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General introduction

Tetranychus urticae – the two-spotted spider mite
Taxononomy and biology
Within the family Tetranychidae, the two-spotted spider mite (Fig. I.1A) is the eco-
nomically most important species. This is mainly due to the fact that it is extremely
polyphagous, being able to feed and develop on 15000 host plant species across 70
genera, including a vast amount of important agricultural crops and ornamental
plants (Migeon and Dorkeld, 2013).

The main damage to plants is caused by feeding. The mites are mostly present on
the underside of leaves. There they penetrate the epidermis and mesophyll layers
with their stylets and suck out the cell content, thereby damaging the spongy and
palisade parenchyma. During feeding, the chlorophyll is removed, causing browning
of the leaves. These processes finally lead to necrosis and, ultimately, to leaf abscis-
sion (Fig. I.1C; Helle and Sabelis, 1985; Jeppson et al., 1975). Spider mites produce
a silk-like webbing, which serves as a nest, protecting the mites and their eggs from
predators, rainfall and pesticide applications but is also involved in finding mating
partners and in dispersal (Helle and Sabelis, 1985; Hoy, 2011).

Figure I.1. A. Photograph of adult female Tetranychus urticae (by Gilles San Martin). B. Photograph of an adult
male T. urticae (by Gilles San Martin). C. Spider mite damage of bean plants.
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Reproduction, embryogenesis and life cycle
Reproduction of spider mites is arrhenotokous: unfertilized females produce male
offspring whereas fertilized females produce female offspring (also named arrheno-
tokous or male-producing parthogenesis). Thus, spider mites are haplo-diploid:
males have a single set of three holokinetic chromosomes, whereas females have a
double set. The first egg produced by a mated female is always male, because the
sperm cannot reach it in time for fertilization. The first male to copulate with a female
is also the father of all her daughters. A sex ratio of one male to three females is con-
sidered normal (Helle and Sabelis, 1985).

The eggs of T. urticae are initially translucent and spherical with a diameter of 100-
150 µm. A newly deposited egg is already in the first metaphase of meiosis; the sec-
ond meiotic division occurs 2 h after oviposition. The first cleavage produces two
blastomeres of equal size and is followed by multiple divisions resulting in a blasto-
derm. Next, germ band formation begins, forming anterior segments first and trunk
regions later. At this stage the respiratory system begins to form, permitting gas
exchange between the embryo and the atmosphere. After completing the internal
organization, red eyespots become visible and the eggs become non-translucent
and yellow (Dearden et al., 2002; Helle and Sabelis, 1985; Zhang, 2003).

After hatching, spider mites develop through three active and feeding stages
(larva, protonymph and deutonymph), each followed by a quiescent stage before
reaching adulthood (protochrysalis, deutochrysalis and teliochrysalis) (Fig. I.2; Helle
and Sabelis, 1985; Jeppson et al., 1975). Larvae have three pairs of legs, whereas
the other stages have four. During the quiescent stages, mites anchor themselves to
the leaf and a new cuticle is formed, after which the old one is cast off (ecdysis).

8
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Figure I.2. Life cycle of Tetranychus urticae. Next to the egg stage, spider mites have three active stages
(larvae, protonymph and deutonymph) which are separated by three quiescent stages (not pictured) before reach-
ing adulthood.
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Duration of T. urticae development is primarily correlated with temperature, but
can also depend on humidity, photoperiod and host plant. Under optimal tempera-
ture conditions (30-32 °C), development from egg to adult takes less than a week.
With a daily temperature cycle of 18 and 25 °C, development takes approximately 16
days (Zhang, 2003). When conditions become unfavorable, for example shorter day
length, lack of food and/or lower temperature, mated adult females (or eggs) will go
into diapause, changing their color to a bright shade of red (Helle and Sabelis, 1985;
Jeppson et al., 1975; Zhang, 2003). The average bodylength of adult females is
about 500 µm but male spider mites are much smaller (Fig. I1A and B; 300 µm). Their
developmental time from egg to adult is shorter than that of females, so adult males
can guard quiescent female teliochrysalis, fend off other males and fertilize the new
adult female directly after moulting. Spider mites have a high fecundity: one female
can lay up to 200 eggs (Walter and Proctor, 1999; Zhang, 2003).

Controlling spider mites
Although biological control with phytoseiid mites and other generalist predators has
been successfully implemented and is still widely used in greenhouses today
(McMurtry and Croft, 1997; Zhang, 2003) control of spider mites is primarily achieved
with acaricides (Knowles, 1997). Acaricides have an enormous structural variety and
selectivity. Some are generally unselective and detrimental to both acarines and
insects, and frequently to other organisms as well (organopohosphates, carba-
mates). Others have a narrow toxicity spectrum and are mainly specific to acarines
(organotins). Another aspect of acaricides is their life-stage specificity: they can be
toxic to all life stages (pyridaben), or just to the eggs and immature life stages
(hexythiazox, clofentezine), or exclusively to motile stages (organophosphates;
Knowles, 1997).

Acaricide target sites
Acaricide research has produced various products over the years, directed against a
wide range of biochemical and physiological targets. Amongst others, they can affect
mitochondrial respiration, the nervous system, growth and a number of other essen-
tial metabolic processes (Table I.1; Dekeyser, 2005). This section will provide a
description of acaricide target sites in spider mites relevant for this research.

Chitin synthesis
Chitin is a major component of the spider mite cuticle, which provides support for
locomotion and muscle-attachment, and offers protection against contaminants and
desiccation (Bretschneider and Nauen, 2008; Merzendorfer, 2013). The cuticle con-
sists of an outer epicuticle, lacking chitin microfibrils, and an inner procuticle, con-
sisting of a complex arrangement of chitin fibrils embedded in a proteinaceous

9
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matrix. Chitin can also be found in the periotrophic membranes of the midgut, tra-
chea, salivary glands and eggshells (Gilbert, 2012).

The absence of chitin in plants and vertebrates has led to the development of
insecticides that target synthesis, modification and degradation of chitin (Gilbert,
2012). Chitin synthesis inhibitors are a chemically diverse group that affect reproduc-
tion and chitin formation although the precise mode of action of most inhibitors is still
unknown (Merzendorfer, 2013).

Chitin is a polymer of β(1,4)-linked N-acetylglucosamine (Fig. I.3A), synthesized
from UDP-N-acetylglucosamine (UDP-GlcNAc) precursors by chitin synthase, an
integral membrane protein belonging to the family of the β-glucosyltransferases (for
a detailed description of chitin synthesis, see Fig. I.3B). The catalytic domain of chitin
synthases faces the cytoplasmic side, thus nascent chitin polymers need transloca-
tion across the plasma-membrane before they can be assembled into microfibers at
the cell surface. The precise mechanism of chitin translocation is still unclear, but it

Table I.1. Classification of acaricides based on mode of action (redrafted from IRAC; http://www.irac-
online.com, mode of action classification of acaricides v. 7.4, February 2014). Insecticides are classified in groups
based on their mode of action (numbered 1 to 28) to avoid cross-resistance. Only compounds with acaricidal
action are listed here
Group Mode of action Chemical group
1. Acetylcholinesterase inhibitors (nerve action) Carbamates, organophosphates
2. GABA-gated chloride channel antagonists Cyclodiene organochlorines, phenylpyrazoles

(nerve action)
3. Sodium channel modulators (nerve action) Pyrethroids, pyrethrins, DDT, methoxychlor
6. Chloride channels activators (nerve and Avermectins, milbemectins

muscle action)
10. Mite growth inhibitors (growth regulation, Clofentezine, hexythiazox, diflovidazin, etoxazole1

target protein unknown)
12. Inhibitors of mitochondrial ATP synthase Diafenthiuron, organotin miticides, progargite,

(energy metabolism) radifon
13. Uncouplers of oxidative phosphorylation via dis- Chlorfenapyr, DNOC, sulfuramid

ruption of the proton gradient (energy metabolism)
15. Inhibitors of chitin biosynthesis, type 0 (growth Benzoylureas

regulation, target protein unknown)
19. Octopamine receptor agonists (nerve action) Amitraz
20. Mitochondrial complex III electron transport Hydramethylnon, acequinocyl, fluacrypyrim, 

inhibitors (energy metabolism) bifenazate
21. Mitochondrial complex I electron transport METI acaricides, rotenone

inhibitors (energy metabolism)
23. Inhibitors of acetyl CoA carboxylase (lipid Tetronic and tetramic acid derivatives

synthesis and growth regulation)
25. Mitochondrial complex II electron transport Cyenopyrafen, cyflumetofen

inhibitors (energy metabolism)
UN Unknown mode of action Benzoximate, chinomethionat, dicofol
1The precise mode of action of these compounds is still unknown.
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probably involves inversion of the configuration at the anomeric centre to produce
β(1,4)-glycosydic bonds (Merzendorfer, 2013).

There are two ways for chitin synthesis described in T. urticae. One takes place
during the formation of the egg shell when chitin is transported to the periphery of the
oocyte via small vesicles called chitosomes where they are condensed into several
layers (Helle and Sabelis, 1985). The other method takes place during moulting.
Epidermal cells are responsible for deposition of chitin in the spaces between the epi-
cuticle and hypodermis (Gilbert, 2012; Helle and Sabelis, 1985; Merzendorfer, 2013).

Figure. I.3. Synthesis and structure of chitin. A. Structure of chitin. B. Chitin synthesis pathway. Fructose-
6-phosphate is conversed into glucosamine-6-phosphate by an aminotransferase. Transfer of an acetylgroup
from acetyl CoA by an acetyltransferase to generate GlcNAc-6-P, followed by an isomerization to GlcNAc-1-P by
phospho-N-acetylglucosamine mutase, and uridylation by UDP-N-acetylglucosamine pyrophosphorylase, yield-
ing UDP-GlcNAc. The final step, which is the key reaction, is the transfer of the sugar moiety from UDP-GlcNAc
to the non-reducing end of the growing sugar chain. This step is catalyzed by chitin synthase.
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Acetyl-CoA-carboxylase (ACCase)
Lipids are a principle source of energy in spider mites, so disruption of lipid metab-
olism can be useful to control spider mites (Dekeyser, 2005). ACCase is an essential
biotin-containing enzyme in the fatty acid metabolism and is found in all kingdoms
of life, except the archea. ACCase has three domains: the biotin-carboxyl carrier
(BCC), biotin carboxylase (BCase) and the carboxyltransferase (CTase). It catabolizes
the irreversible and ATP-dependent carboxylation of acetyl-coA to produce malonyl-
CoA in a rate-limiting reaction that can be divided in two steps (Fig. I.4). First, a CO2
group is transferred from bicarbonate through BCase activity and ATP cleavage. In
the second step, the carboxylgroup is activated and transferred to acetyl-coA by the
CTase. The end product, malonyl-CoA, is used in the de novo synthesis of primary
fatty acids and as building block to extend the chain length of fatty acids (Arabolaza
et al., 2010; Cronan Jr and Waldrop, 2002; Zhang et al., 2004).

There are two physiologically different forms of the ACCase: the heterodimeric form,
which is formed by three separate proteins, can be found in bacteria and the chloroplas-
ts of plants while the homodimeric form, consisting of a polypeptide chain containing all
three domains is found in the cytosol of plants,fungi and animals. The regulation of the
ACCase occurs through various mechanisms including phosphorylation/dephosphory-
lation, protein kinases and gene regulation (Fischer et al., 2001). ACCase inhibitors have
been mainly used as herbicides in the past, but chemical optimalisation and modifica-
tion also revealed an acaricidal activity (Bretschneider et al., 2007; Tong, 2005).

The problem called resistance
Definition and scope
The Insecticide Resistance Action Committee (IRAC; http://www.irac-online.com)
defines 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 con-
trol when used according to the label’s recommendation for that pest species’.
Resistance arises through the over-use or misuse of a pesticide against a pest
species, eliminating the susceptible individuals which results in the consequent evo-
lution of populations that are resistant to that pesticide (Jeppson et al., 1975).
Resistance not only renders the selecting compound ineffective, it also confers cross-
resistance between compounds who usually share a common mode of action, hence

Figure I.4. Carboxylation of acetyl-CoA to malonyl-CoA by acetyl-CoA-carboxylase.
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there is a high risk that developing target-site resistance will confer cross-resistance
to all compounds of the same chemical group (Chapman and Penman, 1979).

The first case of insecticide resistance was reported 100 years ago by Melander
(1914), who described resistance of orchard pests to sulfur-lime (one of many inor-
ganic chemicals used in those days). Since then, resistance has been spreading at
an alarming rate. Pesticide users wrongly assumed that survivors had escaped
spraying, increasing the dose and rate of application. Next, they usually switched to
a new pesticide with a different mode of action. Currently, more than 500 arthropod
species are reported to have developed resistance to commonly used chemicals
(Georghiou and Saito, 1983; Hoy, 2011). Up-to-date information about resistant
species can be found in the Arthropods Resistant to Pesticides Database (ARPD,
http://www.pesticideresistance.org).

The resistance champion
By 2013, there were 407 cases of pesticide resistance among two-spotted spider
mite populations, spread over 92 compounds with unique active ingredients (Table
I.2, Onstad, 2013).

Spider mites rapidly develop resistance to pesticides because of their high fecun-
dity, short generation time, high rate of inbreeding and arrhenotokous reproduction.
Haploid males express both dominant and recessive traits, allowing favorable muta-
tions to become more rapidly fixed at male haploid loci when selected with a pesti-
cide (Hoy, 2011; Jeppson et al., 1975; Van Leeuwen et al., 2010; Zhang, 2003).
Initially, spider mites were minor pests and resistance was a rare phenomenon but
introduction of synthetic organic pesticides, like DDT and organophosphates, after
the 2nd World War, resulted in a steady increase of resistance cases. The sudden
increase of spider mites infestations and resistance can be explained by a combina-
tion of different factors including overuse of pesticides destroying the natural enemy
population, overuse of fertilizers resulting in plants suitable for higher rates of spider
mite reproduction and low concentrations of pesticides having a stimulatory effect on
spider mite reproduction (hormoligosis) (Hoy, 2011).

Resistance mechanisms in mites are similar to those found in insects, and include
reduced penetration through the cuticle, metabolic resistance and target site insen-
sitivity. Metabolic resistance refers to increased sequestration/excretion and
increased detoxification of the pesticide, decreasing the effective dose of the pesti-
cide at the target site. This type of resistance involves several major protein families
including cytochrome P450 monooxygenases, esterases, glutathione-S-transferases
and ABC transporters. Target site insensitivity or modification will render the pesti-
cide ineffective, since it will not be able to bind to its target (Knowles, 1997;
Pittendrigh et al., 2013; Ranson et al., 2002).
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Integrated pest management
In 2007, worldwide pesticide costs totaled more than USD 39.4 billion, of which
insecticides (including acaricides) accounted for approximately 30% (Table I.3).

In 2011, the cost of acaricides to control the spider mite infestations exceeded
USD 1 billion per year in the European Union alone (Attia et al., 2013). Despite wide-
spread pesticide applications, arthropod pests still destroy about 13% of all poten-
tial crops. Even though arthropod control using pesticides is generally profitable
(every dollar invested in pesticides, yields about 4 USD in higher crop yield),
increased use of pesticides did not result in a decrease of total crop losses (which
have doubled since 1945) (Oerke, 2006; Pimentel et al., 2005). The development of
new compounds has been declining. It has become increasingly difficult and expen-
sive to produce new pesticides with novel modes of action, and to pass the stringent
laws applied by regulatory bodies (Georghiou, 1972; Krämer and Schirmer, 2007).

Thus, reliance on either chemical or biological control alone is unsustainable, lead-
ing to rational pest control strategies. Integrated pest management (IPM) was intro-
duced during the 1950’s, integrating amongst others cultural, biological and chemi-
cal control measures. Action is only undertaken when pest populations reach a cer-
tain economic threshold, to prevent pest levels from causing economic damage (Hoy,
2011; Onstad, 2013; Zhang, 2003). Insecticide resistance management (IRM) is con-
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Table I.2. Top 10 resistant pests of crops, based on number of unique active ingredients.
(http://www.pesticideresistance.org, 2014)
Species Order Common name No. active Cases of 

ingredients resistance
Tetranychus urticae Acari Two-spotted spider mite 92 407
Plutella xylostella Lepidoptera Diamond-back moth 92 561
Myzus persicae Hemiptera Green peach aphid 74 397
Bemisia tabaci Hemiptera Sweetpotato whitefly 54 528
Leptinotarsa decemlineata Coleoptera Colorado potato beetle 54 212
Helicoverpa armigera Lepidoptera Cotton bollworm 48 686
Panonychus ulmi Acari European red mite 46 189
Aphis gossypii Hemiptera Melon and cotton aphid 42 163
Spodoptera litura Lepidoptera Mediterranean climbing cutworm 38 332
Heliothis virescens Lepidoptera Tobacco budworm 36 120

Table I.3. Worldwide pesticide costs in 2007 (source: EPA)
World Market (Millions of USD) US Market (Millions of USD)

Herbicides 15,512 (40%) 5,856 (47%)
Insecticides 11,158 (28%) 4,337 (35%)
Fungicides 9,216 (23%) 1,375 (11%)
Other 3,557 (9%) 886 (7%)
Total 39,443 12,454
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sidered a part of IPM and is based on four factors: diversification of causes of pest
mortality, reduction of selection pressure, mixing of susceptible and resistant individ-
uals and predictions based on monitoring and models. Broad spectrum pesticides
are often detrimental to beneficial insects and the environment hence investment in
the discovery of new selective chemicals is vital (Georghiou, 1972; Zhang, 2003).

Evolution of genome analysis and applications
Before the genomic revolution at the end of the 90s, only a few cases of insecticide
resistance were elucidated using traditional molecular techniques (Oakeshott et al.,
2003). Drosophila melanogaster is not only an important model organism to study
human diseases and insect transmitting pathogens, it also of great use to study
insecticide mode of action and resistance mechanisms. Not because Drosophila is a
pest species, but because of the availability of molecular tools and its ease of manip-
ulation (Schneider, 2000). Analysis of the most common targets of conventional
insecticides (ligand-gated ion channels, voltage-gated ion channels and acetyl-
cholinesterases) has been greatly facillitated by advances in Drosophila genomics
(ffrench-Constant et al., 1993, 2004; Perry et al., 2011). One of the advantages of
genomics in resistance studies is that is creates the possibility to catalogue relevant
gene families and to compare fully sequenced genomes among insect species to
determine gene orthologues (Oakeshott et al., 2003).

Currently, we are living in the post-genomic era of biological research: an increas-
ing number of genome sequences have become available, producing huge amounts
of information. The challenge now is to integrate and use that information to under-
stand insect-specific responses to their environment which will enable us to develop
new pest control strategies, e.g., the development of new insecticides that will inter-
act with insect-specific target sites, and have minimal or no impact on the environ-
ment (Boerjan et al., 2012; Pittendrigh et al., 2013). The following paragraphs give an
overview of mapping methods, DNA sequencing and post-genomic techniques, and
the relevance of these techniques for analyzing resistance in arthropods in general
and in T. urticae in particular.

The pre-genomic era: genetic and physical mapping
Classical mapping methods are still necessary today to provide the framework for
the sequencing phase of a project. The complexity of eukaryotic genomes can cause
problems in the assembly of the complete genome. Thus firstly, a genome map must
be generated which can be used as a guide during sequencing experiments.
Genome mapping can be divided in two categories: genetic and physical mapping
(Boopathi, 2012; Brown, 2002; Heckel, 2003).
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Genetic mapping
A genetic map consists of a set of genetic markers, arranged in a known sequence
that corresponds to the chromosomes. This type of map shows the relative positions
of loci based on the degree of recombination. Initially, genetic maps were created
with the help of morphological markers but the number of visible phenotypes was
limited and their analysis was complicated. To make genetic maps more comprehen-
sive, biochemical and DNA-based markers were used (Boopathi, 2012; Heckel,
2003). Allozymes were the first true molecular markers but were deemed too insen-
sitive to detect variation in DNA, and this promoted a shift to DNA-based markers like
RFLPs (restriction fragment length polymorphisms), minisatellites, microsatellites,
RAPD (randomly amplified polymorphic DNA), AFLP (amplified fragment length poly-
morphism) and SNPs (single nucleotide polymorhpisms) among others (Schlötterer,
2004). Discussing all these techniques is beyond the scope of this thesis, for more
information one can consult Genetic Mapping and Marker Assisted Selection by
Boopathi (2012). However, a genetic map has its limitations: their resolution is
dependent on the number of crossovers and they have limited accuracy. Thus,
before starting large-scale DNA sequencing, genetic maps of eukaryotes must be
checked by and supplemented with physical maps (Brown, 2002).

Physical mapping
A physical map contains a set of overlapping DNA fragments or clones (contigs),
showing the actual physical distance between loci and covering the complete chro-
mosome. They can be created by various techniques: molecular cytogenetics such
as FISH (fluorescent in situ hybridization); restriction mapping and subsequent
cloning in cosmids, BACs (bacterial artificial chromosomes), YACs (yeast artificial
chromosomes), PACs (P1 artificial chromosomes) or P1 vectors, and STS (sequence
tagged site) mapping (Brown, 2002; Heckel, 2003; Hoskins et al., 2000). For more
information, the 2nd edition of Genomes by Brown (2002) features a comprehensive
look at these techniques. STS mapping is considered to be the most powerful tool
for physical mapping and is responsible for the most detailed physical maps (Brown,
2002).

Because STS mapping is important in this research, following paragraphs will
explain it further. A sequence tagged site is a short unique DNA sequence between
100 and 500 bp. To map a set of STSs, a collection of overlapping DNA fragments,
covering the chromosome or entire genome is necessary. The data is obtained by
determining which fragments contain which STS, which can be done by hybridiza-
tion analysis or PCR. Chances of two STSs being present on the same fragment will
depend on how close they are in the genome. If they are very close, then they will be
on the same fragment. If they are further apart, they can be on the same or a differ-
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ent fragment. The data can be used to calculate the distance between the two mark-
ers (~ linkage analysis). STS’s can be obtained in many ways, the most common
ones being expressed sequence tags (EST’s), SSLP and random genomic
sequences. EST’s are short sequences obtained by analysis of cDNA clones (Adams
et al., 1991; Brown, 2002). Partial sequencing of cDNA’s to generate EST’s is a rapid
and efficient way to establish a detailed profile of genes expressed in tissues or cells
(Adams et al., 1993; Heckel, 2003). Combination of physical mapping and EST data
resulted in high resolution maps with location of genes (Adams et al., 1991). Large-
scale EST projects were launched for several organisms prior to sequencing the
complete genome. Public EST sequences are deposited in dbEST, a division of
GenBank, with information on the species and tissue (Heckel, 2003).

Mapping in arthropods
The fruit fly D. melanogaster has been at the forefront of molecular genetics and
genome mapping since the beginning of the previous century (Adryan and Russell,
2012). Alfred Sturtevant created the first genetic map for genes located on the X-
chromosome of D. melanogaster, using phenotypic markers (Sturtevant, 1913). In
1934, the first physical maps were created and involved the polytene chromosomes
found in the larval salivary glands. The characteristic pattern of dark and light bands
(dark: inactive chromatin; light: areas with transcriptional activity) visible on these
chromosomes provided the first physical map of a chromosome (Adryan and Russell,
2012). Ashburner et al. (1999) performed the first large-scale analysis of the D.
melanogaster genome at the sequence level and created a physical map of the Adh
region. Later, physical maps of chromosomes 2 and 3 were constructed (Hoskins et
al., 2000). These physical maps were also used for comparative analysis with other
Drosophila species as parallel efforts resulted in a physical maps for D. virilis and D.
buzzatii, among others (Adryan and Russell, 2012; Ranz et al., 1999).

The availability of genetic and physical maps of Drosophila resulted in the fact that
almost 10% of the genes in the Drosophila genome have been characterized and this
provided the starting point for sequencing the entire genome which started in 1996
(Adryan and Russell, 2012; Rubin, 1996). These technological advances also result-
ed in an opportunity to study pathogen transmitting and more economically impor-
tant species such as Aedes aegypti, Bombyx mori, Apis mellifera, Tribolium casta-
neum and eventually T. urticae. However, linkage maps for ticks and other chelicer-
ates have been scarce, mainly due to the lengthy generation time to create a map-
ping generation (it took 2 years to develop a mapping generation of Ixodes scapu-
laris), small size and limited genetic variation. Co-dominant markers (allozymes) and
dominant markers (RAPDs) have been used on some economically important
species but in general, molecular techniques have been underutilized in studies with
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mites and ticks. In 2003, a linkage map has been created for the cattle tick I. scapu-
laris (Ullmann et al., 2003; Weeks et al., 2000). Genetic mapping in spider mites has
been difficult because of their small size and lack of genomic sequences (Van
Leeuwen et al., 2012). Weeks et al. (2000) suggested that AFLP’s are ideal to con-
struct genetic maps in mites as it does not require previous sequence information
and huge amounts of DNA. Navajas et al. (2002) developed five microsatellite mark-
ers, which was followed by a set of 16 new microsatellite markers (Uesugi and
Osakabe, 2007).

The genomic era
Whole genome shotgun sequencing
Since its discovery by Sanger in 1977, the dideoxy chain-terminating method had
been used in most genome sequencing projects (Gilbert, 2012). In 1986, the first
report about automated DNA sequencing was published and made large genome
projects possible. (Metzker, 2005). Up until 1995, the only genomes that were com-
pletely sequenced were viral or organelle genomes. However, sequencing of the 1.8
Mb genome of the bacterium Haemophilus influenzae introduced a new method, the
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Figure I.5. The whole genome shotgun (WGS) method (redrafted from Palli et al., 2012).
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shotgun method, for sequencing complete genomes. Shotgun sequencing had been
used before but critical improvements (like the paired-end strategy) had to be made
to make sequencing of whole cellular genomes feasible. In the shotgun procedure,
DNA is fragmented randomly by mechanical shearing and the resulting fragments are
cloned into deficient E. coli cells. Clones are sequenced and the results are assem-
bled to produce the complete genome. This resulted in 140 lengthy sequences
(called contigs) of H. influenzae and each contig represented a different non-overlap-
ping portion of the genome (Fig. I.5; Broder and Venter, 2000; Brown et al., 2003;
Fleischmann et al., 1995; Hutchison, 2007).

The next genome to be sequenced by this approach was the yeast Saccharo-
myces cerevisiae (12 Mb) in 1996. Two years later, the genome of Caenorhabdidis
elegans (97 Mb) was completely sequenced by the C. elegans consortium, marking
the first complete animal genome. Meanwhile, the first commercial DNA sequencers
were introduced and the complex genome of D. melanogaster was used to test this
approach of WGS. The actual sequencing of the Drosophila genome was completed
after several months. The publication of the Drosophila genome represented a major
milestone for insect molecular genetics and encouraged a similar approach with
other insect species (Hoy, 2003; Hutchison, 2007).

Next-generation sequencing (NGS)
To date, most genomes have been sequenced with the WGS method and automat-
ed Sanger sequencing. In the last years, new sequencing technologies have
emerged which are faster and less expensive (Gilbert, 2012). For example, the
sequencing of the human genome finished in 2003, took 13 years to complete and
cost USD ~2.7 billion. In 2008, a human genome was sequenced in 5 months, cost-
ing ‘only’ USD 1.5 million, highlighting the capabilities of these NGS techniques
(Voelkerding et al., 2009). NGS technologies include: pyrosequencing (454 sequenc-
ing technology), sequencing by synthesis of single molecule arrays with reversible
terminators (Illumina) and massively parallel sequencing by ligation (ABI) (Table I.4;
Metzker, 2009; Morozova and Marra, 2008; Shendure and Ji, 2008). These next-gen-
eration techniques read clonally amplified or single DNA templates in a highly paral-
lel manner to generate massive amounts of sequence information and with a short-
er read length compared to the tradional WGS (Fullwood et al., 2009). Currently, the
Illumina/Solexa Genome Analyzer (GA) dominates the market.

NGS sequencing accelerated genomic research, enabling experiments and tech-
niques which were previously not possible or affordable: sequencing entire genomes,
sequencing subsets of genomes to detect polymorphisms and mutations, studying
microbial diversity in environmental and clinical samples (metagenomics), and tran-
scriptomics (Voelkerding et al., 2009).
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Complete arthropod genomes
The genome of D. melanogaster was chosen to test the applicability of whole genome
shotgun (WSG) sequencing, to prepare for the Human Genome Project. The WGS
assembly resulted in 50 scaffolds spanning 114.8 Mb (Adams et al., 2000). However,
there were many gaps and alignment errors, which were corrected in the following
years (Adryan and Russell, 2012). Before the availability of WGS, comparative
genomics were based on comparing chromosome morphology, karyotyping and phys-
ical maps. To aid comparative genomics, a dozen additional Drosophila species were
sequenced (Clark et al., 2007; Richards et al., 2005). The availability of the Drosophila
genome led to a genomic revolution and the sequencing of complete genomes of other
insect species. Comparison of the genomes of Drosophila and Anopheles gambiae
revealed that the latter had a higher number of genes coding for proteins involved in
insecticide resistance (Gilbert, 2012; Severson and Behura, 2012). In March 2011, the
i5K project was launched, with the aim to get 5000 arthropod genomes sequenced in
the following 5 years. As of now, 379 arthropod species have already been sequenced,
including agricultural important pests like Acyrthosiphon pisum (pea aphid) and T. cas-
taneum (red flour beetle) (Boerjan et al., 2012; Consortium, 2010; Richards et al., 2008).

The genome of Tetranychus urticae
Research in the Acari has long been hampered by the absence of a model system.
Most chelicerates have unfavorable breeding characteristics: they have a long devel-
opment time and most of them are predators. Additionally, they have large genomes,
hindering genome sequencing. Recently, T. urticae has emerged as the chelicerate
model organism of choice, aided by having favorable life table parameters (see
above, Reproduction, embryogenesis and life cycle) and one of the smallest known
chelicerate genomes (Grbic et al., 2007). The genome of T. urticae was sequenced
with the Sanger method, and assembled into 640 scaffolds covering 89.6 Mb, mak-
ing it the smallest arthropod genome sequenced so far. The genome is consists of
three holocentric chromosomes. The complete genome annotation is available online
(BOGAS, http://bioinformatics.psb.ugent.be/orcae/overview/Tetur). The characteris-
tics of the genome correlate with its small size: transposable element content is low
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Table I.4. Overview of next generation technologies (Morozova and Marra, 2008)
Technology Approach Read length Bp per run Company
Automated Sanger Synthesis in the presence of Up to 900 bp 96 kb Applied Biosystems

sequencer ABI3730xl dye terminators
454/ Roche FLX system Pyrosequencing on solid support 200-300 bp 80-120 Mb Roche Applied Science
Illumina/Solexa Sequencing by synthesis with 30-40 bp 1 Gb Illumina

reversible terminators
ABI/ SOLiD Massively parallel sequencing 35 bp 1-3 Gb Applied Biosystems

by ligation
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(less than 10% of the genome), microsatellite density is among the lowest observed
in arthropods and gene density is high, compared to other arthropods. Comparison
with other arthropod genomes showed that gene families implicated in digestion,
detoxification and xenobiotic transport were expanded and had a unique spider mite
composition. (Grbic et al., 2011).

In 2013, the genome of the scorpion Mesobuthus martensii was completely se-
quenced, as the second chelicerate organism. It has the most protein-coding genes
among arthropods and also shows an expansion of metabolic genes families (Cao et
al., 2013). Recently, the complete genome of the African social velvet spider Stegody-
phus mimosarum and a draft genome of the white-knee tarantula Acanthoscurria genic-
ulate were reported. Venom and silk genes were studied to create new opportunities in
pharmalogical and biomaterial applications, respectively (Sanggaard et al., 2014).

The post-genomic era
Lately, the field of genomics has been undergoing a shift from mapping and
sequencing genomes to understanding genome function. The information gathered
by sequencing genomes can be used to develop new innovative techniques to
assess gene function, regulatory networks, gene expression profiles or protein func-
tion in various disciplines including proteomics, peptidomics, transcriptomics and
metabolomics. Functional genomics combines high-throughput and large-scale
experiments with statistical and computational analysis, resulting in a more complete
understanding of how biological and cellular functions are regulated by RNAs and
proteins (Boerjan et al., 2012; Hieter and Boguski, 1997; Palli et al., 2012).

DNA Microarrays and RNA sequencing
DNA microarray technology allows the monitoring of thousands of genes at once on
a whole-genome level (expression array), which is ideal to study, e.g., the molecular
basis of resistance in arthropods, but also host-plant and other interactions
(Dermauw et al., 2013; Hughes et al., 2001). Chromatin immunoprecipitation (ChIP)
has been used to study protein-DNA interaction in the past, but combined with a
microarray, named ChIP-on-chip, all DNA-binding sites of a protein throughout the
genome can be examined. They can also be used for SNP detection, miRNA profil-
ing and scanning for DNA methylation events (Palli et al., 2012). The basic principle
of a microarray is the hybridization between nucleic acids, one of which is immobi-
lized on a matrix. Array slides (which can be glass or nitrocellulose membrane) are
printed with probes which are chosen from existing databases (dbEST, Genbank) or
made of cDNAs from a custom library (basically any EST phase of a sequencing proj-
ect). DNA is cross-linked to the matrix through UV-irradiation. Total RNA from both
the test and reference samples arelabeled with common fluorescent dyes (for exam-
ple cy3 or cy5). They are pooled and allowed to hybridize with the probes on the array.
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Excitation with a laser of the incorporated fluorescent targets will result in a charac-
teristic spectrum which is measured by a detector (Fig. I.6; Duggan et al., 1999; Palli
et al., 2012; Sellheyer and Belbin, 2004). However, one of the major limitations of
microarrays is that they are based on sequenced genomes and computationally pre-
dicted genome structures which include introns, gene coding regions, enhancers and
non-coding RNA which can affect microarray predictions (Palli et al., 2012).

RNA sequencing (RNA-seq) became possible after the introduction of NGS tech-
nologies. It directly determines the sequence of cDNA, contrary to microarrays. A
population of RNA (total or fractionated) is converted to a library of cDNA with adap-
tors at one or both ends. Each molecule is then sequenced to obtain short
sequences from one or both ends (typically between 30-400bp) for which next gen-
eration sequencers can be used (Table I.4). The resulting reads are either aligned with
a reference genome or assembled de novo to create a transcription map containing
both the transcriptional structure and level of expression of each gene. Unlike
microarrays, RNA-seq does not require an exisiting genome sequence, which makes
it an attractive technique for non-model organisms without a completely sequenced
genome. Another advantage over microarrays is the lack of background signal and
better sensitivity to detect genes with very low or very high expression levels (Malone
and Oliver, 2011; Ozsolak and Milos, 2010; Palli et al., 2012; Wang et al., 2009).
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Figure I.6. Basic mechanism of a microarray. Microarrays require mRNA as starting material, which will be
converted into fluorescently labeled cDNA. After hybridization to corresponding oligonucleotides, arrays are
scanned to obtain measures of gene expression (Duggan et al., 1999).
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QTL mapping
QTL (quantitative trait loci) mapping is an extension of linkage mapping (see above,
Genetic mapping) and can be used to identify genomic regions associated with
insecticide resistance without requiring the use of candidate genes (Saavedra-
Rodriguez et al., 2008). A dense linkage map with many markers is used in combi-
nation with a cross between two parental strains that differ in one or more traits, for
example susceptibility and resistance to a pesticide. Genes underlying these trait dif-
ferences are identified by discovering chromosomal regions between markers that
have a high association with components of the trait in the offspring of the cross
(Schlipalius et al., 2008). QTL mapping has been used to determine genomic regions
involved in DDT and pyrethroid resistance in various mosquito vectors and T. casta-
neum (Bosio et al., 2000; Hawthorne, 2003; Sagredo et al., 2009; Wondji et al., 2007).
However, QTL mapping requires genotyping of a large number of individuals that are
the result of a crossing experiment, making this method expensive, time-consuming
and labor intensive (Quarrie et al., 1999; Yang et al., 2013).

Bulk segregant analysis
Michelmore et al. (1991) developed a modification of QTL mapping, named bulk seg-
regant analysis (BSA), for rapid identification of markers in specific regions of the
genome. The underlying principle of BSA is the grouping of individuals together so
that a particular genomic region can be studied against a randomized genetic back-
ground of unlinked loci. By doing this, genotyping is reduced to only two DNA sam-
ples. The method involves comparing two pooled DNA samples of individuals from a
segregating population, originating from a single cross. Within each pool (or bulk),
the individuals are identical for the trait or gene of interest but are arbitrary for all
other genes. The two resulting pools (for example one resistant and the other sus-
ceptible to an acaricide) are only genetically different for the selected region, but are
heterozygous and monomorphic for all other regions. They are screened for differ-
ences with RFLP, RAPD or other PCR-based markers. Markers that are polymorphic
between the pools will be genetically linked to the loci determining the trait used to
construct the pools. BSA assumes that the markers adjacent to the targeted gene
will be in linkage disequilibrium (i.e., recombination will not have randomized these
markers with respect to the gene). As the linking distance increases, more recombi-
nants will be present in each bulk and there will be no linkage disequilibrium and thus
no difference between the bulks (Michelmore et al., 1991; Quarrie et al., 1999). Using
BSA, markers can be reliably identified in a 0-25 cM window to either side of the
locus of interest. Loci further away will be detected with decreasing frequency as
genetic distance increases (Michelmore et al., 1991; Quarrie et al., 1999; Yang et al.,
2013).
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NGS technologies can be used to map those identified target genes directly to a ref-
erence genome (Ehrenreich et al., 2010; Yang et al., 2013). Ehrenreich et al. (2010)
developed an extention of BSA to map extremely complex traits. Extreme QTL (X-QTL)
mapping requires segregating populations of very large size, which are subsequently
selected based on their phenotype to recover large numbers of progeny with extreme
trait values. In the final step, pooled allele frequencies are quantitatively measured
across the genome, using microarray based genoptyping or massively parallel se-
quencing. Even without a genome sequence, BSA can be used to identify genes under-
lying traits with simple genetics, like disease resistance (Schneeberger et al., 2009).

RNAi
Assigning functions to unknown genes is one of the problems that have been uncov-
ered by sequencing complete genomes. The RNA interference (RNAi) technique is an
example of reverse functional genomics and involves the generation of a dsRNA with
a strand complementary to a fragment of the target mRNA. The dsRNA is cleaved into
small fragments (siRNAs of ~21 nucleotides) by the enzyme Dicer. The siRNAs unwind
and the antisense strand couples to the RNA-induced silencing complex (RISC),
transporting RISC to the target mRNA where it binds, blocks and degrades the mRNA
and thus inhibits translation (Fig. I.7; Bellés, 2010). RNAi can be used to investigate

24

CHAPTER 1 | GENERAL INTRODUCTION

Figure I.7. Mechanism of dsRNA (redrafted from Bellés, 2010).
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the mechanisms of pesticide resistance and to control insect pests in the field, which
can take up dsRNA through feeding and digestion. First experiments were promising
but improvements still need to be made (Huvenne and Smagghe, 2010).

A genome wide screening has revealed that all the components of RNAi are avail-
able in T. urticae and first experiments with injecting dsRNA in adult females were
successful. Silencing of the distalII-less gene, which plays a role in the specification
of distal limbs, resulted in appendage truncation phenotypes in the offspring. By flu-
orescent labeling of RNA, localization of dsRNA and siRNA could be followed from
the female abdomen to the eggs (Grbic et al., 2007; Van Leeuwen et al., 2012).

Solving the resistance puzzle
Sequencing the T. urticae genome resulted in an array of new possibilities to study
acaricide mode of action and resistance mechanisms. Some traditional and frequent-
ly used acaricides still have an unknown mode of action (Grbic et al., 2011; Van
Leeuwen et al., 2010). Comparative genomics between susceptible and resistant spi-
der-mite strains will result in an unbiased identification of candidate genes. Sequen-
cing of the mitochondrial genome already elucidated the mode of action of bife-
nazate (Van Nieuwenhuyse et al., 2009). Mapping methods such as bulk segregant
analysis, usually reserved for plant genetics, surged with renewed interest and can
be used for high-resolution mapping of simple traits like target-site resistance (Van
Leeuwen et al., 2010, 2012). Whole genome and targeted gene expression microar-
ray analysis will allow identification of gene families involved with resistance and can
help elucidate molecular mechanisms that are still unclear.

Metabolic resistance
Studying metabolism-based pesticide resistance will provide valuable insights into
how pesticides are inactivated before reaching their molecular target and can
improve future pest control methods. Still, little is known about the location where
acaricides are metabolized and which metabolic pathways are involved (Perry et al.,
2011). Metabolic resistance can occur through either quantitative changes in enzyme
levels (i.e., overexpression or amplification) or qualitative changes in the structure of
these enzymes (Pittendrigh et al., 2013). Determining the identity of those enzymes
has long been hampered by lack of knowledge and difficulty of identifying orthologue
genes between insect species. In the past decade, comparative genomics and new
techniques have contributed to the elucidation of metabolic resistance mechanisms
and their ability to become functionally diverse, either through amino acid substitu-
tions or gene amplification, has enabled their host organisms to respond to environ-
mental changes (Dermauw and Van Leeuwen, 2014; Feyereisen, 1999; Li et al., 2007;
Ranson et al., 2002).
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Cytochrome P450 monooxygenases
P450 enzymes were discovered 40 years ago as a liver microsomal pigment (P) with
an absorption peak at 450 nm. All gene members of the P450 superfamily are des-
ignated with a CYP prefix, followed by a number for the family, a letter for the sub-
family and again a number for the individual gene. Members of the same family share
>40% identity at the amino-acid sequence and members of the same subfamily
>55% (Feyereisen, 1999). P450s are heme-thiolate proteins who catalyze the trans-
fer of one atom of molecular oxygen to a substrate, while reducing the other to water
(Feyereisen, 2012; Scott, 1999).

RH + O2 + NADPH + H+ → ROH + H2O + NAPD+

P450s are known to catalyze many reactions and show activity as isomerases,
reductases or oxidases. Some play a vital role in the biosynthesis, activation and
catabolism of ecdysteroids, juvenile hormones, pheromones, fatty acids and lipids,
among others. Some P450s are not only involved with metabolizing endogenous
substrates (hormones, lipids) but also with detoxification of xenobiotic compounds
(drugs, pesticides), making them the prime suspect in some particular cases of
insecticide resistance (Feyereisen, 2012). They are found in all aerobic organisms and
are located in the endoplasmatic reticulum and mitochondria (Scott, 1999).

The role of P450’s in insecticide metabolism became apparent in the 1960s when
it was shown that resistance to carbaryl in DDT-resistant housefly strains could be
neutralized by the P450 inhibitor sesamex. Even though synergists like sesamex and
piperonyl butoxide (PBO) inhibited P450’s, resulting in a decreased level of resistance,
they are ultimately an indirect way to detect P450-mediated insecticide resistance
(Feyereisen, 2012; Scott, 1999). Isolation and characterization of P450’s were neces-
sary to gain new insights into P450 mediated resistance. However, this has proven to
be an arduous task: the purification of insect P450’s has been hindered by their insta-
bility and interference with other substances. Newer methods have overcome most of
these problems, but the small amount of starting material is still a hurdle (Scott, 1999).
The first P450 sequences were obtained by classical cloning techniques and later,
PCR-methods were used to isolate fragments of P450 cDNA, which was the first step
in isolating full-length P450 cDNA clones of insects and ticks. The availability of com-
plete insect genomes resulted in the annotation of several P450 sequences which,
together with P450 EST sequences, changed the approach to their research.
Although annotation of the complete CYPome of an organism was still a difficult task,
new techniques (RNAseq, microarrays and cDNA sequencing) increased the under-
standing of a CYPome of an organism (Table I.5). DNA microarrays, EST and complete
genome studies have suggested that overexpression of one or more CYP genes is
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common during metabolic resistance. However, these studies just suggest a list of
possible candidate genes. Functional expression of the overexpressed P450 genes in
a heterologous expression system is required to establish a causal relationship
between the overexpressed P450 and resistance. During recent years, more P450
genes associated with insecticide resistance were discovered (Feyereisen, 2012).

Eighty-six P450 genes were detected after sequencing the T. urticae genome,
which is more or less similar to other arthropods. They are divided into four clans:
CYP2, CYP3, CYP4 and a mitochondrial clan. However, compared to other insects,
spider mites have an expansion of 43 intronless genes in the CYP2 clan, all belong-
ing to a new family (CYP392; Grbic et al., 2011). RNA seq transcriptome profiling of
spider mite feeding on bean (its favored host) and after transfer to A. thaliana and
tomato (non hosts) revealed that nearly half of the P450 genes were affected by the
host plant, including genes specific for spider mites. In comparison, only one third of
the CYP genes of Drosophila are inducible by xenobiotic stress (Grbic et al., 2011).
A genome wide microarray identified three P450 genes involved with abamectin
resistance and functional expression studies of these genes revealed that only
CYP392A16 metabolizes abamectin (Dermauw et al., 2013; Riga et al., 2014).

Esterases
Esterases are a group of functionally diverse enzymes that hydrolyze endogenous
and exogenous esters in all living organisms (Oakeshott et al., 2005; Wheelock et al.,
2005). The precise physiological functions of esterases are still largely unknown but
it appears that they play a part in detoxification, signal transduction of hormones and
neurodevelopmental processes (Oakeshott et al., 2005; Teese et al., 2010). Most
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Table I.5. CYP-ome size of various species (redrafted from Feyereisen, 2012)
No. CYP genes Reference

Insecta Drosophila melanogaster 88 Tijet et al. (2001)
Anopheles gambiae 105 Ranson et al. (2002a)
Aedes aegypti 160 Strode et al. (2008)
Culex quinquefasciatus 170 Arensburger et al. (2010)
Bombyx mori 85
Apis mellifera 46 Claudianos et al. (2006)
Nasonia vitripennis 92 Oakeshott et al. (2010)
Camponotus floridanus 132 Bonasio et al. (2010)
Harpegnathos saltator 93 Bonasio et al. (2010)
Tribolium castaneum 134 Tribolium Genome Sequencing 

Consortium (2008)
Acyrthosiphon pisum 64
Pediculus humanus 36 Lee et al. (2010)

Crustacea Daphnia pulex 75 Baldwin et al. (2009)
Chelicerata Mesobuthus martensii 160 Cao et al. (2013)
Acari Tetranychus urticae 86 Grbic et al. (2011)

PeterDemaeght-chap1_Gerben-chap2.qxd  15/12/2014  10:16  Page 27



insect esterases that have been characterized belong to the carboxyl/cholinesterase
(CCE) superfamily. They are �/� hydrolase fold-containing proteins where hydrolysis
is a two-step reaction and involves a catalytic triad with a serine, a histidine and an
acidic residue (either glutamate or aspartate; Fig. I.8; Oakeshott et al., 2005).

Esterases were previously only associated with resistance through synergism
studies with DEF (S,S,S-tributhyl phosphorothioate), TPP (triphenyl phosphate) and
IBP (S-benzyl O,O-diisopropylphosphorothionate). Their presence could be detected
by isozyme electrophoresis or by simple biochemical assays but not a single insect
esterase gene was cloned (Hemingway and Karunaratne, 1998; Oakeshott et al.,
2005). EST sequences and analysis of complete genomes revealed that CCE
sequences were widely divergent, as there can be less than 20% amino acid identi-
ty between distant members of the same family in the same insect species. Analysis
of insect genomes revealed the precence of 24-76 CCE genes in various dipterans,
B. mori and A. mellifera (Claudianos et al., 2006; Ranson et al., 2002; Teese et al.,
2010; Yu et al., 2009). The CCE family of T. urticae contains 71 identified genes (Grbic
et al., 2011).
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Figure I.8. The carboxylesterase reaction mechanism. The serine-residue of the catalytic site is made
nucleophilic through proton transfer with the histidine residue. The oxygen of serine makes a nucleophilic attack
on the carbonyl carbon of the substrate, forming a stable acyl-enzyme intermediate and releasing alcohol. The
intermediate complex is hydrolyzed by a nucleophilic attack of a water molecule, yielding the acid and a free
enzyme. During both nucleophilic attacks there is a tetrahedral transition state, which is stabilized by an oxyan-
ion hole (redrafted from Oakeshott et al., 2005).
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Glutathione-S-transferases
Glutathion transferases (GSTs) are a large family of enzymes which catalyze the con-
jugation of electrophilic compounds with the thiol-group of reduced glutathione
(GSH), making the resulting products more water-soluble and excretable than the
non-conjugated substrates. They are involved in the detoxification of endogenous
and xenobiotic compounds, intracellular transport, biosynthesis of hormones and
protection against oxidative stress. Some insect GSTs catalyze the dehydrochlorina-
tion of DDT to the non-insecticidal metabolite DDE, using GSH as a cofactor instead
of a conjugate (Hemingway, 2000; Li et al., 2007; Sheehan et al., 2001). In the past,
GSTs in insects were classified into three classes (assigned with a number) and nine
classes in mammals (assigned with a Greek letter). However, insect genome projects
revealed a huge diversity in GSTs so a unified nomenclature was needed. Insect
GST’s are now being assigned with a Greek letters like the mammalian GSTs. Class I
and III are named Delta and Epsilon, whereas class II covers several classes of mam-
malian GSTs (many belong to the Sigma class) (Enayati et al., 2005; Li et al., 2007).

GST’s can mediate resistance to organophosphates, organochlorines and pyre-
throids. The GST family of T. urticae included 12 Mu-class GST’s previously believed
to be vertebrate specific (Grbic et al., 2011). Elevated GST-activity has been associ-
ated in a few cases of insecticide resistance, but the involved GST enzymes have
never been identified or have only been implicated by association (Enayati et al.,
2005). More detailed analysis of these cases revealed that resistance was the result
of elevated levels of one or more GST’s either through gene amplification or overex-
pression (Enayati et al., 2005).

ABC transporters
The ABC (ATP binding cassette) protein family is one of the largest transporter fam-
ilies. They require binding and hydrolysis of ATP to transport all sorts of substrates
across lipid bilayers. The ABC transporter family has been divided into eight subfam-
ilies, denoted by A-H. Knowledge of arthropod ABC transporters is limited and even
with the availability of numerous insect genomes, the ABC family was only studied in
detail in seven species (D. melanogaster, An. gambiae, A. mellifera, B. mori, T. cas-
taneum, T. urticae and Daphnia pulex). Of these species T. urticae had the highest
number of ABC genes. ABC transporters have been implicated with resistance to a
variety of pesticides with different mode of actions (Dermauw and Van Leeuwen,
2014; Dermauw et al., 2013).

Microarray experiments showed that an ABC transporter was overexpressed in a
pyrethroid-resistant Ae. aegypti strain and in a neonicotinoid resistant B. tabaci
strain. Recent studies also implied that overexpression of an ABC transporter might
confer resistance to diflubenzuron, an insect growth regulator. The sulfonurea recep-
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tor (SUR), an ABC transporter, has been considered a target for benzoylphenylureas
(BPUs). The BPU diflubenzuron was shown to inhibit the incorporation of UDP-N-
acetylglucosamine into chitin and Matsumura (2009) hypothesized that SURs inter-
act with BPUs because a known SUR-binding inhibitor had a comparable effect as
diflubenzuron on chitin synthesis. However, biochemical evidence of such an inter-
action and the involvement of SURs in chitin biosynthesis are absent. Deletion of the
SUR locus in D. melanogaster resulted in larvae with normal chitin levels and quan-
titative PCR revealed that SUR mRNA is not expressed in the epidermis (Dermauw
and Van Leeuwen, 2014; Meyer et al., 2013). Furthermore, RNAi knockdown of ABC
transporters in T. castaneum did not result in altered chitin levels (Broehan et al.,
2013). Analysis of the T. urticae genome also resulted in the identification of 103 ABC
genes, the largest number found in a metazoan species. Genome wide microarrays
and RNAseq data revealed that most of the ABC genes are differentially expressed
in strains subjected to xenobiotic stress, and are thus implicated with detoxification
(Dermauw et al., 2013).

Target site resistance
Studying the molecular aspects of target-based insecticide resistance will provide
useful information on how an insecticide exerts its lethal effects, which can be trans-
ferrable between species. Scientists have been using Drosophila for decades to iden-
tify target site resistance. This can be achieved by generating target site resistance by
mutagenesis, utilizing next-generation sequencing to map the resistant gene or loss
of function technology (Perry et al., 2011). Insect proteins targeted by pesticides can
become insensitive to those pesticides through a few conserved point mutations,
without disrupting the normal function of the gene (Feyereisen, 1995; Li et al., 2007).

Analysis of conventional insecticide targets, such as ligand-gated and voltage-
gated ion channels, has been aided by genome mapping. Ligand-gated ion channels
receive neurotransmitters such as acetylcholine and γ-amino butyric acid (GABA) and
are targets for cyclodiene insecticides. Classical genetic mapping of dieldrin resist-
ance showed that a single gene was responsible for resistance. Cloning of the major
subunit of the channel revealed that a single amino-acid replacement was associat-
ed with resistance (ffrench-Constant et al., 2004). The gene Para codes for the PARA
voltage-gated sodium channel, which is the target for DDT and pyrethroid insecti-
cides. Amino-acid substitutions in several domains of the voltage-gated sodium
channel have been reported in a wide range of pest species, including T. urticae, and
conferred resistance to pyrethroids (Fig. I.9; Khambay and Jewess, 2010;
Tsagkarakou et al., 2009; Van Leeuwen et al., 2010).

Resistance to OPs and carbamates is primarily caused by insensitivity of their tar-
get, i.e., the acetylcholinesterase (AChE), a key enzyme of the nervous system, which
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degrades the neural transmitter acetylcholine in insect synapses (ffrench-Constant et
al., 1998; Smissaert, 1964; Van Leeuwen et al., 2010). Identical point mutations in the
ace-1 gene of insects and different spider mite strains have been identified as the
cause of OP resistance (Feyereisen, 1995; Khajehali et al., 2011; Kwon et al., 2010;
Oh et al., 2006). However, because acetylcholinesterase is one of the most con-
served enzymes in higher eukaryotes, blocking this enzyme is not very selective and
safe for the environment (Russell et al., 2004).

Studies involving bifenazate resistance also implied target site insensitivity (Van
Leeuwen et al., 2006). The complete mitochondrial genomes of susceptible and
resistant mites were sequenced and compared, uncovering three point mutations
which resulted in amino-acid substitutions in the conserved Q0 site of the mitochon-
drial cytochrome b (Van Leeuwen et al., 2006, 2008; Van Nieuwenhuyse et al., 2009).
Target site alteration has also been implicated with several Mitochondrial Electron
Transport Inhibitors (METI’s). Even though they belong to different chemical families,
they all inhibit complex I of the respiratory chain, the proton translocating
NADH:ubiquinone oxidoreductase. Genetic studies identified point mutations in sev-
eral subunits of this complex (Lümmen, 2007; Van Leeuwen et al., 2010).

General outline of this thesis
Spider mites rapidly develop resistance to acaricides due to their favorable life table
parameters and haplodiploid reproduction. The availability of the complete spider
mite genome resulted in a new approach to investigate resistance mechanisms, as
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evidenced by this thesis. This work can be divided in two major parts: Chapters II
and III give a prime example of target site resistance, while Chapters IV and V
describe a case of metabolic resistance.

In Chapter II, experiments were performed to investigate the unknown mode of
action of etoxazole, a mite growth inhibitor, using a highly etoxazole-resistant and a
susceptible spider mite strain. A bulk segregant analysis (BSA) mapping method was
developed to localize the genomic region involved with etoxazole resistance.
Additional experiments allowed us to identify the resistance mutation involved with
etoxazole resistance. In Chapter III, the BSA mapping method was slightly adapted
and we included two other mite growth inhibitors, hexythiazox and clofentezine, to
investigate whether they share the same target site as etoxazole.

In Chapter IV, gene expression differences between two genetically distant spirod-
iclofen resistant strains and a susceptible strain are investigated using a genome-
wide microarray analysis. This chapter subsequently focuses on the overexpression
of cytochrome P450 monooxygenases. For Chapter V, the genome-wide microarray
analysis was extended to include an overexpressed esterase.
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Population bulk segregant mapping
uncovers resistance mutations and the
mode of action of a chitin synthesis
inhibitor in arthropods

T. Van Leeuwen*, P. Demaeght*, E.J. Osborne*, W. Dermauw, S. Gohlke, R. Nauen, M.
Grbic, L. Tirry, H. Merzendorfer, R.M. Clark [*contributed equally]

Because of its importance to the arthropod exoskeleton, chitin biogenesis is an
attractive target for pest control. This point is demonstrated by the economically
important benzoylurea compounds that are in wide use as highly specific agents
to control insect populations. Nevertheless, the target sites of compounds that
inhibit chitin biogenesis have remained elusive, likely preventing the full exploitation
of the underlying mode of action in pest management. Here, we show that the aca-
ricide etoxazole inhibits chitin biogenesis in Tetranychus urticae (the two-spotted
spider mite), an economically important pest. We then developed a population-
level bulk segregant mapping method, based on high-throughput genome
sequencing, to identify a locus for monogenic, recessive resistance to etoxazole in
a field-collected population. As supported by additional genetic studies, including
sequencing across multiple resistant strains and genetic complementation tests,
we associated a nonsynonymous mutation in the major T. urticae chitin synthase
(CHS1) with resistance. The change is in a C-terminal transmembrane domain of
CHS1 in a highly conserved region that may serve a noncatalytic but essential
function. Our finding of a target-site resistance mutation in CHS1 shows that at
least one highly specific chitin biosynthesis inhibitor acts directly to inhibit chitin
synthase. Our work also raises the possibility that other chitin biogenesis inhibitors,
such as the benzoylurea compounds, may also act by inhibition of chitin synthas-
es. More generally, our genetic mapping approach should be powerful for high-res-
olution mapping of simple traits (resistance or otherwise) in arthropods.

Proceedings of the National Academy of Sciences USA 109: 4407-4412 (2012)

Chitin is among the most abundant natural polymers, and in arthropods it serves
as the skeletal polysaccharide in the cuticle and the midgut peritrophic matrix.

Chitin consists of GlcNAc residues linked by β-(1-4) glycosidic bonds, and the path-
way leading to the formation of chitin in arthropods can be divided into three steps.
These include sugar transformations leading to the amino sugar GlcNAc, activation
to UDP-GlcNAc, and polymerization by a membrane integral and processive type II
glycosyltransferase called chitin synthase (see Fig. I.3A; Cohen, 2010; Merzendorfer,
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2006). Because vascular plants and vertebrates use alternative polymers for support,
such as cellulose, lignin or collagen, the chitin biosynthesis pathway is an attractive
target for the development of pesticides to selectively control arthropods in agricul-
ture and human health. In fact, peptidyl nucleoside antibiotics, such as polyoxins and
nikkomycins that are derived from Streptomyces spp., are known substrate analogs
at the catalytic site of insect and fungal chitin synthases. Their utility has been limit-
ed, however, by their low cuticular permeability, hydrolytic instability in the gut, and,
to some extent toxicity in vertebrates (Merzendorfer, 2006).

As opposed to substrate analogs, several widely used and economically impor-
tant pesticides (or pesticide classes) disrupt chitin biosynthesis in arthropods, but
with modes of action that are unknown (Cohen, 2010; Merzendorfer, 2006). These
include the economically important benzoylureas, of which diflubenzuron is the best
known example. Benzoylureas are potent insecticides that inhibit chitin biosynthesis
in insects, but not in fungi, and have been developed into a large and successful
class of insecticides with high selectivity (Ishaaya and Casida, 1974; Palli and
Retnakaran, 1999; Verloop and Ferrell, 1977). Several lines of evidence using cell free
systems have revealed that benzoylureas do not inhibit the catalytic step of chitin
synthesis, or the sugar transformations in the biochemical pathways leading to
GlcNAc (Cohen, 2010; Merzendorfer, 2006). Likewise, the mode of action is also
unknown for etoxazole, a commercialized oxazoline that is a potent acaricide, and
that is now used worldwide (Suzuki et al., 2002). In the lepidopteran Spodoptera
frugiperda, etoxazole affected chitin content in vivo, and inhibited the incorporation
of C14-GlcNAc into isolated integument pieces in vitro, an effect similar to the ben-
zoylurea diflubenzuron. Based on the similarity of action between benzoylureas and
etoxazole, it has been suggested that these compounds share a similar mode of
action to inhibit chitin biosynthesis (Nauen and Smagghe, 2006). For the long-stud-
ied benzoylureas, which were discovered in the 1970s, many theories of the mode of
action have been proposed (Cohen, 2010), most of which claim a mechanism inde-
pendent of a direct interaction with chitin synthase itself.

In establishing the molecular action and resistance mechanisms of these and
other pesticides, a limiting factor has been the lack of genetic systems, and accom-
panying genomic resources, for efficient identification of resistance mutations that
suggest molecular mechanisms (Heckel, 2003). In this study, we investigated the
action and resistance mechanisms of etoxazole in field collected strains of the two-
spotted spider mite, Tetranychus urticae, a globally important polyphaguous pest
(Van Leeuwen et al., 2010). Tetranychus urticae is especially well suited for charac-
terizing resistance mechanisms – resistance arises easily (Van Leeuwen et al., 2010),
crosses are straightforward, and the small genome size (90 Mb) facilitates genomic
analyses (Grbic et al., 2011). We developed and used a bulk segregant analysis (BSA)
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mapping method (Michelmore et al., 1991) that we adapted to fully exploit the power
of large and genetically diverse mite populations. This allowed genetic mapping of
resistance to a small genomic region and, as supported by complementary
approaches, the identification of a resistance mutation that defines the molecular tar-
get of etoxazole.

Materials and methods
Mite husbandry and strains
All strains of T. urticae were maintained on potted kidney bean plants (Phaseolus vul-
garis L. cv. Prelude) in a climatically controlled room or incubator at 26 (± 0.5) °C,
60% RH and 16:8 light:dark photoperiod (hereafter standard incubation conditions).
The London strain was originally collected in the Vineland region, Ontario, Canada,
and originates from the culture used in the T. urticae genome project (Grbic et al.,
2011); it is susceptible to most currently used acaricides (Khajehali et al., 2011). The
EtoxR strain was originally collected in Japan, and maintained without selection
pressure for 5 years in the laboratory at Bayer CropScience before transfer to our
laboratory, where it was further maintained on potted bean plants sprayed until runoff
with 1000 mg active ingredient per liter etoxazole. The GSS strain was originally col-
lected from an unknown host in Germany in 1965, and has been cultured under lab-
oratory conditions since that time; it is often used as a reference-susceptible strain.
MR-VL is a well-characterized multiresistant strain (Van Leeuwen et al., 2005). TuSB9
was collected in Crete, Greece in 2006. Strain005 was collected from roses in The
Netherlands in 2009 (Khajehali et al., 2011).

Bioassays
To assess the toxic effects of etoxazole, a larval bioassay was developed based on
previously published assays for ovi/larvicides (Van Pottelberge et al., 2009). Briefly,
20-30 adult female mites were allowed to lay eggs for 6 h on 9 cm2 square bean leaf
discs, which were placed on wet cotton under standard incubation conditions. After
hatching (typically 3-4 d), larvae were sprayed with 0.8 mL spray fluid at 1 bar pres-
sure (1.5 mg aqueous deposit per cm2). Serial diluted concentrations of etoxazole
(trade name Borneo, 11% suspension concentrate) were tested in 3-4 replicates,
along with a water control. Mortality was assessed after 4 days; control mortality
never exceeded 10%. Dose-response relationships (lethal concentrations and their
95% confidence limits) were analyzed by Probit analysis (POLO, LeORa Software).
Resistance ratios were calculated by dividing LC50 values by that of the London (sus-
ceptible) strain.
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Effect of etoxazole on fecundity and fertility
Adult female mites (1-3 days old) of the London strain were sprayed with 100 mg/L
etoxazole or with water (control) as described before. After 30 min, 15-20 mites were
transferred to untreated leaf disks and allowed to deposit eggs. Mites were collect-
ed daily and transferred to a new leaf discs. Eggs were counted and the percentage
of hatching larvae was recorded after 5 days. The development of embryos within the
egg was followed under a Leica S8 APO stereo microscope and images were cap-
tured using a Leica DFC295 Digital Camera and Leica Application Suite software ver-
sion 3.7. The experiment was repeated 4×, and the average number of eggs per
female and the percentage of hatching was calculated. Experiments were carried out
under standard incubation conditions.

Cryosectioning and calcofluor white staining
Samples for cryosectioning were prepared by synchronizing a subculture of T. urticae
London strain on detached bean leaves using standard incubation conditions. After
molting into deutonymphs, plates were sprayed immediately with 100 mg active
ingredient per liter etoxazole, with water as the control. All deutonymphs on treated
and control plates entered the teleiochrysalis stage, and were collected just before
ecdysis and fixed in 1.5 mL of 4% (wt/vol) formaldehyde in PBS, pH 7.6, supplement-
ed with 0.05% (wt/vol) Triton-X. Cryoprotection, tissue embedding and serial
cryosectioning were performed as described previously using a Leica cryostat
(CM1850, 160 mm steel blade with C profile) at –24 °C and SuperFrost Plus micro-
scope slides to collect the sections (Zimoch and Merzendorfer, 2002). Subsequently,
the specimens were dried at 40 °C on a hotplate for tissue adherence, blocked for 30
min at room temperature (RT) with PBS buffer containing 2% (wt/vol) bovine serum
albumin (B buffer), and finally stained for 60 min at RT with 0.01% (wt/vol) calcofluor
white (CFW) in B buffer. After washing 3× for 5 min at RT with PBS buffer, the speci-
mens were mounted under a cover slide using VectaShield medium for fluorescence
(Vector Laboratories). CFW emission was viewed with an Olympus IX70 fluorescence
microscope using the DAPI filter set (Olympus). For untreated and etoxazole treated
mites identical settings for exposure time and grayscale profiles were used.

Establishing the mode of inheritance
Reciprocal crossing experiments were undertaken as previously described (Van
Leeuwen et al., 2004). F1 hybrid progeny of reciprocal crosses were examined for
etoxazole susceptibility in the larval stage as described above. Based on calculated
LC50 values, the degree of dominance was determined (Stone, 1968). A subset of the
F1 progeny was allowed to develop into unfertilized females (by removing males from
the population at the deutonymphal stage). These females lay haploid eggs and the
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resulting F2 male larvae (etoxazole is equally toxic to both sexes) were used in toxi-
city experiments to test the hypothesis of monogenic resistance. For monogenic
recessive inheritance of resistance in reciprocal crosses (see Figs. II.3A and II.8), a
plateau is expected at 50% mortality across a range of discriminating doses
(Georghiou, 1969). We also compared the observed response to the expected
response under the hypothesis of monogenic inheritance. The expected response
was calculated with the formula: C = 0.5 w (parent 1) + 0.5 w (parent 2) (Georghiou,
1969), where C is the expected mortality and w the observed mortality of the parental
types at a given concentration. A χ2 goodness-of-fit analysis was used to examine
how well the observed response fit the expected response.

Sample preparation for Bulk Segregant Analysis (BSA)
For crossing, ~650 females in the teleiochrysalis stage of the London strain were
placed along with 700 males of the EtoxR strain on a detached bean leaf. After 3
days, the fertilized females were collected and allowed to grow in bulk on potted
bean plants using standard incubation conditions. After the 4th generation, the pop-
ulation was split and placed on either treated plants (1000 mg/L etoxazole, selected)
or plants sprayed with water (unselected). Selected and unselected F5 females were
further allowed to lay eggs on detached bean leaves on cotton that were sprayed as
previously described with 1000 mg active ingredient per liter etoxazole and water,
respectively. This procedure ensured that all susceptible genotypes were wiped out
in the selected population, which was confirmed in a toxicity experiment. Finally, ~
2500 females (F6 generation) were collected from each treatment. Mites were
homogenized in extraction buffer [2% (wt/vol) SDS, 200 mM Tris-HCl, 400 mM NaCl
and 10 mM EDTA] and incubated at 60 °C for 30 min with rotation. DNA was pre-
pared by chloroform-phenol extraction (Sambrook et al., 2001) and isopropanol pre-
cipitation, and stored in 75% (vol/vol) ethanol.

Genome sequencing, single nucleotide polymorphism (SNP) detection,
and BSA
DNA prepared from the parental strains, London (sensistive) and EtoxR (resistant), as
well as the unselected and selected F6 females was used to construct four genom-
ic DNA libraries that were sequenced on an Illumina Genome Analyzer II (GAII) using
standard Illumina protocols (Bentley et al., 2008). A single GAII lane was used to pro-
duce 6-28 million 80- to 82-bp single-end reads per library. The resulting reads were
aligned to the T. urticae genome sequence for SNP discovery and genotyping, and
the resulting genotypic data were used for BSA.

Illumina reads (Bentley et al., 2008) from each strain (London, EtoxR, and the select-
ed and unselected strains/populations) were aligned to the T. urticae genome
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sequence (from strain London; Grbic et al., 2011) using CLC Genomics Workbench
(CLCbio). Reads were mapped with the following parameters: similarity: 0.9, length
fraction: 0.5, insertion cost: 3, deletion cost: 3, and mismatch cost: 2. For SNP discov-
ery in the EtoxR strain, SNP variant calls were made using the SAMtools (Li et al., 2009)
pileup function to call sequence variants from the read alignment (BAM) files. At each
called SNP position, we extracted from each of the four alignment files (the BAM files)
the read counts supporting each allele (London reference, or EtoxR; the alignment files
were processed with SAMtools and custom programs). To detect a genomic signature
in response to etoxazole treatment in the selected population, we calculated two meas-
ures in a sliding window (150 kb with a 10-kb offset) across the mite genome. First,
across all variable sites in a window, we calculated the frequency of alternative alleles
(EtoxR) compared with London alleles (alleles from the reference genome sequence,
where allele frequency was measured using Illumina read counts supporting given vari-
ants) for both the selected and non-selected populations (a frequency shift toward
alternative alleles is expected in the region of the recessive, monogenic resistance vari-
ant in the selected population). In a related measure, in the selected population, we lim-
ited our analysis to variant positions in the EtoxR population for which only the non-ref-
erence allele was present [hereafter called EtoxR SNPs; these SNPs are either fixed in
the EtoxR population, or at high allele frequency, such that the alternative allele was not
captured by our ∼21-fold coverage for EtoxR (a minimum read coverage of 8 was
required for assigning EtoxR SNPs)]. We then assessed, in the selected population for
each EtoxR SNP position, the fraction of cases for which the EtoxR allele was found in
all overlying Illumina reads (i.e., the SNP was fixed in the selected population). Sliding
window analyses with both measures showed coincident genome maxima on scaffold
3, with the second measure refining the location of the etoxazole resistance locus to a
smaller region (an expected finding given that EtoxR SNPs should provide better map-
ping resolution; Fig. II.3B, and compare Fig. II.5A to II.5B).

Analysis of chitin synthase variants
One of two T. urticae chitin synthase genes, tetur03g08510 (CHS1), colocalized with
the peaks of segregation in our bulk segregant analysis. Other candidate targets,
including the spider mite SUR gene and other related ABC transporters were found
to be >287 kb away from the BSA peak, and thus we limited subsequent analyses to
CHS1. To identify potential causative polymorphisms in CHS1, we looked for SNPs
that were (i) fixed in both the EtoxR parent and the EtoxR × London selected strain,
as well as in other resistant strains (Figs. II.7B, II.5C, and II.9), (ii) segregating in the
EtoxR × London non-selected strain, and (iii) that were fixed for the reference allele
in the London strain or in the sensitive GSS strain (Figs. II.7 and II.9). Only one non-
synonymous SNP, an isoleucine (I) to phenylalanine (F) at position 1017 in CHS1
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(I1017F), satisfied the above criteria. For amplification and sequencing of the com-
plete CHS1 coding sequence from strains GSS, Strain005, TuSB9 and MR-VL, total
RNA was prepared from ∼500 pooled adult female mites with the RNeasy mini-kit
(Qiagen) according to the manufacturer’s instructions. RNA samples were DNase
(Ambion) treated and the concentrations and purity were measured using a
NanoDrop spectrophotometer. RNA samples were stored at -80 °C before use. Two
μg of total RNA was reverse transcribed into cDNA using the first-strand cDNA quan-
titative PCR (qPCR) kit (Fermentas). cDNA samples were stored at -20 °C before use.
A set of primers (Table II.1) was designed to amplify the gene in five overlapping
pieces (TuCHS1_1, 2, 3, 4 and 5) with the Expand Long Range kit (Roche) according
to the manufacturer’s instructions. PCR fragments were purified with the E.Z.N.A
Cycle Pure Kit (Omega Biotek) and sent for sequencing to LGC Genomics. In the
small number of cases where heterozygosity was observed, the predominant peak
from the Sanger traces was taken. However, for Strain005, we also performed
sequencing with single male mites as previously described (n >25) (Van Leeuwen et
al., 2008) to genotype the I1017F SNP (i.e., to assess allele frequencies). A diagnos-
tic PCR fragment including the I1017F SNP was amplified with the Expand Long
Range kit (Roche) using primers TuCHS1_dia_F and TuCHS1_dia_R (Table II.1), with
PCR fragment cleanup and sequencing as described above.

qPCR of CHS expression between developmental stages
The expression patterns of the mite CHS homologs, tetur03g08510 and
tetur08g00170, were examined in previously published RNA sequence data (GEO
accession no. GSE31527) produced from embryos, larvae, nymphs, and adults (Fig.
II.6A; Grbic et al., 2011). Tetur03g08510 was expressed most strongly in developing
stages, while tetur08g00170 was most expressed in adults. To validate these find-
ings, gene expression of both CHS genes was examined with qPCR. For qPCR, 150
adults and 150 teleiochrysalis were collected in three replicates and RNA was pre-
pared, DNAse treated, and reverse transcribed as described above. Gene-specific
qPCR primers for both chitin synthase genes were designed (tetur03g08510_qpcr_F
and R; tetur08g00170_qpcr_F and R), together with primers that amplified the con-
trol housekeeping genes actin and RP49 (actin_qpcr_F and R; RP49_qpcr_F and R)
(Table II.1). All qPCR reactions were conducted with two technical replicates and the
Maxima SYBR Green qPCR Master Mix (Fermentas Life Sciences) according to the
manufacturer’s instructions using Mx3005P (Stratagene). No-template controls were
included to rule out the possibility of reagent contamination. The gene specificity of
all primers was verified by melting curve analyses for the separate reactions. A stan-
dard curve comprised of pooled cDNA at four different dilutions (ranging from the
cDNA equivalent of 500 ng RNA to 4 ng RNA) was used for the calculation of the PCR
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efficiency of each gene specific primer pair. The cycle treshold values of the control
genes actin and RP49 were used for normalization. Results were analyzed with the
method of Pfaffl et al. (2002). Significant differences in gene expression were identi-
fied by pair-wise fixed reallocation randomization (Pfaffl et al., 2002).

Complementation assays in yeast
To test the effect of a L1094F substitution in yeast CHS3, we performed complemen-
tation assays monitoring CFW resistance in yeast cells that are deficient in the CHS3
gene (Meissner, 2010). For this purpose, a chs3Δ yeast strain (in BY4741; MATa
his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) was transformed by electroporation with pRS415
plasmid carrying either the open reading frame of wild-type CHS3 (accession num-
ber NM_001178371.1) or mutated CHS3L1094F, which was generated by site direct-
ed mutagenesis and verified by nucleotide sequencing of the complete ORF. Yeast
cells of various genotypes (wt, chs3Δ, chs3ΔCHS3 and chs3ΔCHS3L1094F) were cul-
tured overnight and plated in dilution series to assay CFW sensitivity.

The mutated yeast CHS3L1094F construct was generated by site directed mutagen-
esis using the phosphorylated oligonucleotides ScCHS3_mutF and ScCHS3_mutR
(Table II.1). The complete ORFs of CHS3 and CHS3L1094F were verified by nucleotide
sequencing of the corresponding pRS415 inserts. Transformation was performed in 50
μL 1 M sorbitol using a Gene Pulser Xcell (BioRad). Subsequently, the yeast cells were
incubated in solid rich medium (YPD) with sorbitol for 2 h at 30 °C and 150 rpm shak-
ing, washed in deionized H20 and streaked onto YPD plates containing G418 for
selection. Each 5 μL of the yeast suspension was spotted at a different concentration
(107-103 cells/mL) onto YPD plates with and without CFW (50 μg/mL). After incubation
at 30 °C for 3 d, colony growth was documented using a VersaDoc Imaging System
(Bio-Rad Laboratories) and Quantity One, version 4.6 (Bio-Rad Laboratories).
Immunoblotting was performed with monoclonal mouse anti-c-Myc antibodies
(Serotec, MCA220) and polyclonal rabbit anti-phosphofructokinase 1 antibodies (α-

CHAPTER 2 | MODE OF ACTION OF A CHITIN SYNTHESIS INHIBITOR

Table II.1. Primers used in this study
Primer name Forward (5’-3’) Reverse (5’-3’)
TuCHS1_dia TGTCCGCTTGTTATGCACTACTG GCCACCAAGTGGGTCAAGAT
TuCHS1_1 ATGGCTCGTGAAACAGTTAAAAA CATTCAGATTCAATGCCAACAT
TuCHS1_2 ACGCGACCGATCTGATCTT ATTTTATCTTTCAAATGGACATGC
TuCHS1_3 TATCGAAGTTATTGATACAGCTGCAAG AACACCATCTTCAGCCATTTG
TuCHS1_4 TTTGATACCAATACTCATATTCATCG CTCTAATACCGTAAGGCCAATCTACA
TuCHS1_5 GAATTGAAAGAGCTGCGAAATAG TTATAATTGTTGACTTGAGTTCCCATT
Actin_qpcr GCCATCCTTCGTTTGGATTTGGCT TCTCGGACAATTTCTCGCTCAGCA
Rp49_qpcr CTTCAAGCGGCATCAGAGC CGCATCTGACCCTTGAACTTC
Tetur03g08510_qpcr GATGGTGAAAGCTCGGAAGA CTCTCTGAACGCAACATCCA
Tetur08g00170_qpcr AACGAAACCGAGAGCGTAAA TGCTTCAATTGCTTGCTTGTCGTC
ScCHS3_mut 5’-PHO-TATATGCGTGTAGGTGGTAT 5’-PHO-ATTTGTGCTTTTCCTATTTGGAA
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PFK1; Heinisch, 1986) using 1:100 and 1:10,000 dilutions, respectively. Secondary
antibodies to mouse and rabbit IgGs (Sigma, A3562 and A3687) were conjugated with
alkaline phosphatase and used at dilutions of 1:30,000 each. Cells were grown to
exponential phase, pelleted and subjected to post-alkaline extraction (Kushnirov,
2000). Western blotting and immunodetection were performed as described previous-
ly (Zimoch and Merzendorfer, 2002).

Results
Etoxazole inhibits chitin synthesis in Tetranychus urticae
Etoxazole causes lethality in mite embryos and developing stages at the time of eclosion
or ecdysis. Although etoxazole is not toxic to adults, fertility of treated females was
strongly affected (Fig. II.1A), and eggs deposited by treated females develop normally to
the red-eye-stage, but larvae fail to hatch (Figs. II.1B,C). These specific symptoms are
nearly identical to those observed with benzoylureas in insects (Merzendorfer et al., 2012).

Figure II.1. The effect of etoxazole on fertility and fecundity in Tetranychus urticae. A. Treatment
of female mites with the field dose (100 mg active ingredient per liter) of etoxazole does not affect the number of
eggs deposited per female up to 3 days after treatment (DAT). B. Eggs deposited by treated females fail to hatch.
C. Eggs deposited by both water treated control (control, C) and etoxazole treated (T) females develop normally
to the red-eye stage (see arrows).
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To establish the effect of etoxazole on chitin deposition in mites, we treated syn-
chronized female deutonymphs with etoxazole and collected the teleiochrysalis
stage just before ecdysis. As revealed by calcofluor white (CFW) staining, levels of
chitin in the cuticle were drastically decreased by treatment with etoxazole (Fig. II.2),
confirming the inhibitory effect of etoxazole on chitin biosynthesis observed in
insects where etoxazole is much less potent.

Genetic basis of etoxazole resistance
To determine the molecular action of etoxazole, we first characterized an etoxazole
resistant T. urticae strain from Japan (strain EtoxR), where etoxazole has been in use
for more than a decade, and field resistance has been reported (Uesugi et al., 2002).
In comparison with the etoxazole susceptible London strain, EtoxR had a resistance
ratio of 48,000-fold (Fig. II.3A, Table II.2). Mortality in F1 progeny of reciprocal cross-
es between EtoxR and London revealed that resistance was recessive and not
maternally inherited (Fig. II.3A); as shown by mortality in haploid F2 males obtained
from F1 virgin females of reciprocal crosses, etoxazole resistance segregates as a
single resistance locus (χ2 = 6.07, df = 9, P < 0.05; Fig. II.3A, Table II.2).
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Figure II.2. CFW staining of cryosections from Tetranychus urticae. Cryosections from control (C) or
etoxazole-treated mites (T) were stained with 0.01% (wt/vol) calcofluor white (CFW) to visualize chitin deposition
in the cuticle. Fluorescence was recorded using identical settings for exposure time and grayscale profiles. The
representative image shows an inhibitory effect of etoxazole on chitin formation. BF, bright field. Scale bar, 100
µm.
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Figure II.3. Genetics and mapping of etoxazole resistance in Tetranychus urticae. A. Concentration
response relationship of etoxazole toxicity on London, EtoxR and crosses. High resistance is inherited recessive-
ly, and is not maternal (compare reciprocal F1s, triangles, to parental strains, circles). A pronounced mortality
plateau at 50% for haploid males that are the progeny of unfertilized F1 females (squares) demonstrates control
by a single major factor. B. Fixation of EtoxR SNPs in the selected population, as assessed with a sliding window
of 150 kb (windows were sequentially offset by 10kb; the percent of fixed EtoxR SNPs in a window following
selection is plotted; see Figs II.4 and II.5 for details). Scaffolds 1, 2, and 4 are representative of the genome aver-
age (no evidence of selection); only scaffolds 3, 23, and 40 show marked evidence of shifts in allele frequencies
in response to etoxazole selection (see also Fig. II.5). The position of CHS1 is indicated at top.
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Identification of the etoxazole resistance locus
To identify the resistance locus in EtoxR, we sequenced, with Illumina methods
(Bentley et al., 2008), the EtoxR strain to ∼21-fold genomic coverage. Alignment of
EtoxR reads to the 90 Mb London genome sequence (Grbic et al., 2011) revealed
that the EtoxR strain is highly polymorphic, with 766,572 single nucleotide polymor-
phisms (SNPs) relative to London (minor allele frequency >10%; Fig. II.4A and B). As
assessed across the genome for EtoxR, no extended regions of fixed sequences
were apparent (Fig. II.4C). This suggested that etoxazole resistance arose from a
variant that persisted in the population long enough for recombination to breakdown
hitchhiking with distantly linked variants (i.e., we found no evidence of a selective
sweep fixing a tens to hundreds of kilobases region of the genome).

We therefore developed a BSA approach to localize the resistance locus to a small
genomic region. We crossed ∼700 EtoxR males with ∼650 London females, and we
propagated the resulting progeny to the F4 generation. This was done under high
density and with a large population size (∼50,000 mites at the F4 generation) to facil-
itate maximal intercrossing and recombination between the genomes of the suscep-
tible and resistant strains in order to break apart haplotypes near the resistance
mutation. We then treated a subset of the progeny of F4/F5 mites (the selected pop-
ulation) with a dose of etoxazole lethal for the London strain and kept the remaining
F4 mites as the control (unselected) population. We next sequenced with Illumina
methods genomic DNA from the selected and unselected populations. By aligning
Illumina reads to the London reference genome sequence, we determined allele fre-
quencies for each sample at 182,361 SNPs that were fixed (or nearly so) in the
parental EtoxR strain relative to the reference London genome sequence. Given the
monogenic, recessive nature of resistance, in the selected population the genomic
region harboring the resistance allele would be expected to exhibit a shift in allele fre-
quencies for SNPs specific to the EtoxR strain (i.e., the causal region/variant should
be fixed, while the rest of the genome should segregate for alleles from both parental

CHAPTER 2 | MODE OF ACTION OF A CHITIN SYNTHESIS INHIBITOR

Table II.2. Toxicological parameters of etoxazole. Concentration-mortality data of etoxazole on larvae of
strains and their crosses. CI, confidence interval; D, degree of dominance; n, number of mites; RR, resistance
ratio.
Strain LC50 95% CI n Slope (± SE) χ² (df) RR D
London 0.056 0.046-0.065 855 3.1 (± 0.30) 27.1 (18) 1
EtoxR 2,700 2320-3175 806 1.8 (± 0.13) 22.6 (19) 48,000
Strain005 21,000 13057-60578 753 1.3 (± 0.21) 19.8 (15) 375,000
London × EtoxR 0.046 0.039-0.053 1,039 2.1 (± 0.18) 22.5 (14) 0.82 -1.0
EtoxR × London 0.046 0.041-0.051 1,354 2.0 (± 0.12) 14.9 (14) 0.82 -1.0
London × Strain005 1.8 1.4-2.3 2,098 0.79 (± 0.04) 32.3 (24) 32 -0.37
Strain005 × London 3.2 2-6.3 1,346 0.62 (± 0.05) 19.4 (14) 57 -0.46
Strain005 × EtoxR 3,800 3416-4386 828 2.4 (± 0.15) 18.4 (13) 67,000
EtoxR × Strain005 3,600 3179-4139 660 3.3 (± 0.21) 20.4 (13) 64,000
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strains; for the unselected population, all loci should segregate). Compared with the
unselected population, a sliding window analysis of the 44 largest scaffolds in the T.
urticae genome assembly (which contain 94.6% of the 90 Mb genome) revealed a
pronounced fixation of EtoxR-specific SNPs specific to the selected population on
the distal end of scaffold 3 (Figs. II.3B and II.5). Only two other scaffolds (23 and 40)
showed appreciable signatures of selection, but to a far lesser extent (the T. urticae
scaffolds are unordered, and whether scaffolds 23 and 40 are adjacent to scaffold 3
in the genome is unknown). Our population-level BSA mapping thus resolved the
resistance locus to a small region on scaffold 3 at ~4.5 Mb.

A CHS variant associated with etoxazole resistance
In analyzing scaffold 3, we found that one of two chitin synthase genes in the T. urticae
genome, tetur03g08510, is coincident with the resistance locus; tetur03g08510 is among
the 20 genes (± 43 kb) closest to the peak of the BSA sliding window analysis (Fig. II.3B).
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Figure II.4. Genome-wide pattern of polymorphism for the EtoxR strain. Polymorphism and genomic
features are plotted in a sliding window analysis (window size 150 kb, with an offset of 10kb) across a concate-
nation of the 44 largest scaffolds of the assembled Tetranychus urticae genome (scaffolds 1-44 are ordered by
decreasing size from left to right; scaffolds are discriminated by shading). A. Pattern of SNP density across the T.
urticae genome in the EtoxR strain. B. Repeat content as measured by whether a 36mer maps with an edit dis-
tance of 0 to multiple regions in the T. urticae assembly (all scaffolds). No obvious relationship between SNP den-
sity and repeats is apparent; this suggests that repeat content did not lead to (potentially confounding) false pos-
itive polymorphism predictions. C. Percent non-reference SNPs that were fixed for the EtoxR variant in a given
window (i.e., at a given variable position, none of the reads overlying that position support the reference base call).
As expected, extensive heterozygosity is apparent for the EtoxR strain, for which directed inbreeding has (to our
knowledge) not been performed. Note that there are no extended regions for which all variants are fixed for the
nonreference SNPs, one potential finding if a large region of the genome surrounding a single etoxazole resist-
ance mutation was rapidly fixed (see also Fig. II.5C). The position of tetur03g08510 (CHS1) is as indicated at top.
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Although chitin synthase is an obvious prima facie candidate to be the molecular
target of etoxazole (Fig. II.2), its coincidence with the resistance locus was nonethe-
less surprising. The symptoms of poisoning of etoxazole and benzoylureas are iden-
tical (Fig. II.1), and while the mode of action had already been suggested to be the
same (Nauen and Smagghe, 2006), benzoylureas have never been shown to direct-
ly inhibit the catalytic activity of a chitin synthase. To further evaluate tetur03g08510
as a potential target, we performed several additional studies. First, because etoxa-
zole causes lethality in developing mites (embryos, larvae and nymphs, with adults
being insensitive), we asked if tetur03g08510 is the major chitin synthase expressed

55
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Figure II.6. Expression levels of two chitin synthase genes (tetur03g08510 and tetur08g00170).
A. RNA sequence expression of the mite CHS genes across embryo, larval, nymph and adult stages. Expression
RPKM data are from Grbic et al. (2011). B. Relative expression level of the chitin synthase genes in the
teleiochrysalis vs. the adult stage, as determined with qPCR using actin and RP49 as control genes.
Tetur03g08510 is expressed ~30-fold higher in the teleiochrysalis stage, consistent with a function as a class A
gene in cuticle formation.
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Figure II.7. A nonsynonymous SNP in CHS1 is associated with etoxazole resistance. A. Etoxazole
resistance in strains of diverse geographical origin as documented by mortality at a discriminating dose. Error bars
represent standard error (SE). B. A single I-to-F variant is associated with etoxazole resistance, and becomes fixed
in a segregating population (Strain005) after a single selection (Strain005R). Strains from different regions display
different haplotypes. Only non-singleton nonsynonymous variants are displayed (see Fig. II.5 for additional infor-
mation). C. Concentration response relationship of etoxazole toxicity in London, EtoxR, Strain005R and crosses
(see legend). Because Strain005R × EtoxR progeny are not susceptible, recessive resistance in the two strains
(Figs. II.3A and II.8) must share the same genetic basis. Strain origins are Belgium (MR-VL), Canada (London), The
Netherlands (Strain005/005R), Japan (EtoxR), Greece (TuSB9), and Germany (GSS).
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during development. As assessed with stage-specific RNA sequencing (RNA-seq)
profiling data from an earlier study (Grbic et al., 2011), and as validated in the current
study by quantitative RT-PCR, tetur03g08510 is the predominant chitin synthase
expressed in the embryo and developmental stages (a second chitin synthase,
tetur08g00180, is expressed weakly during T. urticae development, and at higher lev-
els in adults; Table II.1. and Fig. II.6). The latter findings suggest that tetur03g08510
is a member of class A genes encoding chitin synthase 1 (CHS1), which are
expressed in the epidermis and tracheal system for cuticle formation during devel-
opment (Merzendorfer, 2006).

Second, we determined by PCR and Sanger sequencing the tetur03g08510 (here-
after called CHS1) coding sequence from additional strains, three of which have similar
levels of etoxazole resistance but are unrelated (Fig. II.7A). Compared with two suscep-
tible strains, and as assessed across all resistant strains, a single non-synonymous vari-
ant, an isoleucine (I)-to-phenylalanine (F) change at position 1017 (I1017F), was unique-
ly associated with etoxazole resistance (Fig. II.7B). Intriguingly, Strain005 initially exhib-
ited only partial etoxazole resistance, and segregated for the I1017F variant (allele fre-
quencies 0.45/0.55, Fig. II.7A and B). Selection of Strain005 with etoxazole produced a
uniformly resistant population (Strain005R, Fig. II.7A and B and Table II.2), and in a sin-
gle generation, the I1017F variant became fixed. Similar to EtoxR, etoxazole resistance
in the selected population of Strain005 was not maternally inherited, was intermediate-
ly recessive, and was caused by a single major factor (χ2 = 24.3, df = 15, P < 0.05) (Fig.
II.8, Table II.2). In a reciprocal cross of Strain005R with EtoxR, F1 mites were etoxazole
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Figure II.8. Dose-response relationship of etoxazole toxicity for London, Strain005 and crosses.
The cross reveals that the high resistance level in Strain005 is inherited in an intermediately recessive manner. A
mortality plateau at 50% in haploid male progeny of unfertilized F1 females indicates that resistance is under con-
trol of a single major factor (Table II.2).
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resistant. Thus, the resistance factors in the two strains fail to genetically complement
each other (i.e., restore the WT phenotype of etoxazole susceptibility). This is only
expected if the same gene underlies resistance in both strains (Fig. II.7C).

Finally, the resistant strains are from disparate geographic locations (e.g., Belgium
and Greece in Europe, and Japan in Asia; Fig. II.7). Though only an A-T transversion
at position 1 in codon 1017 can cause an I-to-F change, the I1017F variant was pres-
ent on two different haplotype groups (i.e., compare strains EtoxR and Strain005 with
strains MRVL and TuSB9). Although some evidence for recombination or gene con-
version is apparent, the observed pattern is indicative of recurrent mutation and
selection, a phenomenon expected only in the presence of a strong selective agent
(e.g., a highly potent pesticide; see discussion). Furthermore, patterns for an adjacent
synonymous SNP in the Strain005 population indicate that the origin for the I1017F
transversion in Strain005 (Fig. II.9) may be independent of that for EtoxR, even though
Strain005 and EtoxR share a globally similar CHS1 haplotype (Fig. II.7B).
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Figure II.9. Evidence for recurrent mutation and selection of the I1017F variant. Nucleotide
sequences at and near the 1017 codon are shown (only variable sites are color coded). The nucleotide position
associated with the I1017F change is universally 1 bp downstream of a G in all strains but Strain005 (compare
top with bottom). In Strain005, one of two sensitive haplotypes has an A 1 bp upstream of the position underly-
ing the I1017F alteration (this Strain005-specific change, G/A, is synonymous, as indicated at top). In the resist-
ant haplotype of Strain005 (the only haplotype that was left after selection with etoxazole; see Fig. II.7), the I1017F
T is coupled to the upstream synonymous A change (the other is the GA- sensitive haplotype of the London and
GSS strains). Because the I1017F T variant is coupled to both the upstream A and G in different strains, and
because these variable positions are only 1 bp apart, it seems implausible that recombination or gene conversion
could have generated the observed patterns. We believe the most likely explanation is that the I1017F T variant
arose at least twice (once or more on the GA etoxazole- sensitive haplotype, and once on the AA etoxazole-sen-
sitive haplotype we recovered only in Strain005). All genotypes shown for Strain005 were obtained from single
mite sequencing with haploid males, while the sequences for other strains (upper) are from the reference genome
sequence (London), Illumina sequencing consensus (EtoxR), or PCR and Sanger sequencing of pooled individu-
als (see Analysis of chitin synthase variants).
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Collectively, our data implicate a single CHS1 amino acid change as conferring
target site resistance to etoxazole.

I1017F is located near the WGTR motif and does not abolish the calco-
fluor white resistance phenotype of yeast chs3Δ cells
The I1017F mutation is located within the last transmembrane helix of the predicted
C-terminal five transmembrane segment (5TMS) cluster originally reported for insect
chitin synthases. This region has been suggested to be involved in pore formation
and chitin extrusion (Fig. II.10; Cohen, 2010; Merzendorfer, 2006). The 5TMS cluster
is followed by a conserved WGTR motif and a coiled-coil region, which could medi-
ate oligomerization. Chitin synthase 3 (CHS3) from Saccharomyces cerevisiae has a
homologous TMS cluster built of three transmembrane helices, which correspond to
the last three helices of the 5TMS cluster found in insects and mites (although the
predicted coiled-coil region is absent). Remarkably, many amino acids within the last
transmembrane helix are either identical or similar between insect/mite CHS1 and
yeast CHS3 (Fig. II.10), and the isoleucine at the 1017 resistance position is con-
served across all insects we analyzed (Fig. II.10). Resistant mites with the I1017F
variant are viable, although more subtle effects on fitness are a possibility. We there-
fore tested the effect of the analogous mutation in yeast, the only established sys-
tem for mutational analysis of CHS enzyme complexes, and where sensitive assays
of function are available.

To do this, we generated a mutated version of the enzyme mimicking the I-to-F
exchange at the corresponding amino acid position of CHS3, which is a leucine
residue (Fig. II.10), and evaluated chitin formation in vivo by complementation of the
CFW resistance phenotype of chs3Δ yeast cells lacking a functional version of
CHS3. CFW is a fluorescent dye that binds to nascent chitin chains and inhibits fun-
gal growth. As chs3Δ cells lack much of the cell wall chitin, and hence CFW bind-
ing capacity, they are thus resistant to CFW. Hence, resistance correlates with
reduction in chitin levels and can be used to evaluate chitin formation in vivo
(Meissner, 2010). In contrast to WT cells, which were highly sensitive to CFW, chs3Δ
cells exhibited significant resistance to CFW. CFW sensitivity could be restored in
chs3Δ cells when the cells were transformed with a pRS415 plasmid expressing WT
CHS3. However, when chs3Δ cells were transformed with a pRS415 plasmid carry-
ing the L1094F mutation in CHS3, the cells did not become sensitive to CFW, indi-
cating that CHS3L1094F encodes a protein with markedly reduced function, even
though the full-length protein was expressed at levels similar to WT in yeast cells
(Fig. II.11).
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Figure II.10. Localization of the mutation conferring etoxazole resistance. A. Schematic representa-
tion of domain architecture of CHS1 from Tetranychus urticae. NTR, N-terminal region; CD, catalytic domain;
CTR, C-terminal region; 5TMS, cluster of five transmembrane segments; and CC, coiled-coil motif. Rectangular
boxes represent transmembrane domains. Arrows point to signature sequences QRRRW (catalytic domain) and
WGTR (N-terminal region). B. Aligned amino acid sequences of helix 5 in the 5TMS clusters of CHS1 of represen-
tative insect species, T. urticae, and the corresponding helix 3 of Saccharomyces cerevisiae. Universally con-
served residues are marked in bold. The position of the I1017F substitution in etoxazole resistant mites is indicat-
ed in gray. S, etoxazole susceptible; R, etoxazole resistant; Tc, Tribolium castaneum; Lm, Locusta migratoria; Ms,
Manduca sexta; Dm, Drosophila melanogaster; Aa, Aedes aegypti; Nv, Nasonia vitripennis; Tu, T. urticae; Sc, S.
cerevisiae. C. Complementation of the CFW resistance phenotype in chs3Δ strains. chs3Δ cells were transformed
with pRS415 plasmids containing the ORFs for CHS3 or its mutant version CHS3L1094F. WT, chs3Δ,
chs3ΔCHS3 and chs3ΔCHS3L1094F cells were grown overnight in liquid YPD medium and spotted after dilution
with water onto YPD plates with or without 50 µg/mL CFW. In contrast to chs3Δ CHS3, the CFW phenotype in
chs3Δ CHS3L1094F cells is not restored, indicating that CHS3L1094F is nonfunctional.
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Discussion
In our study, we show that the potent acaricide etoxazole inhibits chitin synthesis in
spider mites, and that resistance in field strains is monogenic and recessive, with
exceptionally high resistance ratios (a typical feature of target site resistance).
Multiple lines of evidence suggest that etoxazole inhibits chitin biogenesis by a direct
effect on chitin synthase. First, by population BSA mapping, we localized the etoxa-
zole resistance locus to a small genomic interval coincident with the chitin synthase
(CHS1) that is expressed in the stages most susceptible to etoxazole. Second, we
identified a single non-synonymous change (I1017F) in CHS1 that was invariantly
associated with resistance across multiple unrelated strains. Additionally, the trans-
version producing the I1017F change was globally distributed in the northern hemi-
sphere, and present on highly distinct haplotypes. We believe this pattern is most
consistent with recurrent mutation and selection, although a role for the rapid spread
and introgression of the I1017F variant remains possible (i.e., from standing genetic
variation). Regardless, these patterns are difficult to explain in the absence of strong
selection, a feature of pesticide use. In fact, the phenomenon of recurrent mutation
has been observed in other instances of target site resistance (Andreev et al., 1999).

61

MODE OF ACTION OF A CHITIN SYNTHESIS INHIBITOR | CHAPTER 2

Figure II.11. Immunoblots to evaluate protein levels of wild-type CHS3 and mutated CHS3L1094F.
Cells expressing 13-c-Myc epitope-tagged versions of wild-type CHS3 or mutated CHS3L1094F were grown to
exponential phase. Yeast cells were subjected to mild alkaline treatment and boiled in SDS gel electrophoresis
buffer. The extracted proteins were separated by SDS gel electrophoresis and transferred to a nitrocellulose mem-
brane. Immunodetection of CHS3 was performed with mouse anti-c-Myc antibodies. As a loading control anti-
bodies to phosphofructokinase 1 (PFK1) were used that detected both the α- and β-subunits of PFK1, which
appears therefore as a double band.
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The BSA approach with high-throughput sequencing that we adapted to mite
populations is conceptually similar to that reported in several recent studies with
plants and yeast (Ehrenreich et al., 2010; Schneeberger et al., 2009). It allowed us to
resolve, with no prior expectation, a resistance locus to a small genomic region in an
arthropod that lacks traditional genetic resources but for which a complete genome
sequence is now available. In applying BSA to map resistance in T. urticae, as well
as for follow-up studies, two life history characteristics were particularly helpful. First,
spider mites can be easily reared in extremely large populations over many genera-
tions. This feature allows for dense recombination following bulk crosses, a prereq-
uisite for high-resolution mapping that is the key to elucidate the molecular nature of
resistance. A second point is that, along with large population sizes, haplodiploid sex
determination may facilitate the evolution and spread of resistance (e.g., recessive
resistance is immediately uncovered in haploid males), which may have contributed
to our finding of multiple haplotypes that conferred resistance – an observation that
ultimately allowed us to identify a single associated DNA lesion. Nevertheless,
though T. urticae is especially amenable for the genetic approaches we employed,
the BSA method should be applicable to studies in other arthropods where genom-
ic resources are or will become available. Moreover, it should be of value to study
non-resistance traits also (Ehrenreich et al., 2010), at least where the underlying
genetic architecture is comparatively simple.

To date, the absence of heterologous expression systems that recapitulate the full
chitin synthase function in arthropods (catalysis and translocation) have hampered
studies to understand chitin synthases, as well as their mode of inhibition.
Nevertheless, genetic studies have supported a role for the C-terminal region, includ-
ing the SWG(D)TR motif and the ensuing region nearby the location of the etoxazole
resistance mutation. In Drosophila melanogaster, four embryonic lethal mutations
affect the C-terminal region of krotzkopfverkehrt (kkv), which encodes CHS1 (Jürgens
et al., 1984; Moussian et al., 2005; Ostrowski et al., 2002). In particular, the kkvJH9

mutation is caused by a G1077D exchange in the WGTR motif of the extracellular
domain. Moreover, the C-terminal regions of each of the CHS1, CHS2, and CHS3
proteins in yeast are required for chitin synthesis (Cos et al., 1998; Ford et al., 1996).
When we mimicked the analogous I-to-F change in yeast CHS3 by site directed
mutagenesis (Fig. II.10), the resulting protein no longer had WT function. While pre-
vious mutational analysis in yeast has focused on the C-terminal non-membrane
integral regions, our result suggests that the last transmembrane helix preceding the
S/WGDTR motif is also crucial for CHS activity in yeast. This experimental finding
was in contrast to the observation that the I1017F change in mite CHS1 does not
abolish all function. It does, however, implicate the respective transmembrane region
as important for a key aspect of chitin synthase function. These findings may reflect
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differences between the distantly related yeast CHS3, as well as CHS1s of insects,
as compared to the mite CHS1. Whether such differences underlie variation in rela-
tive susceptibilities to etoxazole will require further study [e.g., yeast is not suscepti-
ble to etoxazole (Fig. II.12), and insects less so than mites].

It was previously suggested that the transmembrane helices of the C-terminal part
of chitin synthases are involved in pore formation, which is required for the translo-
cation of nascent chitin polymers across the membrane (Cohen, 2010; Merzendorfer,
2006). Therefore, binding of etoxazole to the 5TMS cluster could block chitin translo-
cation across the membrane; alternatively, it could impair oligomerization of CHS
units, a crucial step in the formation of a functional CHS complex (Maue et al., 2009)
similar to cellulose synthesizing rosette complexes (Maue et al., 2009; Merzendorfer,
2006; Richmond, 2000), or the proper function of the adjacent coiled-coil motif. The
replacement of the isoleucine residue by the aromatic phenylalanine in the 5TMS
helix of the CHS1 might prevent etoxazole from interacting with the transmembrane
helices to affect chitin synthesis. Intriguingly, the 1017 residue is immediately adja-
cent to a universally conserved proline, and several studies have demonstrated that
transmembrane proline residues may be involved in formation of molecular hinges
important for integral membrane protein function (Cordes et al., 2002).

Finally, although etoxazole has low potency in insects, identical symptoms of poi-
soning are observed following exposure to both benzoylureas and etoxazole, and
thus the same mode of action has been postulated (Nauen and Smagghe, 2006).
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Figure II.12. Growth of WT and chs3D cells in the presence and absence of etoxazole. WT and
chs3Δ cells were grown overnight in liquid YPD medium and diluted with water to a final concentration of 1 × 107

cells/mL. Five mL of each suspension and four subsequent 10-fold serial dilutions were spotted onto YPD plates
or YPD plates containing either 50 µg/mL CFW or 50 ng/mL etoxazole, or both. Cells were incubated at 30 °C
for 3 d. Growth of WT and chs3Δ cells is completely unaffected by etoxazole at concentrations which are ~10-
and 50-fold higher than the respective Ki values for nikkomycin Z and polyoxin D (Gaughran et al., 1994).
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Though the sulfonylurea receptor (SUR) has been suggested as the direct target of
benzoylureas (Abo-Elghar et al., 2004; Matsumura, 2010), with inhibition affecting
chitin biosynthesis indirectly by altering vesicle trafficking, its role in chitin synthesis
inhibition is controversial (Akasaka et al., 2006; Gangishetti et al., 2009). In the case
of etoxazole, our identification of a monogenic resistance locus on scaffold 3 rules
out the SUR receptor as the molecular target for this compound (SUR is on scaffold
11, see Analysis of chitin synthase variants). Our findings suggest that CHSs should
be reexamined as the target of the economically important benzoylureas, and poten-
tially other chitin biosynthesis inhibitors, keeping in mind that inhibition may result
from the disruption of a function distinct from the enzymatic addition of GlcNAc
monomers to the growing chitin chain by arthropod CHS enzyme complexes (i.e.,
oligomerization or polymer translocation which may require helix-helix interactions).
In support of this view, benzoylurea derivatives have been reported that are able to
adopt α-helical conformations and occupy binding sites for α-helices involved in pro-
tein-protein interactions (Rodriguez et al., 2009).
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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

P. Demaeght*, E.J. Osborne*, J. Odman-Naresh, M. Grbic, R. Nauen, H. Merzendorfer,
R.M. Clark & T. Van Leeuwen [*contributed equally]

The acaricides clofentezine, hexythiazox and etoxazole are commonly referred to
as ‘mite growth inhibitors’, and clofentezine and hexythiazox have been used suc-
cessfully for the integrated control of plant mite pests for decades. Although they
are still important today, their mode of action has remained elusive. Recently, a
mutation in chitin synthase 1 (CHS1) was linked to etoxazole resistance. In this
study, we identified and investigated a Tetranychus urticae strain (HexR) harboring
recessive, monogenic resistance to each of hexythiazox, clofentezine, and etoxa-
zole. To elucidate if there is a common genetic basis for the observed cross-resist-
ance, we adapted a previously developed bulk segregant analysis method to map
with high resolution a single, shared resistance locus for all three compounds. This
finding indicates that the underlying molecular basis for resistance to all three com-
pounds is identical. This locus is centered on the CHS1 gene, and as supported
by additional genetic and biochemical studies, a non-synonymous variant (I1017F)
in CHS1 associates with resistance to each of the tested acaricides in HexR. Our
findings thus demonstrate a shared molecular mode of action for the chemically
diverse mite growth inhibitors clofentezine, hexythiazox and etoxazole as inhibitors
of an essential, non-catalytic activity of CHS1. Given the previously documented
cross-resistance between clofentezine, hexythiazox and the benzyolphenylurea
(BPU) compounds flufenoxuron and cycloxuron, CHS1 should be also considered
as a potential target-site of insecticidal BPUs.

Insect Biochemistry and Molecular Biology 51: 52-61 (2014)

Phytophagous mites of the genus Tetranychus and Panonychus are serious pests
on plants worldwide (Jeppson et al., 1975; Zhang, 2003). Among these, the two-

spotted spider mite, Tetranychus urticae, is of particular importance, as this extreme
generalist species has been documented on more than 1000 plant species including
numerous crops of economic significance (Jeppson et al., 1975; Migeon and Dorkeld,
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2013). Although biological control of T. urticae has been successfully implemented in
many greenhouses and protected crops (Gerson and Weintraub, 2012; Perdikis et al.,
2008; Sabelis, 1981), the species is primarily controlled by acaricides in open field
crops (Dekeyser, 2005; Marcic, 2012; Van Leeuwen et al., 2010; Zhang, 2003).
However, spider mites rapidly develop resistance to diverse acaricides (Dermauw et
al., 2012; Van Leeuwen et al., 2010), a major factor threatening the efficient control of
spider mites in agriculture.

It is therefore crucial to maintain the efficacy of the available acaricide portfolio by
developing and implementing efficient resistance management strategies. In this
respect, understanding the mode of action of acaricides – and in particular identifying
their molecular targets – is of particular importance (Van Leeuwen et al., 2012b).
Knowledge of target-site resistance alleles may allow for screening of field populations
with high-throughput molecular diagnostic tools, facilitating the implementation of
resistance management strategies based on resistance gene allele frequencies in a
geographical or plant host manner. Further, the elucidation of acaricide modes of
action allows the grouping of compounds into classes to avoid selection pressure on
the same molecular target and hence delay resistance development (Nauen et al.,
2012). A clear example on how molecular information about target-sites can directly
influence resistance management practices has recently been documented for the
acaricides bifenazate and acequinocyl. When bifenazate was launched, the mode of
action was not fully understood but reported to be neurotoxic (Dekeyser, 2005). In
greenhouses in The Netherlands, bifenazate was consequently used in rotation with
acequinocyl, a known complex III inhibitor. However, a case of maternally inherited
bifenazate resistance pointed towards a resistance gene in the mitochondria (Van
Leeuwen et al., 2006). It was subsequently shown that mutations in the cytochrome b
subunit of complex III underlie bifenazate resistance (Van Leeuwen et al., 2008), and
that these mutations cause cross-resistance between bifenazate and acequinocyl (Van
Nieuwenhuyse et al., 2009). As a consequence, bifenazate and acequinocyl should no
longer be alternated as they both select for the same target-site mechanism.

This example is illustrative of the fact that the mode of action of acaricides is often
less well understood as compared to the mode of action of insecticides. Today, few
insecticides are on the market for which the molecular mode of action is unknown
(Krämer et al., 2011). In contrast, for a number of frequently used acaricides, includ-
ing dicofol, fenbutatin oxide and propargite, the molecular target site has not been
determined. One class of valuable acaricides for which the modes of action are poor-
ly documented consists of the compounds clofentezine, diflovidazin and hexythiazox
that have been generically grouped as ‘mite growth inhibitors’ (Fig. III.1). A thorough
investigation is particularly relevant for clofentezine (a tetrazine acaricide, Fig. III.1A)
and hexythiazox (a thiazolidinone compound, Fig. III.1B), as both acaricides have
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been widely used for more than 30 years, and are still valuable tools for mite control.
Their popularity is mainly due to an excellent ecotoxicological profile, as they are safe
for beneficial insects and predatory mites, and because they provide long residual
control (Aveyard et al., 1986; Bretschneider and Nauen, 2008; Yamada et al., 1987).
Both compounds further share a broad-spectrum activity against several plant-feed-
ing mite species, including Tetranychus spp. and Panonychus spp., and an excellent
efficacy on eggs and/or larvae and nymphs (but not adults). Clofentezine is mainly
used as a potent contact ovicide (Aveyard et al., 1986; Neal et al., 1986), and is
thought to act by interfering with cell growth and cell differentiation during the final
phases of embryonic and early larval development (Bretschneider and Nauen, 2008).
Diflovidazin (also known as flufenzine, Fig. III.1C) has similar properties as clofen-
tezine, but the introduction of fluorine atoms in the ortho position of the phenyl ring
resulted in improved translocation properties (Pap et al., 1996). Hexythiazox was
launched in 1985, soon after clofentezine (Yamada et al., 1987). It quickly became,
and continues to be, widely used in integrated pest management programs through-
out the world. In comparison with clofentezine, it has a more pronounced activity on
larvae, proto-, and deutonymphs. More recently, in 1998 the oxazoline compound
etoxazole was also introduced as an acaricide (Fig. III.1D; Ishida et al., 1994). Like
hexythiazox, it has excellent activity on eggs, larvae and nymphs but lacks activity on
adults (Bretschneider and Nauen, 2008; Dekeyser, 2005; Suzuki et al., 2002).
Etoxazole was described as about 100-fold more toxic in comparison to hexythiazox,
but with altered selectivity. It has a less favorable ecotoxicological profile (Kim and
Yoo, 2002) and also exhibits activity on juvenile stages of aphids (Bretschneider and
Nauen, 2008; Ishida et al., 1994).

At the time of launch, etoxazole was reported to lack cross-resistance when
applied to hexythiazox and/or clofentezine resistant spider mites (Ishida et al., 1994).
Nevertheless, subsequent studies have demonstrated cross-resistance between
etoxazole and both clofentezine and hexythiazox. Strong cross-resistance between
clofentezine and hexythiazox was reported in T. urticae and P. ulmi strains from
Australia (Herron et al., 1993; Thwaite, 1991), as well as in multiple European P. ulmi
strains (Grosscurt et al., 1994). More recently, cross-resistance was also detected
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Figure III.1. Chemical structures of the mite growth inhibitors used in this study.
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between etoxazole and hexythiazox in T. urticae, and genetic linkage between
hexythiazox and etoxazole resistance was tested with genetic crosses (Asahara et
al., 2008). These experiments revealed that etoxazole resistance was caused by a
single recessive locus, while hexythiazox resistance was under control of more than
one major factor. Notably, one genetic factor for hexythiazox resistance was linked
to the etoxazole resistance locus, raising the possibility of a shared resistance mech-
anism (Asahara et al., 2008).

Despite toxicological and genetic studies, the nature of cross-resistance to
hexythiazox, clofentezine and etoxazole – either through alterations in a common tar-
get-site, or alternatively by a common detoxification pathway – has remained
unknown. For etoxazole, the recessive nature of resistance in some T. urticae popu-
lations (Uesugi et al., 2002; Van Leeuwen et al., 2012a), coupled with the recently
released draft genome sequence for the species, enabled positional cloning of a
monogenic resistance locus. By developing a population-level bulk segregant analy-
sis (BSA) method based on high-throughput genome sequencing, we localized the
etoxazole resistance factor to a very small region on scaffold 3 of the T. urticae
genome assembly. As supported by additional genetic and biochemical studies, a
single non-synonymous mutation (I1017F) in the chitin synthase 1 gene (CHS1) was
uncovered as the causal mutation (Van Leeuwen et al., 2012a). In this case, cloning
of the resistance allele led to the identification of CHS1 as the molecular target, a find-
ing supported by the demonstration of reduced chitin deposition in susceptible ani-
mals treated with etoxazole (Nauen and Smagghe, 2006; Van Leeuwen et al., 2012a).

In this study, we adapted a related BSA method (Van Leeuwen et al., 2012a) for
high-resolution genetic mapping to test if high-level resistance to the mite growth
inhibitors clofentezine and hexythiazox shares the same genetic basis, and hence
suggests the same molecular target, as observed for etoxazole. To do this, we iso-
lated a field strain of T. urticae with very high levels of resistance to all three com-
pounds, established that resistance was recessive and monogenic in each case, and
mapped resistance for all three acaricides by independent selections of a derived
population that segregated for resistance to each compound. Our genetic data
strongly support a shared underlying molecular basis for resistance to all three com-
pounds via the impairment of an essential, non-catalytic activity of CHS1.

Material and methods
Chemicals
Commercial formulations of etoxazole (Borneo, 120 g/L SC), hexythiazox (Nissorun,
250 g/L SC) and clofentezine (Apollo, 500 g/L SC) were purchased from FytoVan-
hulle, Belgium.
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Mite husbandry and strains
The susceptible laboratory strain (London) originates from the Vineland region in Ontario
(Canada), and was used as the reference strain in the T. urticae genome project (Grbic
et al., 2011). The strain is susceptible to most currently used acaricides (Khajehali et al.,
2011). The hexythiazox resistant strain (HexR) originates from a field strain, collected in
Ghent, Belgium. The strain was maintained on potted bean plants sprayed with 500
mg/L hexythiazox. Strains EtoxR, MR-VL, TuSb9 and Strain005R were previously
described as resistant to etoxazole (Van Leeuwen et al., 2012a) and have been main-
tained under a constant selection pressure of 1000 mg/L etoxazole. These strains of T.
urticae have been maintained on 3-week-old potted kidney bean plants (Phaseolus vul-
garis L. cv. Prelude) in a climatically controlled room or incubator at 26 (± 0.5) °C, 60%
RH, and 16:8 light:dark photoperiod (hereafter standard incubation conditions).

Dutch and North American strains used for haplotype screening were collected in
The Netherlands from commercial rose growers in 2009 (Khajehali et al., 2011) and
from within 10 km of the University of Utah, Salt Lake City, UT, USA, in 2012 or 2013
(Table III.4).

Bioassays
To assess the toxic effects of etoxazole and hexythiazox, larval bioassays were per-
formed as previously described (Van Pottelberge et al., 2009). Clofentezine acts prima-
rily as an ovicide, and bioassays were performed on eggs instead of larvae. Briefly,
20–30 adult female mites were allowed to deposit eggs for 6 h on 9 cm2 square bean
leaf discs, which were placed on wet cotton wool under standard incubation conditions
as described above. Larvae (for etoxazole and hexythiazox) and 2-day old eggs (for
clofentezine) were sprayed with 0.8 mL spray fluid at 1 bar pressure (1.5 mg aqueous
deposit per cm2). Serially diluted concentrations of etoxazole, hexythiazox and clofen-
tezine were tested in 3-4 replicates, along with a water-sprayed control. Mortality was
assessed after 4 days; mortality of the water-sprayed controls never exceeded 10%.
Dose–response relationships (lethal concentrations and their 95% confidence limits)
were analyzed by Probit analysis (POLO; LeORa Software). Resistance ratios were cal-
culated by dividing LC50 values by that of the London (susceptible) strain.

Establishing the mode of inheritance
Crossing experiments were performed as previously described (Van Leeuwen et al.,
2012a, 2004). Larvae of the F1 hybrid progeny were examined for etoxazole, hexythi-
azox and clofentezine susceptibility. The degree of dominance was calculated using
the respective LC50 values in F1s, according to the formula of Stone (1968). To test
whether resistance was inherited as a single major factor, unfertilized F1 females
(after removing males at the deutonymph stage from the population) were allowed to
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deposit eggs, resulting in haploid male progeny. The observed response was com-
pared with the expected response under monogenic inheritance with a χ2 goodness-
of-fit analysis. The expected response was calculated with the formula C = 0.5 w
(parent 1) + 0.5 w (parent 2), where C is the expected mortality and w is the observed
mortality of the parents at a certain concentration (Georghiou, 1969).

Bulk segregant analysis
Sample preparation for bulk segregant analysis
One male of the hexythiazox resistant strain (HexR) was placed on a square bean leaf
disc on wet cotton wool. Every 3 days, 2-3 virgin females of the London susceptible
strain were placed with the resistant male for fertilization. In total, 15 females were
collected and allowed to deposit eggs on a detached bean leaf disc. The resulting
~200 F1 females were collected and allowed to grow in bulk on potted bean plants
under standard incubation conditions. At the F2, the population of mixed stages was
split into four subpopulations (started from ~1000 mites each): the first population
was allowed to grow without selection pressure, the second population was select-
ed with 1000 mg/L etoxazole, the third population was selected with 1000 mg/L
hexythiazox and the fourth population was selected with 1000 mg/L clofentezine.
Selection was performed on sprayed bean plants. After another three generations,
~500 plant-selected F5 fertilized female mites from each of the split populations were
transferred to detached bean leafs on wet cotton wool in petri dishes, and allowed
to lay eggs. After hatching, the larvae from populations previously selected were
sprayed with 1000 mg/L etoxazole, hexythiazox or clofentezine, to assure no sus-
ceptible genotypes were present. Approximately 5000 F6 females from each of the
four populations were finally collected and DNA was extracted as previously
described (Van Leeuwen et al., 2012a). Quality and quantity of the gDNA samples
were assessed using NanoDrop ND-1000 spectrophotometer (Nanodrop
Technologies) and Quant-iT dsDNA Assay Kit (Invitrogen), respectively.

DNA sequencing, read mapping, SNP analysis
DNA extracted from the parental strains (London and HexR) and the selected and
non-selected progeny were used to construct six genomic DNA libraries. Barcoded
DNA sequencing libraries were constructed according to standard Illumina protocols
for each of the six sample pools Bentley et al., 2008. Samples were then multiplexed
and paired-end sequenced with 100 bp reads on a single Illumina Hi-Seq lane by
Fasteris SA (Genève, Switzerland). The sequence data have been deposited to the
NCBI Short Read Archive under BioProject ID PRJNA247366.

Paired-end DNA sequence reads for each sample were aligned to the T. urticae
genome (London strain; Grbic et al., 2011) with bowtie2 (Langmead and Salzberg,
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2012) using the following parameters: –very-sensitive, –X 1000 (maximum fragment
insert length), and –I 200 (minimum fragment insert length). A 92.9% average align-
ment rate was observed, after which resulting BAM files were processed with
SAMtools (Li et al., 2009) to remove PCR duplicates that are a source of noise in
assessing allele frequencies at segregating sites. After processing the BAM files, we
performed joint genotype calling using the Genome Analysis Tool Kit’s (GATK v2.5-2,
McKenna et al., 2010) Unified Genotyper (DePristo et al., 2011; Van der Auwera et
al., 2013) with default settings. Subsequently, we used custom python scripts to
retrieve the following information from the variant call format (VCF) file generated by
Unified Genotyper for each sample: (1) the consensus genotype call (GT field), (2) the
allele frequency (parsed from the AD field), and (3) the coverage of the variants (DP
field). No call variants were treated as missing data.

Bulked segregant analysis of selected mites
To identify the region for monogenic recessive resistance to the three acaricides, we
implemented two BSA mapping approaches. First, between each of the three select-
ed populations and the unselected population, we assessed changes in allele fre-
quency at 1.3 million SNPs identified in HexR relative to the London reference
genome sequence (a sliding window analysis was used and applied to 44 scaffolds
in the T. urticae assembly of size >150 kb that cumulatively comprise 94.6% of the
assembled genome). As a complementary approach, we also performed a sliding
window analysis to identify the HexR genomic locus we expected to be fixed after
selection by each acaricide. For this analysis, we used a set of 121,430 SNPs that
we determined to be fixed (or nearly fixed) between HexR and the sensitive London
strain that represent parent-of-origin informative markers. The SNPs were selected
according to the following criteria: (1) we required the SNPs to be within 5% allele
frequency of being fixed for alternate alleles between the two parental lines and (2)
that they remained segregating in the unselected mites (>5% minor allele frequency),
which acted to remove spurious regions that became fixed in the generation of all
lines prior to selection (i.e., due to drift or segregation distortion).

Cryosectioning and calcofluor white staining
Samples for cryo-sectioning were prepared by synchronizing subcultures of the sus-
ceptible London strain and the hexythiazox/clofentezine-resistant strain HexR on
detached bean leaves under standard incubation conditions. After mites molted into
deutonymphs, the plates were immediately sprayed with solutions containing either
100 mg/L hexythiazox, 100 mg/L clofentezine or with a water control. All deutonymphs
on treated and control plates entered the teleiochrysalis stage, and were collected just
before ecdysis and fixed in 1.5 mL of 4% (wt/vol) formaldehyde in PBS, pH 7.6, sup-
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plemented with 0.05% (wt/vol) Triton-X. Cryoprotection, tissue embedding, serial
cryosectioning and calcofluor white (CFW) staining were performed as described pre-
viously (Van Leeuwen et al., 2012a). CFW emission was viewed with an Olympus IX70
fluorescence microscope using the DAPI filter set (Olympus). Identical settings for
exposure time and grayscale profiles were used for all specimens. The greyscale inten-
sities of CFW fluorescence across cuticles were analyzed with the MetaMorph soft-
ware package (Version 7.6.2.0) (MDS Analytical Technologies, Sunnyvale, CA, USA)
using the Linescan tool. Values are given as mean ± SEM (n = 20).

Detection of the I1017F substitution in geographically diverse strains
With DNA from strains from The Netherlands (Khajehali et al., 2011), PCR amplifica-
tion was performed with primers 5’-CTTCACCGTCTGCCGTATTT-3’ (forward) and 5’-
CTTTTCGTCGTTTGGTTTGG-3’ (reverse) to detect the I1017F SNP previously impli-
cated as the etoxazole resistance mutation (Van Leeuwen et al., 2012a). PCR reac-
tions were performed in 50 µL containing 10× PCR-buffer, 2 mM MgCl2, 0.2 µM of
each primer, 0.2 µM dNTP mix, 2 µl template and 1 U Taq DNA polymerase
(Invitrogen) under the following conditions: an initial denaturation step of 2 min at 94
°C, 35 cycles of 30 s at 94 °C, 30 s at 55 °C, 45 s at 72 °C and a final extension of 3
min at 72 °C. PCRs were purified using E.Z.N.A. Cycle-Pure Kit (Omega Biotek). In a
similar manner, genotyping for the I1017F SNP was performed in four strains from
the state of Utah, USA (Table III.4). For these strains, PCR was performed with primer
sequences 5’-AGATCCTTTACGTCTGGGGC-3’ (forward) and 5’-CAATTGGGACTCG
TTTCTTTTCA-3’ (reverse) in 50 µL containing 5 µL 10× PCR-buffer, 2 mM MgCl2, 0.2
µM of each primer, 0.2 µM dNTP mix, 1 µL template and 1.25 U Taq DNA polymerase
(New England Biolabs, Ipswich, MA, USA). PCR reaction conditions were as follows:
initial denaturation of 95 °C for 2 min followed by 35 cycles at 95 °C for 30 s, 51 °C
for 1 min and 68 °C for 1 min followed by a final extension 68 °C for 5 min. For geno-
typing at the I1017F SNP, purified PCR amplicons were Sanger sequenced at LGC
Genomics or at the University of Utah Core Facility and variants were determined by
inspection of sequencing chromatographs.

Results
Toxicology and genetic basis of etoxazole, hexythiazox and clofentezine
resistance
To characterize the genetic basis of cross-resistance among clofentezine, hexythia-
zox and etoxazole, we isolated a T. urticae strain, HexR, which is resistant to all three
compounds. Toxicity data of each compound for the HexR strain, as well as for the
London reference strain from which the genome was sequenced (Grbic et al., 2011),
are presented in Table III.1. London was extremely sensitive to etoxazole, consistent
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with our earlier studies (Khajehali et al., 2011; Van Leeuwen et al., 2012a), and was
also highly susceptible to both hexythiazox and clofentezine (LC50 values ranged
from 0.036 to 1.9 mg/L active ingredient for the three compounds; Table III.1).
Strikingly, the LC50 values for HexR exceeded 5000 mg/L for each compound, result-
ing in high resistance ratios (RRs) (Table III.1).

In another strain (EtoxR), we previously demonstrated that etoxazole resistance
with a high RR was recessive and monogenic (Van Leeuwen et al., 2012a). To estab-
lish the inheritance patterns of resistance to etoxazole, hexythiazox and clofentezine
in strain HexR, we crossed HexR to the susceptible London strain. Mortality in F1
progeny revealed that resistance to all three compounds is (incompletely) recessive
with D-values of -0.72, -0.87 and -0.98 for etoxazole, hexythiazox and clofentezine,
respectively (Table III.1). In addition, resistance to all three compounds segregates as
a single factor, as evidenced by the ~50% plateau of mortality in haploid F2 males
across a large range of discriminating acaricide doses (etoxazole: χ² = 23, df = 14;
hexythiazox: χ² = 19, df = 13; clofentezine: χ² = 18, df = 14, all P < 0.05; Fig. III.2).

Bulk segregant analysis of clofentezine, hexythiazox and etoxazole
resistance
Previously, we applied BSA methods on large populations of mites to identify a CHS1
allele underlying recessive, monogenic resistance to etoxazole in strain EtoxR (Van
Leeuwen et al., 2012a). To identify the locus (or loci) conferring resistance to each of
the three compounds in HexR, for which resistance is inherited in a similar fashion,
we applied related BSA methods to populations derived from crossing a single HexR
male to susceptible London females. The resulting F2 intercross progeny were then
divided into four replicate experimental populations: one was left untreated while the
other three were subjected to treatment with discriminating doses of etoxazole,
hexythiazox, and clofentezine (see Methods). From the F6 generation, bulked mites
were collected from all populations and DNA was prepared. These samples, along

Table III.1. Toxicological parameters of etoxazole, hexythiazox and clofentezine. CI, confidence
interval; RR, resistance ratio; D, dominance.
Compound Strain LC50 (95% CI) LC99 (95% CI) Slope (± SE) χ² (df) RR D

(mg/L) (mg/L)
Etoxazole London 0.036 (0.032-0.041) 0.18 (0.13-0.27) 3.4 (± 0.23) 30 (13)

HexR >5,000 >138,888
London × HexR 0.19 (0.15-0.24) 2.9 (2.1-4.4) 2 (± 0.12) 16 (11) -0.72

Hexythiazox London 1.9 (1.6-2.1) 15 (11-21) 2.6 (± 0.14) 22 (14)
HexR >5,000 >2,632
London × HexR 3.2 (2.7-3.7) 29 (23-41) 2.4 (± 0.15) 22 (15) -0.87

Clofentezine London 1.2 (1.1-1.4) 5.9 (4.6-8.1) 3.4 (± 0.31) 6.9 (6)
HexR >5,000 >4,166
London × HexR 1.3 (1.2-1.5) 14 (11-22) 2.3 (± 0.16) 5.8 (7) -0.98
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Figure III.2. Genetics of clofentezine, hexythiazox and etoxazole resistance. Concentration response
relationship of clofentezine (A), hexythiazox (B), and etoxazole toxicity (C) on London, HexR and cross progeny.
Resistance to all three compounds is (incompletely) recessive as evidenced by high mortality in the F1 generation
(triangles). The mortality plateau at 50% within the range of discriminating pesticide doses for F2 haploid males
(squares) demonstrates that resistance to all three compounds segregates as a single locus.

♂

A Clofentezine

B
♂

Hexythiazox

♂

C Etoxazole

Concentration (mg a.i./L)
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with DNA of the parental strains (HexR and London), were used to produce between
32- to 64-fold genome coverage per sample with 2 × 100 bp paired-end Illumina
sequencing reads.

For strain HexR, which is not inbred, we identified 1.3 million single nucleotide
polymorphisms (SNPs) in alignments of Illumina reads to the ~90 Mb draft genome
sequence from strain London (see Methods). Of these, 121,431 were identified as
biallelic SNPs that were fixed in HexR as compared to the London parent (hereafter,
‘HexR-specific SNPs’). Genome-wide, the density of all SNPs in HexR, as well as for
HexR-specific SNPs, was comparatively even (Fig. III.3A and B). An exception was a
sharp peak in the density of HexR-specific SNPs on scaffold 3 at about 4.5 Mb (Fig.
III.3B). As the HexR strain has been maintained with ongoing selection with hexythi-
azox (see Methods), one possibility is that the region of this peak harbors the resist-
ance allele for hexythiazox; that is, the high frequency of SNPs fixed in HexR in this
region reflects the selective sweep of hexythiazox on a resistance allele.

To test this, and to genetically resolve the resistance loci for all three compounds,
we compared changes in allele frequencies for all segregating SNPs between the
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Figure III.3. Genome-wide SNP densities. A. Density across the Tetranychus urticae genome for SNPs
identified after joint variant calling using all aligned Illumina reads generated in the current study (reads from strains
London, HexR, and the four derived populations). B. Density of HexR-specific SNPs. Scaffold layout and shad-
ing is as indicated in the legend for Fig. III.4. The position of CHS1 is indicated across the top of each panel. Note
the reduction of segregating SNPs in strain HexR in the CHS1 region (that is, in this region more variants are fixed
in the non-inbred HexR strain as compared to all other regions of the genome).
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unselected and each of the three selected populations in a sliding window analysis.
Individual comparisons between the unselected population and the etoxazole,
hexythiazox, and clofentezine selected populations revealed striking, yet essentially
identical changes in allele frequencies on a distal region of scaffold 3. The peak
regions are coincident with CHS1 previously implicated in etoxazole resistance (Fig.
III.4A), as well as to the region enriched for the fixed HexR-specific SNPs in the
parental HexR strain (Fig. III.3B). Notable, though less marked, changes were also
observed for scaffolds 23 and 40, further supporting the conclusion of Van Leeuwen
et al. that scaffolds 3, 23, and 40 are adjacent in the genome (in the current draft
assembly, numbering is based solely on scaffold length) (Van Leeuwen et al., 2012a).

In addition to the expectation that allele frequencies should deviate between the
unselected and selected populations (Fig. III.4), a second expectation is that the hap-
lotype for the recessive resistance locus (or loci) contributed by the HexR haploid
male parent should be fixed following selection in the derived experimental popula-
tions. Because of drift (or potentially segregation distortion) during the production of
the selected populations, fixation or partial fixation of regions contributed by the
HexR parent could spuriously occur that would be independent of selection by the
compounds; these regions could potentially confound a genome-wide scan to detect
acaricide-induced fixation of alleles from the resistant parent. Nevertheless, despite
minor peaks on several scaffolds, one and only one sharp peak of nearly complete
fixation of HexR-specific SNPs was identified after selection with each compound
(Fig. III.4B,C). Each peak was coincident on scaffold 3 with the maximal peaks
observed for allele frequency divergence between the unselected and the three
selected populations as inferred with all SNPs (compare Fig. III.4B to A). As evaluat-
ed with several sliding window sizes (Table III.2), the midpoints of the window with
the highest fixation index clustered closely to CHS1 (typically either several kb to
tens of kb upstream or downstream of CHS1). For instance, with a window size of
150 kb that was used previously for BSA mapping in T. urticae (Van Leeuwen et al.,
2012a), the midpoints of the maximally fixed windows following selection with clofen-
tezine, hexythiazox and etoxazole were within an ~14 kb region centered on CHS1
(Fig. III.4C and D; Table III.2).

The effect of hexythiazox and clofentezine on chitin deposition and
embryo development
As revealed by BSA mapping, a single locus underlies recessive, monogenic resist-
ance to clofentezine, hexythiazox and etoxazole in strain HexR. Strikingly, the locus
is coincident with CHS1, the proposed molecular target for etoxazole as revealed by
BSA in strain EtoxR (Van Leeuwen et al., 2012a). If hexythiazox and clofentezine also
interfere with CHS1, a possibility raised by our mapping data and the known cross-
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Table III.2. Distances between the peak of fixation in selected populations to the I1017F SNP variant in
CHS1 as a function of different window sizes. 
Window size (kb)a Etoxazole Hexythiazox Clofentezine
50 -11.1 -32.1 19.9
100 3.9 -17.1 -5.1
150 -3.1 -3.1 10.9
200 -15.1 -29.1 4.9
250 -27.1 -62.1 47.9
500 58.9 -81.1 57.9
aA 1-kb step was used in the sliding window analyses (see also Fig. III.4A-D).

Figure III.5. Cuticular chitin in cryosections from different Tetranychus urticae strains.
Cryosections were prepared from sensitive control strain treated with water (C), hexythiazox- and clofentezine
resistant strain HexR (R), and hexythiazox- and clofentezine-treated sensitive strain London (S). The specimens
were stained with 0.01% (wt/vol) CFW to visualize chitin deposition in the cuticle. Fluorescence was recorded
using identical settings for exposure time and grayscale profiles. Above, the representative images show the
effects of hexythiazox (A) and clofentezine (B) on chitin deposition in the cuticle. Scale bar, 100 μm. Below, the
densitometric analysis of CFW fluorescence in mite cuticles is shown. Significant differences in fluorescence inten-
sities compared with sensitive control strains (Student’s t-test: P < 0.001).
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resistance among the compounds, reduced chitin deposition is expected in suscep-
tible mites treated with the respective compounds. Further, such a reduction should
be absent in resistant mites. To test this, we treated synchronized cultures of suscep-
tible (London) and resistant (HexR) female deutonymphs with hexythiazox and
clofentezine and performed cryo-sectioning and CFW staining as previously
described (Van Leeuwen et al., 2012a). CFW is a fluorescent dye that binds to nas-
cent chitin chains, and thus CFW incorporation into cuticle reflects chitin deposition
(Meissner et al., 2010). The level of CFW staining was significantly reduced in cuti-
cles of susceptible deutonymphs treated with hexythiazox (Fig. III.5A; Student’s t-
test: P < 0.001), a finding identical to that observed previously for etoxazole in an
analogous experiment (Van Leeuwen et al., 2012a). Deutonymphs of resistant mites
treated with hexythiazox showed strong CFW signals in cuticles that were not signif-
icantly different from the untreated control of sensitive mites (Fig. III.5A; Student’s t-
test: P = 0.13).

As opposed to that observed for hexythiazox and etoxazole, treatment of suscep-
tible deutonymphs with clofentezine did not result in significantly reduced chitin lev-
els (Fig. III.5B). These results are consistent with the well-documented specificity of
clofentezine, which acts mainly as an ovicide (Aveyard et al., 1986; Bretschneider
and Nauen, 2008; Bryan et al., 1981). Due to technical reasons, we were unable to
assess chitin deposition in embryos by CFW staining of isolated cuticle sections.
However, we did assess the developmental effects of hexythiazox and clofentezine
on embryos. Both hexythiazox and clofentezine treated eggs developed to the red-
eye stage, but failed to hatch (Fig. III.6). These symptoms are identical to those pre-
viously observed with etoxazole treatment (Van Leeuwen et al., 2012a; Fig. III.6).
Collectively, these results support a shared mode of action for the three compounds
at the one developmental stage (embryos) for which all are effective.

A widely distributed CHS1 variant is associated with clofentezine,
hexythiazox and etoxazole resistance
In earlier work, we identified the amino acid variant I1017F as causal for monogenic,
recessive resistance to etoxazole as it was the only change in CHS1 shared among
unrelated T. urticae strains with high resistance ratios (Van Leeuwen et al., 2012a).
Strain HexR was not included in our earlier study, but it also harbors the I1017F vari-
ant as assessed from aligned Illumina reads (Fig. III.7). The striking similarities in
genetic mapping for resistance to etoxazole, hexythiazox and clofentezine, as well as
the presence of I1017F in HexR, raise the possibility that the same molecular change
underlies target-site resistance to all three acaricides. To assess this possibility, we
determined the toxicity of clofentezine and hexythiazox for four previously reported
etoxazole resistant strains for which only the I1017F variant is universally shared at
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CHS1 (Fig. III.7). These strains, EtoxR, TuSb9, Strain 005R and MR-VL, originate from
continental Europe or Japan (Van Leeuwen et al., 2012a). Each of these etoxazole
resistant strains is also highly resistant to both hexythiazox and clofentezine with
LC50 values exceeding 5000 mg/L (Table III.3).

To further understand the prevalence and geographical distribution of the I1017R
variant, we surveyed by PCR and Sanger sequencing 17 additional strains collected
from Europe and North America. First, we examined a collection of 13 T. urticae

83

TARGET-SITE OF DIVERSE MITE GROWTH INHIBITORS | CHAPTER 3

Table III.3. Toxicity of hexythiazox and clofentezine on strains with the I1017F variant fixed in the popu-
lation and documented high resistance to etoxazole (Van Leeuwen et al., 2012a).
Compound Strain LC50 (mg/L)
Hexythiazox London 1.9

EtoxR >5,000
TuSb9 >5,000
Strain 005R >5,000
MR-VL >5,000

Clofentezine London 1.2
EtoxR >5,000
TuSb9 >5,000
Strain 005R >5,000
MR-VL >5,000

Figure III.6. Embryo development after treatment with clofentezine and etoxazole. Eggs deposited
by treated females develop normally to the red-eye stage (see arrows), but fail to hatch. (A) water-treated control;
(B) treated with etoxazole; (C) treated with hexythiazox; and (D) treated with clofentezine.

PeterDemaeght-chap3_Gerben-chap2.qxd  15/12/2014  10:20  Page 83



strains that were sampled from roses in commercial rose-growing areas across The
Netherlands, and that were analyzed earlier by (Khajehali et al. 2011). Using DNA
samples from these strains previously used for the detection of resistance mutations,
we found that one strain segregated for the I1017F substitution (Table III.4), and that
it was fixed in another strain. Second, in four strains collected from the western
United States, the SNP was present (and fixed) in only a single strain. In combination
with our earlier work (Van Leeuwen et al., 2012a), these data show that the I1017F
variant is broadly distributed, at least in the northern hemisphere, but of moderate
prevalence.
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Figure III.7. Location of the I-to-F mutation associated with etoxazole, hexythiazox and clofen-
tezine resistance. A. Schematic of CHS1 domains from Tetranychus urticae. The I1017F mutation is located
in the last transmembrane helix. LB, lipid bilayer; 5TMS, cluster of five transmembrane segments; and CC, coiled-
coil motif. Rectangular boxes represent trans-membrane domains (Van Leeuwen et al., 2012a). B. The single I-
to-F mutation is universally shared at CHS1 in geographically diverse strains conferring resistance to etoxazole,
hexythiazox and clofentezine (see also Table III.3; Van Leeuwen et al., 2012a).
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Discussion
The compounds clofentezine, hexythiazox and etoxazole are commonly referred to
as ‘mite growth inhibitors’, and grouped together in group 10 of the IRAC mode of
action classification scheme (Nauen et al., 2012). Hexythiazox and clofentezine have
been widely used for decades, while today etoxazole is becoming more important as
an acaricide. Based on data from 2010, hexythiazox and etoxazole are among the
top-10 selling acaricides worldwide (Agrobase, http://www.agrobase-logigram.com).
However, the mode of action of hexythiazox and clofentezine have remained
unknown.

In this study, we identified a T. urticae strain (HexR) harboring recessive, mono-
genic resistance to each of hexythiazox, clofentezine, and etoxazole. As assessed by
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Table III.4. CHS1 haplotypes in 17 strains collected from The Netherlands and western North America. 
Origin Straina CHS1 haplotypesb

The Netherlands 001 TCG ATT
TCA ATT
TCA TTT
TCG TTT

003 TCG ATT
006 TCG ATT
007 TCG ATT

TCA ATT
011 TCG ATT
013 TCG ATT
020 TCG ATT
022 TCG ATT

TCA ATT
025 TCG ATT

TCA ATT
028 TCG ATT

TCA ATT
029 TCG ATT

TCA ATT
032 TCA TTT
033 TCG ATT

Utah, USA WA TCA ATT
GR TCG TTT
GL TCG ATT
JH TCG ATT

aField collected strains from The Netherlands were described in Khajehali et al. (2011). Strains collected from
Utah, USA were initially collected from tomato (WA), maize (GR), cherry (GL), and rose (JH) and were maintained
on bean for DNA collection.
bSix bp sequence for codons 1016 (left) and 1017 (right) in CHS1 are shown. Differences to the strain London
reference sequence (Grbic et al., 2011) are shown in bold, and include a synonymous SNP in codon 1016 and
the previously characterized etoxazole resistance I-to-F variant (Van Leeuwen et al., 2012a) at position 1017 (the
T in first codon position leads to the alternative TTT codon that encodes phenyalanine, gray shading).
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BSA methods applied to a cross with HexR, a single shared resistance factor for all
three compounds was located on scaffold 3, and as revealed with parent of origin
markers, the midpoints of fixation for the HexR specific locus underlying resistances
clustered within a few tens of kb. This level of mapping resolution is remarkable, and
additional studies are needed to determine if our results are representative of other
genomic locations. It should be noted, however, that classic studies with pigmenta-
tion loci in Tetranychus pacificus have suggested that Tetranychus mites have
extraordinarily high levels of recombination genome-wide (Helle and Vanzon, 1970)
(as with traditional genetic mapping, recombination frequency is the major determi-
nant of mapping resolution in BSA approaches). In contrast to our earlier work to
localize etoxazole resistance by BSA in strain EtoxR (Van Leeuwen et al., 2012a), for
the current study we used a single male from strain HexR to found all experimental
populations. As male mites are haploid, they contribute a single haplotype for the
entire genome. This reduced the genetic complexity in our cross, and facilitated the
use of strain-of-origin markers in the BSA approaches we employed. Our findings
thus establish the use of single males to found experimental populations as an
attractive option for BSA studies in mites. This is of particular relevance to potential
genetic studies of polygenic traits, examples of which include many instances of
metabolic pesticide resistance (Li et al., 2007; Van Leeuwen et al., 2010), and pre-
sumably host plant adaptation (Dermauw et al., 2013; Gould, 1979; Jaquiéry et al.,
2012; Sezer and Butlin, 1998; Via, 1990), where locus and allelic heterogeneity can
confound the detection of quantitative trait loci.

In a recent study, we proposed that the target site of etoxazole is CHS1, and that
a single substitution in a transmembrane region confers resistance (Van Leeuwen et
al., 2012a). Our current BSA findings with strain HexR identify the same genomic
region that was previously documented for target-site resistance to etoxazole in
strain EtoxR. In EtoxR, HexR and other strains highly resistant to all three com-
pounds, only a single nonsynonymous variant in CHS1 is shared. This I1017F variant
affects an α-helix in a conserved transmembrane domain that is proposed to be part
of the enzyme’s chitin translocation pore (Merzendorfer, 2013). Therefore, we pro-
pose that etoxazole, clofentezine and hexythiazox all bind to the pore region and
impair chitin translocation. This mechanism would prevent chitin deposition in the
cuticle, which is observed in nymphal stages after administration of etoxazole and
hexythiazox, but not of the ovicide clofentezine, which may be metabolically inacti-
vated more efficiently in larvae and nymphs. Large differences between detoxifying
enzyme activity in the egg versus other developmental stages have been previously
documented for T. urticae (Demaeght et al., 2013). Furthermore, differences in the
reactivity of clofentezine (and its derivative diflovidazin) compared to hexythiazox
and etoxazole are suggested by calculating Fukui functions (Fig. III.8).
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These functions indicate spatial positions where electrophilic attack leads to favor-
able changes in electron density (Beck, 2005). As visualized in Fig. III.8, the maxima
of the Fukui functions of hexythiazox and etoxazole are spread across various struc-
tural features of the molecules, whereas in clofentezine and diflovidazin reactivity is
very much centered to the hetero aromatic 1,2,4,5-tetrazine system. This strongly
suggests that clofentezine and diflovidazin are more prone to oxidative attack.
Secondly, due to the bulky ortho-substituents, the resulting twist of clofentezine and
diflovidazin leads to a pronounced exposure of these reactive features and a very
good accessibility by nucleophilic reaction-partners. In conclusion, the performed
calculations support that clofentezine and diflovidazin are more prone to oxidative
attack than hexythiazox and etoxazole. However, the undeniable influence of quater-
nary structure of oxidative detoxification enzymes such as cytochrome P450s needs
to be considered, and is not taken into account by such calculations. Nonetheless,
empiric data on several insecticides revealed that such pronounced differences are
typically reflected by their respective metabolic stabilities (Jeschke et al., 2013).

The proposed resistance mutation changes a central Ile of the α-helix into an aro-
matic Phe and may block binding of the inhibitors without substantially changing the
overall channel width of the transition pore as etoxazole and hexythiazox resistant
strains deposit chitin at similar levels in their cuticle as evidenced by CFW staining
(see Fig. III.5 and Van Leeuwen et al., 2012a). Other chitin synthesis inhibitors used as
insecticides may also function through transition pore inhibition, such as the ben-
zoylphenyl urea (BPU) compound, diflubenzuron. In line with this assumption, BPU
compounds are proposed to act on a post-catalytic step, which was deduced from
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Figure III.8. Isosurfaces of the Fukui functions for attack by an electrophile as calculated from
density functional theory electron densities. The solid green depicts isolevel 0.05 au, for etoxazole, de S-
isomer is depicted. The maxima of the Fukui function for attack by an electrophile may allow the prediction of sites
of oxidative metabolic. Maxima for hexythiazox and etoxazole are spread across various structural features of the
molecules, whereas in clofentezine and diflovidazin reactivity is centered to the hetero aromatic 1,2,4,5-tetrazine
system, which suggests higher reactivity.
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the observation that they only inhibit chitin synthesis in cell-intact systems but not in
cell-disrupted systems (Merzendorfer, 2006). The behavior of the chitin synthesis
inhibitors suggests that chitin synthesis, translocation and fibrillogenesis are coupled
processes in cell-intact systems and uncoupled processes in cell-disrupted systems,
where inhibition of the translocation pore would not interfere with the polymerization
reaction. Among the BPUs, some compounds such as flucycloxuron and flufenoxuron
have specific acaricidal activity. In support of a shared resistance mechanism
between mite growth inhibitors and BPUs that potentially act through modifications of
a shared target-site is the work of Yamamoto et al. (1995c), where it was shown that
a hexythiazox-selected resistant strain of P. citri was cross-resistant to clofentezine
(>1,600-fold), flufenoxuron and flucycloxuron. Although more than 20 active ingredi-
ents were tested in their study, cross-resistance with other compounds was not
detected and was specific to the mite growth inhibitors and BPUs (Yamamoto et al.,
1995c). Given that the inheritance of hexythiazox resistance in this P. citri strain was
monogenic and recessive (Yamamoto et al., 1995a), as observed in T. urticae in this
study, we hypothesize that a similar target-site mutation, rather than a common
detoxification pathway, underlies cross-resistance. Cross-resistance between
hexythiazox, clofentezine and the BPU flucycloxuron, has also been reported in the
field for P. ulmi (Grosscurt et al., 1994). Together, this suggests that a similar mutation
to that reported here might confer cross-resistance between hexythiazox, clofentezine
and various BPU compounds across different mite species, and may imply a shared
mode action with benzoylphenyl urea compounds. Notably, hexythiazox, diflovidazin,
etoxazole, and flucycloxuron share a halogenated ring structure, which might act as a
structural determinant for binding specificity. As suggested by earlier studies, we note
that BPU compounds may have additional target sites, such as sulfonylurea receptors
(Matsumura, 2009) or other members of the ABC transporter family (Meyer et al.,
2013), although recent evidence reviewed in Dermauw and Van Leeuwen (2014) does
not support this hypothesis.

As revealed by Van Leeuwen et al. (2012a) and by the current study, the I1017F
resistance mutation is broadly distributed across Eurasia and is also present in North
America. The association between the I1017F variant and high-level resistance to
clofentezine and hexythiazox, which have been widely used for decades, may
explain the broad geographical distribution of the I1017F variant. In fact, the pres-
ence of the I1017F variant on diverse CHS1 haplotypes strongly suggests that it has
arisen independently at least twice (Van Leeuwen et al., 2012; Fig. III.7 and Table
III.4). Nevertheless, in field populations the resistance mutation is far from fixed, even
in strains from regions where acaricides are widely used for mite control (Table III.4).
This may suggest that the mutation, which is in one of the most highly conserved
regions of CHS1, has a negative effect on fitness in the field. In support of this, a fit-
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ness cost linked to hexythiazox resistance (with cross-resistance to clofentezine and
flufenoxuron) was previously documented in P. citri (Yamamoto et al., 1995b, 1996).
As mentioned above, inheritance patterns of resistance in this species mirrors that
seen in our etoxazole, clofentezine and hexythiazox resistant lines of T. urticae (Van
Leeuwen et al., 2012a; this study), and might suggest that a similar fitness cost is
linked to the CHS1 variant. Alternatively, resistance to hexythiazox is known to be
polygenic in some T. urticae strains (Asahara et al., 2008), which is indicative of meta-
bolic resistance. If metabolic resistance to hexythiazox and clofentezine is wide-
spread, positive selective pressure on the I1017F target-site mutation may be mod-
est. Collectively, these factors, in isolation or in combination, may explain why
hexythiazox and clofentezine have not become obsolete for mite control, as well as
why etoxazole could be successfully launched for use worldwide. However, historic
selection by older pesticide classes for a target-site mutation in CHS1 that also con-
fers cross-resistance to etoxazole raises the possibility that the efficacy of this newer
and highly potent acaricide may be comparatively short-lived. In this context, and to
minimize the likelihood of further evolution of resistance, the sequential use of
hexythiazox, clofentezine, and etoxazole to control mite populations should be
avoided when implementing resistance management strategies.
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Molecular analysis of resistance to 
acaricidal spirocyclic tetronic acids 
in Tetranychus urticae: CYP392E10
metabolizes spirodiclofen, but not its
corresponding enol

P. Demaeght*, W. Dermauw*, D. Tsakireli, J. Khajehali, R. Nauen, L. Tirry, J. Vontas, P.
Lümmen & T. Van Leeuwen [*contributed equally]

Spirodiclofen is one of the most recently developed acaricides and belongs to the
new family of spirocyclic tetronic acids (ketoenols). This new acaricidal family is an
important chemical tool in resistance management strategies providing sustainable
control of spider mites such as Tetranychus urticae. Spirodiclofen targets lipid
biosynthesis mediated by direct inhibition of acetyl coenzyme A carboxylase
(ACCase). In this study, we investigated two genetically distant spider mite strains
with high resistance to spirodiclofen. Despite the strong resistance levels to spirod-
iclofen (up to 680-fold), only limited cross-resistance with other members of this
group such as spiromesifen and spirotetramat could be detected. Amplification
and sequencing of the ACCase gene from resistant and susceptible strains did not
reveal common non-synonymous mutations, and expression levels of ACCase
were similar in both resistant and susceptible strains, indicating the absence of tar-
get-site resistance. Furthermore, we collected genome-wide expression data of
susceptible and resistant T. urticae strains using microarray technology. Analysis of
differentially expressed genes revealed a broad response, but within the overlap of
two resistant strains, several cytochrome P450s were prominent. Quantitative PCR
confirmed the constitutive over-expression of CYP392E7 and CYP392E10 in
resistant strains, and CYP392E10 expression was highly induced by spirodiclofen.
Furthermore, stage specific expression profiling revealed that expression levels
were not significantly different between developing stages, but very low in eggs,
matching the age-dependent resistance pattern previously observed. Functional
expression of CYP392E7 and CYP392E10 confirmed that CYP392E10 (but not
CYP392E7) metabolizes spirodiclofen by hydroxylation as identified by
LC–MS/MS, and revealed cooperative substrate binding and a Km of 43 μM
spirodiclofen. CYP392E10 also metabolizes spiromesifen, but not spirotetramat.
Surprisingly, no metabolism of the hydrolyzed spirodiclofen-enol metabolite could
be detected. These findings are discussed in the light of a likely resistance mech-
anism.

Insect Biochemistry and Molecular Biology 43: 544-554 (2013)
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The two-spotted spider mite Tetranychus urticae Koch is a highly polyphagous
herbivore and an important pest in agriculture worldwide (Jeppson et al., 1975;

Migeon and Dorkeld, 2013; Van Leeuwen et al., 2010a). Spider mite feeding leads to
browning, reduction in photosynthetic capacity and finally abscission of the leaf
(Cranham and Helle, 1985). Acaricides are of utmost importance in the control of spi-
der mite populations in many crops. However, the frequent application of these
chemicals, combined with the short life cycle and high reproductive potential of spi-
der mites, results in the rapid development of resistance (Van Leeuwen et al., 2008,
2010b). Recently, we collected field strains which proved to be resistant to almost all
commercially available acaricides (Khajehali et al., 2011). Therefore, it is important to
implement resistance management strategies based on sequential applications of
acaricides with different modes of action in order to prevent resistance development
(Nauen et al., 2012).

One of the most recently developed insecticide classes for the control of mites and
sucking pests, are the spirocyclic tetronic/tetramic acid (ketoenol) derivatives (spirod-
iclofen, spiromesifen and spirotetramat) (Fig. IV.1: 1, 4 and 5; Bretschneider et al.,
2007; Nauen et al., 2003, 2008b). The lead compound spirodiclofen was launched in
2002 for the control of economically important mite species belonging to the genera
Tetranychus, Panonychus, Brevipalpus, Phyllocoptruta and Aculus (Wachendorff et
al., 2000), and is currently one of the most widely used acaricides. Spiromesifen dis-
plays good activity both on mites and whiteflies (Kontseclalov et al., 2009; Nauen et
al., 2002). Spirotetramat has systemic properties and can be used to control a broad
range of sucking insect and mite pests (Bruck et al., 2009; Cantoni et al., 2008; Nauen
et al., 2008b). After foliar application, spirotetramat penetrates through the leaf cuti-
cle and is translocated via xylem and phloem as spirotetramat-enol, which is consid-
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Figure IV.1. Chemical structures of the tetronic and tetramic acid substrates used in this study. 
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ered the active metabolite (Bretschneider et al., 2007; Bruck et al., 2009; Fisher and
Weiss, 2008). Whether hydrolysis to the enol-form is needed for toxicity of spirodi-
clofen and spiromesifen has not been documented so far. These compounds are
mainly effective against eggs and all developmental stages of spider mites, with lim-
ited acute toxicity on adults, but with a strong effect on female fecundity and fertility
(Bretschneider et al., 2003; Marcic et al., 2010; Van Pottelberge et al., 2008a, 2009).
Although no detailed biochemical nor molecular studies have been reported on the
mode of action of spirocyclic tetronic acid derivates, they interfere with lipid biosyn-
thesis and are thought to act as inhibitors of acetyl-coenzyme A carboxylase
(ACCase; Bretschneider et al., 2007; Nauen, 2005; Nauen et al., 2003). Representing
a novel mode of action, these compounds show no cross-resistance in spider mite
strains resistant to many currently used acaricides (Konanz and Nauen, 2004; Pree et
al., 2005; Van Leeuwen et al., 2005; Wachendorff et al., 2002), and recent monitoring
programs in Europe have to date not revealed a significant decrease in efficacy (Ilias
et al., 2012; Khajehali et al., 2011; Kramer and Nauen, 2011). However, in the light of
resistance risk assessment, high levels of resistance have been selected in the labo-
ratory in the mites T. urticae and Panonychus ulmi (Kramer and Nauen, 2011; Van
Pottelberge et al., 2008a, 2009). Synergism tests and direct measurements of gener-
al detoxifying enzymes pointed mainly towards metabolic resistance through the
action of P450 mono-oxygenases (P450s) and esterases. In addition, it was shown in
vivo that a T. urticae strain with a 13-fold decrease of spirodiclofen susceptibility,
accumulated higher levels of a hydroxylated metabolite, further supporting an impor-
tant role for P450s (Rauch and Nauen, 2003). However, detailed molecular mecha-
nisms of resistance have not been elucidated so far. Recently, a mutation in the
ACCase gene of the greenhouse white fly Trialeurodes vaporariorum was found and
associated with low levels of spiromesifen resistance, suggesting decreased target-
site sensitivity in this species, although resistance levels were too low to impair field
efficacy at the registered field dose (Karatolos et al., 2012).

In 2011, the genome of T. urticae was completely sequenced and became publicly
available, leading to new possibilities to study resistance mechanisms (Grbic et al.,
2011; Van Leeuwen et al., 2013). Genome-based novel approaches range from the
development of powerful bulk segregant mapping protocols to uncover resistance
genes (Van Leeuwen et al., 2012), to the construction of genome-wide gene expression
microarrays and next generation transcriptome technologies (Dermauw et al., 2013).

In this study, we exploited the genomic information and tools to study the molecu-
lar mechanisms of spirodiclofen resistance using two highly resistant T. urticae strains
with different genetic background. We sequenced and compared the complete
ACCase genes of resistant and susceptible strains, and collected genome wide
expression data to uncover candidate metabolic resistance genes. We finally show in
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this study that a P450, belonging to the CYP392E subfamily, is induced by spirodi-
clofen exposure and is constitutively over-expressed in both spirodiclofen resistant
strains. Functional expression of CYP392E10 confirmed its potential to metabolize
spirodiclofen and spiromesifen, and the main metabolite of spirodiclofen was identified.

Material and methods
Acaricides and chemicals
Spirodiclofen 240 g/L SC (Envidor®), spiromesifen 240 g/L SC (Oberon®) and spirote-
tramat 240 g/L SC (Movento®) were provided by Bayer CropScience (Monheim,
Germany).

Spider mites
LS-VL is a reference laboratory susceptible strain of T. urticae and was collected in
October 2000 from a rose garden near Ghent, Belgium (Van Leeuwen et al., 2005).
The spirodiclofen resistant strain SR-VP was selected from LS-VL, by successive
applications of increasing spirodiclofen concentrations, as described by Van
Pottelberge et al. (2008). SR-VP is maintained on bean plants sprayed with 5000
mg/L spirodiclofen. SR-TK is a field-collected strain from Belgium that showed
decreased spirodiclofen susceptibility upon arrival in the laboratory. The strain was
further selected as described above for SR-VP. The strain is maintained on bean
plants sprayed with 1000 mg/L spirodiclofen. All mite strains were reared on 3-week-
old potted kidney bean (Phaseolus vulgaris L. cv. Prelude) plants in a climatically con-
trolled room at 26 ± 0.5 °C, 60% RH and 16:8 h light:dark photoperiod.

Larval bioassays
Larval bioassays were previously described (Van Pottelberge et al., 2008a). Briefly,
20-30 adult females were transferred to a square kidney bean leaf disc on wet cot-
ton wool and permitted to lay eggs for 8 h after which they were removed. The plates
were transferred to a climatically controlled room at 26 ± 0.5 °C, 60% RH and 16:8
h light:dark photoperiod. After hatching of the larvae, the plates were sprayed with
0.8 mL spray fluid at 1 bar pressure in a Cornelis spray tower (1.5 ± 0.1 mg aqueous
deposit per cm2). Serial dilutions of spirodiclofen, spiromesifen and spirotetramat
were tested in four replicates, including a water sprayed control. Mortality was
assessed after 4 days. Control mortality never exceeded 10%. Lethal concentrations
(LC50, slopes and 95% confidence limits) were calculated using Probit analysis
(POLO, LeOra Software; Preisler and Robertson, 1992). Resistance ratios (RR) were
calculated by dividing the LC50 value of the resistant strain by that of the suscepti-
ble strain.
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Cloning and sequencing of the acetyl-coenzyme A carboxylase
(ACCase) from susceptible and resistant strains
Total RNA was extracted from mass homogenates of T. urticae strains LS-VL, SR-VP
and SR-TK using TRI reagent (Sigma-Aldrich) according to the manufacturer’s
instructions. A quantity of 2 μg total RNA for each sample was reverse transcribed
into cDNA by using the High Fidelity cDNA Synthesis Kit (Roche) and anchored-oligo
(dT) primers. Based on the available genome sequence of T. urticae, a set of primers
was designed to amplify the complete ACCase open reading frame in overlapping
fragments (Table III.1). One μl of cDNA was used as a template for PCR carried out
in a Biometra TProfessional Thermocycler (Biometra). PCR reactions were performed
in 50 μL containing 2 mM MgCl2, 0.2 μM of each primer, 0.2 mM deoxynucleotide
triphosphate (dNTP) mix (Invitrogen), 5 μl 10× PCR-buffer (Invitrogen) and 1 U Taq
DNA polymerase (Invitrogen), under the following conditions: 2 min at 94 °C, 35
cycles of 20 s at 94 °C, 30 s at 54 °C, 90 s at 72 °C and a final extension of 3 min at
72 °C. PCR products were subjected to direct sequencing after purification using
E.Z.N.A. Cycle-Pure Kit (Omega Biotek). To search for possible mutations in the T.
urticae ACCase, the assembled nucleotide and deduced amino acid sequences of
spirodiclofen resistant and susceptible strains were aligned with those of a broad
range of organisms using MUSCLE Edgar, 2004. ACCase nucleotide sequences of T.
urticae strains LS-VL, SR-VP and SR-TK were submitted to the GenBank database
(GenBank accession numbers KC513765, KC513766, KC513767, respectively).

ACCase mRNA and protein levels in susceptible and resistant strains
Levels of ACCase mRNA were measured by comparative quantitative PCR (qPCR)
amplification using isolated RNAs from pools of 300-400 deutonymphs of each T.
urticae strain (SR-TK, SR-VP, LS-VL). Extracted RNAs were treated with Turbo DNase
(Ambion) to remove any genomic DNA contamination, and were consequently used
to make first strand cDNA using oligo-dT primers with Superscript III reverse tran-
scriptase (Invitrogen). Quantitative PCR reactions were performed in triplicate on a
MiniOpticon Two-Color Real-Time PCR Detection System (BioRad) using 30 ng of
cDNA, 0.15 μM primers, and GoTaq qPCR Master Mix (Promega). To amplify the
ACCase gene the primers ACCqpcrF1 and ACCqpcrR1 were used and the ribosomal
protein gene Rp49 was used as the reference gene (Table III.1). A 4-fold dilution
series of pooled cDNA was used to assess the efficiency of the qPCR reaction for
each gene-specific primer pair. A no template control (NTC) was also included to
detect possible contamination. Experiments were performed using three biological
and two technical replicates for each gene. A dissociation curve analysis was per-
formed to check for the presence of a single amplicon. Relative expression levels
were calculated according to Pfaffl (2001). Significant differences in gene expression
were identified by pair-wise fixed reallocation randomization (Pfaffl et al., 2002).
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In addition, Western blotting was used to compare ACCase protein levels in two
susceptible and two resistant strains of T. urticae. From each strain 500 deu-
tonymphs were aspirated and crushed in 100 μL sodium phosphate buffer (0.1 M, pH
7.6) supplemented with protease inhibitors (Halt Protease Inhibitor Cocktail kit,
Pierce) with a motorised Teflon pestle in glass tubes. The homogenate was cen-
trifuged at 10,000× g and 4 °C for 10 min. The resulting supernatant was diluted to
1000 μg protein/mL and used as a protein source. Protein concentration was deter-
mined with a commercially available Coomassie protein assay kit (Perbio Science).
Exactly 10 μg of protein per well was used for gel electrophoresis and Western blot
analysis. Total protein samples were separated with polyacrylamide gel electrophore-
sis using 7% Tris-Acetate precast gels, with native Tris-Acetate running buffer
according the manufacturer instructions. Separated proteins were transferred to a
PVDF membrane and membranes were blocked with 5% non-fat dry milk, and
incubated with Streptavidin−Peroxidase Polymer (Sigma Aldrich) for the visualisation
of biotin-binding proteins according to the manufacturer’s instructions. A protein
standard (SeeBlue® Plus2 Pre-Stained Standard, Invitrogen) was included for esti-
mating molecular weight of the protein.

Table IV.I. Primers used in this study.
Gene Forward (5’-3’) Reverse (5’-3’)

ACCase TurACC3a ATGAGTGGACCAAATTTATCTTCAC GATGAGGTGGACCCATGAAC

amplification TurACC4 CACAAGATCAAGATGCAGCAA GATTCGGGCTGCAATAACAT

TurACC5 GTCAATTTGCCTGCTTGTCA ATATCGCGAGCCATCAATTC

TurACC6 TTCTGGAAGCGGGTTGTATC TGATGGATGTGACGAAGGAA

TurACC7 CCGGGCGTATATTTGCTATG CCTGAAGCAGGATCACGAGT

TurACC8 ATGCCTCTCGTTTGAGGAAA GGAGCGTATGAAAGCCAATC

TurACC9 CACTGAACAAGGTGCTTGGA TTTTTGGTCCGCATAGAACC

TuACC11 TTAACAAAACAACCGATCCTG GATTGTCGAATCACAACTTTGTCC

qPCR Actin GCCATCCTTCGTTTGGATTTGGCT TCTCGGACAATTTCTCGCTCAGCA

Rp49 CTTCAAGCGGCATCAGAGC CGCATCTGACCCTTGAACTTC

Ubiquitin GTCTCCGTGGTGGAATGC TTGGATTTTGGCTTTCACG

ACCase TAACAATGGTAACGTGTCGTGCAAT ACCTTGTTCAGTGATGCATGTCC

CCE04 TGGTAAAGAGCCACGACCTG CCTTTCAATTTAGGAACTTATTCAGAA

LpBLC CGACTTGTTGATAAATTAGGCAAA ACTCCTTGATGGCTGAATCG

HYP GCAAGATGGAATCGGATTGA CGAATGGTTTCATGAGTTGG

CYP392E3 CGTTTACCAATTCGCTACTTTTC TGAATACGAACGGATAACATCAA

CYP392E6 GCTCCGACACCATTTCGTT AATAGTCTGTTTAATTTCCTCCCGTAT

CYP392E8 TTGTGCAACGAGTCCGTAAAC AGCCAACTCCGTCATCTGTT

CYP392E7 CATCGATTAAAAATAATGATTTCACG CTGTATGTTGGTGGGCGATT

CYP392E10 CTCAGCTGAACCAGGGAAAG AACGACTTGAAGCTTAATCAACAC

Bacmids CYP392E7 ATGCTTTTTGAAGGCTGCTG ATCGATGCTCTTGAAAATAAAA

CYP392E10 ATGCGTTTGTTTCTCACACGA ATCAACACTTTTGAATATCAAGTTAGG

E. coli CYP392E10 GCCGGCATGCGTTTGTTTCTCACACGA GAGCTCTTAATCAACACTTTTGAATATCAAGTTAGG

expression CYP392E7 GCCGGCATGCTTTTTGAAGGCTGCT GAGCTCTTAATCGATGCTCTTGAAAATAAA
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Microarray experiments
Gene expression microarray analysis was performed as previously described
Dermauw et al. (2013). Briefly, a custom Sureprint genome wide G3 Gene Expression
8x60K microarray was developed based on the T. urticae gene annotation file of April
18, 2011. The probe design aimed at three probes of 60 nucleotides per gene with a
Tm of 80 °C and parameters set to ‘best probe design’ and ‘3' bias’. The current slide
layout consists of eight arrays per slide, permitting comparison of two treatments
with 4-fold replication on each slide (design ID 028213).

Adult female mites of each strain (SR-VP, SR-TK and LS-VL) were placed on non-
treated bean leaf discs in a petri-dish and allowed to deposit eggs for 8 h, after which
they were removed. Developing mites were collected in the deutonymphal stage for
microarray analysis. Total RNA was extracted from 200 deutonymphs, using the
RNeasy Mini Kit (Qiagen), according to the manufacturer’s recommendations. The
RNA was treated with Turbo DNase (Ambion) to remove genomic DNA contamination.
The quantity and quality of the RNA samples were assessed with the NanoDrop ND-
1000 spectrophotometer (Nanodrop Technologies) and agarose gel analysis. RNA
samples were stored at -80 °C before use. The RNA samples were amplified, labeled
and used in microarray experiments as previously described (Dermauw et al., 2013).
The following hybridization experiments were performed: Cy5-labeled SR-VP
cRNA/Cy3-labeled LS-VL cRNA in triplicate and Cy5-labeled SR-TK cRNA/Cy3-
labeled LS-VL cRNA in duplicate. After hybridization, slides were scanned by an
Agilent Microarray High Resolution Scanner with default settings for 8 × 60K G3
microarrays. Data were then normalized by the Agilent Feature Extraction software
version 10.5 with default parameter settings for gene expression two-color microar-
rays (protocol GE2_105_Dec08) and data was transferred to GeneSpring GX 11.0
software for further statistical evaluation. Experiments were built from these microar-
rays by GeneSpring GX 11.0 and probes were linked to the most recent annotation
file. The microarray data reported in this paper have been deposited in the Gene
Expression Omnibus (GEO) database, www.ncbi.nlm.nih.gov/geo (accession no.
GSE43538).

Microarray validation by quantitative PCR
Microarray data were validated using qPCR. Primers for the genes of interest and a
set of two reference genes (Actin and ribosomal protein gene Rp49) are listed in Table
IV.1. Mite selection, RNA isolation and DNase treatment were performed as
described above. Two μg of total RNA was used to synthesize first strand cDNA
using the Maxima First Strand cDNA kit (Fermentas Life Sciences). The cDNA sam-
ples were diluted 10-fold with ultra-pure water before use. The qPCR reactions were
performed on a Mx3005P qPCR system (Stratagene) using the Maxima SYBR green
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qPCR mastermix with ROX solution (Fermentas Life Sciences) according to the man-
ufacturer’s instructions. Experiments were designed and analyzed as described
above.

Stage-specific expression and induction
To quantify gene expression levels in different life stages of T. urticae, adult females
of SR-VP were placed on spirodiclofen-treated bean leaf discs (5000 mg/L) to
deposit eggs. Approximately 2000 eggs, 1000 larvae, 200 deutonymphs and 100
adults were collected. For the induction experiment, adult mites from SR-VP and LS-
VL were placed on spirodiclofen treated (5000 mg/L) and untreated bean leafs discs
for 48 h. RNA extraction, cDNA synthesis and qPCR conditions were performed as
written above.

Copy number determination
DNA was extracted from pooled homogenized mites as previously described and
genomic DNA (gDNA) was prepared using the chloroform-phenol extraction method
and isopropanol precipitation (Van Leeuwen et al., 2008). The pellet was re-suspend-
ed in 1mM Tris, pH 8.0. DNA was quantified using the NanoDrop ND-1000 spec-
trophotometer (Nanodrop Technologies). Exactly 10 ng of gDNA was used in the
qPCR experiments. Ubiquitin and actin were used as reference genes and primer
sequences are shown in Supplementary Table S1. Quantitative PCR experiments
were performed on a Mx3005p qPCR system (Stratagene), using the Maxima SYBR
Green qPCR Mastermix (Fermentas Life Sciences) as described above. Experiments
were designed, evaluated and analyzed as described above.

Construction of Escherichia coli membranes expressing CYP392E7 and
CYP392E10
Total RNA, cDNA synthesis and PCR conditions for full-length amplification of
CYP392E10 and E7 was performed as described above. Primers introduced an
NgoMIV restriction site before the ATG codon, and a SacI site downstream the stop
codon (Supplementary Table S1). Purified amplicons were bi-directionally cloned in
the pCWompA2 expression plasmids which were provided by Dr Mark Paine
(Liverpool School of Tropical Medicine, UK), as described in Karunker et al. (2009).

Chemically competent E. coli JM109 cells were co-transformed with
pCW_CYP392E10 or with pCW_CYP392E7 plasmids and an expression vector
(pACYC-AgCPR) containing cytochrome P450 reductase from Anopheles gambiae
(AgCPR, GenBank accession number: AY183375) and peIB signal sequence
(McLaughlin et al., 2008). Transformed cells were grown in Terrific Broth (Sigma-
Aldrich) with ampicillin and chloramphenicol selection until the optical density at 595
nm reached an OD >0.8, after which the heme precursor d-aminolevulinic acid was
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added to a final concentration of 1 mM. Induction of expression was initiated with the
addition of isopropyl-1-thio-�-D-galactopyranoside to a final concentration of 1 mM.
Cultures were grown until the appearance of P450s in the CO-reduced spectra of
whole cells (Omura and Sato, 1964). Spheroplasts were prepared by adding TSE
buffer (0.1 M Tris-acetate, pH 7.6, 0.5 M sucrose, 0.5 mM EDTA) containing 0.25
mg/mL lysozyme to the cell pellet and gentle mixing for 60 min at 40 °C. The solu-
tion was centrifuged at 2800× g for 25 min at 40 °C and the spheroplast pellet was
re-suspended in spheroplast resuspension buffer (0.1 M potassium phosphate
buffer, pH 7.6, 6 mM magnesium acetate, 20% glycerol) containing 0.1 mM dithio-
threitol, 1 mM phenylmethanesulfonylfluoride, 1 mg/mL aprotinin and 1mg/mL leu-
peptin. The suspension was sonicated and the membrane fraction was pelleted by
ultracentrifugation at 180,000 g for 1 h, at 40 °C. The resulting membranes were
diluted in TSE buffer and stored at –80 °C until required. P450 content was measured
in reduced samples by CO-difference spectra (Omura and Sato, 1964). The activity
of CPR was estimated by measurements of NADPH-dependent reduction of
cytochrome c at 550 nm (Pritchard et al., 2006) Purified recombinant An. gambiae
cytochrome b5 (AgCytb5, GB AY183376) was prepared as previously described
(Stevenson et al., 2012), using a construct provided by Dr Mark Paine (Liverpool
School of Tropical Medicine, UK).

Construction of recombinant baculovirus
Blunt PCR products were generated using the Expand Long Template PCR system
(Roche) and PCR products were sequenced before cloning (LGC Genomics). The
primers used are listed in Supplementary Table S1. Cloning of blunt PCR products in
a pFASTBAC/CT TOPO vector and subsequent transformation in One-Shot chemi-
cally competent E. coli cells were performed using the Bac-to-Bac TOPO cloning kit
(Invitrogen) according to the manufacturer’s instructions. After ampicillin selection,
several colonies were selected and plasmid DNA was extracted with the Plasmid
Mini Kit (Omega Biotek). To confirm the correct orientation of inserts, PCR analysis
was performed and the correct insertion was verified by PCR. MAX EfficiencyR
DH10Bac™ chemically competent cells were transformed with the purified
pFASTBAC constructs, using the Bac-to-Bac TOPO expression system (Invitrogen).
Recombinant bacmids were purified from bacterial cells by classical plasmid prepa-
ration protocols using the alkaline lysis method (Birnboim and Doly, 1979). To verify
the presence of the correct genes of interest, PCR analysis was performed and the
purified product was sequenced (LGC Genomics) (for primers see Supplementary
Table S1). Recombinant baculoviruses were generated according to the manufactur-
er´s manual (Invitrogen). A baculovirus expressing the Drosophila melanogaster CYP
reductase (CPR) was produced by the same method.
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Expression of CYP392E10 and CYP392E7 in insect cells
Trichoplusia ni cells, BTI-TN-5B1-4 (HighFive, Invitrogen), were co-infected with
recombinant baculoviruses expressing CYP392E10 and CPR at MOI of 1 and 10,
respectively. Cells were grown in serum-free ExpressFive insect cell medium
(Invitrogen) supplemented with 2.5 μg/mL hemin chloride (Sigma-Aldrich). 48 h post
infection the cells were harvested and washed with PBS. After homogenization using
a Dounce homogenizer, membrane fractions (microsomes) were isolated by centrifu-
gation at 105× g (60 min). Sediments were suspended in 100 mM phosphate buffer,
0.1 mM EDTA, 1.0 mM DTT, 5% (vol/vol) glycerol, pH 7.6. Aliquots were frozen in liq-
uid nitrogen and stored at –80 °C.

CYP392E10 activity measurement by HPLC-MS
CYP reactions were performed in 100 μl total volume containing 900 μg/mL micro-
somal protein and 100 μM substrate in phosphate buffer. The NADPH-regenerating
system consisted of 1.0 mM NADP, 20 mM glucose-6-phosphate and 1 U G6P dehy-
drogenase (Sigma-Aldrich). After 90 min incubation at 27 °C, the reaction was
stopped by addition of two volumes of acetonitrile. Samples were centrifuged at
13,000× g for 5 min and the supernatants were directly subjected to HPLC-MS
analysis. Substrates and metabolites were separated on a Suveryor HPLC system
(ThermoFisher Scientific) equipped with a reversed-phase column, Luna C18(2), 50
× 2 mm, 3 μ particle size (Phenomenex), eluted with linear gradients of acetonitrile in
0.1% formic acid at 250 μl/min. Gradient profiles were optimized to achieve suitable
separation of the different analytes. Mass spectrometry was performed on a LTQ
Velos Pro (ThermoFisher Scientific) linear ion trap operated at atmospheric pressure
chemical ionization (APCI) in the negative ion mode. Total ion currents were record-
ed either in full scan or selected ion monitoring (SIM) mode. Pure nitrogen was used
as sheath gas and ultra-pure helium served as the collision gas in the ion trap. The
vaporizer temperature of the APCI probe was set at 340 °C. Metabolites were char-
acterized by measuring their MS/MS higher-energy collisional dissociation (HCD)
fragment spectra.

Results and discussion
Spirodiclofen resistance levels in SR-VP and SR-TK and cross-resistance
pattern
The LC50 values for spirodiclofen, spiromesifen and spirotetramat for all strains under
investigation are depicted in Table IV.2. The reference strain was susceptible to all
compounds, with decreasing LC50 values of 7.4 mg/L for spirodiclofen, 2.2 mg/L for
spiromesifen and 0.67 mg/L for spirotetramat. Strain SR-VP, which was selected out
of the susceptible reference LS-VL, was previously analyzed by Van Pottelberge et
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al. (2008). The reported LC50 value and resistance ratio (RR) determined on larvae,
attained 1343 mg/L and 274-fold in 2008, respectively. Continuous selection of this
strain with spirodiclofen greatly increased resistance levels, as the LC50 value and
RR, as determined in this study, raised to higher than 5,000 mg/L and 680-fold,
respectively (Table IV.2). The SR-TK resistant strain, genetically distant and collected
from the field, attained similar high levels of resistance with an LC50 of >5,000 mg/L
and RR >680. Both strains were investigated for cross-resistance to spiromesifen
and spirotetramat, and although LC50 values clearly increased for both compounds
in both resistant strains, the levels of cross-resistance were fairly low, ranging from
5.7-fold for spiromesifen to 30-fold for spirotetramat in SR-VP. A similar cross-resist-
ance pattern was observed in strain SR-TK, although cross-resistance levels for
spiromesifen were slightly higher (Table IV.2). The observed low cross-resistance
could suggest that a spirodiclofen detoxification pathway at least partly affects all
tetronic/tetramic acid derivatives in T. urticae. Van Pottelberge et al. (2009) previous-
ly reported that in strain SR-VP, cross-resistance was restricted to other tetronic acid
derivates, although a diverse array of compounds were screened from different
chemical families and with different mode of action mechanisms.

Amplification and sequencing of spider mite acetyl-CoA carboxylase in
susceptible and resistant strains and expression analysis
The T. urticae ACCase full length cDNA coding sequence was 6957 bp long with
deduced amino acid sequence of 2318 amino acids (AA), giving an estimated molecu-
lar weight of 261.8 kDa and a predicted iso-electric point of 5.9 (Expasy,
http://web.expasy.org). Comparison of sequences identified after a BlastP search
(Altschul et al., 1997) in the GenBank database, revealed that the translated cDNA
sequence displayed a moderate level of similarity with ACCase of insect species, such
as Pediculus humanus corporis (60%), Acyrthosiphon pisum (60%) and Tribolium cas-
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Table IV.2. Probit mortality data for spirodiclofen, spiromesifen and spirotetramat on the susceptible (LS-VL)
and resistant Tetranychus urticae strains (SR-VP and SR-TK).
Compound Strain LC50 (95% CI) (mg/L) Slope (± SE) χ² (df) RRa

Spirodiclofen LS-VL 7.4 (6.9-7.9) 4.0 (± 0.35) 26 (16)
SR-VP >5,000 >680
SR-TK >5,000 >680

Spiromesifen LS-VL 2.2 (2.0-2.3) 4.4 (± 0.19) 35 (30)
SR-VP 12 (11-14) 5.3 (± 0.58) 22 (15) 5.7
SR-TK 41 (35-49) 1.6 (± 0.089) 35 (21) 19

Spirotetramat LS-VL 0.67 (0.51-0.96) 1.4 (± 0.076) 170 (18)
SR-VP 20 (18-23) 2.1 (± 0.13) 12 (23) 30
SR-TK 13 (6.4-19) 1.4 (± 0.18) 20 (16) 19

aResistance ratio is expressed as the LC50 of the resistant strains divided by LC50 of the susceptible strain.
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taneum (59%). Analysis of the AA sequence with Scan Prosite (http://www.expasy.org/
prosite) revealed the presence of several structural motifs typical of this enzyme (Suppl.
Fig. IV.1). These motifs include: 1) the BCC domain (residues 662-728), which contains
a biotin group covalently linked to a conserved lysine (residue 696); 2) the BC domain
(residues 31-528), that catalyzes the ATP-dependent carboxylation of this biotin group;
and 3) the CT domain (residues 1639- 2143) that catalyzes the transfer of the carboxyl
group from biotin to acetyl-CoA to produce malonyl-CoA. The AA sequence of binding
sites for ATP (residues 220-235), biotin (residues 689-701; biotin at 696), carboxybiotin
(residues 1,615-1,664), and acetyl-CoA (residues 1,918-1,929) were highly conserved
in animals and plants (Suppl. Fig. IV.1). To investigate whether spirodiclofen resistance
could be mediated by target site insensitivity, the T. urticae ACCase gene was com-
pletely sequenced in overlapping fragments in both susceptible and resistant strains.
Comparison of full length nucleotide and AA sequences revealed that, despite of sev-
eral synonymous mutations, no fixed non-synonymous mutations were present in the
resistant strains when compared to susceptible LS-VL. In contrast, resistance to sev-
eral herbicide classes such as the aryloxyphenoxypropionates and cyclohexanediones
that act on the chloroplast ACCase has been linked with a mutation in CT-domain of
this enzyme (Delye et al., 2002). Given the chemical relatedness between the herbi-
cides and spirocyclic tetronic/tetramic acid acaricides and insecticides, it was suggest-
ed that all bind and interact at the same site (Bretschneider et al., 2007), but similar
mutations in the CT-domain have not been reported in arthropods so far. In contrast, a
recent study revealed that a single substitution of glutamic acid to lysine (E645K, T.
vaporariorum numbering) was associated with decreased spiromesifen efficacy in the
greenhouse white fly T. vaporariorum. The substitution, although outside a functional
domain, is at a conserved position amongst insect ACCases and drastically changes
the pKa value of the AA side chain (Karatolos et al., 2012). However, the residue is not
conserved in other eukaryotes, including T. urticae where a glutamine (Q) is present in
all strains we investigated (Suppl. Fig. IV.1). Replacement of an acidic glutamic acid by
the amide glutamine in the spider mite also severely affects the acidity of the side
chain, but obviously without affecting catalysis and inhibition. In this light, it is interest-
ing that the mutation introduces a protein kinase C (PKC) phosphorylation site in white-
flies (SLK-motif; Karatolos et al., 2012) since it was previously suggested that reversible
phosphorylation plays a role in concert with allosteric activation by citrate to regulate
enzyme activity in vitro (Kim et al., 1989; Vaartjes et al., 1987). How the phosphorylat-
ed enzyme could be less sensitive to spiromesifen by allosteric de-inhibition (Karatolos
et al., 2012), without an effect on enzyme activity remains unclear, and needs further
functional validation.

Next to mutations in the target-site, an alteration of the level of target-site proteins
has also been documented as a resistance mechanism (Djogbenou et al., 2008;
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Kwon et al., 2010; Labbe et al., 2007). We could not detect any differences in mRNA
levels of age-synchronized deutonymphs between susceptible and resistant strains
(Fig. IV.2A). In addition, a Western blot assay of total protein extracts from spirodi-
clofen resistant and susceptible deutonymphs using streptavidin-HRP showed no
difference in the biotin-binding protein pattern between strains (Fig. IV.2B). Together,
these results indicate that resistance to spirodiclofen in SR-VP is most likely not due
to an altered expression of ACCase.

Microarray analysis of genome wide differential gene expression pat-
terns between spirodiclofen susceptible and resistant strains
Given the fact that target-site based resistance mechanisms could not be detected
in SR-VP and SR-TK, we looked at genome wide gene expression differences
between resistant and susceptible strains. Since SR-VP is selected out of LS-VL, it
shares a similar genetic background, and the observed differences in gene expres-
sion are most likely a result of spirodiclofen selection. In contrast, the SR-TK strain
is genetically distant as it was collected from the field, but it shares the strong spirod-
iclofen resistant phenotype and a similar cross-resistance pattern. We consider the
overlap in gene expression differences between both strains a powerful approach to
identify potential (detoxification) genes related to resistance, although specific strain-
specific mechanisms can also contribute to resistance. The gene expression
microarray data as discussed below, can be found in Suppl. Table IV.1. Gene expres-
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Figure IV.2. qPCR analysis of ACCase expression in spirodiclofen resistant strains. A. Quantitative
PCR analysis of ACCase expression levels in two spirodiclofen resistant strains (SR-VP and SR-TK), compared to
the susceptible strain (LS-VL). Error bars represent the standard error of the calculated mean based on three bio-
logical replicates. B. Western blot analysis of ACCase protein levels in two susceptible strains (London and LS-
VL) and two spirodiclofen-resistant strains (SR-VP and SR-TK). The blots were probed with Streptavidin-HRP anti-
body.
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sion microarray analysis revealed 546 and 451 differentially expressed genes
between LS-VL and SR-VP and SR-TK, respectively (absolute fold change (FC) ≥ 2,
P < 0.075) (Fig. IV.3A). It is remarkable that despite the different genetic background,
a response of similar extent is observed in both strains, with an overlap of 179 genes.
Moreover, a scatter plot depicting the joint differentially expressed genes shows a
clear correlation of expression levels (Fig. IV.3B) (Pearson’s correlation: r = 0.869; P
< 0.01). Many of the genes identified in either SR-VP or SR-TK belong to recently
uncovered gene families that are associated both with pesticide resistance and host
plant adaptation in T. urticae, ranging from classical detoxification enzymes such as
P450s, carboxylesterases, and glutathione-S-transferases, to major facilitator trans-
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Figure IV.3. Differentially expressed genes in two spirodiclofen resistant Tetranychus urticae
strains (SR-VP, SR-TK) compared to a susceptible strain (LS-VL). A. Venn-diagram depicting overlap of
differentially expressed genes (absolute FC ≥ 2, P < 0.075) in the spirodiclofen-resistant strains (SR-VP and SR-
TK), compared to the susceptible strain (LS-VL). Red: up-regulated genes. Blue: down-regulated genes. B.
Scatter plot depicting shared differentially expressed genes between SR-VP and SR-TK), relative to the suscep-
tible strain LS-VL. Red: key detoxification enzymes, including an esterase, a lipocalin and P450s. Arrows indicate
P450 genes.
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porters, lipocalins and many proteins without homology in current databases (Suppl.
Table IV.1). This further confirms that xenobiotic stress selects for a coordinated and
broad response in spider mites (Dermauw et al., 2013). A subgroup of these identi-
fied genes most likely has a direct effect on binding, transport and metabolism of
spirodiclofen, and the polygenic nature of spirodiclofen resistance was previously
documented by classical genetic crosses (Van Pottelberge et al., 2009). Amongst the
genes in common between strains, we found that carboxyl/cholinesterases,
lipocalins and P450s were highly over-expressed in both resistant strains (Suppl.
Table IV.1). As in vivo and biochemical assays also have pointed towards P450s as a
likely resistance mechanism (Kramer and Nauen, 2011; Rauch and Nauen, 2003; Van
Pottelberge et al., 2009), we studied differentially expressed P450s in both strains
more into detail. In particular, next to the fact that piperonylbutoxide synergizes
spirodiclofen resistance by 3.5-fold, an 11-fold higher general P450 activity was
detected using 7-ethoxy-4-trifluoromethylcoumarin as a model substrate. Moreover,
the level of general P450 activity was correlated with resistance levels after relaxation
of selection pressure (Van Pottelberge et al., 2008a). Of all P450 genes identified in
strains SR-VP and SR-TK, only the probes for tetur27g0240 (CYP fragment) and
tetur27g0350 (CYP392E8) were up-regulated in both resistant strains (Figs. IV.3B and
IV.4). Given the potential cross-hybridization risk between probes matching genes
within highly similar P450 subfamilies in T. urticae, a blastn analysis was conducted
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Figure IV.4. Microarray expression data of P450 genes in two spirodiclofen-resistant strains.
Microarray expression data (FC ≥ 2, P < 0.075) of P450 genes between two spirodiclofen-resistant strains (SR-
VP and SR-TK), relative to the susceptible strain (LS-VL). Arrows indicate shared up-regulated genes.
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of all probes against the complete P450 gene-set. This revealed that probes of
tetur27g0240 and tetur27g0350 matched several P450s within the CYP392E sub-
family, and we consequently further screened members of the 392E family by qPCR
using validated gene specific primers (see Microarray validation and P450 gene iden-
tification).

Microarray validation and P450 gene identification
For general microarray validation, we selected a number of genes belonging to dif-
ferent families with a pronounced changed expression profile in the array for both
strains. Quantitative PCR confirmed the levels of differential expression of an
esterase (tetur01g10750, TuCCE04), a lipocalin (tetur01g05740, ApoD29) and a pro-
tein without homology (tetur06g02270, HYP) (Fig. IV.5). For P450 gene identification,
genes that match with the probes of tetur27g0350 and tetur27g0240 were analyzed
(CYP392E3, CYP392E6, CYP392E7, CYP392E8, CYP392E10) revealing that
CYP392E7 and CYP392E10 were up-regulated and CYP392E3, CYP392E6 and
CYP392E8 were down-regulated in both resistant strains (Fig. IV.5). Although the
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Figure IV.5. Microarray validation with quantitative PCR. Validation was performed for three differential-
ly expressed genes [TuCCE04 (tetur01g10750), ApoD29 (tetur01g05740) and HYP (tetur06g02270)] and five CYP
candidates (CYP392E3, CYP392E6, CYP392E7, CYP392E8 and CYP392E10). Error bars represent the standard
error of the calculated mean based on three biological replicates. Asterisks indicate significantly different expres-
sion values to 1.
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down regulation of CYPs can point towards a potential resistance mechanism, such
as a decrease in oxidative activation, the lack of PBO mediated antagonism in sus-
ceptible strains suggests otherwise (Van Pottelberge et al., 2009). We therefore
focused on the potential role of CYP392E7 and CYP392E10 in spirodiclofen detoxi-
fication in this study.

Expression analysis of CYP392E7 and CYP392E10 in different
Tetranychus urticae life stages and after induction by spirodiclofen
It has been reported that dramatic variations occur in the levels of P450s during the
development of most insects, and levels vary within and between life stages
(Feyereisen, 2012). To investigate the expression of the identified CYP genes in dif-
ferent life stages, a qPCR analysis was performed on cDNA from eggs, larvae,
nymphs and adults of the SR-VP strain. Expression levels of CYP392E7 and
CYP392E10 were not significantly different between developing stages and adults,
but were clearly much lower in the egg stage (Fig. IV.6A). This is remarkable, as it has
been shown for SR-VP that resistance levels are high in developing stages, but
resistance is almost absent in the egg stage (Van Pottelberge et al., 2008a). This was
also observed for spirodiclofen resistance in P. ulmi (Kramer and Nauen, 2011) and
might be related to the low expression levels of a detoxifying gene in this stage.
Stage specific resistance, linked with the activity of P450s, has previously been doc-
umented for neonicotinoid resistance in Bemisia tabaci (Nauen et al., 2008a).
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Figure IV.6. qPCR expression analysis of CYP392E7 and CYP392E10. A. Quantitative PCR analysis of
CYP392E7 and CYP392E10 expression in different life stages, relative to their expression in eggs. B. Induction of
expression levels of CYP392E7 and CYP392E10, 48 h after spirodiclofen treatment compared to the untreated
reference strain (LS-VL). Error bars represent the standard error of the calculated mean based on three biological
replicates. Asterisks indicate significantly different expression values to 1.
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One of the characteristics of P450s, is their ability to be induced by various chem-
icals including pesticides (Feyereisen, 2012). Constitutive over-expression of detoxify-
ing genes is thought to be accompanied by a metabolic cost, and the induction of
these genes is a means to activate gene expression only when it is required (Terriere,
1984). To study the induction of CYP392E7 and CYP392E10, female adults of SR-VP
and LS-VL were placed on treated and non-treated bean leaves for 48 h, creating the
contrasts LS-VL not induced, LS-VL induced, SR-VP not induced and SR-VP induced.
We used the adult life stage since spirodiclofen does not cause acute toxicity in female
adults, which allowed applying the same concentration (5000 mg/L, the concentration
used to maintain SR-VP) on both resistant and susceptible strains. Fig. IV.6B depicts
the fold changes of CYP392E10 and CYP392E7, with LS-VL (not induced) as reference
condition. Although levels of constitutive over-expression were only 6- and 8-fold for
CYP392E10 and CYP392E7, respectively, spirodiclofen strongly induced the expres-
sion of CYP392E10 in both the susceptible (48-fold) and resistant strain (153-fold),
while expression levels of CYP392E7 did not change by spirodiclofen treatment.
Remarkably, the induction of CYP392E10 was much higher (2-fold, random realloca-
tion test) in the resistant strain. Induction of P450s by several xenobiotics was previ-
ously linked to decreased efficacy of several acaricides in T. urticae (Van Pottelberge
et al., 2008b).

Copy number determination of CYP392E7 and CYP392E10 in suscepti-
ble and resistant strains
Given the significant 2-fold higher induction of CYP392E10 in the spirodiclofen resist-
ant SR-VP strain, we investigated whether gene duplication could underlie this phe-
nomenon. Quantitative PCR on genomic DNA of strains LS-VL, SR-VP, SR-TK and the
London strain (used for genome sequencing) did not reveal a difference in copy num-
ber between all strains.

Functional expression of CYP392E10 and CYP392E7 and metabolism of
spirodiclofen, spiromesifen and spirotetramat
The reduced CO-difference spectrum of E. coli membrane preparations indicated
that CYP392E10 and CYP392E7 were expressed predominantly as holoenzymes that
folded properly and incorporated heme bound to the P450 with a thiolate axial lig-
and. The isolated bacterial membranes CYP392E10 contained 0.152 nmole/mg pro-
tein, whereas the P450 reductase activity was 93 nmol cytochrome c/min/mg pro-
tein. The isolated bacterial membranes CYP392E7 contained 0.043 nmole/mg pro-
tein whereas the P450 reductase activity was 80 nmol cytochrome c/min/mg protein.

Both CYP392E7 and CYP392E10 expressed in E. coli and baculovirus-infected
insect cells were tested for metabolism of spirodiclofen. No activity of CYP392E7
was detected using either spirodiclofen, its corresponding enol (Fig. IV.1: 1 and 2), or
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the fluorogenic substrates 7-ethoxycoumarin and 7-ethoxyresorufin. CYP392E10,
however, metabolized spirodiclofen in a NADPH-dependent fashion in both expres-
sion systems, but detailed investigation described below was undertaken with the
baculovirus system only (Fig. IV.7A1). Two metabolites with retention times of 2.8 min
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Figure IV.7. Hydroxylation of spirodiclofen by CYP392E10 expressed in insect cells. A1. The total
ion chromatogram measured in the selected ion mode (solid line) shows two metabolite peaks, M1 and M2, with
a mass increase of 16 relative mass units, [M + 16]-H+. For comparison, the total ion chromatogram of the con-
trol reaction without the NADPH-regenerating system is depicted (dotted line). A2. Mass spectra of the substrate
(spirodiclofen) and the major metabolite, M2, were recorded in the full-scan mode (120 ≤ m/z ≤ 450). B. Fragment
ion spectrum of the major spirodiclofen metabolite, M2. Fragmentation of the molecular ion (not detectable in the
spectrum) was achieved in the higher-energy collisional dissociation mode (HCD). The relative collision energy was
at 55%.
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(M1) and 3.2 min (M2), respectively, were detected by mass spectrometry. Both
metabolites had molecular masses that were increased by 16 relative mass units,
strongly suggesting hydroxylation of the substrate. The minor metabolite M1 (RT =
2.8 min) was probably an M2 isomer as concluded from the almost identical MS/MS
fragmentation pattern. The spirocyclic ring and the branched alkyl chain of the ester
moiety are likely positions where the oxygen is introduced. These hydroxylation posi-
tions were also supported by high scores in the web-based P450 metabolism pre-
diction tool SMARTCyp (Rydberg et al., 2010). The major ion in the full-scan spectra
of spirodiclofen (Fig. IV.7A2) was not the deprotonated molecular ion (m/z = 409), but
a fragment ion in which the ester side chain was already cleaved off, probably due to
thermal degradation during the APCI ionization process (m/z = 311). In the metabo-
lite, this fragment carried the hydroxyl (+ 16 rmu), thereby excluding the possibility of
ester side chain hydroxylation. In conclusion, hydroxylation of the spirocyclic ring is
proposed as the major reaction mechanism of CYP392E10 on the spirodiclofen sub-
strate, confirming older in vivo studies using radiolabeled spirodiclofen (Rauch and
Nauen, 2003). MS/MS fragment spectra (Fig. IV.7B) were recorded to confirm the
structural identity of the major spirodiclofen metabolite. HPLC retention times and
MS/MS spectra were found to be identical to those of a synthetic hydroxylated
spirodiclofen standard (Fig. IV.1: 3).

It should be noted that no metabolites could be detected when the enol of spirod-
iclofen (Fig. IV.1: 2) was used as the substrate in the CYP392E10 reaction, although
we varied assay and analytical conditions systematically (data not shown). This may
result from the different structural and physico-chemical properties of spirodiclofen
and its enol. The enol is much more polar and acidic. It can be speculated that the
ester side chain allows for additional hydrophobic interactions necessary for produc-
tive substrate binding. Interestingly, M2 formation measured as a function of the sub-
strate concentration deviated from the classical hyperbolic Michaelis-Menten kinet-
ics (Fig. IV.8).

The data could be fitted (R2 = 0.98) to the Hill equation, V = Vmax [s]n / Km
n + [s]n,

from which the substrate concentration supporting half-maximal activity, Km, was
calculated as 43.4 ± 2 μM. The Hill coefficient (n = 2.04) indicated cooperative sub-
strate binding, which was observed previously in cytochrome P450 monooxygenase
reactions involved in xenobiotic metabolism (Frank et al., 2009; Roberts et al., 2011;
Sohl et al., 2008). Cooperative substrate binding has only recently been demonstrat-
ed in arthropod P450s so far (Mitchell et al., 2012). Furthermore, the metabolism of
the related tetronic/tetramic acid acaricides, spiromesifen (Fig. IV.1: 4) and spirote-
tramat (Fig. IV.1: 5), was analyzed. A single metabolite A with a retention time of 1.7
min was produced by CYP392E10 (Fig. IV.8A). MS/MS spectra indicated that oxygen
was introduced into the enol part of the molecule (Fig. IV.9B). Potentially, hydroxyla-
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Figure IV.9. Hydroxylation of spiromesifen catalyzed by CYP392E10. A. The reaction was analyzed by
HPLC-MS in full-scan mode (100 ≤ m/z ≤ 450, APCI, negative ion mode). As a control, the total ion chromatogram
of the control reaction without the NADPH-regenerating system is depicted (dotted line). B. APCI-MS/MS (HCD)
spectra of spiromesifen and the metabolite A. Relative energy for collision-induced dissociation (CID) was set at
55%.

Figure IV.8. Kinetic analysis of spirodiclofen hydroxylation catalyzed by CYP392E10 expressed in
insect cells. Formation of the major metabolite M2 was measured by HPLC-MS/MS as a function of the sub-
strate (spirodiclofen) concentration between 0 and 150 μM. Absolute quantification was achieved using a stan-
dard curve of a synthetic standard, 4-hydroxy spirodiclofen enol, which gave the same fragment spectra and co-
elutes with M2. Kinetic parameters were calculated using SigmaPlot 11.0 (Systat Software).
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tion could occur either in the spirocyclic ring or at the methyl substituent’s of the
phenyl ring. A detailed structural analysis of metabolite A was not performed. In con-
trast, metabolism of spirotetramat could not be shown. A possible explanation is that
the likely major hydroxylation position in the spirocyclic ring is blocked by the
methoxy substituent. However, steric effects of the side chain that may prevent pro-
ductive substrate binding cannot be excluded.

If indeed spirodiclofen-enol interacts with ACCase, our data suggests that detoxifi-
cation occurs before spontaneous (or esterase mediated) activation by hydrolysis in the
mite body. Given that spirodiclofen is not systemic and stays on the outer surface lay-
ers of the plant, together with the fact that spider mites are parenchyma cell-content
feeders, detoxification before hydrolysis is biologically relevant. Indeed, the active,
more water soluble, spirodiclofen-enol would probably not penetrate the cuticle of
mites, and is not ingested via cell cytoplasm as would be the case for spirotetramat-
enol. A 90-fold difference in toxicity between spirodiclofen and its enol after contact
exposure supports this hypothesis (Rauch and Nauen, 2003). In a likely resistance
mechanism based on our data, hydroxylation of spirodiclofen (detoxification) upon
entering the mite, would precede the hydrolysis to the active enol. It would be interest-
ing to localize CYP392E10 expression, and investigate whether expression patterns
correspond to tissues aligning the entrance routes of the chemical (epidermis, mid-
gut).

Conclusions
Our study investigates the molecular mechanisms of resistance to spirodiclofen in the
spider mite T. urticae. While target-site resistance could not be detected after com-
plete sequencing of the mite ACCase, genome-wide gene expression microarray
experiments identified a P450 (CYP392E10) that metabolizes spirodiclofen, but not its
corresponding enol. CYP392E10 metabolizes spirodiclofen by hydroxylation of the
spirocyclic ring, and cooperative substrate binding was demonstrated. Further studies
should address in detail the potential role of CYP392E10 in cross-resistance amongst
tetronic acids. Here we report a functionally expressed and active P450 in the highly
polyphagous and resistant mite T. urticae, a representative of chelicerates, a group of
species that diverged ~450 million years ago from other arthropod lineages.

References
Altschul, S.F., Madden, T.L., Schaffer, A.A., et al., 1997. Gapped BLAST and PSI-BLAST: a new generation of

protein database search programs. Nucleic Acids Res. 25, 3389-3402.
Birnboim, H.C., Doly, J., 1979. Rapid alkaline extraction procedure for screening recombinant plasmid.

Nucleic Acids Res. 7, 1513-1523.
Bretschneider, T., Benet-Buchholz, J., Fischer, R., et al., 2003. Spirodiclofen and spiromesifen novel acarici-

dal and insecticidal tetronic acid derivatives with a new mode of action. CHIMIA 57, 697-701.

114

CHAPTER 4 | RESISTANCE TO ACARICIDAL SPIROCYCLIC TETRONIC ACIDS

PeterDemaeght-chap4_Gerben-chap2.qxd  15/12/2014  10:24  Page 114



Bretschneider, T., Fischer, R., Nauen, R., 2007. Inhibitors of lipid synthesis: acetyl-CoA-carboxylase
inhibitors, in: Krämer, W., Schirmer, U. (Eds.), Modern Crop Protection Compounds. Wiley-WCH Verlag,
Weinheim, pp. 909-925.

Bruck, E., Elbert, A., Fischer, R., et al., 2009. Movento®, an innovative ambimobile insecticide for sucking
insect pest control in agriculture: Biological profile and field performance. Crop Prot. 28, 838-844.

Cantoni, A., L. De Maeyer, J. Izquierdo Casas, et al., 2008. Development of Movento® on key pests and
crops in European countries. Bayer CropScience Journal 61, 349-376.

Cranham, J., Helle, W., 1985. Spider Mites: their biology, natural enemies and control. Elsevier, Amsterdam.
Delye, C., Wang, T.Y., Darmency, H., 2002. An isoleucine-leucine substitution in chloroplastic acetyl-CoA car-

boxylase from green foxtail (Setaria viridis L. Beauv.) is responsible for resistance to the cyclohexanedione
herbicide sethoxydim. Planta 214, 421-427.

Dermauw, W., Wybouw, N., Rombauts, S., et al., 2013. A link between host plant adaptation and pesticide
resistance in the polyphagous spider mite Tetranychus urticae. Proc. Natl. Acad. Sci. USA 110, E113-
E122.

Djogbenou, L., Chandre, F., Berthomieu, A., et al., 2008. Evidence of Introgression of the ace-1(R) Mutation
and of the ace-1 Duplication in West African Anopheles gambiae s.s. PLoS One 3, e2172.

Edgar, R.C., 2004. MUSCLE: a multiple sequence alignment method with reduced time and space complex-
ity. BMC Bioinformatics 5, 1-19.

Feyereisen, R., 2012. Insect CYP genes and P450 enzymes, in: Gilbert, L.I. (Ed.), Insect Molecular Biology
and Biochemistry. Academic Press, pp. 236-316.

Fisher, L., Weiss, H.C., 2008. Spirotetramat (Movento®) – discovery, synthesis and physico-chemical prop-
erties. Bayer CropScience Journal 61, 127-140.

Frank, D.J., Denisov, I.G., Sligar, S.G., 2009. Mixing apples and oranges: Analysis of heterotropic cooperativ-
ity in cytochrome P450 3A4. Arch. Biochem. Biophys. 488, 146-152.

Grbic, M., Van Leeuwen, T., Clark, R.M., et al., 2011. The genome of Tetranychus urticae reveals herbivorous
pest adaptations. Nature 479, 487-492.

Ilias, A., Roditakis, E., Grispou, M., et al., 2012. Efficacy of ketoenols on insecticide resistant field populations
of two-spotted spider mite Tetranychus urticae and sweet potato whitefly Bemisia tabaci from Greece.
Crop Prot. 42, 305-311.

Jeppson, L., Keifer, H., Baker, E., 1975. Mites injurious to economic plants. University of California Press,
Berkeley.

Karatolos, N., Williamson, M.S., Denholm, I., et al., 2012. Resistance to spiromesifen in Trialeurodes vaporar-
iorum is associated with a single amino acid replacement in its target enzyme acetyl-coenzyme A car-
boxylase. Insect Mol. Biol. 21, 327-334.

Karunker, I., Morou, E., Nikou, D., et al., 2009. Structural model and functional characterization of the Bemisia
tabaci CYP6CM1vQ, a cytochrome P450 associated with high levels of imidacloprid resistance. Insect
Biochem. Mol. Biol. 39, 697-706.

Khajehali, J., Van Nieuwenhuyse, P., Demaeght, P., et al., 2011. Acaricide resistance and resistance mecha-
nisms in Tetranychus urticae populations from rose greenhouses in the Netherlands. Pest Manag. Sci. 67,
1424-1433.

Kim, U.H., Kim, J.W., Rhee, S.G., 1989. Phosphorylation of phospholipase C-gamma by CAMP-dependent
protein-kinase. J. Biol. Chem. 264, 20167-20170.

Konanz, S., Nauen, R., 2004. Purification and partial characterization of a glutathione S-transferase from the
two-spotted spider mite, Tetranychus urticae. Pest. Biochem. Physiol. 79, 49-57.

Kontseclalov, S., Gottlieb, Y., Ishaaya, I., et al., 2009. Toxicity of spiromesifen to the developmental stages of
Bemisia tabaci biotype B. Pest Manag. Sci. 65, 5-13.

Kramer, T., Nauen, R., 2011. Monitoring of spirodiclofen susceptibility in field populations of European red
mites, Panonychus ulmi (Koch) (Acari: Tetranychidae), and the cross-resistance pattern of a laboratory-
selected strain. Pest Manag. Sci. 67, 1285-1293.

Kwon, D.H., Clark, J.M., Lee, S.H., 2010. Extensive gene duplication of acetylcholinesterase associated with
organophosphate resistance in the two-spotted spider mite. Insect Mol. Biol. 19, 195-204.

115

RESISTANCE TO ACARICIDAL SPIROCYCLIC TETRONIC ACIDS | CHAPTER 4

PeterDemaeght-chap4_Gerben-chap2.qxd  15/12/2014  10:24  Page 115



Labbe, P., Berticat, C., Berthomieu, A., et al., 2007. Forty years of erratic insecticide resistance evolution in
the mosquito Culex pipiens. PLoS Genet. 3, 2190-2199.

Marcic, D., Ogurlic, I., Mutavdzic, S., et al., 2010. The effects of spiromesifen on life history traits and popu-
lation growth of two-spotted spider mite (Acari: Tetranychidae). Exp. Appl. Acarol. 50, 255-267.

McLaughlin, L.A., Niazi, U., Bibby, J., et al., 2008. Characterization of inhibitors and substrates of Anopheles
gambiae CYP6Z2. Insect Mol. Biol. 17, 125-135.

Migeon, A., Dorkeld, F., 2013. Spider mites web: a comprehensive database for the Tetranychidae.
Mitchell, S.N., Stevenson, B.J., Muller, P., et al., 2012. Identification and validation of a gene causing cross-

resistance between insecticide classes in Anopheles gambiae from Ghana. Proc. Natl. Acad. Sci. USA
109, 6147-6152.

Nauen, R., 2005. Spirodiclofen: Mode of action and resistance risk assessment in tetranychid pest mites. J.
Pestic. Sci. 30, 272-274.

Nauen, R., Bielza, P., Denholm, I., et al., 2008a. Age-specific expression of resistance to a neonicotinoid
insecticide in the whitefly Bemisia tabaci. Pest Man. Sci. 64, 1106-1110.

Nauen, R., Bretschneider, T., Bruck, E., et al., 2002. BSN 2060: a novel compound for whitefly and spider mite
control, Bcpc Conference. British Crop Protection Council, Farnham, pp. 39-44.

Nauen, R., Bretschneider, T., Elbert, A., et al., 2003. Spirodiclofen and spiromesifen. Pestic. Outlook 12, 243-
245.

Nauen, R., Elbert, A., McCaffery, A., et al., 2012. IRAC, Insecticide Resistance and Mode of Action
Classification of Insecticides, in: Kraemer, W., Schirmer, U., Jeschke, P. (Eds.), Modern Crop Protection
Compounds, 2nd ed. Wiley-VCH, pp. 935-955.

Nauen, R., Reckmann, U., Thomzik, J., et al., 2008b. Biological profile of spirotetramat (Movento®) – a new
two-way systemic (ambimobile) insecticide against sucking pest species. Bayer CropScience Journal 61,
245-278.

Omura, T., Sato, R., 1964. Carbon monoxide-binding pigment of liver microsomes I: Evidence for its hemo-
protein nature. J. Biol. Chem. 239, 2370-&.

Pfaffl, M.W., 2001. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids
Res. 29, 6.

Pfaffl, M.W., Horgan, G.W., Dempfle, L., 2002. Relative expression software tool (REST (c)) for group-wise
comparison and statistical analysis of relative expression results in real-time PCR. Nucleic Acids Res. 30,
10.

Pree, D.J., Whitty, K.J., Van Driel, L., 2005. Baseline susceptibility and cross resistances of some new acari-
cides in the European red mite, Panonychus ulmi. Exp. Appl. Acarol. 37, 165-171.

Preisler, H.K., Robertson, J.L., 1992. Estimation of treatment efficacy when numbers of test subjects are
unknown. J. Econ. Entomol. 85, 1033-1040.

Pritchard, M.P., Phillips, I.R., Shephard, E.A., et al., 2006. Establishment of Functional Human Cytochrome
P450 Monooxygenase Systems in Escherichia coli, Cytochrome P450 Protocols. Humana Press, pp. 19-
29.

Rauch, N., Nauen, R., 2003. Spirodiclofen resistance risk assessment in Tetranychus urticae (Acari:
Tetranychidae): a biochemical approach. Pest. Biochem. Physiol. 74, 91-101.

Roberts, A.G., Yang, J., Halpert, J.R., et al., 2011. The Structural Basis for Homotropic and Heterotropic
Cooperativity of Midazolam Metabolism by Human Cytochrome P450 3A4. Biochemistry 50, 10804-
10818.

Rydberg, P., Gloriam, D.E., Zaretzki, J., et al., 2010. SMARTCyp: A 2D Method for Prediction of Cytochrome
P450-Mediated Drug Metabolism. ACS Med. Chem. Lett. 1, 96-100.

Sohl, C.D., Isin, E.M., Eoff, R.L., et al., 2008. Cooperativity in oxidation reactions catalyzed by cytochrome
P450 1A2 – Highly cooperative pyrene hydroxylation and multiphasic kinetics of ligand binding. J. Biol.
Chem. 283, 7293-7308.

Stevenson, B.J., Pignatelli, P., Nikou, D., et al., 2012. Pinpointing P450s Associated with Pyrethroid
Metabolism in the Dengue Vector, Aedes aegypti: Developing New Tools to Combat Insecticide
Resistance. Plos Neglect. Trop. Dis. 6, 8.

116

CHAPTER 4 | RESISTANCE TO ACARICIDAL SPIROCYCLIC TETRONIC ACIDS

PeterDemaeght-chap4_Gerben-chap2.qxd  15/12/2014  10:24  Page 116



Terriere, L.C., 1984. Induction of detoxification enzymes in insects. Annu. Rev. Entomol. 29, 71-88.
Vaartjes, W.J., Dehaas, C.G.M., Geelen, M.J.H., et al., 1987. Stimulation by an tumor-promoting phorbol ester

of acetyl-CoA carboxylase activity in isolated rat hepatocytes. ACS Med. Chem. Lett. 142, 135-140.
Van Leeuwen, T., Demaeght, P., Osborne, E.J., et al., 2012. Population bulk segregant mapping uncovers

resistance mutations and the mode of action of a chitin synthesis inhibitor in arthropods. Proc. Natl. Acad.
Sci. USA 109, 4407-4412.

Van Leeuwen, T., Dermauw, W., Grbic, M., et al., 2013. Spider mite control and resistance management: does
a genome help? Pest Manag. Sci. 69, 156-159.

Van Leeuwen, T., Van Pottelberge, S., Tirry, L., 2005. Comparative acaricide susceptibility and detoxifying
enzyme activities in field-collected resistant and susceptible strains of Tetranychus urticae. Pest
Management Science 61, 499-507.

Van Leeuwen, T., Vanholme, B., Van Pottelberge, S., et al., 2008. Mitochondrial heteroplasmy and the evolu-
tion of insecticide resistance: Non-Mendelian inheritance in action. Proc. Natl. Acad. Sci. USA 105, 5980-
5985.

Van Leeuwen, T., Vontas, J., Tsagkarakou, A., et al., 2010a. Acaricide resistance mechanisms in the two-spot-
ted spider mite Tetranychus urticae and other important Acari: A review. Insect Biochem. Mol. Biol. 40,
563-572.

Van Pottelberge, S., Khajehali, J., Van Leeuwen, T., et al., 2008a. Effects of spirodiclofen on reproduction in
a susceptible and resistant strain of Tetranychus urticae (Acari: Tetranychidae). Exp. Appl. Acarol. 47, 301-
309.

Van Pottelberge, S., Van Leeuwen, T., Khajehali, J., et al., 2009. Genetic and biochemical analysis of a labo-
ratory-selected spirodiclofen-resistant strain of Tetranychus urticae Koch (Acari: Tetranychidae). Pest
Manag. Sci. 65, 358-366.

Van Pottelberge, S., Van Leeuwen, T., Van Amermaet, K., et al., 2008b. Induction of cytochrome P450
monooxygenase activity in the two-spotted spider mite Tetranychus urticae and its influence on acaricide
toxicity. Pest Biochem. Physiol 91, 128-133.

Wachendorff, U., Bruck, E., Elbert, A., et al., 2000. BAJ2740, a novel broad spectrum acaricide, Bcpc
Conference: Pests & Diseases 2000, Vols 1-3, Proceedings, pp. 53-58.

Wachendorff, U., Nauen, R., Schnorbach, H.J., et al., 2002. The biological profile of Spirodiclofen (Envidor®)-
A new selective tetronic acid acaricide. Pflanzenschutz Nachrichten Bayer (Alemania) 55, 149-176.

Supplementary Figure IV.1. Multiple amino acid alignment of ACCases from 16 different species.
ACCase protein sequences were aligned using MUSCLE (Edgar, 2004). Abbreviations: Tu, Tetranychus urticae
(strain LS-VL, SR-TK and SR-VP), Pc, Panonychus citri, Rp, Rhipicephalus pulchellus (JAA63507.1), Dm,
Drosophila melanogaster (NP_610342.1), Tc, Tribolium castaneum (XP_969851.2), Bt, Bombus terrestris
(XP_003399891.1), Tv, Trialeurodes vaporarorium (Karatolos et al., 2012), Dp, Daphnia pulex (EFX86656.1), Hs,
Homo sapiens (NP_942131.1), Ce, Caenorhabditis elegans (NP_001022400), Bm, Brugia malayi
(XP_001899464.1), An, Aspergillus nidulans (XP_663730.1), Td, Torulaspora delbrueckii (XP_003679269.1), Zm,
Zea mays (AAA80214.1), Am, Alopecurus myosuroides (CAC84161.1) and At, Arabidopsis thaliana
(AAC41645.1). The E645K substitution reported by Karatolos et al. (2012) is marked with an asterisk.

Supplementary Table IV.1. Differentially expressed genes (FC ≥ 2, P < 0.075) in two resistant
strains (SR-VP, SR-TK) compared to a susceptible strain (LS-VL).

These supplementary data can be found at http://dx.doi.org/10.1016/j.ibmb.2013.03.007
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An alternative allele of carboxyl/choline
esterase-4 (CCE04) of Tetranychus
urticae is associated with high levels of
resistance to spirodiclofen

P. Demaeght, L. Grigoraki, W. Dermauw, L. Swevers, J. Vontas, L. Tirry, T. Van
Leeuwen

To be submitted for publication

Acaricides have been used intensively in the past 60 years to control spider mites
worldwide. This has resulted in wide-spread resistance to compounds with dif-

ferent mode of actions. Although biological control of spider mites has been suc-
cessfully implemented, mainly in protected crops, many cropping systems still heav-
ily depend on chemical control (Van Leeuwen et al., 2010). Therefore, adding com-
pounds with a new mode of action showing no cross-resistance to currently
employed chemistry, is of crucial importance. The spirocyclic tetronic acid deriva-
tives (keto-enols) such as spirodiclofen and spiromesifen are amongst the most
recently introduced compounds for mite control (Bretschneider et al., 2007) with an
activity spectrum including genera such as Tetranychus, Panonychus, Brevipalpus,
Phyllocoptruta and Aculus (Wachendorff et al., 2000). These acaricides are inhibitors
of Acetyl-coenzyme A carboxylase (ACCase, EC 6.4.1.2), an enzyme essential in lipid
synthesis. ACCase catalyzes the first committed and rate-limiting step in the biosyn-
thesis of fatty acids, the carboxylation of acetyl-CoA to malonyl-CoA. Catalysis is
biotin-dependent and proceeds through two separate half-reactions: first biotin is
carboxylated by biotincarboxylase to carboxybiotin after which the carboxyl group is
transfered carboxyltransferase from carboxybiotin to the acyl-CoA acceptor (Fig.
V.1). Tetronic acids specifically interfere with the carboxyltransferase partial reaction
where they act as competitive inhibitors of acetyl CoA and uncompetitive inhibitors
with regard to the biotin carboxylase substrate ATP (Lümmen et al., 2014).

Although no spirodiclofen resistance problems have been reported in field strains
so far (Ilias et al., 2012; Khajehali et al., 2011; Kramer and Nauen, 2011), high levels
of resistance have been selected in the laboratory, using genetically distinct strains
(Kramer and Nauen, 2011; Van Pottelberge et al., 2009). Analysis of the genetics of
spirodiclofen resistance revealed that resistance was conferred by several factors
(Van Pottelberge et al., 2009), but target-site resistance could not be detected
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(Demaeght et al., 2013; Chapter IV). A genome wide gene expression analysis of two
laboratory selected spirodiclofen resistant spider mite strains also revealed that sev-
eral factors might contribute to resistance, including many detoxifying enzymes. In a
previous study, it was shown that several cytochrome P450 mono-oxygenases
(P450s) were overexpressed in both resistant strains, and functional expression
revealed that the P450 CYP392E10 metabolizes spirodiclofen, but not its correspon-
ding enol (Demaeght et al., 2013; Chapter IV).

In this study, we focus on the role of an additional mechanism in spirodiclofen
resistance, more specifically the involvement of carboxyl/choline esterases (CCEs),
for the following reasons: (1) classical genetics revealed that resistance was not con-
trolled by a single gene and suggested that additional mechanisms next to P450
metabolism are highly likely, (2) synergism experiments have previously pointed out
the involvement of not only P450s but also CCEs, which was confirmed by enzymat-
ic assays (Nauen, 2005; Rauch and Nauen, 2002; Van Pottelberge et al., 2009) and
(3) microarray analysis revealed that a single CCE was highly overexpressed in the
two genetically distinct spider mite strains (Demaeght et al., 2013; Chapter IV).

Together with P450s and glutathione-S-transferases (GSTs), CCEs are involved in
conferring metabolic resistance to some of the major classes of insecticides
(Feyereisen, 1995; Li et al., 2007; Van Leeuwen et al., 2010). CCE-mediated resist-
ance has been reported for more than 30 veterinary, medicinal and agricultural pests
and CCEs are frequently implicated in resistance to organophosphates (OPs), carba-
mates and pyrethroids (Devorshak and Roe, 1998; Hemingway and Karunaratne,
1998; Oakeshott et al., 2005; Wheelock et al., 2005). Esterases are a large, heteroge-
nous group of enzymes that hydrolyze endogenous and exogenous ester com-
pounds (Devorshak and Roe, 1998; Feyereisen, 1995). Traditionally, they have been
classified, since the early work of Aldridge and colleagues (Aldridge, 1953; Aldridge
and Reiner, 1972), in three groups (A-esterases, B-esterases, C-esterases) based on
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Figure V.1. Reaction scheme including the two partial reactions of ACC, the ATP-dependent biotin carboxy-
lation, and the carboxyl transfer to acetyl-CoA to form malonyl-CoA. Redrafted from Lümmen et al. (2014).
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their interaction with organophosphate compounds and other inhibitors. A-esterases
(arylesterases) are not inhibited by OPs such as paraoxon, but are inhibited by p-
chloromercuribenzoate (PCMB). They act primarily on compounds with aryl groups,
and are reported to hydrolyse OPs. B-esterases (aliesterases) are inhibited by OPs
but not by PCMB and are most active on esters with aliphatic side chains. C-esteras-
es are specific for acetic esters and do not interact with substrates or inhibitors of A-
and B-esterases (Devorshak and Roe, 1998).

However, this classification, although convenient, is not always straightforward, as
the inhibition pattern of A- and B-esterases does not always correspond to substrate
preferences described above, and single point mutations can convert a B-esterase
into an A-esterase. It is since long widely recognized that esterase nomenclature
should be revised, and attempts to classify esterases based on sequence similarity
(e.g., by Pfam ID) and thorough phylogenetic analysis are ongoing (Oakeshott et al.,
2005; Teese et al., 2010; Yu et al., 2009)

With the exception of acetylcholinesterase (AChE), the target-site of OPs, most
esterases characterized so far in resistant of insects, mites and ticks, belong to B-
type esterases, more specific to the carboxyl/cholinesterase (CCE) multigene family
as defined by Oakeshott and colleagues (Oakeshott et al., 2005). They belong to the
larger group of α/β hydrolase fold enzymes and hydrolyze their substrate by a two-
step reaction involving a conserved catalytic triad containing Ser, His and Glu/Asp.
Sequencing of insect genomes revealed the existence of multiple CCEs with widely
divergent sequences: there can be as little as 20% amino acid identity between dis-
tant members of the same family (Oakeshott et al., 2005). The phylogeny of insect
CCEs has been partitioned into 14 clades (denoted A to N; Fig. V.7). These clades
can generally be divided in three groups based on catalytic activity and (sub)cellular
localization. One group (A-C) contains catalytically competent, generally intracellular
enzymes with a broad substrate specificity and more dietary and detoxification func-
tions. The next group (D to H) contains mostly secreted and catalytically competent
enzymes, including hormone and pheromone CCEs. The oldest group (clades I to N)
contains secreted enzymes that are membrane associated and of which the majori-
ty is involved in neurodevelopmental processes. They are all catalytically incompe-
tent, except for one clade: the acetylcholinesterases (AChE). Mutant enzymes con-
ferring insecticide resistance can belong to all three groups (Claudianos et al., 2006;
Oakeshott et al., 2005).

CCEs can play a role in resistance through two main mechanisms: sequestration
and metabolism (Devorshak and Roe, 1998; Hemingway, 2000; Oakeshott et al.,
2005). In the case of sequestration, the CCE will bind with the insecticide and act as
a ‘sink’, thereby reducing the availability at the insecticide target site (Devorshak and
Roe, 1998; Oakeshott et al., 2005). CCEs involved in such type of resistance have a
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poor metabolic activity against the insecticide, but they are produced in such large
quantities that they are able to remove the insecticide from its target (Devorshak and
Roe, 1998). In the best studied cases (aphids and mosquitos), gene amplification or
duplication have been reported as the main mechanisms behind overexpression
(Bass and Field, 2011; Li et al., 2007; Wheelock et al., 2005). Esterases can also
directly metabolize insecticides, as is fairly well documented for OPs and
pyrethroids. Point mutations have been described that alter the catalytic properties
of the enzymes, enhancing the capability of insecticide metabolism (Campbell et al.,
1998; Claudianos et al., 1999; Wheelock et al., 2005)

With the exception of AChEs, CCEs have been only indirectly implicated in resist-
ance of T. urticae to various acaricides, e.g., bifenthrin and chlorfenapyr, and detailed
molecular evidence has been lacking (Van Leeuwen et al., 2004; Van Leeuwen and
Tirry, 2007). The potential involvement of CCEs in T. urticae resistance to spirodi-
clofen was first proposed in a study by Rauch and Nauen (2002). In their study, radio-
labelled spirodiclofen was used to treat spider mites, which revealed that the
hydrolyzed compound (spirodiclofen-enol, see Fig. V.2.) was formed at a higher rate
in the resistant line. However, it is now suspected that hydrolysis by CCEs activates
the compound to its active toxophore, as is clearly the case for spirotetramat-enol,
where this activation is also responsible for the excellent systemic properties in con-
trolling sucking pests (Brueck et al., 2009).

Materials and methods
Acaricides
Spirodiclofen (Envidor, 240 g/L) was provided for by Bayer Cropscience (Monheim,
Germany).

Spider mites
The London strain is a reference susceptible laboratory strain and was used for
sequencing the complete T. urticae genome (Grbic et al., 2011). Strain LS-VL origi-
nates from a rose garden near Ghent (Belgium) and is susceptible to most currently

Figure V.2. Ester hydrolysis of spirodiclofen to spirodiclofen-enol, the presumed active principle of the
compound.
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available acaricides (Van Leeuwen et al., 2004). The spirodiclofen resistant strains
SR-VP and SR-TK are maintained on bean plants sprayed with 5000 and 1000 mg/L
spirodiclofen, respectively. SR-VP was selected out of LS-VL following successive
applications of spirodiclofen (as described in Van Pottelberge et al., 2009). SR-TK is
a field-collected strain from Belgium which was further selected with spirodiclofen as
described in Kramer et al. (2011). All strains are maintained on 3-week-old potted
kidney beans plants (Phaseolus vulgaris L. cv. Prelude) in a climatically controlled
room at 26 ± 0.5 °C, 60% RH and a 16h photoperiod.

Microarray validation by quantitative PCR
Gene expression microarray data (Chapter IV) was validated using quantitative PCR.
Primers for the gene of interest and a set of two reference genes [Actin
(tetur03g09480) and ribosomal protein gene Rp49 (tetur18g03590)] are listed in Table
V.1. Total RNA was extracted from approximately 200 deutonymphs of each strain
(LS-VL, SR-VP and SR-TK), using the RNeasy Mini Kit (Qiagen), according to the
manufacturer’s instructions. The RNA was treated with Turbo DNase (Ambion) to
remove genomic DNA contamination. The quantity and quality of the RNA samples
were assessed with the NanoDrop ND-1000 spectrophotometer (Nanodrop
Technologies) and agarose gel analysis. RNA samples were stored at -80 °C before
use. Two μg of total RNA was used to synthesize first strand cDNA using the Maxima
First Strand cDNA kit (Fermentas Life Sciences). The cDNA samples were diluted 10-
fold with ultrapure water before use. The qPCR reactions were performed on a
Mx3005P qPCR system (Stratagene) using the Maxima SYBR green qPCR master-
mix with ROX solution (Fermentas Life Sciences) according to the manufacturer’s
instructions. A 4-fold dilution series of pooled cDNA was used to evaluate the
efficiency of the qPCR reaction for the gene-specific primer pair. A no template con-
trol (NTC) was also included to detect possible contamination. Experiments were
performed using three biological and two technical replicates for each gene. A dis-
sociation curve analysis was performed to check for the presence of a single ampli-
con. Relative expression levels were calculated according to Pfaffl (Pfaffl et al., 2002).
Signiûcant differences in gene expression were identified by pair-wise fixed realloca-
tion randomization (Pfaffl et al., 2002).

Separation of esterases using isoelectric focusing (IEF)
Approximately 300 female adults were homogenized in 400 μl sodium phosphate
buffer (0.1 M, pH 7.0) and centrifuged for 10 min at full speed. After collecting the
supernatant, samples were diluted to obtain a concentration of 2 μg/μL protein. IEF
was conducted using the XCell SureLock Mini-Cell (Invitrogen) using Novex pH 3-7
IEF protein gels (1.0 mm, Invitrogen). Approximately 12 μg of protein was loaded into
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each well. Gels were run according to the manufacturer’s instructions at 100 V for 1
h, 200 V for 1 h and 500 V for 30 min at 4 °C. Esterases were visualized according to
Van Leeuwen et al. (2005). Briefly, after electrophoresis, gels were washed in 50 mL
deionized water, after which 50 mL of sodium phosphate buffer (0.1 M, pH 7) was
added. Next, the gel was incubated at 30 °C in the dark, after adding 4 mL of a 10
g/L 1-naphthyl-acetate mixture in 100 mL acetone-deionized water (1:1 volume) with
80 mg of Fast Blue RR salt to visualize the esterases. After 20 min incubation with
continuous shaking, the gels were rinsed with 10% acetic acid solution to remove
excess staining and fixed in a mixture of 30 mL/L methanol, acetic acid 10 mL/L and
glycerine 10 mL/L in deionized water.

Random amplification of cDNA ends (RACE) of the resistant CCE04
gene and subsequent cloning and sequencing
Total RNA was isolated using the RNeasy Mini kit (Qiagen) according to the manufac-
turer’s instructions. First strand cDNA was synthesized from total RNA, using the
SMARTer®RACE cDNA amplification kit according to the manufacturer’s instructions
(ClonTech; Table V.1). First, the 5’-CDS primer A (provided by kit) and total RNA are
combined, mixed and first incubated at 72 °C for 3 min, followed by 2 min at 42 °C
and centrifugation for 10s at 14,000× g. One μl of the SMARTer II A oligonucleotide is
added to the sample. Next, 5× First-Strand buffer, dNTP’s (10 mM), DTT (20 mM),
RNAse inhibitor (40U/μl) and SMARTScribe reverse transcriptase (100U) are added to
the denatured RNA and incubated at 42 °C for 90 min, followed by 10 min at 70 °C to
terminate the reaction. cDNA samples were diluted with Tricine-EDTA buffer. PCR
amplification was performed on newly synthesized cDNA with the expand long range

Table V.1. Primers used in this study. X = undisclosed base; N = A,C,G or T; V = A,G or C
Forward (5’-3’) Reverse (5’-3’)

qPCR Actin GCCATCCTTCGTTTGGATTTGGCT TCTCGGACAATTTCTCGCTCAGCA

Rp49 CTTCAAGCGGCATCAGAGC CGCATCTGACCCTTGAACTTC

Ubiquitin GTCTCCGTGGTGGAATGC TTGGATTTTGGCTTTCACG

CCE04-3’end CCGACGGAAGTACCTTTCAA CAACACAGGCCAATCATCA

CCE04-inprobe TGGTAAAGAGGCACGACCTG CCTTTCAATTTAGGAACTTATTCAGAA

CCE05 TCGGAAAAGGTGATTTCGAC AATCGGTGGTGCGCATCTTACC

CCE12 CCGACTAACAATTTCGTTTCAA TCAAATGATAAGTATAATGCAAGAACA

Allele- CCE04_SRVP-specific GCCTTCTTCGGTGGTGAC GATAGAGACTCCACTGACTAACCACA

specific CCE04_LON-specific CATTGAAGACGCATCAGTCAG CCAAATCGTGTTCAAGTATAGCC

RACE SMARTer II A oligonucleotide AAGCAGTGGTATCAACGCAGAGTACXXXXX

CDS Primer A (T)25VN

5-CCE04 CTTCCGTCGGCTTAGACATGAATGG

5n-CCE04 GACCACCAGGTCGTGCCTCTTTACC

pJET1.2 CGACTCACTATAGGGAGAGCGGC AAGAACATCGATTTTCCATGGCAG

RFLP ATGCCTTCGAATTTGATTTTAATAC TGAAAAGTTGAACAAGTGGCATT
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dNTPack (Roche) in a Biometra TProfessional Thermocycler (Biometra). PCR reactions
were performed in 50 μl, containing 5x Expand Long Range buffer (with 12.5 mM
MgCl2), 0.5 mM dNTP mix, 0.3 μM of each primer (5-CCE04 and 5n-CCE04), 1 μl of
template and 3.5U Expand Long Range enzyme mix. PCR reactions were performed
under the following conditions: initial denaturation step of 2 min at 92 °C; 10 cycles of
10 s at 92 °C, 10 s at 55 °C and 30 s at 68 °C; 25 cycles of 10 s at 92 °C, 15 s at 55
°C and 30 s (adding 20 s to each successive cycle) at 68 °C; followed by a final elon-
gation step of 5 min at 68 °C. PCR products were purified using the E.Z.N.A. Cycle
Pure kit (Omega Biotek) and subsequently ligated in a pJET1.2 vector using the
CloneJET PCR cloning kit (Thermo Scientific) and transformed into chemically compe-
tent E. coli cells, according to the manufacturer’s instructions. Plasmid DNA was
extracted from overnight bacterial cultures using the E.Z.N.A. Plasmid Mini kit (Omega
Biotek) and send for sequencing with the pJET forward and reverse primers (Table V.1).

Stage-specific expression, induction and copy number determination
To quantify gene expression levels in different life stages of T. urticae, adult females
of SR-VP were placed on spirodiclofen-treated bean leaf discs (5000 mg/L) to
deposit eggs. The plates were transferred to a climatically controlled room at 26 ±
0.5 °C, 60% RH and 16:8 h light:dark photoperiod. Approximately 2000 eggs, 1000
larvae, 200 deutonymphs and 100 adults were collected. For the induction experi-
ment, adult mites from SR-VP and LS-VL were placed on spirodiclofen treated (5000
mg/L) and untreated bean leafs discs for 48 h, creating the following contrasts: LS-
VL not-induced, LS-VL induced, SR-VP not-induced and SR-VP induced. RNA
extraction, cDNA synthesis and qPCR conditions were performed as written above.

To determine gene copy number, pooled adult mites were homogenized in 800 μl
SDS buffer (2% SDS, 200 mM Tris-HCl, 400 mM NaCl, 10 mM EDTA, pH = 8.33), fol-
lowed by DNA extraction using the phenol-chloroform method (Sambrook et al.,
2001). Before extraction, homogenates were treated with proteinase K (20 mg/mL)
and RNase A (10 mg/mL). DNA was precipitated with isopropanol and the DNA pel-
let was washed with 70% cold ethanol, after which it was re-suspended in 1mM Tris,
pH 8.0. DNA was quantified using the NanoDrop ND-1000 spectrophotometer
(Nanodrop Technologies). Exactly 10 ng of gDNA was used in the qPCR experiments.
Ubiquitin (tetur03g06910) and actin were used as reference genes and primer
sequences are shown in Table V.1.

Restriction fragment length polymorphism (RFLP) on genomic DNA of
pooled and single mites samples
Approximately 300 adult females from resistant and susceptible strains were collect-
ed and homogenized in 800 μl SDS buffer (2% SDS, 200 mM Tris-HCl, 400 mM NaCl,
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10 mM EDTA, pH = 8.33), followed by DNA extraction using the phenol-chloroform
method (Sambrook et al., 2001) as described above. PCR reactions were carried out
in a Biometra Tprofessional thermocycler (Biometra) using 1 μl DNA as template. A
pair of primers were designed to amplify a fragment of the CCE04 gene and are list-
ed in table V.1. Reactions were performed in 50 μl, containing 20 mM MgCl2, 10×
PCR buffer, 0.2 mM dNTP mix, 1 U taq polymerase (Invitrogen) and 0.2 μM of each
primer. PCR conditions were as followed: 2 min at 94 °C; 35 cycles of 20s at 94 °C,
30 s at 56 °C and 30 s at 72 °C; and a final extension step of 5 min at 72 °C. PCR
products were purified with the E.Z.N.A. Cycle Pure kit (Omega Biotek), followed by
Nanodrop quantification (Nanodrop technologies). RFLP was performed on ~200 ng
PCR product with 1 μl BamH1 (New England Biolabs), 2 μl NEBuffer and 2 μl BSA.
The mixture was incubated at 37 °C for 1 h and results were analyzed with polyacry-
lamide (2%) gel electrophoresis. For single mite analysis, males were homogenized
in 20 μl buffer (10 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA) and 2 μl proteinase K (10
mg/mL) to extract DNA. Samples were incubated in a warm water bath at 37 °C for
30 min, followed by 5 min at 95 °C to deactivate proteinase K. PCR reactions and
RFLP analysis were performed as written above.

Functional expression studies
CCE04 alleles were cloned in the pJET1.2/blunt vector using the CloneJet PCR
Cloning kit (Thermo Scientific), according to the manufacturer’s instructions. Plasmid
DNA was extracted using the Plasmid Mini kit (Omega Biotek). CCE04 esterases that
contain full-length ORF’s (including signal peptide) from the susceptible (LS-VL) and
the resistant strain (SR-VP) were amplified from available clones, using the primers
5’-AATTAGATCTCAACATGCCTT-CGAATTTGATTTTAATAC-3’ and 5’-AATTAGATC-
TAATTGTTATGTCGTATTCAAAAAGTTT-3’. The forward primer is characterized by a
Bgl II cloning site (AGATCT, in italic) and a Kozak sequence prior to the start codon
(CAAC). The forward primer is designed so that the last codon of CCE04 is in frame,
via the Bgl II-site with the Myc-His tag of the pEA expression vector (Douris et al.,
2006). The same primer pair was used for amplification of CCE04 from both LS-VL
and SR-VP strains; it must be noted that the last codon of SR-VP CCE04 was
changed from Met to the LSVL-specific Ile using this primer pair.

To generate transformed cell lines that express CCE04, expression vectors pEIA-
CCE04-MycHis (London-specific allele, WT) and pEIA-CCE04-MycHis (SRVP-specif-
ic allele, CCE04-SR-VP; Fig. V.3) (2 μg/mL) were transfected in Hi5-SF cells in the
presence of pBmIE1 helper plasmid (0.5 μg/mL) and pEIA-PAC antibiotic resistance
plasmid (0.025 or 0.25 μg/mL, corresponding to ratios of 1:100 or 1:10) as described
by Douris et al. (2006). Antibiotic selection (puromycin, 15 μg/mL) was applied 2 days
after transfection and resistant cell lines expressing CCE04 were obtained after 1
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month of selection. To confirm expression, proteins were separated by poly-acry-
lamide SDS-PAGE and then transferred on nitrocellulose membrane for western blot-
ting, as previously described (Wybouw et al., 2012). Esterases were detected specif-
ically with anti-Myc used in 1:1000 dilution followed by Anti-mouse HRP in 1:2000
dilution, exposure was 1-2 min. Native PAGE to confirm activity was performed as
previously described.

Kinetic analysis and inhibition assays with spirodiclofen
Extracellular medium from cells transformed with pEIA-CCE04-MycHis (London-spe-
cific) and pEIA-CCE04-MycHis (SR-VP-specific) was concentrated and buffer was
exchanged to 0.5 M Tris pH 7 using an Amicon Ultra-15 centrifugal filter unit (Merck
Millipore). Concentration of samples was determined with the Bradford method.
Esterase activity against the model substrate p-nitrophenyl acetate (PNPA) was
measured using a 96-well microtiter plate. Briefly, 5 μL of enzyme source, 175 μL 0.1
M Sodium Phosphate Buffer pH 7 and 20 μL of substrate (concentration in the well
ranging from 50 μM to 500 μM) were mixed in 10% methanol. The rate of p-nitrophe-
nol formation was measured at 405 nm kinetically (15 s interval for a 15 min incuba-
tion period) using a SpectraMax M2 microplate reader. Reaction rates were correct-
ed for spontaneous p-nitrophenol formation by using reactions without enzyme as
blank. Each reaction was repeated 4×.

In order to assess whether spirodiclofen interacts with the recombinant esteras-
es, we performed inhibition assays. The reaction consisted of 5 μL enzyme source,
175 μL 0.1M Sodium Phosphate Buffer pH 7, 10 μL substrate (PNPA diluted in 10%
methanol, with final concentration of 300 μM) and 10 μL spirodiclofen (diluted in 10%
methanol, with final concentration of 400 μM). The control reaction consisted of 5 μL
enzyme source, 175 μL 0.1M Sodium Phosphate Buffer pH 7 and 20 μL substrate

Figure V.3. Plasmid based expression system. CCE04 is expressed with a pEIA expression vector with a
C-terminal MycHis-tag. IE1 cassette: coactivator, hr3: enhancer, CSP: chorion signal peptide, huGM-CSF: human
granulocyte-macrophage colony stimulating factor coding sequence, His: 6x histidine tag, EK: enterokinase
cleavage site. Actin: promotor. Poly-A: polyadenylation signal (Douris et al., 2006).
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(PNPA diluted in 10% methanol, with final concentration of 300 μM). The production
of p-nitrophenol was measured at 405 nm kinetically (at 15 s interval for a 15 min
incubation period). Each reaction was repeated 4×.

Results
Microarray analysis and validation
Microarray experiments to assess genome wide expression differences between
spirodiclofen susceptible and resistant strains have previously been described and
analyzed (see Chapter IV, Demaeght et al., 2013). Differentially expressed genes in
both resistant strains belong to classical detoxification enzymes families like P450’s
and CCEs, but also less known and potentially new families involved in xenobiotic
resistance, such as lipocalins and currently unknown proteins. Of all the genes iden-
tified, probes for CCE04 (tetur01g10750) showed the highest upregulation of all iden-
tified genes in both resistant strains (~34-fold for SR-VP and ~92-fold for SR-TK; see
Fig. V.4 and Chapter IV). A BLASTn analysis was conducted with these probes
against the complete esterase gene-set, showing potential cross-hybridization risk
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Figure V.4. Scatter plot depicting differentially expressed genes of the spirodiclofen resistant
strains SR-VP and SR-TK, relative to the susceptible strain LS-VL. Red dots refer to detoxification
genes. Arrow points towards the CCE gene.
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with two other esterase genes, CCE05 (tetur01g10760) and CCE12 (tetur01g14180).
Hence, quantitative PCR was performed using gene-specific primers for CCE04
(CCE04-3’end primers), CCE05 and CCE12 (Fig. V.5). CCE05 showed to be slightly,
but significantly, upregulated, while the expression of CCE12 was downregulated,
indicating that these genes are probably not those identified by the microarray exper-
iment. Remarkably, amplification with gene-specific CCE04 3’end primers (Table V.1)
did not confirm overexpression of this gene, although it is was predicted as the most
overexpressed gene by microarray analysis. We consequently re-designed a primer
pair that matched a part of the gene that is also targeted by the micro-array probe
(CCE04-inprobe primers; Table V.1). Surprisingly, qPCR with this primer pair con-
firmed high levels of overexpression of CCE04 in both resistant strains (~198-fold for
SR-VP and ~510-fold for SR-TK). In conclusion, microarray analysis has revealed the
high overexpression of an esterase, which is confirmed by qPCR; however, the iden-
tity of the gene is still unclear, as gene specific primers based on CCEs in the London
genome, failed to correctly identify which esterase was overexpressed.

Iso-electric focusing (IEF) of esterases
To further confirm that a CCE was overexpressed in both resistant strains, we per-
formed an IEF analysis on protein samples of several spider-mite strains. IEF separates
proteins based on their isoelectric point (pI) and can be used to detect minor alter-
ations in proteins. Esterases were stained for activity with 1-NA and RR Fast Blue Salt.
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Figure V.5. Microarray validation of CCE04 expression with quantitative PCR. Validation was per-
formed for three esterase gene candidates: CCE04, CCE05 and CCE12. CCE04-3’end primers did not result in
overexpression of the corresponding gene. However, amplification with CCE04-inprobe primers lead to high val-
ues of overexpression, validating the results of the microarray. Asterisks indicate where expression is significantly
different based on Pfaffl analysis.
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Results indicated the presence of an esterase band of high intensity compared to th
susceptible strains in both resistant strains (SR-VP and SR-TK) (Fig. V.6A). We then fur-
ther tested if we could detect a similar band in a number of characterized resistant
strains in our laboratory collection, which are all still susceptible to spirodiclofen. This
included the multi-resistant strains MR-VL (resistant to dicofol, fenbutatin oxide and
bifenthrin; Van Leeuwen et al., 2005), MR-VP (resistant to METI’s, Van Pottelberge et
al., 2009), Akita (a Japanese METI resistant strain, Rauch and Nauen, 2002), and BR-
VL (resistant to bifenazate and selected out of LS-VL; Van Leeuwen et al., 2006) (Fig.
V.6B). In none of these strains, a similar band pattern was obtained, suggesting that
the extra esterase activity zone in SR-VP and SR-TK is a result of selection with spirod-
iclofen. In any case, these biochemical assays point towards the increased expression
of an esterase, thereby further supporting gene expression analysis.

RACE analysis and identification of esterase alleles
Both CCE04 3’end and CCE04-inprobe primers, used for microarray validation, were
designed using the CCE04 sequence of the susceptible London strain, available after
sequencing the complete T. urticae genome (Grbic et al. 2012). However, expression
analysis with CCE04-3’end primers did not result in overexpression of the esterase
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Figure V.6. IEF gel stained for esterases. A. Esterase profile of spirodiclofen susceptible (LS-VL, London)
and resistant (SR-VP, SR-TK) adults (left) and nymphs (right). An extra esterase bond is visible in adults and
nymphs of the resistant strains (arrows). B. Esterase profile of adults of different multi-resistant strains. The extra
esterase bond, specific for the spirodiclofen-resistant strain (SR-VP), is not present in the other strains.
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while analysis with CCE04-inprobe primers showed high levels of overexpression, indi-
cating a difference in sequence (Fig. V.3). One of the hypotheses to explain this obser-
vation, is that there is an esterase in the spirodiclofen resistant strains, that shares
sequence similarity with CCE04, but is not present in the London genome.
Consequently, we performed RACE PCR on cDNA with a nested gene specific primer
(Table V.1) located inside the sequence of the microarray probe, in order to sequence
and clone the complete CCE of the resistant line. RACE reactions picked up the
nucleotide sequences of different clones that were aligned to the London CCE04
sequence. Sequence analysis revealed the existence of two CCE04 alleles in the resist-
ant strain. One allele was identical to the CCE04 sequence of the London genome
(London specific allele), while the other allele showed multiple SNPs (SR-VP specific
allele). The resistant allele codes for a protein with multiple amino acid substitutions
compared to the wild type CCE04 protein, but none of them are located at positions
that are thought to directly affect substrate binding or catalytic activity (Grochulski et
al., 1993; Zhang et al., 2013) (Fig. V.7). Nevertheless, some of the substitutions are sit-
uated nearby sites involved in catalytic activity or substrate binding and hence might
influence catalytic activity or substrate binding (Fig. V.7).
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Figure V.7. Amino acid alignment of the London-specific (CCE04-London) and SR-VP specific
(CCE04-SR-VP) alleles found in London and SR-VP, respectively. The CCE04 allele found in the spirod-
iclofen resistant strain has several amino acid substitutions, but none of those are present in conserved regions.
Catalytic triad residues are indicated by red arrows, while residues involved with substrate binding are indicated
by black arrows (Grochulski et al., 1993; Zhang et al., 2013).
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Analysis of CCE04 and position within CCE phylogeny
In total, 71 putative CCEs genes were identified in the genome of T. urticae which is
comparable to other insect species (Grbic et al., 2011; Oakeshott et al., 2005). However,
spider mites have two new clades in the class involved in neurodevelopmental process-
es (J’ and J’’), representing 34 and 22 CCE’s (Fig. V.8; Grbic et al., 2011), pointing out
that the classification as proposed by Oakeshott 2005 is less relevant for Acari.
Phylogenetic analysis including both alleles of CCE04 [London-specific (tetur01g10750)
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Figure V.8. Rooted phylogenetic tree of 71 CCE’s from Tetranychus urticae with a representative
set of CCE sequences of Drosophila melanogaster, Anopheles gambiae and Apis mellifera. Amino
acid sequences of CCE’s were aligned using MUSCLE (Edgar, 2004) and did not include N- and C-terminal exten-
sions. The resulting alignment was trimmed according to Claudianos et al., 2006. Model selection was performed
using ProtTest 2.4 (Abascal, 2005). The alignments were subjected to a maximum parsimony analysis with
MEGA5 (Tamura et al., 2011). The scale bar represents 0.5 amino-acid substitutions per site. Tetur: Tetranychus
urticae, Dm: Drosophila melanogaster, Am: Apis mellifera, Ag: Anopheles gambiae. A-C: Dietary class, D-G: hor-
mone/semiochemical class, H-J: neurodevelopmental class. J’ and J’’ are new neurodevelopmental clades
(Grbic). An arrow points towards the CCE04 resistant allele CCE04-SR-VP.
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and SR-VP specific allele (CCE04-SR-VP)] reveals a close clustering with tetur01g10740
(CCE03), tetur01g10760 (CCE05) and tetur01g1480 (CCE12) within clade J’’ of the neu-
rodevelopmental class. This clade comprises 22 CCEs that share an overall amino acid
identity of 40% (sequence identity matrix, BioEdit) and all contain conserved residues
necessary for catalytic activity [Ser204, Glu338, His447 based on Torpedo californica
numbering (Schumacher et al., 1986)]. A signature motif of the esterase family, GxSxG,
around the catalytic serine residue is present in both clade J’ and J’’. Twenty-four mem-
bers (75%) of the J’ clade have the GESAG motif compared to only one member of
clade J’ (CCE04 has a GHSAG motif). Most members of clade J’, including CCE04, are
predicted to contain a signal peptide (http://www.cbs.dtu.dk/services/SignalP/), indicat-
ing that the majority of the CCEs from the J’’ clade are secreted. Analysis of both amino
acid sequences with the Expasy Prosite program (http://www.expasy.org/prosite)
revealed mostly common motifs between the different alleles (PS00941). Only the SR-
VP specific allele had an amidation motif (PS00009) at the C-terminal end (mostly for
hormone precursors) and an extra N-myristoylation site (PS00008).

Expression analysis of CCE04 in different life stages of Tetranychus
urticae and after induction with spirodiclofen
To assess the effect of different life stages on CCE04 expression, we performed
qPCR analysis with the CCE04-inprobe primers on cDNA of eggs, larvae, nymphs
and adults of the resistant strain SR-VP. Similar to P450s, studies have reported that
esterase expression can vary between life stages (Devorshak and Roe, 1998; Strode
et al., 2006). Expression of CCE04 is much lower in eggs, which was also observed
for P450s, which might be related to the observation that resistance to spirodiclofen
is almost completely absent in eggs of T. urticae and P. ulmi (Demaeght et al., 2013;
Rauch and Nauen, 2002; Van Pottelberge et al., 2009). CCE04 expression does not
vary between immature stages but is significantly higher in adults (Fig. V.9A).

Previous research on the induction of detoxification genes has primarily focused
on P450s (Demaeght et al., 2013; Feyereisen, 2012; Scott, 1999) and there is much
more limited information available on the inducibility of esterases. Nevertheless,
some studies have reported that esterases are inducible by xenobiotics (Li et al.,
2007; Poupardin et al., 2008; Shen and Dowd, 1989; Terriere, 1984). To study the
effect of induction by spirodiclofen, we placed female adults of SR-VP and LS-VL on
plates for 48 h, either sprayed with 5000 mg/L spirodiclofen (to obtain SR-VP
induced and LS-VL induced) or water (to get SR-VP not-induced and LS-VL not-
induced). qPCR was performed with the allele-specific primers for both alleles. These
experiments revealed that the SR-VP specific allele (CCE04-SR-VP) is constitutively
overexpressed in the spirodiclofen resistant strain (Fig. V.7B) and induction by
spirodiclofen has little effect on the expression level. In contrast, the London-specif-
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ic allele (CCE04-London) is induced by spirodiclofen treatment in the susceptible LS-
VL strain (Fig. V.9B).

RFLP analysis of CCE04 from resistant and susceptible strains
To screen the resistant and susceptible strains for the presence of both alleles, we
also performed a RFLP analysis. A CCE04 fragment of approximately 963 bp was
generated by amplification of gDNA of SR-VP, SR-TK, LS-VL and London. BamH1
recognizes and cuts the sequence G^GATCC, which is only present in the London
allele. We observed two band patterns. One pattern represents the uncut, non-
digested fragment at 963 bp and is only visible in the susceptible London strain; the
second pattern showed three bands, the original uncut fragment and the digested
fragment, and was present in SR-VP, SR-TK and LS-VL (Fig. V.10). Restriction digest
thus confirmed RACE results that both the London and SR-VP specific allele are
present in the resistant strains. Analysis also suggests that the resistant allele
(CCE04-SR-VP) was enriched during selection with LS-VL, as it could indeed be
identified in LS-VL (at low levels) but not in the unrelated reference London strain.

Gene copy determination with allele-specific primers
Many cases of esterase resistance are associated with increased expression levels
after gene duplication or amplification (Bass and Field, 2011). Hence, we further inves-
tigated whether both CCE04 sequences represent duplicated genes, or alleles of a
single locus. We first performed qPCR on gDNA of both the spirodiclofen resistant
(SR-VP and SR-TK) and susceptible strains (LS-VL and London), using the inprobe
primers (unspecific and amplifying both alleles) and primer pairs specific for both alle-
les (see Table V.1). Gene copy number assessment with CCE04 inprobe primers did
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Figure V.9. Quantitative PCR analysis of CCE04 expression. A. Expression of CCE04 in different life
stages, relative to their expression in eggs. B. Induction of CCE04 expression after treatment with spirodiclofen,
compared to the untreated reference strain (LS-VL not induced). Error bars represent the standard error of the cal-
culated mean based on three biological replicates. Asterisks indicate significantly different expression values to 1.
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not show a difference in gene copy number between strains. However, results with the
specific primers indicate that an enrichment of the SR-VP specific allele, as the gene
copy number of the SR-VP specific allele is ~540-fold and ~415-fold increased in SR-
VP and SR-TK, respectively, relative to the London strain (Fig. V.11A). A similar pattern
was obtained when compared to LS-VL; however, only ~6.6-fold and ~5.1-fold
increase was found, respectively, consistent with the presence of the allele in the LS-
VL population (Fig. V.11B) If gene amplification would be in place, both the London
and SR-VP specific alleles could be present in a single haploid male. However, RFLP
analysis of haploid spirodiclofen resistant males revealed that males either contained
the resistant allele (cut), or the WT allele (uncut) but not both, excluding gene duplica-
tion as a resistance mechanism (data not shown). The results, although at a relative
small number of individuals tested, also confirm that the resistant allele is clearly more
abundant in the population, with ~77% of the single males containing the allele.

Functional expression of CCE04 alleles
To potentially assess different catalytic properties of both CCE04 enzymes, and to
test the interaction between spirodiclofen and CCE04, we functionally expressed
both alleles using an expression plasmid and insect cells. Western blot analysis
revealed that CCE04 was robustly expressed in the transformed cell lines and that all
recombinant protein accumulated in the extracellular medium, indicating that the
native signal peptide of CCE04 is indeed a strong signal for secretion, even in insect
cells (Fig. V.12). No differences in expression levels were observed between cell lines
obtained with 1:100 or 1:10 of ratios between antibiotic resistance and CCE04
expression plasmids and expression levels could also not be improved after increas-
ing antibiotic selection to 50 μg/mL. It was observed, however, that the London-spe-
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Figure V.10. RFLP analysis of spirodiclofen resistant and susceptible strains. The resistant allele is
present in the two spirodiclofen resistant strains (SR-VP and SR-TK) and in the susceptible strain LS-VL, the
parental line of SR-VP.
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cific CCE04 was consistently produced at higher levels than SRVP-specific CCE04.
Proteins secreted into the medium were concentrated and checked for purity by

PAGE followed by Commassie staining (Fig. V.13). Result revealed that the prepara-
tion was pure enough to assess enzyme activity, as only a single major band was
detected corresponding to an approximate molecular weight of 70 kDa.

Next, we measured the activity of both enzymes towards the model substrate p-
nitrophenyl acetate (p-NA), and performed standard enzyme kinetic experiments,
calculating the Vmax and Km of both alleles. The kinetic parameters of both enzymes
were clearly different: the London specific enzyme has a higher Km and Vmax value
compared to the SR-VP specific enzyme (Fig. V.14).

London specific enzyme Vmax = 0.433 ± 0.06 mOD/min/μg; Km = 346 ± 99.4
SR-VP specific enzyme Vmax = 0.1662 ± 0.02 mOD/min/μg; Km = 248.7 ± 75.4
Next, we tested whether spirodiclofen affected the metabolism of p-NA, by

assessing activity towards this model sustrate in the presence of 400 μM spirodi-
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Figure V.11. Copy number assessment with CCE04 allele-specific primers. A. Gene copy number
assessment on gDNA, relative to the susceptible London strain. B. Gene copy number assessment on gDNA, rel-
ative to the susceptible strain LS-VL. Error bars represent the standard error of the calculated mean based on
three biological replicates. Asterisks indicate significantly different expression values to 1.
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Figure V.12. Western blot of revealing full length esterase protein in the culture medium of insect
cells. In the first lane, the London specific esterase was purified by affinity with Ni-NTA.

Figure V.14. Kinetic analysis of the London and SR-VP specific CCE04 enzymes. The formation of
p-nitrophenol was measured at 405 nm kinetically (15-s interval for a 15-min incubation period) using a
SpectraMax M2 microplate reader. Kinetic parameters were calculated using SigmaPlot 12.5 (Systat Software).

Figure V.13. Visualization of produced and concentrated esterases from medium of insect cells.
Native PAGE with Coomassie Blue staining to assess protein purity.
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clofen. The presence of spirodiclofen had an inhibiting effect on p-NA hydrolysis.
Although, as was previously found, the activity of the SR-VP enzyme is lower: only
30% of the activity is inhibited by spirodiclofen, compared to 50% for the London
allele (Fig. V.15). If inhibition observed with spirodiclofen is competitive, this might
indicate that spirodiclofen is a better substrate for the London allele. Unfortunately,
the scarce availability of the protein preparations did not allow further analysis.

Discussion
In the previous chapter, we mainly focused on differentially expressed P450s as in
vivo and biochemical studies pointed towards a P450 as the most likely candidate in
spirodiclofen detoxification. However, synergist studies with S,S,S-tri-n-butyl phos-
phorotrithioate (DEF, an esterase inhibitor) in spirodiclofen-resistant T. urticae, P. citri
and P. ulmi strains, resulted in an increased toxicity of spirodiclofen, suggesting that
CCEs may also be involved in its metabolism (Hu et al., 2010; Van Pottelberge et al.,
2008b; Yu et al., 2011). Furthermore, esterase activities measured with standard
(unspecific) model substrates showed a low but significant increase of CCE activity
in spirodiclofen resistant T. urticae strains. Rauch and Nauen (2002) determined car-
boxylesterase activity in several T. urticae strains with the specially synthesized 1-
naphthyl 2,2 dimethylbutyrate, a substrate mimicking the acetylated side chain of
spirodiclofen. This further confirmed that esterase activity was higher in some resist-
ant strains. The suitability of this specific substrate was further confirmed by Van
Pottelberge et al. (2008a) who measured a 2-fold increase in esterase activity in the
spirodiclofen resistant SR-VP strain.

A genome-wide microarray comparing overall gene expression of a susceptible
and two genetically distinct spirodiclofen resistant strains, revealed the overexpres-
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Figure V.15. Inhibition assay with and without spirodiclofen. The production of p-nitrophenol was meas-
ured at 405nm kinetically (at 15-s interval for a 15-min incubation period), using 400 µM spirodiclofen and 300
µM PNPA.
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sion of several genes (discussed in Chapter IV), including an esterase (CCE04,
tetur01g10750). This gene showed the highest overexpression in both spirodiclofen
resistant strains. However, validating the microarray results with gene specific
primers (see Fig. V.3) uncovered the probability that a sequence not present in the
London genome was linked with resistance, and picked up by the array. RACE-PCR
was performed on cDNA of SR-VP and indeed the existence of two CCE04 closely
related sequences was revealed, one matching with the CCE04 sequence of the
London genome (named London specific allele) and one with several SNPs scattered
over the complete length of the sequence (named SR-VP specific allele) resulting in
31 amino acid substitutions compared with the London-specific allele. The presence
of a highly expressed esterase was also biochemically confirmed with IEF, and the
specificity of the esterase for spirodiclofen resistant strains was further documented
by including several other well-characterized resistant strains in the assay that failed
to reveal a similar pattern. High levels of esterase activity have been observed before
with IEF and other electrophoretic techniques. In some cases resistance appears to
be correlated with a greater intensity of a single esterase isozyme. There are several
cases where multiple isozymes show more intense staining in resistant strains, for
example in the apple moth Epiphyas postvittana and the tobacco budworm Heliothis
virescens (Armstrong and Suckling, 1988; Harold and Ottea, 2000). In previous stud-
ies looking at resistance in T. urticae (Van Leeuwen et al., 2005, 2006), esterases have
been separated by both native PAGE and IEF, and about 20 isozymes could be
detected with substrates α- and β-naphtylacetate. Inhibition assays using the
inhibitors paraoxon (OP), p-hydroxymercury benzoate and eserine sulfate allowed
classifying the vast majority of esterases isozymes as B-esterases (CCEs) in the old
classification by Aldridge, while there was only one A-esterase and one C-esterase
identified. The esterase in this study is classified as a carboxylesterase based on the
phylogenetic classification of Claudianos et al. (2006), which is considered a syn-
onym for ‘B-esterase or aliesterase). This could be further confirmed by inhibitor
studies on purified recombinant protein or via in-gel inhibition assays.

Amplification of esterase genes is a well-documented mechanism that results in
increased expression levels, and was especially well studied in resistant strains of the
aphid Myzus persicae and several Culex species resistant to OP compounds (Bass
and Field, 2011; Raymond et al., 1998). Amplification creates many identical gene
copies to fulfill a high expression demand that cannot be reached by a single copy
with an active promotor (Feyereisen, 1995). In the case of M. persicae, the amplified
esterase responsible for resistance occurs in two closely related forms, E4 and FE4,
and in resistant strains usually one of the two paralogues is amplified, resulting in up
to 80 copies. The level of gene amplification broadly correlates with the resistant
phenotype (Devonshire and Field, 1991; Hemingway, 2000; Hernandez et al., 2000;
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Rooker et al., 1996). In this study, qPCR with allele specific primers revealed that the
SR-VP allele was 540-and 6.6-fold more present in the SR-VP strain compared to the
London and LS-VL strain, respectively. Although this could indicate gene amplifica-
tion, the reverse pattern was found for the London specific allele, so a more likely
explanation could be that selection enriched for a specific allele of the same locus.
This was also confirmed by qPCR using primers that amplify both alleles, where no
significant levels of amplification were detected. In addition, RFLP analysis of resist-
ant males (haploid) failed to document the occurrence of both ‘alleles’ in haploid
males, which would have been a clear indication of gene duplication.

Overexpression of the SR-VP specific allele could be produced by cis- or trans-
acting mechanisms instead of gene duplication. Cis-acting mechanisms refer to local
polymorphisms that influence the synthesis or stability of the same gene, while trans-
acting mechanisms have an effect on a different gene (Ciobanu et al., 2010; Doss et
al., 2005). In the future, promoter and enhancer regions of the SR-VP specific allele
need to be investigated by sequencing for the presence of mutations/indels that
might affect transcription. Overexpression of esterases without an underlying ampli-
fication event has previously been been reported in other species. For example,
methylation had a positive effect on the expression of the E4 esterase in M. persicae,
while demethylation led to silencing (Field, 2000).

Next to an increased expression, amino acid substitutions can also confer
esterase-mediated resistant mechanisms (Oakeshott et al., 2005). A point mutation
in homologous esterase genes of Lucillia cuprina and Musca domestica alters the
catalytic activity, increasing the rate of OP hydrolysis but decreasing the hydrolysis
of carboxylesters (the mutant ali-esterase hypothesis). A second point mutation,
close to the catalytic serine residue, confers resistance to malathion in the same
species (Campbell et al., 1998; Claudianos et al., 1999). More than one mechanism
can confer resistance in a single species. For example, OP resistance in Culex pipi-
ens doesn’t exclusively result from co-amplification or amplification of paralogous
esterase loci, but also from upregulation of a single esterase (Guillemaud et al., 1997;
Raymond et al., 1998).

In this light, it is interesting to hypothesize what the exact role of the ‘resistant SR-
VP allele’ might be in resistance. Although overexpression is clear and could be relat-
ed to metabolism or sequestration, the role of the amino-acid substitutions is clear-
ly worth studying. Functional expression revealed kinetic difference between both
enzymes, and hence substitutions seem to influence catalytic activity. Surprisingly,
the ‘resistant enzyme’ is less inhibited by spirodiclofen, but without understanding
the nature of inhibition, the exact mechanism is unclear. Inhibition could be compet-
itive, indicating that spirodiclofen is a good substrate for CCE04. If so, the low levels
of inhibition in the resistant strain might indicate that spirodiclofen is less metabo-
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lized to the enol-form. As it is thought that the enol form interacts with ACCase
(Lümmen et al., 2014), this would protect mites from rapid intoxication, and allow the
P450 CYP392E10 to hydroxylate spirodiclofen. This would then be the elegant com-
bination of two necessary mechanisms, as CYP392E10 does not metabolize the
enol-form, and lack of esterase metabolism is than linked to increased detoxification
by P450s. Nevertheless, competitive inhibition and the difference in kinetics between
alleles need to be confirmed, to be able to understand the full mechanism.
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General discussion and perspectives

Spider mites are serious pests in many crops worldwide, and are specifically noto-
rious for their ability to rapidly develop resistance against insecticides. Before

the availability of the complete Tetranychus urticae genome, only a few cases of
resistance were resolved in detail, using traditional molecular and biochemical tech-
niques (Van Leeuwen et al., 2012, 2010). The availability of the complete genome
sequence allowed us to develop and apply a variety of genomic techniques which
include bulk segregant analysis for high resolution mapping of resistance traits and
genome-wide microarrays to uncover genes involved in metabolic resistance. The
main goal of this thesis was to elucidate the resistance mechanisms of the spider
mite T. urticae to some globally used mite growth disrupters as well as to a new class
of chemicals called the spirocyclic tetronic acids (also referred to as keto-enols).

The etoxazole- and hexythiazox-resistant strains
For the experiments that were conducted in Chapter II, we used an etoxazole-resist-
ant field strain of T. urticae, collected in Japan (Uesugi et al., 2002). Before being trans-
ferred to the laboratory, it was first maintained in the laboratory of Bayer CropScience
without selection pressure. We maintained the etoxazole-resistant strain (EtoxR) on
continuous selection pressure with 1000 mg/L etoxazole, which is far above the rec-
ommended field dose of 100 mg/L. The reference susceptible strain (London) was
extremely susceptible to etoxazole and, as previously reported (Ishida et al., 1994),
etoxazole was lethal to eggs and all developing stages. Whereas treatment with the
field dose had no effect on fecundity of adult females, it did have a detrimental effect
on their fertility. The eggs developed normally to the red eye stage but failed to hatch.
Because etoxazole was suggested to be involved in chitin synthesis (Nauen and
Smagghe, 2006), we performed calcofluor white (CFW) staining to measure chitin lev-
els in the cuticle. Treatment of susceptible deutochrysalis with the field dose led to a
reduction of cuticular chitin, suggesting that etoxazole indeed has an inhibitory effect
on chitin synthesis. Next, we investigated the Mendelian genetics of etoxazole resist-
ance by performing crossing studies. These studies revealed that etoxazole resistance
is inherited as a recessive trait and is under the control of a single gene.

For the experiments in Chapter III, we collected a hexythiazox-resistant strain
(HexR) from a field near Ghent, which was subjected to similar experiments as the
etoxazole-resistant field strain, to investigate the basics of hexythiazox and clofen-
tezine resistance. We determined that HexR is highly resistant to hexythiazox, clofen-
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tezine and etoxazole. Genetic analysis revealed that resistance to these three com-
pounds is inherited as a (incompletely) recessive trait and is under the control of a
single gene. We repeated the experiments with CFW staining and found a reduced
chitin deposition in the cuticle of susceptible deutochrysalis treated with the field
dose of hexythiazox. Treatment with clofentezine did not result in reduced chitin lev-
els. However, experiments were performed on deutochrysalis and clofentezine is
mainly active as an ovicide. As is the case with etoxazole, eggs treated with hexythi-
azox and clofentezine developed to the red eye stage but failed to hatch, suggesting
a shared mode of action.

Population-level bulk segregant analysis as a
powerful tool to study resistance
We developed a population-level bulk segregant analysis (BSA) mapping method
based on high through-put next-generation sequencing (Chapter II). Initially, we
crossed a large number of females and males to found a segregating population that
was further selected in the experiment. In a follow-up study (Chapter III), we instead
used a single resistant male that was crossed to as many females as possible, to ini-
tiate the segregating populations. This reduced the genetic complexity of the cross
by fixing the ‘resistant genotype’, as males are haploid. This manipulation facilitated
the identification of parent-of-origin SNPs. It must be noted that the bulk segregant
analysis in both chapters was not performed on inbred spider mite strains, which is
theoretically the most ideal situation. An inbred line would decrease the genetic vari-
ation in a strain and will further improve the resolution of the BSA. This BSA mapping
method was originally developed by plant geneticists (Michelmore et al., 1991) but
the present study shows that it can be adapted for other organisms and next-gener-
ation sequencing, if a genome sequence is available. Admittedly, the described BSA
approach is aided by the favorable life table parameters, the small genome (90 Mbp),
the apparently high levels of recombination and the arrhenotokous reproduction of
spider mites. Nevertheless, BSA can be a powerful and independent tool to investi-
gate resistance and other mutations in arthropods that lack classical genetic
resources but for which a complete genome sequence is or will become available.
Recently, a similar BSA approach was used to identify resistance genes to Bacillus
thuringiensis crystal proteins in the lepidopteran Spodoptera exigua (Park et al.,
2014). The study uncovered that a region containing 3 genes of the ABCC trans-
porter family is responsible for resistance to a Bt bioinsecticide (with one gene con-
taining a mutation). Pascoal et al. (2014) demonstrated that BSA can even be used
without the availability of a reference genome. Their study investigated wing muta-
tions of Teleogryllus oceanicus (wild field crickets) on two Hawaiian islands, applying
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a bulk segregant analysis using restriction-site-associated DNA sequencing (RAD-
seq) to identify SNPs that are in linkage disequilibrium with the mutated wing pheno-
type in each population. They found that for the same loci, different alleles are asso-
ciated with the mutation in the two populations, indicating that they have arisen inde-
pendently (Pascoal et al., 2014).

Using BSA-methods, we have mapped resistance to etoxazole, hexythiazox and
clofentezine to a small region on scaffold 3, and further show that a mutation in the
chitin synthase-1 (CHS-1, tetur03g08510) of T. urticae is linked with resistance,
which was supported by additional genetic and biochemical evidence. A single point
mutation (I1017F) is linked with resistance to these compounds. The point mutation
is located in a conserved part of the protein that has been shown to be essential for
CHS-1 function This region might be involved in pore formation, which is required for
the translocation of chitin microfibrils across the membrane (Merzendorfer, 2013).
The I-to-F mutation, located in the last transmembrane helix of chitin synthase 1,
may block binding of etoxazole, hexythiazox and clofentezine without altering the
dimensions of the pore. However, this hypothesis needs to be confirmed in the
future, but functional studies are hampered by the lack of a heterologous expression
system to investigate the precise function of chitin synthase in arthropods and to
assess the effects of inhibitors like etoxazole. The precise catalytic mechanism and
mode of chitin translocation are still poorly understood because of a lack of structur-
al information of chitin synthase (Merzendorfer, 2013). The possibility that the muta-
tion confers a certain fitness cost also needs to be addressed in future studies. Even
though resistant mites do not have an apparent fitness cost, it has been suggested
that for example in Panonychus citri, resistance to hexythiazox is associated with a
reduced fitness (Yamamoto et al., 1995). As hexythiazox resistance in P. citri inherits
as a monogenic recessive trait, a similar point mutation might underlie resistance.
Furthermore, the mutation is not fixed in field strains, not even in regions where aca-
ricides are frequently used, which is an indication of reduced fitness.

The results of these studies suggest that rotation of etoxazole, hexythiazox and
clofentezine to control spider mite populations should be avoided. Cross-resistance
between hexythiazox, clofentezine and the BPU flufenoxuron has been reported in T.
urticae, P. citri and P. ulmi (Grosscurt et al., 1994; Chapter III), which could indicate
a shared target site. A current theory implicates the SUR receptor (an ABC trans-
porter) as the likely target site of BPUs, but recent studies have raised doubt about
this hypothesis (reviewed in Dermauw and Van Leeuwen, 2014). However, studies
investigating the effect of diflubenzuron treatment on developmental stages of T. cas-
taneum and D. melanogaster revealed no changes in CHS1 expression (Arakane et
al., 2005; Gangishetti et al., 2009). In any case, future research should reexamine the
role of chitin synthases in benzoylphenyl ureas (BPU).
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Is CRISPr the future?
It would be interesting to use the CRISPr (clustered regularly interspaced short palin-
dromic repeats) system for genome editing in support of resistance research. CRISPr
and Cas (CRISPr associated) proteins are conserved elements of a prokaryotic
immune system, which has been adapted into a simple genome-editing tool. There
are 3 types of CRISPr/Cas systems: type I and III rely on a large and multiprotein Cas
complex, whereas type II only requires a single Cas protein, Cas9. In the type II
CRISPr/Cas system, short segments of foreign DNA (called spacers) are integrated
into CRISPr genomic loci and transcribed into short CRISPr RNAs (crRNA). These
crRNAs anneal to trans-activating crRNAs (tracrRNAs) and direct sequence-specific
cleavage of DNA by Cas9 proteins (Barrangou, 2012). Jinek et al. (2012) developed a
two-component system for site-specific cleavage of DNA. It contains a chimeric RNA
(comprised of crRNA and tracrRNA) and Cas9. Cas9 will combine with the chimeric
RNA and form a ribonucleoprotein interfering complex. The crRNA sequence will
guide the complex to a complementary sequence in the target DNA. Cas9 will induce
site-specific double stranded breaks in eukaryotic genomes which can be repaired by
non-homologous end joining (NHEJ) or homology-directed repair (HDR). NHEJ will
lead to the introduction of indels whereas HDR will copy the sequence of the crRNA
to repair the cut (Cong et al., 2013; Jinek et al., 2012). Recently, the CRISPr/Cas9-sys-
tem was used to generate genome modifications in Drosophila and even showed
germline transmission (Gratz et al., 2013). In spider mites and other major pests, the
CRISPr system could be used to elucidate the function of target genes or resistance
mutations. For example, the CRISPR system could be used to reverse the I1017F
mutation (and any other resistance mutation) in a transformed spider mite line, restor-
ing susceptibility to etoxazole, and providing proof of principle for the causality of the
mutation. Although genetically engineering spider mites might not be feasible for the
near future (transformation and injection protocols have not been established), in
some case other model organisms could be used. For example, compounds that tar-
get chitin synthesis (including etoxazole) have an effect on Drosophila, and producing
a genetically engineered Drosophila line harboring the I-to-F mutation should be more
straightforward and a prime focus for future research. This methodology could in prin-
ciple be used for any point mutation, as long as the protein is conserved and the
insecticide is active on the model organism.

Genome-wide microarray analysis to screen for
genes involved in metabolic resistance
The molecular basis of spirodiclofen resistance was investigated in Chapters IV and
V. We used a custom-made genome-wide gene expression microarray to compare
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two spirodiclofen-resistant strains and the susceptible LS-VL strain. It was remarkable
that, despite the different genetic background of our spirodiclofen-resistant strains
(SR-VP and SR-TK), we observed a similar response of differentially expressed genes.
Genes belonging to the P450s, CCEs and GSTs were among the most highly differen-
tially expressed genes. In Chapter IV, we analyzed overexpressed P450s and found
two genes, CYP392E7 and CYP392E10, that were possibly involved in spirodiclofen
resistance. Functional expression studies revealed that only CYP392E10 metabolized
spirodiclofen via hydroxylation of the spirocyclic ring. Furthermore, kinetic analysis of
CYP392E10 indicated cooperative substrate binding, meaning that multiple ligands
(spirodiclofen molecules, in the case of homotropic cooperativity) can bind to the
active site of CYP392E10. Although not a single arthropod P450 has been success-
fully crystallized, future studies involving X-Ray crystallography and NMR spec-
troscopy could focus on gaining structural insight in these interactions and make the
distinction between homotropic and heterotropic cooperative binding.

Chapter V revisited the results of the microarray to focus on the overexpression of
a CCE gene. We found that the spirodiclofen-resistant strains (SR-VP and SR-TK)
contain two CCE04 alleles, one matching the CCE04 sequence of the genome of the
susceptible London strain and one with several point mutations (CCE04-SRVP-
allele). Even though we excluded duplication of the CCE04 gene, the exact mecha-
nism as to why the resistant allele is enriched in our spirodiclofen resistant popula-
tion is still unclear. Furthermore, the sequences of the promotor and enhancer
regions need to be screened for mutations that could possibly affect transcription of
the CCE04-SRVP-allele. These questions might be elucidated by sequencing the
SR-VP genome, especially if cis-acting elements enhance transcription. The effect of
the amino acid substitutions on the catalytic activity of both alleles needs further
clarification. Preliminary functional expression experiments to look at kinetics of both
CCE04 enzymes were promising, the enzymes were expressed and secreted in the
medium using an expression plasmid in insect cells. Assays revealed differences
between the London-specific and SR-VP-specific enzyme but further research was
hampered because of lack of availability of the protein. Preliminary experiments also
showed that the resistant CCE04 enzyme is less inhibited by spirodiclofen which may
suggest that hydrolysis of spirodiclofen to its active enol-compound is reduced in
spirodiclofen-resistant strains. This could point to a concerted action between
CCE04 and CYP392E10, as the P450 only metabolizes spirodiclofen (and not the
enol), CCE04 sequestration without metabolism could delay hydrolysis and allow the
P450 to act upon its preferred substrate. Alternative expression systems with higher
yield, such as baculovirus-mediated expression, or expression in the yeast Pichia,
might provide a larger batch of protein in the future and allow detailed experimental
validation of current hypothesis.
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Spirodiclofen has shown (low) cross-resistance with spiromesifen and spirotetra-
mat, indicating at least a partially shared detoxification pathway. Thus, the effect of
CYP392E10 on the metabolism of those compounds was investigated. Functional
expression studies showed that CYP392E10 was able to metabolize spiromesifen
but not spirotetramat. Hence, future studies should focus on identifying enzymes
involved in spirotetramat resistance. In addition to investigate the effect of the resist-
ant CCE04 enzyme on spirodiclofen, studies can also include spiromesifen and
spirotetramat. It would also be interesting to study the tissue specificity of
CYP392E10 and CCE04 expression in spider mites via in situ hybridization. The
properties of spirodiclofen would suggest that these genes are expressed in the epi-
dermis and cells alongside the gastrointestinal tract.

Because spirodiclofen is one of the most widely used acaricides and resistance in
laboratory strains of P. ulmi and P. citri has been reported, it would be interesting to
investigate resistance mechanisms in other mite species (Hu et al., 2010; Kramer and
Nauen, 2011). For example, P450- and esterase-mediated detoxification has already
been suggested for spirodiclofen resistance in P. ulmi and P. citri (Hu et al., 2010;
Kramer and Nauen, 2011; Yu et al., 2011). However, CYP392E10 belongs to an extend-
ed CYP2 clan and CCE04 belongs to a new clade of CCEs, also specific for T. urticae.
Therefore, it would be interesting to see if these gene families are also proliferated in
other mite genomes and to what extent orthologous relationships can be found.

In conclusion, the research presented in this dissertation illustrates the power of
the availability of the complete T. urticae genome sequence to investigate resistance
mechanisms. The small size of the genome and the declining costs makes re-
sequencing of resistant strains feasible. Therefore, bulk segregant analysis and
microarrays have become affordable and can be used to study target-site and meta-
bolic resistance in spider mites without prior knowledge of the genomic location(s)
involved.
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Summary

The two-spotted spider mite (Tetranychus urticae) is a herbivore with an incredibly
large host plant range. They are an economically important pest of field and

greenhouse crops. Control of spider mites is mainly achieved by acaricide applica-
tion. However, due to their favorable life-table parameters, spider mites rapidly devel-
op resistance to these acaricides. Knowledge on the mode of action of acaricides
and resistance mechanisms in spider mites is limited, especially when compared to
insects, due to the absence of a chelicerate model system. Recently, the complete
genome of T. urticae was sequenced and this opened the door for new and innova-
tive techniques to study resistance in spider mites, some of which are implemented
in this thesis.

In the first part, I investigated the unknown mode of action of the acaricides etox-
azole, hexythiazox and clofentezine which all inhibit mite growth. In Chapter II, We
used an etoxazole-resistant field strain (EtoxR), showing high levels of resistance,
typically a feature of target site resistance. Crossing etoxazole susceptible and resist-
ant mites revealed that resistance is recessive and under the control of a single gene.
We developed a bulk segregant analysis (BSA) mapping method in combination with
high-throughput sequencing to identify the genomic region involved with etoxazole
resistance. Resistance could be located to a small genomic region corresponding
with the chitin synthase-1 (CHS-1) gene. By analyzing CHS-1 sequences of geo-
graphically distinct etoxazole-resistant strains, we found that a single non-synony-
mous mutation (I1017F) is involved in resistance to etoxazole. In Chapter III, this
research was taken further to include hexythiazox and clofentezine. Based on a tox-
icology and cross-resistance pattern similar to etoxazole, it was suggested that the
three acaricides share the same target site. We isolated a field-collected strain with
recessive, monogenic resistance to all three compounds. We slightly adapted our
BSA analysis and used one resistant male to found our segregating population. We
found that the same genomic region (CHS-1) and non-synonymous mutation
(I1017F) are involved with hexythiazox and clofentezine resistance. The I1017F muta-
tion is located in the last transmembrane helix of CHS-1, which is proposed to be
involved with pore formation and chitin translocation. Based on our experiments, we
suggest that etoxazole, hexythiazox and clofentezine bind to that region and block
chitin translocation.

In second part of this thesis, we investigated the molecular mechanisms of spirod-
iclofen resistance in two genetically distant strains. In Chapter IV, we first investigat-
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ed the spirodiclofen-resistant strains for cross-resistance to spiromesifen and
spirotetramat, members of the same acaricidal group as spirodiclofen. Whereas the
levels of cross-resistance were low, they indicated a common detoxification pathway.
We sequenced the complete resistant acetyl-coA-carboxylase (ACCase) gene and
found no fixed non-synonymous mutations. Furthermore, there was no alteration in
expression levels, ruling out target site resistance. A whole genome-wide expression
microarray based on the T.urticae genome sequence was developed to compare
gene expression levels between the spirodiclofen-susceptible (LS-VL) and -resistant
spider mite strains (SR-VP and SR-TK). Despite the different genetic background of
the spirodiclofen-resistant strains, we observed a similar response of differentially
expressed genes. Most of the genes identified belonged to the classical detoxifica-
tion families (P450s, CCEs and GSTs). Chapter IV subsequently focused on analyz-
ing the overexpressed P450s. Through quantitative PCR, two P450s were identified
(CYP392E7 and E10) which were possibly involved in spirodiclofen metabolism.
Functional expression of both genes revealed that only CYP392E10 metabolized
spirodiclofen, but not its corresponding enol. The major reaction mechanism of
CYP392E10 is the hydroxylation of the spirocyclic ring on the spirodiclofen sub-
strate. CYP392E10 was also found to be responsible for hydroxylation of spirome-
sifen. However, metabolism of spirotetramat could not be shown.

For Chapter V, we revisited the results of the microarray study and included an
overexpressed CCE (CCE04) in our analysis. Validating the results of the microarray
with quantitative PCR revealed a discrepancy from the sequenced CCE04 gene of
the genome. Sequencing of the CCE04 gene of spirodiclofen-resistant strain (SR-VP)
uncovered the presence of 2 CCE04 alleles: one matching with the CCE04 sequence
of the London genome (named London-specific allele) and one with several point
mutations (named SR-VP specific allele). The SR-VP specific allele codes for a pro-
tein with 31 amino acid substitutions compared to the London-specific allele. To
determine gene copy number, we performed qPCR on gDNA of spirodiclofen-resist-
ant (SR-VP and SR-TK) and susceptible (LS-VL and London) using allele-specific and
unspecific (amplifying both alleles) primers. Quantitative PCR with allele-specific
primers revealed an enrichment of the SR-VP-specific allele in the spirodiclofen-
resistant strains. However, qPCR with the unspecific primers did not reveal a change
in copy number and RFLP analysis of haploid males excluded gene duplication as a
possible mechanism. Preliminary functional expression experiments revealed kinetic
differences between both enzymes, and inhibition experiments revealed that the SR-
VP-specific enzyme is less inhibited by spirodiclofen. We suggest that the resistant
CCE04 enzyme delays hydrolysis of spirodiclofen to its active enol, allowing
CYP392E10 to metabolize spirodiclofen.
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Samenvatting

De bonenspintmijt (Tetranychus urticae) is een herbivoor met een enorm breed
gastplant bereik. Ze zijn economisch gezien een zeer belangrijke plaag bij ver-

schillende soorten gewassen op het veld en in serres. Spintmijten worden bestreden
door het aanbrengen van acariciden. Ze ontwikkelen zeer snel resistentie tegen deze
acariciden door hun gunstige levensomstandigheden. Door een gebrek aan een che-
liceraat model organisme, is de kennis over de werking van acariciden en resisten-
tiemechanismen in de spintmijt beperkt, zeker in vergelijking met insecten.
Recentelijk werd het volledige genoom van de spintmijt gesequeneerd wat zorgde
voor nieuwe en innovatieve technieken om resistentie in spintmijten te bestuderen.
Sommige van deze technieken werden toegepast in dit proefschrift.

In het eerste deel van deze thesis onderzocht ik het onbekende werkingsmecha-
nisme van etoxazool, hexythiazox en clofentezine, acariciden die de groei van mijten
inhiberen. In Hoofdstuk II maakten we gebruik van een etoxazool-resistente veld-
stam (EtoxR) die hoge niveaus van resistentie vertoonde. Dit is typisch een kenmerk
van een gemodificeerd doelwit dat resulteert in resistentie. Door het kruisen van
etoxazool-gevoelige en resistente mijten vonden we bewijs van een recessieve
resistentie dat onder de controle stond van één enkel gen. Vervolgens hebben we
een ‘bulk segregant analysis’ mapping methode ontwikkeld, gecombineerd met
sequenerings technieken met hoge verwerkingssnelheid om de genomische locatie
betrokken bij etoxazool resistentie te identificeren. De resistentie kon gelokaliseerd
worden tot een kleine regio in het genoom dat overeenkwam met het chitine syn-
thase-1 (CHS-1) gen. Door het analyseren van CHS-1 sequenties van geografisch
afzonderlijke etoxazool-resistente stammen  hebben we gevonden dat een enkele
puntmutatie (I1017F) betrokken was bij etoxazool resistentie. In Hoofdstuk III
hebben we dit onderzoek uitgebreid en hebben we er hexythiazox en clofentezine bij
betrokken. Gebaseerd op het toxicologisch profiel en het patroon van kruisresisten-
tie werd gesuggereerd dat deze drie acariciden dezelfde target site deelden. We
hebben een veldstam geïsoleerd met een recessieve, monogene resistentie voor
deze producten. We hebben onze BSA analyse lichtjes aangepast waarbij we 1
resistent mannetje gebruikt hebben om onze segregerende populatie te starten.
Dezelfde locatie in het genoom (CHS-1) en dezelfde puntmutatie (I1017F) waren
betrokken bij hexythiazox en clofentezine resistentie. De puntmutatie (I1017F) is
gelegen in de laatste transmembranaire helix van CHS-1 dat vermoedelijk betrokken
is bij de vorming van poriën en chitine translocatie. Gebaseerd op onze experimenten
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suggereren we dat etoxazole, hexythiazox en clofentezine op deze regio binden en
chitine translocatie blokkeren.

In het tweede deel van dit proefschrift hebben we de moleculaire mechanismen
onderzocht van spirodiclofen resistentie in twee stammen die genetisch niet verwant
zijn. In Hoofdstuk IV hebben we eerst de kruisresistentie van een spirodiclofen-
resistente stam onderzocht op spiromesifen en spirotetramaat, producten die deel
uitmaken van dezelfde chemische groep als spirodiclofen. Hoewel de niveaus van
kruisresistentie laag waren, wezen ze op een gemeenschappelijke route van detoxi-
ficatie. We hebben het volledige resistente acetyl-coA-carboxylase (ACCase) gen
gesequeneerd waarbij geen gefixeerde puntmutaties gevonden werden die de
sequentie van het eiwit zouden wijzigen. Verder werden ook geen wijzigingen in
expressie niveaus gevonden waardoor modificatie van het doelwit kon uitgesloten
worden. Er werd een microarray ontwikkeld, gebaseerd op de sequentie van het
volledige spintmijtengenoom, om gen expressie niveaus tussen spirodiclofen-
gevoelige (LS-VL) en spirodiclofen-resistente (SR-VP en SR-TK) te vergelijken.
Desondanks de verschillende genetische achtergrond van de spirodiclofen-
resistente stammen, observeerden we een gelijkaardige respons van differentieel
geëxpresseerde genen. De meeste van deze genen behoorden tot de klassieke
detoxificatie families (P450s, CCEs en GSTs). In Hoofdstuk IV hebben we ons verder
gefocust op het analyseren van de genen met een gewijzigd expressieniveau. Door
middel van kwantitatieve PCR hebben we twee P450 genen geïdentificeerd
(CYP392E7 en E10) die mogelijk betrokken zijn bij het metabolisme van spirodiclofen.
Via functionele expressie van beide genen zijn we te weten gekomen dat enkel
CYP392E10 betrokken was bij het metabolisme van spirodiclofen, maar niet van het
overeenkomstige enol. Het belangrijkste reactiemechanisme van CYP392E10 is de
hydroxylatie van de spirocyclische ring van spirodiclofen. We vonden ook dat
CYP392E10 verantwoordelijk was voor de hydroxylatie van spiromesifen. Een rol bij
het metabolisme van spirotetramaat kon niet aangetoond worden.  

In Hoofdstuk V hebben we de resultaten van de microarray opnieuw bekeken en
hebben we een CCE (CCE04) met gewijzigd expressieniveau verder geanalyseerd.
Bij het valideren van de microarray resultaten met kwantitatieve PCR is er een ver-
schil aan het licht gekomen tussen de sequentie van het CCE04 gen van het genoom
en de spirodiclofen-resistente stam. Bij het sequeneren van het CCE04 gen van de
spirodiclofen-resistente stam (SR-VP) hebben we twee allelen ontdekt: de ene komt
overeen met de CCE04 sequentie van het London genoom (genaamd London-spec-
ifiek allel) en de andere met verschillende puntmutaties (genaamd SR-VP specifiek
allel). Het SR-VP specifiek allel codeert voor een eiwit met 31 aminozuur substituties,
in vergelijking met het London-specifiek allel. Om het aantal kopieën van het gen te
bepalen, hebben we een qPCR uitgevoerd op gDNA van spirodiclofen-resistente
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(SR-VP en SR-TK) en gevoelige (LS-VL en London) stammen, met allel-specifieke en
niet-specifieke (die beide allelen zouden amplificeren) primers. Kwantitatieve PCR
met allel-specifieke primers onthulden een aanrijking van het SR-VP specifieke allel
in de spirodiclofen-resistente stammen. Kwantitatieve PCR met de niet-specifieke
primers toonden echter aan dat er geen verschil was in het aantal kopieën en RFLP
analyse van haploïde mannetjes gaf aan dat genduplicatie kon geëlimineerd worden
als mogelijk mechanisme. Preliminaire functionele expressie experimenten indiceer-
den dat er kinetische verschillen bestaan tussen beide enzymen. Inhibitie experi-
menten toonden aan dat het SR-VP specifiek enzym minder geïnhibeerd word door
spirodiclofen. We stellen voor dat het resistente CCE04 enzym de hydrolyse van
spirodiclofen naar zijn actieve enol-vorm vertraagd, waardoor CYP392E10 de kans
krijgt om spirodiclofen te metaboliseren.
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is het tijd om de volgende stap in ons leven te zetten. Hondjes kopen! 

Bedankt voor alles en als ik iemand vergeten ben dan was dat niet expres. 

Peter
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