6 classes: delta (δ), epsilon (ε), omega
(ω), sigma (σ), theta (θ), and zeta (ζ). Delta and epsilon GSTs are well known for their
role in detoxification of OPs and organochlorines (Feyereisen et al. 2015; Enayati et
al. 2005). In the T. urticae genome, cytosolic GST genes are more numerous than in
insects, and include 31 genes that belong to four families, i.e., delta, mu, omega, and
zeta (Bajda et al. 2015; Bartley et al. 2015; Grbić et al. 2011). Biochemical assays
have identified GSTs as important factors in the metabolism of OP’s (AChE
inhibitors), bifenthrin (VGSC modulator), abamectin (chloride channels activators),
cyenopyrafen, and acetyl CoA carboxylase inhibitors (Khalighi et al. 2016;
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Ghadamyari and Sendi 2008; Stumpf and Nauen 2002; Yang et al. 2008). It has also
been reported that delta GST gene TuGSTd14 is upregulated in multi-resistant strains
of T. urticae (Dermauw et al. 2013b) with affinity towards abamectin, suggesting its
possible involvement in abamectin resistance (Pavlidi et al. 2015).
Transporter systems, including ATP-binding cassette (ABC) transporters and the
major facilitator superfamily (MSF) transporter also confer tolerance in phase III of
the metabolism of xenobiotics. ABC transporters are one of the largest transporter
families in the kingdoms of life. They typically play an important role in the transport
of a variety of substrates, including ions and small molecules such as sugars, amino
acids, xenobiotics, and vitamins as well as large molecules, including peptides,
proteins, and polysaccharides (San Francisco and San Francisco 2016). In a review,
(Buss and Callaghan 2008) reported ABC transporters to be associated with resistance
to 27 different insecticides/acaricides from nine chemical classes and several mode of
action groups such as carbamates, macrocyclic lactones, neonicotinoids,
organophosphates, pyrethroids, cyclodienes, benzoylureas, and phenylpyrazoles.
However, overall, the involvement of ABC transporters in xenobiotic resistance in
arthropods (Dermauw and Van Leeuwen 2014) is relatively little studied.
Among metazoan species, T. urticae carries one of the highest numbers of ABC genes
(n = 103) (Dermauw and Van Leeuwen 2014). In this mite, ABC genes are linked to
the metabolism of both pesticides and chemical defense compounds of plants (Grbić
et al. 2011; Dermauw et al. 2013a; Dermauw and Van Leeuwen 2014). MFS
transporters typically facilitate movement of small solutes across cell membranes in
response to chemiosmotic gradients (Pao et al. 1998; Walmsley et al. 1998). This
group of proteins is mainly described as transporters of toxic substances in bacteria
and fungi (Kretschmer et al. 2009). However, previous work suggests that MFS might
also be involved in the adaptation of T. urticae to host plants and pesticides (Dermauw
et al. 2013a).

Pleiotropic effects of resistance mutations
Pleiotropy is the phenomenon whereby one gene influences two or more unrelated
phenotypic traits. A pleiotropic effect can occur when the gene in question encodes a
protein that is used in a myriad of cells or when the protein has different targets with
different function that have the same signaling receptors (Paaby and Rockman 2013).
Fisher’s geometrical model of adaptation predicts that development of de
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novo mutations connected to pesticide resistance can be costly for organisms because
of pleiomorphic effects (Fisher 1999). One thus expects resistant individuals to be rare
in unsprayed habitats due to the fitness costs that are connected to the resistance
phenotype (Kliot and Ghanim 2012). When there is no pesticide pressure on a resistant
population, genotypes that carry resistance mutations associated with fitness costs are
expected to be less competitive compared with their susceptible conspecifics. For pest
management, quantification of the fitness costs linked to resistance is important to
design pesticide spraying schemes (Dennehy et al. 1990); fitness costs of resistance
in arthropods have been reviewed in Kliot and Ghanim (2012) and ffrench-Constant
(2017). As for T. urticae, potential fitness costs associated with target-site resistance
have recently been quantified by Van Leeuwen et. al. (2012) and Bajda et. al. (2018).

Molecular techniques to study resistance mechanisms
Developments in the interdisciplinary field of genomics have allowed for rapid and
accurate structural and functional analysis of complete genomes of organisms. It all
started with the discovery of the Sanger sequencing method (Sanger et al. 1977), and
it continued by more recently developed methods such as ‘Next-Generation
Sequencing’ (NGS) technologies. The use of high-throughput genome sequencing
technologies has led to the generation of a large amount of genomic resources for a
large array of species, including agricultural arthropod pests such as the spider mite T.
urticae (Grbić et al. 2011; Van Leeuwen and Dermauw 2016; Hales et al. 2015; Chan
et al. 2015; Wybouw et al. 2019). Tetranychus urticae is the first arthropod from the
chelicerate subphylum with its full genome sequenced (available at
http://bioinformatics.psb.ugent.be/webtools/bogas/overview/Tetur) (Grbić et al.
2011). The genome of T. urticae was first sequenced and assembled using sanger
technology, and the final chromosome-level assembly has been generated by high
replication of segregating populations in the BSA technique (Wybouw et al. 2019).
To understand the genotype-phenotype relationship of an organism, scientists have
explored and developed a number of molecular tools that take advantage of nextgeneration sequencing data. A transcriptome is the complete set of transcripts,
including mRNA and non-coding RNAs, in a cell or a population of cells and its
quantification can be used to gain insight into the functionality of certain genes (Lowe
et al. 2017; Jain 2011). There are two key transcriptomic techniques: (1) geneexpression (GE) microarrays and (2) RNA sequencing (RNA-Seq). GE microarray
technology was developed in the mid-90’s and allowed the quantification of
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transcripts of a set of thousands of predetermined coding sequences in a single assay
(Hughes et al. 2001). GE microarrays hold a collection of DNA probes
(generally oligonucleotides) that are usually deposited in defined positions to a solid
surface (such as a glass slide). Gene transcripts are labelled with different fluorescent
dyes and spotted on the array. Since the labelled RNA is hybridized with the probes,
each spot on the array shows a certain fluorescent intensity, which reflects the
expression level of a certain coding sequence.
RNA-seq is a next-generation sequencing (NGS) technique whereby all RNA or DNA
fragments are converted into a cDNA library; each cDNA in an RNA-Seq library
consists of a cDNA insert of certain size flanked by adapter sequences. Subsequently,
the cDNA library will be used for amplification and sequencing on a specific platform
using high-throughput sequencing technology (Wang et al. 2010). Thereafter, the
resulting sequence reads are aligned to a reference genome. In the absence of a
reference genome, a de novo transcriptome can be assembled using the short-read data
(Hrdlickova et al. 2017; Oppenheim et al. 2015).
Genetic mapping is a powerful molecular tool to further characterize the molecular
architecture that underlies complex phenotypes such as pesticide resistance. This
method identifies causal loci of a phenotype using genetic markers and the relative
distance between genetic markers on the chromosome. Physical mapping and genetic
linkage mapping are two types of genome mapping approaches in which distances are
measured in base pairs and recombination frequency, respectively (Tiwari et al. 2016).
These two approaches have provided the biggest contribution to research on the
genetic basis of pesticide resistance (Van Leeuwen et al. 2012; Wybouw et al. 2019;
Snoeck et al. 2019; Kurlovs et al. 2019). In genetic mapping, two strains with different
phenotypic traits of interest are mated, and segregants are investigated for coinheritance of the phenotypic trait and molecular markers to identify the genetic
regions responsible for the phenotypic trait (Saerens et al. 2010). Three types of
genetic markers have been developed for arthropods: (1) morphological markers, (2)
biochemical markers that are generally protein-based and dependent on the amino acid
sequence, and (3) genetic markers that are nucleotide-based. (Nadeem et al. 2018;
Jones et al. 1997; Landi et al. 2015).
Physical mapping gives an estimation of the distance between specific DNA
sequences on a chromosome. The distance between DNA sequences on a chromosome
is expressed as the number of base pairs between them. Several techniques are used
for physical mapping, including (1) fluorescent in situ hybridization (FISH), (2)
bacterial artificial chromosomes (BACs), (3) yeast artificial chromosomes (YACs),
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(4) mapping with sequence tagged site (STS), (5) expressed sequence tags (ESTs),
and (6) simple sequence length polymorphism (SSLPs). High resolution FISH
mapping is a technique that uses fluorescent probes to detect and localize the presence
or absence of specific DNA or RNA sequences of interest (Amann and Fuchs 2008;
Jensen 2014). BAC techniques are based on a functional fertility plasmid (F-plasmid).
In genome projects such as the Human Genome Project, BAC techniques were used
to sequence the genome of the organism (Shizuya et al. 1992; Shizuya and KourosMehr 2001). In YACs, genetically engineered chromosomes are derived from the
DNA of yeast, Saccharomyces cerevisiae. An STS is a short segment of genomic
DNA with known exact chromosomal locations that can be uniquely detected using a
PCR assay. This PCR-based approach considerably simplified methodology
compared to clone-based approaches and greatly increased mapping accuracy (Green
and Green 1991). ESTs are short STSs that are identified with cDNA libraries. ESTs
are specifically used for rapid and efficient description of tissue- and cell-specific gene
expression (Adams et al. 1993; Rudd 2003). SSLPs are obtained from known genetic
markers and provide a link between genetic maps and physical maps.
Genome-wide association (GWA) approaches, also known as whole genome
association (WGA) studies, are powerful statistical methods to explore the
associations between phenotypes and genetic variants. Bulk segregant analysis (BSA)
was first developed by plant geneticists (Giovannoni et al. 1991; Michelmore et al.
1991). In this method, two strains with a difference in phenotype are crossed. BSA
relies on recombination between two phenotypically different populations. Separate
bulk DNA samples are prepared from the pools of individuals in the offspring
population that exhibit phenotypic extremes for the trait (Kurlovs et al. 2019).
Recently, this approach has been used successfully for the identification of loci
underlying both monogenic and quantitative traits in arthropods including T. urticae
(Wybouw et al. 2019; Snoeck et al. 2018; Van Leeuwen et al. 2012; Bryon et al. 2017;
Shen et al. 2003; Schneeberger et al. 2009).

Tetranychus urticae
The two-spotted spider mite, T. urticae (Acari: Tetranychidae), is one of the most
important cosmopolitan phytophagous mites that causes significant yield losses in
high value agricultural crops (Van Leeuwen et al. 2013). Nearly 800 plant species
have been reported as hosts of the pest, ranging from vegetables, fruits, and maize to
cotton and a wide range of ornamentals (Migeon et al. 2010). Tetranychus urticae has
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piercing-sucking mouthparts that penetrate plant cells, preferably on the underside of
leaves, and ingests their contents. As a result, the mesophyll tissue collapses and a
small chlorotic spot forms at a feeding site. It is estimated that 18-22 cells are
destroyed per feeding minute by a single mite (Fasulo and Denmark 2000). Continued
feeding has a stippled bleached effect on the leaf and defoliation may occur if the mite
population is not controlled. The loss of photosynthetically active surface together
with reduced transpiration lead to reduced yield, and the plant may be stunted or in
severe cases killed. Ornamentals can be rendered unmarketable even by
comparatively moderate levels of infestation as they become unsightly due to
browning and withering of petals and the copiously produced webbing. Spider mites
spin a web for their protection which also make their control very difficult.
Temperature has a major influence on the generation time of T. urticae. Mites
complete their life cycle in 5-7 days at 27 °C which is considered as the optimal
temperature for growth and development of the species. Tetranychus urticae has
overlapping generations. During the 2-4 weeks of their life, adult females can lay
several hundred eggs. This high reproductive rate makes control of the pest difficult.
Tetranychus urticae reproduces through arrhenotoky, a reproductive mode whereby
unfertilized eggs develop into males (Fasulo and Denmark 2000). Predatory mites
such as Phytoseiulus persimilis and Amblyseius swirskii are commonly used in
biological control programs against spider mites (Gerson and Weintraub 2012). The
predatory mites prey mainly or exclusively on spider mites. In addition to predacious
arthropods, entomopathogenic fungi have also been applied for the control of
Tetranychus spp., especially when climatic conditions are favorable (Maniania et al.
2008; Bugeme et al. 2009). Natural products, including plant-extracts and essential
oils (Flamini 2003; Flamini 2006), have also been used to control the pest before the
development of synthetic insecticides after 1945. Environmentally friendly methods
such as biological control are now well established in some greenhouse crops (van
Lenteren et al. 2018; Hajek and Eilenberg 2018; Gerson and Weintraub 2012), but
they are only used on a limited scale for T. urticae [see the review by van Lenteren
(2012)] and the control is still mainly based on acaricide applications. A large number
of compounds with different chemical structure and modes of action have been
developed for T. urticae control (Van Leeuwen et al. 2010). Frequent acaricide
applications are needed to control this species, which have inevitably led to the
development of resistance. Evolution of resistance in T. urticae is considered to be
enhanced by its high fecundity, arrhenotokous mode of reproduction, and very short
life cycle, resulting in many generations per year, especially in warmer regions
(Cranham and Helle 1985; Van Leeuwen et al. 2010). As mentioned above, the species
is currently considered one of the most pesticide-resistant arthropods, based on the
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number of active ingredients to which resistance has been reported (Van Leeuwen et
al. 2010; Whalon et al. 2008).

Thesis outline
This thesis aims at the identification and characterization of the molecular
mechanisms underlying the evolution of resistance to recently developed acaricides
in T. urticae. In spider mites, mutations in the mitochondrial cytochrome b Q 0 pocket
have been reported to confer resistance to the Q0 inhibitors bifenazate and
acequinocyl. In Chapter 2, I describe the discovery of two novel mutations that confer
resistance to the Q0 inhibitor acaricides in T. urticae. A G132A mutation was
identified in its cytochrome b, equivalent to the G143A mutation in fungi, which has
been reported as the most frequent mutation associated with strobilurin resistance
(Zheng et al. 2000; Avila-Adame and Köller 2003; Walker et al. 2009; Kirk et al.
2012; Miles et al. 2012). The other mutation is a combination of G126S+A133T,
which was identified in a survey exploring the frequency of G132A in T. urticae field
strains. This combined mutation has been previously reported from the spider mite P.
citri (Van Leeuwen et al. 2011). I provide strong evidence for the causal role of these
mutations in resistance by characterizing the mode of inheritance and the strength of
the resistance phenotype through introgression of the mitochondrial haplotype in a
susceptible nuclear genomic background. In this chapter, I also used T. urticae
isogenic lines to assess potential fitness costs associated with G132A.
Pyflubumide is a novel selective carboxanilide acaricide that inhibits mitochondrial
complex II of mainly spider mites. In Chapter 3, I explore the baseline toxicity and
potential cross-resistance risk of pyflubumide in a reference panel of T. urticae strains
resistant to various acaricides with different modes of action. Pyflubumide toxicity
was also determined for adult males and eggs of resistant and susceptible mites. The
cyenopyrafen-resistant strain JPR was identified as the only strain with moderate
cross-resistance to pyflubumide. JPR was subsequently selected for higher levels of
pyflubumide resistance resulting in two highly resistant strains JPR-R1 and JPR-R2.
To gain insight into the molecular mechanisms underlying pyflubumide resistance, I
performed target-site mutation screening, synergism/antagonism experiments, and
transcriptomic analysis under various conditions between susceptible and resistant
strains. Target-site resistance was not involved in the high-level pyflubumide
resistance of JPR-R1 and JPR-R2. Synergism/antagonism assays clearly showed the
involvement of P450s, but transcriptomic comparisons were not conclusive and did
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not prove clear P450 candidates. In Chapter 4, I adopt a high-resolution BSA genetic
mapping approach to characterize the genetic architecture of pyflubumide resistance.
RNA sequencing, qPCR, and metabolism assays were also performed to confirm the
findings. Lastly, in Chapter 5, I discuss the findings of the experimental chapters in
the context of acaricide resistance risk and management in T. urticae with suggestions
for future research directions.
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Figure1: Two spotted spider mite, Tetranychus urticae. (A) eggs, (B) teliochrysalis
female, (C) adult male, and (D) adult female
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