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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.
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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

23

Chapter 1

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.

26

General introduction

A

B

C

D

Figure1: Two spotted spider mite, Tetranychus urticae. (A) eggs, (B) teliochrysalis
female, (C) adult male, and (D) adult female

27

Chapter 1

References
Adams, M. D., M. B. Soares, A. R. Kerlavage, C. Fields and J. C. Venter. 1993. Rapid
cDNA sequencing (expressed sequence tags) from a directionally cloned
human infant brain cDNA library. Nature genetics 4(4):373-380.
Aktar, W., D. Sengupta and A. Chowdhury. 2009. Impact of pesticides use in
agriculture: their benefits and hazards. Interdisciplinary toxicology 2(1):112.
Aldridge, W. N. 1950. Some properties of specific cholinesterase with particular
reference to the mechanism of inhibition by diethyl p-nitrophenyl
thiophosphate (E 605) and analogues. Biochemical journal 46(4):451-460.
Aldridge, W. N. 1953. Serum esterases. 1. Two types of esterase (A and B)
hydrolysing p-nitrophenyl acetate, propionate and butyrate, and a method for
their determination. Biochemical journal 53(1):110-117.
Aldridge, W. N. and E. Reiner. 1972. Enzyme inhibitors as substrates. Interaction of
esterases with esters of organophosphorus and carbamic acids (No. 26).
North-Holland Publishing Company, Amsterdam.
Alyokhin A., M. Udalov, G. Benkovskaya. 2013. The Colorado potato beetle. In
Insect Pests of Potato: Global Perspectives on Biology and Management.
Giordanengo P., P. Vincent and A. Alyokhin (Eds.). Academic Press. Oxford
pp.11–29.
Amann, R. and B. M. Fuchs. 2008. Single-cell identification in microbial communities
by improved fluorescence in situ hybridization techniques. Nature reviews
microbiology 6(5):339-348.
Arora, R., B. Singh and A. Dhawan. 2017. Integrated pest management: concept and
approaches. In Theory and practice of integrated pest management. Arora R.,
B. Singh and A. Dhawan (Eds.). Scientific publisher, India. pp. 262-273.
Avila-Adame, C. and W. Köller. 2003. Characterization of spontaneous mutants of
Magnaporthe grisea expressing stable resistance to the Qo-inhibiting
fungicide azoxystrobin. Current genetics 42(6):332-338.

28

General introduction

Bajda, S., W. Dermauw, R. Greenhalgh, R. Nauen, L. Tirry, R. M. Clark and T. Van
Leeuwen. 2015. Transcriptome profiling of a spirodiclofen susceptible and
resistant strain of the European red mite Panonychus ulmi using strandspecific RNA-seq. BMC genomics 16(1):974.
Bajda, S., M. Riga, N. Wybouw, S. Papadaki, E. Ouranou, S. M. Fotoukkiaii, J.
Vontas and T. Van Leeuwen. 2018. Fitness costs of key point mutations that
underlie acaricide target‐site resistance in the two‐spotted spider mite
Tetranychus urticae. Evolutionary applications 11(9):1540-1553.
Balabanidou, V., M. Kefi, M. Aivaliotis, V. Koidou, J. R. Girotti, S. J. Mijailovsky,
M. P. Juárez, E. Papadogiorgaki, G. Chalepakis and A. Kampouraki. 2019.
Mosquitoes cloak their legs to resist insecticides. Proceedings of the Royal
Society B 286:20191091.
Bartley, K., H. W. Wright, R. S. Bull, J. F. Huntley and A. J. Nisbet. 2015.
Characterisation of Dermanyssus gallinae glutathione S-transferases and
their potential as acaricide detoxification proteins. Parasites & vectors
8(1):350.
Batkhuyag, B. and B. Kh. 2018. Potential impacts of climate change on Mongolia’s
plant protection status quo. Mongolian journal of agricultural sciences
24(2):26-32.
Bennett, R. M., Y. Ismael, S. Morse and U. S. Kambhampati. 2004. Economic impact
of genetically modified cotton in India. AgBioForum 7(3):96-100.
Bohannan, B. J., M. Travisano and R. E. Lenski. 1999. Epistatic interactions can lower
the cost of resistance to multiple consumers. Evolution 53(1):292-295.
Boobis, A. R., B. C. Ossendorp, U. Banasiak, P. Y. Hamey, I. Sebestyen and A.
Moretto. 2008. Cumulative risk assessment of pesticide residues in food.
Toxicology letters 180(2):137-150.
Boubou, A., A. Migeon, G. K. Roderick and M. Navajas. 2011. Recent emergence
and worldwide spread of the red tomato spider mite, Tetranychus evansi:
genetic variation and multiple cryptic invasions. Biological invasions
13(1):81-92.

29

Chapter 1

Brattsten, L. 1988. Enzymic adaptations in leaf-feeding insects to host-plant
allelochemicals. Journal of chemical ecology 14(10):1919-1939.
Brindley, W. and A. Selim. 1984. Synergism and antagonism in the analysis of
insecticide resistance. Environmental entomology 13(2):348-354.
Brown, A. and K. Pal. 1971. The nature and characterization of resistance. In
Insecticide resistance in arthropods. Brown A. W. and K. Pal
(2nd ed). World Health Organization monograph series 38:9-44.
Bryon, A., A. H. Kurlovs, W. Dermauw, R. Greenhalgh, M. Riga, M. Grbic, L. Tirry,
M. Osakabe, J. Vontas, R. M. Clark and T. Van Leeuwen. 2017. Disruption
of a horizontally transferred phytoene desaturase abolishes carotenoid
accumulation and diapause in Tetranychus urticae. Proceedings of the
National Academy of Sciences of the United States of America
114(29):5871-5880.
Bugeme, D. M., M. Knapp, H. I. Boga, A. K. Wanjoya and N. K. Maniania. 2009.
Influence of temperature on virulence of fungal isolates of Metarhizium
anisopliae and Beauveria bassiana to the two-spotted spider mite
Tetranychus urticae. Mycopathologia 167(4):221-227.
Buss, D. S. and A. Callaghan. 2008. Interaction of pesticides with p-glycoprotein and
other ABC proteins: A survey of the possible importance to insecticide,
herbicide and fungicide resistance. Pesticide biochemistry and physiology
90(3):141-153.
Caprio, M. A., M. K. Faver and G. Hankins. 2004. Evaluating the impacts of refuge
width on source-sink dynamics between transgenic and non-transgenic
cotton. Journal of Insect Science 4(1):3.
Carriere, Y., C. Ellers-Kirk, K. Hartfield, G. Larocque, B. Degain, P. Dutilleul, T. J.
Dennehy, S. E. Marsh, D. W. Crowder, X. Li, P. C. Ellsworth, S. E. Naranjo,
J. C. Palumbo, A. Fournier, L. Antilla and B. E. Tabashnik. 2012. Largescale, spatially-explicit test of the refuge strategy for delaying insecticide
resistance. Proceedings of the National Academy of Sciences of the United
States of America 109(3):775-780.

30

General introduction

Cassanelli, S., S. Ahmad, C. Duso, P. Tirello and A. Pozzebon. 2015. A single
nucleotide polymorphism in the acetylcholinesterase gene of the predatory
mite Kampimodromus aberrans (Acari: Phytoseiidae) is associated with
chlorpyrifos resistance. Biological Control 90:75-82.
Chakravarthy, A. K., G. T. Jayasimha, R. R. Rachana and G. Rohini. 2016. Insects as
Human Food. In Economic and Ecological Significance of Arthropods in
diversified Ecosystems. Chakravarthy, A. K. and S. Sridhara (Eds.).
Springer, Singapore pp. 133-146.
Chan, T., K. Ji, A. K. Yim, X. Liu, J. Zhou, R. Li, K. Y. Yang, J. Li, M. Li and P. T.
Law. 2015. The draft genome, transcriptome, and microbiome of
Dermatophagoides farinae reveal a broad spectrum of dust mite allergens.
Journal of Allergy and Clinical Immunology 135(2):539-548.
Clarke, J., S. Wynn, S. Twining, P. Berry, S. Cook, S. Ellis and P. Gladders. 2009.
Pesticide availability for cereals and oilseeds following revision of Directive
91/414/ECC; effects of losses and new research priorities. Research Review
No.70. Home Grown Cereals Authority pp. 131.
Clay, E. 2002. Food security: Concepts and measurement. A paper for FAO Expert
Consultation on Trade and Food Security. FAO, Rome.
Cooper, J. and H. Dobson. 2007. The benefits of pesticides to mankind and the
environment. Crop Protection 26(9):1337-1348.
Cranham, J. E. and W. Helle. 1985. Pesticide resistance in Tetranychidae. In Spider
mites: Their biology, natural enemies, and control. Helle W. and M. W.
Sabelis (Eds.). World crop pest vol. B. Elsevier, Amsterdam pp. 405-421.
Crossette, B. 2010. The State of World Population, From Conflict and Crisis to
Renewal: Generations of Change. United Nations Population Fund. New
York.
Cutler, B. 1980. Arthropod cuticle features and arthropod monophyly. Experientia
36(8):953-953.

31

Chapter 1

Demaeght, P., E. J. Osborne, J. Odman-Naresh, M. Grbić, R. Nauen, H. Merzendorfer,
R. M. Clark and T. Van Leeuwen. 2014. High resolution genetic mapping
uncovers chitin synthase-1 as the target-site of the structurally diverse mite
growth inhibitors clofentezine, hexythiazox and etoxazole in Tetranychus
urticae. Insect biochemistry and molecular biology 51:52-61.
Demaeght, P., W. Dermauw, D. Tsakireli, J. Khajehali, R. Nauen, L. Tirry, J. Vontas,
P. Lümmen and T. Van Leeuwen. 2013. Molecular analysis of resistance to
acaricidal spirocyclic tetronic acids in Tetranychus urticae: CYP392E10
metabolizes spirodiclofen, but not its corresponding enol. Insect
biochemistry and molecular biology 43(6):544-554.
Dennehy, T., J. Nyrop and T. Martinson. 1990. Characterization and exploitation of
instability of spider mite resistance to acaricides. In Managing resistance to
agrochemicals: from fundamental research to practical strategies. Green, M.
B., H. Lebaron and W. K. Moberg (Eds.). American Chemical Society,
Washington, pp. 77–91.
Dermauw, W., A. Ilias, M. Riga, A. Tsagkarakou, M. Grbić, L. Tirry, T. Van Leeuwen
and J. Vontas. 2012. The cys-loop ligand-gated ion channel gene family of
Tetranychus urticae: implications for acaricide toxicology and a novel
mutation associated with abamectin resistance. Insect biochemistry and
molecular biology 42(7):455-465.
Dermauw, W., E. J. Osborne, R. M. Clark, M. Grbić, L. Tirry and T. Van Leeuwen.
2013a. A burst of ABC genes in the genome of the polyphagous spider mite
Tetranychus urticae. BMC genomics 14(1):317.
Dermauw, W., N. Wybouw, S. Rombauts, B. Menten, J. Vontas, M. Grbic, R. M.
Clark, R. Feyereisen and T. Van Leeuwen. 2013b. A link between host plant
adaptation and pesticide resistance in the polyphagous spider mite
Tetranychus urticae. Proceedings of the National Academy of Sciences of
the United States of America 110(2):113-122.
Dermauw, W. and T. Van Leeuwen. 2014. The ABC gene family in arthropods:
comparative genomics and role in insecticide transport and resistance. Insect
biochemistry and molecular biology 45:89-110.

32

General introduction

Despres, L., J. David and C. Gallet. 2007. The evolutionary ecology of insect
resistance to plant chemicals. Trends in ecology & evolution 22(6):298-307.
Devonshire, A. L. and G. D. Moores. 1982. A carboxylesterase with broad substrate
specificity causes organophosphorus, carbamate and pyrethroid resistance in
peach-potato aphids (Myzus persicae). Pesticide biochemistry and
physiology 18(2):235-246.
Dong, K. 2007. Insect sodium channels and insecticide resistance. Invertebrate
Neuroscience 7(1):1-17.
Dong, K., Y. Du, F. Rinkevich, Y. Nomura, P. Xu, L. Wang, K. Silver and B. S.
Zhorov. 2014. Molecular biology of insect sodium channels and pyrethroid
resistance. Insect biochemistry and molecular biology 50:1-17.
Dreistadt, S. H. 2016. Pests of landscape trees and shrubs: an integrated pest
management guide. UCANR Publications. California, Oakland. 3359:440.
Enayati, A. A., H. Ranson and J. Hemingway. 2005. Insect glutathione transferases
and insecticide resistance. Insect molecular biology 14(1):3-8.
Fang, L., S. Zhang, Z. Chen, H. Du, Q. Zhu, Z. Dong and H. Li. 2015. Risk assessment
of pesticide residues in dietary intake of celery in China. Regulatory
Toxicology and Pharmacology 73(2): 578-586.
FAO, 2008. An introduction to the basic concepts of food security. FAO, Rome,
Italy. Available at: http://www.fao.org/docrep/013/al936e/al936e00.pdf.
FAO, Food and Agriculture Organization of the United Nations. (2011). Save and
grow. Rome, Italy.
FAO, 2012. Agriculture Organization of the United Nations. 2012. FAO statistical
yearbook. Rome, Italy.
FAO and UNICEF. 2017. The state of food security and nutrition in the world 2017.
Building resilience for peace and food security. Rome, Italy.

33

Chapter 1

Fasulo, T. R. and H. A. Denmark. 2000. Two spotted Spider Mite, Tetranychus urticae
Koch (Arachnida: Acari: Tetranychidae). University of Florida Cooperative
Extension Service, Institute of Food and Agricultural Sciences, EDIS pp. 15.
Feyereisen, R. 1995. Molecular biology of insecticide resistance. Toxicology letters
82:83-90.
Feyereisen, R. 1999. Insect P450 enzymes. Annual Review of Entomology 44(1):507533.
Feyereisen, R. 2012. Insect CYP genes and P450 enzymes. In Insect molecular
biology and biochemistry. Gilbert L. I. (Ed.). Academic Press pp. 236-316.
Feyereisen, R., W. Dermauw and T. Van Leeuwen. 2015. Genotype to phenotype, the
molecular and physiological dimensions of resistance in arthropods.
Pesticide biochemistry and physiology 121:61-77.
ffrench–Constant, R. H., B. Pittendrigh, A. Vaughan and N. Anthony. 1998. Why are
there so few resistance–associated mutations in insecticide target genes?
Philosophical Transactions of the Royal Society of London. Series B:
Biological Sciences 353(1376):1685-1693.
ffrench-Constant, R. H. 2013. The molecular genetics of insecticide resistance.
Genetics 194(4):807-815.
ffrench-Constant, R. H. 2017. Does resistance really carry a fitness cost? Current
opinion in insect science 21:39-46.
Fisher, R. A. 1999. The genetical theory of natural selection: a complete variorum
edition. Oxford University Press. pp. 318
Flamini, G. 2003. Acaricides of natural origin, personal experiences and review of
literature (1990-2001). Studies in Natural Products Chemistry 28:381-451.
Flamini, G. 2006. Acaricides of natural origin. Part 2. Review of the literature (20022006). Natural Product Communications 1(12):1151-1158.

34

General introduction

Futuyma, D. J. and A. A. Agrawal. 2009. Macroevolution and the biological diversity
of plants and herbivores. Proceedings of the National Academy of Sciences
of the United States of America 106(43):18054-18061.
Gatton, M. L., N. Chitnis, T. Churcher, M. J. Donnelly, A. C. Ghani, H. C. J. Godfray,
F. Gould, I. Hastings, J. Marshall and H. Ranson. 2013. The importance of
mosquito behavioural adaptations to malaria control in Africa. Evolution:
international journal of organic evolution 67(4):1218-1230.
Gerson, U. and P. G. Weintraub. 2012. Mites (Acari) as a factor in greenhouse
management. Annual Review of Entomology 57:229-247.
Ghadamyari, M. and J. J. Sendi. 2008. Resistance mechanisms to oxydemeton-methyl
in Tetranychus urticae Koch (Acari: Tetranychidae). Invertebrate Survival
Journal 5(2):97-102.
Ghazy, N. A., T. Gotoh and T. Suzuki. 2019. Impact of global warming scenarios on
life-history traits of Tetranychus evansi (Acari: Tetranychidae). BMC
ecology 19(1):48.
Giovannoni, J. J., R. A. Wing, M. W. Ganal and S. D. Tanksley. 1991. Isolation of
molecular markers from specific chromosomal intervals using DNA pools
from existing mapping populations. Nucleic acids research 19(23):65536568.
Grbić, M., T. Van Leeuwen, R. M. Clark, S. Rombauts, P. Rouzé, V. Grbić, E. J.
Osborne, W. Dermauw, P. C. T. Ngoc and F. Ortego. 2011. The genome of
Tetranychus urticae reveals herbivorous pest adaptations. Nature
479(7374):487-492.
Green, E. D. and P. Green. 1991. Sequence-tagged site (STS) content mapping of
human chromosomes: theoretical considerations and early experiences. PCR
methods and applications 1(2):77-90.
Hajek, A. E. and J. Eilenberg. 2018. Natural enemies: an introduction to biological
control. Cambridge University Press, Cambridge. pp. 378.

35

Chapter 1

Hales, K. G., C. A. Korey, A. M. Larracuente and D. M. Roberts. 2015. Genetics on
the Fly: A Primer on the Drosophila Model System. Genetics 201(3):815842.
Hawkins, N. J., C. Bass, A. Dixon and P. Neve. 2019. The evolutionary origins of
pesticide resistance. Biological Reviews 94(1):135-155.
Heckel, D. G. 2018. Insect detoxification and sequestration strategies. Annual plant
reviews online. 15:77-114.
Heidel-Fischer, H. M. and H. Vogel. 2015. Molecular mechanisms of insect
adaptation to plant secondary compounds. Current opinion in insect science
8:8-14.
Hemingway, J. and S. H. Karunaratne. 1998. Mosquito carboxylesterases: a review of
the molecular biology and biochemistry of a major insecticide resistance
mechanism. Medical and veterinary entomology 12(1):1-12.
Hof, A. R. and A. Svahlin. 2016. The potential effect of climate change on the
geographical distribution of insect pest species in the Swedish boreal forest.
Scandinavian Journal of Forest Research 31(1):29-39.
Hokkanen, H. M. 2015. Integrated pest management at the crossroads: science,
politics, or business (as usual)?. Arthropod-Plant Interact. 9:543-545.
Hrdlickova, R., M. Toloue and B. Tian. 2017. RNA‐Seq methods for transcriptome
analysis. Wiley Interdisciplinary Reviews: RNA 8(1):e1364.
Huang, J., S. Rozelle, C. Pray and Q. Wang. 2002. Plant biotechnology in China.
Science 295(5555):674-676.
Hughes, T. R., M. Mao, A. R. Jones, J. Burchard, M. J. Marton, K. W. Shannon, S.
M. Lefkowitz, M. Ziman, J. M. Schelter and M. R. Meyer. 2001. Expression
profiling using microarrays fabricated by an ink-jet oligonucleotide
synthesizer. Nature biotechnology 19(4):342-347.

36

General introduction

Ilias, A., J. Vontas and A. Tsagkarakou. 2014. Global distribution and origin of target
site insecticide resistance mutations in Tetranychus urticae. Insect
biochemistry and molecular biology 48:17-28.
Ingham, V. A., A. Anthousi, V. Douris, N. J. Harding, G. Lycett, M. Morris, J. Vontas
and H. Ranson. 2020. A sensory appendage protein protects malaria vectors
from pyrethroids. Nature 577(7790):376-380.
Jain, M. 2011. A next-generation approach to the characterization of a non-model
plant transcriptome. Current science 10:1435-1439.
Jensen, E. 2014. Technical review: In situ hybridization. The Anatomical Record
297(8):1349-1353.
Joffe, S. R. 1998. Economic and policy issues in desert locust management: a
preliminary analysis. DESERT LOCUST TECHNICAL SERIES No.
AGP/DL/TS/27. Plant Production and Protection Division. FAO, Rome.
Johnson, B. T., C. R. Saunders, H. O. Sanders and R. S. Campbell. 1971. Biological
magnification and degradation of DDT and aldrin by freshwater
invertebrates. Journal of the Fisheries Board of Canada 28(5):705-709.
Jones, N., H. Ougham and H. Thomas. 1997. Markers and mapping: we are all
geneticists now. The New Phytologist 137(1):165-177.
Kennedy, G. G. 2008. Integration of insect-resistant genetically modified crops within
IPM programs. In Integration of insect-resistant genetically modified crops
within IPM programs. Romeis J., A. M. Shelton and G.G. Kennedy (Eds.).
Springer, Dordrecht pp.1-26.
Kent, G. 2003. Fish trade, food security and the human right to adequate food. FAO
Fisheries Reports 27:49-70.
Khalighi, M., W. Dermauw, N. Wybouw, S. Bajda, M. Osakabe, L. Tirry and T. Van
Leeuwen. 2016. Molecular analysis of cyenopyrafen resistance in the two‐
spotted spider mite Tetranychus urticae. Pest management science
72(1):103-112.

37

Chapter 1

Kilgore, W. W. and R. L. Doutt. 1967. Pest Control: Biological, physical, and selected
chemical methods. Academic Press, New York pp. 89-145.
Kinealy, C. 1994. This Great Calamity: The Great Irish Famine: The Irish Famine
1845-52. Gill & Macmillan Ltd., Dublin pp. 504.
Kirk, W., L. Hanson, G. Franc, W. Stump, E. Gachango, G. Clark and J. Stewart.
2012. First report of strobilurin resistance in Cercospora beticola in sugar
beet (Beta vulgaris) in Michigan and Nebraska, USA. New disease reports
26:3.
Kliot, A. and M. Ghanim. 2012. Fitness costs associated with insecticide resistance.
Pest management science 68(11):1431-1437.
Kretschmer, M., M. Leroch, A. Mosbach, A. S. Walker, S. Fillinger, D. Mernke, H. J.
Schoonbeek, J. M. Pradier, P. Leroux, M. A. De Waard and M. Hahn. 2009.
Fungicide-driven evolution and molecular basis of multidrug resistance in
field populations of the grey mould fungus Botrytis cinerea. PLoS pathogens
5(12):e1000696
Kurlovs, A. H., S. Snoeck, O. Kosterlitz, T. Van Leeuwen and R. M. Clark. 2019.
Trait mapping in diverse arthropods by bulked segregant analysis. Current
opinion in insect science. 36:57-65
Kwon, D. H., S. W. Lee, J. J. Ahn and S. H. Lee. 2014. Determination of acaricide
resistance allele frequencies in field populations of Tetranychus urticae
using quantitative sequencing. Journal of Asia-Pacific Entomology 17(1):99103.
Kwon, D. H., J. Y. Choi, Y. H. Je and S. H. Lee. 2012. The overexpression of
acetylcholinesterase compensates for the reduced catalytic activity caused by
resistance-conferring mutations in Tetranychus urticae. Insect biochemistry
and molecular biology 42(3):212-219.
Kwon, D., J. Clark and S. Lee. 2010. Extensive gene duplication of
acetylcholinesterase associated with organophosphate resistance in the two‐
spotted spider mite. Insect molecular biology 19(2):195-204.

38

General introduction

Landi, S., E. Gargani, F. Paoli, S. Simoni and P. F. Roversi. 2015. Morphological
markers for cryopreservation in the embryonic development of Drosophila
suzukii (Diptera: Drosophilidae). Journal of economic entomology
108(4):1875-1883.
Lee, S. H., Y. H. Kim, D. H. Kwon, D. J. Cha and J. H. Kim. 2015. Mutation and
duplication of arthropod acetylcholinesterase: implications for pesticide
resistance and tolerance. Pesticide biochemistry and physiology 120:118-24.
Lenfant, N., T. Hotelier, E. Velluet, Y. Bourne, P. Marchot and A. Chatonnet. 2012.
ESTHER, the database of the α/β-hydrolase fold superfamily of proteins:
tools to explore diversity of functions. Nucleic acids research 41(D1):D423D429.
Li, X., M. A. Schuler and M. R. Berenbaum. 2007. Molecular mechanisms of
metabolic resistance to synthetic and natural xenobiotics. Annual Review
of Entomology 52:231-53.
Lowe, R., N. Shirley, M. Bleackley, S. Dolan and T. Shafee. 2017. Transcriptomics
technologies. PLoS computational biology 13(5):e1005457.
Maniania, N. K., D. M. Bugeme, V. W. Wekesa, I. Delalibera and M. Knapp. 2008.
Role of entomopathogenic fungi in the control of Tetranychus evansi and
Tetranychus urticae (Acari: Tetranychidae), pests of horticultural crops.
Experimental and Applied Acarology 46:259-274.
Mason, P. G. and J. T. Huber. 2002. Biological control programmes in Canada, 19812000. CABI, Wallingford pp. 583.
Mathukumalli, S. R., M. Dammu, V. Sengottaiyan, S. Ongolu, A. K. Biradar, V. R.
Kondru, S. Karlapudi, M. K. R. Bellapukonda, R. R. A. Chitiprolu and S. R.
Cherukumalli. 2016. Prediction of Helicoverpa armigera Hubner on
pigeonpea during future climate change periods using MarkSim multimodel
data. Agricultural and Forest Meteorology 228:130-138.
May, R. M. and A. P. Dobson. 1986. Population dynamics and the rate of evolution
of pesticide resistance. Pesticide resistance: strategies and tactics for
management 15:170-193.

39

Chapter 1

Metcalf, R. L. 1980. Changing role of insecticides in crop protection. Annual Review
of Entomology 25(1):219-256.
Metcalf, R. L. and W. H. Luckmann. 1994. Introduction to insect pest management.
John Wiley & Sons, New York pp. 650.
Michelmore, R. W., I. Paran and R. V. Kesseli. 1991. Identification of markers linked
to disease-resistance genes by bulked segregant analysis: a rapid method to
detect markers in specific genomic regions by using segregating populations.
Proceedings of the National Academy of Sciences of the United States of
America 88(21):9828-9832.
Migeon, A., E. Nouguier and F. Dorkeld. 2010. Spider Mites Web: a comprehensive
database for the Tetranychidae. In Trends in Acarology. Springer, Dordrecht
pp. 557-560.
Milani, R. and A. Travaglino. 1957. Ricerche genetiche sulla resistenza al DDT in
Musca domestica concatenazione del gene kdr (knockdown-resistance) con
due mutanti morfologigi. Rivista di parassitologia 18:199-202.
Miles, L., T. Miles, W. Kirk and A. Schilder. 2012. Strobilurin (QoI) resistance in
populations of Erysiphe necator on grapes in Michigan. Plant Disease
96(11):1621-1628.
Murataliev, M. B., R. Feyereisen and F. A. Walker. 2004. Electron transfer by diflavin
reductases. Biochimica et Biophysica Acta (BBA)-Proteins and Proteomics
1698(1):1-26.
Nadeem, M. A., M. A. Nawaz, M. Q. Shahid, Y. Doğan, G. Comertpay, M. Yıldız, R.
Hatipoğlu, F. Ahmad, A. Alsaleh and N. Labhane. 2018. DNA molecular
markers in plant breeding: current status and recent advancements in
genomic selection and genome editing. Biotechnology & Biotechnological
Equipment 32(2):261-285.
National Research Council. 1986. Pesticide resistance: strategies and tactics for
management. National Academies Press. Washington pp. 484.

40

General introduction

National Research Council (US). Committee on Plant and Animal Pests. 1969.
Principles of Plant and Animal Pest Control: Insect-pest management and
control. National Academy of Sciences.
Nauen, R., A. Elbert, A. McCaffery, R. Slater and T. C. Sparks. 2012. IRAC:
insecticide resistance, and mode of action classification of insecticides.
Modern Crop Protection Compounds 1(3):935-955.
Nelson, R. R. 2009. An evolutionary theory of economic change. Harvard university
press. Cambridge pp. 454.
Nyoni, B. N., K. Gorman, T. Mzilahowa, M. S. Williamson, M. Navajas, L. M. Field
and C. Bass. 2011. Pyrethroid resistance in the tomato red spider mite,
Tetranychus evansi, is associated with mutation of the para‐type sodium
channel. Pest management science 67(8):891-897.
Oakeshott, J., C. Claudianos, P. Campbell, R. Newcomb and R. Russell. 2010.
Biochemical genetics and genomics of insect esterases. Comprehensive
molecular insect science. In Comprehensive Molecular Insect Science.
Iatrou, K., L. I. Gilbert, S. S. Gill, (Eds.). Elsevier, Oxford. 5:309-382.
O'Neill, J. R. 2009. Irish potato famine. ABDO, Edina, Minnesota.
Oppenheim, S. J., R. H. Baker, S. Simon and R. DeSalle. 2015. We can't all be
supermodels: the value of comparative transcriptomics to the study of non‐
model insects. Insect molecular biology 24(2):139-154.
Oppenoorth, F. and W. Welling. 1976. Biochemistry and physiology of resistance. In
Insecticide biochemistry and physiology. Wilkinson, C.F. (Ed.). Plenum
Press, New York pp. 507-551
O'Reilly, A. O., M. S. Williamson, J. González‐Cabrera, A. Turberg, L. M. Field, B.
A. Wallace and T. E. Davies. 2014. Predictive 3D modelling of the
interactions of pyrethroids with the voltage‐gated sodium channels of ticks
and mites. Pest management science 70(3):369-377.
Paaby, A. B. and M. V. Rockman. 2013. The many faces of pleiotropy. Trends in
Genetics 29(2):66-73.

41

Chapter 1

Panini, M., G. C. Manicardi, G. Moores and E. Mazzoni. 2016. An overview of the
main pathways of metabolic resistance in insects. Invertebrate Survival
Journal 13(1): 326-335.
Pao, S. S., I. T. Paulsen and M. H. Saier Jr. 1998. Major facilitator superfamily.
Microbiology and molecular biology reviews 62(1):1-34.
Pavlidi, N., V. Tseliou, M. Riga, R. Nauen, T. Van Leeuwen, N. E. Labrou and J.
Vontas. 2015. Functional characterization of glutathione S-transferases
associated with insecticide resistance in Tetranychus urticae. Pesticide
biochemistry and physiology 121:53-60.
Perlak, F. J., M. Oppenhuizen, K. Gustafson, R. Voth, S. Sivasupramaniam, D.
Heering, B. Carey, R. A. Ihrig and J. K. Roberts. 2001. Development and
commercial use of Bollgard® cotton in the USA–early promises versus
today's reality. The Plant Journal 27(6):489-501.
Pilling, E. D. and P. C. Jepson. 1993. Synergism between EBI fungicides and a
pyrethroid insecticide in the honeybee (Apis mellifera). Pesticide Science
39(4):293-297.
Pimentel, D. and R. Peshin. 2014. Integrated pest management: pesticide problems.
Springer Science & Business Media. Dordrecht.
Popp, J., K. Pető and J. Nagy. 2013. Pesticide productivity and food security. A
review. Agronomy for sustainable development 33(1):243-255.
Puinean, A. M., S. P. Foster, L. Oliphant, I. Denholm, L. M. Field, N. S. Millar, M.
S. Williamson and C. Bass. 2010. Amplification of a cytochrome P450 gene
is associated with resistance to neonicotinoid insecticides in the aphid Myzus
persicae. PLoS genetics. 6:e1000999.
Ramanjaneyulu, G., K. Kuruganti, Z. Hussain and V. Madhav. 2004. No pesticides,
no pests. Centre for Sustainable Agriculture, Secunderabad, India.
Riga, M., A. Myridakis, D. Tsakireli, E. Morou, E. Stephanou, R. Nauen, T. Van
Leeuwen, V. Douris and J. Vontas. 2015. Functional characterization of the
Tetranychus urticae CYP392A11, a cytochrome P450 that hydroxylates the

42

General introduction

METI acaricides cyenopyrafen and fenpyroximate. Insect biochemistry and
molecular biology 65:91-99.
Riga, M., D. Tsakireli, A. Ilias, E. Morou, A. Myridakis, E. Stephanou, R. Nauen, W.
Dermauw, T. Van Leeuwen and M. Paine. 2014. Abamectin is metabolized
by CYP392A16, a cytochrome P450 associated with high levels of acaricide
resistance in Tetranychus urticae. Insect biochemistry and molecular biology
46:43-53.
Rinkevich, F. D., Y. Du and K. Dong. 2013. Diversity and convergence of sodium
channel mutations involved in resistance to pyrethroids. Pesticide
biochemistry and physiology 106(3):93-100.
Ross, D. 2006. Ireland: History of a nation. New Lanark: Geddes & Grosset Ltd.
Rudd, S. 2003. Expressed sequence tags: alternative or complement to whole genome
sequences? Trends in plant science 8(7):321-329.
Saerens, S. M., C. T. Duong and E. Nevoigt. 2010. Genetic improvement of brewer’s
yeast: current state, perspectives and limits. Applied Microbiology and
Biotechnology 86(5):1195-1212.
San Francisco, M. and B. San Francisco. 2016. Host-microbe Interactions. Academic
Press pp. 340.
Sanger, F., S. Nicklen and A. R. Coulson. 1977. DNA sequencing with chainterminating inhibitors. Proceedings of the National Academy of Sciences of
the United States of America 74(12):5463-5467.
Schmidt, C. H. and G. LABREOQUE. 1959. Acceptability and toxicity of poisoned
baits to house flies resistant to organophosphovus insecticides. Journal of
economic entomology 52:345-346.
Schneeberger, K., S. Ossowski, C. Lanz, T. Juul, A. H. Petersen, K. L. Nielsen, J.
Jørgensen, D. Weigel and S. U. Andersen. 2009. SHOREmap: simultaneous
mapping and mutation identification by deep sequencing. Nature methods
6(8):550-551.

43

Chapter 1

Scott, J. G. 1999. Cytochromes P450 and insecticide resistance. Insect biochemistry
and molecular biology 29(9):757-777.
Sharma, H. C. 2014. Climate change effects on insects: implications for crop
protection and food security. Journal of crop improvement 28(2):229-259.
Sharma, S., R. Kooner and R. Arora. 2017. Insect pests and crop losses. In Breeding
insect resistant crops for sustainable agriculture. Arora R. and S. Sandhu
(Eds.). Springer, Singapore pp. 45-66.
Shen, X., M. Zhou, W. Lu and H. Ohm. 2003. Detection of Fusarium head blight
resistance QTL in a wheat population using bulked segregant analysis.
Theoretical and Applied Genetics 106(6):1041-1047.
Shizuya, H. and H. Kouros-Mehr. 2001. The development and applications of the
bacterial artificial chromosome cloning system. The Keio journal of
medicine 50(1):26-30.
Shizuya, H., B. Birren, U. J. Kim, V. Mancino, T. Slepak, Y. Tachiiri and M. Simon.
1992. Cloning and stable maintenance of 300-kilobase-pair fragments of
human DNA in Escherichia coli using an F-factor-based vector. Proceedings
of the National Academy of Sciences of the United States of America
89(18):8794-8797.
Smissaert, H. R. 1964. Cholinesterase Inhibition in Spider Mites Susceptible and
Resistant to Organophosphate. Science, New York 143(3602):129-131.
Snoeck, S., A. H. Kurlovs, S. Bajda, R. Feyereisen, R. Greenhalgh, E. Villacis-Perez,
O. Kosterlitz, W. Dermauw, R. M. Clark and T. Van Leeuwen. 2019. Highresolution QTL mapping in Tetranychus urticae reveals acaricide-specific
responses and common target-site resistance after selection by different
METI-I acaricides. Insect biochemistry and molecular biology 110:19-33.
Snoeck, S., N. Wybouw, T. Van Leeuwen and W. Dermauw. 2018. Transcriptomic
Plasticity in the Arthropod Generalist Tetranychus urticae Upon Long-Term
Acclimation to Different Host Plants. G3: Genes, Genomes, Genetics
8(12):3865-3879.

44

General introduction

Sparks, T. C. and R. Nauen. 2015. IRAC: Mode of action classification and insecticide
resistance management. Pesticide biochemistry and physiology 121:122128.
Sparks, T. C., J. A. Lockwood, R. L. Byford, J. B. Graves and B. R. Leonard. 1989.
The role of behavior in insecticide resistance. Pesticide Science 26(4): 383399.
Stern, V., R. Smith, R. Van den Bosch and K. Hagen. 1959. The integration of
chemical and biological control of the spotted alfalfa aphid: the integrated
control concept. Hilgardia 29(2):81-101.
Strycharz, J. P., A. Lao, H. Li, X. Qiu, S. H. Lee, W. Sun, K. S. Yoon, J. J. Doherty,
B. R. Pittendrigh and J. M. Clark. 2013. Resistance in the highly DDTresistant 91-R strain of Drosophila melanogaster involves decreased
penetration, increased metabolism, and direct excretion. Pesticide
biochemistry and physiology 107(2):207-217.
Stumpf, N. and R. Nauen. 2002. Biochemical markers linked to abamectin resistance
in Tetranychus urticae (Acari: Tetranychidae). Pesticide biochemistry and
physiology 72(2):111-121.
Thacker, J. R. 2002. An introduction to arthropod pest control. Cambridge University
Press.
Thomas, M. B., S. Wratten and N. Sotherton. 1991. Creation of'island'habitats in
farmland to manipulate populations of beneficial arthropods: predator
densities and emigration. Journal of Applied Ecology 28:906-917.
Tiwari, V. K., A. Heesacker, O. Riera‐Lizarazu, H. Gunn, S. Wang, Y. Wang, Y. Q.
Gu, E. Paux, D. Koo and A. Kumar. 2016. A whole‐genome, radiation hybrid
mapping resource of hexaploid wheat. The Plant Journal 86(2):195-207.
Tsagkarakou, A., T. Van Leeuwen, J. Khajehali, A. Ilias, M. Grispou, M. Williamson,
L. Tirry and J. Vontas. 2009. Identification of pyrethroid resistance
associated mutations in the para sodium channel of the two‐spotted spider
mite Tetranychus urticae (Acari: Tetranychidae). Insect molecular biology
18(5):583-593.

45

Chapter 1

Tsukamoto, M. 1964. Methods for the linkage-group determination of insecticideresistance factors in the housefly. Botyu-Kagaku, 29:51-59
Valentine, J. W. 2004. On the origin of phyla. University of Chicago Press. Chicago.
Van Leeuwen, T., B. Vanholme, S. Van Pottelberge, P. Van Nieuwenhuyse, R. Nauen,
L. Tirry and I. Denholm. 2008. Mitochondrial heteroplasmy and the
evolution of insecticide resistance: non-Mendelian inheritance in action.
Proceedings of the National Academy of Sciences of the United States of
America 105(16):5980-5985.
Van Leeuwen, T. and W. Dermauw. 2016. The molecular evolution of xenobiotic
metabolism and resistance in chelicerate mites. Annual Review of
Entomology 61:475-498.
Van Leeuwen, T., J. Vontas, A. Tsagkarakou and L. Tirry. 2009. Mechanisms of
acaricide resistance in the two-spotted spider mite Tetranychus urticae. In
Biorational control of arthropod pests. Ishaaya, I., A. R. Horowitz, (Eds.)
Springer, Dordrecht pp. 347-393.
Van Leeuwen, T., L. Tirry, A. Yamamoto, R. Nauen and W. Dermauw. 2015. The
economic importance of acaricides in the control of phytophagous mites and
an update on recent acaricide mode of action research. Pesticide
biochemistry and physiology 121:12-21.
Van Leeuwen, T., W. Dermauw, M. Grbic, L. Tirry and R. Feyereisen. 2013. Spider
mite control and resistance management: does a genome help? Pest
management science 69(2): 156-159.
Van Leeuwen, T., J. Vontas, A. Tsagkarakou, W. Dermauw and L. Tirry. 2010.
Acaricide resistance mechanisms in the two-spotted spider mite Tetranychus
urticae and other important Acari: a review. Insect biochemistry and
molecular biology 40(8):563-572.
Van Leeuwen, T., P. Van Nieuwenhuyse, B. Vanholme, W. Dermauw, R. Nauen and
L. Tirry. 2011. Parallel evolution of cytochrome b mediated bifenazate
resistance in the citrus red mite Panonychus citri. Insect molecular biology
20(1):135-140.

46

General introduction

Van Leeuwen, T., P. Demaeght, E. J. Osborne, W. Dermauw, S. Gohlke, R. Nauen,
M. Grbic, L. Tirry, H. Merzendorfer and R. M. Clark. 2012. Population bulk
segregant mapping uncovers resistance mutations and the mode of action of
a chitin synthesis inhibitor in arthropods. Proceedings of the National
Academy of Sciences of the United States of America 109(12):4407-4412.
Van Lenteren, J. C. 2012. The state of commercial augmentative biological control:
plenty of natural enemies, but a frustrating lack of uptake. Biocontrol
57(1):1-20.
van Lenteren, J. C., K. Bolckmans, J. Köhl, W. J. Ravensberg and A. Urbaneja. 2018.
Biological control using invertebrates and microorganisms: plenty of new
opportunities. Biocontrol 63(1):39-59.
Van Nieuwenhuyse, P., P. Demaeght, W. Dermauw, M. Khalighi, C. Stevens, B.
Vanholme, L. Tirry, P. Lümmen and T. Van Leeuwen. 2012. On the mode
of action of bifenazate: New evidence for a mitochondrial target site.
Pesticide biochemistry and physiology 104(2):88-95.
Walker, A., C. Auclair, M. Gredt and P. Leroux. 2009. First occurrence of resistance
to strobilurin fungicides in Microdochium nivale and Microdochium majus
from French naturally infected wheat grains. Pest management science
65(8):906-915.
Walmsley, A. R., M. P. Barrett, F. Bringaud and G. W. Gould. 1998. Sugar
transporters from bacteria, parasites and mammals: structure–activity
relationships. Trends in biochemical sciences 23(12):476-481.
Wang, K., D. Singh, Z. Zeng, S. J. Coleman, Y. Huang, G. L. Savich, X. He, P.
Mieczkowski, S. A. Grimm and C. M. Perou. 2010. MapSplice: accurate
mapping of RNA-seq reads for splice junction discovery. Nucleic acids
research 38(18):178-178.
Wei, P., P. Demaeght, K. De Schutter, L. Grigoraki, V. Labropoulou, M. Riga, J.
Vontas, R. Nauen, W. Dermauw and T. Van Leeuwen. 2020. Overexpression
of an alternative allele of carboxyl/choline esterase 4 (CCE04) of
Tetranychus urticae is associated with high levels of resistance to the keto‐
enol acaricide spirodiclofen. Pest management science 76(3):1142-1153.

47

Chapter 1

Whalon, M.E., Mota-Sanchez, R.M., Hollingworth, R.M., Duynslager,. 2010-2017.
Arthropods
resistant
to
pesticides
database
(ARPD).
http://www.pesticideresistance.org.
Whalon, M. E., R. Mota-Sanchez, R. Hollingworth and L. Duynslager. 2008.
Arthropods Resistant to Pesticides Database (ARPD). http://www.
pesticideresistance.org.
Wheelock, C. E., G. Shan and J. Ottea. 2005. Overview of carboxylesterases and their
role in the metabolism of insecticides. Journal of Pesticide Science 30(2):7583.
Wiens, J. J., R. T. Lapoint and N. K. Whiteman. 2015. Herbivory increases
diversification across insect clades. Nature communications 6(1):1-7.
Williamson, M. S., I. Denholm, C. A. Bell and A. L. Devonshire. 1993. Knockdown
resistance (kdr) to DDT and pyrethroid insecticides maps to a sodium
channel gene locus in the housefly (Musca domestica). Molecular and
General Genetics MGG 240(1):17-22.
Wood, O., S. Hanrahan, M. Coetzee, L. Koekemoer and B. Brooke. 2010. Cuticle
thickening associated with pyrethroid resistance in the major malaria vector
Anopheles funestus. Parasites & vectors 3(1):67.
Wybouw, N., V. Zhurov, C. Martel, K. A. Bruinsma, F. Hendrickx, V. Grbić and T.
Van Leeuwen. 2015. Adaptation of a polyphagous herbivore to a novel host
plant extensively shapes the transcriptome of herbivore and host. Molecular
ecology 24(18):4647-4663.
Wybouw, N., O. Kosterlitz, A. H. Kurlovs, S. Bajda, R. Greenhalgh, S. Snoeck, H.
Bui, A. Bryon, W. Dermauw, T. Van Leeuwen and R. M. Clark. 2019. LongTerm Population Studies Uncover the Genome Structure and Genetic Basis
of Xenobiotic and Host Plant Adaptation in the Herbivore Tetranychus
urticae. Genetics 211(4):1409-1427.
Yang, E., Y. Chuang, Y. Chen and L. Chang. 2008. Abnormal foraging behavior
induced by sublethal dosage of imidacloprid in the honey bee (Hymenoptera:
Apidae). Journal of economic entomology 101(6):1743-1748.

48

General introduction

Yu, F., Z. Wang, B. Ju, Y. Wang, J. Wang and D. Bai. 2008. Apoptotic effect of
organophosphorus insecticide chlorpyrifos on mouse retina in vivo via
oxidative stress and protection of combination of vitamins C and E.
Experimental and Toxicologic Pathology 59(6):415-423.
Zhang, H., R. H. Ffrench-Constant and M. B. Jackson. 1994. A unique amino acid of
the Drosophila GABA receptor with influence on drug sensitivity by two
mechanisms. The Journal of physiology 479(1):65-75.
Zhang, Y., X. Meng, Y. Yang, H. Li, X. Wang, B. Yang, J. Zhang, C. Li, N. S. Millar
and Z. Liu. 2016. Synergistic and compensatory effects of two point
mutations conferring target-site resistance to fipronil in the insect GABA
receptor RDL. Scientific reports 6:32335.
Zhang, Z. Q., 2013. Phylum Arthropoda. In Animal Biodiversity: An Outline of
Higher-level Classification and Survey of Taxonomic Richness. Zhang, Z.
Q. (Ed.). Zootaxa 3703(1):17-26.
Zheng, D., G. Olaya and W. Köller. 2000. Characterization of laboratory mutants of
Venturia inaequalis resistant to the strobilurin-related fungicide kresoximmethyl. Current genetics 38(3):148-155.
Zimmer, C. T., W. T. Garrood, K. S. Singh, E. Randall, B. Lueke, O. Gutbrod, S.
Matthiesen, M. Kohler, R. Nauen and T. E. Davies. 2018.
Neofunctionalization of duplicated P450 genes drives the evolution of
insecticide resistance in the brown planthopper. Current Biology 28(2):268274.

49

2
Identification and characterization of new mutations in
mitochondrial cytochrome b that confer resistance to bifenazate
and acequinocyl in the spider mite Tetranychus urticae

Seyedeh Masoumeh Fotoukkiaii, Zoë Tan, Wenxin Xue, Nicky Wybouw and Thomas
Van Leeuwen

Pest Management Science. 2020; 76(3):1154-1163

Novel target-site mutations cause Q0I resistance in Tetranychus urticae

Abstract
BACKGROUND: In spider mites, mutations in the mitochondrial cytochrome b Q 0
pocket have been reported to confer resistance to the Q 0 inhibitors bifenazate and
acequinocyl. In this study we surveyed populations of the two-spotted spider mite
Tetranychus urticae for mutations in cytochrome b, linked newly discovered
mutations with resistance and assessed potential pleiotropic fitness costs.
RESULTS: We identified two novel mutations in the Q0 site: G132A (equivalent to
G143A in fungi resistant to strobilurins) and G126S + A133T (previously reported to
cause bifenazate and acequinocyl resistance in Panonychus citri). Two T. urticae
strains carrying G132A were highly resistant to bifenazate but not acequinocyl,
whereas a strain with G126S+A133T displayed high levels of acequinocyl resistance,
but only moderate levels of bifenazate resistance. Bifenazate and acequinocyl
resistance were inherited maternally, providing strong evidence for the involvement
of these mutations in the resistance phenotype. Near isogenic lines carrying G132A
revealed several fitness penalties in T. urticae; a lower net reproductive rate (R0),
intrinsic rate of increase (rm) and finite rate of increase (LM); a higher doubling time
(DT); and a more male-biased sex ratio.
CONCLUSIONS: Several lines of evidence were provided to support the causal role
of newly discovered cytochrome b mutations in bifenazate and acequinocyl resistance.
Because of the fitness costs associated with the G132A mutation, resistant T. urticae
populations might be less competitive in a bifenazate-free environment, offering
opportunities for resistance management.
INTRODUCTION

The spider mite Tetranychus urticae Koch (Arthropoda: Acari: Tetranychidae) is an
important cosmopolitan pest damaging many agricultural crops. Frequent acaricide
applications are needed to control this species, which have led inevitably to the
development of resistance. This species is considered one of the most pesticideresistant arthropods based on the number of active ingredients to which resistance has
been reported.1,2 Pesticide resistance evolves via two main mechanisms: (i)
toxicodynamic changes, such as a reduction in the sensitivity or availability of the
target-site due to point mutation(s), gene knockout or amplification; and (ii)
toxicokinetic changes that reduce the amount of pesticide that reaches the target-site
through changes in exposure, penetration, transportation, metabolism and excretion.3,4
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Resistance mechanisms are often costly; for example, point mutations in essential
target genes can convey pleiotropic effects and affect other phenotypic traits in
addition to pesticide resistance.5–7 Reproduction, dispersal, generation time and
longevity have been reported to be negatively affected by target-site resistance
mutations.8–12 Also, for the spider mite T. urticae, fitness costs have been reported
after marker-assisted backcrossing, but not for all resistance mutations. 11
Although environmentally friendly methods such as biological control have increased
in importance, especially in greenhouse crops, 13,14 spider mites such as T. urticae are
still mainly controlled using acaricide applications. 15 The hydrazine carbazate
acaricide bifenazate is one of the most recently developed and frequently used
acaricides with excellent selectivity to all life stages of Tetranychus spp. and
Panonychus spp.16,17 Bifenazate was first classified as a neurotoxin,18 but later studies
revealed a mitochondrial mode of action via inhibition of electron transport. 12,19
Bifenazate resistance has been shown to inherit maternally and high levels of
resistance are linked tightly with mutation(s) at highly conserved regions (the cd1helix and ef-helix) of the cytochrome b Q0 site of mitochondrial complex III (bc1
complex, ubihydroquinone: cytochrome c oxidoreductase enzyme complex).
Mitochondrial complex III is an essential enzyme complex in the electron transport
chain that plays a critical role in the biochemical generation of adenosine triphosphate
(ATP) via oxidative phosphorylation. The catalytic core of this enzyme complex is
composed of three subunits in eukaryotes: cytochrome b, Rieske iron–sulphur protein
(ISP) and cytochrome c1 proteins.
Cytochrome b is encoded by the mitochondrial genome, whereas the other subunits
are encoded by the nuclear genome. Electrons are transported from low-potential
ubiquinol to a higher potential cytochrome c via the Q-cycle pathway.20,21 This
pathway requires two separate quinone-binding sites: the quinol oxidation site (Q0
site) and the quinone reduction site (Qi site). These two sites are located on opposite
sides of the membrane and are linked by a transmembrane electron-transfer pathway.
Pesticides that inhibit the normal functioning of Q 0 sites have been developed from
different chemical classes including, in addition to the carbazate bifenazate, the 2hydroxynaphthoquinones (HONQs) and the b-methoxyacrylates (MOAs) with the
strobilurins as a commercially successful family of potent fungicides. 22–24
Acequinocyl is the only commercialized acaricide of the naphthoquinone analogue
group25 and is commonly used against all stages of T. urticae and other spider mite
species.18 Cross-resistance between bifenazate and acequinocyl associated with
cytochrome b mutations has been reported from T. urticae and Panonychus citri
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populations.19,24 The strobilurin fungicides were originally isolated from the
mycelium of the basidiomycete Strobilurus tenacellus strain No. 2160226 and are
currently considered one of the most important classes of agricultural fungicides.27,28
The first field resistance to strobilurin fungicides was reported in wheat powdery
mildew populations in northern Germany in 1998. 29 Later studies revealed that
resistance to this group of fungicides in plant pathogenic fungi is most often due to
point mutation(s) in the Q0 region of mitochondrial cytochrome b.30–32
In this study, we discovered a G132A mutation in cytochrome b of T. urticae,
equivalent to G143A in fungi, which has been reported as the most frequent mutation
associated with strobilurin resistance.30,33–36 During a survey investigating the
frequency of G132A in T. urticae field strains, we also uncovered for the first time
the combination of G126S+A133T in T. urticae, reported previously in the spider mite
P. citri.24 We provide strong evidence of the causal role of these resistance mutations
by revealing maternal inheritance and determine the strength of the phenotype by
introgression of the mitochondrial haplotype in a susceptible genomic background.
Lastly, we used the generated isogenic lines to assess potential fitness costs associated
with G132A in T. urticae.

MATERIALS AND METHODS
Chemicals and mite strains
Commercial formulations of the mitochondrial complex III electron transport
inhibitors bifenazate (Floramite® 240 g L−1 SC) and acequinocyl (Cantack® 150 g L−1
SC) were purchased from Intergrow (Aalter, Belgium). All other chemicals were
analytical grade and purchased from Sigma-Aldrich (Zwijndrecht, Netherlands),
unless stated otherwise. The JP-R strain37 and the laboratory susceptible Wasatch
strain38 have been described previously. In addition, 23 field strains were collected
from different geographical areas across Europe between 2016 and 2019 for resistance
mutation screening (Table 1). All mites were reared on kidney bean plants, Phaseolus
vulgaris L. cv. ‘Speedy’ or ‘Prelude’, at 25±1 ∘C, 60% relative humidity and a 16:8 h
light/dark photoperiod.
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Survey of cytochrome b variants
DNA extraction and polymerase chain reaction (PCR) amplification of cytochrome b
were performed as described by Van Leeuwen et al.12 Briefly, ∼200 adult females
were collected and homogenized in 800 μL sodium dodecyl sulfate (SDS) buffer (200
mmol L−1 Tris–HCl, 400 mmol L−1 NaCl, 10 mmol L−1 EDTA, 2% SDS at pH 8.3)
followed by phenol–chloroform extraction. For single mite DNA extraction, a single
adult female was homogenized by hand in 20 μL mixture of STE buffer (100 mmol
L−1 NaCl, 10 mmol L−1 Tris–HCl, 1 mmol L−1 EDTA, pH 8.0) and proteinase K (10
mg mL−1, 2 mL) in a 1.5 mL Eppendorf tube. The mixture was then incubated at 37
∘C for 30 min followed by 95 ∘C for 5 min.12 PCR was performed using the Expand
Long Range PCR kit (Roche, Zwijndrecht, the Netherlands) and the primers
Cytbdia2F (5′-TTAAGAACTCCTAAAACTTTTCGTTC) and Cytbdia2R (5′GAAACAAAAATTATTATTCCC-CAAC). PCR products were purified with a
Cycle-Pure Kit (E.Z.N.A.™) and sequenced with the original PCR primers and four
internal
sequencing
primers
(cytbWTF,
5′CGGAATAATTTTACAAATAACTCATGC;
cytbWTR,
5′TGGTACAGATCGTAGAATTGCG;
PEWYF1,
5′AAAGGCTCATCTAACCAAATAGG;
PEWYR2,
5′AATGAAATTTCTGTAAAAGGGTATTC).12 Sequence data were analysed using
BioEdit software.39 Sequences have been submitted to the NCBI repository (Table 1).

Generation of isofemale and introgressed lines
Isofemale lines were established from the FS1 and FS8 strains and were labelled as
iso-FS1 and iso-FS8, respectively. Approximately 500 mated female mites were
transferred to detached bean leaves on wet cotton wool in Petri dishes and sprayed
with 200 mg L−1 bifenazate. Five Petri dishes were prepared per strain. After 72 h, ten
alive females were selected at random from the sprayed arenas and transferred to 9
cm2 bean leaf discs individually. Mites were allowed to lay eggs for 3–4 days. DNA
of each single female was extracted as described above. Progeny of a single female
with the G132A (iso-FS1) and G126S+A133T (iso-FS8) mutations were used to
create the isofemale lines. Introgressed lines were established using the backcrossing
methods described by Bajda et al.40,41 Briefly, JP-R and iso-FS8 virgin females were
crossed with susceptible Wasatch males. A virgin F1 female was backcrossed to
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Wasatch males, and the backcrossing was repeated seven times. After backcrossing,
mites were transferred to full bean plants and were allowed to expand their population
size for toxicity and fitness costs experiments. Introgressed lines that carry G132A
and G126S+A133T are labelled JP-R-BC (1-3) and iso-FS8-BC (1-3), respectively.
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Table 1. The cytochrome b Q0 genotypes of the surveyed T. urticae strains.
Strain
JP-R
Wasatch
FS1
FS2
FS3
FS4
FS5
FS6
FS7
FS8
FS9
FS10
FS11
FS12
FS13
FS14
FS15
FS16
FS17
FS18
FS19
FS20
FS21
FS22

Host
Rose
Tomato
Rose
Potted rose
Cucumber
Gerbera
Rose
Rose
Cucumber
Strawberry
Rose
Cucumber
Strawberry
Cucumber
Raspberry
Hop
Hop
Hop
Carnation
Rose
Citrus
Strawberry
Cucumber
Rose

Origin
Japana
United States
the Netherlands
the Netherlands
the Netherlands
the Netherlands
the Netherlands
the Netherlands
United Kingdom
United Kingdom
United Kingdom
United Kingdom
United Kingdom
Belgium
Germany
Germany
Germany
Germany
Italy
Italy
Italy
Spain
Spain
Romania

Qo genotype
G132A
G132A
G126S
G126S
G126S
G126S
G126S/A133T
G126S
P262T
-

Access. Nr.
MN029033
MN276073
MN029034
MN029035
MN029048
MN276066
MN276067
MN276068
MN029041
MN029042
MN029043
MN029044
MN276069
MN029036
MN029037
MN029038
MN029039
MN029040
MN276070
MN276071
MN276072
MN029045
MN029046
MN029047

All strains were field collected in Europe, except JP-R and Wasatch, which were laboratory strains. The substitutions in the conserved regions of the cytochrome b Q0 pocket (the cd1helix and ef-helix) are described using the GSS genotype as reference (EU556751.1).
a
Selected by cyenopyrafen, a complex II inhibitor, under laboratory conditions
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Toxicity bioassays
To determine bifenazate and acequinocyl toxicity, dose–response bioassays were
conducted with female adult mites, as described by Van Leeuwen et al.42 Briefly, we
tested a minimum of five concentrations in four replicates. For each replicate, 20–35
adult females were transferred to 9 cm 2 bean leaf discs on wet cotton wool. Arenas
were sprayed with 1 mL of acaricide solution or deionized water (as control) at 1 bar
pressure in a Potter spray tower resulting in 2 mg aqueous deposit per cm2. Mortality
was recorded after 24 h. The 50% lethal concentration (LC50) values and their 95%
confidence limits were calculated from probit regressions using (POLO-Plus; LeOra
Software, Berkeley, CA, USA, 2006).

Reciprocal crosses
To elucidate the mode of inheritance of bifenazate and acequinocyl resistance,
reciprocal crosses were set up between the JP-R (G132A), iso-FS1(G132A) and isoFS8 (G126S+A133T) resistant lines and the susceptible Wasatch strain. To create
hybrid F1 females, ∼80 teleiochrysalid females and 100 adult males were placed on
detached bean leaves on wet cotton wool and allowed to mate. After 2 days, females
were collected and transferred daily to a fresh 9 cm2 bean leaf disc and allowed to lay
eggs. F1 adult females were used for toxicity bioassays. The degree of dominance (D)
was calculated using the Stone43 formula:
D = (2X2 – X1 – X3)/ (X1 – X3),

where X1 = log10 LC50 of the resistant strain, X3 = log10 LC50 of the susceptible strain
and X2 = log10 LC50 of the F1 females obtained from the reciprocal cross.

Fitness cost of G132A
To explore potential fitness costs associated with the G132A mutation, demographic
experiments were conducted with the three independent JP-R backcrossed lines in
comparison with the parental Wasatch line as control.
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2.6.1 Developmental time, immature stage survivorship, and sex ratio
For each introgressed line and the Wasatch control, 100 females were collected
randomly from stock cultures and transferred to a detached bean leaf on wet cotton
wool in three replicates. Females were allowed to lay eggs for 4–5 h and the numbers
of eggs were recorded. After 8 days, the development of the offspring was followed
every 12 h, and the eclosion time and sex of the adults were recorded.
2.6.2 Oviposition and adult longevity
From the three introgressed lines and the Wasatch control, 40 female teleiochrysalids
were placed individually with an adult male on a 2 cm2 leaf disc (in total 4 × 40 = 160
leaf discs for each mite couple). Every 12 h, all disc arenas were checked for female
oviposition and death. Every 24 h, each mite couple was transferred to a fresh leaf
disc until the female died. Pre-oviposition, oviposition and post-oviposition periods
were determined as the time between adult female emergence and the first egg, the
time between the first and last day of oviposition, and the time between the day when
no eggs were deposited and death of the female, respectively.

Statistical analysis
Statistical analysis was conducted within the R framework (R Core Team, version
3.1.2, R Foundation for Statistical Computing, Vienna, Austria) for all data. Normality
of variances was tested using a Shapiro–Wilk test. A generalized linear model with a
negative binomial error distribution was used to analyse the data for female longevity,
pre-oviposition period, oviposition period, post-oviposition period and the number of
eggs. Sex ratio data were analysed using a generalized linear model with a binomial
error distribution. A general linear model was used to analyse immature stage
survivorship (ISS) data that were normally distributed. Differences between the
introgressed lines were determined using Tukey’s HSD test at a 95% confidence level.
Life table analysis was performed based on the lifetable R script. 44 The intrinsic rate
of increase (rm) was calculated with the equation
∑ Ωg
x=x0 e-rmlxmx=1
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where lx is the proportion of females surviving to age x and mx is the mean number
of female progeny per adult female at age x. The net reproductive rate or mean number
of daughters produced per female was calculated from
Ωg

R0= ∑ x=x0 lxmx

and the mean generation time from
T=

ln (R0)
rm

.

The finite rate of increase and doubling time were inferred from the equations: LM =
erm and DT =

ln2
rm

. Variance for the life table parameters was estimated using the

jackknife resampling method.45 Because the jackknife method is an asymptotic
procedure that is sensitive to a highly skewed distribution,46 the symmetry of our data
set was measured with the function skewness from package moments prior to the final
analysis.47 Subsequently, mean jackknife values and their standard errors (SE) were
calculated for the five LT parameters.48 Mean jackknife values for lines carrying
mutations were then compared to Wasatch using Dunnett’s test (adjusted P-value
<0.05).

RESULTS
Cytochrome b genotypes of JP-R and the field strains
During a cross-resistant screen of the Japanese JP-R strain selected for cyenopyrafen
resistance,37 we found strong bifenazate resistance, and therefore sequenced the
complete cytochrome b gene. Aligning the cytochrome b sequence of JP-R against
those of the susceptible strains Wasatch and GSS revealed a novel amino acid
substitution (G132A) (Table 1 and Fig. 1). To explore the spread of this mutation in
Europe, several field-collected strains were screened (Table 1). We found four
mutations in the conserved cd1- and ef-helices of the Q0 pocket of cytochrome b of
mitochondrial complex III (G126S, G132A, A133T and P262T). The novel G132A
uncovered in JP-R was also identified in FS1, a strain from the Netherlands. In
addition, a novel mutation combination (G126S+A133T) was identified in strain FS8
from the UK. This combination of mutations has been reported previously from P.
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citri, but not T. urticae24 (Table 1 and Fig. 1). Lastly, the well characterized P262T
was found in a population from strawberry in the UK. Additional substitutions were
also found in non-conserved regions. The G126S mutation was found by itself in five
strains collected from the Netherlands and the UK (Table 1 and Fig. 1), but whether
the mutation alone confers resistance remains to be investigated.

Resistance to bifenazate and acequinocyl
The results of the toxicity tests are listed in Table 2. The JP-R and FS1 strains that
carry the G132A mutation were resistant to bifenazate (LC50 >150 mgL−1), but not to
acequinocyl. By contrast, the FS8 strain with the G126S+A133T haplotype showed
high levels of acequinocyl resistance (LC50 > 600 mgL−1), and only very moderate
resistance to bifenazate (Table 2). Levels of resistance between parental and
introgressed lines were comparable across all independent replicates for G132A
(Table 2). For the G126S+A133T haplotype, resistance ratios for acequinocyl were
twofold lower after introgression, but LC50 values remained very high (Table 2).

Figure 1. Target-site mutations in the cd1- and ef-helices of mitochondrial cytochrome b in spider mites that confer Q 0I
resistance. An amino acid alignment is shown of the cytochrome b cd1- and ef-helices of the spider mites Tetranychus
urticae and Panonychus citri, the fruit fly Drosophila melanogaster, human Homo sapiens, the fungi Venturia inaequalis
and Saccharomyces cerevisiae, the protozoan Plasmodium falciparum and the plant Arabidopsis thaliana. Fully conserved
residues are shaded in grey. Asterisks indicate the locations of point mutations that are linked to Q 0I resistance in spider
mites. The validated substitutions in the Qo pocket that cause bifenazate and acequinocyl resistance in spider mites are
outlined below the alignment. ∘, mutations were originally reported as I256V and N321S.
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Table 2. Bifenazate and acequinocyl resistance in T. urticae strains with novel Q0 mutations.
Bifenazate

Acequinocyl

Strain

Q0 genotype

LC50 (95%CI) (mg/ L)

Slope ± SE

RR

LC50 (95%CI) (mg/L)

Wasatch

Wild-type

6.93 (6.31 - 7.51)

4.88 ± 0.49

-

10.71 (10.23 - 11.15)

JP-R

221.29 (192.80 - 250.93)

2.49 ± 0.19

31.93

39.86 (34.37 - 45.00)

3.36 ± 0.40

3.72

JP-R-BC1

164.13 (144.41 -185.17)

3.15 ± 0.27

23.68

23.19 (20.45 - 25.64)

4.68 ± 0.48

2.17

JP-R-BC2

153.84 (136.16 - 173.02)

3.14 ± 0.25

22.2

23.86 (21.01 - 26.24)

5.31 ± 0.59

2.23

JP-R-BC3

180.13 (148.97 -211.24)

3.17 ± 0.34

26

18.09 (16.13 - 19.85)

4.92 ± 0.49

1.69

FS1

126.8 (113.5 - 141.28)

3.26 ± 0.25

18.3

-

-

-

iso-FS1

261.35 (229.37 - 295.09)

3.12 ± 0.27

37.71

37.97 (34.04 - 41.81)

3.59 ± 0.29

3.55

FS8

51.42 (46.02 - 56.12)

4.87 ± 0.51

7.42

-

-

-

iso-FS8

79.22 (72.20 - 85.72)

5.47 ± 0.46

11.43

1340.51 (1053.38 - 1636.39)

1.67 ± 0.16

125.16

isoFS8-BC1

42.32 (38.25 - 50.00)

5.10 ± 0.49

6.11

699.291 (584.34 - 824.97)

2.62 ± 0.21

65.29

isoFS8-BC2

45.62 (39.98 - 52.08)

4.32 ± 0.40

6.58

617.56 (494.55 -751.54)

2.92 ± 0.25

57.66

isoFS8-BC3

49.00 (42.47 - 57.00)

4.64 ± 0.42

7.1

820.47 (695.79- 956.49)

2.43 ± 0.2

76.6

G132A

G126S+A133T

Slope ±SE

RR
-

Isofemale lines were created from field strains with novel Q 0 mutations and are specified by an ‘iso’ prefix. Strains with a ‘BC’ suffix were created by repeated back-crossing. Only

adult females were used in the bioassays.
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Mode of inheritance of bifenazate and acequinocyl resistance
Reciprocal crosses revealed complete maternal inheritance of bifenazate resistance in
the G132A lines (Table 3 and Fig. 2), linking the mutation to the phenotype. The
limited bifenazate resistance observed in iso-FS8 with the G126S+A133T haplotype
also showed complete maternal inheritance. There was a very strong maternal effect
in the inheritance pattern of acequinocyl resistance in the reciprocal cross of iso-FS8
×Wasatch. By contrast, the very low resistance to acequinocyl in G132A lines did not
inherit maternally (Table 3 and Fig. 2), indicating that G132A does not confer
acequinocyl resistance. The LC50 values and dominance levels for all reciprocal
crosses are specified in Table 3.

Table 3. Mode of inheritance of Q0I resistance in T. urticae strains with novel Q0
mutations.
Bifenazate

Q0 genotype

G132A

G126S + A133T

Cross (♀ x ♂)

Acequinocyl

D

F1 LC50 (95% CI) (mg/L)

D

JP-R × Wasatch

F1 LC50 (95% CI)
(mg/L)
300.04 (257.39 - 347.51)

1.14

24.39 (21.94 - 26.85)

0.25

Wasatch × JP-R

7.59 (7.08 - 8.05)

-0.95

19.64 (17.88 - 21.38)

-0.08

iso-FS1 × Wasatch

167.04 (147.87 - 187.38)

0.75

36.71 (31.99 - 40.97)

0.95

Wasatch × iso-FS1

7.45 (6.69 - 8.08)

-0.96

24.73 (21.62 - 27.4)

0.33

iso-FS8 × Wasatch

61.84 (58.81 - 64.87)

0.80

555.74 (439.98 - 676.06)

0.64

Wasatch × iso-FS8

5.85 (5.43 - 6.25)

-1.14

28.72 (25.55 - 32.43)

-0.59

D is the degree of dominance. Only adult females were used in the bioassays.
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Figure 2. Bifenazate and acequinocyl dose–response toxicity data of susceptible reference and resistant strains carrying
new Q0I resistant mutations and their reciprocal crosses revealing the mode of inheritance. (A) Dose–response curves show
that the JP-R and iso-FS1 strains that carry G132A were resistant to bifenazate, but susceptible to acequinocyl. Wasatch
was susceptible to both acaricides. Reciprocal crosses showed that bifenazate resistance is maternally inherited. The mother
for each cross is given in parentheses. (B) Dose–response curves show that the iso-FS8 strain carrying G126S+A133T
showed high levels of acequinocyl resistance, and moderate resistance to bifenazate. Wasatch was susceptible to both
acaricides. Reciprocal crosses showed that both bifenazate and acequinocyl resistance is maternally inherited. The mother
for each cross is given in parentheses.
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Fitness costs
Adult males and females of Wasatch emerged earlier than the introgressed lines JPR-BC (1–3) (female: df = 3, F =11.12, P <0.001 and male: df = 3, F =7.29, P <0.001)
(Fig. S1 and Fig. 3). Significant differences were observed between the three
introgressed resistant lines JP-R-BC and the bifenazate susceptible strain Wasatch in
terms of ISS (F = 4.13; df = 3, P = 0.015), sex ratio (𝜒 2 = 9.30; df = 3; P = 0.023),
longevity (𝜒 2 =17.76; df = 3; P <0. 001), oviposition period (𝜒 2 =17.62; df = 3; P
<0. 001), total number of eggs laid per female (𝜒 2 =12.61; df = 3; P =0.005) and postoviposition (𝜒 2 =7.97; df = 3; p = 0.46), but not pre-oviposition period (𝜒 2 =0.12; df
= 3; P =0.989) (Fig. 3).

3.4.1 Fertility life table parameters
All life table parameters, net reproductive rate (R0), the intrinsic rate of increase (rm),
the finite rate of increase (LM), mean generation time (T) and the doubling time (DT)
of the three introgressed lines carrying resistance mutations JP-R-BC (1–3) and
Wasatch, are summarized in Table 4. All three introgressed lines of JP-R showed
significantly smaller values for R0, rm and LM and significantly longer DT compared
with their congenic line, Wasatch (Table 4 and Fig. 4). No significant difference was
found in T.

Table 4. The effect of G132A on fertility life table parameters in T. urticae.
Q0 genotype

Line

N

R0 ± SE

T ± SE

DT ± SE

rm ± SE

LM ± SE

Wild-type
G132A

Wasatch
JP-R-BC1

38
38

28.96 ± 2.58a
12.88 ± 0.96b

17.83 ± 0.24a
17.58 ± 0.17a

3.66 ± 0.08a
4.76 ± 0.12b

0.19 ± 0.004a
0.14 ± 0.004b

1.21 ± 0.005a
1.16 ± 0.004b

JP-R-BC2

39

19.61 ± 1.55b

17.72 ± 0.22a

4.12 ± 0.07b

0.17 ± 0.003b

1.18 ± 0.004b

JP-R-BC3

39

13.71 ± 1.10b

17.38 ± 0.17a

4.59 ± 0.12b

0.15 ± 0.004b

1.16 ± 0.005b

Net reproductive rate (R0), the intrinsic rate of increase (rm), the finite rate of increase (LM), mean generation time (T)
and the doubling time (DT) of three near-isogenic lines of T. urticae (JP-R-BC1-3) and Wasatch were calculated. Means
with different letters (a,b) within a column were significantly different at 𝛼 = 0.05. N, number of females.
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Figure 3. The effect of G132A on single-generation life-history traits in Tetranychus urticae. Three introgressed lines
carrying the G132A substitution were compared with Wasatch in terms of female longevity, female oviposition, immature
stage survivorship (ISS), sex ratio (proportion of males), pre-oviposition period, oviposition period and post-oviposition
period. Letters (a, b) indicate significant differences at 𝛼 = 0.05. The bottom and top of the boxplots depict the first and
third quartiles. The central line shows the median, and the whiskers extend to the most extreme data points which are no
more than 1.5 times the interquartile range from the box.
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Figure 4. The effect of G132A on female longevity and oviposition in Tetranychus urticae. (A) Daily egg production per
female. (B) Proportion of alive females over the course of the experiment.

DISCUSSION
Because of its excellent efficacy and safety toward biological control agents such as
predatory mites,15,16,50 bifenazate has been frequently used worldwide. Soon after its
introduction in the European Union (EU), resistance was reported in T. urticae
populations from greenhouse roses in the Netherlands. 12 Surprisingly, bifenazate
resistance inherits maternally and investigation of resistance mechanisms led to the
discovery of a mitochondrial mode of action, 12 instead of the previously proposed
interaction with GABA-gated chloride channels.51,52 Mitochondrial genome
sequencing revealed mutations at conserved sites in the mitochondrial cytochrome b
gene, suggesting that bifenazate acts as a Q0 inhibitor.12,19,53 In spider mites, reciprocal
genetic crosses between populations can be conducted easily, and should thus be the
standard in validating the role of specific mutations in cytochrome b in Q 0I resistance.
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Because cytochrome b is encoded by the mitochondrial genome, maternal inheritance
is uniquely associated with these resistance-conferring mutations. In addition, for a
number of cytochrome b mutations, repeated backcrossing to a susceptible line has
confirmed the very potent resistant phenotype in bifenazate resistance.40 Over the
years, a number of mutations conferring bifenazate and acequinocyl resistance have
been validated by revealing a maternal inheritance, both in T. urticae as P. citri
populations (Fig. 1). Although a number of other mutations has been reported, formal
evidence of their contribution to bifenazate resistance is lacking. 54 The same is true
for G126S, which was reported initially in combination with other cd1-helix
mutations, but the mutation alone has never been validated to confer a resistant
phenotype, despite a recent report.54 This is in contrast with mutations in (or close to)
the ef-helix, where P262T and I256V alone confer bifenazate and acequinocyl
resistance respectively (Fig. 1).12,49
In this study, we report for the first time a single mutation in the cd1-helix, G132A,
that confers resistance to bifenazate. The mutation was uncovered after a crossresistance screen of JP-R,37 a strain of Japanese origin, and was subsequently also
detected in a Dutch field strain, FS1. Both lines harbouring the G132A mutation and
backcrossed lines displayed similar LC50 values, and RR and resistance inheritance
was perfectly maternal. This strongly validates the role of the G132A mutation in
bifenazate resistance. However, the mutation did not confer acequinocyl crossresistance. Bifenazate resistance levels of 30-fold with LC50 values of 150–200mgL−1
are very significant in the light of field rate (e.g. Bifenazate at 96mg a.i. L −1 in the
EU) and could cause field failure, but nevertheless are much lower than those
previously reported in the cd1 helix (LC50 >10 000).12,19 This suggests that a
combination of mutations is needed to attain these very high resistance levels.
Interestingly, this mutation is the main resistance factor in pathogenic fungi resistant
to strobilurins, which are classified as MOAs and Q 0I inhibitor fungicides,22,23,55,56
providing a strong example of convergent evolution across kingdoms. Screening of
field-collected European T. urticae populations also led to the discovery of another
novel combination of mutations: G126S+A133T. This Q0 pocket haplotype is
associated with high levels of acequinocyl and bifenazate resistance in P. citri.24 In
our study, the combination of G126S and A133T in T. urticae conferred only
moderate levels of resistance to bifenazate but high resistance to acequinocyl. It is
surprising that this combination of substitutions confers such different levels of
bifenazate resistance in P. citri and T. urticae, particularly because the resistant
phenotype inherited maternally in both species, and additional (nuclear) factors in
resistance can thus be ruled out. For G132A, it is clear that bifenazate must be the
most relevant selective force in T. urticae field populations, as it does not confer
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acequinocyl resistance. The opposite is likely true for G126S+A133T, as the effect
seems to be much more pronounced on acequinocyl toxicity, and hence it is tempting
to speculate that frequent acequinocyl use lies at the basis of resistance development.
After repeated backcrossing to the susceptible Wasatch strain, we obtained congenic
lines harbouring the mitochondrial haplotype of JP-R (G132A) and the nuclear
background of Wasatch. As this uncouples the mitochondrial resistance mutations
from confounding genomic factors, it is not only a validation of the phenotypic
strength, but also a powerful approach to assess fitness costs. Our analyses of the
G132A congenic lines revealed a lower R0, rm and LM, and a higher DT compared
with Wasatch. It therefore seems that in an acaricide-free environment the resistant
genotypes might be less competitive and will grow slower than susceptible genotypes.
In addition, we found that the resistant genotype is more male biased, which could
further reduce the frequency of G132A transmission. Our findings could be important
for the management of G132A-conferred resistance in the field. It appears that the
management of G132A resistance might be easier than that of the mutations without
fitness costs, such as G126S+S141F and P262T.11
There are several reports on the fitness of resistant fungal species that carry G143A
(G132A in spider mites). Some species, such as Plasmopara viticola57,58 and
Magnaporthe oryzae59 show lower fitness. For example, conidia production of the
field G143A azoxystrobin-resistant mutant of M. oryzae is lower than that of the
susceptiblewild-types.59 Other studies failed to find fitness costs in resistant species
such as Blumeria graminis,60 Alternaria alternata,61 Botrytis cinerea62 and
Colletotrichum acutatum.63 These fitness studies, however, did not provide direct
evidence for the association of fitness consequences with theG143A mutation. To
evaluate the role of G143A in fungicide resistance and its impact on the fitness of
fungi, the mutation was introduced into the cytochrome b of the yeast species
Saccharomyces cerevisiae as a model system.64 Although confirming involvement of
the mutation in resistance, they showed that the mutation has a slightly deleterious
effect on the bc1 function of the site mimic of some, but not all, pathogenic fungi
species. The authors therefore argued that a small variation in the Q0 site can affect
the impact of the G143A mutation on bc1 activity, and can differentially affect the
fitness between species. In light of this, it is not surprising that different spider mite
mutations can confer different levels of fitness penalties.
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CONCLUSION
In conclusion, new cytochrome b mutations were uncovered, and several lines of
evidence support the causal role of these mutations in bifenazate or acequinocyl
resistance. Patterns of maternal inheritance and introgression experiments identified
G132A as tightly linked with high levels of bifenazate resistance. In T. urticae,
G126S+A133T conferred very high acequinocyl resistance, with only limited levels
of bifenazate cross-resistance. Investigation into the fitness costs revealed that strains
harbouring G132A might be more easily managed.
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Supplemental Figure 1. The effect of G132A on male and female development time in T. urticae. Emergence of the adult
mites was scored in intervals of 12 h.
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Resistance risk assessment of the novel complex II inhibitor pyflubumide

Abstract
Pyflubumide is a novel selective carboxanilide acaricide that inhibits mitochondrial
complex II of spider mite species such as Tetranychus urticae. We explored 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. A cyenopyrafen-resistant strain (JPR) was identified as the only strain with
low-to-moderate level of cross-resistance to pyflubumide (LC50 = 49.07 mg/L). In a
resistance risk assessment approach, JPR was subsequently selected which led to two
highly resistant strains JPR-R1 (RR = 466.7) and JPR-R2 (RR = 614.8). Interestingly,
compared to adult females, resistance was much less pronounced in adult males and
eggs of the two JPR-R strains. In order to elucidate resistance mechanisms, we first
sequenced the complex II subunits in susceptible and resistant strains, but target-site
insensitivity could not be detected. In contrast, synergism/antagonism experiments
strongly suggested that cytochrome P450 monooxygenases are involved in
pyflubumide resistance. We therefore conducted genome-wide gene expression
experiments to investigate constitutive and induced expression patterns and
documented the overexpression of five cytochrome P450 and four carboxyl/choline
esterase genes in the JPR-R strains after pyflubumide exposure. Together, we provide
a first resistance risk assessment of a novel complex II inhibitor and provide first
evidence for metabolic resistance mediated by cytochrome P450s in T. urticae.

Key message
•
•
•
•
•

This study provides a first resistance risk assessment of the novel
mitochondrial complex II inhibitor pyflubumide in Tetranychus urticae.
We identified a low-to-moderate level of cross-resistance to pyflubumide in
the cyenopyrafen-resistant strain JPR.
Under pyflubumide selection pressure, JPR rapidly evolved high-level
resistance in adult females but not in adult males and eggs.
Target-site insensitivity could not be detected in the two resistant strains.
Synergism/antagonism and genome-wide gene expression experiments
strongly suggest that glutathione S-transferases and cytochrome P450
monooxygenases are involved in pyflubumide resistance.
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Introduction
The two-spotted spider mite, Tetranychus urticae Koch (Arthropoda: Chelicerata:
Acariformes) is an important cosmopolitan agricultural pest that causes significant yield
losses in the absence of a proper pest and resistance management strategy (Jeppson et al. 1975;
Vacante 2015; Van Leeuwen et al. 2015; Zhang 2003). The application of acaricides still
remains the most frequently used method to keep T. urticae populations below economic
thresholds for many crops. However, the fast development of resistance in the species, in part
due to biological characteristics such as a short life cycle, high reproductive potential,
arrhenotokous reproduction, together with a broad host plant range, reduces the efficacy of
the application of acaricides (Dermauw et al. 2013; Van Leeuwen et al. 2010; Wybouw et al.
2019). It is therefore important to continue to develop acaricides with new modes of action
and limited cross-resistance to other commercially available compounds to secure proper
resistance management in T. urticae (Nauen et al. 2012; Van Leeuwen et al. 2015; Fotoukkiaii
et al. 2019). The carboxanilide pyflubumide is a recently developed acaricide by Nihon
Nohyaku Co. Ltd with excellent activity against phytophagous mites of the genus Tetranychus
and Panonychus (both belong to the Tetranychidae family) (Nakano et al. 2015). Pyflubumide
is structurally similar to the carboxamide fungicides that inhibit succinate dehydrogenase.
Pyflubumide, together with the beta-ketonitriles cyenopyrafen and cyflumetofen, are the first
commercially developed acaricides that act as complex II inhibitors in the mitochondrial
electron transport chain (Furuya et al. 2017; Van Leeuwen et al. 2015). Similar to the betaketonitriles, pyflubumide is a pro-acaricide that is converted to a more potent de-acylated
metabolite (Nakano et al. 2015). Although the metabolites of pyflubumide and cyenopyrafen
are reported to both strongly inhibit complex II, different binding modes have been suggested
with the target-site (Furuya et al. 2015; Nakano et al. 2015). Cross-resistance to conventional
acaricides in Japanese field-collected resistant populations was not detected for pyflubumide
(Furuya et al. 2015). The specificity of pods such as pollinators and natural enemies make it
an ideal candidate for integrated pest management (IPM) programs (Furuya et al. 2017; Van
Leeuwen et al. 2015).
In this study, the baseline activity and potential cross resistance risk of pyflubumide were
explored by analyzing its toxicity in a reference panel of T. urticae strains resistant to various
acaricides with different modes of action. The baseline toxicity on adult females, males, and
eggs of resistant and susceptible mites was also assessed. Our survey identified a strain
resistant to cyenopyrafen (JPR) as the only strain with a low-to-moderate level of crossresistance to pyflubumide. We subsequently selected JPR for higher levels of pyflubumide
resistance and finally obtained two highly resistant strains. To gain further insight into the
molecular mechanisms that underpin pyflubumide resistance, we screened for potential target-
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site resistance mutations, conducted synergism/antagonism experiments, and analyzed
transcriptomic changes under various conditions between susceptible and resistant strains.

Materials and methods
Survey of pyflubumide resistance
A reference panel of 15 acaricide-susceptible and resistant T. urticae strains (Table 1) was
screened for resistance to pyflubumide in toxicity bioassays on adult female mites as
described below. All strains were maintained on potted bean plants Phaseolus vulgaris L. cv.
‘‘Speedy’’ at 25 ± 1 °C, 60% RH, and 16:8 h (L:D) photoperiod. Commercial formulations
(20% SC, Danikong) of pyflubumide were kindly provided by Ralf Nauen. All other
chemicals and synergists were analytical grade and purchased from Sigma-Aldrich.
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Table 1 The toxicity of pyflubumide (LC50 and slope) in an acaricide resistance reference panel of T. urticae
Strain

Resistant to

Reference

LC50 (mg/L) (95% CI)a

RR (95% CI)*

LONDON

Susceptible

(Khajehali et al. 2011)

2.55 (2.46 - 2.63)

1

WASATCH

Susceptible

(Riga, Maria et al. 2017)

3.08 (2.76 - 3.36)

1.21 (1.14 -1.28)

JPO

Unknown

(Sugimoto and Osakabe 2014)

3.09 (2.87 - 3.28)

1.21 (1.12 - 1.30)

JPS

Unknown

(Asahara et al. 2008; Khajehali et al. 2011)

5.08 (4.88 - 5.28)

1.99 (1.89 - 2.10)

LS-VL

Susceptible

(Van Leeuwen, Thomas et al. 2005)

3.27 (3.04 - 3.43)

1.28 (1.22 - 1.35)

BR-VL

Bifenazate

(Van Leeuwen, T. et al. 2008)

1.83 (1.63 - 2.02)

0.72 (0.65 - 0.80)

ETOXR

Etoxazole

(Van Leeuwen, T. et al. 2012)

2.70 (2.52 - 2.86)

1.06 (0.99 - 1.13)

TU008R

Cyflumetofen (Khalighi et al. 2014)

3.18 (2.95 - 3.40)

1.25 (1.18 - 1.31)

AKITA

METIs

(Stumpf and Nauen 2001)

4.20 (3.95 - 4.42)

1.65 (1.56 - 1.74)

SR-VP

Spirodiclofen

(Demaeght et al. 2013b; Van Pottelberge, Van Leeuwen, Khajehali et al. 2009)

4.30 (4.12 - 4.48)

1.69 (1.61 - 1.77)

MAR-AB

Multi

(Dermauw et al. 2013)

5.86 (5.31 - 6.35)

2.30 (2.14 - 2.47)

HOL3

Bifenazate

(Van Nieuwenhuyse et al. 2009)

6.01 (5.58 - 6.43)

2.36 (2.18 - 2.55)

MR-VL

Multi

(Van Leeuwen, Thomas et al. 2005)

6.39 (5.80 - 6.85)

2.51 (2.34 - 2.70)

MR-VP

Multi

(Dermauw et al. 2013; Van Pottelberge, Van Leeuwen, Nauen et al. 2009)

7.59 (6.80 - 8.24)

2.98 (2.72 - 3.25)

JPR

Cyenopyrafen (Khalighi et al. 2016)

49.07 (37.62 - 65.63)

19.24 (16.43 - 22.53)

*Resistance ratio, LC50 of resistant strain/LC50 of susceptible strain, with 95% confidence intervals between brackets
a
The lethal concentration required to kill 50% of the population, with 95% confidence intervals between brackets
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Selection for pyflubumide resistance
To assess the risk of the development of pyflubumide resistance in T. urticae, JPR
was reared with pyflubumide selection pressure under two different laboratory
regimes, as described below. The two derived strains are referred to as JPR-R1 and
JPR-R2.

1. Plate selection regime
Approximately 2000 adult female JPR mites were placed on four detached bean leaves
in separate Petri dishes (about 500 females per leaf). Mites were sprayed with 1 ml of
100 mg/L pyflubumide (~ LC90 of JPR) using a Potter spray tower resulting in 2 mg
aqueous deposit per cm2. After 48 h, females that appeared unaffected were
transferred to untreated bean plants and allowed to propagate for approximately three
generations. The dose–response relationship of pyflubumide toxicity was assessed in
this generation, hereafter called SEL1. A second round of selection was undertaken
with 1000 mg/L pyflubumide using the same approach, resulting in generation SEL2.
From generation SEL2 onwards, the population was grown on bean plants sprayed
until run off with 100 mg/L. The resulting resistant strain was named JPR-R1.

2. On plant selection regime
Approximately 2000 adult female JPR mites were transferred to potted bean plants
that were sprayed with a handheld spraying device with 100 mg/L pyflubumide until
runoff. Before spraying, plant buds were removed and only the primary leaves were
kept on the potted bean plants. After 7 days, all apparent unaffected mites (from all
stages and both sexes) were collected and transferred to untreated bean plants for
propagation. The strain was named JPR-R2 and maintained on potted bean plants with
a constant selection pressure of 100 mg/L of pyflubumide until analysis.
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Toxicity bioassays
Bioassays were performed on eggs, adult females, and males. To obtain eggs of a
synchronized age for egg bioassays, 50–60 adult females were placed on the upper
side of 9 cm2 bean leaf disks and allowed to oviposit for 4 h. After removing adult
mites, the number of eggs was counted per petri dish. After 24 h, the eggs were
sprayed with 1 mL of spray fluid at 100 kPa pressure in the Potter spray tower,
resulting in 2 mg aqueous deposit per cm2. Four replicates of five-eight concentrations
of pyflubumide and control (deionized water) were tested. Mortality was scored after
5 days. The percentage of mortality was calculated by dividing the number of hatched
larvae to the number of eggs.
Female and male bioassays were conducted using a standardized method as previously
described (Van Leeuwen et al. 2006). Briefly, we tested five-eight concentrations in
four replicates. For each replicate 20–30 adults were transferred to 9 cm2 bean leaf
disks on wet cotton wool. Leaf disks were sprayed as outlined above, and mortality
was scored after 24 h. Total number of mites per assay varied between 550 and 1100
for adults and 1200 and 1800 for eggs. LC50-values and the 95% confidence limits
were calculated from probit regressions using the POLO-Plus software (LeOra
Software 2006).

Sequencing of SQR subunits
RNA was extracted from approximately 200 adult females using an RNeasy Mini Kit
(Qiagen), DNase treated with a Turbo DNA-free kit (Thermo Fisher Scientific), and
reversely transcribed into cDNA using the Maxima First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific). The four subunits of JPR-R2 and JPR strains were
sequenced using the primer pairs listed in Supplemental File 1. PCRs were conducted
in 50 μL of reaction mixture containing 2 mM of MgCl2, 0.2 μM of each primer, 0.2
mM of deoxynucleotide triphosphate (dNTP) mix (Invitrogen, Merelbeke, Belgium),
5 μL of 10 × PCR-buffer (Invitrogen) and 1U of Taq DNA polymerase (Invitrogen),
under the following conditions: 2 min at 95 °C, 35 cycles of 15 s at 95 °C, 30 s at 55
°C and 30 s at 72 °C, and a final extension of 2 min at 72 °C. After purification using
E.Z.N.A. Cycle-Pure kit (Omega Bio-tek, Norcross, GA, USA), PCR products were
sequenced at LGC Genomics (Germany). All SQR subunits of JPR-R2 and JPR were
screened for nucleotide variants using those of the London strain as reference.
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Synergism/antagonism and barbital experiments
Synergism/antagonism experiments were performed according to the methods
described by Van Pottelberge et al. (2009a, b). Briefly, 1000 mg/L of piperonyl
butoxide (PBO), 500 mg/L of S,S,S-tributyl phosphorotrithioate (DEF), and 2000
mg/L of diethylmaleate (DEM) were used as the final concentrations in the
experiments. The synergists/antagonists were first dissolved in N, N-dimethyl
formamide and emulsifier W (cas 104,376-72-9, Lanxess) (3:1) and then diluted to
the respective concentrations using deionized water. Mites were sprayed with 1 ml of
the synergist/antagonist solution as described above. Exactly 24 h after synergist
treatment, mites were used in pyflubumide bioassays. Mortality was recorded after 24
h and synergism ratios (SR) were determined by dividing the LC 50 of pyflubumide
alone by the LC50 obtained after synergist pretreatment.
For barbital assays, the methods described by (Van Pottelberge et al. 2008) were
followed. In short, the barbital solution was made by dissolving barbital powder in
deionized water. Each replicate (20–30 adult females) was sprayed with 1 ml of
10,000 mg/L barbital solution as described above. After 4 h, mites were sprayed with
five-eight concentrations of pyflubumide and a control each with four replicates. The
synergism/antagonism ratio was determined by dividing the LC50 of treated
population by the LC50 of non-treated population.

Timing of symptomology
To determine the timing of symptomology, we used 100 mg/L pyflubumide which is
a concentration that did not lead to physiological symptoms in JPR-R1 and JPRR2
strains. About 30 adult female mites from strains JPR, JPR-R1, and JPR-R2 were
transferred to the upper side of 9 cm2 bean leaf disks in ten replicates. All 30 petri
dishes were sprayed with 100 mg/L of pyflubumide using the Potter spray tower as
described above. Four replicates were sprayed with deionized water as a control. All
plates were checked every 1.5 h, starting 1 h into the photophase, until the 18 h
timepoint, with a final observation at 24 h. Dead mites and mites that proved unable
to walk the length of their body or displayed uncoordinated behavior (spastic
movement) after a gentle touch by a tiny brush were recorded as affected. Significant
differences in the percentage of affected mites across time points were determined
using a general linearized model (GLM) followed by Tukey’s HSD tests (α = 0.05).
Statistical analysis was conducted within the R framework [R Core Team] (Team

85

Chapter 3

2018). The experiment was conducted at 23–25 °C, 60% RH, and 18/6 h (L/D)
photoperiod with the photophase started at 6:00 AM.

Experimental setups for the transcriptomic analyses of pyflubumide resistance
Three transcriptomic experiments were performed that differed in the way T. urticae
strains were exposed to pyflubumide. First, four RNA samples were collected from
JPO (the ancestral strain of JPR) (Sugimoto and Osakabe 2014), JPR, JPR-R1, and
JPR-R2 that were maintained for one generation on non-sprayed plants. Next, four
samples were collected from JPR and JPR-R1 that were either exposed to pyflubumide
or deionized water for 9 h. Here, approximately 500 adult female mites were placed
on detached leaf disks on wet cotton wool and were sprayed with 1 ml of pyflubumide
solution (100 mg/L) or deionized water at 100 kPa pressure in a Potter spray tower
resulting in 2 mg aqueous deposit per cm2. Last, four RNA samples were collected
from JPR-R1 and JPR-R2 that were either sprayed with pyflubumide (100 mg/L) or
deionized water 24 h before collection, using the same methodology as for the 9 h
time point.

RNA extraction and transcriptomic analyses of pyflubumide resistance
Per sample, RNA was extracted from a bulk of 120–150 adult females using a RNeasy
minikit (Qiagen), treated with DNase (Turbo, Ambion), and labeled using the Low
Input Quick Amplification Kit (Agilent Technologies). RNA samples were dyed with
cyanine-3 or cyanine-5. Cyaninelabeled RNA was hybridized in the respective mixes
(cyanine-5 and cyanine-3) to a custom Agilent GE microarray (Gene Expression
Omnibus (GEO) Platform GPL16890). After washing using the Gene Expression
Wash Buffer kit (Agilent Technologies), microarray slides were scanned with an
Agilent Microarray High-Resolution Scanner. The raw intensity values are accessible
at the GEO website (GSE138192) and were used for statistical analysis in LIMMA
(Smyth Gordon 2004). Background correction was performed using the ‘normexp’
method (with an offset of 50) (Ritchie et al. 2007). Within- and between-array
normalization was applied using the global loess and Aquantile methods, respectively.
Data quality was assessed at every step using array Quality Metrics (Kauffmann et al.
2008). Using the probe annotation identified in (Snoeck et al. 2018), a linear model
was fitted to the processed data, incorporating intraspot correlations (Smyth and
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Altman 2013). Significant differential gene expression was identified by empirical
Bayesian statistics with cutoffs of Benjamini–Hochberg corrected p values and
log2FC at 0.05 and 1, respectively. A principal component analysis (PCA) was
performed on relative transcription levels using the prcomp function within the R
environment (Team 2018). An optimal number of clusters for k-means clustering was
assessed using the gap statistic (global max, seed number set at 54,321, cluster number
ranging from 2 to 10) (Tibshirani et al. 2001). Using JPO as a common reference, the
relative gene expression levels of genes that were significantly differentially
expressed in any comparison were used as input and clustered using the centered
Pearson’s correlation as a distance metric.

Results
Pyflubumide cross‑resistance screen and selection
The toxicity of pyflubumide in a number of laboratory and field-collected T. urticae
strains is shown in Table 1. All strains displayed similar LC50 values (2–7 mg/L), with
the exception of JPR, that exhibited an LC50 value of 49 (37.62–65.63) mg/L.
To assess the risk of resistance development, JPR was selected for pyflubumide
resistance using two different selection regimes. After selection with 100 mg/L on
plates, the resulting population SEL1 displayed an LC50 value of 247.78 (190.58–
303.23) mg/L. A second selection with 1000 mg/L resulted in population SEL2 with
LC50 of 824.96 (693.47 to 966.43) mg/L. The population was further maintained on
sprayed plants with 100 mg/L and the LC50 of the final population, JPR-R1, was 1438
(1221–1666) mg/L (Fig. 1).

87

Chapter 3

Fig. 1 Dose–response relationships of pyflubumide toxicity on JPO, and the pyflubumide selected strains. JPO is
susceptible to complex II acaricides, and was first used in selection experiments. JPO was selected with cyenopyrafen
resulting in JPR (Khalighi et al. 2016) and developed a low-to-moderate cross-resistance to pyflubumide. From JPR, two
selection lines (JPR-R1 and JPR-R2) were established by pyflubumide selection. SEL1 and SEL2 were the first and second
generation of selection that finally resulted in the JPR-R1 strain. JPR-R2 was selected out of JPR on plants as described in
Materials & Methods

In an alternative approach, the strain JPR was independently selected for pyflubumide
resistance on potted plants, and resulted in the JPR-R2 strain, with an LC50 value of
1894 (1642–2156) mg/L.

Toxicity of pyflubumide on females, males, and eggs of susceptible and resistant
mites
The LC50 values of pyflubumide on females, males, and eggs of Wasatch, JPR, JPRR1, and JPR-R2 strains are reported in Table 2. Pyflubumide was toxic to all tested
stages of Wasatch, but males were about tenfold more susceptible, while eggs were
clearly less susceptible (Table 2). While resistance levels were high in adults in both
JPR-R strains, eggs showed a marked higher susceptibility (54.10 and 98.19 mg/L) to
pyflubumide, and resistance levels were also lower in males. In contrast, resistance
levels in parental JPR were low in adults (49 mg/L) and higher in eggs (318 mg/L), a
pattern that was apparently not maintained, nor fortified by selection for pyflubumide
resistance.
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Table 2 The toxicity of pyflubumide (LC50 and slope) in different life stages of susceptible and resistant T. urticae mites
WASATCH
LC50 (mg/ L)a
3.080
Female
(95% CI)b
(2.760 - 3.360)
Slope ± SEc
8.690 ± 0.860
RR*
(95% CI)d
LC50 (mg/ L)a
0.4400
Male
(95% CI)b
(0.4000 ± 0.4800)
Slope ± SEc
4.830 ± 0.500
RR*
(95% CI)d
LC50 (mg/ L)a
23.60
Egg
(95% CI)b
(19.93 ± 27.60)
c
Slope ± SE
2.030 ± 0.1400
RR*
d
(95% CI)
a
The lethal concentration required to kill 50% of the population
b
95% confidence intervals of the LC estimates
c
Standard error
*Resistance ratio, LC50 of resistant strain/LC50 of susceptible strain
d
95% confidence intervals of the LC ratio

JP-R
49.07
(37.62 - 65.63)
2.150 ± 0.2100
15.93
(13.56 - 18.68)
2.980
(2.730 ± 3.190)
5.030 ± 0.4200
6.770
(5.970 - 7.590)
318.2
(258.4 ± 382.0)
1.600 ± 0.1500
13.48
(10.80 - 16.84)
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JP-RR1
1438
(1221 - 1666)
2.080 ± 0.2000
466.7
(397. 8 - 549.5)
8.130
(7.410 ± 8.790)
4.550± 0.4100
18.48
(16.24 - 20.83)
98.19
(78.71 ± 119.0)
1.610 ± 0.1200
4.16
(3.360 - 5.150)

JP-RR2
1894
(1642 - 2156)
2.200 ± 0.2100
614.8
(533. 8 - 710.6)
5.720
(4.970 ± 6.340)
3.590 ± 0.4200
13.00
(11.15 - 15.03)
54.10
(40.07 ± 68.91)
1.420 ± 0.1100
2.290
(1.850 - 2.850)
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Sequencing of the succinate: ubiquinone oxidoreductase subunits
Only synonymous SNPs were identified in tetur01g15710 (SdhB), tetur30g00210
(SdhC) and tetur20g00790 (SdhD). In tetur08g03210 (SdhA), we found a substitution
V209I between the London sequence (V209) and both JPR (I209) and JPR-R2 (I209).
Coding sequences generated in this study are accessible at the NCBI repository
(GenBank accession number for SdhA, SdhB, SdhC, and SdhD subunits of JPR and
JPR-R2 are MN820825, MN820826, MN820827, MN820828, and MN820829,
MN820830, MN820831 and, MN820832, respectively).

Synergism and antagonism assays
The effect of synergists PBO, DEF and DEM on pyflubumide toxicity are presented
in Table 3. Synergism/antagonism assays were performed on susceptible LS-VL, JPR,
JPR-R1, and JPR-R2. Pyflubumide toxicity was synergized twofold by PBO in JPR
and much higher in JPR-R1 and JPR-R2 with remarkable SRs of 15- and 27-folds,
respectively. DEF antagonized pyflubumide toxicity in all strains, however, the
antagonism was about tenfold higher in JPR. The synergistic effects with DEM were
higher in JPR-R1 and JPR-R2 compared with JPR (Table 3). The results of barbital
effect on toxicity of pyflubumide are presented in Table 3. Barbital treatment
synergized the toxicity of pyflubumide more in JPR-R1 and JPR-R2, as compared
with JPR (Table 3).
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Table 3 The effect of synergist/antagonist PBO, DEF, DEM and barbital on pyflubumide toxicity in susceptible and resistant strains of T. urticae

Acaricide alone

PBO

DEF

DEM

Barbital

LC50 (mg/ L)a
(95%CI)b
Slope ± SEc
LC50 (mg/ L)a
(95%CI)b
Slope ± SEc
SRd
(95%CI)e
LC50 (mg/ L)a
(95%CI)b
Slope ± SEc
SRd
(95%CI)e
LC50 (mg/ L)a
(95%CI)b
Slope ± SEc
SRd
(95%CI)e
LC50 (mg/ L)a
(95%CI)b
Slope ± SEc
SRd
(95%CI)e

LS-VL
3.270
(3.100 - 3.410)
11.11 ± 0.9200
2.740
(2.590 - 2.850)
10.40 ± 1.100
1.200
(1.130 - 1.260)
7.380
(6.860 - 7.790)
7.550 ± 0.8600
0.4400
(0.4100 - 0.4800)
2.360
(2.260 - 2.460)
6.950 ± 0.5800
1.380
(1.310 - 1.460)
5.500
(4.900 - 5.990)
4.540 ± 0.5700
0.5900
(0.5400 - 0.6600)

JP-R
49.07
(37.62 - 65.63)
2.150 ± 0.2100
22.82
(19.31 - 26.71)
1.990 ± 0.1700
2.150
(1.720 - 2.690)
2176
(1834 - 2499)
2.230 ± 0.2200
0.02000
(0.01800 - 0.03000)
21.90
(16.00 - 28.92)
1.080 ± 0.1500
2.240
(1.610 - 3.110)
8.930
(6.880 - 11.26)
1.770 ± 0.1500
5.490
(4.280 - 7.050)

a

The lethal concentration required to kill 50% of the population
95% confidence intervals of the LC estimates
Standard error
d
Synergism ratio, LC50 of acaricide alone/LC50 obtained after synergist pretreatment
e
95% confidence intervals of the LC ratio
b
c
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JP-RR1
1438
(1221 - 1667)
2.080 ± 0.2000
92.79
(81.01 - 104.9)
2.620 ± 0.1900
15.49
(12.54 - 19.13)
3844
(3286 - 4524)
2.080 ± 0.2400
0.3700
(0.3000 - 0.4700)
152.3
(130.1 - 177.0)
1.590 ± 0.1100
9.440
(7.570 - 11.76)
17.56
(14.39 - 20.94)
2.140 ± 0.1800
81.83
(64.60 - 103.64)

JP-RR2
1894
(1642 - 2156)
2.200 ± 0.2100
69.21
(55.66 - 84.41)
1.690 ± 0.1400
27.31
(21.32 - 34.99)
5028
(4245 - 6011)
1.890 ± 0.2400
0.3800
(0.3000 - 0.4800)
73.73
(58.33 - 91.05)
1.560 ± 0.1000
25.68
(20.66 - 31.92)
32.61
(27.98 - 37.56)
2.310 ± 0.1700
57.96
(46.52 - 72.22)
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Constitutive transcriptomic changes associated with selection for pyflubumide
resistance
To characterize potential constitutive, or environmentally independent, transcriptomic
changes associated with selection for pyflubumide resistance, the transcriptomes were
sampled of JPO, JPR, JPR-R1, and JPR-R2, all maintained for one generation without
selection pressure on non-sprayed bean plants. A PCA shows that the transcriptomic
profile of JPO was highly divergent from JPR and JPR-R1-2 and that a low percentage
of the total data variation underlined the differences between JPR and JPR-R1-2 (Fig.
2a). Using JPR as the parental reference, a small number of genes were significantly
differentially transcribed in JPR-R1 and JPRR2 (47 and 37, respectively) (Fig. 2b and
Supplemental file 2). Of these, only 14 genes were consistently differentially
expressed in both JPR-R1 and JPR-R2. Three genes (tetur13g01730, tetur14g03160,
and tetur14g01700) were consistently up-regulated upon pyflubumide selection, but
none coded for enzymes that are known to be associated with xenobiotic metabolism
(hypothetical proteins and a protein with an ‘Immunoglobulin E-set’ domain
(IPR014756), respectively) (Fig. 2b and Supplemental file 2). One of the genes with
a lower transcription level in JPR-R1 and JPR-R2, tetur03g00830, coded for the
cytochrome P450 CYP392A12 (Fig. 2b). No carboxyl/cholinesterase (CCE) genes
were down-regulated in these two comparisons. We hypothesized that the
transcriptomic signature of pyflubumide resistance might have been masked in these
comparisons because it was already present in the ancestral, cross-resistant JPR strain.
Therefore, as a next step, we used the original and susceptible JPO strain (the parent
of JPR) as a reference to look at transcriptomic changes. Compared to JPO, 454 genes
were differentially expressed in JPR, whereas 362 and 368 differentially expressed
genes (DEGs) were detected in JPRR1 and JPR-R2, respectively (Supplemental file
2). Selecting JPR from JPO was associated with the up-regulation of 16 cytochrome
P450 genes, with CYP392D2, CYP392D6, and CYP392A12 having a log2FC higher
than four. Two CCE genes (tetur17g00360 and tetur30g01290) were down-regulated
in JPR compared to JPO, whereas six CCE genes showed a significant up-regulation.
In both JPR-R1 and JPRR2, 13 cytochrome P450s were up-regulated compared to
JPO, of which 11 genes already showed significant up-regulation in JPR [CYP392D2,
CYP392D6, and CYP392E8 had the highest average transcriptional increase
(Supplementary Tables)]. JPR-R1 and JPR-R2 each had one unique up-regulated
cytochrome P450 [tetur03g05040 and tetur06g02620, respectively (both are not fulllength in the reference London genome (Grbić et al. 2011))]. Tetur03g05010 was the
only cytochrome P450 (CYP392D4) that was up-regulated in JPRR1-2, but not in JPR
(average log2FC of 1.02). Only JPR-R1 had a down-regulated CCE gene that was not
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already downregulated in JPR; tetur01g10800 with a log2FCof − 1.08. To gain more
insight into the transcriptional evolution of these and other genes, all 560 DEGs were
grouped using k-means clustering, and three distinct transcriptional patterns became
apparent (Fig. 2c and Supplemental Tables). The 513 DEGs of cluster 1 and 2 showed
a stable down- and up-regulation, respectively, across JPR, JPR-R1, and JPR-R2. The
47 DEGs of cluster 3 showed a high relative transcription level in JPRR1-2, but not
in JPR. Notably, CYP392D4 was placed in this group of DEGs.
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Fig. 2 The constitutive transcriptomic changes between JPO, JPR, JPR-R1, and JPR-R2. a PCA plot of JPO, JPR, JPR-R1,
and JPR-R2. The four samples of each strain are separately plotted. b Scatterplot of the differentially expressed genes in
the two pyflubumide-resistant strains JPR-R1 and JPR-R2 versus ancestral JPR. Only the genes with an FDR-corrected p
value of < 0.05 and log2FC ≥ 1 were regarded as differentially expressed. Only one cytochrome P450 was differentially
transcribed in both pyflubumide-resistant strains, was downregulated, and coded for CYP392A12. In b Venn diagram
showing the overlap of differentially expressed genes in JPR-R1 and JPR-R2 versus ancestral JPR. c Using JPO as the
common reference, the transcriptional patterns of the three k-clustered groups of the 560 DEGs across JPR, JPR-R2, and
JPR-R1 are plotted. Circles represent the average (± SD) of gene expression in each strain (color coded)

94

Resistance risk assessment of the novel complex II inhibitor pyflubumide

Symptomology timing
In order to gain insights in the time of toxicity in relation to potential plastic
transcriptional changes, mites were exposed to pyflubumide and cumulative
percentages of mortality and symptoms were followed during 24 h after spraying with
a sub-lethal dose of pyflubumide in JPR and JPR-R1-2 (Fig. 3). The highest level of
pyflubumide-induced toxicity symptoms was observed 9 h after spraying in both JPRR1 (df = 2; F = 7.90; P = 0.0019) and JPR-R2 (df = 2; F = 12.63; P < 0.0001). The
symptom level at this time point was significantly different from that of the previous
time points, i.e., 7.5 h (Tukey’s post hoc test, P < 0.001 for both JPR-R1 and JPR-R2)
and the next time point at 10.5 h (Tukey’s posthoc test, P = 0.038 and P = 0.037 for
JPR-R1 and JPR-R2, respectively). After 9 h, the symptoms declined in JPR-R1-2,
whereas JPR showed an increase in the level of symptoms (Fig. 3).

Fig. 3 Timing of symptomology in T. urticae strains JPR, JPRR1, and JPR-R2. Percentage of mites that showed the
symptoms of poisoning caused by pyflubumide treatment over 24 h time course after spraying. Symptoms include death,
inability to walk, or uncoordinated behavior (spastic movement) after a gentle touch by a tiny brush
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Plastic transcriptomic responses to pyflubumide exposure
As only limited constitutive gene expression differences were observed between JPR
and JPR-R1-2, the plastic, environmentally dependent, transcriptomic changes were
also characterized to shed more light on the molecular basis of pyflubumide
resistance. Based on the symptomology bioassays, we first investigated the
transcriptomic responses of JPR and JPRR1 after 9 h of exposure to a sub-lethal dose
of pyflubumide (100 mg/L). Here, no DEGs were detected in JPR-R1 upon
pyflubumide exposure, whereas a single DEG (tetur04g04350, log2FC of 1.17) was
observed in JPR. Next, we focused on the plastic responses of JPR-R1-2 upon 24 h of
exposure to the same sub-lethal dose of pyflubumide, versus water-sprayed controls.
As reflected in the PCA (alongside the PC1 axis, Fig. 4a), large transcriptomic
changes were observed here, clearly separating water-sprayed from pyflubumidesprayed populations. Using water-sprayed populations as respective references, JPRR1 had 294 DEGs, whereas JPR-R2 exhibited 118 DEGs (Fig. 4b). Over 92% of the
transcriptional response of JPR-R2 was also present in the response of JPR-R1, and
the shared DEGs (n = 109) exhibited a positive relationship in their plastic
transcriptional response (Fig. 4b). Eight cytochrome P450s were part of this positively
correlated response, of which five showed up-regulation after exposure to
pyflubumide (Fig. 4b). Four CCE genes were up-regulated when the resistant strains
were exposed to pyflubumide (Supplementary Tables).
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Fig. 4 The plastic transcriptomic changes upon 9 and 24 h of exposure to a sub-lethal dose of pyflubumide. a PCA plot of
the individual samples alongside PC1 and PC2 (55.5% of total data variation) that were collected to investigate plastic
transcriptomic responses. b Above, venn diagram showing the overlap of differentially expressed genes in JPR-R1 and
JPR R2 after 24 h exposure to 100 mg/L pyflubumide. Below, scatterplot of the 109 shared differentially expressed genes
in JPR-R1 and JPR-R2 exposed for 24 h to 100 mg/L pyflubumide. Genes that code for cytochrome P450s are depicted by
black circles and labeled with their CYP identifier. Only the genes with an FDR-corrected p value of < 0.05 and log2FC ≥
1 were regarded as differentially expressed
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Discussion
The development of new acaricides with new modes of action and limited crossresistance to other conventional compounds remains crucial for efficient resistance
management of phytophagous mite pests like T. urticae (Nauen et al. 2012).
Pyflubumide is a newly developed complex II inhibitor and the first acaricide with a
carboxanilide structure (Furuya et al. 2017). In this study, the compound proved to be
very active on a collection of strains with varying levels of resistance to commercially
available compounds. However, we uncovered decreased susceptibility in a Japanese
strain named JPR, which was selected out of JPO with cyenopyrafen (Sugimoto and
Osakabe 2014). The decreased pyflubumide susceptibility was only found in JPR, and
not its parent JPO, suggesting that selection for cyenopyrafen resistance resulted in
decreased susceptibility for pyflubumide (Table 1), a typical case of moderate crossresistance. As cyenopyrafen and pyflubumide both belong to complex II inhibitors
acaricides and their active metabolites act on the same enzyme (Nakano et al. 2015),
target-site based cross-resistance would not be not surprising, although pyflubumide
and cyenopyrafen belong to different chemical families, and might have slight
different binding modes (Nakano et al. 2015). In addition, cross-resistance between
cyenopyrafen and cyflumetofen, both beta-ketonitriles, has been demonstrated in JPR
(Khalighi et al. 2016).
Before studying the mechanisms of (cross)-resistance, we attempted to further fix
pyflubumide resistance in JPR using two different laboratory selection regimes, and
obtained two highly resistant strains, JPR-R1 and JPR-R2. Pyflubumide resistance
evolved very quickly (Fig. 1), indicating that under field conditions pyflubumide
efficacy would be at risk after prior selection with cyenopyrafen.
In the susceptible Wasatch strain, males were much more susceptible to pyflubumide
than females, while in contrast, eggs were much less susceptible. Variation in
pesticide susceptibility between sexes and developmental stages of pest species can
be related to morphological differences (e.g., body size or eggshell thickness) and/or
metabolic differences (e.g., differential expression of detoxifying enzymes). A smaller
male and egg size in T. urticae can provide a higher exposure to acaricides through
higher surface-to-volume ratios, although sexual size dimorphism is not always
related to variation in pesticide tolerance (Daly and Fitt 1990; Rathman et al. 1992).
When assessing stage-specific effects of pyflubumide resistance, we discovered that
unlike adult females, males and eggs of the two JPR-R strains were still highly
susceptible to pyflubumide, so resistance was strongly female biased in the adult
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stage. This pattern was, however, not observed for JPR where eggs retained most of
the resistance levels (Table 2). As resistance levels were maintained in eggs versus
adults in JPR, but not in JPRR, this would suggest that at least additional mechanisms
were selected. Stage-specific effects in resistance have been previously reported in
spider mites; spirodiclofen resistance is high in adult T. urticae females but absent in
eggs (Van Pottelberge et al. 2009). Sex-linked pesticide resistance has been observed
in haplodiploid species such as spider mites where unfertilized haploid eggs develop
into males and fertilization leads to diploid females (Carrière 2003). One of the
underlying mechanisms might be a dosage-effect of the resistance alleles in haploid
males (Carrière 2003). This mechanism is similar to sex-linked pesticide resistance in
diplodiploid species in which the sex-linked allele is not always present, or expressed
in a specific gender (Baker et al. 1994; Marín et al. 2000; Rao and Padmaja 1992). Of
practical importance, the effectiveness of resistance management strategies is higher
when such sex-linked pesticide resistance patterns are taken into account as the
susceptibility of males (and developmental stages such as eggs) might slow down the
resistance development process by reducing the overall population growth.
Pyflubumide is structurally similar to the carboxamide fungicides that act as complex
II inhibitors (SDHI), and a similar mode of action has been documented (Furuya et al.
2017). Resistance to SDHI fungicides has been reported to be conferred by specific
point mutations in complex II subunits (SDHB, C, and D) in many fungal plant
pathogens (Avenot and Michailides 2010; Oliver 2014; Sierotzki and Scalliet 2013).
Because of the apparently frequent target-site resistance development in fungi, and
the observed cross-resistance between pyflubumide, cyenopyrafen and cyflumetofen
(all acting on complex II), we first searched for target-site resistance by sequencing
all subunits (SDHA, until D) that make up complex II. However, we did not find any
target-site resistance mutation in subunits SDHB, SDHC and SDHD, previously
implicated in Q0I resistance in fungi (Avenot and Michailides 2010; Hahn 2014;
Sierotzki and Scalliet 2013). The V209I variant in SDHA in JPR and JPRR2 was not
positioned in a conserved region and very likely not associated with resistance, as the
ubiquinone-binding pocket where pyflubumide interacts is structurally defined by the
interface between the SDHB, -C, and -D subunits (Sierotzki and Scalliet 2013), and
is likely the reason why mutations in SDHA have not been uncovered in fungi yet.
This is in line with a previous study that did not find target-site resistance in the
cyenopyrafen-resistant strain JPR (Khalighi et al. 2016) and points toward an
alternative mechanism of (cross)-resistance.
Synergism experiments strongly suggested that cytochrome P450 monooxygenases
and glutathione S-transferases (GSTs) are involved in pyflubumide detoxification in
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female resistant mites in the two JPR-R strains (Table 3). To a lesser extent, this is
also true for JPR (twofold PBO synergism). A strong antagonism of toxicity was
found after treatment with DEF, which confirms pyflubumide is a pro-acaricide that
requires hydrolytic activation (Khajehali et al. 2009; Nakano et al. 2015; Van
Leeuwen et al. 2006). Interestingly, antagonism is much higher in JPR compared to
both the susceptible LS-VL and resistant JPR-R strains, again pointing toward
different mechanisms between parental and selected strains. Pretreatment with
barbital dramatically lowered the resistance levels of JPR-R1-2 and JPR, whereas it
slightly increased pyflubumide resistance in the susceptible strain LS-VL. This
suggests that the detoxifying enzymes, most likely cytochrome P450s, were more
suppressed than induced by barbital in the resistant strains. Collectively, it seems
likely that the differences in pyflubumide susceptibility of eggs and males of the
resistant strains might be due to a different detoxification potential. Higher levels of
resistance in the JPR-R strains correlate with higher synergism ratio for PBO and
DEM.
Therefore, we performed a genome-wide gene expression analysis between parental
(JPR) and selected resistant lines JPR-R. Transcriptome analysis did not show any
notable differences between strains in the absence of acaricide pressure (Fig. 2a, b).
In contrast, when JPO was used as the reference, over 500 genes were differentially
transcribed in JPR and JPR-R1-2 with the majority of the DEGs exhibiting stable
transcript levels (Fig. 2c). Cluster analysis revealed a small group of DEGs that show
an increased expression in JPR-R1- 2, compared to JPO (Fig. 2c, cluster 3). The
cytochrome P450 CYP392D4 is clustered in this group, and it belongs to the CYP392
family that underwent a spider mite-specific expansion (Grbić et al. 2011) and of
which many members have been implicated in resistance in T. urticae (Demaeght et
al. 2013; Riga et al. 2014; Van Leeuwen and Dermauw 2016). Together, these results
suggest that the constitutive transcriptomic signature of pyflubumide resistance was
already present in JPR and did not significantly change when selecting for higher
resistance levels in JPR-R1-2 (Fig. 2a). We therefore tested the hypothesis whether
the high pyflubumide resistance of JPR-R1-2 could be caused by a heritable increased
plasticity (induction by pyflubumide). In our observations of the symptomology
timing, the highest level of JPR-R responses to pyflubumide was observed 9 h after
exposure to the acaricide. Afterward, the symptoms declined, which suggests that the
detoxifying mechanisms were activated after this time. We indeed found that five
cytochrome P450s and four CCE genes were up-regulated when JPP-R1-2 were
exposed to pyflubumide for 24 h, compared to water-sprayed JPR-R1-2 mites. Here,
the up-regulation of cytochrome P450s further supports our hypothesis that
pyflubumide resistance is metabolic. Although synergism experiments indicated that
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GSTs were likely involved in pyflubumide detoxification in female JPR-R mites,
genes coding for GST enzymes did not stand out in these transcriptomic comparisons
(Supplementary File 2). This indicates that potentially different GST allele
frequencies, and not different levels of transcription, could contribute to the
development of resistance in the two JPR-R lines, compared to JPR.
Together, our results show that although many resistant T. urticae strains were
susceptible to pyflubumide, there could be a risk of rapid development of pyflubumide
resistance in the areas that have been exposed to cyenopyrafen and probably other
complex II inhibitors. We gathered evidence that indicates that cytochrome P450
enzymes are likely involved in pyflubumide resistance. However, gene expression
patterns have shown to be complex and failed to clearly identify which cytochrome
P450(s) might be involved. Future work should focus on trying to get functional data
on pyflubumide metabolizing enzymes and characterize genetic architecture
underlying resistance with alternative hypothesis-free approaches such as QTL
mapping (Kurlovs et al. 2019).
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Supporting Information
Supplementary File 1. Primers used in this study

T. urticae gene ID
tetur08g03210

Gene Name
SDHA

tetur08g03210

SDHA

tetur08g03210

SDHA

tetur01g15710

SDHB

tetur30g00210

SDHC

tetur20g00790

SDHD

Primer Name
08g03210_F1
08g03210_R1
08g03210_F2
08g03210_R2
08g03210_F3
08g03210_R3
sdhB_F
sdhB_R
sdhC_F
sdhC_R
sdhD_F
sdhD_R
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Sequence, 5′–3′
TGCGATTGATTCAAAAACTCA
AGGCTCGACCATATCCTCCT
AGCTCATCGATGTTGCTGTG
AGCAGCGTAAAGACCAGGAA
GAGCCTATTCCCGTTCTTCC
CGGGAGGAACTGTTTGACAT
AGTTGCTTTCCTTGGCTTCA
ACCAGTTACTTGGGGGCTTT
AAATCATGTTATTTCCACGTTTGA
GCAATTGGTTACGGGTAGTTTAGTAT
CCATGAACCGAGTTTTGTCA
CGATGACTTTTCCGTAATTCCT
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Abstract
Pesticide resistance is a major concern for global food security. Understanding the
genetic mechanisms of this evolutionary phenomenon is of crucial importance to
develop sustainable resistance management strategies. Pyflubumide is one of the most
recently developed acaricides with a new mode of action as mitochondrial complex II
inhibitor, and targets specifically spider mites that are one of the main crop pests. This
study aims to characterize the molecular genetic basis of pyflubumide resistance in a
highly resistant Tetranychus urticae population. Classical genetic crosses between
susceptible and pyflubumide resistant strains (JPR-R) of T. urticae, indicated that
resistance was incompletely recessive and controlled by more than one gene. To
identify resistance loci, we crossed the resistant and susceptible strains, and
propagated the population over multiple generations with and without pyflubumide in
an experimental evolutionary setup. Subsequent high-resolution genetic mapping
using a bulked segregant analysis (BSA) setup, led to the identification of three
quantitative trait loci (QTL) linked to pyflubumide resistance. One of the QTLs
contained CYP392A16 and the second QTL a cluster of CYP392E6-8 genes. Gene
expression of all populations in the setup, revealed a consistent overexpression of
CYP392A16. We further corroborated the involvement of CYP392A16 in resistance
by functional expression and metabolism studies, that show the NADPH depended
de-methylation of the active metabolite to a non-toxic compound. In vitro functionally
expression of CYP392A16 revealed metabolism of the deacylated toxic pyflubumide
metabolite to a non-toxic compound via demethylation. Another main QTL coincided
with the P450 reductase (CPR). We show here that different transcription levels of
CPR in the resistant population was due to copy number variation at the CPR locus.
Together, we provide evidence for detoxification of pyflubumide by cytochrome
P450s that is most likely synergized by gene amplification of CPR.
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Introduction
Arthropod herbivores cause over US$450 billion in crop yield loss worldwide [1], and
pesticides of various modes of action have been developed to control populations of
these pests. Unfortunately, our past and continuing dependence on chemical control
strategies is driving the evolution of pesticide resistance in pest populations [2].
Pesticide resistance can be achieved by genetic changes in the molecular target of
pesticides (toxicodynamic resistance). These genetic changes include nonsynonymous substitutions in the coding sequence, (dosage sensitive) gene
amplification, and differential transcriptional regulation, and lead to a decreased
sensitivity to the pesticide [2,3]. Alternatively, genetic variants that alter the
penetration, metabolism, sequestration, efflux, and excretion of pesticides can
underlie pesticide resistance (toxicokinetic resistance) [2,4]. Multi-gene families such
as cytochrome P450 monooxygenases (CYP), ABC transporters, glutathione Stransferases, and carboxyl/choline esterases are often associated with the metabolic
changes that lead to toxicokinetic resistance. Transcriptomic studies of major global
pests have shown that an inheritable change in the transcriptional regulation of
detoxification genes can have a strong association with pesticide resistance [5–8].
However, our understanding of the causal genetic variation that regulates these
transcriptional changes remains limited and comes disproportionally from insect
model species such as Drosophila fruit flies. Genetic changes in cis and trans
regulation can alter the transcription of detoxification genes. In Drosophila
melanogaster, a transposable element insertion in the 5’-UTR region of Cyp6g1 leads
to higher transcript levels and in turn causes resistance to DDT [9,10]. Only
infrequently, structural genetic variance such as changes in detoxification gene dosage
have been associated with resistance, such as resistance to organophosphates by
esterase sequestration in insect pests [3,11]. Alternatively, genetic variation affecting
the coding sequence of a detoxification gene can also underlie toxicokinetic
resistance. A single point mutation in the GSTe2 gene of Anopheles funestus results
in pyrethroid and DDT resistance [12]. In dipterans, mutations in the αE7 esterase
gene have been found to contribute to a broad resistance to organophosphates [13,14],
whereas in the moth Helicoverpa armigera, a gene conversion event generated
CYP337B3 which codes for a novel cytochrome P450 that is able to metabolize
fenvalerate [15,16].
The genetic architecture of pesticide resistance can be variable and can have
independent evolutionary origins across different pest populations [17–20]. A
monogenic basis is typically linked with toxicodynamic resistance, and can lead to
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high levels of pesticide resistance [20,21]. In cases of a polygenic basis, neither the
different molecular mechanisms that are involved, nor their additive or synergistic
effects are well understood. Genetic and genomic resources in arthropods are now
greatly facilitating the development of high-resolution genetic mapping
methodologies to characterize the more complex genetic architectures underlying
pesticide resistance [22,23]. Bulked segregant analysis (BSA) mapping approaches
rely on crossing parental strains with contrasting phenotypes and pooling the
segregating progeny that display phenotypic extremes. BSA genetic mapping has been
successfully applied in arthropods to uncover both monogenic and quantitative traits,
including pigmentation and host plant use [21,24–30]. The two-spotted spider mite
(Tetranychus urticae) is a major global agricultural pest which rapidly develops
resistance to pesticides of various modes of action [31]. Tetranychus urticae is highly
amenable to BSA genetic mapping approaches, and previous work have been able to
resolve QTL for pesticide resistance to narrow genomic regions [26,30]. For these
BSA studies, most of the causal variation was at least partially characterized by
previous work [32–35], confirming the utility and reliability of the narrow genomic
intervals.
Pesticides with novel modes of action are crucial to maintain control over populations
of T. urticae. Pyflubumide is a carboxanilide acaricide and inhibits mitochondrial
complex II, or succinate dehydrogenase. It is highly selective to spider mite pest
species [36,37] and acts as a pro-acaricide that requires bioactivation into a toxic
derivative. Pyflubumide is converted within the spider mite body into its active
deacylated metabolite (NH-form) that strongly inhibits the mitochondrial complex II
through binding to the quinone-binding pocket [36,37]. In the current study, we aimed
to characterize the genetic basis of resistance to this novel pesticide using two resistant
T. urticae strains (JPR-R1 and JPR-R2). Target-site resistance is not involved in the
high-level pyflubumide resistance of these strains and synergism/antagonism assays
strongly suggested the involvement of cytochrome P450s [38]. Here, we adopted a
combination of high-resolution BSA genetic mapping and transcriptomic analyses on
experimentally evolved populations to characterize the genetic architecture of
pyflubumide resistance. Genetic mapping uncovered three QTL associated with
pyflubumide resistance in our experimental populations. The narrow genomic
intervals of the QTL centered on CYP392A16, a cluster of CYP392E6-8 genes, and
cytochrome P450 reductase (CPR), that showed differential transcription between our
susceptible control and pyflubumide-selected populations. We identified copy number
variation (CNV) at the CPR locus as the causal structural variance underpinning the
different transcription levels of CPR. CYP392A16 was functionally expressed and in
vitro assays showed that CYP392A16 demethylates the active deacylated
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pyflubumide metabolite, producing a compound that is no longer toxic to T. urticae.
Together, these results indicate that pyflubumide is detoxified by cytochrome P450s
and suggest that cytochrome P450 metabolism is strengthened by gene amplification
of CPR.

Materials and Methods
Mite strains and rearing
Five T. urticae strains were used for the genetic crosses: JP-S [57,58], Wasatch [25],
WasX, JPR-R1, and JPR-R2. JPR-R1 and JPR-R2 were selected for high levels of
pyflubumide resistance from the JP-R strain [38]. WasX was derived from the highly
inbred Wasatch strain by two sequential rounds of mother-son mating. Unless
otherwise stated, all T. urticae populations were kept under laboratory conditions
(25°C, 65% relative humidity, and 16:8 hr light:dark photoperiod) and maintained on
Phaseolus vulgaris cv. ‘Speedy’. JPR-R1 and JPR-R2 were kept on plants sprayed
with 100 mg/L pyflubumide [commercial formulation, 20% SC (Danikong, Japan),
kindly provided by Ralf Nauen).

Mode of inheritance of pyflubumide resistance
The mode of inheritance of pyflubumide resistance was determined by performing
reciprocal crosses between JPR-R1 and JP-S, and JPR-R2 and Wasatch. For each
cross, 80 teliochrysalid females and 100 adult males were placed on leaf discs and
allowed to mate. Females were transferred to new leaf discs every 2 days throughout
their oviposition period. During development, 80 F1 teliochrysalid females were
isolated for backcross to obtain F2 females. Dose-response bioassays were conducted
for the parents and F1 and F2 females as previously described [38]. Briefly, 9 cm2
bean leaf discs were sprayed with 1 ml of acaricide solution (deionized water as
control) at 1 bar pressure in a Potter spray tower. Depending on the population, 5-13
pyflubumide concentrations were tested using four replicates (20-35 females per
replicate). Lethal concentrations and 95% confidence limits were determined using
Probit analysis (POLO; LeORa Software). The degree of dominance (D) was
calculated using Stone’s formula [59]. The expected dose-response relationships for
F2 females for monogenic resistance was calculated using c = 0.5 W (F1) + 0.5 W (R
strain), where c is the expected response (mortality) at a given concentration and W
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is the observed response (mortality) of the parents at the respective concentration [39].
The hypothesis of a monogenic mode of inheritance was tested with χ² goodness-offit tests.

Experimental evolution of pyflubumide resistance
A total of 26 teliochrysalid females of JPR-R1 were placed on individual leaf discs.
Upon eclosion, unfertilized females were allowed to lay eggs for 2 days and were
transferred to a 9 cm2 bean leaf disc. Resistance to pyflubumide was assessed by
spraying 4000 mg/L pyflubumide (1 bar pressure in a Potter spray tower with 2 mg
aqueous deposit per cm2) and scoring mortality after 24 hr. Eggs of one of the resistant
JPR-R1 females were allowed to hatch and develop into adult males. A single adult
male was selected and was offered four female teliochrysalids of WasX on a daily
basis. A total of 24 females were offered and produced an F1 generation of over 500
female mites. The segregating population was expanded and allowed to propagate at
a high population size for approximately 2 months. From this large population, we
established 11 control populations on unsprayed potted bean plants using 650
founding females per control population. After approximately 1 month, sister
populations were generated from these 11 control populations by transferring
approximately 650 females to potted bean plants sprayed with 50 mg/L pyflubumide.
Sprayed and unsprayed potted bean was offered to the 22 experimental populations
on a biweekly basis. During the experiment, selection pressure of pyflubumide was
gradually increased until mites no longer exhibited acaricide-related mortality on
beans sprayed until run-off with 100 mg/L of pyflubumide (selection was maintained
for approximately 1 year). Dose-response bioassays were subsequently performed on
the two parents and the 22 segregating populations as described above using four
concentrations (10, 50, 100, and 500 mg/L pyflubumide). Differences in mortality
percentages of the two parents were assessed using a generalized linear model with a
binomial distribution. A generalized linear mixed model with a binomial distribution
was used to analyze the mortality percentages of the pyflubumide-selected and control
populations, with selection regime and pyflubumide dosage as fixed effects, and sister
pair as a random effect. Percentage of mortality was the dependent variable in both
models. Statistical analysis was performed in R (using lme4) [60].

114

Genetic basis of pyflubumide resistance in Tetranychus urticae

DNA sequencing and variant detection
DNA was extracted from 1,000 adult females of the 22 segregating populations using
a phenol-chloroform method, as previously described. Six months after the BSA
cross, DNA was collected of the genetically diverse JPR-R1 strain and the inbred
WasX strain. DNA samples were sequenced at the Huntsman Cancer Institute at the
University of Utah, producing paired-end reads with a read length of 151bp and mean
insert size of 450bp. DNA reads were aligned to the T. urticae three-chromosome
assembly [26] using the default options of mem in the Burrows-Wheeler Aligner
(BWA) version 0.7.17-r1188 [61]. Duplicate reads were marked using the
MarkedDuplicates
function
of
Picard
version
2.18.11-SNAPSHOT
(http://broadinstitute.github.io/picard/). Left-justified indel realignment was
performed using the GATK version 4.0.7.0 [62]. Throughout these steps, SAMtools
version 1.9 [63] was used to sort and index the reads in each BAM output. Two joint
variant calls were performed using GATK version 4.0.7.0; one that included the two
parents and the segregating populations, and one without the parents, with the latter
joint variant call only used in the principal component analysis. Each variant call was
performed with HaplotypeCaller and then merged into one gVCF file using the
GVCFs function, after which the GenotypeGVCFs function was used to jointly
predict SNPs and small indels.

RNA sequencing and differential expression analysis
RNA was extracted from 110 adult females using the RNeasy minikit (Qiagen). Total
RNA was sequenced at NXTGNT (Ghent, Belgium) with a read length of 100bp.
RNA reads were aligned to the T. urticae three-chromosome assembly [26,54] using
STAR version 2.5.3a [64] with a 2-pass mode and the maximum intron size of 20kb,
without the use of the GFF annotation. SAMtools version 1.9 [63] was used for
indexing and merging the BAM files. Read counts were performed using HTSeq
version 0.11.2 [65] using the T. urticae annotation of Wybouw et al. [26]. Analysis of
gene expression was performed using DESeq2 version 1.24.0 [66]. Differential
expression was identified by applying a 1 and 0.05 cut-off for log2FC and adjusted pvalue, respectively. Coverage from the BAM files for downstream analyses was
obtained using the defaults of the pileup function within pysam version 0.15.1
(https://github.com/pysam-developers/pysam), and normalized using the factors
generated for each sample by DESeq2 (generated by supplying “normalized=T” when
extracting the counts).
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PCA of genomic and transcriptomic responses
PCA using the DNA read data was performed on the SNPs of all the pyflubumideselected and their respective paired control populations using SNPRelate version
1.18.0 [67]. The VCF file was filtered as described in [30] and transformed to the gds
[67,68] format using the snpgdsVCF2GDS function with the option
"method=copy.num.of.ref", at which point the snpgdsPCA function was used to
construct the PCA with the “autosome.only = FALSE” option. PCA using the RNA
read data was performed on the regularized log transformed (the “rlog” function
within DESeq2) counts.

BSA genetic mapping
BSA genetic mapping was performed on the VCF file using methods adapted from
previous studies [25,26,30], and specifically, using the defaults of the haplodiploid
option of Kurlovs et al. [22]. Briefly, each allele underwent quality control as
described in Snoeck et al [30]. Parent JPR-R1 was specified as the haplodiploid male
parent, and which allele got passed on from its heterozygous sites was inferred using
allele frequency information from the offspring. If both the selected and the unselected
offspring of each replicate cross had a frequency of 0.95 or higher, the site was
considered non-segregating and not included in the final analysis. Sliding window
analysis was performed using 75kb windows with a 5kb offset; at least 75kb*0.0005
SNPs (a total of 38) had to be present in a window to be included in the analysis. A
false discovery rate (FDR) of 0.05 was established using the methods as described in
Wybouw et al. [26]. BSA genetic mapping was also performed on the RNA read data
using each set of paired BAM files. For each biallelic position in a coding exon where
RNA read coverage was at least 20, we calculated the allele frequency for the two
bases. If the major allele frequencies were less than 0.95, we determined the maximum
allele frequency difference between the pyflubumide-selected population and its
paired susceptible control. The obtained allele frequency differences were plotted in
averages of 500kb non-overlapping sliding windows across the T. urticae genome
[26].
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DNA quantitative PCR assay
RNA was reverse transcribed to cDNA using a RevertAid RT Reverse Transcription
Kit (ThermoFisher Scientific). Primers 5’-CAAGGTGATCTCCAGCTTCA-3’ and
5’-ACCGTTCGTGTATGCATGTT-3’ were used to amplify CPR, yielding a 150-bp
product. As a reference single-copy gene, we used the voltage-gated sodium channel
(VGSC; tetur34g00970). Primers 5’-ATGATGCTTGGCAGTGAAAG-3’ and 5’ATAAGCAGCAGCAGCAAGAA-3’ produced a 111-bp fragment of VGSC. PCR
reactions were performed using Maxima SYBR Green/Rox qPCR Master Mix
(Fermentas Life Sciences). All reactions were run in duplicate on an Agilent
Technologies Stratagene Mx3005P thermocycler with the following conditions: the
initial 10 min plateau at 95 °C, followed by 40 cycles that included denaturation at 95
°C for 15 sec, annealing at 55 °C for 30 sec, and extension for 30 sec at 72 °C. Melting
curves were determined by an additional cycle of 95 °C for 1 min, 65 °C for 30 sec
and 95 °C for 30 sec. One duplicate was excluded from the VGSC and CPR standard
curves due to pipetting errors. Efficiencies were calculated from these standard curves
and were incorporated in further calculations. First, the number of VGSC copies was
determined by 2*(efficiency**(Ct-1)). Second, the Ct-values of CPR were corrected
by log(efficiency)(VGSC copies/2)+1. The final estimate of CPR copy number was
obtained with efficiency**(corrected Ct – Ct).

Cytochrome P450 functional expression
We adopted a previously successful functional expression strategy for CYP392A16
[69]. Briefly, competent E. coli BL21STAR cells were co-transformed with the
pCW_ompA-CYP392A16 and pACYQ_TuCPR plasmids [69]. Transformed cells
were grown at 37 °C in Terrific Broth under ampicillin and chloramphenicol selection
until the optical density at 595 nm was higher than 0.95 cm -1. The heme precursor δaminolevulinic acid was added to a final concentration of 1 mM. Induction was
initiated by adding 1 mM of isopropyl-1-thio-β-D-galactopyranoside. After growing
at 25 °C for 24 hours, cells were harvested and the spheroplasts were prepared.
Membrane fractions were obtained from spheroplast solutions by ultracentrifugation
at 180,000 g for 30 min at 4 °C. CYP392A16 membranes were diluted in TSE buffer
(0.1 M Tris-acetate, pH 7.6, 0.5 M sucrose, 0.5 mM EDTA) and stored in aliquots at
-80 °C. P450 content was measured by CO-difference spectra in reduced CYP392A16
membrane samples [70]. CPR activity was estimated by measurements of NADPHdependent reduction of cytochrome c at 550 nm [71]. CYP activity was tested using
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the luminescence model substrate L-MEGE. Total protein concentrations of
CYP392A16 membranes were determined using the Bradford assay [72].

Cytochrome P450 HPLC-UV activity assay
Pyflubumide and its deacylated metabolite pyflubumide (NNI-0711-NH) (both 99.6%
purity) were provided by Nihon Nohyaku (Japan). Pyflubumide and the deacylated
metabolite were incubated at a concentration of 25 µM with 25 pmol of recombinant
CYP392A16 in 100 µl Tris-HCl buffer (0.2 M, pH 7.4), containing 0.25 mM MgCl2
and 2.5% acetonitrile (30 °C and 1250 rpm shaking). The reaction was performed in
the presence and absence of an NADPH generating system: 1 mM glucose-6phosphate (Sigma Aldrich), 0.1 mM NADP+ (Sigma Aldrich), and 1 unit/ml glucose6-phosphate dehydrogenase (G6PDH; Sigma Aldrich). Reactions were stopped after
0 and 1 hr using 100 µl acetonitrile and further stirred for an additional 30 min. Finally,
the quenched reactions were centrifuged at 10,000 rpm for 10 min and 100 µl of the
supernatant was transferred to glass vials for HPLC analysis. Acaricides were
separated on a UniverSil HS C18 (250mm 5um) reverse phase analytical column
(Fortis). Reactions with pyflubumide and its toxic NNI-0711-NH metabolite were
separated using an isocratic mobile phase of 20% H20 and 80% acetonitrile with a
flow rate of 1 ml/min for 20 min. Reactions were monitored by changes in absorbance
at 260 nm and quantified by peak integration (Chromeleon, Dionex). For enzyme
reaction kinetics, different concentrations of the NNI-0711-NH pyflubumide
metabolite were used. Rates of substrate turnover from two independent reactions
were plotted versus substrate concentration. Km and Vmax were determined using
SigmaPlot 12.0 (Systat Sofware, London, UK).

Identification of reaction products by HPLC-MS
Prior to HPLC-MS analysis, reaction mixtures were desalted by solid phase extraction
(Bond Elute LRC-C18, 200 mg cartridges; Agilent, USA). Briefly, reaction mixtures
were loaded to cartridges that were pre-conditioned with 3 mL 100% acetonitrile,
followed by 3 mL 2.5% acetonitrile in water. Cartridges were subsequently washed
with 1 mL water and samples were eluted with 1.5 mL acetonitrile. Eluents were
transferred to HPLC autosampler vials and 500 µL of water was added to enhance
chromatographic separation. Eluents were analyzed using an HPLC-MS/MS system.
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Sample injections (20 µl loop) were performed via a Surveyor Autosampler (Thermo
Scientific, USA). Chromatographic separation was achieved using a Surveyor
LCsystem (Thermo Scientific, USA), equipped with a Gemini C18 (3 mm, 100 mm x
2 mm) analytical column (Phenomenex, USA). An isocratic elution was applied with
80% acetonitrile-20% water and flow rate was set at 200 µL/min. Analyte detection
was achieved using an electrospray ionization (ESI) triple quadrupole mass
spectrometer (TSQ Quantum; Thermo Scientific, USA), operated in the positive ion
mode. Mass spectrometry was operated both in full scan and product ion scan modes.
The system was controlled by the Xcalibur software, which was also used for data
acquisition and analysis. The optimum mass spectrometer parameters were set as
follows: spray voltage at +4500 V, sheath gas pressure at 20 arbitrary units, auxiliary
gas pressure at 10 arbitrary units, ion transfer capillary temperature at 300 °C and
source collision induced dissociation at 26 eV. In the product ion mode the collision
cell contained Ar at 1.5 mTorr. Sheath/auxiliary gas was high purity nitrogen and
collision gas was high purity argon. For MS/MS analysis, collision energy was set at
25 eV.

Results
Mode of inheritance of pyflubumide resistance
Previously, we selected a field-collected strain for resistance to pyflubumide and
obtained two highly resistant strains, JPR-R1 and JPR-R2 [38]. Here, we confirmed
the high levels of pyflubumide resistance and uncovered LC 50 values higher than
1,000 mg/L of pyflubumide for both strains (Table S1). Reciprocal crosses between,
resistant (JPR-R1 and JPR-R2) and susceptible (JP-S and Wasatch) strains revealed
that pyflubumide resistance is not maternally inherited and has an incomplete
recessive mode of inheritance (Fig 1 and Table S1). The dose-response relationships
of the two back-crossed populations were significantly different from the expected
curves for a recessive monogenic mode of inheritance (p< 0.001) [39]. These results
indicate that pyflubumide resistance in both JPR-R1 and JPR-R2 was determined by
multiple loci.
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Fig 1. Pyflubumide resistance has a polygenic basis in JPR-R1 and JPR-R2. (A) Dose-response relationships of
pyflubumide toxicity on JPR-R1, JP-S (circles), reciprocal crosses (squares), and back-crosses (triangles). (B) Doseresponse relationships of pyflubumide toxicity on JPR-R2, Wasatch (circles), reciprocal crosses (squares), and backcrosses (triangles). Panels show that high resistance has an incomplete recessive mode of inheritance in both resistant
strains. After back-crossing, the observed dose-response relationships significantly differ from those calculated under the
hypothesis of a recessive, monogenic mode of inheritance (p< 0.001). This strongly indicates that pyflubumide resistance
is determined by multiple loci in both JPR-R1 and JPR-R2.

Response to pyflubumide selection pressure in an experimental evolution set-up
To further characterize the genetic architecture of pyflubumide resistance, we crossed
a single haploid JPR-R1 male to diploid females of the WasX strain which was derived
from the inbred Wasatch strain by two additional rounds of mother-son mating (Fig
2). Mortality at 10, 50, 100, and 500 mg/L of pyflubumide was significantly different
between JPR-R1 and WasX (X2= 41.631, df= 1, p < 0.0001). The WasX x JPR-R1
cross was allowed to propagate for xx weeks, after which 11 pairs (22 populations)
were set-up and allowed to propagate for approximately 35 generations. In this
pairwise setup, one sister population was selected for pyflubumide resistance, whereas
the other was maintained on unsprayed plants as a control. After this prolonged
selection with increasing doses of pyflubumide, all population were phenotyped,
revealing that mortality at four pyflubumide doses was significantly higher for
pyflubumide-selected populations, compared to the control populations (Fig 2) (X 2=
29.4361, df= 1, p<0.0001). Mortality was also significantly different across the four
pyflubumide doses (each p-value < 0.0001). Population R6 exhibited the lowest
resistant levels of all pyflubumide-selected populations (Fig 2). We subsequently
sequenced DNA and RNA from the 22 experimental populations and gained a first
insight into the genomic and transcriptomic responses to pyflubumide selection by a
principal component analysis (PCA). Using ~214.5k high-quality SNP loci that
distinguished JPR-R1 and WasX, control populations clustered closely together and
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the pyflubumide-selected populations were distinct from these controls along
principal component 1 (PC1). Compared to the control populations, pyflubumideselected populations were more dispersed, most notably population R6 stood out from
the other selected populations [along principal component 2 (PC2); Fig 3A]. The
genome-wide transcript levels also clearly separated the control and pyflubumideselected populations along PC1 (Fig 3B). A total of 413 genes were identified as
differentially expressed between the pyflubumide-selected and control populations
(Supplementary Data S1).
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Fig 2. Selection of segregating populations resulted in high levels of pyflubumide resistance. (A) Mortality after exposure to 10, 50, 100, and 500 mg/L of pyflubumide of WasX (W) and
JPR-R1 (J) (depicted in blue and orange, respectively), the two parental strains of the BSA cross. Error bars represent standard errors. Mortality was significantly different at every
pyflubumide dose between JPR-R1 and WasX. (B) Mortality after exposure to 10, 50, 100, and 500 mg/L of pyflubumide of control (S1-S11) and pyflubumide-selected (R1-R11)
populations (depicted in blue and orange, respectively). Error bars represent standard errors.
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Fig 3 Selection for pyflubumide resistance is associated with a genomic and transcriptomic response. (A) A principal
component analysis of the eleven susceptible (control) and pyflubumide-selected populations using genome-wide allele
frequency data at informative genomic loci. (B) A principal component analysis of the eleven susceptible (control) and
pyflubumide-selected populations using genome-wide transcript levels. For both panels, each circle represents an
individual population, the paired populations S6 and R6 are labelled, treatment is color-coded, and the percentage of
explained variance is given between brackets for each principal component (PC).

Genetic mapping uncovers multiple QTL associated with pyflubumide selection
To locate the genomic regions that underlie pyflubumide resistance in the
pyflubumide-selected populations, we employed a bulked segregant analysis (BSA)
approach using high-quality SNP loci [22,26]. At an FDR of 0.05, we identified two
peaks of parental JPR-R1 allele frequencies on chromosome 1 (hereafter QTL-1 and
QTL-2) and one peak on chromosome 2 (hereafter QTL-3) in the pyflubumideselected populations, compared to their paired controls (Fig 4 and Fig S1). Every
pyflubumide-selected population reached near-fixation levels of the JPR-R1 allele at
the peaks of the three QTL regions compared to their paired control (Fig S1).
Population R6 exhibited the lowest JPR-R1 allele frequency near the peaks of QTL-1
and QTL-2 (Fig S1). We also noted two additional genomic regions where parental
JPR-R1 allele frequencies were elevated in a number, but not all, of the replicated
pyflubumide-selected populations (hereafter referred to as subsidiary peak 1 and 2)
(Fig 4). The enrichment of parental JPR-R1 alleles at the three QTL and to a lesser
degree at the two subsidiary peaks was also evident using informative SNP loci
identified via the RNA read data (Fig S2). QTL-1 spanned a ~222 kb region (33
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genes), whereas QTL-2 and QTL-3 covered genomic intervals of ~145 (37 genes) and
~86 kb (31 genes), respectively.

Candidate genes for pyflubumide resistance are linked to cytochrome P450mediated detoxification
As averaged BSA peaks typically fall within tens of kb to the causal genes and
variants, using a BSA genetic mapping approach in Tetranychus spider mites
[22,24,30], we examined ~75 kb genomic intervals that bracket the averaged BSA
peaks to detect potential causal candidates (Fig 5 and Supplementary Data S1). For
QTL-1, a cytochrome P450 (CYP392A16) lied within 10 kb of the averaged BSA peak
and also showed a transcriptomic response to pyflubumide selection (Fig 5).
CYP392A16 was one of three genes within the ~75 kb genomic interval with
significantly higher expression in pyflubumide-selected populations compared to
controls (Supplementary Data S1). Transcription of CYP392A16 was ~5x higher in
pyflubumide-selected populations (Fig 5, Fig S3 and Supplementary Data S1). DNA
read coverage indicated that the segregating populations and the two parental strains
were not copy number variable at the CYP392A16 locus, ruling out that CNV was
associated with the higher transcription levels of CYP392A16 (Fig S4). A cluster of
three cytochrome P450s, CYP392E6-8, lied very close to the averaged BSA peak of
QTL-2. CYP392E8, 2 kb away from the QTL-2 peak, was the only gene within the
top region that exhibited an increase in transcription in pyflubumide-selected
populations (log2FC of 1.08) (Fig 5 and Supplementary Data S1). Although this
cytochrome P450 gene cluster appears to be copy number variable across certain T.
urticae strains [26], no apparent CNV was observed across the segregating
populations and the two parental strains (Fig S4). NADPH cytochrome P450
reductase (tetur18g03390, CPR), a necessary component of cytochrome P450
metabolism, was within 20 kb of the top region of QTL-3 (Fig 5). Short-read
alignments revealed that CPR did not have non-synonymous single-nucleotide
differences between JPR-R1 and WasX. However, DNA read coverage uncovered
clear signs of CNV at this locus (Fig 5). Based on read coverage depth, WasX and
control populations possessed a single CPR copy, whereas JPR-R1 and the
pyflubumide-selected populations harbored three CPR copies. Using a qPCR set-up,
we confirmed these estimates by showing that CPR is present in a 3:1 ratio in the
genomes of pyflubumide-selected versus control populations (Fig S3). This ratio was
mirrored in the RNA read data where up-regulation of CPR transcription was ~3.66
in pyflubumide-selected versus control populations. Collectively, this indicates that
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CNV of CPR resulted in higher transcription levels in JPR-R1 and pyflubumideselected populations. Only one of the four mitochondrial complex II subunits, the
molecular target of pyflubumide, was within a QTL region; tetur08g03210 was
located ~640 kb from the averaged BSA peak of QTL-2.
No genes were differentially expressed within the peak region of subsidiary peak 1.
Two CYP genes were included in the top region of subsidiary peak 2, viz.,
tetur02g06650 and tetur02g06640, coding for, respectively, CYP392B2 and an
apparent CYP pseudogene, of which only the latter was differentially expressed
between the pyflubumide-selected and control populations (log2FC of -1.07).
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Fig 4. BSA genetic mapping reveals three QTL that are associated with pyflubumide resistance. (A) Frequency of JPR-R1
alleles in the susceptible (control) and pyflubumide-selected populations, as assessed in a sliding window analysis. (B)
Genome-wide differences in JPR-R1 allele frequencies between the eleven paired populations (R1-S1 to R11-S11), as
assessed in a sliding window analysis. (C) Averaged genome-wide difference in JPR-R1 allele frequency using the eleven
paired populations (R1-S1 to R11-S11). Dashed lines delineate statistical significance for QTL detection as assessed by a
permutation approach (FDR of 5%). In all panels, chromosomes are ordered by decreasing length and are indicated by
alternating shading. Three QTL (QTL-1, QTL-2, and QTL-3) exceed the 5% FDR threshold, whereas two subsidiary peaks
can be identified.
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Fig 5. The three BSA peaks point towards genes that participate in cytochrome P450-mediated detoxification as the
underlying genetic architecture for pyflubumide resistance. (A), (B), and (C) RNA read coverage and gene models in a
~75 kb genomic window surrounding QTL-1, QTL-2, and QTL-3, respectively. (D) Relative DNA coverage and gene
models in a ~75 kb genomic window surrounding QTL-3. For all panels, vertical dashed lines indicate the precise locations
of the averaged BSA peaks on the first (A and B) and second chromosome (C and D). Candidate genes (A) CYP392A16,
(B) CYP392E6-8, and (C and D) CPR are highlighted in yellow and red (exons and introns, respectively). Coding exons
and introns are depicted as dark gray and lighter boxes, respectively. Symbols + and – denote forward and reverse gene
orientations. Coverage is color-coded according to treatment and strain.
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CYP392A16 enzyme demethylates the toxic deacylated pyflubumide metabolite
As CYP392A16 was highly likely to contribute to pyflubumide resistance in JPR-R1
and the selected experimental populations, we functionally expressed the gene to
verify whether the recombinant protein was active towards pyflubumide and/or its
toxic deacylated metabolite (NNI-0711-NH) (Fig 6). The recombinant protein was
well-folded (Fig S5), exhibited activity towards the model substrate L-MEGE (4 +/0.5 pmol D Luciferin/min/pmol P450), and membrane preparations exhibited CPR
activity (2407 nmol/min/mg). Using an HPLC set-up, no substrate depletion was
observed when recombinant CYP392A16 was incubated with pyflubumide (Fig 6). In
contrast, an NADPH-dependent depletion of the toxic deacylated metabolite and a
parallel formation of an unknown compound (eluting at 8.5 min and 6.7 min,
respectively) was observed after incubation with recombinant CYP392A16.
Chromatograms showed no change in the amount of deacylated metabolite when
incubations were performed in the absence of an NADPH regenerating system, which
is necessary for cytochrome P450 activity (Fig 6). The ability of CYP392A16 to
metabolize the deacylated pyflubumide metabolite was further characterized by
measuring substrate-dependent reaction rates. The depletion rate of deacylated
metabolite in response to substrate concentration revealed Michaelis-Menten kinetics
(R2 of fitted curve = 0.96, Vmax = 17.42 (± 1.07 SE) pmol of depleted deacylated
pyflubumide metabolite/min and Km = 17.78 μM) (Fig 6).
CYP392A16 metabolized 21% of the deacylated pyflubumide metabolite
(concentration of 25 µM) after a 1-hour incubation. HPLC-MS(/MS) analysis of the
reaction mixtures pointed towards demethylation as the likely mechanism of the
reaction catalyzed by CYP392A16 (Fig 7 [40]). Demethylation is thought to proceed
via hydroxylation, resulting in a mass difference of -14 Da between the substrate
(deacylated pyflubumide metabolite, m/z 466) and the CYP392A16 reaction product
(m/z 452) ions. This was reflected in almost all substrate and reaction product ions
formed by collision-induced dissociation of the substrate and metabolite molecular
ions, respectively (S1→M1, S2→M2, S2→M2) (Fig 7). More specifically, the
product ion MS data indicated that demethylation involves a pyrazole methyl group.
We arrived at this conclusion because pyrazole-containing product ions originating
for the reaction product, are 14 Da lower than their corresponding substrate product
ions (compare product ions M2 with S2, and M3 with S3 in Fig 7).
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Fig 6. CYP392A16 is active towards the toxic deacylated pyflubumide metabolite, NNI-0711-NH, but not pyflubumide.
(A) HPLC chromatogram of pyflubumide and its toxic metabolite NNI-0711-NH, eluting at 12.6 and 8.5 min, respectively.
(B) HPLC chromatograms show a NADPH-dependent depletion of the toxic NNI-0711-NH (eluting at 8.5 min) and the
corresponding formation of a reaction product (eluting at 6.7 min). In contrast, reactions carried out in the absence and
presence of a NADPH-regenerating system showed no change in the chromatogram profile with pyflubumide eluting at
12.6 min. (C) Michaelis–Menten kinetics of the depletion of NNI-0711-NH by CYP392A16. Plotted values represent the
mean. Curve was calculated by non-linear regression.
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a.

a.

b.
Fig 7. Reaction products of the CYP392A16 reaction. a. Total ion chromatograms and product ion mass spectra obtained
from the collision induced dissociation of the metabolite (M) and substrate (S) molecular ions, m/z 452 znd m/z 466
respectively, obtained following their HPLC separation. b. Proposed product ions for pesticide substrate NNI-0711-NH
pyflubumide precursor ion (m/z 466) and proposed demethylation site indicated by the filled arrow (A). Product ions for
the M- new metabolite precursor ion (m/z 452) along with proposed demethylation site shown by filled arrow (B).
Demethylation, which is thought to proceed via hydroxylation, results in a mass difference of-14 Da between the substrate
and the metabolite. This is reflected in almost all S-substrate (NNI-0711-NH pyflubumide) and M-new metabolite product
ions formed by collision induced dissociation (S1→M1, S2→M2, S2→M2).
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Discussion
Pesticide resistance is a rapidly evolving trait within the arthropod phylum [17,41].
Despite its economic importance and its potential to contribute to our understanding
of general evolutionary processes, questions about the genetic architectures
underlying pesticide resistance remain, especially in cases of a polygenic basis for
toxicokinetic resistance mechanisms. Pyflubumide is a recently developed
carboxanilide acaricide that is highly effective against plant-feeding spider mites [36–
38,42]. The resistant T. urticae JPR-R1 and JPR-R2 strains rely on cytochrome P450mediated detoxification to overcome pyflubumide toxicity based on
synergism/antagonism assays and the two strains exhibit highly similar constitutive
and plastic transcriptional patterns on a genome-wide level [38]. Here, we uncovered
that pyflubumide resistance of both JPR-R1 and JPR-R2 is determined by multiple
loci. Considering the two strains share a common ancestral genetic background with
already moderate levels of pyflubmide resistance [38], these findings further suggest
that JPR-R1 and JPR-R2 likely share (some) factors underlying pyflubumide
resistance. Using JPR-R1 as a parent, BSA genetic mapping revealed three QTL that
are associated with pyflubumide resistance. CYP392A16 lied at the center of QTL-1,
was over-expressed in pyflubumide-selected populations and the JPR-R1 parent, and
was active towards the active deacylated metabolite in vitro. Functional expression
and isolation of membrane fractions and incubation experiments further uncovered
that CYP392A16 demethylates the active metabolite into a derivative that is not toxic
to spider mites [42], confirming that CYP392A16 catalyzes a detoxification reaction.
The CYP gene cluster of CYP392E6-8 was close to the peak of QTL-2 and CYP392E8
exhibited higher transcription in pyflubumide-selected populations and JPR-R1. In an
earlier study, BSA genetic mapping uncovered a broad QTL (spiro-QTL 2) that
included the CYP gene cluster of CYP392E6-8 when replicated populations were
selected for resistance to spirodiclofen, a pesticide that targets lipid synthesis [26].
This raises the question of whether the same CYP gene was the target of selection or
whether different paralogues of this gene cluster underpin pyflubumide and
spirodiclofen resistance. The high susceptibility of SR-VP, the spirodiclofen-resistant
parental strain of the earlier BSA study, to pyflubumide would suggest that different
CYP paralogues determine spirodiclofen and pyflubumide resistance [26,38].
However, further work is needed to fully characterize the enzymatic abilities of the
cytochrome P450s of this cluster and to understand why this cluster is a locus of
selection for spirodiclofen and pyflubumide resistance. The causal genetic variance
underpinning the over-expression of detoxification genes in resistant populations of
agricultural pests has only been characterized in a limited number of cases [2,43–49].
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We ruled out CNV as the causal genetic variation for the constitutive over-expression
of CYP392A16 and CYP392E8. Given the peak location, cis-regulatory variation is at
least partially responsible for higher expression levels. Although speculative, the
finding that the levels of constitutive over-expression of both CYP genes remained
stable after crossing JPR-R1 to WasX indicates that the transcription of these CYP
genes could be cis regulated. It would be interesting to test in the future the hypothesis
of cis regulation, using a more suitable experimental set-up.
QTL-3 centered on CPR, a necessary component of cytochrome P450-mediated
detoxification. Our analyses provide strong evidence for CNV at the CPR locus. JPRR1 is estimated to harbor three CPR copies, whereas WasX and the control
populations had a single CPR copy. Estimates based on qPCR data indicated that the
replicated pyflubumide-selected populations exhibit a three-fold increase in CPR copy
number, relative to control populations. The short-read DNA coverage strongly
supports this three-fold increase in CPR copy number, but suggests that the JPR-R1
CPR locus might not be fixed in some of the replicated pyflubumide-selected
populations. The transcriptomic comparisons identified relative transcription levels of
~3 for CPR in the pyflubumide-selected populations compared to the controls. These
highly similar DNA and RNA coverage ratios strongly suggest that CNV determines
the transcription levels of CPR in JPR-R1 by positive dosage effects. Previous studies
have linked dosage-sensitive gene amplification of CYP genes to increased
detoxification, and in turn, pesticide resistance [46–49]. We hypothesize that dosagesensitive gene amplification of CPR strengthens cytochrome P450-mediated
detoxification by facilitating the interaction between CPR and cytochrome P450s.
Indeed, reducing CPR transcription in T. urticae and other arthropod pests by RNA
interference is known to increase susceptibility to pesticides [50,51]. Moreover, the
combined up-regulation of transcription of CYP392A16, CYP392E8 and CPR could
have additive or synergistic effects, resulting in higher levels of pyflubumide
resistance. However, as the relationship between CNV, transcription, translation, and
phenotypic traits can be complex [52], further work is needed to precisely quantify
the impact of the dosage sensitive CNV at the CPR locus on pyflubumide resistance.
Using a BSA genetic mapping approach, CPR was also found at the center of a QTL
associated with both spirodiclofen and Mitochondrial Electron Transport Inhibitors
complex I (METI-I) resistance in T. urticae [26,30]. In both studies, the nonsynonymous substitution D384Y was observed in the pesticide-selected populations
and the resistant parental strains SR-VP and MR-VP. Because METI-I and
spirodiclofen resistance is mostly mediated by cytochrome P450s [33,34,53], it was
hypothesized that D384Y might strengthen cytochrome P450 detoxification. Here, the
coding sequences of the different CPR copies were identical and did not display
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D384Y or any other non-synonymous substitutions, compared to the reference
genome of the London strain [26,54].
Previous BSA studies in T. urticae focused on spirodiclofen and METI-I resistance
and were able to resolve QTL to narrow genomic regions [26,30]. Both studies
uncovered a genetic architecture that involves both toxicodynamic and toxicokinetic
resistance. QTL underlying spirodiclofen and METI-I resistance correspond with the
molecular targets acetyl-CoA carboxylase and NADH:ubiquinone oxidoreductase,
respectively [26,30,35]. None of the three QTL of pyflubumide resistance were
centered on the target of pyflubumide, strongly indicating that only toxicokinetic
mechanisms were involved. Previously, Sugimoto et al. identified two QTL that are
associated with pyflubumide resistance in T. urticae using a microsatellite linkage
map [55]. One QTL is located on the first T. urticae chromosome and centers on
tetur01g15710, the gene that codes for succinate dehydrogenase subunit b (SdhB), the
molecular target of pyflubumide [36,37]. Genotyping a panel of T. urticae strains
revealed a strict association between the non-synonymous substitution I260V of SdhB
and pyflubumide resistance. The I260V substitution is located at the I269 position of
the fungus Zymoseptoria tritici (synonym Mycosphaerella graminicola) which
impacts fungicide binding to succinate dehydrogenase and results in resistance in Z.
tritici [56]. Our read data of the segregating populations did not reveal any traces of
I260V or other candidate target-site resistance mutations in SdhB. Moreover,
Sugimoto et al. located the second broad QTL of ~4.1 Mb on the third T. urticae
chromosome which included three cytochrome P450 genes (CYP392A8, CYP392B1,
and CYP392B2) [55]. These cytochrome P450 genes were not differentially
transcribed between the pyflubumide-selected and control populations and were not
included in any of the three QTL of this study. However, subsidiary peak 2 of the
current study largely coincided with this QTL (its peak region also included
CYP392B2). This could indicate that genetic variance within this genomic interval
could have a minor effect on pyflubumide resistance in the segregating populations,
but imposed a major effect in the strains of the study of Sugimoto et al. Collectively,
the two complementary genetic mapping approaches strongly suggest that
pyflubumide resistance has been achieved by largely different molecular mechanisms
between the strains of the current study and Sugimoto et al. This observation is not
surprising as populations of pest species often evolve different resistance mechanisms
despite the highly specific selective pressures imposed by pesticides [17].
Our work uncovered a complex genetic basis of pyflubumide resistance in the
arthropod pest T. urticae that predominantly relies on cytochrome P450-mediated
metabolism. We gather strong evidence that CYP392A16 detoxifies pyflubumide and
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strongly contributes to pyflubumide resistance. We also uncovered a novel molecular
mechanism of toxicokinetic resistance: gene amplification of CPR.
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Supporting Information
Table S1. The toxicity of pyflubumide in different susceptible and resistant
strains and their crosses.
Strain

F1 LC50 (95% CI) (mg/L)

Slope ± SE

RR (95% CI)

D

Wasatch ♀

3.08 (2.76 - 3.36)

8.69 ± 0.86

1

-

JPS ♀

5.08 (4.88 - 5.28)

7.64 ± 0.53

1.65 (1.55 - 1.75)

-

JPR-R1♀

1373.72 (1168.46 - 1585.97)

1.76 ± 0.15

445.64 (379.81 - 522.89)

-

JPR-R2 ♀

1978.87 (1739.93 - 2198.21)

3.56 ± 0.34

641.95 (566.60 - 727.33)

-

JPR-R1♀ × JPS ♂

21.64 (19.03 - 23.96)

4.02 ± 0.37

7.02 (6.21 - 7.94)

-0.51

JPS ♀ × JPR-R1 ♂

18.16 (16.28 - 19.93)

3.66 ± 0.30

5.89 (5.27 - 6.58)

-0.57

JPR-R2 ♀ × Wasatch ♂

7.68 (7.04 - 8.34)

4.09 ± 0.37

2.49 (2.26 - 2.74)

-0.72

Wasatch ♀ × JPR-R2 ♂

6.54 (5.96 - 7.11)

4.83 ± 0.40

2.12 (1.95 - 2.31)

-0.77

Concentration-mortality data of pyflubumide was obtained from adult females. CI, confidence interval; D,
degree of dominance; RR, resistance ratio.
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Fig S1. JPR-R1 allele frequencies in the segregating populations. (A) Frequencies of JPR-R1 alleles in the susceptible
(control) and pyflubumide-selected populations across the three QTL, as assessed in a sliding window analysis.
Chromosomes are ordered by decreasing length and are indicated by alternating shading. (B-D) Frequencies of JPR-R1
alleles in the susceptible (control) and pyflubumide-selected populations at QTL-3, QTL-2, and QTL-1, respectively.
Pyflubumide-selected populations that do not show near-fixation levels of JPR-R1 allele frequencies at the averaged BSA
peaks are indicated by their identifier. For all panels, coverage is color-coded according to treatment. Vertical lines indicate
the precise locations of the averaged BSA peaks.
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Fig S2. Average difference in JPR-R1 allele frequency in the susceptible (control) and pyflubumide-selected populations
using RNA short-read data in a sliding window analysis. Chromosomes are ordered by decreasing length and are indicated
by alternating shading. Vertical lines indicate the precise locations of the three QTL, whereas vertical dashed lines indicate
the two subsidiary peaks (Figure 4).

Fig S3. Transcription levels of (A) CYP392A16 and (B) CPR in pyflubumide-selected populations relative to the mean
transcription in the controls. (C) DNA coverage of CPR in pyflubumide-selected and control populations, relative to singlecopy VGSC. DNA coverage was estimated by quantitative PCR analysis of the segregating populations, confirming
estimates using short-read coverage (Fig 5). Panels are color-coded according to treatment.
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Fig S4. Relative DNA coverage and gene models in a ~75 kb genomic window surrounding QTL-1 and QTL-2. Vertical dashed lines indicate the precise locations of the two averaged
BSA peaks. Candidate genes (A) CYP392A16 and (B) CYP392E6-8 are highlighted in yellow. Coding exons and introns are depicted as dark gray and lighter boxes, respectively. Symbols
+ and – denote forward and reverse gene orientations. Coverage is color-coded according to treatment and strain.
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Fig S5. Carbon monoxide difference spectra of membranes expressing CYP392A16.
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Pesticide resistance continues to be a major concern for crop protection (McCaffery
and Nauen 2006; Sparks and Nauen 2015; Van Leeuwen et al. 2020). Increasingly
more studies and economic investments have been devoted to understanding the
evolutionary origins and mechanisms of pesticide resistance as well as developing
resistance management (RM) strategies and efficient pesticides (Clark and
Yamaguchi 2001; Heckel 2012; Hawkins et al. 2019; Sparks 2013; Sparks and Nauen
2015; Van Leeuwen et al. 2010; Van Leeuwen and Dermauw 2016). The spider mite
Tetranychus urticae is considered as one of the most resistant arthropod pests based
on the number of compounds to which resistance has been reported (Whalon et al.
2008; Van Leeuwen et al. 2010). Pesticide resistance mechanisms can be categorized
in two groups: 1) toxicodynamic changes, such as a reduction in the sensitivity or
availability of the target-site of the pesticide due to point mutation(s), gene knockout
or gene amplification; and 2) toxicokinetic changes that reduce the amount of
pesticide that reaches the target-site through changes in exposure, penetration,
transportation, metabolism or excretion (Feyereisen et al. 2015; Li et al. 2007; Van
Leeuwen and Dermauw 2016). In this thesis, I explored the risk of resistance to novel
acaricides and identified new toxicodynamic and toxicokinetic changes that confer
resistance in T. urticae. Here, I discuss my results in light of existing knowledge on
pesticide resistance and RM strategies.

Novel mutations confer toxicodynamic resistance to Q 0 inhibitor acaricides
Genetic variation conferring target-site resistance is either present in pest populations
due to natural polymorphism or arises as de novo mutations under pesticide pressure
(ffrench-Constant 2017; ffrench-Constant 2013; Hawkins et al. 2019). A high number
of mutations have been associated with acaricide resistance in T. urticae [reviewed by
Van Leeuwen and Dermauw (2016)], including the mitochondrial cytochrome b (cytb)
mutations G126S, I136T, S141T, A133T, D161G, P262T, I256V and N321S, which
alone or in different combinations confer strong to medium levels of resistance to the
Q0 inhibitors bifenazate and acequinocyl (Van Leeuwen and Dermauw 2016; Kim et
al. 2019). In chapter 2 of this thesis, I identified two novel mutations in the highly
conserved region of the Q0 site of cytb of T. urticae strains that exhibited resistance
to Q0 inhibitors, the single mutation G132A and the combined mutations G126S and
A133T, previously reported in Panonychus citri. Using reciprocal crosses and
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backcrosses, I provided several lines of evidence for the causal role of the novel
mutations in resistance. Resistance mutations have been suggested to be employed as
molecular markers to predict resistance in RM. The strength and reliability of such
molecular markers have recently been discussed by Van Leeuwen et al. (2020) (Van
Leeuwen et al. 2020). Strength of the resistance phenotype attributable to the targetsite mutation is a major factor affecting the reliability of a target-site mutation as a
molecular marker to predict resistance in RM. In T. urticae, it is feasible to determine
the phenotypic strength of mitochondrial mutations by reciprocal crosses that
identifies the level of maternal inheritance of resistance and repeated back-crossing of
resistant females to susceptible males that excludes the possible influence of nuclear
genome in resistance(Riga et al. 2017; Bajda et al. 2017). In addition, the reliability
of a target-site mutation as a molecular marker in RM depends on the repertoire of the
different resistance mechanisms that pest populations across the globe have evolved.
In T. urticae, the worldwide frequency of a whole panel of different target-site
mutations has been investigated, revealing that identical mutations are often present
across continents which make them reliable candidates as molecular markers (Van
Leeuwen et al. 2020). In this study, reciprocal crosses and repeated backcrossing
indicated that G132A is completely responsible for resistance to bifenazate and the
dual G126S+A133T substitutions are largely linked to resistance to acequinocyl. It
therefore seems that the two novel mutations can be used as reliable molecular marker
to predict resistance to Q0 inhibitor acaricides in RM of T. urticae.

G132A, a strong case of convergent evolution across kingdoms
Convergent evolution is the process where two reproductively isolated
populations/lineages evolve similar traits independently. This process can be the result
of adaptation to similar environments or ecological niches. The extent of convergent
molecular evolution is still largely unknown. Convergent evolution across mite and
insect species has already been observed (Nyoni et al. 2011; Eleftherianos et al. 2008;
Rinkevich et al. 2013; Douris et al. 2016). For example, the M918T mutation in the
sodium channel gene, which is associated with strong resistance to pyrethroid
insecticides in the peach-potato aphid (Myzus persicae), has also been reported from
pyrethroid resistance in the tomato red spider mite (Tetranychus evansi) (Nyoni et al.
2011; Eleftherianos et al. 2008; Rinkevich et al. 2013). Another example is the BPU
resistance-conferring mutation I1042M in the chitin synthase 1 (CHS1) gene of
Plutella xylostella which is at same position as the I1017F mutation which confers
resistance to etoxazole, clofentezine and hexythiazox in spider mites (Demaeght et al.
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2014). In addition, it has been reported that both T. urticae and its phytoseiid predator
Kampimodromus aberrans have evolved resistance to acetylcholine esterase (AchE)
inhibitors by the single point mutation G119S (Cassanelli et al. 2015). Here, this has
been beneficial for integrated T. urticae management programs using both resistant
predatory mites and AchE inhibitors (Cassanelli et al. 2015).
In chapter 2 of my thesis, I uncovered an additional strong case of convergent
evolution across the animal and fungal kingdoms. The novel mutation G132A which
confers resistance to Q0 inhibitor acaricides in T. urticae is equivalent to the G143A
mutation in pathogenic fungi where it confers resistance to Q 0 inhibitor strobilurin
fungicides (Lümmen 2007; Fernández-Ortuño et al. 2008; Fisher and Meunier 2008;
Gisi et al. 2002). The observed convergent evolution confirmed that the both groups
of acaricides and fungicides have the same target site.

Pleiotropic effects associated with resistance mutations
Pleiotropy is the phenomenon whereby one gene controls multiple phenotypic traits
(Paaby and Rockman 2013). Fisher’s geometrical model of adaptation predicts that
resistance by de novo target-site mutations can be costly for species in a pesticide-free
environment (Fisher 1999).
In chapter 2, I observed several fitness costs associated with the G132A mutation in
the highly conserved region of the Q0 site of cytb of T. urticae. Resistant mites showed
a lower net reproductive rate (R0), intrinsic rate of increase (rm) and finite rate of
increase (LM), a higher doubling time (DT) and a more male-biased sex ratio. There
are a number of studies reporting fitness costs linked to point mutations in target genes
of pesticide-resistant arthropods (Kliot and Ghanim 2012; Bajda et al. 2018).
However, the majority of these studies have a common weakness in their experimental
design in that resistant and susceptible populations have different genetic backgrounds
(Kliot and Ghanim 2012; Ffrench-Constant 2017). These genetic differences are not
necessarily coupled with the target-site mutation and corresponding resistance
phenotype, but may result in different fitness (Raymond et al. 2011; Anopheles
gambiae 1000 Genomes Consortium 2017; Varzandeh et al. 1954). For mutations
encoded by mitochondrial genomes, it is possible to establish near-isogenic resistant
and susceptible lines with a similar nuclear genome by backcrossing resistant females
to susceptible males for several generations. Comparison of the near-isogenic resistant
and susceptible lines allow for maximizing the reliability of linking changes in fitness
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components with the target-site mutation under study (Bajda et al. 2017; Riga et al.
2017; Bajda et al. 2018; Brito et al. 2013). In chapter 2 of this thesis, I followed the
same approach to explore fitness consequences of the G132A mutation in resistant
mites.
As for RM, understanding the fitness consequences associated with the resistance can
be useful to estimate the establishment, spread and persistence of resistance. In light
of our findings, it seems that in an acaricide-free environment the resistant genotypes
with G132A mutation might be less competitive and grow slower than susceptible
genotypes. In addition, the more male-biased sex ratio in resistant populations could
further reduce the frequency of transmission of the mutation since the mutation is
encoded in the mitochondrial genome. Together, it appears that management of the
G132A resistance might be easier than that of mutations without fitness costs, such as
G126S+S141F and P262T (Bajda et al. 2018).

Risk of resistance to the novel complex II inhibitor pyflubumide
A RM strategy for T. urticae is development of novel acaricides with new modes of
action which limits cross-resistance to other commercially available compounds
(Nauen et al. 2012; Van Leeuwen et al. 2015). Pyflubumide is a recently developed
acaricide with excellent activity against phytophagous mites of the genera
Tetranychus and Panonychus (Nakano et al. 2015). Pyflubumide, together with
cyenopyrafen and cyflumetofen, are the first commercially developed acaricides that
act as complex II inhibitors in the mitochondrial electron transport chain (Van
Leeuwen et al. 2015; Furuya et al. 2017). In chapter 3, I uncovered decreased
susceptibility to pyflubumide in a cyenopyrafen-selected Japanese strain, JPR
(Sugimoto and Osakabe 2014; Khalighi et al. 2014). I further selected for pyflubumide
resistance in JPR through two different laboratory selection regimes, and obtained two
highly resistant strains, JPR-R1 and JPR-R2. Pyflubumide resistance evolved very
quickly under this selection regime, which indicates a high risk of development of
resistance to pyflubumide in agricultural areas that have been exposed to
cyenopyrafen; other complex II inhibitors probably confer a similar risk.
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Molecular mechanisms of resistance to pyflubumide
Structurally, pyflubumide is similar to complex II inhibitor carboxamide fungicides
(Furuya et al. 2017). Resistance to this group of fungicides has been reported to be
conferred by point mutations in the complex II subunits of many fungal plant
pathogens (Avenot and Michailides 2010; Sierotzki and Scalliet 2013; Oliver 2014).
I did not find any target-site resistance mutation candidates in the pyflubumideresistant strains by sequencing all complex II subunits which is in line with a previous
study that did not find target-site resistance in the cyenopyrafen-resistant strain JPR
(Khalighi et al. 2016). However, a recent study (Sugimoto et al. 2020) reported targetsite mutations in two subunits of mitochondrial complex II that confer resistance to
complex II inhibitors, including pyflubumide and cyenopyrafen. Their microsatellite
linkage map which was followed by comparison of partial amino acid sequences of
subunits gathered evidence that in subunit succinate dehydrogenase b (SdhB), the
I260T mutation is linked to cyflumetofen resistance, whereas the I260V mutation
causes pyflubumide resistance. In addition, the S56L mutation in subunit succinate
dehydrogenase C (SdhC) was reported to confer resistance to cyenopyrafen
(Sugimoto et al. 2020).
Based on transcriptomic comparisons, Sugimoto et al. (2020) also indicated that three
cytochrome P450 (CYP) genes and six carboxyl/choline esterase (CCE) genes are
involved in resistance to pyflubumide (Sugimoto et al. 2020). Our synergism
experiments of chapter 3 strongly suggested that CYPs are involved in pyflubumide
detoxification. Follow-up genetic and molecular investigations were performed to test
this hypothesis and are discussed below.
Transcriptomic approaches have increasingly been used to determine the genetic basis
of resistance in pest species such as T. urticae (Van Leeuwen and Dermauw 2016). In
chapters 3 and 4 of my thesis, transcriptome studies were performed to identify the
molecular mechanism of resistance to pyflubumide in T. urticae.
Gene-expression microarrays and RNA sequencing (RNAseq) are two powerful and
widespread high-throughput transcriptomic technologies which allow to measure
genome-wide gene expression on large numbers of individuals in populations
simultaneously (Alvarez et al. 2015). RNA-seq was developed with some advantages
over microarray technology. Compared with array technology, RNA-seq is not
dependent on existing genome data (Rao et al. 2019; Wang et al. 2010; Iyer et al.
2015; Li et al. 2006; Yan et al. 2015; Wang et al. 2009; Wilhelm and Landry 2009),
it can quantify expression across a larger dynamic range (Wang, K. et al. 2010;
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Wilhelm and Landry 2009; Zhao et al. 2014), and it can detect a higher percentage of
differentially expressed genes, particularly genes with low expression levels (Zhao et
al. 2014; Wang et al. 2014; Li, Junqin et al. 2016).
In this thesis, I used both gene-expression microarrays (chapter 3) and RNA-seq
techniques (chapter 4) to identify candidate genes underlying pyflubumide resistance.
In Khalighi et al. (2016), cyenopyrafen resistance was reported to be strongly linked
to the overexpression of CYPs, specifically CYP392A11 and CYP392A12; they
generated genome-wide gene expression data and incorporated a meta-analysis of
previously obtained gene expression data (microarray) in their studies. The two CYPs
were suggested as molecular diagnostic markers for monitoring cyenopyrafen
resistance in the field (Khalighi et al. 2016). In chapter 3, I investigated the
constitutive and induced transcription patterns in susceptible and resistant mites and
observed overexpression of five CYP and four CCE genes in the JPR-R strains.
However, gene-expression patterns showed to be complex and failed to clearly
identify CYP candidate(s) that might be involved in resistance. To some extent, the
GE microarray methodology can explain the lack of transparency in our analysis
(Hughes et al. 2001). GE microarray techniques estimate transcript abundance
through hybridization of cyanine-labelled mRNA to an array of complementary
probes with low-specificity for intraspecies variation. Here, a GE microarray analyzer
measures fluorescent intensity which mirrors the gene expression level (Templin et
al. 2002). Genetic variations such as copy number variations (CNVs) and
polymorphisms in the coding regions can confound hybridization of target DNA or
RNA to the probes and lead to a lower clarity. In addition, it has been shown that
polymorphisms in the probe–target sequences can affect probe-hybridization affinities
due to mismatches between a microarray probe and its target sequence. As a result, it
can lead to a reduced signal intensity and appearance of false-positive results
(Benovoy et al. 2008).
As discussed below, I used a combination of high-resolution BSA genetic mapping
and RNA-seq as a more efficient approach to characterize pyflubumide resistance
(chapter 4).

Genetic mapping by bulked segregant analysis in spider mites
In species with genetic and genomic resources such as Drosophila melanogaster,
advanced genetic designs such as genome-wide association studies (GWAS) have
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been developed to discover the association between phenotype and genotype (Hales
et al. 2015; Groen and Whiteman 2016). For many species, however, GWAS is not
applicable due to the lack of comprehensive genetic resources. In a number of
arthropod species, traditional linkage mapping studies were successful to identify loci
for trait variation using intensive genotyping of single individuals in segregating
populations (Uesugi et al. 2002; Zhan et al. 2009; Smith et al. 2015; Linnen et al.
2018; Sugimoto et al. 2020). Recently, microsatellite linkage map technique was used
for genetic mapping of a highly resistance T. urticae strains to complex II inhibitor
acaricides. This study successfully identified target-site mutations associated with the
high levels of resistance. Despite all recent technological advances, genotyping
hundreds of individuals in this method remains time-consuming and expensive
(Bailey and Keifer 1943; Polilov 2015; Kurlovs et al. 2019). To circumvent these
obstacles, a growing number of studies have employed the bulked segregant analysis
(BSA) method. This cross-based method is becoming an important tool for the rapid
mapping of both monogenic and polygenic traits (Kurlovs et al. 2019). In T. urticae,
BSA approaches have successfully been used to identify monogenic loci conferring
resistance to mite growth inhibitors (Van Leeuwen et al. 2012; Demaeght et al. 2014),
and polygenic loci underlying resistance to METI-I acaricides (Snoeck et al. 2019)
and the lipid synthesis inhibitor spirodiclofen (Wybouw et al. 2019). This approach
has also been successfully adapted to characterize the genetic basis of easy-to-score
phenotypes such as carotenoid-based pigmentation (Bryon et al. 2017; Wybouw et al.
2019).
In chapter 4, I first applied classic genetic crosses which revealed an incomplete
recessive polygenic mode of inheritance of pyflubumide resistance. I further subjected
a segregating population (parental strains JPR-R1 and Wasatch, which are resistant
and sensitive, respectively) to multiple rounds of selection by pyflubumide, and used
high-quality SNP loci for BSA genetic mapping to identify loci responding to
selection for this acaricide. Our findings from classic genetic crosses, indicated that
resistance to pyflubumide is polygenic. It was confirmed with the genetic mapping
that identified three different JPR-R1 allele frequency peaks [two peaks on
chromosome 1 (QTL-1 and QTL-2), and one peak on chromosome 2 (QTL-3)] in the
pyflubumide-selected populations, compared to their paired controls. The main genes
of interest in QTL-1, -2, and -3 were CYP392A16, CYP392E8, and cytochrome P450
reductase (CPR), respectively. Transcription of CYP392A16 and CYP392E8 were
both higher in pyflubumide-selected populations, compared to the susceptible
controls. However, DNA read coverage indicated that the segregating populations and
the two parental strains were not copy number variable. Therefore, the higher
transcription levels of the CYP genes was not due to copy number variation. In
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contrast, JPR-R1 and selected lines harbored three CPR copies, compared to a single
copy in the susceptible parental and control lines. This ratio was reflected in the RNA
read data, such that pyflubumide-selected population displayed ~3.66 up-regulation
of CPR transcription compared with control populations.
This is the first time that the CPR copy number difference has become putatively
associated with resistance in arthropod pests. In T. urticae CYP392A16 and
CYP392E8 have already been reported to be involved in the detoxification of the
pesticide abamectin (Riga et al. 2014). However, two previous studies with T. urticae
demonstrated a mutation (D384Y) in CPR potentially involved in resistance to
spirodiclofen (Wybouw et al. 2019) and METI-I acaricides (Snoeck et al. 2019).
Recently, using a microsatellite linkage map, two QTLs were identified to be
associated with pyflubumide resistance in T. urticae (Sugimoto et al. 2020). One QTL
centers on tetur01g15710, the gene that codes for SdhB, the molecular target of
pyflubumide (Furuya et al. 2015). In addition, genotyping a panel of T. urticae strains
revealed a strict association between the non-synonymous substitution I260V of SdhB
and pyflubumide resistance. The second QTL of Sugimoto et al. 2020 included three
cytochrome P450 genes (CYP392A8, CYP392B1, and CYP392B2) and six CCE genes
associated with pyflubumide resistance. Our investigations did not reveal any traces
of I260V or other candidate target-site resistance mutations in SdhB, nor were any of
our three QTLs centered on SdhB. The three CYP genes of the second QTL of this
study also were not differentially transcribed between the pyflubumide-selected and
control populations, and they were not included in any of the three QTLs of our study.
Below, I discuss a number of factors that are expected to impact the resolution of
mapping. These factors include the reproductive mode, crossing method, and number
of screened progenies. Because of the haplodiploid reproduction of spider mites
[diploid females develop from fertilized eggs and haploid males from unfertilized
ones], a cross between a resistant male and a susceptible female introduces a single
resistant genotype in female offspring, which improves the resolution of BSA genetic
mapping (Demaeght et al. 2014). In addition, female mites can mate with their sons
which is used as a fast method compared with sibling mating to establish highly
homozygous inbred lines to increase mapping resolution in crossing experiments
(Bryon et al. 2017; Van Petegem et al. 2018). I also used a single male set-up that
incorporated susceptible inbred lines to increase mapping resolution. To increase the
number of recombination break-points, a high number of generations and large
population size is needed before phenotyping starts. It has been shown that BSA can
detect many small-effect loci with high resolution if mapping is performed on the
progeny of crossed populations with more than 10 5 individuals (Ehrenreich et al.
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2010). A high population can easily be achieved in T. urticae due its high reproductive
capacity, allowing extensive recombination. In addition, it is also feasible to establish
a large number of replicates from the initial bulked population to mitigate the effect
of drift under acaricide selection pressure. In addition, recombination occurs
independently in each replicate which can further facilitate the investigation for
polygenic traits. This would allow application of a permutation-based test that uses
information from replicates to detect whether the peaks are due to selection or to
genetic drift. This method has already successfully been performed in other T. urticae
resistance studies (Wybouw et al. 2019; Snoeck et al. 2019).

Conclusion

This thesis is another proof of the great ability of T. urticae to develop resistances to
acaricides. Cross-resistance to the compounds with similar modes of action limits the
options to develop novel acaricides. I, however, identified fitness penalties associated
with resistance mutation, which can make its management relatively easy. Resistance
genes can be used as molecular markers to monitor resistance in the field. Previous
studies on similar compounds were helpful in the identification of resistance genes to
Q0 inhibitor acaricides. However, it was not straightforward to uncover the genetic
basis of pyflubumide resistance. To this end, I took several experimental steps
including screening for target-site mutations, transcriptomic analyses and highresolution BSA genetic mapping. Collectively, I uncovered a strong contribution of
CYP metabolism to pyflubumide resistance in T. urticae. The methodology of this
thesis can be used in future investigations to determine the mechanism of resistance
to acaricides in T. urticae.
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Summary
The evolution of pesticide resistance in arthropod pest species is a long-standing and
increasing problem for crop production, human health, and the environment. The
spider mite Tetranychus urticae is a cosmopolitan key pest on a wide range of crops.
This species is notorious for its ability to rapidly develop resistance to a large number
of pesticides with different chemical structures and modes of action. Despite the high
resistance risk, management programs of T. urticae are largely based on the
application of chemical acaricides. In Chapter 1, I outlined how food security is
threatened by arthropod pests and how humankind has dealt with these challenges. I
further introduced the destructive effects of improper use of pesticides with a focus
on the evolution of pesticide resistance. I explained the mechanisms of resistance and
the implications for resistance management strategies. One of these implications is a
need to develop novel acaricides with new modes of action. In this thesis, the risk and
molecular basis of resistance to novel acaricides were explored in T. urticae. In
Chapter 2, two novel mutations were identified in the mitochondrial cytochrome b
Q0 site of T. urticae: G132A (equivalent to G143A in fungi resistant to strobilurins,
a successful family of fungicides) and G126S+A133T (previously reported to cause
bifenazate and acequinocyl resistance in the spider mite Panonychus citri). Several
lines of evidence were provided for the causal role of the two mutations in resistance
to Q0 inhibitor acaricides, bifenazate and acequinocyl. Near isogenic lines carrying
G132A showed several fitness penalties including a lower R0, rm, and LM, a higher
DT, and a more male biased sex ratio. This suggest that the resistant populations might
be less competitive in a bifenazate-free environment, offering opportunities for
resistance management.
Pyflubumide is a novel carboxanilide acaricide that inhibits mitochondrial complex II
of spider mites. In Chapter 3 a thorough resistance risk assessment of this compound
was performed using a reference panel of T. urticae strains resistant to various
acaricides with different modes of action. The cyenopyrafen-resistant strain JPR was
identified as the only strain with low-to- moderate level of cross-resistance to
pyflubumide. I selected for high levels of pyflubumide resistance in JPR through two
different laboratory selection regimes resulting in two highly resistant strains JPR-R1
and JPR-R2. Several steps were taken to characterize the mechanisms underpinning
pyflubumide resistance. First, the sequence of complex II subunits of resistant (JPRR2) and susceptible mites were compared, but no target-site insensitivity was
detected. Synergism experiments strongly suggested that cytochrome P450
monooxygenases are involved in pyflubumide resistance. To test this hypothesis, a
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series of genome-wide gene expression experiments were performed. Overexpression
of five cytochrome P450 and four carboxyl/cholinesterase genes were observed in
JPR-Rs after pyflubumide exposure. However, the gene-expression patterns were
complex and failed to clearly identify which cytochrome P450(s) might be involved
in resistance. In Chapter 4, classic genetic crosses revealed that more than one gene
was involved in pyflubumide resistance and that the mode of inheritance was
incomplete recessive. Subsequently, a combination of high-resolution BSA genetic
mapping and transcriptomic analysis was performed to characterize the genetic
architecture of pyflubumide resistance in JPR-R1. Genetic mapping uncovered three
QTL that were associated with pyflubumide resistance. The narrow genomic intervals
of the QTL centered on CYP392A16, a cluster of CYP392E genes, and cytochrome
P450 reductase (CPR). We identified copy number variation at the CPR locus as the
likely causal structural variance underpinning the different transcription levels of
CPR. CYP392A16 was functionally expressed and in vitro assays showed that
CYP392A16 demethylates the active deacylated pyflubumide metabolite, producing
a compound that is no longer toxic to T. urticae. Together, these results indicate that
pyflubumide is detoxified by cytochrome P450s and suggest that cytochrome P450
metabolism is strengthened by gene amplification of CPR. In Chapter 5, all results
were discussed in light of existing knowledge on the identification of acaricide
resistance mechanisms and strategies for resistance management.
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De evolutie van pesticidenresistentie in geleedpotige plaaginsecten is een reeds lang
bestaand en toenemend probleem voor de gewasproductie, de menselijke gezondheid
en het milieu. De spintmijt Tetranychus urticae is een kosmopolitische sleutelsoort
die leeft op een breed scala aan gewassen. Deze soort is berucht om zijn vermogen tot
het snel ontwikkelen van resistentie tegen een groot aantal pesticiden met
verschillende chemische structuren en werkingsmechanismen.
Gezien het hoge risico op resistentie zijn bestrijdingsprogramma’s van T. urticae
voornamelijk gebaseerd op de toepassing van chemische acariciden. In Hoofdstuk 1
zet ik uiteen hoe de voedselveiligheid bedreigd wordt door geleedpotige plagen en
hoe de mens gereageerd heeft op deze uitdagingen. Verder beschrijf ik de desastreuse
effecten van onoordeelkundig gebruik van pesticiden met de nadruk op de evolutie
van pesticidenresistentie. Bovendien leg ik de mechanismen van de resistentie uit
alsmede de gevolgen voor strategieën voor bestrijdingsprogramma’s. Een van de
consequenties is de noodzaak om nieuwe acariciden met nieuwe
werkingsmechanismen te ontwikkelen. In dit proefschrift worden de moleculaire basis
alsmede het risico op resistentie tegen nieuwe acariciden onderzocht. In Hoofdstuk 2
worden twee nieuwe mutaties geïdentificeerd in het mitochondriale cytochroom b Q 0
gen van T. urticae: G132A (equivalent aan G143A in schimmels die resistent zijn
tegen strobilurinen, een succesvolle familie van fungiciden) en G126S+A133T
(waarvan bekend is dat ze in de spintmijt Panonychus citri resistentie verschaffen
tegen bifenazaat en acequinocyl). Diverse onafhankelijke bewijzen worden geleverd
voor de causale rol die deze twee mutaties spelen in de resistentie tegen de Q0 inhibitor
acariciden bifenazaat en acequinocyl. Bijna-isogene lijnen die de G132A mutatie
bezitten laten nadelige effecten op de fitness zien, zoals een lagere R0, rm en LM, een
hogere DT, en een scheve geslachtsverhouding (meer mannetjes dan vrouwtjes). Dit
alles suggereert dat de resistente populatie mogelijk minder competitief is in een
bifenazaat-vrije omgeving; dit biedt mogelijkheden voor resistentie-management.
Pyflubumide is een nieuwe carboxanilide acaricide die het mitochondriale complex II
van spintmijten inhibeert. In Hoofdstuk 3 wordt een grondige risicoanalyse van de
resistentie van deze stof uitgevoerd met gebruikmaking van een referentiepanel
bestaande uit T. urticae stammen die resistent zijn tegen verscheidene acariciden met
verschillende werkingsmechanismen. De cyenopyrafen-resistente JPR stam blijkt de
enige stam te zijn met een laag tot middelmatig niveau van kruisresistentie tegen
pyflubumide. Ik selecteerde op hoge niveaus van pyflubumideresistentie in JPR met
behulp van twee verschillende experimentele selectieregimes, hetgeen resulteerde in
twee hoog-resistente stammen, te weten JPR-R1 en JPR-R2. Verschillende stappen
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werden gezet om de mechanismen achter de pyflubumide-resistentie bloot te leggen.
Allereerst werden de sequenties van de complex II subeenheden van resistente (JPRR2) en gevoelige mijten vergeleken, maar ongevoeligheid van de doelplaats werd niet
gevonden. Synergisme experimenten suggereren sterk dat cytochroom P450
monooxygenasen bij de pyflubumideresistantie betrokken zijn. Om deze hypothese te
testen zijn een aantal genoombrede genexpressie-experimenten uitgevoerd. Na
blootstelling aan pyflubumide blijken in JPR-Rs vijf cytochroom P450’s en vier
carboxyl/cholinesterase genen tot overexpressie te komen. De genexpressiepatronen
waren evenwel complex en bleken niet in staat om duidelijk aan te geven welke
cytochroom P450(s) betrokken zouden kunnen zijn bij de resistentie.
Klassiek genetische kruisingen onthullen in Hoofdstuk 4 dat meer dan een gen
betrokken is bij pyflubumideresistentie en dat de wijze van overerving incompleet
recessief is. Vervolgens is een combinatie van hoge resolutie BSA genetische
kartering en transcryptoomanalyse gebruikt om de genetische architectuur van
pyflubumideresistentie in JPR-R1 te karakteriseren. De genetische kartering onthulde
drie QTL die geassocieerd zijn met pyflubumideresistentie. De enge genomische
intervallen van de QTL concentreren zich rond CYP392A16, een cluster van
CYP392E genen, en cytochroom P450 reductase (CPR). Variatie in het aantal kopieën
van het CPR gen is waarschijnlijk de causale structurele variatie die ten grondslag ligt
aan de verschillende transcriptieniveaus van CPR.
CYP392A16 komt functioneel tot expressie en demethyleert in vitro de actieve
gedeacyleerde pyflubumide metaboliet, en produceert aldus een stof die niet langer
toxisch is voor T. urticae. In gezamenlijkheid geven deze resultaten aan dat
pyflubumide gedetoxificeerd wordt door cytochroom P450s en suggereren dat het
cytochroom P450 metabolisme versterkt wordt door genamplificatie van CPR. In
Hoofdstuk 5 worden de resultaten uit hoofdstukken 2, 3 en 4 bediscussieerd in het
kader van de bestaande kennis over de identificatie van mechanismen van
acaricideresistentie en strategieën voor resistentie-management.
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