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AAbbssttrraacctt  
Herbivorous arthropods experience different sources of selection pressure, both in 
natural and agricultural ecosystems. Two of the main sources of selection pressure 
that herbivores face are plant allelochemicals aimed to deter herbivory, and the use 
of different agrochemical compounds aimed to control their populations in crops. 
While these sources of selection pressure differ greatly between natural and 
agricultural systems, adaptation of herbivorous arthropods to their host plants 
involves very similar molecular mechanisms to those involved in resistance to 
pesticide compounds, such as the evolution of target-site insensitivity, the 
overexpression of metabolic enzymes or the transport and sequestration of toxins. 
Despite our knowledge on the proximal mechanisms of host adaptation and 
pesticide resistance, the evolutionary origins of these adaptive traits remain poorly 
understood. Here, we apply a recently developed genetic high-resolution mapping 
technique to identify quantitative trait loci (QTL) in the genome of a polyphagous 
herbivore, the two-spotted spider mite Tetranychus urticae. We created a bulked 
segregant population using experimentally inbred spider mite lines to identify the 
genetic basis of resistance to fenbutatin oxide, an organotin compound that inhibits 
cellular respiration; to abamectin, a macrocyclic lactone that targets neural 
functioning in arthropods; and adaptation to potato, a chemically-defended host 
plant. By quantifying the differences in allele frequencies using single nucleotide 
polymorphisms (SNPs) data from selected and unselected spider mite populations, 
we identified the genetic basis of resistance to FBO and to abamectin, and the basis 
of adaptation to potato. Genes previously known to underlie resistance to FBO and 
abamectin were found within the reported QTL, but also novel candidates that were 
not previously associated with adaptation to both acaricides and to the host plant 
were found. Our findings suggest that the genomic structure of acaricide resistance 
is different from that of host plant adaptation, probably reflecting the distinctness 
of the two selection pressures. Moreover, the QTL underlying adaptation to potato 
in this study involved a completely different genomic region from a QTL previously 
reported to underlie T. urticae adaptation to tomato, highlighting the differences in 
genetic responses in herbivores to selection pressure from closely related plant 
species.  
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IInnttrroodduuccttiioonn  
Studies on herbivorous arthropods can facilitate the identification of the genetic 
basis of adaptation (Futuyma & Peterson 1985; Mitter et al. 1991). Herbivore pests 
experience two major selection pressures that can cause shifts in the allelic 
frequencies of loci underlying adaptive traits: defence traits of their host plants and 
agrochemical compounds associated with crop management. Upon herbivory, 
plants produce toxic secondary metabolites aimed to deter attacking herbivores. An 
important factor determining herbivore specialisation to their host plants is the 
evolution of adaptations aimed to avoid, to detoxify, to sequestrate or to inactivate 
plant toxins (Grbic et al. 2011; Kant et al. 2015b; Heckel 2018). In parallel, 
agrochemical compounds that target conserved physiological processes in 
herbivores, such as respiration mechanisms or neural functions, are widely used as 
control agents in agricultural settings, but cases of insecticide and acaricide 
resistance are often documented shortly after their introduction (Hawkins et al. 
2019; Sparks et al. 2020). Broadly, resistance to xenobiotic compounds can evolve 
either from changes in the coding sequence of target proteins, i.e. toxicodynamic 
resistance, or from changes that affect the metabolism, excretion, transport or 
penetration of toxins, i.e. toxicokinetic resistance (Feyereisen et al. 2015; Van 
Leeuwen & Dermauw 2016). Herbivore adaptation to challenging host plant 
varieties and to pesticides threatens current efforts to build sustainable agriculture 
frameworks based on integrated pest management (European Commission 2019). 
The spatial and temporal scales associated with selection by host plants are 
qualitatively and quantitatively different from those related to selection by 
pesticides (Després et al. 2007). However, the mechanisms that lead to host plant 
adaptation and to pesticide resistance often involve similar physiological processes 
and enzymatic pathways (Van Leeuwen & Dermauw 2016; Dermauw et al. 2018). 
Identifying the genetic bases of traits associated with host plant adaptation and to 
pesticide resistance is at the crossroads between fundamental and applied research 
(Ali & Agrawal 2012; Kant et al. 2015b; Van Leeuwen & Dermauw 2016; Hawkins et 

al. 2019; Wybouw et al. 2019a).  
 
Biochemical mechanisms that underlie herbivore adaptation to plant 
allelochemicals and pesticides have been widely investigated. Cases of target-site 
insensitivity involved in resistance to pesticides and acaricides have been widely 
reported for many arthropod taxa (Dermauw et al. 2012; Demaeght et al. 2014; 
Snoeck et al. 2019). Pesticide resistance relies on the action of enzyme classes 
involved in toxin detoxification and transport, such as cytochrome P450s (CYPs), 
monooxygenases, glutathione S-transferases, carboxyl/cholinesterases and ATP-
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binding cassette (ABC) transporters (Feyereisen 2015; Van Leeuwen & Dermauw 
2016). The mechanisms involved in host plant adaptation seem to involve similar 
processes as the ones involved in resistance to insecticides and acaricides. Upon 
ingestion, plant toxins may be rendered ineffective by the evolution of target-site 
insensitivity. For example, specific variants in the Na+/Ka+ ATPase pump occurring 
across the phylogeny of monarch butterflies and related species prevent the binding 
of toxic cardiac glycosides, which allows them to feed from milkweeds and other 
hosts with similar defensive compounds (Van Leeuwen & Dermauw 2016; 
Karageorgi et al. 2019). Molecular adaptations that allow specialist herbivores to 
feed from hosts defended with compounds such as iridoids, alkaloids, 
glucosinolates or glycosides include the modified expression of detoxication genes, 
such as CYPs, dioxygenases and glutathione S-transferases (Wybouw et al. 2016; 
Heckel 2018). Plant toxins may be sequestered or excreted by the action of proteins 
previously involved in primary metabolic processes but repurposed to process 
toxins, such as glycosyltransferases or transmembrane transporters (Pentzold et al. 
2014; Zhurov et al. 2014; Bui et al. 2018; Heckel 2018). Alternatively, host 
specialization may rely on the suppression of plant defences prior to their 
production via the action of effector molecules that tamper with plant immunity 
responses (Bos et al. 2010; Hogenhout & Bos 2011; Pitino & Hogenhout 2012; 
Aggarwal et al. 2014; Kant et al. 2015b; Jonckheere et al. 2016; Blaazer et al. 2018). 
Despite ample evidence on the proximal mechanisms of pesticide resistance and 
host plant adaptation, the evolutionary origins of these adaptive mechanisms and 
the specific targets of host and pesticide selection remain largely elusive (Neve et 
al. 2014; Van Leeuwen & Dermauw 2016; Hawkins et al. 2019). 
 
Recent technological and analytical advances have opened the opportunity to 
uncover the genetic structure associated with herbivore adaptation, but challenges 
remain (Nadeau & Jiggins 2010; Stapley et al. 2010; Goldman-Huertas et al. 2015; 
Roesti et al. 2015; Riesch et al. 2017; Kurlovs et al. 2019; Pelaez et al. 2020). For 
example, the structure of pesticide resistance has been found to be highly variable, 
ranging from monogenic to highly polygenic and encompassing broad genomic 
regions (Hemingway et al. 2004; Li et al. 2007; Hawkins et al. 2019; Wybouw et al. 
2019a). Similarly, studies across herbivorous taxa have shown that the genetic 
structure of host plant adaptation is also rather complex, ranging from oligogenic to 
highly polygenic (Jaquiery et al. 2012; Oppenheim et al. 2012; Nouhaud et al. 2014; 
Wybouw et al. 2015; Wybouw et al. 2019a). Moreover, studies focusing on the 
structure of herbivore adaptation are largely biased towards taxa for which ample 
genomic and analytical tools are available, such as Drosophila and related mosquito 
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species (e.g., ffrench-Constant et al. 2004; Hemingway et al. 2004). In addition, a 
pervasive problem in mapping studies is the low resolution to which functional 
variants can be identified (Van Leeuwen et al. 2013; Kurlovs et al. 2019). To 
overcome these hurdles, studies on organisms with high recombination rates, large 
populations sizes and well developed genetic resources can largely facilitate a more 
fine dissection of the genetic bases underlining adaptive traits (Kurlovs et al. 2019). 
Herbivorous mites are ideal biological systems that meet these requirements (Helle 
& Sabelis 1985; Belliure et al. 2010; Van Leeuwen et al. 2010). Species of the family 
Tetranychidae are widespread crop pests that colonize many host species and that 
are often reported to be resistant to multiple pesticides. In addition, analytical tools 
developed for genomic inquiries on species such as Tetranychus urticae are readily 
available (Migeon et al. 2010; Knegt et al. 2017; Kurlovs et al. 2019). Tetranychus 

urticae, the two-spotted spider mite, is a generalist herbivore reported to occur on 
more than  1000 host species, and is among the organisms with the most cases of 
resistance to pesticides reported (Migeon et al. 2010; Sparks et al. 2020). High-
resolution genetic mapping studies performed on experimentally-inbred T. urticae 
lines have successfully uncovered the genetic basis of resistance to a number of 
acaricides and to traits related to ecological adaptation, such as diapause induction 
and adaptation to tomato (Solanum lycopersicum), a host with a large repertoire of 
potential defences against herbivory (Bryon et al. 2013; Demaeght et al. 2014; 
Wybouw et al. 2015; Chowański et al. 2016; Snoeck et al. 2018; Kurlovs et al. 2019; 
Wybouw et al. 2019a; Fotoukkiaii et al. 2020). 
 
The main question of this study is to investigate the genomic structure of acaricide 
resistance and host plant adaptation. To do so, we map quantitative trait loci (QTL) 
in the genome of T. urticae by looking at allele frequency differences associated 
with the phenotypic evolution of acaricide resistance and host plant adaptation in 
an experimental setup. Two experimentally inbred lines of T. urticae are 
investigated: one resistant to fenbutatin oxide (FBO) and to abamectin, and one line 
susceptible to these compounds, with a history of using potato (Solanum 

tuberosum) as a host in the field. FBO is an organotin respiration inhibitor that 
belongs to Group 12A in the Insecticide Resistance Action Committee (IRAC), known 
to target the ion channel of ATP synthase (von Ballmoos et al. 2004; Sparks et al. 
2020). Abamectin is a macrocyclic lactone belonging to IRAC Group 6 that acts as a 
neural disruptor in arthropods (Sparks 2020). Cases of resistance to abamectin in 
crop-associated populations of T. urticae have been recently reported, and multiple 
mechanisms of abamectin resistance have been identified, including specific target-
site mutations and several detoxification mechanisms (Dermauw et al. 2012; Riga 
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et al. 2014; Riga et al. 2017; Xue et al. 2020). In addition, cases of cross-resistance 
to abamectin have been reported in FBO resistant mite populations (Flexner et al. 
1988; Flexner et al. 1989). Here, a replicated experimental evolution set-up paired 
with an established pipeline for QTL mapping (Kurlovs et al. 2019) revealed the 
differences between the (polygenic) structure of acaricide resistance and host plant 
adaptation, and provided a list of genes selected along these processes.  

MMaatteerriiaallss  &&  MMeetthhooddss  
PPllaannttss  aanndd  aaccaarriicciiddeess  
For this study, commercial formulations of FBO (Torque; 550g/L suspension 
concentrate [SC]), and abamectin (Vertimec, 18 g/L SC) were used. Experimental 
common bean (Phaseolus vulgaris cv. Speedy) plants were grown from seeds, and 
potato (Solanum tuberosum) plants were grown from tubers at 25 °C, 60% RH and 
16:8 L:D photoperiod (hereafter referred to as ‘standard conditions’) in a 
greenhouse. 
 
TTeettrraannyycchhuuss  uurrttiiccaaee  lliinneess  
The multi-resistant strain Marathonas was originally collected from a heavily 
treated rose greenhouse near Athens, Greece in 2009. The strain is resistant to 
abamectin, bifenthrin, clofentezine, hexythiazox, fenbutatin oxide (FBO) and 
pyridaben (Dermauw et al. 2012). The ‘Potato’ strain was originally collected from 
a potato field crop in Belgium in 2017. It is susceptible to abamectin and fenbutatin 
oxide. Both strains were inbred by crossing mothers to their sons for seven 
consecutive generations, as described previously (Bryon et al. 2017). This yielded 
two inbred lines: Mar-i from the Marathonas parent, and Pot-i from the Potato line. 
Prior to the experiment, both lines were maintained at standard conditions in the 
laboratory on detached bean leaves resting on wet cotton wool to prevent 
contamination. To assess the concentration of abamectin and FBO at which half of 
the mite population would die (LC50), we constructed dose-response curves as 
described previously (Van Leeuwen et al. 2004). For each acaricide and each line, 
LC50 values, slopes and 95% confidence limits were estimated using Probit analysis 
(package ecotox in R v3.6.1).  
 
To estimate adaptation to potato, bean and potato leaf discs (ø = 24mm) were 
placed on wet cotton wool, with half of the replicates placed with the abaxial side 
up and the other half with the adaxial side up. Discs were infested with five adult 
(~2 days old) females per disc (n=8 discs per host, per line). The average number of 
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eggs produced per mite per day was calculated by dividing the total number of eggs 
laid after four consecutive days, corrected for female mortality, which was counted 
daily. Statistical differences were analysed separately between plants within line, 
and between lines within a plant. In both cases, differences were analysed using 
linear mixed effect models in lme4 R-package version 1.1 (Bates et al., 2015), with 
either plant or line as fixed factor and leaf side as random factor. Because 
adaptation is a relative measurement, we calculated a fitness coefficient per plant 
by multiplying the average female reproductive output with the average mortality 
per line, and subsequently we calculated a fitness ratio which related fitness on 
potato relative to fitness on bean. 
 

EExxppeerriimmeennttaall  eevvoolluuttiioonn  sseett--uupp    
Hybrid F1 individuals were obtained by crossing virgin females of the Pot-i line with 
adult males of the Mar-i line. Resistance levels to abamectin, FBO and adaptation 
to potato relative to bean of adult (~2 days old) F1 females were calculated similarly 
to the parental lines. In parallel, 60 virgin females of the Pot-i line were crossed with 
20 adult males of the Mar-i line, and the resulting F1 generation was used to infest 
potted bean plants in a climate cabinet (Panasonic MLR-352H-PE, Kadoma, Japan) 
set at standard conditions, and this segregant bulk population was expanded for 
four to five generations. To set up each of the control replicates for the QTL 
mapping, approximately 350 females were transferred from the segregant 
population to fresh potted bean plants placed inside a mite-proof cage surrounded 
by a soapy water barrier in a greenhouse at standard conditions. These 
experimental populations were expanded for two generations. Then, ~500 
individuals from each control replicate were used to infest each of the treatment 
replicates; thus, control replicate 1 was used to infest FBO treatment 1, Abamectin 
treatment 1 and Potato treatment 1. In total, 10 replicates per each of the three 
treatments were infested from their paired control replicates. The starting 
concentration for FBO sprayed treatments was 50mg/L, and for abamectin 0.5mg/L. 
Acaricide concentrations were progressively increased throughout the experiment, 
allowing the populations to build up large numbers before increasing selection 
strength. Acaricide concentrations for the final rounds of selection were 20mg/L for 
abamectin and 2500mg/L for FBO. Potato treatments and controls on bean were 
refreshed with clean potted plants when the populations reached high numbers, 
but before the plant was completely overtaken.  The experimental evolution set-up 
ran for a period of approximately 9 months (~20 generations). 
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PPeessttiicciiddee  rreessiissttaannccee  aanndd  hhoosstt  aaddaappttaattiioonn  aassssaayyss  
To evaluate the effectiveness of acaricide selection toxicity tests were conducted. 
Before performing the toxicity tests, populations were expanded on unsprayed 
bean plants for two generations. To quantify survival of control and acaricide-
selected populations, approximately 30 adult females were transferred  from 
unsprayed plants to 9cm2 square bean leaf cuts on wet cotton cool, and 
subsequently sprayed with 1 ml of fluid at 1 bar pressure with a Potter Spray Tower 
(Burkard Scientific, Uxbridge, UK) to obtain a homogeneous spray film (deposit of 2 
mg/cm2). To control for the effect of spraying, four leaf cuts were sprayed with 
water and four leaf cuts were sprayed with an acaricide concentration per tested 
population. Control populations and abamectin-selected populations were sprayed 
with 15mg/L abamectin; control populations and the FBO-selected populations 
were sprayed with 2500mg/L FBO. After spraying, leaf cuts were kept in a climate 
chamber at standard conditions for 24 hours or for 72 hours, for abamectin- or for 
FBO-sprayed replicates, respectively. Survival was determined when mites could 
walk normally after being prodded with a camel’s hair brush. The survival 
percentage of each population was calculated by correcting the mortality of 
acaricide-sprayed replicates by the average mortality of water-sprayed replicates, 
as described previously (Van Leeuwen et al. 2004). The difference in the corrected 
survival percentage between acaricide-selected populations and unselected 
controls was analysed separately for each acaricide, using a linear mixed effect 
model in lme4 R-package version 1.1 (Bates et al. 2015), with selection treatment 
as fixed factor and replicate as random factor. 
 
To evaluate adaptation to potato, female reproductive output and mortality were 
calculated. Before the assays, age-synchronized cohorts were created by 
transferring approximately 120 gravid females from the potato-selected and control 
populations to separate detached bean leaves for 48 hours and subsequently 
removed. Offspring developed until adulthood at standard conditions on detached 
bean leaves. Leaf discs (ø = 24mm) of either bean or potato were placed on wet 
cotton wool with either the abaxial or adaxial side up, and infested with five 2-day-
old (+-2 days) adult females per disc (n=8 discs per host, per line) from the cohorts. 
The total amount of eggs laid per female alive was counted four days thereafter; 
female mortality was scored daily. To compare fitness on potato relative to bean for 
each replicate, the fitness coefficient per host of each replicate was divided by its 
fitness coefficient on bean. The average fitness ratio obtained from the ten potato-
selected replicates and the average fitness ratio from their ten paired control 
replicates were compared using a linear mixed effect model in lme4 R-package 
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version 1.1 (Bates et al. 2015), with selection treatment as fixed factor and replicate 
as random factor. 
 
DDNNAA  eexxttrraaccttiioonn  
Genomic DNA was extracted from adult female mites from each of the 40 
experimental populations according to Van Leeuwen et al. (2008). Acaricide-
selected individuals were collected from the second generation growing on 
unsprayed bean plants. Potato-selected individuals were collected from the potato 
plants. Individuals were collected in Eppendorf tubes, flash frozen in liquid nitrogen 
and stored at -80 oC until DNA extraction. 2x400 adult females were collected from 
each population. Individuals in each tube were homogenized with a mix of 800 μl of 
SDS buffer (2% SDS, 200 mM Tris-HCl, 400 mM NaCl, 10 mM EDTA, pH = 8.33), 
RNAse A and proteinase K, followed by DNA extraction using a previously described 
phenol-chloroform-based protocol (Van Pottelberge et al. 2009). Prior to adding 
isopropanol, the two extracts were pooled and precipitated together to obtain 
sufficient DNA per population. DNA quality and quantity were quantified using an 
ND-1000 NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, 
USA) and a Qubit dsDNA-dye protocol.  
 

GGeennoommee  sseeqquueenncciinngg,,  vvaarriiaanntt  ccaalllliinngg  aanndd  qquuaalliittyy  ccoonnttrrooll  oonn  pprreeddiicctteedd  vvaarriiaannttss  
Illumina libraries were constructed and sequencing was performed by Fasteris 
(https://www.fasteris.com/dna). Sequencing on a Illumina Novaseq 6000 platform 
generated 2x paired-end reads of 100 bp. The pipeline used to call variants and to 
perform a quality control on those variants was described in Snoeck et al. (2019). 
Briefly, reads were aligned to the reference Sanger draft T. urticae genome from the 
London strain (Grbic et al. 2011) using default settings of the Burrows-Wheeler 
Aligner (BWA) version 0.7.12-r1039 (Li & Durbin 2009) (Li et al. 2009), and then 
processed into position-sorted BAM files using SAMtools 1.9 (Li et al., 2009), and 
the three pseudochromosome arrangement of T. urticae established by Wybouw 
and colleagues (Wybouw et al. 2019a). Duplicates were marked using Picard tools 
2.20.4-SNAPSHOT (https://broadinstitute.github.io/picard), followed by indel 
realignment with GATK version 4.1.4.1 (McKenna et al. 2010). Joint variants were 
called across the 40 experimental and the two parental lines using GATK's 
UnifiedGenotyper tool to produce a variant call format (VCF) file containing single 
nucleotide polymorphisms (SNP’s) and indels.  
 

https://www.fasteris.com/dna
https://broadinstitute.github.io/picard
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Variants used in downstream analyses were subjected to a stringent quality filter. 
To be included, the variants had to segregate (i.e. contrasting fixed alleles in the 
parental Pot-i and Mar-i lines) and be of high quality according to the following 
criteria (adapted from the filtering recommendations of GATK post #2806 
(https://gatkforums.broadinstitute.org/gatk/discussion/2806/howto-apply-hard-
filters-to-a-call-set, accessed _ July 2020):  (1) have a minimum quality score 
normalized by allele depth (QD; this and subsequent acronyms and abbreviations 
refer to how the metrics appear in the VCF 4.2 standard) of 2, (2) mean root square 
mapping quality (MQ) of at least 50, (3) strand odds ratio (SOR) below 3, (4) mapping 
quality rank sum (MQRankSum) higher than or equal to −8, (5) rank sum for relative 
positioning of alleles in reads (ReadPosRankSumTest) of at least −8, and (6) be 
within 25% and 150% of the sample's genome-wide mean SNP read coverage to 
minimize false heterozygous variant calls caused by copy number variable regions 
(Wybouw et al. 2019a); this was calculated using total depth per allele per sample 
(AD). 
 

PPrriinncciippaall  ccoommppoonneenntt  aannaallyyssiiss    
A principal component analysis (PCA) was performed in R package prcomp (v2.3.0) 
as described in Snoeck et al. (2019). To do so, a correlation matrix containing 
individual SNP frequencies was used as input. Only SNP’s that differentiated the two 
parental lines, and that were present on every treatment (FBO-selected, abamectin-
selected, potato-selected and control) were selected for the PCA. A two-
dimensional PCA plot along PC1 and PC2 was created in R (v2.3.0) as output.  
 
BBuullkkeedd  sseeggrreeggaanntt  aannaallyyssiiss  mmaappppiinngg  
BSA methods developed in earlier studies (Snoeck et al. 2019; Wybouw et al. 2019a) 
were used to analyse loci from parental lines Pot-i and Mar-i (see 
https://github.com/akurlovs/BS). The difference in allele frequency from the 
resistant parent (Mar-i for FBO and abamectin selection; Pot-i for potato selection) 
between selected and control replicates was averaged per treatment in overlapping 
75kb genomic windows with 5kb offsets. Loci under selection, evidenced by peaks 
in the genomic scan that deviate significantly from a genome-wide threshold, are 
expected to occur across replicates, while smaller peaks that do not occur across 
replicates are expected to be caused by drift (Kurlovs et al. 2019). To identify peaks 
that responded to selection across replicates, BSA scans from all the replicates were 
averaged, both from the acaricide-selected treatments and from their paired 
control replicates. Based on inferences obtained in the PCA plot, a subset of potato-

https://gatkforums.broadinstitute.org/gatk/discussion/2806/howto-apply-hard-
https://github.com/akurlovs/BS
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selected replicates (replicates 1, 2, 4, 5, 6, 8) were used to perform the BSA scans. 
Statistical significance of the resulting BSA peaks was assessed using the 
permutation approach outlined by Wybouw et al. (2019a). Differences in allele 
frequencies between paired selected and control replicates were calculated 
iteratively with 1000 permutations and with a false discovery rate (FDR) of 0.01.  
 

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

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

Abamectin 
LC50 

FBO 
LC50 

Daily eggs per 
female 

(average ± SEM)

Survival proportion 
(average ± SEM)

Fitness coefficient
(daily eggs * survival) Fitness ratio

Potato Bean Potato Bean Potato Bean (potato/bean)

Inbred Pot 0.1 ppm 200 ppm 2.30 ±
0.54

3.07 ±
0.43

0.96 ±
0.02

0.94 ±
0.03 2.21 2.86 0.77

F1: Pot x Mar  1.2 ppm >2000 ppm 6.00 ±
0.93

8.64 ±
0.26

0.98 ±
0.02

0.95 ±
0.02 5.88 8.21 0.72

Inbred Marathonas 120 ppm >5000 ppm 2.55 ±
0.29

7.35 ±
0.21

0.75 ±
0.04

0.88 ±
0.05 1.91 6.46 0.30
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average number of eggs produced per female, by their average survival. Adaptation 
to potato was then quantified as fitness on potato divided by fitness on bean, per 
line (Table 1). The relative fitness of Pot-i line on potato was 0.76 times its fitness 
on bean. In contrast, fitness of the Mar-i line on potato was approximately 0.33 
times its fitness on bean.  
 
EExxppeerriimmeennttaall  eevvoolluuttiioonn  ooff  rreessiissttaannccee  ttoo  aabbaammeeccttiinn,,  FFBBOO,,  aanndd  aaddaappttaattiioonn  ttoo  

ppoottaattoo  
In order to identify the genetic bases of resistance to abamectin and to FBO, a 
segregant bulk population was created by crossing the two inbred T. urticae lines. 
The resistance to these acaricides was also tested on the F1 offspring generated 
from the cross between females from the Pot-i lines and males from the Mar-i line. 
The LC50 of the F1 progeny showed that it was susceptible to abamectin, with a 
concentration of 1.2 mg/L. The F1 progeny was moderately resistant to FBO, with 
an LC50 >2000mg/L (Table 1). After expanding the F1 progeny for four to five 
generations, the population was divided into 10 potted unsprayed bean plants, 10 
abamectin-sprayed bean plants, 10 FBO-sprayed bean plants, and 10 potato plants. 
The acaricide-selected populations were reared on increasing concentrations of 
acaricides for approximately 20 generations, until reaching a final concentration of 
20mg/L for abamectin and 2500mg/L for FBO. For the same duration of time, 
unsprayed bean and potato plants were refreshed constantly for controls and for 
potato selection treatments, respectively. Afterwards, acaricide-selected and 
control populations were tested at a discriminating concentration of 15mg/L for 
abamectin, and 2500mg/L for FBO. At these concentrations, abamectin-selected 
populations had a significantly higher survival rate compared to the control 
populations (F1,69 = 5614.8, p < 2.2e-16; Figure 1A), as did FBO-selected populations 
(F1,69 = 291.46, p < 2.2e-16; Figure 1B).  
 
To identify the genetic basis of adaptation to potato, the fitness ratio of the F1 
progeny from the cross between the two strains was calculated. The number of eggs 
laid by F1 females on potato was significantly lower than those laid on bean (F1, 9 = 
8.399, p = 0.01765, Table 1). The subsequent segregant bulk population was then 
expanded and 10 replicates were isolated to potato, as described above. 
Approximately 20 generations thereafter, the fitness of the 10 populations isolated 
to potato was compared to fitness of the 10 unsprayed control populations on bean. 
The relative fitness on potato of 9 out of the 10 potato-selected populations was 
significantly higher than the unselected controls (F1, 9 = 25.49, p < 0.001; Figure 1C).  
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Figure 1. Responses to selection in experimental Tetranychus urticae populations. (A) 
Corrected survival of adult T. urticae females from FBO-selected and unselected experimental 
populations after spraying with a concentration of 2500mg/L FBO (Torque). (B) Corrected 
survival of adult T. urticae females from abamectin-selected and unselected experimental 
populations after spraying with a concentration of 15mg/L abamectin (Vermitec). (C) Fitness 
of potato-selected and unselected experimental populations of T. urticae, expressed as a 
ratio of fitness on potato relative to fitness on bean. Fitness was calculated as the average 
number of eggs laid by females by the average female survival of each population (see 
‘’Materials & Methods”). 

 

   

0

25

50

75

100

Rep01
Rep02

Rep03
Rep04

Rep05
Rep06

Rep07
Rep08

Rep09
Rep10

C
or

re
ct

ed
su

rv
iv

al
 %

FBO-selected
Unselected controls

A

0

25

50

75

100

Rep01
Rep02

Rep03
Rep04

Rep05
Rep06

Rep07
Rep08

Rep09
Rep10

C
or

re
ct

ed
su

rv
iv

al
 %

Abamectin-selected
Unselected controls

B

0.00

0.25

0.50

0.75

1.00

Rep01
Rep02

Rep03
Rep04

Rep05
Rep06

Rep07
Rep08

Rep09
Rep10

Po
ta

to
/B

ea
n

Fi
tn

es
s 

ra
tio

Potato-selected
Unselected controls

C



552471-L-bw-Villacis552471-L-bw-Villacis552471-L-bw-Villacis552471-L-bw-Villacis
Processed on: 15-12-2020Processed on: 15-12-2020Processed on: 15-12-2020Processed on: 15-12-2020 PDF page: 154PDF page: 154PDF page: 154PDF page: 154

Chapter 5  

 148 

GGeennoommiicc  rreessppoonnsseess  ttoo  sseelleeccttiioonn  
A total of 609059 high-quality SNP’s was found to segregate in the experimental 
replicates, and these were used to analyse global genomic responses to selection in 
a PCA plot (Figure 2). All selection treatments differentiated from the controls along 
PC1 (45.7% variation explained) and PC2 (15.1% variation explained). The 10 FBO-
selected replicates grouped together in a tight cluster and so did the 10 abamectin-
selected replicates and the 10 control replicates. Potato replicates also formed a 
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Figure 2. Genomic responses to selection in experimental Tetranychus urticae 
populations. A principal component analysis (PCA) performed with the allele frequency 
dataset obtained from SNPs of FBO-, abamectin- and potato-selected and unselected T. 
urticae populations. The percentage of variance explained by the two first principal 
components is indicated in parenthesis on each axis. Circles are coloured according to 
selection treatment and each of the replicates per treatment is labelled ABA for 
abamectin-, FBO for fenbutatin oxide-, POT for potato-selected populations and CON for 
control populations.  
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defined cluster, but the response to potato selection was heterogeneous across 
replicates, which were much farther dispersed along the PCA space than any of the 
acaricide treatments or controls. Notably, four potato-selected replicates (reps 3, 7, 
9, 10) grouped very closely to the control replicates, while the other six potato-
selected replicates (reps 1, 2, 4, 5, 6, 8) diverged further along PC1 and PC2 from 
the cluster formed by control replicates.  
 

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

GGeenneettiicc  bbaasseess  ooff  FFBBOO  rreessiissttaannccee  
Previous reports investigating the inheritance of resistance to organotin compounds 
in spider mites and related species show that the genetics are complex: resistance 
tends to be incompletely dominant in F1 hybrids between susceptible and resistant 
populations, and its architecture is likely polygenic (Croft et al. 1984; Pree 1987; Hoy 

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

GGeenneettiicc  bbaasseess  ooff  aabbaammeeccttiinn  rreessiissttaannccee  
The genetics of inheritance in abamectin-resistance lines of T. urticae green and red 
morphs have been reported to be incompletely recessive, recessive, or incompletely 
dominant, depending on the spider mite line used (Yorulmaz & Ay 2009; Dermauw 
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et al. 2012). In line with these observations, the F1 generation from the 
experimental cross between the resistant and susceptible lines showed 
intermediate levels of resistance between the parental lines (Table 1); albeit the F1 
generation was much more susceptible to abamectin than the resistant parental 
line (1.2mg/L vs. 120mg/L), these levels were one order higher than the susceptible 
line (1.2mg/L vs. 0.1mg/L), suggesting an incompletely recessive inheritance of 
resistance. Abamectin selection resulted in very high mite survival (close to 100%) 
upon application with high amounts of abamectin (Figure 1B). High levels of 
resistance to macrocyclic lactones, such as abamectin, have recently been found in 
field populations (Xue et al. 2020). However, no single mechanism alone can explain 
the high resistance levels found in field populations, further supporting a polygenic 
architecture of resistance (Khajehali et al. 2011; Dermauw et al. 2012; Riga et al. 
2014; Pavlidi et al. 2015; Bajda et al. 2017; Mermans et al. 2017; Xue et al. 2020). 
Target-site mutations in two copies of the cys-ligand loop of the glutamate-gated 
chloride channel (TuGluCl1 and TuGluCl3) present in the genome of T. urticae are 
major factors contributing to resistance (Kwon et al. 2010; Dermauw et al. 2012; 
Xue et al. 2020); however, the presence of these mutations results in pleiotropic 
effects that impact the fitness of spider mites without abamectin application (Bajda 

et al. 2018).  
 
BSA scans in this study found four significant QTL’s associated with abamectin 
selection. Within Aba-peaks 1 and 2 resided two genes coding for the GluCl channel, 
viz. TuGluCl2 and TuGluCl3, respectively (Tables S3, S4). Previous work on the 
parental line of this study, Marathonas, demonstrated the role of a mutation in 
TuGluCl3, acting either together or additively with a mutation in TuGluCl1, in 
conferring high resistance against abamectin (Kwon et al. 2010; Dermauw et al. 
2012). While TuGluCl3 was found within Aba-peak 2, Aba-peak 1 contained a copy 
of TuGluCl2 (Table S3). This is an interesting observation, as TuGluCl1 and TuGluCl3, 
together have been hypothesized to be the prime target sites of abamectin in T. 
urticae (Dermauw et al. 2012). To which extent mutations in TuGluCl2 alter the 
sensitivity to abamectin, relative to the mutations in sequences of GluCl1 and 
GluCl3, needs to be further explored. Similarly, whether the combination of 
TuGluCl2 and TuGluCl3 also result in the pleiotropic effects found in lines harboring 
GluCl1 and GluCl3 (Bajda et al. 2018) remains to be investigated. Within Aba-peak 
3, a copy of a DEAD/DEAH box DNA helicase was found (Table S5). Among the six 
major superfamilies of described helicases, members of the DEAD/DEAH box 
complex are part of superfamily 2, which are generally involved in the unwinding of 
nucleic acids and the metabolism of RNA molecules. DEAD/DEAH box helicases in 
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RNA viruses are essential for synthesis of new genomic RNA (Gilman et al. 2017). 
Recently, ivermectin has been identified to interfere with the replication process of 
flavoviruses and coronaviruses by targeting helicase activity (Mastrangelo et al. 
2012; Caly et al. 2020). Whether mutations in the sequence of DEAD/DEAH box DNA 
helicase found in the BSA scan of this study alter mRNA production, DNA replication 
or other conserved processes in T. urticae associated with abamectin resistance, 
remains an exciting observation to be further investigated. Within Aba-peak 4, 
multiple chemosensory receptors were found (Table S6). Chemosensory receptors 
are major determinants of host plant acceptance in arthropods (Ngoc et al. 2016; 
Wicher & Marion-Poll 2019; Wybouw et al. 2019a). As such, their potential as novel 
targets for pest control in crops is rising (Venthur & Zhou 2018). To our knowledge, 
this is the first report of acaricide selection potentially targeting chemosensory 
receptors in an experimental setting. It is likely that ion channels associated with 
the activity of chemosensory receptors are altered upon abamectin application. 
Since multiple genes coding for chemosensory receptors reside within Aba-peak 4, 
the identification of specific groups of genes that mediate abamectin perception will 
require further investigation.  
 

GGeenneettiicc  bbaassiiss  ooff  ppoottaattoo  aaddaappttaattiioonn  
Despite the large genomic toolkit related to host plant use in T. urticae, the 
phenotypic characterization of host adaptation traits in this species (and many other 
herbivores) has remained elusive (Van Leeuwen et al. 2013; Wybouw et al. 2014; 
Wybouw et al. 2015; Van Leeuwen & Dermauw 2016; Wybouw et al. 2018; Wybouw 
et al. 2019a; Chapter 3 of this dissertation). The inheritance of traits related to host 
use in the wild honeysuckle host race of T. urticae appears to be monogenic and 
dominant (Chapter 3 in this dissertation). In the current study, the F1 generation 
between potato adapted and non-adapted lines shows a complex mode of 
inheritance of fitness traits: F1 hybrids inherited the high survival levels of the 
potato-adapted parent, but the number of eggs laid by F1 hybrids in potato are low 
relative to the eggs laid on bean, similar to the non-adapted parent (Table 1). These 
patterns suggest either independent inheritance of loci governing reproductive 
output and survival, or alternatively, a single gene that when expressed in F1 hybrid 
females produces these patterns of dominance. Potato selection resulted in an 
increase in the fitness of selected replicates, but a drop in fitness of unselected 
controls on potato was also apparent, suggesting possible pleiotropic effects or 
fitness costs that become apparent when selection by potato is absent.  
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Several genes within Pot-peak 1 could have a direct function in the adaptation of T. 
urticae to potato. For example, one intact gustatory receptor was found within this 
QTL, which opens the possibility to study the behavioural associations between this 
gene and acceptance of potato as a host (Ngoc et al. 2016; Wybouw et al. 2019a). 
Similarly, the sodium-dependent glucose transporter found within Pot-peak 1 could 
play a role in the glucose uptake in the gut of T. urticae necessary to take advantage 
of potato as a glucose source, like it has been shown for related orthologs of this 
gene in mammals (Harada & Inagaki 2012). Interestingly, genes residing within Pot-
peak 1 did not include classic detoxification enzymes such as P450’s, UGT’s or GST, 
which were previously found to underlie adaptation of T. urticae to another 
Solanaceae host, tomato (Solanum lycopersicum; Wybouw et al. 2015; Wybouw et 
al. 2019a). Instead, several genes within Pot-peak 1 point to a potential role of the 
metabolism of reactive oxygen species in adaptation to potato. Supporting this 
hypothesis, the highly conserved SOD was found within Pot-peak 1, along with a 
gene coding for a serine/threonine-protein kinase, both of which are tightly related 
to responses to oxidative stress (Ahmad 1992; Aucoin et al. 1995; Lukasik 2007; Mao 

et al. 2011). In addition, two ABC transporters, one from class C and one from class 
H were found within Pot-peak 1. ABCC and ABCH transporters have been found to 
be upregulated in T. urticae lines upon transfer to toxic plants, and ABCC orthologs 
have been identified in responses to oxidative stress in Drosophila melanogaster 
(Monnier et al. 2002; Dermauw et al. 2013). Mechanisms against oxidative stress 
are of particular importance in the interaction of potato and insect herbivores. 
Potato leaf extracts, likely through the action of glycoalkaloids such as a-solanine, 
induce oxidative stress and negatively impact the development of insect larvae 
(Adamski et al. 2014; Chowański et al. 2016). Mechanisms that allow insects to cope 
with the oxidative stress associated with feeding from potato involve the altered 
expression of detoxification enzymes, such as GST’s, SOD, catalases, among others 
(Aucoin et al. 1991; Krishnan & Sehnal 2006; Adamski et al. 2014; Apirajkamol et al. 
2020). Whether sequence changes in SOD and the other candidate genes of potato-
selected replicates result in their altered expression or in the insensitivity of  T. 
urticae towards potato-borne oxidative stress is a new research lane to be 
investigated.  
 

DDiiffffeerreenncceess  iinn  sseelleeccttiioonn  pprreessssuurree  ffrroomm  aaccaarriicciiddeess  aanndd  hhoosstt  ppllaannttss  
While the BSA scans showed that allele frequencies along the genome of T. urticae 
were consistent across the 10 acaricide-selected replicates, the allele frequencies 
of potato-selected mites were more heterogeneous and variable across replicates 
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(Supplementary Figure 1). Differences in allele frequencies, both around and away 
from the Pot-peak 1 QTL were large, even when using the subset of six potato-
selected replicates that showed larger differentiation from controls (Figure 2). 
Moreover, differences in allele frequencies around the QTL at Pot-peak 1 were only 
moderate, with allele frequencies of the adapted parent reaching a maximum of 
~0.4 on the top BSA window (Figure 3). The large variation observed between 
potato-selected replicates, and the relatively low allele frequencies of the potato-
adapted parent could potentially be the result of different factors. Strong 
population bottlenecks resulting from the shift of the segregant bulk from bean to 
potato could have led to a large effect of drift in the subsequent BSA analysis. 
Genetic drift may fix alternative alleles in different replicates, lowering the 
resolution to which QTL can be mapped using the BSA technique (Kurlovs et al. 
2019). Alternatively, it is possible that the host plant does not impose strong 
selection pressure on different allelic variants in the mites, as it occurs with 
acaricides, but that regulation of gene expression and subsequent protein 
production mediates host adaptation in T. urticae (Alba et al. 2015; Jonckheere et 

al. 2016; Villarroel et al. 2016; Jonckheere et al. 2018). The mechanisms by which 
overexpression of relevant enzymes is regulated upon host adaptation in 
herbivorous arthropods remain to be investigated. Yet, recent research suggests 
that architectural variants, such as variation in the copy number of detoxification 
genes, may mediate mechanisms of enzyme overexpression in insects (Nam et al. 
2019; Hazzouri et al. 2020). 
 
The selection pressures that pesticides and host plants impose on arthropods can 
differ both qualitatively and quantitatively. Pesticides are usually comprised of a 
major active compound that is targeted to specific enzymes or pathways in the 
arthropod, and the compounds used here are particularly used for their acaricidal 
activity. Conversely, plant allelochemicals are very diverse and their mode of action 
is little known compared to the activity of pesticides, yet different plant species 
produce different classes of toxic compounds that could potentially be aimed 
against attackers (Stam et al. 2014; Chowański et al. 2016). Pesticide use leads to a 
high probability of the arthropod being exposed to the chemical compound, while 
exposure to plant allelochemicals can be highly variable and dependent on each 
particular plant-herbivore interaction and on the array of defences of each host 
species. The probability of encountering allelochemicals can determine the type of 
resistance mechanism that evolves to cope with it: target-site mutations are often 
found in cases of pesticide resistance, where exposure to the chemical is high, while 
in host adaptation, where the probability of encountering allelochemicals is 
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relatively lower than that of pesticides, mechanisms of detoxification or avoidance 
are often found, even in highly specialist taxa (reviewed in Després et al. 2007). The 
strength of selection can also differ between pesticides and host plants, particularly 
in experimental settings. The concentration of pesticides used in experimental 
assays tends to be on the same order as the recommend values for field application, 
while host plant adaptation tends to be equated with isolating the arthropod to a 
particular host. In nature, the ecological community associated with each host plant 
taxon can impose extra selection pressure on the herbivores that feed from them 
(Ataide et al. 2016; Wetzel et al. 2018; Boege et al. 2019). Thus, simply isolating 
mites to a host plant may not result in the strength of selection pressure that 
herbivores encounter in nature. Finally, it is important to consider the fact that 
collecting mite populations from a particular host species is not necessarily 
equivalent to collecting host-specialized populations that harbour genetic variants 
related to host use (Chapter 2 of this dissertation). The evolutionary history of 
adaptation to certain hosts or pesticides can significantly impact the ability of 
arthropods to cope with novel selection pressures, both in natural and agricultural 
systems (Chen et al. 2019; Pym et al. 2019; Weathered & Hammill 2019).  
 

CCoonncclluuddiinngg  rreemmaarrkkss  
Tetranychus urticae is a predominant agricultural pest due to the rapid evolution of 
acaricide resistance and host plant adaptation. Applying recently developed BSA 
methods, we mapped and characterized the genomic architecture of resistance to 
FBO and abamectin, and that of adaptation to potato in T. urticae. Our analyses 
show that the architectures of both processes are polygenic, and that the processes 
of resistance and host adaptation do not share the same genetic basis. In the 
abamectin- and FBO- selected replicates, QTL’s were associated with genes 
previously reported as target sites of these compounds, but new candidates are also 
reported. A subset of replicates transferred from bean to potato responded to 
selection, which allowed the identification of a QTL with several candidate genes, 
several of which are potentially associated with the metabolism of oxidative stress 
induced by potato feeding. This QTL fell in a different chromosome than a QTL 
previously identified with the same methodology, which underpinned adaptation of 
T. urticae to tomato (Supplementary Figure 2). However, an alternative method of 
QTL analysis in Wybouw et al. (2019) revealed a QTL in the same location as the one 
described here, secondary to the main one underlying tomato adaptation. Should 
adaptation to Solanum species require a baseline set of traits in T. urticae, aimed to 
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cope with the oxidative stress produced by secondary metabolites that are common 
to this plant genus, remains to be explored. Characterization of the secondary 
metabolites that are conserved along the genus Solanum, and the ability to create 
mutants from many species of the genus, will allow the dissection of the plant 
compounds exerting selection on herbivores. Similarly, whether the basis of 
acaricide resistance and host plant adaptation found in this particular line of T. 

urticae also occur across other lines of this species will reveal how  evolutionary 
conserved these processes are. 
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SSuupppplleemmeennttaarryy  ffiigguurreess    

 
 
Figure S1. Local genomic responses to selection in each of the selected and control 
Tetranychus urticae populations. Frequency of parental alleles for (A) FBO-selected, (B) 
abamectin-selected, and (C) potato-selected (blue lines in all panels) compared to unselected 
control populations (red lines in all panels) in sliding windows along the genome of T. urticae 
(75kb windows with a 5kb offset). Frequencies represent the alleles of the resistant line Mar-
i. Genomic positions are denoted on the x-axes, with each of the three pseudochromosomes 
described for T. urticae (Wybouw et al. 2019) shaded in different colours. For FBO-, 
abamectin-selected and control populations n = 10, for potato-selected populations n = 6. 
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Figure S2. Genomic responses to selection by Solanum hosts in T. urticae populations. 
Average allele frequency differences between (A) the potato-selected populations of this 
study, (B) tomato-selected populations in Wybouw et al. (2019) and unselected control 
populations in sliding windows along the genome of T. urticae (75kb windows with a 5kb 
offset). Unselected control populations were kept on common bean plants in both studies. 
The genetic background of experimental populations differed between both studies. Dashed 
lines within each panel denote confidence intervals based on a permutation analysis (FDR of 
5% in both studies).  
 
 
 
 
 
 
 
 
Supplementary tables can be found in the digital version of this thesis. 

 


