
“There is nothing like looking, if you want to find something. You certainly usually find something, if 
you look, but it is not always quite the something you were after.” 

J.R.R. Tolkien  



  

Promoters prof. dr. ir. Luc Tirry 

 prof. dr. ir. Thomas Van Leeuwen 

 dr. ir. Wannes Dermauw 

  

 Department of Plants and Crops 

 Faculty of Bioscience Engineering 

 Ghent University 

  

Dean prof. dr. ir. Marc Van Meirvenne 

  

Rector prof. dr. ir. Rik Van de Walle 



 
 
 
 
 
 
 
 
 
 
 
 
 

 
Genetic and molecular mechanisms of pesticide 

resistance and host plant acclimation in the 
generalist herbivore Tetranychus urticae 

 
ir. Simon Snoeck 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thesis submitted in fulfillment of the requirements for the degree of Doctor (PhD) in Applied 

Biological Sciences  



Dutch translation of the title of this PhD: 

Genetische en moleculaire mechanismen betrokken in pesticiden resistentie en 

waardplant acclimatisatie in de herbivoor en generalist Tetranychus urticae. 

 

To refer to this thesis: 

Snoeck S. (2019). Genetic and molecular mechanisms of pesticide resistance and host 

plant acclimation in the generalist herbivore Tetranychus urticae. PhD thesis. Ghent 

university, Ghent, Belgium. 

 

ISBN-number: 9789463572422 

 

 

The author and the promoters give the authorization to consult and to copy parts of this work for 

personal use only. Every other use is subject to copyright laws. Permission to reproduce any 

material contained in this work should be obtained from the author. 

 

The promoters,      The author, 

prof. dr. ir. Luc Tirry    ir. Simon Snoeck  

 

 

 

 

prof. dr. ir. Thomas Van Leeuwen 

 

 

 

 

dr. ir. Wannes Dermauw  



Members of the examination committee: 

 

prof. dr. ir. Luc Tirry 

Laboratory of agrozoology 

Department of plants and crops 

Ghent University 

 

prof. dr. ir. Thomas Van Leeuwen 

Laboratory of agrozoology 

Department of plants and crops 

Ghent University 

 

dr. ir. Wannes Dermauw 

Laboratory of agrozoology 

Department of plants and crops 

Ghent University 

 

prof. dr. Rene Feyereisen 

Department of plant and environmental sciences 

University of Copenhagen 

 

prof. dr. ir. Tim De Meyer 

Department of data analysis and mathematical modelling 

Ghent University 

 

prof. dr. ir. Patrick De Clercq 

Laboratory of agrozoology 

Department of plants and crops 

Ghent University 

 

prof. dr. ir. Bartel Vanholme 

Department of plant biotechnology and bioinformatics 

Ghent University 

 

dr. Christoph T. Zimmer 

Syngenta crop protection 

 

 

 

 

  



Acknowledgements/Dankwoord 

 

“There is nothing like looking, if you want to find something...” 

 

Mijn zoektocht begon in het koffiekot, de rode draad doorheen mijn doctoraat. Alsook de 

locatie voor mijn sollicitatiegesprek (in korte broek, sorry TVL). Dank je wel Luc, Thomas en 

Wannes, voor het vertrouwen. Thomas, je passie werkte inspirerend, je kritisch oordeel hield me 

scherp. Bedankt voor de talloze koffies, advies en aangereikte kansen, de opleiding, de 

collaboraties, de conferenties en de opeengestapelde levenservaringen die hiermee gepaard 

gingen. Wannes, mijn wetenschappelijke peter, ware het niet dat jouw deur altijd openstond, ik had 

ze plat gelopen. Bedankt voor je begeleiding de afgelopen vier jaar, van de eerste kennismaking 

met een terminal tot het “proofreaden” van nonchalant gefabriceerde mendeley referenties. Dit 

schrift had serieus ingeboet aan kwaliteit zonder jou. 

 

Leen, Rik (15u30 ~ koffie), Bjorn, Stephanie, Agnes en Didier, bedankt voor jullie hulp en 

advies, zowel op technisch, administratief en mentaal vlak. 

 

Astrid, Wim, Wannes, Arash, Catherine (topmadam/kapster), Wenxin, Ibrahim, Peng, 

Nicky, Sabina, Berdien, Lore, Marilou, Christine, Xueping and Andre. No day past by without a 

laugh, it was a pleasure to share the “lab” with you all, talk (no) science, drink a beer, the 

conferences, … I will definitely miss the atmosphere of our mite group. 

 

Dear office members (Wim, Freya, Maxim, Nicky, Hamshou, Nathaly, Mona and Katterine), 

thanks for all the talks, laughs, proofreading, figure optimizing… From now on, no smell of French 

cheeses anymore. 

 

Throughout my PhD, I spent a few months at the University of Utah. Richard, thanks for 

the guidance, awakening my interests in bioinformatics and the fruitful collaboration. I also had the 

pleasure to meet, dine and work with Robert, Huyen, Andre and Olivia. Thanks for the memorable 

nights, thanksgivings and travels. Looking forward to another visit. Special thanks to Andre, my most 

joyful co-author, staying long in the office was never as pleasant; you playing lovely (loud) nineties 

music, while smashing your keyboard, and popping out your dvd-drive (again). 

 

At the University of Amsterdam, I had the pleasure to work together with Nena and Ernesto. 

Nena, thanks for the collaboration, guidance and advice throughout the only three weeks of my PhD 

that I solely spent in the lab. Ernesto, you primed my interest for evolution. Elahe and Eba, your 

visits to Ghent University were a delight. I am glad that I had the opportunity to work together with 



both of you. Rene, thanks for your contribution to the MR-VP project (which would not have existed 

without Sabrina), you definitely won the award for “the funniest comment on an article draft”.  

 

Huis-, reis-, lunchgenoten, stammers, Stürm und Drank’ers en fietsvrienden, bedankt voor 

de momenten van verpozing. 

 

Mijn oudjes (en zus), dank voor jullie steun, opofferingen, de gekregen kansen, zonder 

jullie had ik hier niet gestaan. 

 

Liv. 

 

“…You certainly usually find something, if you look, but it is not always quite the something you 

were after.” 

 

Simon, June 2019 

  



Table of Contents 

General introduction 

1. Arthropod herbivory __________________________________________________________________ 2 

1.1. The challenges of arthropod herbivory ________________________________________________ 2 

1.2. Host plant range ___________________________________________________________________ 3 

1.3. Chemical control of arthropods and pesticide resistance _________________________________ 3 

1.4. Spider mites ______________________________________________________________________ 5 

2. Xenobiotic metabolism ________________________________________________________________ 6 

2.1. Toxicodynamic mechanisms _________________________________________________________ 7 

2.2. Toxicokinetic mechanisms __________________________________________________________ 8 

2.2.1. Metabolic detoxification _____________________________________________________________ 8 

2.2.2. The major detoxification enzyme families ______________________________________________ 9 

2.3. Behavioral adaptations ____________________________________________________________ 11 

3. Acari genomics, transcriptomics and QTL mapping ______________________________________ 12 

3.1. T. urticae as a model organism ______________________________________________________ 12 

3.2. Annotation of the T. urticae genome _________________________________________________ 13 

3.3. Whole genome expression profiling: microarrays and RNAseq ___________________________ 14 

3.4. Trait mapping in arthropods ________________________________________________________ 15 

3.4.1. Bulked segregant analysis (BSA) ____________________________________________________ 15 

4. General outline of this thesis __________________________________________________________ 18 

High-resolution QTL mapping reveals target-site resistance but also divergent responses 

to long-term selection by three METI-I acaracides in Tetranychus urticae 

1. Abstract ___________________________________________________________________________ 22 

2. Introduction ________________________________________________________________________ 22 

3. Materials and methods _______________________________________________________________ 24 

3.1. Acaricides _______________________________________________________________________ 24 

3.2. T. urticae strains __________________________________________________________________ 24 

3.3. Experimental evolution set-up of METI-I resistance _____________________________________ 25 

3.4. METI-I resistance and adaptation assay ______________________________________________ 25 



3.5. RNA extraction and sequencing ____________________________________________________ 26 

3.6. DNA preparation, genome sequencing and variant detection ____________________________ 26 

3.7. Quality control on predicted variants ________________________________________________ 27 

3.8. Responses to selection and validation of the T. urticae three-chromosome assembly _______ 27 

3.9. Heterozygosity estimates __________________________________________________________ 28 

3.10. Principle component analysis ______________________________________________________ 28 

3.11. Bulked segregant analysis genetic mapping __________________________________________ 28 

3.12. Predicted effects of genetic variants in coding sequences ______________________________ 29 

3.13. Alignment of CPR proteins ________________________________________________________ 29 

3.14. Gene duplication of the DBD-lacking NHR-96-like gene in T. urticae... ____________________ 29 

3.15. Analysis of DBD-lacking NHR96-like genes in T. urticae… ______________________________ 30 

3.16. NHR-like genes lacking DBD in other arthropods ______________________________________ 30 

4. Results ___________________________________________________________________________ 31 

4.1. Characterization of METI-I resistant inbred strains_____________________________________ 31 

4.2. Evolution of METI-I acaricide resistance in experimental mite populations ________________ 31 

4.3. Genomic responses to selection ____________________________________________________ 33 

4.4. Regional genomic responses to selection and validation of the three-chromosome assembly 34 

4.5. Population bulked segregant analysis mapping of QTL ________________________________ 34 

4.6. Analysis of D384Y mutation in CPR _________________________________________________ 37 

4.7. Nuclear hormone receptor analysis _________________________________________________ 38 

5. Discussion ________________________________________________________________________ 38 

6. Conclusion ________________________________________________________________________ 43 

Funding information _______________________________________________________________________ 44 

Supplementary information__________________________________________________________________ 44 

Author contributions _______________________________________________________________________ 49 

The effect of insecticide synergist treatment on genome-wide gene expression in a 

polyphagous pest 

1. Abstract ___________________________________________________________________________ 52 

2. Introduction _______________________________________________________________________ 52 



3. Materials and methods _______________________________________________________________ 55 

3.1. Mite strains and chemicals _________________________________________________________ 55 

3.2. Synergist bioassays _______________________________________________________________ 55 

3.3. RNA-seq _________________________________________________________________________ 55 

3.4. Expression quantification and principal component analysis (PCA) _______________________ 56 

3.5. Differential expression (DE) analysis and gene ontology (GO) enrichment analysis _________ 56 

3.6. qPCR ___________________________________________________________________________ 57 

3.7. Data availability and image processing _______________________________________________ 57 

4. Results ____________________________________________________________________________ 57 

4.1. Synergist bioassays and RNA-seq ___________________________________________________ 57 

4.2. Principal component analysis (PCA) _________________________________________________ 58 

4.3. Gene-set enrichment analysis _______________________________________________________ 58 

4.4. GO enrichment and cluster analysis _________________________________________________ 60 

5. Discussion _________________________________________________________________________ 63 

Funding information ________________________________________________________________________ 67 

Author contributions ________________________________________________________________________ 67 

Supplementary information __________________________________________________________________ 67 

Transcriptomic plasticity in the arthropod generalist Tetranychus urticae upon long-term 

acclimation to different host plants 

1. Abstract ___________________________________________________________________________ 70 

2. Introduction ________________________________________________________________________ 70 

3. Materials and methods _______________________________________________________________ 73 

3.1. Plants and spider mites ____________________________________________________________ 73 

3.2. RNA isolation, gene expression microarray set-up and differential gene expression analysis _ 73 

3.3. k-means clustering ________________________________________________________________ 74 

3.4. GO enrichment of differentially expressed genes ______________________________________ 74 

3.5. OrthoMCL grouping _______________________________________________________________ 74 

3.6. Phylogenetic analysis of short-chain dehydrogenases __________________________________ 75 

3.7. Phylogenetic analysis of single PLAT domain proteins _________________________________ 75 



3.8. Detection and analysis of SDRs and single PLAT domain protein clusters ________________ 76 

3.9. Data availability __________________________________________________________________ 76 

4. Results ___________________________________________________________________________ 78 

4.1. Effect of long-term acclimation to different host plants on the T. urticae transcriptome _____ 78 

4.2. k-means clustering of transcriptomic responses to long-term host plant transfer __________ 79 

4.3. Gene-set enrichment analysis ______________________________________________________ 80 

4.4. Phylogenetic analysis of T. urticae SDRs and single PLAT domain proteins _______________ 81 

5. Discussion ________________________________________________________________________ 84 

Funding information _______________________________________________________________________ 89 

Author contributions _______________________________________________________________________ 89 

Supplementary information__________________________________________________________________ 89 

Substrate specificity and promiscuity of horizontally transferred UDP-glycosyltransferases 

in the generalist herbivore Tetranychus urticae 

1. Abstract ___________________________________________________________________________ 94 

2. Introduction _______________________________________________________________________ 94 

3. Materials and methods ______________________________________________________________ 95 

3.1. T. urticae strains, chemicals and plant secondary metabolites __________________________ 95 

3.2. UGT gene expression analysis _____________________________________________________ 95 

3.3. Phylogenetic analysis _____________________________________________________________ 96 

3.4. Cloning, functional expression and purification of recombinant UGTs ____________________ 97 

3.5. Activity assays and determination of specificities for model substrates __________________ 98 

3.6. Treatment with β-glucosidase ______________________________________________________ 98 

3.7. UDP-sugar preference ____________________________________________________________ 98 

3.8. UGT incubation and UDP-glo glycosyltransferase assay _______________________________ 99 

3.9. Substrate screening ______________________________________________________________ 99 

3.10. Image processing _______________________________________________________________ 100 

3.11. Kinetic studies of specific enzymes-substrate combinations (9) and UDP-sugar preference _ 100 

4. Results __________________________________________________________________________ 101 

4.1. Selection of glycosyltransferases __________________________________________________ 101 



4.2. Cloning, heterologous expression and purification of T. urticae UGTs____________________ 101 

4.3. Kinetic properties of recombinant T. urticae UGTs ____________________________________ 102 

4.4. Sugar selectivity of the recombinant UGTs ___________________________________________ 103 

4.5. Substrate/acceptor specificity _____________________________________________________ 104 

4.6. Enzymatical characterization of the recombinant UGTs ________________________________ 105 

5. Discussion ________________________________________________________________________ 106 

6. Conclusion ________________________________________________________________________ 110 

Funding information _______________________________________________________________________ 110 

Author contributions _______________________________________________________________________ 110 

Supplementary information _________________________________________________________________ 110 

Discussion 

1. Abstract __________________________________________________________________________ 117 

2. Bulked segregant analysis ___________________________________________________________ 118 

2.1. Beyond theory and simulations: lessons from experimental studies in insects and mites ___ 119 

2.2. Concluding remarks BSA _________________________________________________________ 121 

3. Validation of candidate genes linked to pesticide resistance or host plant acclimation… ______ 122 

3.1. In vitro validation ________________________________________________________________ 122 

3.1.1. Functional expression ____________________________________________________________ 122 

3.2. In vivo validation _________________________________________________________________ 124 

3.2.1. CRISPR/Cas9 ____________________________________________________________________ 125 

3.2.2. Introgression ____________________________________________________________________ 127 

3.2.3. RNA interference ________________________________________________________________ 128 

3.3. X-ray crystallography and homology modelling _______________________________________ 129 

References _______________________________________________________________________________ 131 

Summary _________________________________________________________________________________ 169 

Samenvatting _____________________________________________________________________________ 171 

Curriculum vitae ___________________________________________________________________________ 173 

 



List of abbreviations 

AA amino acid 

ABC ATP-binding cassette 

AChE acetylcholinesterase 

AD allele depth 

AF allele frequency 

Albino-JP albino japan strain 

ATP adenosine triphosphate 

AWD average window distance 

BAPC branched amphiphilic peptide capsules 

BSA bulked segregant analysis 

BWA burrows wheeler aligner 

BX benzoxazinoid 

Cas9 CRISPR associated protein 9 

CCE carboxyl/choline esterase 

cDNA complementary DNA 

CDR carbonyl reducing enzyme 

CHS1 T. urticae chitin synthase 

CON control 

CPR cytochrome P450 reductase 

CRISPR clustered regularly interspaced short 
palindromic repeats 

cRNA complementary RNA 

CsA cyclosporin A 

CYP cytochroom P450 

DBD DNA-binding domain 

DDT dichloordifenyltrichloorethaan 

DE differential expression 

DEF S,S,S-tributyl phosphorotrithioate 

DEG differentially expressed gene 

DEM diethyl maleate 

DIMBOA 2,4-dihydroxy-7-methoxy-1,4-
benzoxazin-3-one 

DMSO dimethylsulfoxide 

DNA deoxyribonucleic acid 

DOG dioxygenases 

dsRNA double stranded RNA 

E&R evolve and resequence 

EDTA ethylenediaminetetraacetic acid 

ER endoplasmatisch reticulum 

FAD flavin adenine dinucleotide 

FADH2 flavin adenine dinucleotide 
hydroquinone form 

FC fold change 

FDR false discovery rate 

FMN flavin mononucleotide 

FORM formulation 

FWO research foundation Flanders 

GATK genome analysis toolkit 

GC gas chromatography 

GO gene ontology 

GSH glutathione 

GST glutathione-S-transferase 

GWAS genome wide association studies 

HGT horizontal gene transfer 

His tag polyhistidine tag 

HPLC-MS high performance liquid 
chromatography mass spectrometry 

HTSeq high-throughput sequencing 

IBP iprobenfos 

IGV integrative genomics viewer 

IPR domain InterPro domain 

IPTG isopropyl ß-D-1-thiogalactopyranoside 

IRAC insecticide resistance action committee 

IRM insecticide resistance management 

JP-R Japan resistant strain 

LB lysogeny broth 

LBD ligand binding domain 

LC50 lethal concentration for 50% subjects 

L-ME EGE luciferin-ME EGE 

Lon-Inb London inbred strain 

LS-VL laboratory susceptible strain Van 
Leeuwen 

MAR-AB marathonas abamectin resistant strain 

MBOA 6-methoxy-benzoxazolin-2-one 

METI-I mitochondrial elector transport 
inhibitors of complex I 

MFS major facilitator superfamily 

MQ mean root square mapping quality 

MQRankSum mapping quality rank sum 

mRNA messenger RNA 

MR-VP METI-resistant strain Van Pottelberghe 

NADH nicotinamide adenine dinucleotide 

NADPH nicotrinamide adenine dinucleotide 
phosphate 

NCBI national center for biotechnology 
information 

NHR96 nuclear hormone receptor 96 

NMR nuclear magnetic resonance 

NR nuclear receptor 

OH group hydroxyl group 

OP organophosphorus compound 

ORCAE online resource for community 
annotation of eukaryotes 

ORF open reading frame 

P450 cytochrome P450 monooxygenase 

PA2 parental strain 2 

PBO piperonyl butoxide 

PC principal component  

PCA principal component analysis 

PCR polymerase chain reaction 

PI proteinase inhibitor 

PLAT polycystin, lipoxygenase, alpha-toxin 
and triacylglycerol 

PPO polyphenol oxidase 

PR pathogenesis-related 

PSST NADH-ubiquinone oxidoreductase 



QD quality score normalized by allele 
depth 

qPCR quantitative realtime PCR 

QTL quantitative trait loci 

ReMOT receptor-mediated ovary transduction 
of cargo 

RH relative humidity 

RISC RNA-induced silencing complex 

RLU relative luminescence unit 

RNA ribonucleic acid 

RNAi RNA interference 

RNA-seq RNA sequencing 

RNP ribonucleoprotein 

RP49 ribosomal protein 

SC solid compound 

SDR short chain dehydrogenase 

SDS sodium dodecyl sulfate 

SDS-PAGE SDS-polyacrylamide gel 

SE standard error 

siRNA short interfering RNA 

SLC solute carrier  

SNP  single nucleotide polymorphism 

SR-TK spirodiclofen resistant Tina Kramer 

SR-VP spirodiclofen resistant Van 
Pottelberghe 

TBPT S,S,S-tributyl phosphorotrithioate 

TE transposable element 

TLC tin layer chromatography 

TM transmembrane domain 

TPP triphenyl phosphate 

Tris-HCL tris hydrochloride 

Tu008R cyflumetofen resistant strain 

UDP uridine diphosphate 

UDP-galNAc UDP-N-acetylglycosamine 

UDP-GlcNAc acetylgalactosamine 

UGT UDP-glycosyltransferase 

US$ United States dollars 

UV ultraviolet 

VCF variant call format 

VGSC voltage-gated sodium channel 

 



 

 

Chapter 1 
 

 

 

 

 

 

 

 

 

 

 

General introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter has been partially redrafted from: 

Kurlovs*, A., Snoeck*, S., Kosterlitz, O., Van Leeuwen, T., Clark, R.M. (2019) Trait mapping in 

diverse arthropods by bulked segregant analysis. Current Opinion in Insect Science, 36. 



Chapter 1 

2 

 

1. Arthropod herbivory 

1.1. The challenges of arthropod herbivory 

Arthropods and plants have a distinct nutrient composition; plants are characterized by a 

relative high carbohydrate content while arthropods have a relatively high protein content (Mattson, 

1980; Strong et al., 1984). Consequently, the “protein/carbohydrate” ratio of a plant is a critical 

characteristic for host plant acceptance by a herbivore (Behmer, 2009). In addition to nutrient 

composition, plant defenses play a pivotal role in host plant acceptance. These defenses can either 

be chemical, physical (e.g., thorns and rough leaves) or a combination of the latter two (trichomes 

containing defensive compounds, reviewed by Huchelmann et al., 2017). Plant defenses can also 

be subdivided based on how they affect the susceptibility of the plant, directly or indirectly. Examples 

of indirect defenses are: (1) the attraction of natural enemies (predators and parasitoids) of the 

herbivore with volatile compounds, the provision of food such as extrafloral nectar (Pemberton and 

Lee, 1996), or the provision of shelters (domatia) like cavities or tufts of hair (Sabelis and Dicke, 

1988; Vinson, 1976; Walter, 1996), and (2) re-allocation of plant resources towards non-attacked 

tissues, to minimize the negative fitness consequences of tissue loss due to herbivore feeding 

(Howe and Jander, 2008; Kant et al., 2015). In contrast, antifeedants have a direct negative effect 

on the herbivore itself by influencing growth and/or survival (e.g. inhibitors of digestion and toxins), 

and can be categorized as a direct defense (Howe and Jander, 2008). 

Plant defenses can also be classified based on their timing of production. Preformed 

structural and chemical plant defenses are referred to as ‘constitutive defenses’ and offer immediate 

protection against many herbivores. However, defenses can be costly to produce and maintain, and 

therefore not all of them are active at all times (Kessler and Baldwin 2002). A second line of defense, 

the ‘induced defenses’, is only activated in response to herbivore attack via damage recognition and 

mediated by well characterized plant hormone systems (Dixon, 2001; Kant et al., 2015; Kessler and 

Baldwin, 2002; Rioja et al., 2017; Stahl et al., 2018). Induced defenses can be composed of defense 

proteins and/or defense metabolites and repulse, poison or interfere with the assimilation of plant 

nutrients by the herbivore (Carlini and Grossi-De-Sá, 2002; Whittaker and Feeny, 1971). For 

example, upon herbivory of the two-spotted spider mite Tetranychus urticae on Arabidopsis, 

activation of indole glucosinolate production was observed (Zhurov et al., 2014). Several types of 

defense proteins exist, including protease inhibitors (PIs), peptidases/proteases, amino acid 

degrading proteins, oxidases (e.g. polyphenol oxidases (PPOs)), plant defensive lectins, 

pathogenesis-related (PR) proteins and small cysteine-rich defense proteins. Next to defensive 

plant proteins, a staggering diversity of plant secondary metabolites evolved across the plant 

kingdom in the co-evolutionary arms-race between plants and herbivores (Rosenthal and 

Berenbaum, 1991; Wink, 2010). Despite their rich diversity, they can be classified based on their 

biosynthetic origin; the phenolics, the isoprenoids and the nitrogen-containing compounds.  



Introduction 

 

3 

 

1.2. Host plant range 

In order to deal with the above-mentioned range of plant defenses, herbivores evolved 

specific adaptations. This lead to an evolutionary trend of specialization to specific host plants (Ali 

and Agrawal, 2012; Barrett and Heil, 2012; Kant et al., 2015; Nosil, 2002). Monophagous arthropods 

solely feed on one or a few related plant species from a single genus, e.g. the spider mite 

Tetranychus lintearius can only feed on gorse species (Ulex sp.) (Hill and O’Donnell, 1991). 

Oligophagous arthropods are able to feed on a group of plants from the same family, such as 

Tetranychus evansi, a spider mite species that is able to infest different plant species of the family 

of the Solanaceae (de Moraes et al., 1987; Migeon et al., 2010). True polyphagous herbivores are 

rather scarce (but can be found in diverse arthropod orders, e.g. Spodoptera exigua (Lepidoptera), 

Schistocerca gregaria (Orthoptera) and Bemisia tabaci (Hemiptera)), and are able to feed on plants 

of more than one botanical family (Bernays and Graham, 1988; Krantz and Lindquist, 1979; 

Lindquist, 1998; Schoonhoven et al., 2005; Strong et al., 1984). An extreme example of a 

polyphagous herbivore is the two-spotted spider mite T. urticae, which feeds on over 1100 plants 

scattered over more than 140 distinct plant families (Jeppson et al., 1975; Migeon et al., 2010). 

However, this does not necessarily imply that this species consists of generalist individuals (Kant et 

al., 2008). T. urticae has a high intraspecific genetic variability and local populations are known to 

form host races that do not always perform equally well on different potential host plants (Agrawal 

et al., 2002; Díaz-Riquelme et al., 2016; Gotoh et al., 1993; Magalhães et al., 2007; Navajas, 1998; 

Zhurov et al., 2014). 

1.3. Chemical control of arthropods and pesticide resistance 

Although the first neonicotinoids were discovered in a random screening towards new 

pesticides, they act on the insect central nervous system as agonists of the post‐synaptic nicotinic 

acetylcholine receptors, just like the chemically related plant defense compound nicotine found in 

tobacco (Feuer and Lawrence, 1969; Jeschke and Nauen, 2008). Pyrethroid pesticides are based 

on pyrethrins found in Chrysanthemum cinerariaefolium and C. coccineum (Elliott et al., 1973). Even 

more, azadirachtin, a plant secondary metabolite present in the neem tree, is used directly as a 

botanical pesticide after extraction out of the seeds (Butterworth and Morgan, 1968). 

However, whether inspired by nature or derived from chemical synthesis screening 

programs, arthropods are able to evolve resistance to all of them (Table 1) (Melander, 1914; Mota-

Sanchez and Wise, 2019). As defined by Tabashnik et al., 2014, resistance is a genetically based 

decrease in susceptibility to a pesticide. Field-evolved resistance is defined as a genetically based 

decrease in susceptibility of a population to a pesticide caused by exposure to the pesticide in the 

field. In contrast, laboratory-selected resistance results from exposure to a pesticide in the 

laboratory. Distinction between the latter two selection pressures is of importance because: (1) field-

evolved resistance can have practical consequences for pest-control in the field if the efficacy of the 

pesticide decreases (practical resistance), whereas laboratory-selected resistance is confined to 

the lab, (2) the genetic basis, mechanism and magnitude of resistance are not necessarily the same 

in laboratory-selected and field- evolved resistance (Zhang et al., 2012). Cross resistance occurs 
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when selection for resistance against one pesticide also leads to resistance against another different 

compound to which the pest population was not earlier exposed (e.g. for T. urticae: Khalighi et al., 

2014). The term multiple resistance is applied when one population develops distinct resistance 

mechanisms against pesticides with different mode of actions (MoAs) (e.g. Myzus persicae and T. 

urticae, Bass et al., 2014 and Van Leeuwen and Dermauw, 2016, respectively). 

Pesticide resistance threatens food supply worldwide (Pimentel and Peshin, 2014), 

especially since the development of new effective pesticides slowed down due to time consuming, 

laborious and expensive risk assessments (Sparks, 2013). Hence, it is of utmost importance to 

preserve the utility and efficacy of the currently available pesticides (Sparks and Nauen, 2015). To 

do this, the Insecticide Resistance Action Committee (IRAC) is essential (Sparks and Nauen, 2015). 

The aim of IRAC MoA working group is to describe the different pesticide MoAs and update the 

MoA classification. The latter information makes it possible to control agricultural pests and disease 

vectors by applying an optimal insecticide resistance management (IRM) strategy.  

The evolutionary origins of pesticide resistance were recently reviewed by Hawkins et al., 

2019, and in most cases, insecticide resistance is known to evolve through a combination of 

standing genetic variation and de novo mutations in either target-site genes or genes encoding 

major metabolic resistance genes. The way resistance spreads through a population depends on 

multiple factors such as: (1) mode of inheritance, monogenic resistance is thought to be more 

difficult to control in the field in comparison to polygenic resistance since polygenic traits are easier 

to lose through mating with susceptible genotypes (Roush and McKenzie, 1987). (2) the degree of 

dominance, recessive resistance will spread slower than dominant resistance as heterozygote 

individuals are still killed by pesticide application. (3) mode of reproduction, in haplodiploid species 

(e.g. thrips, whiteflies and tetranychid mites), resistance might be fixed more rapidly in populations 

by fast selection on haploid males (Carrière, 2003; Crozier, 1985; Hartl, 1972). However, the 

strength of this effect depends on multiple factors, such as the potential 

Table 1 - Ranking of top 10 pesticide-resistant arthropods (April 2019).  

Species Common name Taxonomy Number* 

Tetranychus urticae two-spotted spider mite Acari 96 

Plutella xylostella diamondback moth Lepidoptera 95 

Myzus persicae green peach aphid Hemiptera 80 

Musca domestica house fly Diptera 64 

Bemisia tabaci sweet potato whitefly Hemiptera 64 

Leptinotarsa decemlineata colorado potato beetle Coleoptera 56 

Rhipicephalus microplus southern cattle tick Ixodida 50 

Aphis gossypii cotton aphid Hemiptera 50 

Panonychus ulmi european red mite Acari 48 

Helicoverpa armigera cotton bollworm Lepidoptera 48 

* number of active ingredients to which the arthropod pest has exhibited documented resistance (Mota-
Sanchez and Wise, 2019) 
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fitness difference between R males and RR females (gene dosage) (Carrière, 2003; Feyereisen et 

al., 2015). (4) reproductivity, short life cycles and a high fecundity require frequent pesticide 

applications, which rapidly leads to the development of resistance (Van Leeuwen et al., 2010). (5) 

origin of resistance alleles, the probability of loss or fixation of a resistance allele depends on the 

initial frequency and the selection coefficient. Hence, mechanisms conferring only partial resistance, 

or carrying significant fitness penalties, resulting in a lower selection coefficient, are more likely to 

emerge from standing variation since higher frequencies of the variant are present in the population 

(Hawkins et al., 2019). 

1.4. Spider mites 

The phylum Arthropoda consists of the subphyla Chelicerata (e.g. mites, scorpions and 

spiders), Myriapoda (e.g. centipedes and millipedes) and Pancrustacea (Crustaceae (e.g. shrimps, 

crabs and water fleas) and Hexapoda (e.g. insects and springtails)). Mites and ticks belong to the 

Acari subclass within the chelicerate class of the Arachnida. Compared to other chelicerates, mites 

are relatively small, have a great diversity in life styles and a unique body plan. Their body consists 

of one single segment which is artificially divided into the idiosoma and the gnathosoma. The latter 

contains the mouth parts (e.g. chelicerae and pedipalps) and two pairs of eyes, the idiosoma 

contains all other body parts. Mites have adapted to various ecological niches and diversified their 

chelicerae to feed on plants, bacteria, animals and fungi (Walter and Proctor, 2013). Phytophagous 

mites are mainly found in the order of the Trombidiformes (subclass Acari). More precisely, in the 

phytophagous clades of the Eriophyoidea, Tetranychoidea and Tarsonemida (Tarsonemoidea) but 

also in Eupodoidea, Parasitengona, Raphingnathoidea and the Tydeoidea (Krantz and Lindquist, 

1979; Lindquist, 1998; Wybouw, 2015). All phytophagous mites have chelicerae that form a hollow 

tube which is commonly called a stylet (Evans, 1992; Jeppson et al., 1975). Within the superfamily 

of the Tetranychoidea, approximately 1250 species are member of the Tetranychidae family, 

commonly called spider mites (Migeon et al., 2010). This name refers to their ability to produce silk-

like webbing which offers a colonial micro-habitat, protection against biotic and abiotic agents, 

dispersal, and intraspecific communication (Clotuche et al., 2013, 2012; Helle and Sabelis, 1985). 

Spider mites feed on spongy plant parenchyma cells and use a lacerate-and-flush mechanism to 

empty an individual cell (Alba et al., 2015; Jeppson et al., 1975), and avoid penetrating epidermal 

Figure 1 - the two-spotted spider mite T. urticae. © Jan van Arkel 
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cells by inserting their stylet in between epidermal cells or through the stomatal opening 

(Bensoussan et al., 2016). Spider mite feeding results in foliar chlorotic spots and eventually leads 

to necrosis and abscission (Helle and Sabelis, 1985; Jeppson et al., 1975; Park and Lee, 2002). 

Spider mites are haplodiploid and reproduce through arrhenotokous parthenogenesis. 

Virgin females only produce haploid males while fertilized females produce both diploid females as 

well as haploid male offspring (T. urticae sex ratio female:male 3:1 (Krainacker and Carey, 1990)). 

After egg hatching, spider mites develop through four active-feeding stages: six-legged larvae, 

protonymph, deutonymph and adult. Before each of the last three stages, an immobilized chrysalid 

phase occurs, called protochrysalis, deutochrysalis and teleochrysalis, respectively (Helle and 

Sabelis, 1985). Male adult spider mites are easily recognizable since they are typically smaller, 

leaner, and tapered towards the posterior end. Moreover, they show a so-called guarding behavior, 

they usually eclose earlier than females and subsequently remain close to teleiochrysalid females. 

Copulation occurs immediately after female eclosion (Mitchell, 1973; Potter et al., 2015). Spider 

mite pests of economic importance have typically a high fecundity and a very short life cycle of less 

than two weeks. For example, fertilized Tetranychus urticae females can produce over 50 female 

offspring and have a life cycle of 8-12d (Jeppson et al., 1975), resulting in an exponential population 

growth and host plant overexploitation (Alba et al., 2015; Clotuche et al., 2011; Sarmento et al., 

2011). Both parameters can vary strongly depending on external (temperature, humidity, light and 

predation level) and inherent factors like genetic diversity, density of the population and fertilization. 

Considering oligo- and polyphagous mites, reproductive characteristics are also affected by the host 

plant species or varieties on which they feed (Gotoh et al., 1993; Jeppson et al., 1975; Taj et al., 

2016). To survive unfavorable conditions, spider mites go into diapause in the egg or the adult 

female stage, depending on the species (Veerman, 1985). In temperate regions for example, adult 

T. urticae females go into a hibernal facultative reproductive diapause (Bryon et al., 2013). The two-

spotted spider mite T. urticae is the most well-known member of the Tetranychidae. This extremely 

polyphagous herbivore is an important agricultural pests and causes major agricultural and 

horticultural losses (Jeppson et al., 1975; Van Leeuwen and Dermauw, 2016). Although biological 

control with arthropod predators is used to combat phytophagous mite infestations, mites are still 

primarily controlled by acaricides, with an estimated acaricide treatment cost of 1.1 billion US$ in 

2013 (Van Leeuwen and Dermauw, 2016). 

2. Xenobiotic metabolism 

Arthropod herbivores have developed multiple strategies to deal with pesticides and plant 

secondary metabolites. These are traditionally classified into (1) toxicodynamic mechanisms that 

decrease target-site sensitivity and (2) toxicokinetic mechanisms that decrease exposure 

(Feyereisen et al., 2015; Li et al., 2007; Van Leeuwen and Dermauw, 2016). Both toxicodynamic 

and toxicokinetic mechanisms are driven by three types of genetic changes (Feyereisen, 2015) 
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Table 2 - Resistance related target-site mutations in T. urticae 

(1) mutations that affect the coding sequences of the target gene or detoxification genes, (2) 

mutations that alter expression levels of target/detoxification genes by affecting cis or trans 

regulation, or (3) whole target/detoxification gene duplications or deletions. Combinations of these 

genetic mechanisms are also possible, as shown in organophosphate resistant T. urticae 

populations. Point mutations in acetylcholinesterase (AChE) decreased the enzyme’s metabolic 

efficiency, leading to AChE gene duplication as a compensation mechanism (Kwon et al., 2010b). 

Of particular note, next to the toxicodynamic and toxicokinetic mechanism, a third category is often 

added to the traditional classification, behavioral adaptation (Feyereisen et al., 2015; Sparks et al., 

1989). 

2.1. Toxicodynamic mechanisms 

Alterations of the target-site of the toxic compound are a toxicodynamic mechanism and 

are rarely documented in the context of host plant adaptation (Dobler et al., 2012). This is probably 

related to the multiple and unspecific mode of actions of plant secondary metabolites (Dermauw et 

al., 2018; Després et al., 2007). In contrast, target-site mutations underlying pesticide resistance in 

arthropods have been frequently documented, including spider mites (for a review, see Feyereisen 

et al., 2015 and Van Leeuwen and Dermauw, 2016). An overview of T. urticae target-site resistance 

mutations can be found in Table 2.  

target site numbering substitutions acaricide 

(+ IRAC mode of action 
group) 

Ref. 

PSST homologue of 
complex I 

Yarrowia 
lipolytica 

H92R fenpyroximate (21a), 
pyridaben (21a), 
tebufenpyrad (21a) 

1 

chitin synthase 1 
(CHS1) 

T. urticae I1017F etoxazole (10b), 
clofentezine (10a), 
hexythiazox (10a) 

2 

glutamate-gated chloride 
channels subunits  

T. urticae G314D (GluCl1), G326E 
(GluCl3) 

abamectin (6) 3 

mitochondrial 
cytochrome b 

T. urticae G126S, I136T, S141F, 
D161G, P262T 

bifenazate (20d), 
acequinocyl (20b) 

4 

voltage-gated sodium 
channel (VGSC) 

Musca 
domestica 

L1024V, A1215D, 
F1538I 

fenpropathrin (3a) 5,6 

  F1538I, A1215D, 
F1534S, M918L 

bifenthrin (3a) 7,8 

acetylcholinesterase 
(AChE) 

Torpedo 
californica 

G119S, A201S, A208T, 
T280A/S, G328A 

organophosphates (1b), 
carbamates (1a) 

9,10,11 

  D128E, F331W/C/Y organophosphates (1b) 9,10,11 

1 (Bajda et al., 2017) 7 (Tsagkarakou et al., 2009) 

2 (Demaeght et al., 2014; Van Leeuwen et al., 2012) 8 (Wu et al., 2019) 

3 (Dermauw et al., 2012; Kwon et al., 2010e) 9 (Anazawa et al., 2003) 

4 (Van Leeuwen et al., 2008; Van Nieuwenhuyse et al., 2012) 10 (Kwon et al., 2010c) 

5 (Kwon et al., 2010a) 11 (Khajehali et al., 2010) 

6 (Wang et al., 2015)  
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2.2. Toxicokinetic mechanisms 

Decreased penetration, sequestration, increased metabolism and excretion are considered 

as toxicokinetic mechanisms (Feyereisen et al., 2015). Exposure to pesticides can be decreased 

through modifications in the cuticle that slow down the penetration, as was recently reviewed in 

Balabanidou et al., 2018. So far, two mechanisms have been described, cuticle thickening and 

altering of cuticle composition. Likewise, in the context of host plant adaptation, physiological 

adaptations were described that prevent xenobiotics to reach its target tissue. A key example is the 

pH adjustment in the digestive tract of Zygaena filipendulae, which limits the bioactivation of 

cyanogenic glucosides by plant β-glucosidases (Pentzold et al., 2014). Some herbivores are even 

able to use plant secondary (defense) metabolites as oviposition and feeding stimulants. This 

specialization may further extend to sequestration; the selective uptake, transport, modification, 

storage and deployment of plant secondary chemicals for the herbivores own defense (reviewed in 

Heckel, 2014). Sequestration can also contribute to pesticide resistance by sequestering synthetic 

toxins away from their target-sites and into the fat body or hemolymph (Devonshire and Moores, 

1982). In the following paragraphs, metabolic detoxification, i.e. metabolism and excretion of toxins 

will be further discussed, as well as the major detoxification enzyme families involved in this 

toxicokinetic mechanism. 

2.2.1. Metabolic detoxification 

Metabolic detoxification can be categorized into three phases based on the phenotype of 

underlying genetic changes, and is in the majority of cases mediated by enzymes and transporters 

belonging to ubiquitous multi-gene families (Després et al., 2007; Erb and Robert, 2016; Feyereisen 

et al., 2015; Heckel, 2014; Heidel-Fischer and Vogel, 2015). In phase I, the toxic compound is 

functionalized with nucleophilic groups to make it more reactive and water soluble, typical phase I 

detoxification enzymes are cytochrome P450 monooxygenases (P450s) and carboxyl/ choline 

esterases (CCEs). In phase II, the polarity of the metabolite is increased by conjugation of for 

Table 3 - Functionally expressed T. urticae enzymes that have been linked to pesticide resistance (either 
inhibition assay with a model substrate or by direct metabolism of the pesticide) 

enzyme family enzyme name toxin (mode of action classification) reference 

P450 CYP392E10 spirodiclofen (23) Demaeght et al., 2013 

 CYP392A16 abamectin (6) Riga et al., 2014 

 CYP392A11 cyenopyrafen, fenpyroximate (21a) Riga et al., 2015 

CCE TCE2* (TcCCE14) fenpropathrin (3a), cyflumetofen (25a) Shi et al., 2016 

 CarE6* fenpropathrin (3a) (Wei et al., 2019b) 

 TcCCE12* cyflumetofen (25a) (Wei et al., 2019a) 

GST TuGSTd14 abamectin (6) Pavlidi et al., 2015 

 TuGSTd05 cyflumetofen (25a) Pavlidi et al., 2017 

 TcGSTm02* cyflumetofen (25a) Feng et al., 2019 

UGT UGT201D3* abamectin (6) Wang et al., 2018 

*Tetranychus cinnabarinus, considered as a synonymous species of T. urticae (Auger et al., 2013) 
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example glutathione (by glutathione-S-transferases (GSTs)) or a glucose group (by UDP-

glycosyltransferases (UGTs)) to increase the water solubility. In phase III, metabolites are excreted 

out of the cell or into specialized cell compartments by transporters such as ATP-binding cassette 

(ABC) transporters or solute carrier (SLC) family proteins (Brattsten, 1988; Dermauw and Van 

Leeuwen, 2014; Després et al., 2007; Heckel, 2014; Kant et al., 2015). Multiple members of the 

latter enzyme families involved in metabolic detoxification in T. urticae were functionally expressed 

and linked to pesticide resistance (Table 3). 

2.2.2. The major detoxification enzyme families 

Cytochrome P450 monooxygenases (P450s) or CYP genes are one of the largest gene 

families and have representatives in virtually all living organisms (Feyereisen, 2012). They play an 

important role in the metabolism of both endogenous compounds (e.g. steroid hormones and lipids) 

and xenobiotics (e.g. plant secondary metabolites and pesticides) (Feyereisen, 2012). P450s 

contain a heme cofactor and can act as isomerases, reductases, or oxidases depending on the 

substrate structure (Ahmad, 1986; Feyereisen, 1999) but are best known for their monooxygenase 

activity, the catalyzation of the transfer of one oxygen atom of an O2 molecule to the substrate, while 

reducing the other oxygen atom to water (Feyereisen, 1999). NADPH cytochrome P450 reductase 

(CPR) is an obligatory partner of microsomal P450s and serves as an electron donor protein 

throughout the enzymatic reaction (Murataliev et al., 2004). 

Insect P450s are classified into four major clades: CYP2, CYP3, CYP4 and the 

mitochondrial CYP genes (except for the Palaeoptera, also CYP20 (Ioannidis et al., 2017)). Two 

mitochondrial groups can be distinguished with different biological roles, involvement in the 

ecdysteroid metabolism and metabolism of xenobiotic compounds (Feyereisen, 2012). Additionally, 

insect CYP3 and CYP4 clans, which contain insect-specific families, have been linked to the 

detoxification of xenobiotics and phytotoxins (Feyereisen, 2012). 

Several CYP2 genes are known to be involved in essential physiological functions. The 

number of CYP2 genes is more diverse in Daphnia and Acari than in insects, and a species-specific 

expansion of intronless CYP2s was found in T. urticae (Feyereisen, 2012; Grbić et al., 2011). 

Several of them were shown to be upregulated after long-term hostplant transfer or in acaricide 

resistant strains (Demaeght et al., 2013; Dermauw et al., 2013b; Grbić et al., 2011; Khalighi et al., 

2015; Wybouw et al., 2015). Furthermore, three of them were functionally expressed; CYP392A11 

was able to metabolize both cyenopyrafen (IRAC MoA 25a) and fenpyroximate (IRAC MoA 21a) 

(Riga et al., 2015), CYP392A16 was shown to metabolize abamectin (IRAC MoA 6) (Riga et al., 

2014), while CYP392E10 can metabolize spirodiclofen (IRAC MoA 23) (Demaeght et al., 2013).  

The carboxyl/choline esterases (CCEs) are another important phase I detoxification 

enzyme family, CCEs detoxify xenobiotics by hydrolyzing covalent bonds. Additionally, CCEs can 

sequester toxins, preventing them to reach their target site (Devonshire and Moores, 1982; 

Devorshak and Roe, 1998). Just like P450s, CCEs are studied in depth as an important component 

of insects’ xenobiotic defense system. Insect CCEs were grouped into 13 clades based on a 

phylogenetically-based classification, and the clades were spread over three different biological 
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function classes: (1) assimilation and detoxification of the diet, (2) generally secreted enzymes, and 

(3) hormone/semiochemical processing (Claudianos et al., 2006; Oakeshott et al., 2005). The total 

number of CCEs in T. urticae is comparable to other arthropods. However, no homologues were 

found for the insect dietary CCE class, and the neurodevelopmental class was shown to be 

expanded with two new clades (Grbić et al., 2011). A neurodevelopmental CCE, AChE, is well-

known as the target for organophosphate (OP) and carbamate pesticide compounds (Oakeshott et 

al., 2005). Multiple target-site mutations as well as a duplication of AChE have been reported in OP 

resistant T. urticae populations (Anazawa et al., 2003; Khajehali et al., 2010; Kwon et al., 2010c, 

2010b). Additionally, a role for Tetranychus CCE enzymes in metabolic detoxification or 

sequestration of pesticides was suggested by several studies (Demaeght, 2015; Feng et al., 2011). 

In T. cinnabarinus, a synonymous species of T. urticae (Auger et al., 2013), high-performance liquid 

chromatography (HPLC) and gas chromatography (GC) were used to detect the in vitro metabolism 

of fenpropathrin and/or cyflumetofen by three recombinant CCEs too (Shi et al., 2016a; Wei et al., 

2019a, 2019b).  

Glutathione-S-transferases (GSTs) are a major phase II detoxification gene family related 

to pesticide resistance (recently reviewed in Pavlidi et al., 2018). GSTs are best known for the 

glutathione (GSH) conjugation reaction, where they catalyze conjugation of GSH to a highly reactive 

nucleophile site of the xenobiotic, resulting in a less toxic and more soluble conjugate (Habig et al., 

1974; Mannervik, 1985). Other well-known mechanisms are: (1) the enzymatic catalyzation of the 

dehydrochlorination reaction (e.g. dichlorodiphenyltrichloroethane (DDT) to non-toxic DDE, using 

GS- as a co-factor (Clark and Shamaan, 1984)), (2) GSTs displaying peroxidase activity, reducing 

the levels of toxic peroxides caused by pesticide related oxidative stress (Mannervik and Danielson, 

1988; Vontas et al., 2001), and (3) GSTs passively binding and sequestering the pesticide 

(Kostaropoulos et al., 2001). 

Thirty-one GSTs were identified in the T. urticae genome and were classified into the 

following four GST families: delta, mu, omega, and zeta (Grbić et al., 2011). The delta family was 

shown to be expanded in T. urticae, while the mu-family was previously believed to be vertebrate 

specific. The GST mu family, however, has been found in many Acari genomes (Bajda et al., 2015; 

Bartley et al., 2015; Grbić et al., 2011; Niranjan Reddy et al., 2011). Biochemical assays and 

transcriptomic analysis revealed the putative importance of T. urticae GSTs in metabolic 

detoxification and prioritized candidates for further research (Dermauw et al., 2013b; Ghadamyari 

and Sendi, 2008; Khalighi et al., 2015; Stumpf and Nauen, 2002; Yang et al., 2009). Subsequently, 

Pavlidi et al., 2015 functionally expressed two delta- and one mu class GST, of which TuGSTd14 

showed high affinity towards abamectin in an indirect competition assay with model substrates. Most 

recently, TuGSTd05 was functionally expressed and kinetically characterized. Cyflumetofen and its 

more toxic de-esterified metabolite were identified as potential substrates after transcriptomic 

analysis, molecular docking and in vitro inhibition assays. Subsequently, a very strong affinity was 

found of TuGSTd05 for the de-esterified metabolite, and the resulting metabolite was identified with 

HPLC/MS analysis, as well as the possible site of attack (Pavlidi et al., 2017).  
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Uridine diphosphate (UDP)-glycosyltransferases (UGTs) catalyze the addition of UDP-

sugars to small hydrophobic molecules, and are just like GSTs, well-known as phase II detoxification 

enzymes (Jancova et al., 2010). By catalyzing the conjugation, more hydrophilic compounds are 

generated, enhancing excretion (Mackenzie et al., 1997). However, in contrast to human UGTs, 

arthropod UGTs have been marginally studied. Only recently, biochemical and functional studies 

specifically linked arthropod UGTs to detoxification and sequestration of both plant allelochemicals 

and insecticides (Highfill et al., 2017; Krempl et al., 2016; Li et al., 2017). UGTs seem to have been 

lost early in chelicerate evolution history, but Ahn et al., 2014 revealed that spider mites regained 

UGTs after a horizontal gene transfer from bacteria. Moreover, they are specifically expanded in T. 

urticae, and strong transcriptomic responses were found after host plant switching, host adaptation 

and acaricide resistance (Ahn et al., 2014; Zhurov et al., 2014). Most recently, it was shown that 1-

naphthol (model substrate) glycosylation by UGT201D3 was inhibited by abamectin in T. 

cinnabarinus, but glycosylated abamectin was not detected (M. Y. Wang et al., 2018). Hence, T. 

urticae UGTs await further research to confirm their role in host plant adaptation and/or acaricide 

resistance. 

In addition to the above-mentioned detoxification enzymes, membrane transporters also 

play a prominent role in xenobiotic detoxification. The genome of T. urticae harbors multiple lineage-

specific ATP-binding cassette (ABC) transporter expansions and 103 ABC genes in total, the 

highest number discovered in any metazoan species so far (Dermauw et al., 2013a). ABC 

transporters have been extensively characterized for their involvement in drug resistance in 

vertebrates and bacteria, but less is known about their role in arthropod xenobiotic resistance 

(reviewed in Dermauw and Van Leeuwen, 2014). Some ABC genes were differentially expressed 

in T. urticae after adaptation to a new host plant or in acaricide resistant strains (Dermauw et al., 

2013b). However, members of the major facilitator family (MFS), a.k.a. uniporter-symporter-

antiporter family (Reddy et al., 2012), have shown rapid and more profound transcriptional changes 

upon exposure to xenobiotics, suggesting a potential role in the efflux of xenobiotics (Dermauw et 

al., 2013b; Van Leeuwen and Dermauw, 2016). But the role of MFS transporters in transport of toxic 

substances is mainly described for bacteria and fungi (Kretschmer et al., 2009; Saidijam et al., 

2006). Hence, further research is needed to validate the role of arthropod MFS transporters in 

metabolic detoxification. 

2.3. Behavioral adaptations 

Behavioral adaptations that circumvent plant defenses are quite diverse (vein cutting, 

trenching, girdling, leaf clipping, and application of fluids from exocrine glands) and were reviewed 

by Dussourd, 2016. Behavior as a mechanism of insecticide resistance was recently reviewed by 

Zalucki and Furlong, 2017. They state that behavioral resistance should be defined in a manner 

consistent to toxicodynamic and toxicokinetic mechanisms, and be based on heritable changes. A 

rare example of this definition was found in resistant populations of the German cockroach, Blatella 

germanica, which were shown to avoid feeding on ‘sugar baits’ laced with a toxicant (Wang et al., 
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2004). This behavior was later linked to a change in the glucose receptor, which explained the 

avoidance of glucose (Wada-Katsumata et al., 2013). 

3. Acari genomics, transcriptomics and QTL mapping  

3.1. T. urticae as a model organism 

T. urticae was chosen as a chelicerate model organism for multiple reasons (Grbic et al., 

2007): (1) its status as a polyphagous, worldwide pest and an acaricide resistance champion, (2) a  

Table 4 - Nuclear Acari genomes deposited in the NCBI database (3 May 2019). Third generation long read 
sequenced genomes are indicated with an asterisk (*). Genomes are sorted based on their time of publication. 
If multiple genomes were available for a species, only the best assembly was included in this overview. 

species relevance reference contig N50 
(Kb) 

genome 
size (Mb) 

Tetranychus urticae polyphagous herbivore Grbić et al., 2011 212.780 90.829 

Sarcoptes scabiei parasite, itch mite 
(scabies) 

Rider et al., 2015 11.197 56.2624 

Ixodes ricinus vector of human and 
animal pathogens 

Cramaro et al., 2015 3.059 514.507 

Metaseiulus 
occidentalis 

predatory mite (biological 
control) 

Hoy et al., 2016 200.706 151.724 

Achipteria 
coleoptrata 

oribatid mite Bast et al., 2016 3.360 88.444 

Hypochthonius 
rufulus 

oribatid mite Bast et al., 2016 3.126 172.365 

Platynothrus peltifer oribatid mite Bast et al., 2016 1.236 100.533 

Steganacarus 
magnus 

oribatid mite Bast et al., 2016 1.617 113.565 

Euroglyphus maynei house dust mite (allergy) Morgan et al., 2017 786 43.438 

Tropilaelaps 
mercedesae 

honey bee parasite Dong et al., 2017 12.742 352.535 

Dermatophagoides 
pteronyssinus 

european house dust mite 
(allergy) 

Waldron et al., 2017 67.954 70.778 

Rhipicephalus 
microplus* 

parasite of livestock Barrero et al., 2017 15.568 2008.370 

Dermatophagoides 
farinae* 

american house dust mite 
(allergy) 

PRJNA379991 2017 188.869 91.935 

Dermanyssus 
gallinae* 

parasite of poultry, red 
mite 

Burgess et al., 2018 278.630 959.010 

Dinothrombium 
tinctorium 

potential biological control 
agent 

Dong et al., 2018 16.055 180.399 

Leptotrombidium 
deliense 

parasite of vertebrates, 
can cause bacterial 
infection (scrub typhus) 

Dong et al., 2018 2.903 117.319 

Ixodes scapularis* vector of human and 
animal pathogens 

Miller et al., 2018 517.316 3088.620 

Brevipalpus yothersi herbivore and plant virus 
vector 

Navia et al., 2019 56.226 71.163 

Psoroptes ovis* parasite of sheep 
(scoroptic mange) 

Burgess et al., 2019 2,279.290 63.214 

Varroa jacobsoni honey bee parasite Techer et al., 2019 96.009 365.586 

Varroa destructor* honey bee parasite Techer et al., 2019 201.866 368.942 
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predicted small genome size on three equally-sized holocentric chromosomes, (3) short generation 

time, huge progeny and easy maintenance in the lab, (4) haplodiploid sex determination system that 

has potential for genetic analysis (e.g. mother-son inbreeding), and (5) small transparent eggs which 

allow observation of embryo development under the microscope. Hence, the T. urticae genome 

(London strain) was sequenced (sanger sequencing) at about 8-fold coverage, assembled into 640 

scaffolds covering 89.6 megabases (Mb) and annotated (Grbić et al., 2011). Roughly 95% of the 

genome is represented by only 44 scaffolds (Grbic 2011), making it a high-quality genome 

assembly. More recently, the latter 44 scaffolds were assembled into three chromosomes, 

facilitating genetic studies such as QTL mapping by bulked segregant analysis (BSA) for polygenic 

traits (Wybouw et al., 2019). 

In recent years, next-generation sequencing methods became more affordable, resulting 

in the release/announcement of additional Acari genomes, mainly with an agricultural, veterinary or 

medical impact. However, the quality of assemblies built from short reads varied from good to 

relatively poor quality (high quality gene annotation requires assemblies with an N50 of more than 

250-350Kb (Richards and Murali, 2015), see table 4). The advent of third generation long read 

sequencing methods now provides an opportunity for the generation of high quality genome 

assemblies (Saha, 2019). This is supported by the genome statistics of the long-read sequenced 

Acari (Stewart T. G. Burgess et al., 2018; Stewart T.G. Burgess et al., 2018; Miller et al., 2018; 

Techer et al., 2019), with the exception of the genomes of Rhipicephalus microplus due to 

insufficient genome coverage (7.0x) (Barrero et al., 2017). Next to increasing the N50, long reads 

can help with assembly problems caused by the prevalence of complex gene families like olfactory 

receptors and P450s, DNA polymorphisms and transposable elements (Maumus et al., 2015; 

Richards et al., 2010; Richards and Murali, 2015).  

3.2. Annotation of the T. urticae genome 

The completion of the T. urticae genome, the first chelicerate genome, expanded the 

arthropod genetic toolkit and provided an important out-group for comparative arthropod genomics. 

Additionally, it facilitates the study of pesticide resistance and host plant interaction among other 

characteristics. Annotation of the T. urticae genome revealed lineage-specific expansions of gene 

families known to be implicated in digestion, detoxification and transport of xenobiotics: cysteine 

peptidases, P450s, CCEs, GSTs, ABC transporters and chemosensory receptors (section 2.2.2, 

(Grbić et al., 2011; Ngoc et al., 2016)). Additionally, numerous clues were discovered for horizontal 

gene transfers (HGT). HGT is defined as the biological process whereby genetic material is 

asexually transferred across species boundaries (Li and Graur, 1991). Recently, the T. urticae 

genome was thoroughly mined for HGT genes (for a complete overview, see (Wybouw et al., 2018)). 

The authors suggested that HGT made a significant and underestimated impact on the metabolic 

repertoire of herbivorous spider mites. In T. urticae, HGT genes were linked to xenobiotic 

adaptation, pigmentation, diapause, predicted biochemical functions in carbohydrate, lipid and 

folate metabolism, and vitamin B5 production (Wybouw et al., 2018). 
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The strongest example for a role of HGT in xenobiotic adaptation was delivered by Wybouw 

et al., 2014. They identified a horizontally transferred enzyme from bacteria, beta-cyanoalanine 

synthase, and showed that it was involved in the detoxification of hydrogen cyanide released by 

cyanogenic plants upon tissue disruption. Additionally, the T. urticae genome harbors 80 UGTs and 

17 intradiol ring-cleavage dioxygenases (DOGs) that were acquired through HGT (Ahn et al., 2014; 

Grbić et al., 2011). Although both gene families (UGTs and DOGs) await further functional 

characterization, current transcriptomic data suggests that they are involved in metabolic 

detoxification of plant defense compounds and acaricides (Ahn et al., 2014; Dermauw et al., 2013b; 

Grbić et al., 2011; Zhurov et al., 2014). DOGs might even be able to split aromatic ring structures of 

xenobiotics (Dermauw et al., 2013b). This hypothesis was strengthened after a recombinant T. 

urticae DOG was shown to cleave the aromatic ring of the model substrate catechol (Schlachter et 

al., 2019). Additionally, Bryon et al., 2017a found that the acquisition of HGT carotenoid biosynthetic 

genes from fungi eliminated the spider mites need of dietary carotenoids. Moreover, they showed 

that a carotenoid biosynthetic gene was essential for normal pigmentation and diapause induction.  

3.3. Whole genome expression profiling: microarrays and RNAseq 

Whole genome expression profiling can help to identify a set of candidate genes involved 

in pesticide resistance or host plant adaptation. It’s a snapshot of the expressed transcripts in a 

cell/organism at a given time point. Various technologies have been developed to deduce and 

quantify messenger RNA (mRNA), and they can be divided in two categories: hybridization- and 

sequence-based approaches. Both of them were used throughout this PhD thesis. 

The hybridization-based approach typically involves the preparation of fluorescent (or 

biotin) labelled cRNA or directly labelled RNA with fluorescent tags, and incubation with a microarray 

that contains gene-specific designed probes (short nucleotide oligomers). Hence, hybridization 

between the probes and the labelled cRNA/RNA occurs (and if biotin-labelled cRNA was used, post 

staining with fluorescently labeled streptavidin), followed by the measurement of fluorescence 

intensity, which is then related to the transcript abundance (Bumgarner, 2013). A T. urticae 

microarray platform was designed using the Agilent eArray platform by (Dermauw et al., 2013b)s, 

and covered 87.7% of the genes with at least 3 probes. The availability of this array facilitated the 

study of gene expression patterns in T. urticae (Demaeght et al., 2013; Dermauw et al., 2013b; 

Khalighi et al., 2015; Wybouw et al., 2015, 2014). 

RNA-seq is a sequence-based approach, and replaced from 2015 onwards microarrays as 

the dominant transcriptomic approach (Lowe et al., 2017). It uses deep-sequencing technologies 

and allows the entire transcriptome to be surveyed in a qualitative high-throughput manner. It 

requires the preparation of a fragmented cDNA library, after which each molecule is sequenced to 

obtain short sequences from one end (single-end sequencing) or both ends (pair-end sequencing). 

The resulting sequence reads are aligned with the reference genome or de novo transcriptome 

assembly to eventually generate read counts and create an expression profile for each gene (Lowe 

et al., 2017; Wang et al., 2009). In the last years, RNA-seq also became the preferred approach for 
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T. urticae transcriptomic studies (e.g. (Díaz-Riquelme et al., 2016; Grbić et al., 2011; Mo et al., 2017; 

Zhao et al., 2017; Zhou et al., 2019)). 

RNA-seq has several advantages: (1) Unlike hybridization-based approaches, it is not 

limited to the detection of transcripts corresponding to existing genome 

sequence/assembly/annotation, and the quality of the latter three. (2) It requires less RNA as input 

(nanograms instead of micrograms), which allows finer examination of cellular structures and even 

single-cell level analysis (Hashimshony et al., 2012), (3) RNA-seq does not have an upper limit for 

quantification resulting in a large dynamic detection range of expression, in contrast to DNA 

microarrays, which lack sensitivity for low or very high expressed genes (Wang et al., 2009), (4) 

Microarrays can have high background due to cross-hybridization (Okoniewski and Miller, 2006), 

and (5) RNA-seq can be used to detect sequence variations and different isoforms.  

3.4. Trait mapping in arthropods 

Elucidating the genetic architecture of resistance in arthropods, as well as the immense 

variation in other phenotypes, has been challenging. For instance, it was only in 2002 that a variant 

at a cytochrome P450 gene was implicated in Drosophila melanogaster as conferring resistance to 

the infamous pesticide DDT (Daborn et al., 2002), which had been in use since the early 1940s. 

This and more recent accomplishments using advanced genetic designs, including genome-wide 

association mapping (GWAS), have been made possible in this species by the extensive genetic 

and genomic resources developed over decades by the Drosophila community (Groen and 

Whiteman, 2016; Hales et al., 2015). Apart from D. melanogaster or its congeners, however, such 

genetic resources are virtually non-existent in arthropods, and uncovering the molecular-genetic 

underpinnings of phenotypic variation can be daunting, even for monogenic traits. While traditional 

linkage mapping studies have identified loci for trait variation in a number of insect species (e.g., 

(Linnen et al., 2018; Smith et al., 2015; Zhan et al., 2009)), they require intensive genotyping of 

single individuals in segregating populations. Notwithstanding technical advances, genotyping 

hundreds of individuals remains time-consuming, tedious, and costly. In practice, this limits sample 

size, and hence power (the ability to detect a genotype-to-phenotype association) and mapping 

resolution (the size of a genomic region to which a causal variant is localized). Moreover, 

phenotyping single individuals can be noisy, or simply not feasible for many traits (Van Leeuwen et 

al., 2012). For instance, the minute size of many arthropods, including micro-insects or mite 

herbivores or parasites that can be only a few hundred µm in length (Bailey and Keifer, 1943; Polilov, 

2015), can make both phenotyping individuals, as well as genotyping them, challenging or not 

possible in practice. To circumvent these obstacles, a growing number of studies have employed 

BSA genetic methods.  

3.4.1. Bulked segregant analysis (BSA) 

BSA concepts were first elaborated by plant geneticists in 1991 (Giovannoni et al., 1991; 

Michelmore et al., 1991), with Michelmore et al. introducing the term “BSA.” Since then, BSA 

approaches (Figure 2) have been used in many studies in plants to identify loci underlying both 
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Figure 2 - Experimental designs for BSA genetic mapping. Illustrations depict spider mites, but the methods are 
generally applicable where crosses can be performed and derived, segregating populations can be expanded 
in controlled settings in the laboratory, greenhouses, or field settings (e.g., in cage enclosures). (A) Parental 
strains with contrasting genotypes (chromosomes are indicated as blue or red rectangles) and phenotypes (gray 
shading) are crossed to produce an F2 population (or backcross population, not shown) harboring recombinant 
chromosomes (B). To allow additional recombination events to accrue, populations can also be propagated for 
additional generations (C). In the traditional BSA design, bulks are collected at a defined endpoint (B or C; red 
lines with arrows indicate the step at which the phenotype of interest is selected). The bulks consist of individuals 
with contrasting extremes in the phenotype of interest, e.g., visual differences like pigmentation. Alternatively, 
fitness differences in response to a selective agent can be assessed, as for a pesticide treatment, in which case 
“unselected” and resistant “selected” bulks are prepared. The specific scenario illustrated is for a hypothetical 
case of monogenic, pesticide resistance. A variant of the traditional BSA design involves selection across 
multiple generations (D). Either way, DNA is prepared from bulk samples for genotyping, including by high-
throughput, short-read sequencing as indicated (E). Read alignments to a reference genome sequence are used 
for discovery of markers and assessment of allele frequencies in sliding windows. In the case of monogenic 
recessive inheritance, a single fixation event at and nearby the causal variant in the selected bulk is observed 
(F; AF, allele frequency). To account for systematic deviations in allele frequencies in populations independent 
of the trait of interest, a comparison of allele frequencies of selected relative to unselected populations is typically 
performed (see also Figure 3). 
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monogenic and quantitative traits (Schneeberger et al., 2009; Shen et al., 2003; C. Zou et al., 2016). 

As the methods are generally applicable to sexually reproducing organisms, they have also been 

adopted (in various forms) in studies in the yeast Saccharomyces cerevisiae (Ehrenreich et al., 

2010; Segrè et al., 2006; Swinnen et al., 2012), the roundworm Caenorhabditis elegans (Doitsidou 

et al., 2010), vertebrates (Arnold et al., 2011; Bowen et al., 2012), and major arthropod taxa (Bastide 

et al., 2016; Jagadeesan et al., 2013; Park et al., 2014; Van Leeuwen et al., 2012). In its simplest 

iteration, two parental strains with a contrasting phenotype are crossed to generate an F2 population 

(Figure 2A,B), and separate bulk DNA samples are prepared from pools of individuals that exhibit 

phenotypic extremes for the trait of interest. In the straightforward case of monogenic inheritance, 

one pool will be fixed at the causal locus and the region surrounding it (an effect of linkage), while 

at unlinked genomic locations, alleles from both parents will be represented (Figure 2E,F). For 

quantitative traits, fixation is not expected, but differences in allele frequencies between offspring 

pools can be used to locate quantitative trait loci (QTL) (Figure 3) (Bastide et al., 2016; Bryon et al., 

2017b; Wybouw et al., 2019). Although crosses with parental strains that are inbred simplifies 

genotyping and downstream analyses, it is not always a requirement (Bryon et al., 2017a; Demaeght 

et al., 2014). While pooling of samples eliminates the ability to detect epistatic interactions 

(Schneeberger, 2014; Sham et al., 2002), single DNA samples are prepared and genotyped from 

each of the contrasting bulks, and hence the laborious step of individually processing hundreds of 

samples is eliminated. Importantly, pooling of individuals can allow for relatively large bulk sizes, 

which can reduce uncertainties in phenotypic ascertainment, and can increase mapping resolution, 

as more recombination events are captured (Figure 2B). To increase mapping resolution further, 

segregating populations can also be propagated beyond the F2 generation (Van Leeuwen et al., 

2012), allowing additional recombination events to accumulate (Figure 2C). The classic BSA design 

can also be modified in other ways. For instance, selection can be applied over multiple generations 

(instead of focusing on a single time point; Figure 2D) (Wybouw et al., 2019); this design is attractive 

for instances where the genetic architecture is polygenic, and for which multiple rounds of selection 

may be required to reveal detectable changes in allele frequencies at loci of minor effect size. The 

multigenerational selection component of this approach bears some similarity to evolve and 

resequence (E&R) experimental designs that have also attracted attention, especially from 

Drosophila geneticists (Burke et al., 2010; Kang et al., 2016; Turner et al., 2011; Turner and Miller, 

2012). However, E&R studies typically use large, genetically diverse founding populations, as does 

the related pool-GWAS method (Groen and Whiteman, 2016), and not crosses starting with defined 

strains selected to vary markedly in phenotypes of interest, as typify BSA study designs. 

Nevertheless, E&R and related approaches hold promise in cases where the requisite genetic 

resources exist, and have been covered in several recent reviews (Kofler and Schlötterer, 2014; 

Schlötterer et al., 2015, 2014). 

Considering T. urticae, BSAs helped elucidating both monogenic and polygenic traits: (1) 

a target site mutation (chitin synthase 1) was found for the growth inhibitors clofentezine, etoxazole 

and hexythiazox by looking for a locus with haplotype fixation (Figure 2A,B,C) (Demaeght et al., 

2014; Van Leeuwen et al., 2012), (2) a mutation in phytoene desaturase causal for the absence of 
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carotenoid-based pigmentation in an albino strain was discovered after analyzing allele frequency 

differences between selected and unselected populations (Figure 2A,B,C) (Bryon et al., 2017a), (3) 

the latter approach was also used to reveal three QTLs related to resistance against the acetyl-CoA 

carboxylase inhibitor spirodiclofen after selection over multiple generations (Figure 2A,B,D) 

(Wybouw et al., 2019). 

4. General outline of this thesis 

During my PhD work, a variety of approaches were used to study T. urticae genetic and 

molecular mechanisms involved in the detoxification of man-made and plant-derived toxins. These 

approaches included QTL mapping, transcriptomics and enzyme characterization.  

Figure 3 - Example allele frequencies of replicate T. urticae populations under selection by the pesticide 
spirodiclofen in a study that applied selection over many generations. Shown are the raw allele frequencies of 
three representative replicates of unselected populations (blue lines) and spirodiclofen-selected populations 
(red lines) as assessed in sliding windows (500 kb with a 25 kb offset). The data used to construct the plots 
are from Wybouw et al. 2019 (the experimental design was after Figure 2A,B,D). As plotted, vertical deflections 
indicate increases in the frequency of alleles coming from the spirodiclofen-resistant parental strain. Systematic 
differences in allele frequencies between the paired unselected and selected populations (gray shading) 
indicate two QTL (Wybouw et al., 2019), and are indicated by vertical dashed lines. Note that several regions 
of fixation (or near fixation) are observed even in unselected populations (black arrows), potentially reflecting 
the purging of deleterious alleles or segregation distortion. The code used to plot this figure was adapted from 
Wybouw et al., 2019 and Chapter 2, and has been made available on Github 
(https://github.com/rmclarklab/BSA). 

 

https://github.com/rmclarklab/BSA
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In Chapter 2, we used QTL mapping to determine whether similar or different genetic 

responses underlie resistance to three different acaricides from the METI-I class. The role of a 

previously documented target-site mutation, and new candidate genes were identified that 

potentially underlie METI-I resistance. 

In Chapter 3 and 4, an RNA-seq and microarray approach were used to examine the 

transcriptomic profile of T. urticae females upon application of four synergists, and upon long-term 

transfer from common bean to five host plant species, respectively. In the former study, we were 

interested in the transcriptomic response of well-known detoxification genes (specificity, 

magnitude…) upon synergist exposure. In the latter study, we wanted to extend the knowledge of 

transcriptomic changes upon acclimation of generalist arthropod herbivores to new host plants (≥ 5 

generations, 5 hosts), since most existing studies focus on short term response or within-generation 

transfer to a single or very few hosts. Additionally, candidate genes potentially linked to host plant 

acclimation were identified, including members of enzyme families which had never been related to 

host plant adaptation before. 

In Chapter 5, we surveyed the potential role of T. urticae UGTs in detoxification of 

pesticides or plant secondary metabolites by screening seven functionally expressed UGTs against 

44 substrates. Based on the screening results, nine enzyme-substrate combinations were selected 

for more comprehensive analysis and steady-state kinetic parameters were determined. 

Additionally, the preferred activated donor of T. urticae for glycosylation was determined. 

Finally, in Chapter 6, the potential of trait mapping by using bulked segregant analysis in 

T. urticae and other arthropods is discussed. Additionally, an overview of the commonly used 

validation approaches and recent breakthroughs is provided, while highlighting potential strategies 

for the validation of hypotheses brought forward in the previous chapters. 
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1. Abstract 

Arthropod herbivores cause dramatic crop losses, and frequent pesticide use has led to 

widespread resistance in numerous species. One such species, the two-spotted spider mite, 

Tetranychus urticae, is an extreme generalist herbivore and a major worldwide crop pest with a 

history of rapidly developing resistance to acaricides. Mitochondrial Electron Transport Inhibitors of 

complex I (METI-Is) have been used extensively in the last 25 years to control T. urticae around the 

globe, and widespread resistance to each has been documented. METI-I resistance mechanisms 

in T. urticae are likely complex, as increased metabolism by cytochrome P450 monooxygenases as 

well as a target-site mutation have been linked with resistance.  

To identify loci underlying resistance to the METI-I acaricides fenpyroximate, pyridaben 

and tebufenpyrad without prior hypotheses, we crossed a highly METI-I-resistant strain of T. urticae 

to a susceptible one, propagated many replicated populations over multiple generations with and 

without selection by each compound, and performed bulked segregant analysis genetic mapping. 

Our results showed that while the known H92R target-site mutation was associated with resistance 

to each compound, a genomic region that included cytochrome P450-reductase (CPR) was 

associated with resistance to pyridaben and tebufenpyrad. Within CPR, a single nonsynonymous 

variant distinguished the resistant strain from the sensitive one. Furthermore, a genomic region 

linked with tebufenpyrad resistance harbored a non-canonical member of the nuclear hormone 

receptor 96 (NHR96) gene family. This NHR96 gene does not encode a DNA-binding domain 

(DBD), an uncommon feature in arthropods, and belongs to an expanded family of 47 NHR96 

proteins lacking DBDs in T. urticae. Our findings suggest that although cross-resistance to METI-Is 

involves known detoxification pathways, structural differences in METI-I acaricides have also 

resulted in resistance mechanisms that are compound-specific. 

2. Introduction 

Agrochemicals that inhibit electron transport in the mitochondrial respiratory chain have 

been commonly and successfully used against phytophagous mites (Lümmen, 2007; Van Leeuwen 

et al., 2014). These compounds are referred to as Mitochondrial Electron Transport Inhibitors 

(METIs) and have been classified into groups depending on the site or complex they block. Four 

large transmembrane complexes (I-IV) mediate electron transport in the mitochondrial inner 

membrane via several redox reactions from NADPH and FADH2 to oxygen, which serves as the 

final electron acceptor. An outcome of these sequential redox reactions is the proton gradient that 

drives ATP synthesis by the F0F1 ATPase (complex V) (Karp, 2008). Classic METIs like quinolines, 

pyridinamines, pyrazoles and pyridazinones act on complex I, the proton translocating NADH: 

ubiquinone oxidoreductase. This is the largest and most complex multi-subunit structure of the 

respiratory chain, and it is responsible for catalyzing the electron transfer from NADH to coenzyme 

Q10 (ubiquinone). These acaricides are referred to as METI site I or METI-Is, and belong to 

Insecticide Resistance Action Committee (IRAC) group 21 (Hollingworth et al., 1994; Hollingworth 

and Ahammadsahib, 1995; Wirth et al., 2016). Although the specific binding sites for ubiquinone 

and inhibitors may not be identical (Fendel et al., 2008; Tocilescu et al., 2010), inhibition of complex 
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I has been described for many structurally diverse compounds that are thought to interfere with 

ubiquinone reduction (Degli Esposti, 1998; Lümmen, 1998). Competition experiments have shown 

that hydrophobic inhibitors of complex I share a common binding domain with at least partially 

overlapping sites (Okun et al., 1999). Structural data on complex I, as well as biochemical studies 

(Schuler and Casida, 2001; Shiraishi et al., 2012), support the hypothesis that binding sites for both 

ubiquinone and inhibitors are comprised of the nuclear-encoded PSST and the 49 kDa subunits of 

complex I (Fiedorczuk et al., 2016; Vinothkumar et al., 2014; Zickermann et al., 2015). The PSST 

subunit is the most likely carrier of iron-sulfur cluster N2, a proposed direct electron donor for the 

ubiquinone reduction (Duarte et al., 2002; Friedrich, 1998; Magnitsky et al., 2002). 

Acaricide resistance develops via two main mechanisms: the pharmacokinetic mechanism, 

which is primarily caused by a decreased exposure due to quantitative or qualitative changes in 

major detoxification enzymes and transporters, and the pharmacodynamic mechanism, which 

involves a decrease in sensitivity due to changes in the acaricide’s target site (Feyereisen et al., 

2015; Li et al., 2007; Van Leeuwen and Dermauw, 2016). These mechanisms are driven by three 

types of genetic changes (Feyereisen, 2015): (1) mutations that affect the coding sequences of the 

target gene or detoxification genes, (2) mutations that alter expression levels of target/detoxification 

genes by affecting cis or trans regulation, or (3) whole target/detoxification gene duplications or 

deletions. Combinations of these genetic mechanisms are also possible. For instance, point 

mutations in acetylcholinesterase that make an organism resistant to organophosphates also 

decrease the enzyme’s effectiveness, leading to gene duplications as a compensation mechanism 

(Kwon et al., 2010b). 

Tetranychus urticae (Acari; Tetranychidae), the two-spotted spider mite, is a major crop 

pest that feeds on over 1000 plant species and has been found on every continent except Antarctica 

(Migeon et al., 2006-2018). T. urticae is notoriously resistant to acaricides and insecticides, with 

resistance to over 96 active compounds reported to date (Mota-Sanchez and Wise, 2019; Van 

Leeuwen and Dermauw, 2016). Resistance to METI-Is in T. urticae was initially documented in the 

1990s and has since become widespread (Cho et al., 1995; Devine et al., 2001; Herron and Rophail, 

1998; Ozawa, 1994). METI-I resistance in the spider mite was first associated with increased 

cytochrome P450 (P450) activity by synergism and enzyme activity tests (Cho et al., 1995; Devine 

et al., 2001; Herron and Rophail, 1998; Ozawa, 1994; Van Pottelberge et al., 2009c), and based on 

genome-wide microarray gene expression data, a number of constitutively upregulated P450s were 

identified in METI-I resistant strains. Subsequent studies revealed that one of those upregulated 

P450s (CYP392A11) metabolized fenpyroximate – but not pyridaben or tebufenpyrad – to a non-

toxic metabolite when expressed in E. coli (Riga et al., 2015), suggesting that the enzymes involved 

in METI-I metabolism may vary depending on the acaricide involved. More recently, targeted 

sequencing and genetic analysis identified a variant in the T. urticae PSST homologue of complex 

I, H92R (Yarrowia lipolytica numbering; H110R in T. urticae), that appeared to significantly reduce 

sensitivity to fenpyroximate, pyridaben, and tebufenpyrad (Bajda et al., 2017). This mutation is 

currently the only known genetic change associated with resistance to METI-I compounds in T. 

urticae. Introgression into a sensitive strain, however, suggested that the mutation explained only a 
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fraction of the total resistance phenotype (Bajda et al., 2017). Additional genetic changes underlying 

other METI-I resistance mechanisms have so far remained elusive.  

The two-spotted spider mite is a tractable organism for characterizing resistance 

mechanisms, as its haplodiploid breeding system (males are haploid while females are diploid) 

facilitates inbred line construction, its genome size is small (~90Mb), the generation time is as little 

as a week at optimal temperatures, and very large populations can be propagated (Van Leeuwen 

and Dermauw, 2016). Bulked segregant analysis (BSA) approaches have been used with T. urticae 

to identify monogenic loci (Bryon et al., 2017a; Demaeght et al., 2014; Van Leeuwen et al., 2012), 

and these methods were recently extended to successfully describe polygenic resistance to a lipid 

synthesis inhibiting acaricide, spirodiclofen (Wybouw et al., 2019). For genetic mapping of 

resistance with BSA methods, a resistant parent is crossed with a sensitive one, and resultant 

populations are expanded and selected with the pesticide. In T. urticae, BSA studies have used 

multigenerational populations (which allow dense recombination to break apart haplotypes – a 

prerequisite for high-resolution mapping), with whole-genome sequencing of parents and derived 

populations to simultaneously genotype and detect allele frequency changes that identify causal loci 

(i.e., fixation or increases in the frequency of alleles contributed by the resistant parent).  

In this study, we adapted recent advances in BSA methods, and a chromosome-level 

assembly of the T. urticae genome (Wybouw et al., 2019), to comprehensively investigate the 

quantitative (polygenic) genetic architecture of resistance to the METI-I acaricides fenpyroximate, 

pyridaben and tebufenpyrad. To do so, we performed multiple rounds of acaricide selection on the 

offspring of a cross between a Belgian greenhouse strain of T. urticae (MR-VP) that exhibited high 

levels of resistance to these commonly used METI-Is (Van Pottelberge et al., 2009c), and the METI-

I-sensitive strain Wasatch (Bryon et al., 2017a). As assessed by whole-genome sequencing, 

multiple quantitative trait loci (QTL) for the three METI-I acaricides were identified, revealing a 

common target-site mutation and suggesting novel acaricide-specific resistance mechanisms. 

3. Materials and methods 

3.1. Acaricides 

The acaricides used in this study were commercial formulations (Fyto Vanhulle, Belgium) 

of fenpyroximate (Naja; 50 g a.i. L-1 SC), pyridaben (Sanmite; 150 g a.i. L-1 SC) and tebufenpyrad 

(Pyranica; 200 g a.i. L-1 SC).  

 

3.2. T. urticae strains 

The METI-I resistant strain MR-VP was originally collected in September 2005 from bean 

plants in a greenhouse at the National Botanical Garden (Brussels, Belgium) (Van Pottelberge et 

al., 2009c), which had a spray history of tebufenpyrad (Pyranica; 200 g a.i. L-1 SC) and pyridaben 

(Sanmite; 150 g a.i. L-1 SC); the strain has since been kept in the laboratory at a constant selection 

pressure of 1000 mg L-1 tebufenpyrad. The susceptible Wasatch strain was originally collected from 

tomato (Solanum lycopersicum) in Salt Lake City, Utah, USA (Bryon et al., 2017a), from a public 
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garden where spraying with synthetic pesticides was prohibited. Both strains were mother-son 

inbred for six generations as previously described (Bryon et al., 2017a; Van Petegem et al., 2018). 

Prior to the experiment, both T. urticae strains were maintained under laboratory conditions (25° C, 

60% RH and 16:8 L:D photoperiod) on detached bean leaves (Phaseolus vulgaris) resting on cotton 

pads in plastic boxes to prevent contamination. LC50 assays for strains MR-VP and Wasatch were 

performed as previously described (Van Leeuwen et al., 2004). For each acaricide, LC50 values, 

slopes and 95% confidence limits of the parental strains were estimated using Probit Analysis 

(PoloPlus version 2.0; LeOra Software, Berkeley, CA, USA). If 5000 mg L-1 did not cause 50% 

mortality, no further attempts were made to determine LC50. 

 

3.3. Experimental evolution set-up of METI-I resistance 

An F1 hybrid population was generated by crossing 22 one-day-old virgin adult females of 

the inbred Wasatch strain with a single young male of the inbred MR-VP strain. 332 virgin F1 

teliochrysalis females were collected in total and were backcrossed to 70 males of the Wasatch 

strain. Subsequently, approximately 500 F2 females were used for the inoculation of potted bean 

plants, and the resulting segregating bulk populations were kept in a climatic chamber (Panasonic 

MLR-352H-PE, Kadoma, Japan) at 28° C with a photoperiod of 16:8 h light:dark for 4-5 generations 

to expand the population. To set up acaricide selection, 500 individuals from the bulk population 

were transferred to control plants or those sprayed with 50 mg L-1 of either fenpyroximate, pyridaben, 

or tebufenpyrad; ten replicates were set up for each of the four groups. Experimental evolution on 

whole bean plants took place in the greenhouse at 21° C over a period of nine months (~25 

generations). When the population size was large enough, mites from each treatment group were 

transferred to new plants with an increasing concentration of the respective acaricide over time. The 

concentrations varied depending on the acaricide and were empirically determined based on the 

efficacy of the previous round of selection. Selection was considered complete when no acaricide-

related mortality was observed on beans sprayed until run-off with the final concentrations of 3500, 

1250, and 750 mg L-1, for fenpyroximate, pyridaben, and tebufenpyrad, respectively. 

 

3.4. METI-I resistance and adaptation assay 

Effectiveness of selection to the three acaricides was evaluated by performing toxicity 

bioassays as previously described (Van Leeuwen et al., 2004). Mites were grown on unsprayed 

bean plants for two to four generations, depending on the population size, before conducting toxicity 

tests. To determine toxicity, approximately 30 gravid adult females were transferred to 9 cm2 square-

cut leaf discs on wet cotton wool and then sprayed with 1 ml of fluid at 1 bar pressure with a Potter 

Spray Tower (Burkard Scientific, Uxbridge, UK) to obtain a homogenous spray film (deposit of 2 mg 

cm-2). Each of the ten selection replicates of the three acaricide-selected populations and the control 

populations were tested in four technical replicates at a discriminating concentration of 2500 mg L-

1 of the relevant acaricide. The leaf discs were kept in a climatically controlled room at 25° C, 60% 

RH with a 16:8 h light:dark photoperiod for 24 hours. Mites were scored as being alive if they could 
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walk normally after being prodded with a camel’s hair brush. Survival percentages of the three 

acaricide-selected and control populations were analyzed separately using a generalized linear 

mixed model with a binomial distribution using the lme4 R package version 1.1 (Bates et al., 2015). 

Here, selection regime was incorporated as a fixed effect in the linear model, while replicate was 

regarded as a random effect. 

 

3.5. RNA extraction and sequencing  

Total RNA was extracted from about 100 adult female mites from the inbred MR-VP strain 

using the RNeasy Mini Kit (Qiagen, Belgium) with five-fold biological replication. The quality and 

quantity of the total RNA was analyzed by a DeNovix DS-11 spectrophotometer (DeNovix, 

Wilmington, DE, USA) and by running an aliquot on a 1% agarose gel. Illumina libraries were 

constructed from the RNA samples with the TruSeq Stranded mRNA Library Preparation Kit with 

polyA selection (Illumina, San Diego, CA, USA), and the resulting libraries were sequenced on an 

Illumina HiSeq 2000 to generate strand-specific paired reads of 2 × 100 bp (library construction and 

sequencing was performed at Centro Nacional de Análisis Genómico [CNAG], Barcelona, Spain). 

The RNA reads have been placed in the Sequence Read Archive under accession numbers 

SAMN11334652 through SAMN11334656. 

 

3.6. DNA preparation, genome sequencing and variant detection  

Genomic DNA of inbred MR-VP and each selection and control population was extracted 

from female mites according to Van Leeuwen et al. (Van Leeuwen et al., 2008). Briefly, 4 × 200 

adult mites/population were homogenized in a 2 ml Eppendorf tube containing 800 µl of SDS buffer 

(2% SDS, 200 mM Tris-HCl, 400 mM NaCl, 10 mM EDTA, pH = 8.33), followed by DNA extraction 

using a previously described phenol-chloroform-based protocol (Van Pottelberge et al., 2009b). 

Prior to adding isopropanol, the four extracts were pooled and precipitated together to obtain 

sufficient DNA per population. Subsequently, samples were further column-purified using an EZNA 

Cycle Pure Kit (Omega Bio-tek, Norcross, GA, USA) according to the manufacturer’s protocol and 

quantified using an ND-1000 NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, 

MA, USA).  

Illumina genomic DNA libraries were constructed, and sequencing was performed to 

generate paired-end reads of 101 bp (inbred MR-VP strain) or 125 bp (all other samples). Library 

construction and sequencing was performed at either the Centro Nacional de Análisis Genómico 

(CNAG, Barcelona, Spain) for inbred MR-VP strain or the Huntsman Cancer Institute of the 

University of Utah (Salt Lake City, UT, USA) (all segregating populations). Genomic sequence reads 

for strain MR-VP and the segregating populations have been deposited in the Sequence Read 

Archive under accession numbers SAMN11350708-SAMN11350748. Illumina reads were aligned 

to the reference Sanger draft T. urticae genome from the London strain (Grbić et al., 2011) using 

the default settings of the Burrows-Wheeler Aligner (BWA) version 0.7.15-r1140 (Li and Durbin, 

2009) and processed into position-sorted BAM files using SAMtools 1.3.1 (Li et al., 2009). Following 
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recommendations described in the Genome Analysis Toolkit (GATK) best practices pipeline (Van 

der Auwera et al., 2013), duplicates were marked using Picard tools 2.6.0 

(https://broadinstitute.github.io/picard), followed by indel realignment with GATK version 3.6.0-

g89b7209 (McKenna et al., 2010). Joint variant calling across all 40 populations and the parental 

strains was carried out with GATK’s UnifiedGenotyper tool to produce a variant call format (VCF) 

file containing single nucleotide polymorphisms (SNPs) and indels. 

 

3.7. Quality control on predicted variants  

To be informative for downstream genetic analyses, variants needed to segregate (i.e., be 

fixed for contrasting alleles in the MR-VP and Wasatch inbred parental strains) and be of high 

quality. SNPs were therefore selected according to the following criteria, which were adapted from 

the hard-filtering recommendations in GATK post #2806 

(https://gatkforums.broadinstitute.org/gatk/discussion/2806/howto-apply-hard-filters-to-a-call-set, 

accessed 9 July 2018): (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 (see also Wybouw et al., 2019); this was 

calculated using total depth per allele per sample (AD). 

 

3.8. Responses to selection and validation of the T. urticae three-chromosome assembly  

For most downstream analyses, we transformed variant positions as assessed on the T. 

urticae draft Sanger genome assembly onto the recently reported T. urticae three-chromosome 

assembly (Wybouw et al., 2019). For simplicity, we refer to pseudochromosomes 1-3 in this 

assembly as chromosomes 1-3 (Chr1-3). This assembly was constructed with replicated population 

allele frequency data from 22 populations in an earlier study, and was partially validated with short-

read de novo assemblies from multiple T. urticae strains (Wybouw et al., 2019). The authors of this 

study noted that additional, dense population allele frequency would be important to validate the 

assembly. To do this, and to assess the appropriateness of the assembly for use in our study, we 

calculated the average window distance (AWD) metric across Chr1-3 using the allele frequency 

data of all of our 39 individual population samples (one of the 40 segregating populations was 

excluded from the analysis, see Section 2.10). Briefly, as assessed from highly replicated population 

allele frequency data, positive deflections of the AWD metric by position in genome-wide scans 

detect assembly errors; our implementation of AWD calculations followed that of Wybouw et al. 

(2019). 

 

https://gatkforums.broadinstitute.org/gatk/discussion/2806/howto-apply-hard-filters-to-a-call-set
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3.9. Heterozygosity estimates 

To verify that strains MR-VP and Wasatch were inbred to fixation, we used a separate joint 

variant call analysis to estimate genome-wide levels of heterozygosity. Briefly, to improve variant 

call accuracy, and to provide an expectation for inbreeding to homozygosity, we included, in addition 

to MR-VP and Wasatch, previously published inbred and non-inbred sequenced strains of T. urticae 

(Albino-JP, Foothills, Lon-Inb, MAR-AB, PA2, SR-VP; (Bryon et al., 2017a; Wybouw et al., 2019)). 

The predicted variants were filtered as described above, with modifications and additional filtering 

steps to reduce the number of false positives. Specifically, MQRankSum and 

ReadPosRankSumTest filters were bidirectional, meaning we kept alleles that fell between -8 and 

8 for both. In addition, to prevent copy number variable regions from falsely elevating the 

heterozygosity estimates, only alleles falling within 25% of the mean genome-wide SNP coverage 

depth for each strain were considered. The extent of heterozygosity, as assessed from counts for 

alleles at high-quality SNP positions in sliding windows, was visualized genome-wide. 

 

3.10. Principle component analysis  

A principal component analysis (PCA) was performed in R version 3.4.3 (R Developement 

Core Team, 2015). A correlation matrix containing the individual SNP frequencies for specific alleles 

was used as input for the R function prcomp, which is part of the R package ‘stats’ (version 3.3.0). 

We selected only those SNP alleles that were present in all treatments (fenpyroximate-selected, 

pyridaben-selected, tebufenpyrad-selected and control). The PCA plots were created with autoplot, 

a function of the R package ‘ggplot2’ (version 2.1.0) (Wickham, 2009). An examination of the 

resulting PCA analysis identified an extreme outlier in the pyridaben-selected group (Figure S1), 

presumably reflecting contamination by an unrelated strain; this sample, P9, was therefore excluded 

from all subsequent analyses, and a PCA with all samples except P9 was then generated. 

 

3.11. Bulked segregant analysis genetic mapping 

The ~590,400 loci from strains MR-VP and Wasatch were analyzed using BSA methods 

adapted from earlier studies (Bryon et al., 2017a; Demaeght et al., 2014; Van Leeuwen et al., 2012; 

Wybouw et al., 2019). The difference in MR-VP allele frequency between the acaricide-selected and 

the control samples was averaged for each pesticide treatment in overlapping 75kb genomic 

windows with 5kb offsets. Statistical significance of BSA peaks, as assessed across all replicates, 

was determined with the permutation approach of Wybouw et al. (2019). Briefly, in replicated BSA 

data, responses to selection among independent replicates are expected to co-occur at the same 

genomic locations. Alternatively, where minor peaks are solely due to drift, no systematic co-

occurrence between replicates is expected. The permutation method implemented by Wybouw et 

al. (2019) assigns genomic regions responding to selection across samples (concerted responses 

at specific genomic locations) from multigenerational, replicated unselected and selected 

populations by establishing a significance threshold for QTL detection at a specified genome-wide 

false discovery rate (FDR). The permutation method requires pairing of selected and unselected 
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samples. In this study, we adapted the sample matching approach that Wybouw et al. (2019) applied 

to the same experimental design to detect a QTL for host plant adaptation using five selected and 

unselected populations. An exception was that, as the current study used many more replicates – 

9 for pyridaben and 10 for fenpyroximate and tebufenpyrad (hence 9! and 10! potential pairings) – 

subsets of 120 potential pairings were chosen to make it computationally feasible. For each of the 

120 sets, 5% FDR thresholds for QTL detection were calculated from the distribution of maximal 

allele frequency values for 104 permutations as described by Wybouw et al. (2019). Across the entire 

set of 120 permutations, the most conservative 5% FDR cutoff was used for QTL assignment.  

 

3.12. Predicted effects of genetic variants in coding sequences 

To assess coding sequence changes in genomic (QTL) regions for response to pesticide 

selection, coding effects of SNPs and small indels identified by the GATK analysis were predicted 

using SnpEff 4.2 (Cingolani et al., 2012) with a T. urticae coding sequence database derived from 

the June 23, 2016 annotation available from the Online Resource for Community Annotation of 

Eukaryotes (ORCAE) (Sterck et al., 2012). The QTL were also visually inspected in Integrative 

Genomics Viewer (IGV) version 2.3.90 (Robinson et al., 2011). 

 

3.13. Alignment of CPR proteins 

All protein sequences used in the alignment were accessed either using the UniProt 

database (Bateman et al., 2015): (T. urticae (tetur18g03390), H. sapiens (NP_000932.3), R. 

norvegicus (NP_113764.1), M. domestica (NP_001273818.1) and D. melanogaster (NP_477158.1) 

or NCBI: C. sculpturatus (XP_023225549.1). The sequences were aligned using Clustal W version 

2.1 (Larkin et al., 2007).  

 

3.14. Gene duplication of the DNA-binding domain (DBD)-lacking nuclear hormone receptor 

(NHR-96)-like gene within a QTL connected with tebufenpyrad selection 

De novo assemblies of inbred strains MR-VP and Wasatch were constructed from paired-

end Illumina data using CLC Genomics Workbench 9.0.1 (https://www.qiagenbioinformatics.com). 

Reads were imported and trimmed using the “Trim Sequences” tool prior to assembly with the “De 

Novo Assembly” tool; default settings were used for both. Contigs from the de novo assemblies 

were aligned to the London reference genome using the default settings of BLASR 1.3.1 (Chaisson 

and Tesler, 2012) with soft-clipping enabled. Contig sequences aligning to the DBD-lacking NHR 

96-like gene in the QTL region for response to tebufenpyrad (tetur06g04270) were extracted (File 

S1) and their open reading frames (ORFs) determined using ExPASy (Gasteiger et al., 2003). RNA-

seq alignments were performed using Spliced Transcripts Alignment to a Reference (STAR) version 

2.5.3a (Dobin et al., 2013), with the two-pass mode and a maximum intron size of 20 kb; the RNA-

seq reads were aligned to a modified version of the London reference sequence that was adjusted 

to include an MR-VP de novo assembled contig in the genomic region spanning tetur06g04270. 

Gene duplications in both Wasatch and MR-VP de novo contigs were annotated (File S2) based on 
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the ORF information and the MR-VP RNA-seq alignment visualization in IGV version 2.3.90 

(Robinson et al., 2011). 

 

3.15. Analysis of DBD-lacking NHR96-like genes in T. urticae: manual reannotation, 

phylogeny, and genomic distribution 

The T. urticae genome was mined for other DBD-lacking NHR96-like genes by using the 

eight conserved NHR96-like ligand binding domains (LBDs) as queries in tBLASTn and BLASTp 

searches (e-value threshold of e-3, BLAST+ version 2.2.31) against the T. urticae genome (Grbić et 

al., 2011) and proteome (version of 11 August, 2016), respectively. T. urticae gene models were 

modified when necessary or new gene models were created using GenomeView version N39 (Abeel 

et al., 2012). The DBD-lacking NHR96-like sequences can be found in File S3. To test for evidence 

of other tandem duplications of DBD-lacking T. urticae NHR-like genes, Chr1-3 and the smaller 

unplaced scaffolds were scanned for regions where at least two DBD-lacking NHR genes occurred 

in the same orientation with 50kb or less between each pair of genes within the cluster. 

 Subsequently, nuclear receptor sequences were obtained for Drosophila melanogaster, 

Daphnia pulex and T. urticae (Grbić et al., 2011; King-Jones and Thummel, 2005; Thomson et al., 

2009) accession numbers can be found in Table S1. Using Pfam 31.0 (Finn et al., 2016), each 

receptor sequence was analyzed for the presence of a conserved LBD (PF00104). Detected LBDs 

were aligned to those of the mined candidate T. urticae DBD-lacking NHR96-like peptides using 

MAFFT version 7 with the E-INS-i iterative refinement method strategy (Katoh et al., 2002). A 

phylogenetic analysis was performed on the CIPRES web portal (Miller et al., 2010) using RAxML 

version 8 HPC2-XSEDE (Stamatakis, 2014) with the automatic protein model assignment algorithm 

using the maximum likelihood criterion and 1000 bootstrap replicates; the LG + G protein model 

was selected as the optimal model for analysis. The resulting tree was midpoint rooted, visualized 

using MEGA6 (Tamura et al., 2013) and edited in CorelDRAW Home & Student X7 (Corel, Austin, 

TX, USA). 

 

3.16. NHR-like genes lacking DBD in other arthropods 

To determine if DBD-lacking NHR genes (including DBD-lacking NHR96-like genes) were 

common in other arthropods, we used two approaches: one relying on comprehensive searches of 

the NCBI nr database (downloaded 13 June, 2018) for DBD-lacking NHR-like genes using 

keywords, and the other based on BLASTp (version 2.7.1) searches with DBD-lacking NHR96-like 

T. urticae gene queries against the same database; the latter approach was undertaken to find 

NHR-like genes that had not been annotated. Using the first approach, we extracted all protein 

sequences that had “nuclear receptor”, “hormone receptor”, or “ecdysone” in their description; the 

last keyword was used as many insect NHRs are involved in molting and metamorphosis (Fahrbach 

et al., 2012). For the second approach, we used as queries each of the 47 DBD-lacking NHR96-like 

genes present in the London genome sequence of T. urticae, as well as the two copies of the 
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tetur06g04270 gene from strain Wasatch. We allowed 1000 results for each search and then 

extracted all the resulting proteins that aligned with an e-value of 1 or below. 

From the protein sequences obtained using both approaches, we only kept those belonging 

to Arthropoda as assessed with the Python package ete3 (version 3.1.1) (Huerta-Cepas et al., 

2016). InterProScan version 5.29-68.0 was then used to predict domains and conserved regions. 

From the resulting sequences, we extracted those that were classified by InterProScan as “nuclear 

hormone receptor-like domain superfamily” (IPR035500), and that lacked the “Zinc-finger, nuclear 

hormone receptor type” motif (IPR001628) (Zdobnov and Apweiler, 2001). In the event that several 

proteins had the same amino acid sequence, only one was retained for analysis. 

4. Results 
4.1. Characterization of METI-I resistant inbred strains 

To facilitate genetic and genomic analyses, strain MR-VP was mother-son inbred for six 

generations, a level of inbreeding similar to that of strain Wasatch, which was performed in an earlier 

study (Bryon et al., 2017a). To confirm that the strains were isogenic, we sequenced the MR-VP 

strain using the Illumina method, and aligned the resulting reads, as well as those from Wasatch 

and several other strains sequenced previously (Bryon et al., 2017a), to the London reference 

genome. For strains like MAR-AB and Albino-JP, which were either not inbred, or only inbred for 

one generation (Bryon et al., 2017a), heterozygosity was observed at 82.14% and 10.29% of SNP 

sites, respectively. In contrast, for MR-VP and Wasatch, only 1.77% and 1.14% of variable positions 

were not fixed (Figure S2), respectively, perhaps reflecting sequencing errors or errant predictions 

in copy number variable regions. Toxicity bioassays revealed that the inbred MR-VP and Wasatch 

strains varied greatly in their susceptibility to METI-Is, with MR-VP withstanding 190-, 532- and 73-

fold higher concentrations of fenpyroximate, pyridaben and tebufenpyrad, respectively (Table 1). In 

fact, MR-VP’s LC50 for fenpyroximate could not be calculated as it exceeded 5000 mg a.i. L-1. 

Table 1 - Results of toxicity bioassays for the inbred parental strains MR-VP and Wasatch. Strain MR-VP showed 

significantly higher levels of resistance compared to strain Wasatch for every acaricide tested. METI-I resistance 

of MR-VP had also been determined prior to the strain’s inbreeding by Van Pottelberge et al. (2009b). 

 Inbred Wasatch LC50 

(mg a.i. L-1, 95% CI) 

Inbred MR-VP LC50 

(mg a.i. L-1, 95% CI) 

Resistance 

factor 

MR-VP before 

inbreeding LC50    

(mg a.i. L-1, 95% CI) 

Fenpyroximate 26.4 (18.2 - 32.1) > 5000 > 190 10581 (8441-13036) 

Pyridaben 4.3 (3.8 – 4.8) 2275 (1945 – 2663) 532 36959 (26450-59590) 

Tebufenpyrad 5.7 (4.8 – 6.8) 417 (357 – 476) 73 1197 (1080-1309) 

 

4.2. Evolution of METI-I acaricide resistance in experimental mite populations 

To establish a segregating population for genetic mapping of resistance, we crossed MR-

VP to Wasatch, and then crossed the F1 hybrid population back to Wasatch. This backcross was 

performed to maximize the recombination of haplotypes contributed by the resistant MR-VP strain.  



Chapter 2 

32 

 

 

Figure 1 - Response to acaricide treatment for MR-VP × Wasatch recombinant long-term acaricide-selected 
and control populations. Survival was scored in the adult stage after spraying with 2500 mg a.i. L-1 of (A) 
fenpyroximate, (B) pyridaben and (C) tebufenpyrad. All three sets of acaricide-selected populations showed 
significantly higher survival rates compared to the control populations (p < 0.0001, generalized mixed model). 
Error bars represent 2 × SE. The molecular structures of the three acaricides are displayed to the right of the 
bar plots, with nitrogen heterocycles shaded in gray. 
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After the resulting population was allowed to expand in bulk for several generations, ten 

subpopulations were established for each of the three acaricide treatments, in addition to ten control 

subpopulations (see Materials and Methods). The 40 resulting populations were reared in 

separation in a greenhouse on whole bean plants for over nine months (~25 generations). During 

that time, each population in the three treatment groups was adapted to gradually increasing 

concentrations of acaricide, ending with the final concentrations of 3500 mg a.i. L-1 fenpyroximate, 

1250 mg a.i. L-1 pyridaben, and 750 mg a.i. L-1 tebufenpyrad. Afterwards, the selected and the 

control populations were tested at 2500 mg a.i. L-1 of each acaricide, which proved to be a 

discriminating concentration that showed a clear distinction between resistant and sensitive 

populations (Figure 1). All three acaricide-selected population groups showed significantly higher 

survival rates compared to the control populations (p < 0.0001, generalized mixed model). 

 

4.3. Genomic responses to selection 

Following the experimental selections, we extracted DNA from each of the 40 populations 

and performed genome sequencing to produce a per-sample Illumina read coverage ranging from 

58 to 78 (based on the Variant Call Format [VCF] file; see Materials and Methods). As revealed from 

alignments of the resulting reads, and those of the MR-VP and Wasatch parents, to the T. urticae 

reference genome (London strain, Grbić et al., 2011), ~590,400 high-quality SNP variants were 

identified as segregating in the experimental populations. To test for responses to selection, we 

Figure 2 - Principal component analysis (PCA) with control and selected populations based on genome-wide 
allele frequencies at polymorphic sites. Individual populations are colored according to the treatment group 
(legend, upper right). The control, fenpyroximate-selected and tebufenpyrad-selected populations clustered 
tightly by treatment group, and separately from each other. The pyridaben-selected populations clustered less 
tightly, but nevertheless remained separate from control populations along PC1. 
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performed PCAs using the genome-wide variant predictions (Figure 2). As a preliminary PCA 

revealed that one pyridaben population was contaminated by an unknown strain (Figure S1), the 

analysis was repeated excluding that sample. For the control, fenpyroximate-selected and 

tebufenpyrad-selected populations, tight clustering was apparent, with no overlap among 

populations by treatment. Along PC1, which explained 39.4% of the variation, pyridaben- and 

tebufenpyrad-selected populations clustered separately from control and fenpyroximate-selected 

populations. However, along PC2 (7.2% of the variation), pyridaben-selected populations were 

markedly more dispersed as compared to the other treatment groups, consistent with a more 

heterogeneous response to selection by pyridaben as opposed to the other two acaricides. 

 

4.4. Regional genomic responses to selection and validation of the three-chromosome 

assembly 

As the principle component analysis (PCA) was consistent with genome-wide responses 

to selection by each acaricide, we assessed the frequency of the MR-VP alleles in sliding windows 

along Chr1-3 in the consolidated genome assembly recently reported by Wybouw et al. (2019). For 

the control, fenpyroximate and tebufenpyrad treatments, allele frequencies for populations within 

treatment groups were highly correlated, as they were between treatment groups over much of the 

genome length. For the pyridaben populations, greater variation was observed, consistent with the 

findings of the PCA. A potential explanation for this result is that the pyridaben populations went 

through a more severe bottleneck during acaricide selection as compared to the selections with the 

other two compounds (during a bottleneck event, the effect of genetic drift is elevated). 

Nevertheless, systematic differences were observed in allele frequencies between the control 

populations and those in each acaricide treatment group (e.g., at ~30Mb on Chr1), identifying 

putative regions for adaptation. Using the population allele frequency data from the control and the 

fenpyroximate-selected, pyridaben-selected and tebufenpyrad-selected populations, we also 

calculated the average window distance (AWD) metric along the lengths of Chr1-3 (Figure S3); 

positive deflections in this metric are indicative of assembly errors, see Wybouw et al. (2019) and 

Materials and Methods. As no such errors were apparent (confirming the integrity of the three-

chromosome assembly), we used this chromosome-level assembly for all further analyses.  

 

4.5. Population bulked segregant analysis mapping of QTL 

To detect genomic intervals that responded to acaricide selections, we tested for significant 

deviations in allele frequencies between fenpyroximate, pyridaben and tebufenpyrad treated 

populations as compared to the control populations. Using a permutation-based framework for 

establishing QTL significance that takes into account all replicate data (see Materials and Methods) 

adapted from Wybouw et al. (2019), we identified one or more QTL for resistance for each of the 

three acaricides at a FDR of 5% (Figure 3). Within an acaricide-control comparison, QTL were 

prefixed with the acaricide, and numbered in order from strongest to weakest as assessed by the 

magnitude of the allele frequency deviations. In all cases, significant QTL reflected selection for  
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Figure 3 - Genomic responses to acaricide selections. Bulked segregant analysis (BSA) genetic mapping of 
QTL for resistance to (A) fenpyroximate (green), (B) pyridaben (blue), and (C) tebufenpyrad (gray). Dashed lines 
delineate statistical significance for QTL detection (FDR of 5%). A QTL at a coincident location at ~30Mb on 
Chr1 (QTL 1) was observed for selection by each acaricide, and corresponds to the target-site H92R mutation 
in NADH: ubiquinone oxidoreductase (PSST). Coincident BSA peaks centered on cytochrome P450-reductase 
(CPR) on Chr2 (QTL 2) and were observed in response to selection by both pyridaben and tebufenpyrad. A less 
dramatic but nonetheless significant BSA peak at ~12.5Mb on Chr1 (QTL 3) was only observed in response to 
selection by tebufenpyrad, and is located nearby two tandemly duplicated nuclear hormone receptor 96 
(NHR96)-like genes that lack the DNA-binding domains (DBDs). 
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alleles contributed by the resistant MR-VP parent. For each QTL region, we analyzed genes and 

genetic variants in the top 75kb window as assessed from the BSA genomic scans.  

All three acaricide-selected groups shared a QTL at a coincident location at ~30Mb on 

Chr1 (fenpyroximate-, pyridaben- and tebufenpyrad-QTL 1; Figure 3A-C, respectively). Strikingly, in 

all the METI-I-selected populations, the haplotype contributed by the resistant MR-VP strain went 

to complete (or nearly complete) fixation (Figure S3A-C). The top windows for each of these three 

QTL all harbored NADH: ubiquinone oxidoreductase (also known as PSST, tetur07g05240), and 

the putative H92R target-site resistance allele for fenpyroximate, pyridaben, and tebufenpyrad 

(Bajda et al., 2017), among a total of 21 genes in the collective region of 80kb spanning the three 

peak windows of response (Figure 4; Table S2).  

In addition, for the pyridaben and tebufenpyrad selections, a QTL for resistance was also 

observed at a coincident location on Chr2 (at ~5.7Mb, pyridaben- and tebufenpyrad-QTL 2; Figure. 

3B,C, respectively). The top 75kb peak genomic windows overlapped exactly for these two QTL, 

and the region harbored 27 annotated genes (Table S3). Within this region, cytochrome P450 

reductase (CPR, tetur18g03390), which encodes an enzyme required for P450 function (Phillips 

and Langdon, 1962; Wang and Roberts, 1997), was located within 20kb of the maximal allele 

frequency deviations (Figure 4B). An analysis of the MR-VP haplotype revealed that it was identical 

to that of the spirodiclofen-resistant strain SR-VP studied by Wybouw et al. (2019); in this study, the 

authors identified a nonsynonymous variant, D384Y, as unique to SR-VP and only one other strain 

published to date. While this variant was also present in MR-VP, it was absent in the METI-I sensitive 

parent, Wasatch. 

Figure 4 - Genes in 75kb genomic windows of peak response at QTLs 1-3. Triangles positioned along the top 
and bottom boundaries of each plot represent genomic window midpoints of each acaricide treatment group: 
fenpyroximate-selected (green), pyridaben-selected (blue), and tebufenpyrad-selected (gray). The orientation 
of gene models is as indicated (“+” or “-” for forward and reverse strands, respectively). Coding exons are 
denoted by rectangles shaded in light gray, and introns are shaded in darker gray. Putative candidate genes at 
the BSA peaks are highlighted in orange (the June 2016 T. urticae annotation, Online Resource for Community 
Annotation of Eukaryotes, or ORCAE, was used). The candidate genes are: (A) QTL 1 (all selections); target 
enzyme NADH: ubiquinone oxidoreductase (PSST; tetur07g05240), (B) QTL 2 (pyridaben and tebufenpyrad 
selections); cytochrome P450-reductase (CPR) (tetur18g03390), and (C) QTL 3 (tebufenpyrad selections only); 
nuclear hormone receptor 96 (NHR96)-like DNA-binding domain (DBD)-lacking (tetu06g04270). 
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A QTL at ~12.5Mb on Chr1 was specific for the tebufenpyrad group (tebufenpyrad-QTL 3, 

Figure 3C; while pyridaben-selected populations also showed elevated MR-VP allele frequencies in 

this region, they did not pass the significance threshold). The top window for response to 

tebufenpyrad selection was located near a DNA-binding domain (DBD)-lacking nuclear hormone 

receptor 96 (NHR96)-like gene (tetur06g04270), among a total of 15 genes (Table S4).  

In addition, we noted that the pyridaben- and tebufenpyrad-selected populations had 

elevated frequencies of MR-VP alleles, relative to the control populations, over a broad region from 

about 20-25Mb on Chr1. Although portions of this large interval passed the threshold for QTL 

detection, the region is located along the proximal slope of the large response region for pyridaben- 

and tebufenpyrad-QTL 1. Whether this region reflects one or more independent QTL, or rather the 

physical proximity to QTL 1 (hitchhiking due to linkage), will require additional investigation. 

 

4.6. Analysis of D384Y mutation in CPR 

The D384Y change in the CPR gene of MR-VP was first reported in a genomic region that 

showed significant response to spirodiclofen selection in T. urticae strain SR-VP (Wybouw et al., 

2019). The CPR gene is highly conserved in all organisms and therefore alignments and modeling 

on known CPR structures are straightforward. Figure 5 shows an alignment of the T. urticae CPR 

sequence with other animal CPRs in the region surrounding D384. When modeling CPR with Phyre2 

(Kelley et al., 2015), an excellent match with rat CPR (pdb: c1j9zB) was obtained (score of 1184.13, 

e-value = 0, probability 100% with 58% identities). Spider mite D384, which corresponds to rat or 

human Q391, was located on the surface of the protein, specifically at the end of alpha helix I 

(nomenclature of Wang and Roberts, 1997) in the connecting domain between the conserved 

FAD/NADPH and FMN domains. This region is not implicated in flavin cofactor or NADP(H) binding, 

and is distant from the short “hinge” connecting the two flavin domains of CPR. Hence, the mutation 

was not predicted to interfere in any major and obvious way with electron transfer from NADPH to 

FAD and FMN, or electron transfer between the reductase and P450, but it may have more subtle 

effects (see Discussion section 5). 

 

Figure 5 - Alignment of cytochrome P450 reductase (CPR) sequences around the D384Y variant. The 
conservation of alpha helices H (left), I (middle) and J (right) is shown. An 80% threshold was used for identity 
(black background) and similarity shading (gray background). The D384Y variant is located at the end of helix 
I (red star). The residue is charged in arthropods (D in the scorpion C. sculpturatus and the spider mite and E 
in the insects M. domestica and D. melanogaster), while most vertebrates have a polar Q at that position. The 
homologous Q391 in the human CPR is predicted to interact with the FMN domain in the open conformation 
in which electron transfer to P450s occurs. 
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4.7. Nuclear hormone receptor analysis 

We identified a DBD-lacking NHR96-like gene (tetur06g04270) as one of the candidate 

genes potentially linked with tebufenpyrad resistance. Aligning de novo assembled contigs to the 

three-chromosome assembly suggested that T. urticae strains MR-VP and Wasatch both harbored 

two copies of the DBD-lacking NHR96-like gene in tandem in a head-to-tail orientation. Next, to 

verify gene models and to determine if the genes were expressed, we aligned MR-VP RNA-seq 

reads to a copy of the three-chromosome assembly in which a de novo assembled MR-VP contig 

spanned the tetur06g04270 region in place of the original sequence. As the RNA reads uniquely 

mapped to each gene, the alignments confirmed the presence of the duplication and showed that 

both genes were expressed in MR-VP (Figure S4). 

The NR1J group represented in insects by the single NHR96 receptor was shown to be 

expanded in T. urticae, where eight NHR96-like genes were found (Grbić et al., 2011). However, all 

of them contained the DBD. In this study, we annotated DBD-lacking NHR96-like genes in the T. 

urticae genome and identified 47 genes that had a ligand-binding domain (LBD) most similar to the 

eight canonical NHR96-like genes previously reported (Cheng et al., 2008; Grbić et al., 2011; 

Robinson-Rechavi et al., 2003; Thomson et al., 2009), but that lacked the DBD (Figure 6, panel A). 

Most DBD-lacking NHR96-like genes in T. urticae (37/47) occurred in clusters (i.e., within 50kb of 

another DBD-lacking NHR-gene in a head-to-tail orientation) of up to seven genes, suggesting 

sequential duplication events (Figure 6B).  

To determine if DBD-lacking NHR-like (and specifically, NHR96-like) peptides were 

common in other arthropods, we comprehensively searched the NCBI database for NHR-like DBD-

lacking proteins. By far the most common types of previously annotated DBD-lacking NHR-like 

receptors were E75s (88 in total), followed by FTZ-F1s (44), E78s (41), and photoreceptors (20). 

DBD-lacking NHR96-like genes, on other hand, appeared to be relatively rare. Our nr database 

search only identified a single annotated DBD-lacking NHR96 peptide in each of the following 

species: Agrilus planipennis, Centruroides sculpturatus, Drosophila miranda, Plutella xylostella, and 

Rhagoletis zephyria. 

5. Discussion 

Previous investigations into METI-I resistance in MR-VP revealed that fenpyroximate and 

pyridaben resistance were inherited as a monogenic and dominant trait, whereas resistance to 

tebufenpyrad was polygenic and incompletely dominant (Van Pottelberge et al., 2009c). 

Subsequently, sequencing of several subunits presumably making up the target/binding-site 

identified a nonsynonymous H92R change in the PSST subunit of NADH:ubiquinone 

oxidoreductase, which was significantly associated with resistance (Bajda et al., 2017). 

Nevertheless, the introgression of this mutation into a susceptible genetic background revealed that 

the H92R variant alone failed to explain the strength of the resistance phenotype to any of the three 

acaricides. This suggested roles for other loci and alleles in resistance. 
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Figure 6 - Phylogenetic analysis of T. urticae nuclear hormone receptor (NHR) genes, and genomic 
distribution of T. urticae DNA-binding domain (DBD)-lacking NHR96-like genes. (A) Maximum likelihood LG 
+ G phylogenetic tree of NHRs in D. melanogaster, D. pulex and T. urticae. Only bootstrapping values higher 
than 65 are shown. The scale bar represents 0.5 amino acid substitutions per site. Both T. urticae-specific 
DBD-lacking NHR96-like and canonical NHR96-like gene expansions are shaded. (B) Genomic distribution 
of T. urticae's DBD-lacking NHR96-like genes is shown with lengths of vertical line segments corresponding 
to the number of genes clustered (i.e., within 50kb of another such gene) in a head-to-tail orientation. The 
orientation was delineated by “+” and “-” along the y-axis and by plotting the bars in shades of orange and 
blue, respectively. Only intact DBD-lacking NHR96-like genes were included in the analysis. The 
chromosomes are indicated by alternating white and gray shading, while small scaffolds were concatenated 
and shaded in red to the right of the chromosomes. The original figure, including all gene names, can be 
found in Snoeck et al., 2019. 
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In this study, we subjected a segregating population (parental strains MR-VP and Wasatch, 

which are resistant and sensitive, respectively) to multiple rounds of selection by three METI-Is, and 

used BSA genetic mapping to identify loci responding to selection for each acaricide. While the 

H92R change played a significant role in resistance to each acaricide, one additional genomic region 

was significantly associated with resistance to both pyridaben and tebufenpyrad, and a further QTL 

was identified for tebufenpyrad resistance alone. The peak regions of response for both additional 

QTL harbored candidate genes encoding an enzyme or putative receptors associated directly or 

indirectly with xenobiotic detoxification (CPR, and two tandem NHR96-like genes lacking DBDs). 

The candidate genes, and in some cases putative variants for QTL, are discussed below, although 

for CPR and the NHR96-like genes our conclusions are speculative. 

The target-site H92R variant in the PSST subunit was coincident with the most prominent 

peak in all three BSA scans (QTL 1). The unselected populations were relatively resistant compared 

to the susceptible parent (Figure 2), presumably reflecting the high frequency of the H92R variant 

in the unselected populations – about 0.5 after ~25 generations in the experimental evolution 

experiment (Figure S3) – likely reflecting the partially dominant nature of the change (Van 

Pottelberge et al., 2009c). This pattern reveals that contrary to the fitness cost associated with some 

resistance mutations in T. urticae (Riga et al., 2017) and the lethality of the corresponding 

substitution in Drosophila melanogaster (Bajda et al., 2017), there is no major fitness cost 

associated with the T. urticae H92R substitution. The earlier work, as well as our current study, 

suggest that mutations occurring in this conserved part of the PSST subunit can have species-

specific effects on fitness. Further, mutations in the adjacent PSST subunit residue M91 in the 

aerobic yeast Yarrowia lipolytica decreased enzymatic activity of complex I (Fendel, 2008), but had 

no effect on Vmax when binding ubiquinone-1 and even increased Vmax involving ubiquinone-2, which 

has a longer isoprenoid side chain (Angerer et al., 2012; Fendel et al., 2008). 

In addition to the target-site change, mites selected to pyridaben and tebufenpyrad showed 

significant responses in other genomic regions. This was consistent with the previously reported 

incompletely dominant inheritance of tebufenpyrad resistance, but contradicted an earlier result, 

which classified resistance to pyridaben as monogenic (Van Pottelberge et al., 2009c). The likely 

explanation is that Van Pottelberge and colleagues used a fairly recently collected outbred MR-VP 

strain, while we used an inbred derivative of the same strain after it had been maintained in the lab 

for ~11 years under constant selection (minor effect alleles may have been selected in the laboratory 

as acaricide concentrations become high enough to overcome target-site resistance).  

Introgression of the H92R resistant allele into a sensitive background only resulted in a 

fraction (average of 578 mg L-1 (Bajda et al., 2017)) of the MR-VP fenpyroximate resistance 

phenotype observed in both this study (>5000 mg L-1) and in Van Pottelberge et al. (10,581 mg L-

1). Nevertheless, fenpyroximate resistance appeared to be monogenic in both Van Pottelberge et 

al. as well as in our study. While most of the resistance phenotype was likely due to multiple alleles 

of minor effect that could not be detected by our methods, it remains unknown why neither of the 

two genomic regions associated with selection to the other acaricides showed a significant 

association with fenpyroximate resistance. Evidence from functional cytochrome P450 expression 
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in E. coli as well as from the application of a selective P450-inhibiting synergist piperonyl butoxide 

(PBO) suggests that fenpyroximate’s metabolism is different from that of pyridaben and 

tebufenpyrad (see below). The divergent genomic response to selection could thus be related to 

metabolic resistance, and specifically, to differences in P450-mediated detoxification. 

The second most prominent BSA peak (QTL 2) in the tebufenpyrad- and pyridaben-

selected T. urticae centered on a D384Y mutation in the electron transfer flavoprotein CPR 

(Wybouw et al., 2019). CPR is an essential enzyme in all eukaryotes that serves as an electron 

donor protein for all microsomal P450s and several other enzymes found in the endoplasmic 

reticulum of most cells (Murataliev et al., 2004). CPR was not differentially expressed in MR-VP 

compared to the METI-I susceptible strain London (Dermauw et al., 2013b). Therefore, the D384Y 

mutation likely does not affect the expression of CPR. Instead, it is possible that the mutation is 

advantageous by improving P450 detoxification pathways. 

The idea that a mutation in CPR can be implicated in resistance development by interacting 

with relevant P450s in trans is attractive, because detoxification of METI-Is is thought to be mostly 

P450-based (Cho et al., 1995; Devine et al., 2001; Herron and Rophail, 1998; Ozawa, 1994; Van 

Pottelberge et al., 2009c). This, however, raises the question of why selection to fenpyroximate did 

not favor the mutation. Possible explanations include the relative specificity of P450s that metabolize 

acaricides as well as the relative specificity in the interactions of CPR with P450s. P450 specificity 

towards acaricides is supported by evidence that certain P450s target fenpyroximate, but do not act 

on the other two acaricides; CYP392A11, a P450 that is overexpressed in MR-VP compared to the 

METI-I sensitive strain London (Dermauw et al., 2013b), hydrolyzes fenpyroximate but not 

pyridaben or tebufenpyrad when expressed in E. coli (Riga et al., 2015). Evidence that other P450s 

may also fall into this pattern comes from treatment with the synergist PBO, which does not suppress 

every P450 equally (Feyereisen, 2015). Work on strain MR-VP prior to inbreeding showed that PBO 

significantly decreased resistance to pyridaben and tebufenpyrad, but had little effect on 

fenpyroximate resistance (Van Pottelberge et al., 2009c), likely because PBO did not sufficiently 

target P450s that metabolize fenpyroximate. Specificity in the interactions of CPR with P450s is 

supported by evidence that human variants in CPR differentially affect various P450 activities 

(Burkhard et al., 2017). The only known human CPR variant with increased activity is Q153R, and 

the effect of this mutation is positive on CYP19A1 and CYP3A4 activities but negative on CYP17A1 

and CYP51A1 (Udhane et al., 2017). Furthermore, P450 activity is directly related to the 

concentration of the CPR-P450 complex (Murataliev et al., 2008), whose dissociation constant 

depends on the structure of each P450. Consequently, the D384Y mutation may have a greater 

effect on P450s that specifically metabolize pyridaben and tebufenpyrad. 

It remains unclear from X-ray crystallography alone how the D384Y mutation can affect 

P450 activity. The position of D384 on the surface of the protein in the connecting domain of CPR 

would rule out an effect on FAD, FMN or NADP(H) binding. D384 is also located far from the short 

hinge region that allows the approximately 90-degree rotation of the FMN domain away from the 

FAD-linker domain seen between the open and closed conformations of CPR (Aigrain et al., 2009; 

Hamdane et al., 2009). It does not point towards the space expected to be occupied by P450s in 
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the open conformation of CPR, and superimposition of the open and closed structures indicates 

little if any movement of the residue at position D384. These considerations rule out a major effect 

on FAD to FMN to P450 electron transfer. The connecting domain and helix I of CPR are also 

predicted to remain distant from the ER membrane surface in either open or closed conformations 

(Laursen et al., 2011). The D384Y mutation has not been documented in human variants of CPR 

(where the homologous mutation would be E394Y), and the closest human variants S397L or E398A 

are not associated with any known pathology (Burkhard et al., 2017). 

The D384Y mutation additionally introduces a YY dipeptide in the structure. The possible 

pi-stacking (McGaughey et al., 1998) of the two adjacent aromatic rings might affect protein stability, 

or cause subtle long-range changes in conformational dynamics which are known to take place 

during catalysis (Murataliev and Feyereisen, 2000). Moreover, the solution structure of the CPR 

may differ from the crystal structure in subtle ways (Huang et al., 2013). A model of the extended 

(open) conformation of human CPR based on solution NMR and small angle X-ray scattering 

experiments indicates that four residues of helix I of the connecting domain, including the 

homologous Q391, make polar interactions with the FMN domain (Huang et al., 2013). If this model 

faithfully represents the changes in the structure of CPR during catalysis, then the most likely 

explanation for an effect of the D384Y mutation would be a subtle change in the stability of the 

interaction between the connecting domain and the FMN domain in the open conformation, which 

is the conformation in which electrons are transferred from FMN to P450s.  

Given the conservation of sequence, the homologous mutation to D384Y would be E395Y 

in D. melanogaster. Therefore, the fly may be suitable for studying the effect of the mutation in vivo 

by a reverse genetic approach using CRISPR-Cas9 technology combined with homologous 

recombination-directed gene modification. An intriguing possibility to explore is that the D384Y 

mutation has a fitness cost to mites that are not exposed to pesticides. The BSA peak centering on 

the mutation results not from elevated MR-VP frequency in the acaricide-treated groups, but rather 

in relatively low MR-VP allele frequencies in mites from control populations (i.e., in the absence of 

selection, the variant rapidly decreased in allele frequency, Figure S3B-C); the same pattern was 

also observed when the genomic region surrounding the allele was associated with spirodiclofen 

resistance in SR-VP, a different strain of T. urticae (Wybouw et al., 2019), in which it was also shown 

that P450s are involved in spirodiclofen resistance (Demaeght et al., 2013; Van Pottelberge et al., 

2009b). 

Another protein that may be involved in detoxification by way of P450 regulation is a DBD-

lacking NHR96-like gene, tetur06g04270, which appears in two tandem copies in both sensitive and 

resistant parental strains; the genes fall roughly at the center of a minor BSA peak (QTL 3) in the 

tebufenpyrad-selected group (mites in the pyridaben-selected group also showed increased MR-VP 

allele frequency in that region, albeit not significantly). Most NHRs are transcription factors; a ligand-

binding domain (LBD) interacts with hydrophobic signaling molecules, which then cause the NHR 

to affect transcription of select genes via its DNA-binding domain (DBD). The two NHR96-like genes 

are not canonical NHRs as they completely lack the DBD. Further genomic analyses revealed that 

in addition to the tetur06g04270 genes, the T. urticae genome contains 45 other NHR96-like genes 
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that contained the LBD but were missing the DBD, and that this gene expansion appears to be 

unique to T. urticae (although genome information is not yet available for other spider mite species).  

NHRs are diverse and have many functions; they are classified into groups NR0 through 

NR6, and into subgroups according to their highly conserved domain structure, with non-canonical 

NHRs that lack either the LBD or the DBD classified as NR0 regardless of origin (Nuclear Receptors 

Nomenclature Committee, 1999). Our comprehensive search of the NCBI database showed that 

E75, E78, and FTZ-F1 DBD-lacking NHR-like genes appear to be common in arthropods, but while 

canonical E75s, E78s and FTZ-F1s are known for their role in metamorphosis, vitellogenesis and 

embryogenesis (Fahrbach et al., 2012), little is known about the function of DBD-lacking NHR-like 

genes or how they interact with their targets. In D. melanogaster, DBD-lacking E75B acts by 

heterodimerizing with DHR3 (Reinking et al., 2005), while a DBD-lacking DHR3 plays a role in 

regulating cell growth by interacting with Drosophila ribosomal protein S6 kinase in a yet unknown 

fashion (Montagne et al., 2010). Since most of the work on arthropod NHRs has been done on D. 

melanogaster, and NHR96-like DBD-lacking genes are only known to be expanded in T. urticae, no 

information is currently available about their potential mode of action. Given T. urticae's 

polyphagous lifestyle and pest status, a connection between NHR96-like DBD-lacking genes and 

xenobiotic metabolism is a possibility warranting further exploration, especially considering that D. 

melanogaster's canonical NHR96 – which has the highest BLASTp match for either copy of 

tetur06g04270 – has been implicated in detoxification. Xenobiotic-independent overexpression of 

NHR96 in D. melanogaster L3 larvae induced expression of detoxification genes (King-Jones et al., 

2006), and NHR96 overexpression in the Malpighian tubules increased DDT resistance (Afschar et 

al., 2016). Additionally, adult NHR96 null mutants of D. melanogaster were more sensitive to chronic 

DDT exposure (King-Jones et al., 2006), the sedative effects of phenobarbital (PB) (King-Jones et 

al., 2006), permethrin (a pyrethroid) (Beaver et al., 2010) and malathion (Afschar et al., 2016). Many 

of the genes affected by either the NHR96 loss- or gain-of-function mutations encode members of 

the classic detoxification enzyme families: P450s, glutathione S-transferases (GSTs), 

carboxylesterases, and UDP-glucuronosyl transferases (UGTs) (King-Jones et al., 2006). These 

gene families play key roles in detoxification across the animal kingdom, and some – like the P450s 

– have been expanded in T. urticae (Grbić et al., 2011). 

6. Conclusion 

In this study, we compared and contrasted selection responses to three METI-I acaricides: 

fenpyroximate, pyridaben, and tebufenpyrad. We found that crossing a resistant strain of T. urticae 

to a susceptible one and separately selecting the offspring with the three acaricides did not yield the 

same genetic response. While a previously identified H92R target-site mutation was significantly 

associated with resistance to all three METI-I acaricides, we found that additional loci were 

associated with resistance to pyridaben and tebufenpyrad, including a genomic region previously 

associated with spirodiclofen resistance. This region included a variant in CPR, which may be 

responsible for improving the efficiency of relevant P450s, but at a likely fitness cost in the absence 

of acaricide treatment. A region connected with resistance to tebufenpyrad included two tandem 
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copies of NHR96-like genes that lacked a DNA-binding domain, and further manual annotation 

revealed a total of 47 such genes in T. urticae. An NCBI database search suggested that an 

expansion of these genes appears to be unique to T. urticae, and their function is currently unknown. 

Although the role of the CPR mutation and the DBD-lacking NHR96-like genes in xenobiotic 

resistance in T. urticae remain speculative, the link between the associated genetic regions and 

resistance to some, but not all, METI-Is, suggests that adaptation to treatment with those acaricides 

involves different pathways in the spider mite. 
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Figure S1. Principal component analysis (PCA) with control and selected populations based on genome-wide 

allele frequencies at polymorphic sites. Individual populations are colored according to the treatment group 

(legend, upper right). The extreme outlier in the pyridaben-selected group (population P9) had the genomic 

profile of an unknown strain not used in this study and was presumed to be contaminated. Hence, P9 was 

excluded from subsequent analyses. 

Figure S2. Fraction of heterozygous SNPs plotted across the genome in sliding windows of 150kb with a 10kb 

offset. Shown is apparent heterozygosity for the outbred strain MAR-AB, a strain that was mother-son (MS) 

inbred for one generation (Albino-JP) and two strains that were inbred for 6 or more generations (MR-VP and 

Wasatch).  
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Figure S3. MR-VP allele frequency and average window distance (AWD) values calculated as per Wybouw et 

al. (2019). Each panel (A-C) corresponds to an individual acaricide selection experiment and consists of MR-VP 

allele frequency information for each relevant sample (top) and the AWD values (bottom) calculated based on 

the allele frequency information. The samples were colored according to the experimental treatment (legend in 

the top right corner). The AWD values were used to verify the three-chromosome assembly of Wybouw et al. 
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(2019), with the dashed line representing an AWD value of 0.1 – a threshold indicative of potential 

misassemblies. One common AWD peak in the fenpyroximate, pyridaben and tebufenpyrad data rises above 

the threshold (highlighted in red in the bottom panels). The AWD peak, however, was not supported as a 

misassembly in previous work. Overall, the AWD scan provides strong support for the three-chromosome 

assembly. The peaks in AWD values between the three chromosomes in the concatenated sequence are 

expected as they are not adjacent in the genome. 

Figure S4 Read coverage of five MR-VP RNA-seq replicates that were aligned to a modified version of the 

three-chromosome assembly. The modified sequence contained an MR-VP de novo assembled contig in the 

region where tetur06g04270 duplication was present in both strains MR-VP and Wasatch. The plot zooms in on 

the part of the contig where the two NHR-like genes are located in tandem. Genetic architecture is shown in the 

bottom panel with taller rectangles as coding exons, smaller rectangles as introns, “M”s as start codons, and 

stop codons as asterisks. 

Table S1. Accession numbers used for maximum likelihood phylogenetic analysis of nuclear receptors. 

Table S2. List of all genes in the 80kb top BSA peak 1 region at ~30Mb on Chr1. 

locus_id strand start stop definition 

tetur07g05380 + 3006092

4 

30062624 DnaJ homolog subfamily B member 11 precursor 

tetur07g05370 + 3006441

9 

30065831 Myc-type, basic helix-loop-helix (bHLH) domain 

tetur07g05360 + 3006754

0 

30068102 Hypothetical protein 

tetur07g05350 + 3006988

0 

30080425 Bromodomain protein 4, C-terminal 

tetur07g05330 + 3008079

7 

30081662 Hypothetical protein 

tetur07g05320 - 3008309

4 

30084201 cytochrome b-c1 complex subunit 7 

tetur07g05310 - 3008679

7 

30091676 long-chain fatty acid transport protein 1 

tetur07g05300 - 3009545

9 

30098525 Growth factor; receptor 

tetur07g05290 + 3009857

9 

30098806 Hypothetical protein 

tetur07g05280 - 3009891

7 

30099707 Hypothetical protein 

tetur07g05270 - 3009991

0 

30101331 Hypothetical protein 

tetur07g05260 - 3010223

0 

30103663 trans-2-enoyl-CoA reductase; mitochondrial precursor 

tetur07g05250 - 3010442

4 

30106177 lecithin-cholesterol acyltransferase 

tetur07g05240 - 3010790

9 

30108889 NADH dehydrogenase;  PSST subunit 

tetur07g05220 + 3010896

0 

30109990 serine/threonine-protein kinase 3 

tetur07g05210 + 3011253

2 

30115075 Pheromone shutdown, TraB 

tetur07g05200 + 3011700

5 

30121882 P-loop containing nucleoside triphosphate hydrolase 

tetur07g05190 + 3012239

9 

30125909 translocation protein SEC63 homolog 

tetur07g05180 + 3012653

7 

30133880 Tubulin/FtsZ; C-terminal 
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tetur07g05170 + 3013530

7 

30135533 Hypothetical protein 

tetur07g05160 + 3013584

4 

30139508 LY6_UPAR protein 

Table S3. List of all genes in the 75kb top BSA peak 2 region at ~5.7Mb on Chr2. 

locus_id strand start stop definition 

tetur18g03340 - 5695109 5697050 vesicular acetylcholine transporter 

tetur18g03350 - 5700933 5705078 Hypothetical protein 

tetur18g03360 + 5706103 5708320 hypothetical protein 

tetur18g03370 + 5711979 5712814 archease 

tetur18g03380 - 5713069 5713698 large subunit ribosomal protein 23 

tetur18g03390 - 5714612 5718880 NADPH cytochome P450 reductase 

tetur18g03400 + 5720043 5720491 Hypothetical protein 

tetur18g03410 - 5721867 5723368 Folate-binding; YgfZ 

tetur18g03420 + 5723969 5726121 Hypothetical protein 

tetur18g03430 + 5726607 5728998 DDB1- and CUL4-associated factor 12 

tetur18g03440 + 5729912 5730999 Hypothetical protein 

tetur18g03450 + 5731332 5735868 PREDICTED: similar to NP95 

tetur18g03721 - 5735665 5736837 Chemosensory Receptor; Gustatory receptor family 

tetur18g03791 - 5737734 5738891 Chemosensory Receptor; Gustatory receptor family 

tetur18g03801 - 5740027 5741194 Chemosensory Receptor; Gustatory receptor family 

tetur18g03811 - 5744514 5745752 Chemosensory Receptor; Gustatory receptor family 

tetur18g03852 - 5746933 5747712 Chemosensory Receptor; Gustatory receptor family 

tetur18g03821 - 5748183 5749331 Chemosensory Receptor; Gustatory receptor family 

tetur18g03831 - 5749737 5750908 Chemosensory Receptor; Gustatory receptor family 

tetur18g03841 - 5751223 5752427 Chemosensory Receptor; Gustatory receptor family 

tetur18g03470 - 5753113 5754272 Chemosensory Receptor; Gustatory receptor family 

tetur18g03480 - 5755262 5756427 Chemosensory Receptor; Gustatory receptor family 

tetur18g03741 - 5757260 5758432 Chemosensory Receptor; Gustatory receptor family 

tetur18g03731 - 5758670 5759841 Chemosensory Receptor; Gustatory receptor family 

tetur18g03490 - 5761067 5761411 Hypothetical protein 

tetur18g03500 + 5763261 5763606 Hypothetical protein 

tetur18g92107 + 5766318 5766774 hypothetical protein 

Table S4. List of all genes in the 75kb top BSA peak 3 region at ~12.5Mb on Chr1. 

locus_id strand start stop definition 

tetur06g04180 + 1244684

8 

1245751

8 

vacuolar protein sorting 39 

tetur06g04190 + 1245751

9 

1245917

8 

galactosyltransferase; putative 

tetur06g04200 - 1246563

8 

1246583

6 

Hypothetical protein 

tetur06g04210 + 1246613

9 

1247115

9 

CCAAT/enhancer binding protein alpha 

tetur06g04220 + 1248282

3 

1248615

7 

SRY sex determining region Y-box 9 

tetur06g06761 - 1248635

1 

1248856

5 

Serine proteases, trypsin family, histidine active site 

tetur06g04240 + 1248688

5 

1248790

1 

mitochondrial import inner membrane translocase subunit Tim23 

tetur06g04250 - 1248863

2 

1249056

6 

Sec1-like protein 

tetur06g04260 - 1249180

7 

1249200

7 

Hypothetical protein 

tetur06g04270 - 1249357

0 

1249529

4 

Nuclear hormone receptor, ligand-binding domain 

tetur06g04280 - 1249637

5 

1249791

9 

PREDICTED: similar to lactation elevated 1 

tetur06g04290 - 1249923

5 

1250410

3 

fermitin family homolog 2 

tetur06g04300 + 1250446

8 

1250740

1 

Letm1 ribosome-binding domain 

tetur06g04310 - 1250740

8 

1250830

0 

mitochondrial import inner membrane translocase subunit Tim23 

tetur06g04340 - 1250927

9 

1252711

4 

G-protein coupled receptor for tachykinin 

File S1. De novo assembled contigs of strains MR-VP and Wasatch that span the DNA-binding domain (DBD)-

lacking nuclear hormone receptor 96 (NHR96) like gene (tetur06g04270) in the QTL underlying resistance to 

tebufenpyrad. 
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File S2. Peptide sequences of tandemly duplicated DBD-lacking NHR96-like genes (annotated as a single gene, 

tetur06g04270, in the London reference genome) in strains MR-VP and Wasatch, as verified by open reading 

frame (ORF) predictions as well as RNA-seq alignments. 

File S3. Genes newly annotated as DBD-lacking NHR96-like in the London assembly of T. urticae. 
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1. Abstract 

Synergists can counteract metabolic insecticide resistance by inhibiting detoxification 

enzymes or transporters. They are used in commercial formulations of insecticides, but are also 

frequently used in the elucidation of resistance mechanisms. However, the effect of synergists on 

genome-wide transcription in arthropods is poorly understood. In this study we used Illumina RNA-

sequencing to investigate genome-wide transcriptional responses in an acaricide resistant strain of 

the spider mite Tetranychus urticae upon exposure to synergists such as S,S,S-tributyl 

phosphorotrithioate (DEF), diethyl maleate (DEM), piperonyl butoxide (PBO) and cyclosporin A 

(CsA). Exposure to PBO and DEF resulted in a broad transcriptional response and about one third 

of the differentially expressed genes (DEGs), including cytochrome P450 monooxygenases and 

UDP-glycosyltransferases, was shared between both treatments, suggesting common 

transcriptional regulation. Moreover, both DEF and PBO induced genes that are strongly implicated 

in acaricide resistance in the respective strain. In contrast, CsA treatment mainly resulted in 

downregulation of Major Facilitator Superfamily (MFS) genes, while DEGs of the DEM treatment 

were not significantly enriched for any GO-terms.  

2. Introduction 

Insecticide resistance is a major threat for the agricultural productivity of commercial crops 

(Pimentel, 2005), and understanding the mechanisms underlying insecticide resistance is a high 

priority for the design and implementation of effective resistance management programs (Sparks 

and Nauen, 2015). Resistance mechanisms can generally be classified into either (1) changes in 

sensitivity of the target-site due to point mutations, or to (2) increased metabolic detoxification 

through qualitative or quantitative changes in enzymes involved in the detoxification process. The 

latter process typically occurs in 3 phases. In phase I, the insecticide is functionalized with 

nucleophilic groups (a hydroxyl, carboxyl or amine group) to make it more reactive and water 

soluble. In phase II, conjugation occurs with endogenous molecules (such as glutathione (GSH) or 

sugars), further increasing the compound’s polarity. Ultimately, in phase III, the phase II conjugated 

product is excreted by cellular transporters. Cytochrome P450 monooxygenases (P450s) and 

carboxyl/choline esterases (CCEs) are well-known examples of enzymes that are responsible for 

phase I reactions while glutathione-S-transferases (GSTs) and UDP-glycosyltransferases (UGTs) 

are enzymes that typically operate during phase II. Finally, in phase III, metabolites are often 

transported out of the cell by ATP-binding cassette (ABC) transporters and solute carrier proteins, 

of which a major class are proteins of the Major Facilitator Superfamily (MFS) (Feyereisen et al., 

2015; Van Leeuwen and Dermauw, 2016).  

Insecticide synergists are defined as “compounds that greatly enhance the toxicity of an 

insecticide, although they are usually practically nontoxic on their own” (Matsumura, 1985). They 

can either act as a surrogate substrate or an inhibitor of detoxification enzymes and transporters 

and, as such, are a powerful tool to investigate insecticide resistance mechanisms. Synergists are 

also of commercial interest as combining them with insecticides increases efficacy and aids in 

keeping pesticide use to a minimum (Bernard and Philogène, 1993; Casida, 1970; Raffa and 
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Priester, 1985). As a result of the fast and widespread development of resistance, coupled with the 

slowdown in the number of registrations of new pesticides and a new trend towards “greener” and 

more “sustainable” pest management (Beck et al., 2012), a renewed interest has arisen in the 

identification and development of plant-based synergists (Hill, 2008; Joffe et al., 2012; S. Liu et al., 

2014). However, as of yet relatively few of these new synergists have made the transition from the 

laboratory to the field or greenhouse.  

The most well-known and commonly used commercial insecticide synergist is the 

methylene dioxyphenyl compound piperonyl butoxide (PBO), an inhibitor of P450s. PBO has been 

commercially used since 1940, and since the seventies mainly in combination with pyrethroid 

insecticides. Its lack of specificity in P450 inhibition has contributed to its success as a synergist 

(Feyereisen, 2015). The inhibition mechanism of PBO consists of two phases, starting with the 

binding of PBO to the active site of the P450, followed by the formation of a quasi-irreversible 

inhibitor complex between the electrophilic carbene moiety of PBO and the ferrous iron of the P450 

(Casida, 1970; Correia and Ortiz de Montellano, 2005; Feyereisen et al., 1984). Synergists such as 

the defoliant S,S,S-tributyl phosphorotrithioate (also known as tribufos, DEF or TBPT), the fungicide 

iprobenfos (IBP) and triphenyl phosphate (TPP) are well-known carboxyl esterase inhibitors (Plapp 

et al., 1963; Yeoh et al., 1982). These organophosphorus compounds (OPs) behave like the natural 

substrate of esterases and enter the active site where they covalently bind to the serine –OH group. 

Subsequently, the OP is split, with the enzyme being irreversibly phosphorylated, and regeneration 

of the free enzyme by hydrolyzation not possible (Sogorb and Vilanova, 2002; World Health 

Organization, 1986). An additional major synergist is the carbonyl compound diethyl maleate (DEM) 

that is known to conjugate reduced glutathione (GSH), thereby depleting cells of this tripeptide. As 

a consequence, it reduces the ability of GSTs to utilize GSH for conjugation with insecticides or with 

the oxidative stress products they induce (Boyland and Chasseaud, 1970; Che-Mendoza et al., 

2009; Fujioka and Casida, 2007). Finally, verapamil and cyclosporin A are well-known first 

generation modulators (competitive inhibitors) of vertebrate P-glycoproteins (ABC transporters of 

the B subfamily) (Foxwell et al., 1989; Litman et al., 1997; Yusa and Tsuruo, 1989). Human P-

glycoproteins are well-known for their role in protecting tissues from toxic xenobiotics and 

endogenous metabolites (Sharom, 2011) and in the last decade their counterparts in arthropods 

have also been linked to insecticide transport and/or resistance (Dermauw and Van Leeuwen, 2014; 

Merzendorfer, 2014). For example, pretreatment with verapamil has been shown to markedly 

enhance the toxicity of DDT or abamectin in Drosophila (Luo et al., 2013; Strycharz et al., 2013) 

Synergists, however, do not always act as intended or expected. A frequently reported 

unanticipated effect is an altered cuticular penetration of the insecticide after pretreatment with a 

synergist (Gunning et al., 1995; Kennaugh et al., 1993; Sanchez-Arroyo et al., 2001; Sun and 

Johnson, 1972). In some cases, synergists might also inhibit non-target enzyme systems. PBO has 

been reported to act as an inhibitor of esterases in Helicoverpa armigera, Frankliniella occidentalis 

and Bemisia tabaci (López-Soler et al., 2011; Young et al., 2006, 2005) and as an inhibitor of 

mammalian UGTs (Lucier et al., 1971), while DEF was shown to act, albeit to a much lower extent 

compared to PBO, as an inhibitor of P450s in Blatella germanica (Sanchez-Arroyo et al., 2001). 
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These studies suggest that in some cases caution should be applied in interpreting results of 

synergist application as they are not entirely specific to a single detoxification enzyme class 

(Espinosa et al., 2005; Gunning et al., 1998; López-Soler et al., 2011). However, inhibition of these 

non-target enzyme systems typically occur in a non-specific way at high synergist concentrations 

(Philippou et al., 2013; Valles et al., 1997), and results can be cross-checked. For example, 

confirmation of P450 rather than esterase inhibition by PBO is straightforward and can be done with 

another class of P450 inhibitors (Feyereisen, 2015).  

Insects and mites are known to display a massive and rapid reprogramming of gene 

expression in response to xenobiotic exposure (Dermauw et al., 2013b; Perry et al., 2011; Wybouw 

et al., 2015). While synergist compounds are mostly used at concentrations that cause no or very 

low mortality, they are nonetheless used at high enough concentrations to cause maximal inhibition 

of the targeted detoxification enzymes (Scott, 1990). Hence, one might expect that synergists also 

induce gene expression changes on their own (Bernard and Philogène, 1993). Little is known, 

however, regarding the genome-wide transcriptional changes in arthropods exposed to synergists. 

Using a full genome and custom ”detox” microarray it was found that a subset of P450s and GSTs, 

and to a lesser extent UGTs, were induced in Drosophila melanogaster upon exposure to PBO 

(Willoughby et al., 2007), while, using Illumina RNA sequencing, a P450 was shown to be 

upregulated in the whitefly B. tabaci upon exposure to PBO + cypermethrin as compared to 

cypermethrin alone (Zimmer et al., 2017). However, genome-wide transcriptional changes upon 

exposure to synergist compounds other than PBO have not been investigated in any herbivorous 

arthropod pest.  

The two-spotted spider mite, Tetranychus urticae (Arthropoda: Chelicerata: Acari: 

Tetranychidae), is a highly polyphagous agricultural pest that is able to colonize more than 1100 

plant species (Migeon et al., 2010). Further, among arthropods T. urticae is also considered to be 

the ”pesticide resistance champion” based on the total number of different pesticides to which 

populations have become resistant (Van Leeuwen et al., 2014, 2010). Synergists such as PBO, 

DEF and DEM have been frequently used for the identification of metabolic resistance pathways in 

T. urticae (Khalighi et al., 2014; Kim et al., 2006, 2004; Rauch and Nauen, 2002; Stumpf and Nauen, 

2002; Tsagkarakou et al., 2002; Van Leeuwen et al., 2004; Van Leeuwen and Tirry, 2007; Van 

Pottelberge et al., 2009c; Yang et al., 2001), and a high quality Sanger genome assembly is 

available for this mite species (Grbić et al., 2011). T. urticae is therefore an ideal arthropod herbivore 

to study the impact of synergists at the transcriptional level. In this study, we used Illumina HiSeq 

250 technology to generate deep paired-end, strand-specific RNA-seq reads from adult T. urticae 

females that were exposed for 24 hours to either DEF, DEM, PBO, CsA or formulation only. 

Subsequent differential expression (DE) analyses allowed us to identify genes for which expression 

was significantly altered upon exposure to synergists. A selection of differentially expressed genes 

(DEGs) was validated by qPCR and for each comparison (synergist compared to formulation) a 

Gene Ontology (GO) analysis was performed to shed light on the types of genes and pathways that 

respond to synergist exposure.  
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3. Materials and methods 

3.1. Mite strains and chemicals 

The JP-R strain has previously been described by Khalighi et al. (Khalighi et al., 2015). 

Briefly, this strain is resistant to both cyenopyrafen (LC50 of 291 mg L-1) and cyflumetofen (LC50 of 

146 mg L-1). In addition, cyenopyrafen toxicity in the JP-R strain is synergized by PBO and DEF, 

while DEM synergizes cyflumetofen toxicity (Khalighi et al., 2015). The JP-R strain was maintained 

on potted bean plants, Phaseolus vulgaris L. var. Prelude, sprayed with 200 mg a.i. cyenopyrafen 

L-1 (STARMITE, 30% SC) until run-off. For the week prior to collection of RNA, the strain was 

maintained on bean plants without cyenopyrafen selection pressure. The synergists DEF (97% 

purity), DEM (97% purity) and PBO (90% purity) were of analytical grade and purchased from 

Sigma-Aldrich (Belgium). CsA had a purity of more than 98% and was purchased from Enzo Life 

Sciences (Belgium). 

 

3.2. Synergist bioassays 

The synergist bioassays were performed as described earlier by Van Pottelberge et al. 

2009. Briefly, synergists were dissolved in a mixture of N,N-dimethylformamide and emulsifier W 

(alkylarylpolyglycolether, 3:1 w/w, respectively) and subsequently diluted with deionized water 100-

fold. The concentrations used for PBO (1000 ppm), DEF (500 ppm) and DEM (2000 ppm) were 

identical to those in Khalighi et al. and Van Pottelberge et al. (Khalighi et al., 2014; Van Pottelberge 

et al., 2009c) and are known to cause between 5 and 10% mortality. Based on preliminary 

experiments a concentration of 50 ppm CsA was used, resulting in maximum 5 to 10% mortality. 

About 30 3-5 day old adult females were transferred to the upper (adaxial) side of a 9 cm2 square-

cut kidney bean leaf discs placed on wet cotton wool. Leaf discs were sprayed at 1 bar pressure in 

a Cornelis spray tower with 650µl spray fluid (1.56 ± 0.04mg fluid deposit cm-2) containing one of 

the synergists (DEF, DEM, PBO, CsA) or formulation (FORM; N,N-dimethylformamide and 

emulsifier W (3:1 w/w) diluted in deionized water 100-fold) only. Unsprayed mites (CON) served as 

an additional control. About 600 mites (20 leaf discs with mites) were used for each treatment (DEF, 

DEM, PBO or CsA) and for the controls (FORM, CON). Next, leaf discs were placed in a climatically 

controlled room at 26°C, 60% RH with a 16:8h light:dark photoperiod. After 24 hours, living mites 

were scored and collected for RNA extraction. Mites were scored as being alive if they could walk 

normally after being prodded with a camel’s hair brush.  

 

3.3. RNA-seq 

Total RNA was extracted from about 100 adult female mites (collected from at least four 

different leaf discs) using the RNeasy mini kit (Qiagen, Belgium) with four-fold biological replication 

for each treatment (PBO, DEF, DEM, CsA) and the controls (FORM, CON). The quality and quantity 

of the total RNA was analyzed by a DeNovix DS-11 spectrophotometer (DeNovix, USA) and by 

running an aliquot on a 1% agarose gel. From the RNA samples, Illumina libraries were constructed 

with the TruSeq Stranded mRNA Library Preparation Kit with polyA selection (Illumina, USA), and 
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the resulting libraries were sequenced on an Illumina HiSeq 2500 to generate strand-specific paired 

reads of 2 x 125 bp (library construction and sequencing was performed at the High-Throughput 

Genomics Core of the Huntsman Cancer Institute, University of Utah, Utah, USA). Prior to read-

mapping, the quality of the reads was verified using FASTQC version 0.11.4 (Andrews, 2010) (no 

reads flagged as poor quality or as containing adapter sequences were used in downstream 

analyses). 

 

3.4. Expression quantification and principal component analysis (PCA) 

All reads were aligned to the T. urticae genome (Grbić et al., 2011) using the two-pass 

alignment mode of STAR 2.5.0a (Dobin et al., 2013) with a maximum intron size set to 20 kb. 

Resulting BAM files were subsequently sorted on read name by using SAMtools 0.1.19 (Li et al., 

2009). Read counts per gene using the most recent T. urticae annotation (version of June 23, 2016) 

were then obtained using the default settings of HTSeq 0.6.0 (Anders et al., 2015) with the 

“STRANDED” flag set to “yes” and the “feature” flag set to “exon”. A PCA was created as described 

by Love et al. (Love et al., 2015). Briefly, read counts were first normalized using the regularized-

logarithm (rlog) transformation implemented in the DESeq2 (version 1.12.2) R-package (Anders et 

al., 2013). A PCA was then performed using the stats (version 3.3.0) and ggplot2 (version 2.2.0) R-

packages with the 5000 most variable genes across all RNA-seq samples. 

 

3.5. Differential expression (DE) analysis and gene ontology (GO) enrichment analysis 

A differential expression (DE) analysis was performed using DESeq2 (version 1.12.2) 

(Anders et al., 2013) and the read count data obtained by HTSeq (see above). Differentially 

expressed genes (DEGs, fold change (FC) ≥ 1.5 and Benjamini-Hochberg (Benjamini and 

Hochberg, 1995) adjusted p-value < 0.05) were determined between unsprayed mites (CON), mites 

treated with DEF, DEM, PBO or CsA and mites treated with formulation (FORM) (five DE 

comparisons in total: FORM vs. CON, DEF vs. FORM, DEM vs. FORM, PBO vs. FORM and CsA 

vs. FORM). For the GO enrichment analysis, the complete T. urticae proteome (19087 sequences, 

version of June 23, 2016) was first used as query in a blastp search against the non-redundant 

protein database in NCBI (version of October 31, 2016) using the following settings “ -outfmt 5 -

evalue 1e-5 -word_size 3 -show_gis -num_alignments 20 -max_hsps_per_subject 20”. The 

resulting blastp output was then loaded into the Blast2GO (version 4.0.7) program and T. urticae 

proteins were annotated using the default parameters (Conesa et al., 2005). InterProScan 5 and 

ANNEX were used to augment the annotation of GO terms. GO terms were condensed using the 

generic GO Slim subset. For the DESeq2 output of four DE comparisons (DEF vs. FORM, DEM vs. 

FORM, PBO vs. FORM and CsA vs. FORM), a GO enrichment analysis was performed using the 

Bioconductor package GOSeq (version 1.24.0) (Young et al., 2010a), which explicitly takes into 

account gene selection bias due to differences in transcript length (Young et al., 2010b). The 

resulting p-values from GOSeq were corrected using the Benjamini-Hochberg method (Benjamini 

and Hochberg, 1995) and only those GO categories with an adjusted p-value of less than 0.05 were 
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considered significantly enriched. Gene expression heatmaps were generated using the relative 

transcript levels (fold changes) of four DE comparisons (DEF vs. FORM, DEM vs. FORM, PBO vs. 

FORM and CsA vs. FORM) and the limma (version 3.28.21) and gplots (version 3.0.1) packages in 

the R environment. Transcription factor, P450 and UGT gene lists were obtained from previous 

studies (Ahn et al., 2014; Grbić et al., 2011; Phuong, 2014) while the MFS gene list consisted of 

those from Dermauw et al., 2013b and those that were differentially expressed in the CsA treatment 

(Supplementary Table S6). Genes with no read counts in all four DE comparison were not included 

in the heatplot. Finally, genes were clustered using a Euclidean distance metric and Ward’s method. 

 

3.6. qPCR 

To validate the RNA-seq results, gene specific primers were designed for differentially 

expressed T. urticae genes (8 up- and 5 downregulated genes) using Primer 3 v.4.0.0 (Rozen and 

Skaletsky, 2000). The qPCR primers used, including the primers for the genes of interest, as well 

as those for the two reference genes, ribosomal protein gene RP49 and ubiquitin, can be found in 

Supplementary Table S8. Total RNA was extracted as described above and cDNA was synthesized 

with the Maxima First Strand cDNA kit (Fermentas Life Sciences, Aalst, Belgium) and 1.5 µg of total 

RNA. Three biological and two technical replicates were used and non-template controls were 

added to exclude sample contamination. The qPCR analysis was performed on a Mx3005P qPCR 

thermal cycler (Stratagene, Agilent Technologies, Diegem, Belgium) with Maxima SYBR Green 

qPCR Master Mix and ROX solution (Fermentas Life Sciences, Aalst, Belgium) according to the 

manufacturer’s instructions. The run conditions were as follows: 95°C for 10m followed by 35 cycles 

of 95°C for 15s, 55°C for 30s, 72°C for 30s. At the end of these cycles, a melting curve was 

generated (from 65°C to 95°C, 1°C per 2s) to check the presence of a single amplicon. Fourfold 

dilution series of pooled cDNA were used to determine the standard curves and amplification 

efficiencies for every gene-specific primer pair. The efficiencies were incorporated in the calculations 

of the expression values. Relative expression levels and significant gene expression differences 

(one-sided unpaired t-test) were calculated with qbase+ version 3.0 (Hellemans et al., 2007). 

 

3.7. Data availability and image processing 

The RNA-seq expression data generated during the current study are available in the 

Gene-Expression Omnibus (GEO) repository with accession number GSE98293. CorelDRAW 

Home & Student X7 and SigmaPlot 12.0 software was used for processing of images. 

4. Results 
4.1. Synergist bioassays and RNA-seq 

Adult female mites of the JP-R strain were either not sprayed (CON) or sprayed with PBO 

(1000 ppm), DEF (500 ppm), DEM (2000 ppm), CsA (50ppm) or formulation (FORM; N,N-

dimethylformamide and emulsifier W (3:1 w/w) diluted in deionized water 100-fold) and collected 

after 24 hours, a commonly used time point in synergist studies (Khalighi et al., 2015, 2014; Van 
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Leeuwen et al., 2006; Van Pottelberge et al., 2009a). Mortality for each treatment was scored, and 

found to be in line with those of previous reports for that strain (Khalighi et al., 2014). Mites alive at 

24 hours were collected for each treatment (PBO, DEF, DEM, CsA) and the controls (CON, FORM) 

and used for RNA extraction and RNA-seq library generation. Illumina sequencing generated ~82-

92 million strand-specific paired end reads per sample. Alignment of RNA-seq reads against the T. 

urticae annotation resulted in an overall mapping rate of uniquely mapped reads of 83.01 ± 0.19 

SE% across samples (Supplementary Table S1).  

 

4.2. Principal component analysis (PCA) 

A PCA revealed that about forty percent (36.8%) of the total variation could be explained 

by PC1 while PC2 accounted for 25.7 % of the variation (Figure 1). Except for replicate 4 of the CsA 

treatment, biological replicates clustered by treatment on PC1 relatively well. On the other hand, all 

replicates of the CsA treatment clustered relatively well on PC2. Interestingly, in the PCA the 

expression data of PBO treatments clustered most closely with those of the DEF treatments, those 

of the FORM treatments grouped with those of unsprayed mites (CON), and those of the CsA 

treatments grouped with those of the DEM treatments.  

 

4.3. Gene-set enrichment analysis 

We used DESeq2 to perform differential gene expression (DEG) analyses between 

treatments and controls (fold change (FC) ≥ 1.5 and a Benjamini-Hochberg adjusted p-value < 0.05) 

Figure 1 - Gene expression relationships among synergist treatments and controls. PCA plot of gene expression 
levels in untreated adult T. urticae females (CON), adult T. urticae females sprayed with formulation only (FORM) 
or adult T. urticae females exposed to synergist compounds CsA, DEF, DEM or PBO. 
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(Wang et al., 2014). Between mites sprayed with formulation and unsprayed mites, only one gene 

(tetur13g00990, coding for an “orphan secreted protein”) was differentially expressed (FC of 1.53), 

indicating that the formulation on its own had no significant effect on gene expression. Next, we 

compared gene expression levels between mites treated with one of the synergists and mites that 

were treated with formulation only. One hundred and sixty-two genes were differentially expressed 

between mites treated with PBO and mites treated with formulation, of which 77 were downregulated 

and 85 upregulated (Supplementary Table S2). The top twenty down- and upregulated genes had 

a FC of -2.11 to -1.74 and 1.86 to 3.33 respectively. For the DEF treatment, 174 genes were 

differentially expressed, of which 69 were downregulated and 105 were upregulated 

(Supplementary Table S3). The expression level of the 20 most down- and upregulated genes 

varied from a FC of -2.33 to -1.73 and 1.88 to 3.10, respectively. For the DEM treatment, 78 genes 

were differentially expressed, with 17 genes being downregulated and 61 upregulated and the 

expression level of the 20 most down- and upregulated genes varied from a FC of -2.3 to -1.5 and 

1.7 to 2.1, respectively (Supplementary Table S4). Finally, for the CsA treatment, 58 genes were 

differentially expressed. Forty-two of them were downregulated, while 16 were upregulated and the 

expression level of the 20 most downregulated genes varied from -3.87 to -1.72 (Supplementary 

Table S5). For a selection of genes, the differential expression analyses based on RNA-seq were 

consistent with differential expression as validated independently by qPCR (Figure 2). As shown in 

Figure 3, the majority of DEGs were not shared between the different treatments. Only one 

upregulated gene was in common for all treatments (tetur01g06580, a sodium dependent glucose 

transporter), while two upregulated genes (tetur16g03490 and tetur11g05520, coding for an antigen 

B membrane protein and CYP385C4, respectively) were shared between the PBO, DEF and CsA 

treatments. In contrast, 60 DEGs (37% and 35% of the total number of DEGs for the PBO and DEF 

Figure 2 - qPCR validation of differentially expressed genes in adult T. urticae females after PBO, DEF or CsA 
treatment. Eight up- and five downregulated genes as assessed by differential gene expression (DESeq2) 
analysis of RNA-seq data were selected for qPCR analysis. Error bars represent the standard error of the 
calculated mean. Except for tetur40g00030 (CsA treatment), each gene was significantly differentially expressed 
(based on an unpaired t-test) compared to the reference condition (FORM). 
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treatment, respectively) were shared between PBO and the DEF treatment and had the same 

direction of fold change, with 44 genes being upregulated and 16 being downregulated.  

 

4.4. GO enrichment and cluster analysis 

We next performed GO enrichment analyses for the various differentially expressed gene 

sets. For the DEGs of the DEM treatment, no significantly (Benjamini-Hochberg adjusted p-value < 

0.05) enriched GO terms were identified, while for the CsA treatment DEGs were significantly 

enriched in the GO terms “transmembrane transport” (GO:0055085) and “integral component of 

membrane” (GO:0016021) (Table 1). Inspecting the DEGs in more detail revealed that these GO 

terms were mainly present in genes coding for transporters of the major facilitator superfamily (MFS, 

InterPro domain IPR020846) (20 out of 58 DEGs, 34.5%), and the majority of these MFS genes (15 

out of 20) were downregulated (Supplementary Table S5, Supplementary Table S6, Figure 4). 

Based on their best BLASTp hit in the Transporter Classification database (Saier et al., 2014), these 

MFS genes belong to either the Oxalate:Formate Antiporter Family (1/20), Proton Coupled Folate 

Transporter/Heme Carrier Protein Family (4/20), Fucose H+ Symporter (5/20) or the Anion/Cation 

Symporter (10/20) MFS subfamily. The GO:0016021 term was also associated with genes coding 

for P450s (3 DEGs), UGTs (2 DEGs), cation-proton exchanger proteins (InterPro domain 

IPR018422, 2 DEGs) and a protein with an Apple-like domain (tetur25g02030, InterPro domain 

IPR003609). Interestingly, genes coding for ABC transporters, which are known to be inhibited by 

CsA (Qadir et al., 2005), were not found among the DEGs of the CsA treatment.  

DEGs of both the PBO and DEF treatment were significantly enriched in the GO terms 

“oxidoreductase activity, acting on paired donors, with incorporation or reduction of molecular 

oxygen” (GO:0016705), “heme binding” (GO:0020037), “monooxygenase activity” (GO:0004497), 

“iron ion binding” (GO:0005506), “oxidation-reduction process” (GO:0055114), “antibiotic metabolic 

process” (GO:0016999) and “transferase activity, transferring hexosyl groups” (GO:0016758). The 

first five GO terms were mainly present in genes coding for P450s (14 and 11 DEGs for the PBO 

and DEF treatments, respectively) while the latter two terms were found in UGTs (7 and 12 DEGs 

for the PBO and DEF treatments, respectively). Interestingly, almost all P450 and UGT genes (13/14 

P450s and 7/7 UGTs (PBO treatment) and 10/11 P450s and 12/12 UGTs (DEF treatment)) 

Figure 3 - Venn diagrams depicting overlap among differentially expressed genes of adult T. urticae females 
exposed to either PBO, DEF, DEM or CsA compared to adult T. urticae females treated with formulation only. 
Left panel: downregulated genes, right panel: upregulated genes. 

 



Genome-wide gene expression upon synergist treatment 

 

61 

 

 

 

Figure 4 - Expression heatmaps of genes coding for P450s, UGTs or MFS members in adult T. urticae 
females exposed to either PBO, DEF, DEM or CsA. The log2 transformed fold changes are relative to adult T. 
urticae females treated with formulation only and were clustered using a Euclidean distance metric and Ward’s 

method. T. urticae gene IDs are shown on the right. 
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Table 1 - GO enrichment analysis of differentially expressed genes (absolute fold change ≥ 1.5 and Benjamini-
Hochberg adjusted p-value < 0.05) in adult T. urticae females of the JP-R strain exposed to either PBO, DEF or 
CsA compared to adult T. urticae females treated with formulation only. 

Treatment GO 
Category 

Description adjusted 
p-value  

Subontology* 

CsA GO:0055085 transmembrane transport 0 BP 

CsA GO:0016021 integral component of membrane 
 

6.72E-05 CC 

PBO GO:0016705 oxidoreductase activity, acting on paired 
donors, with incorporation or reduction of 
molecular oxygen 

2.68E-09 MF 

PBO GO:0020037 heme binding 3.05E-08 MF 

PBO GO:0004497 monooxygenase activity 3.05E-08 MF 

PBO GO:0005506 iron ion binding 3.08E-08 MF 

PBO GO:0055114 oxidation-reduction process 1.28E-05 BP 

PBO GO:0016999 antibiotic metabolic process 8.83E-04 BP 

PBO GO:0016758 transferase activity, transferring hexosyl 
groups 
 

2.21E-02 MF 

DEF GO:0016758 transferase activity, transferring hexosyl 
groups 

2.86E-05 MF 

DEF GO:0016999 antibiotic metabolic process 4.00E-05 BP 

DEF GO:0005506 iron ion binding 1.45E-04 MF 

DEF GO:0055114 oxidation-reduction process 3.43E-04 BP 

DEF GO:0020037 heme binding 4.93E-04 MF 

DEF GO:0016705 oxidoreductase activity, acting on paired 
donors, with incorporation or reduction of 
molecular oxygen 

5.10E-04 MF 

DEF GO:0004497 monooxygenase activity 7.96E-04 MF 

DEF GO:0005179 hormone activity 1.18E-03 MF 

DEF GO:0016021 integral component of membrane 1.66E-03 CC 

* BP, Biological Process; MF, Molecular Function; CC, Cellular Component 

were upregulated for both the PBO and DEF treatment. The majority of the upregulated P450 genes 

(12/13 and 8/10 for the PBO and DEF treatments, respectively) belonged to the CYP392 family 

within the CYP2 clan for which several members were shown previously to respond strongly to 

acaricide selection and feeding on different hosts (Dermauw et al., 2013b). GO:0055114 was also 

found in genes coding for short chain dehydrogenases (4 and 3 DEGs for the PBO and DEF 

treatments, respectively) and intradiol ring-cleavage dioxygenases (2 and 4 DEGs for the PBO and 

DEF treatments, respectively) while for the DEF treatment this term was also present in genes 

coding for a superoxide dismutase (tetur02g11180), a fatty acid synthase (tetur04g02370) and a 

glucose dehydrogenase (tetur03g09330). In addition, DEGs of the DEF treatment were also 

significantly enriched in the GO terms “hormone activity” (GO:0005179) and “integral component of 

membrane” (GO:0016021). The “hormone activity” term was present in four DEGs coding for 

neuropeptides (InterPro domain IPR001955 or IPR016179), while “integral component of 

membrane” was present in more than 45 DEGs, including, amongst others, genes coding for P450s 

(10 DEGs), MFS proteins (10 DEGs), UGTs (7 DEGs), ABC transporters (3 DEGs), neuropeptides 
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(2 DEGs), innexins (InterPro domain IPR000990, 2 DEGs) and proteins with a DUF3421 domain 

(InterPro domain IPR024518, 2 DEGs) (Table 1 and Supplementary Table S2 and S3). A cluster 

analysis of expression data of P450, UGT and MFS genes complemented the findings of our GO 

analyses. For both the P450 and UGT gene expression data the PBO and DEF treatment clustered 

together, while for MFS gene expression data, the CsA treatment fell outside the clade with all other 

treatments (Figure 4). 

5. Discussion 

Gene expression changes are a major component of stress responses, and contribute to 

or complement alterations in metabolism, cell cycle progression, protein homeostasis, cytoskeletal 

organization, vesicular trafficking and modification of enzymatic activities (de Nadal et al., 2011). 

Expression changes can be grouped into generic responses shared by many stresses, and stress-

specific adaptive responses. In contrast to post-translational effects, which provide immediate 

responses, regulation of gene expression is essential for the slower, long term acclimation to and 

recovery from a stress factor (de Nadal et al., 2011). At present, our understanding of gene 

expression changes in arthropods to synergist exposure is very limited in spite of their importance 

in insecticide- and acaricide-mediated control. In fact, only two studies have investigated genome-

wide transcriptional changes in an insect upon synergist exposure. Willoughby et al., 2007 and 

Zimmer et al., 2017 studied PBO induced gene expression changes in D. melanogaster and B. 

tabaci, respectively. Gene expression changes upon exposure to other synergist compounds have 

not yet been determined.  

In this study, we examined transcriptional responses in a polyphagous arthropod pest, T. 

urticae, upon exposure to the synergist compounds PBO, DEF, DEM and CsA. The strain that was 

used for our experiments (JP-R, see Material & Methods) was shown to be resistant to the 

mitochondrial complex II inhibitors cyenopyrafen and cyflumetofen (both compounds are beta-keto 

nitrile derivatives belonging to IRAC Mode of Action Classification 25A, (IRAC, 2017; Sparks and 

Nauen, 2015)), with cyenopyrafen and cyflumetofen toxicity strongly synergized by PBO and DEM, 

respectively, while DEF moderately synergized cyenopyrafen toxicity (Khalighi et al., 2015). 

Because acaricides are typically applied 24h after synergist treatment (Khalighi et al., 2015, 2014; 

Van Leeuwen et al., 2006; Van Pottelberge et al., 2009c), transcriptional changes were captured 

24h after exposure. In future, it would be interesting to also capture the transcription levels at those 

synergist exposure periods that have been used in previous synergism studies with T. urticae (1h 

and 4h) (Kim et al., 2006, 2004; Rauch and Nauen, 2002; Stumpf and Nauen, 2002; Tsagkarakou 

et al., 2002; Van Pottelberge et al., 2009c; Yang et al., 2001). Finally, the observed fold changes of 

up- and downregulated T. urticae genes (ranging from -3.8 to 3.3 across all synergist treatments) 

were in line with those observed for B. tabaci by Zimmer et al., 2017. In contrast, fold changes of 

PBO induced Drosophila genes were considerably higher (ranging from 2 to 32) (Willoughby et al., 

2007). However, in our study a 24h synergist pretreatment was used, while in Drosophila expression 

measurements were taken after 4 hours of synergist exposure, and with the Drosophila 16K full 

genome array. Briefly, the Drosophila 16K full genome array contained only one 70mer probe per 
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gene (Willoughby et al., 2007), confounding reliable estimation of fold changes (Chou et al., 2004), 

while in our study and that of Zimmer et al., 2017 gene-expression levels were captured by Illumina 

RNA-sequencing. 

Stress responses can be induced by a variety of stressors such as extreme temperatures, 

elevated ion concentrations or toxic substances, all of which usually result in excessive amounts of 

denatured proteins (Stetler et al., 2010). The general stress response typically consists of an 

increased production or activation of antioxidant proteins (e.g. Cu/Zn superoxide dismutase and 

GSTs) and chaperone proteins (e.g. heat shock proteins) (Santoro, 2000; Takeda et al., 2008), 

together with an increased mobilization of energy from storage tissues (Vermetten and Bremner, 

2002). The latter is associated with the overexpression of numerous genes involved in energy 

production or in cellular catabolism such as NADH dehydrogenase, ATP synthase, trypsin and 

lipases (David et al., 2010). Only one GST gene was significantly upregulated in the PBO and DEF 

treatment while a gene coding for a superoxide dismutase was downregulated in the DEF treatment. 

A GO enrichment analysis did not reveal a GO category that was in common between the different 

synergist treatments and that was related to the above-mentioned proteins. Even more, only one 

upregulated gene, coding for a putative sodium-dependent glucose transporter (tetur01g06580, 

member of the MFS-gene family), was in common for all treatments. Hence, we assume that the 

observed gene expression changes are not general stress responses but rather specific for the 

synergist compounds to which the mites had been exposed. However, based on PC1 of our principal 

component analysis gene expression levels of PBO and DEF treatment replicates did cluster 

together (Figure 1). Even more, about 35% of the T. urticae DEGs that were identified for both these 

treatments were shared and had fold changes in the same direction (Figure 3). Interestingly, about 

one third (15/44) of the upregulated shared DEGs coded for members of the P450 and UGT gene 

families (Figure 4, Supplementary Table S2). For D. melanogaster, it has been shown that the 

transcription factor CncC plays an important role in xenobiotic-inducible gene expression of P450s, 

GSTs, UGTs and membrane transporters (Misra et al., 2011). However, none of the T. urticae 

orthologs of D. melanogaster CncC (tetur07g06850 and tetur07g04600 (Dermauw et al., 2013b)) 

were differentially expressed after 24h (Supplementary Table S2, S3, S4 and S5). In addition, T. 

urticae genes related to the gene coding for Drosophila Keap1 (Kelch-associated protein 1), a 

negative regulator of CncC, and that are downregulated in acaricide resistant and host plant adapted 

mite lines (OrthoMCL group 10254) (Dermauw et al., 2013b; Wybouw et al., 2015) were also not 

found among the DEGs of both the PBO and DEF treatment. However, expression changes of T. 

urticae transcription factors genes (Phuong, 2014) did correlate for these treatments 

(Supplementary Figure S1), suggesting a common transcriptional regulation. Ten of these 

transcription factor genes had a fold change of more than 1.25 in both the PBO and DEF treatments 

and had an opposite direction of fold change compared to the CsA and DEM treatments 

(Supplementary Table S7) and, hence, might be good candidates to be investigated for their role in 

xenobiotic resistance regulation in T. urticae.  

The induction of P450s upon exposure by PBO has been reported by other groups (Chan 

et al., 2014; Ellinger-Ziegelbauer et al., 2005; Skrinjaric-Spoljar et al., 1971; Watanabe et al., 1998; 
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Willoughby et al., 2007; Zimmer et al., 2017). As hypothesized by Chan et al., 2014, it might be a 

compensation strategy for an enzyme to be upregulated upon contact with an inhibitor in order to 

minimize the effect of reduced enzyme activity. In general, several studies have shown that 

xenobiotics are able to induce expression of arthropod P450s, (Bautista et al., 2007; Dermauw et 

al., 2013b; S. Liu et al., 2014; Misra et al., 2011; Poupardin et al., 2010, 2008; Willoughby et al., 

2006; Wybouw et al., 2015; Zimmer et al., 2017). In Drosophila for example, about a third of the 

P450s can be induced following xenobiotic substance feeding or topical application (Giraudo et al., 

2010). For T. urticae it has been shown that the application of barbital, phenobarbital and geraniol 

does increase P450 activity in a dose-dependent way and that pretreatment with these inducers 

resulted in decreased acaricide toxicity (Van Pottelberge et al., 2008). Willoughby et al., 2007 

suggested that the increase of detoxification enzymes by PBO might speed up insecticide tolerance 

if these detoxification enzymes could metabolize insecticides. Hence, one might question whether 

induction of T. urticae detoxification genes by synergist compounds could lead to a decreased 

toxicity of acaricides. In this study, CYP392A11 and CYP392A12 were both upregulated upon 

exposure of the JP-R strain by PBO. In 2015 it was shown that the upregulation of these genes was 

associated with cyenopyrafen resistance of the JP-R strain (Khalighi et al., 2015) and that 

CYP392A11 could metabolize cyenopyrafen (Riga et al., 2015). Similarly, only three 

carboxyl/choline esterase, TuCCE06 (tetur01g10800), TuCCE07 (tetur01g010810) and TuCCE25 

(tetur04g06670), were upregulated upon exposure of the JP-R strain by DEF and recently it was 

shown that TuCCE25 was highly upregulated in the JP-R strain and responded to cyenopyrafen 

selection (Khalighi et al., 2015). In summary, both PBO and DEF seem to induce genes coding for 

detoxification enzymes that are strongly associated/implicated in cyenopyrafen resistance of the JP-

R strain. On the other hand, both PBO and DEF, at the same concentration and exposure period 

that was used in this study, have previously been shown to synergize cyenopyrafen toxicity (Khalighi 

et al., 2015). Hence, the direct inhibition of these P450s and CCEs by PBO and DEF, respectively, 

seems to outweigh the impact of the synergists on their induction. In contrast, in instances where 

P450s or CCEs may not be involved in acaricide resistance, PBO or DEF induction of genes 

encoding enzymes that are not inhibited by the synergist compound and that are capable of 

metabolizing acaricides, might interfere and lead to misinterpretation of synergism experiments (for 

example antagonism instead of synergism). 

Both the PBO and DEF treatments resulted in an upregulation of TuGSTd14 

(tetur29g00220). Of particular note, TuGSTd14 was also upregulated in multi-resistant T. urticae 

strains (Dermauw et al., 2013b) and showed affinity toward abamectin and a competitive type of 

inhibition (Pavlidi et al., 2015). In contrast, the DEM treatment did not result in the overexpression 

of GSTs. Even more, significantly enriched GO terms could not be identified for the DEM treatment. 

This result was somewhat unanticipated as it is known that depletion of GSH by DEM results in 

oxidative stress and destabilized proteins in vitro (Freeman et al., 1997) and that the response to 

oxidative stress typically consists of highly coordinated changes in gene expression (for example, 

in human carcinoma cells (Casey et al., 2002)). In the study by Casey et al., 2002, exposure to DEM 

resulted in GSH depletion below control levels from 1h to 24h after DEM treatment. However, 
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although the expression of about 800 genes had a significant change (over two-fold at more than 

one time point) during this 24h time course experiment, log2 fold changes of almost all genes 

returned to near zero at the 24h time point (Casey et al., 2002). Previously it was shown that a 24h 

treatment with DEM strongly synergized cyflumetofen toxicity in the JP-R strain (Khalighi et al., 

2015) and that a GST (TuGSTd05) that was upregulated in this strain could metabolize 

cyflumetofen. Hence, the 24h DEM exposure most likely resulted in depleted GSH levels in mites 

of the JP-R strain but the expression changes that are associated with the onset of depletion may 

not have been captured in our study. 

The Major Facilitator Superfamily (MFS) is, along with ATP-binding cassette (ABC) 

transporters, one of the largest transporter families present in all living organisms. MFS transporters, 

as opposed to ABC transporters, use an existing electrochemical gradient instead of ATP to 

transport substrates (either by symport, uniport or antiport) across membranes (Dermauw and Van 

Leeuwen, 2014; Pao et al., 1998). Numerous studies have pointed to the importance of ABC 

transporters in xenobiotic resistance in arthropods (Dermauw and Van Leeuwen, 2014; 

Merzendorfer, 2014). In the case of T. urticae, several of its 103 ABC transporter genes were 

differentially expressed in multi-pesticide resistant strains and/or in mites transferred to a more 

challenging host plant (Dermauw et al., 2013a). MFS transporters, however, have been less studied 

in arthropods and it is only recently that evidence for their role in xenobiotic resistance in arthropods 

has been reported (De la Paz Celorio-Mancera et al., 2013; Dermauw et al., 2013b). Consistent with 

this, 37 T. urticae MFS genes (belonging to either OrthoMCL group arthro10032, arthro10082 or 

arthro10236), were differentially expressed upon long term transfer of mites from bean to tomato 

(Dermauw et al., 2013b).  

None of the 103 ABC T. urticae transporter genes were differentially expressed upon 

exposure to the ABC transporter modulator CsA. In contrast, about one third of the DEGs of the 

CsA treatment coded for MFS transporters, including five sugar transporters. The differential 

expression of these sugar transporters might be caused by interference of cyclosporine in glucose 

metabolism (Christians et al., 2004; Dresner et al., 1989). On the other hand, the majority of the 

remaining differentially expressed MFS genes showed similarity with members of the anion/cation 

superfamily that can transport a variety of substrates (Reimer, 2013). Finally, it should be mentioned 

that CsA inhibition of ABC transporters is not well characterized in arthropods compared to 

vertebrates (Dermauw and Van Leeuwen, 2014), and the transcriptional changes that were 

observed might not reflect those that are caused by the inhibition of ABC transporters but rather by 

inhibition of another target like calcineurin (the T. urticae subunits of this target are tetur04g07540, 

tetur04g07560 and tetur03g06410 as assessed by a blastp search, E-value between E-86 and 0 

with human calcineurin subunits as queries), as occurs in the vertebrate immune system (Liu et al., 

1991). 

To conclude, transcriptional changes in arthropod pests exposed to synergist compounds 

have only been marginally studied. In this work, we exposed a polyphagous arthropod pest, T. 

urticae, for 24 hours to four different synergist compounds PBO, DEF, DEM and CsA and measured 

genome-wide gene expression changes. The CsA treatment resulted primarily in the 
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downregulation of T.urticae MFS genes, while T. urticae DEGs of the DEM treatment were not 

significantly enriched for a GO term. Exposure to PBO and DEF resulted in a broad transcriptional 

response and about one third of the DEGs, including cytochrome P450 monooxygenases and UDP-

glycosyltransferases, were shared between both treatments, suggesting modulation of a common 

transcriptional program. Moreover, both DEF and PBO induced genes that are strongly implicated 

in acaricide resistance of the strain used in this study. Based on previous synergism toxicity studies, 

however, the induction of these detoxification genes seems not to interfere with the outcome of 

synergism assays, although the effects of induction might be relatively more important when 

resistance is not synergized. 
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Supplementary Figure S1 – Expression heatplot of T. urticae genes coding for transcription factors 

in adult T urticae females exposed to either PBO, DEF, DEM, or CsA. The log2 transformed fold 

changes are relative to adult T.urticae females treated with formulation only and were clustered 

using Euclidean distance metric and Ward's method. T. urticae gene IDs are shown on the right. 

Transcription factor genes with a fold change equal to zero in at least three out of four treatments 

were excluded from the heatplot. 

Supplementary Table S1 - Number of strand-specific paired-end Illumina reads and their mapping 

rates against the T. urticae annotation for all treatments (CON, DEF, DEM, CsA, PBO and FORM). 

Supplementary Table S2 - Differentially expressed genes (absolute fold change (FC) ≥ 1.5 and 

Benjamini-Hochberg adjusted p-value < 0.05) between adult T. urticae females of the JP-R strain 

treated with PBO compared to adult T. urticae females treated with formulation only. 

Supplementary Table S3 - Differentially expressed genes (absolute fold change (FC) ≥ 1.5 and 

Benjamini-Hochberg adjusted p-value < 0.05) between adult T. urticae females of the JP-R strain 

treated with DEF compared to adult T. urticae females treated with formulation only. 
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Supplementary Table S4 - Differentially expressed genes (absolute fold change (FC) ≥ 1.5 and 

Benjamini-Hochberg adjusted p-value < 0.05) between adult T. urticae females of the JP-R strain 

treated with DEM compared to adult T. urticae females treated with formulation only. 

Supplementary Table S5 - Differentially expressed genes (absolute fold change (FC) ≥ 1.5 and 

Benjamini-Hochberg adjusted p-value < 0.05) between adult T. urticae females of the JP-R strain 

treated with CsA compared to adult T. urticae females treated with formulation only. 

Supplementary Table S6 - Differentially expressed genes (absolute fold change (FC) ≥ 1.5 and 

Benjamini-Hochberg adjusted p-value < 0.05) of the Major Facilitator Superfamily (MFS) in adult T. 

urticae females after exposure to cyclosporin A. 

Supplementary Table S7 - Supplementary Table S6: T. urticae genes coding for transcription 

factors with an absolute fold change ≥ 1.25 in both the PBO and DEF treatment and with an 

oppossite direction of fold change compared to the CsA and DEM treatment. 

Supplementary Table S8 - Primers used in this study. 
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1. Abstract 

The two-spotted spider mite Tetranychus urticae is an important pest with an exceptionally 

broad host plant range. This generalist rapidly acclimatizes and adapts to a new host, hereby 

overcoming nutritional challenges and a novel pallet of constitutive and induced plant defenses. 

Although recent studies reveal that a broad transcriptomic response upon host plant transfer is 

associated with a generalist life style in arthropod herbivores, it remains uncertain to what extent 

these transcriptional changes are general stress responses or host-specific. In the present study, 

we analyzed and compared the transcriptomic changes that occur in a single T. urticae population 

upon long-term transfer from Phaseolus vulgaris to a similar, but chemically defended, host 

(cyanogenic Phaseolus lunatus) and to multiple economically important crops (Glycine max, 

Gossypium hirsutum, Solanum lycopersicum and Zea mays). These long-term host plant transfers 

were associated with distinct transcriptomic responses with only a limited overlap in both specificity 

and directionality, suggestive of a fine-tuned transcriptional plasticity. Nonetheless, analysis at the 

gene family level uncovered overlapping functional processes, recruiting genes from both well-

known and newly discovered detoxification families. Of note, our analyses highlighted a possible 

detoxification role for Tetranychus-specific short-chain dehydrogenases and single PLAT domain 

proteins, and manual genome annotation showed that both families are expanded in T. urticae. Our 

results shed new light on the molecular mechanisms underlying the remarkable adaptive potential 

for host plant use of generalist arthropods and set the stage for functional validation of important 

players in T. urticae detoxification of plant secondary metabolites. 

2. Introduction 

Host plant acceptance by a herbivore is influenced by the nutrient composition, with the 

protein/carbohydrate ratio being a critical characteristic (Behmer, 2009; Mattson, 1980). In addition 

to the nutrient composition of a potential host plant, plant defenses play a pivotal role in host plant 

acceptance. These defenses can either be chemical or physical (e.g. thorns, and trichomes). 

Chemical plant defense barriers include the production of toxic plant secondary metabolites and 

anti-digestive compounds as well as the attraction of enemies of the herbivore via the release of 

plant volatiles. Plants can also re-allocate their resources towards non-attacked tissues to minimize 

the negative fitness consequences of tissue loss due to herbivore feeding (Howe and Jander, 2008; 

Kant et al., 2015).  

Based on the timing of their production, plant secondary defense metabolites can be 

divided into two categories. Phytoanticipins are synthesized constitutively whereas phytoalexins are 

induced upon herbivore or pathogen attack via damage recognition and mediated by well-

characterized plant hormone systems (Dixon, 2001; Kant et al., 2015; Rioja et al., 2017; Stahl et al., 

2018). Across the plant kingdom, a staggering diversity of phytoalexins and phytoanticipins have 

evolved in the co-evolutionary arms-race between plants and their attackers (Rosenthal and 

Berenbaum, 1991; Wink, 2010). Phytoanticipins with well-characterized effects on feeding 

herbivores include the glycoalkaloid tomatine in tomato, the benzoxazinoid DIMBOA-Glc in maize 

and related grasses and cyanogenic glucosides in cyanogenic plants, including cassava (DongSub 
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et al., 2014; Friedman, 2002; Glauser et al., 2011; Pičmanová et al., 2015). On the other hand, 

gossypol in cotton and isoflavonoids in legumes are examples of phytoalexins (Dakora and Phillips, 

1996; McCormick, 1982). Another well-studied induced defense response upon herbivore feeding 

is the increased production of anti-digestive compounds such as proteinase inhibitors (PIs) that 

causes an amino acid deficiency in the attacking herbivore (Green and Ryan, 1972; Hartl et al., 

2010). Such increase of PIs has been observed in many plants upon attack of insects but also spider 

mite herbivores such as Tetranychus urticae and Tetranychus evansi (Kant et al., 2004; Martel et 

al., 2015).  

Arthropod herbivores have developed several mechanisms to avoid, resist or suppress 

plant defenses. Two main mechanisms are thought to allow herbivores to cope with ingested plant 

secondary metabolites: (1) mechanisms that decrease sensitivity and (2) mechanisms that 

decrease exposure to plant metabolites, such as sequestration and increased metabolism (Kant et 

al., 2015). With the exception of a number of biological systems such as herbivore resistance 

against plant cardenolides (Dobler et al., 2012), the first mechanism has only been rarely 

documented. Probably, this is because plant secondary metabolites often have multiple or 

unspecific modes of action, in contrast to, for example, insecticides used to control insects and mites 

(for a review, see Feyereisen et al. 2015 and Van Leeuwen & Dermauw 2016). Mechanisms of 

decreased exposure, on the other hand, are far better documented and in many cases are mediated 

by genes that code for enzymes and transporters that typically belong to ubiquitous multi-gene 

families (Després et al., 2007; Erb and Robert, 2016; Heckel, 2014; Heidel-Fischer and Vogel, 

2015). Metabolic detoxification can be categorized into three phases based on the interaction with 

the ingested toxin. These interactions are: direct metabolism (phase I), conjugation (phase II) and 

translocation (phase III). Enzymes that operate during phase I are often cytochrome P450 

monooxygenases (P450s) and carboxyl/choline esterases (CCEs), whereas enzymes such as 

glutathione-S-transferases (GSTs) and UDP-glycosyltransferases (UGTs) typically operate during 

phase II. Finally, transport of the toxins or the phase II metabolites out of the cell or into specialized 

cell compartments is often performed by ATP-binding cassette (ABC) transporters and solute carrier 

(SLC) family proteins (Brattsten, 1988; Dermauw and Van Leeuwen, 2014; Després et al., 2007; 

Heckel, 2014; Kant et al., 2015). Recently it was reviewed whether the genes encoding the above-

mentioned enzymes and transporters are less abundant in the genomes of specialist herbivores 

(those restricted to one or a few related host plants) compared to generalist herbivores (able to feed 

on a diverse set of host plants) and whether generalist herbivores are genetically predisposed to 

rapidly develop pesticide resistance; so far, conclusive evidence is yet to be found for these 

relationships (Dermauw et al., 2018; Hardy et al., 2018; Rane et al., 2016). Some studies also found 

that arthropod generalists exhibit a remarkably stronger transcriptional response upon host plant 

transfer compared to specialists and suggest that this activity is linked to the ability to cope with 

different host plants (Schweizer et al., 2017; Wybouw et al., 2015). More studies are however 

needed to establish the generality of these observations across the Arthropoda phylum.  

Instead of coping with ingested plant secondary metabolites, some arthropod herbivores 

also evolved the ability to suppress the induced plant defenses, mostly via the secretion of 
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molecules directly into the plant tissue (named effectors, reviewed in Kant et al. 2015 and Felton et 

al. 2014) and expansion of salivary genes has been suggested to be important in the adaptation 

processes of generalist herbivores (Boulain et al., 2018; Jonckheere, 2018). The relative importance 

of plant defense manipulation and detoxification in arthropod-plant interactions remains however to 

be determined (Blaazer et al., 2018; Rioja et al., 2017). 

The two-spotted spider mite T. urticae is among the most polyphagous herbivores known, 

with a host range covering more than 1,100 different plant species, scattered over more than 140 

different plant families. Together, these plants produce a staggering number of different plant 

defense metabolites (Migeon, Nouguier and Dorkeld, 2018; Grbić et al., 2011). It is well known that 

T. urticae populations readily, but differentially, adapt to a novel plant (Agrawal et al., 2002; Fry, 

1989; Gould, 1979; Magalhães et al., 2009, 2007). Analysis of the T. urticae genome revealed large, 

lineage-specific expansions of detoxification gene families including P450s, CCEs, GSTs, UGTs 

and ABCs (Ahn et al., 2014; Dermauw et al., 2013a; Grbić et al., 2011). In addition, analysis of the 

spider mite salivome revealed a whole array of putative effectors (Jonckheere, 2018; Jonckheere et 

al., 2016), of which two effectively suppress plant defenses and promote mite performance 

(Villarroel et al., 2016). 

In recent years, many of the “classical” detoxification genes (coding for P450s, CCEs, 

GSTs, UGTs and ABCs) were shown to be differentially expressed upon transfer of mite populations 

to different host plants, but also genes previously not known to be implicated in arthropod 

detoxification were uncovered (Ahn et al., 2014; Dermauw et al., 2013b; Grbić et al., 2011; Wybouw 

et al., 2015; Zhurov et al., 2014). These include genes coding for binding/sequestering proteins such 

as lipocalins and transporters of the Major Facilitator Superfamily. Remarkably, spider mites have 

also acquired novel metabolic abilities via horizontal gene transfer. The horizontally transferred gene 

repertoire of T. urticae includes a family of 17 intradiol ring-cleavage dioxygenases (DOGs) capable 

of hydrolyzing aromatic ring structures (Dermauw et al., 2013b; Wybouw et al., 2015), but also a 

gene (β-cyanoalanine synthase) that was horizontally transferred from bacteria and of which its 

encoded enzyme detoxifies hydrogen cyanide (Wybouw et al., 2014) (see Wybouw et al. 2016 and 

Wybouw et al. 2018 for the general role of horizontal gene transfer in the evolution of insect and 

mite herbivory). 

The majority of these and other gene expression studies was however based on short-term 

transfer (less than or equal to 24 h) of plant-feeding mites to a new host (Dermauw et al., 2013b; 

Grbić et al., 2011; Zhurov et al., 2014) and only few studies have assessed mite gene expression 

changes upon long-term acclimation (> 1 generation) or adaptation to a new host (Dermauw et al., 

2013b; Wybouw et al., 2014, Wybouw 2015). Moreover, studies examining expression changes 

upon long-term acclimation in non-chelicerate arthropod herbivores are very scarce (Mathers et al., 

2017; Müller et al., 2017; Xie et al., 2014). In this study, we examined the transcriptomic responses 

of T. urticae to a long-term transfer from bean to five different host plants; lima bean, soybean, 

cotton, tomato, and maize. We assessed the host plant specificity and overlap of these 

transcriptomic changes and dissected the different gene families involved, including “unexpected” 

families such as short-chain dehydrogenases (SDRs) and single PLAT domain proteins. 
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3. Materials and methods 

3.1. Plants and spider mites 

The ancestral reference population (‘London’) originates from a wild-collected T. urticae 

population from the Vineland region (Ontario, Canada) and was previously described (Grbić et al., 

2011). The London laboratory population was maintained on potted common bean plants 

(Phaseolus vulgaris L. cv. ‘Prelude’) at a continuously high population density and served as the 

ancestral population for all host plant transfers in the current study. Lines were established on 

different host plants by transferring about 250 adult females to lima bean (Phaseolus lunatus L. 

genotype 8078), soybean (Glycine max cv. ‘Merlin’), maize (Zea mays L. cv. ‘Ronaldinio’), tomato 

(Solanum lycopersicum L. cv ‘Moneymaker’) and cotton (Gossypium hirsutum cv. ‘upland cotton’) 

(see Jonckheere et al., 2016; Wybouw et al., 2015, 2012 for a more detailed description of the 

experimental set-up). Three independent lines were generated on cotton and tomato, whereas four 

independent lines were obtained for lima bean, maize, and soybean. All lines were mass reared on 

their respective host plants at 26 °C (±0.5 °C), 60% relative humidity (RH) and 16/8 h light/dark 

photoperiod.  

 

3.2. RNA isolation, gene expression microarray set-up and differential gene expression 

analysis 

Samples were collected from the soybean, cotton, and maize lines three months 

(approximately five generations) after transfer to the new host (Jonckheere et al., 2016), while the 

tomato and lima bean lines were collected after 18 months (approximately 30 generations) (Wybouw 

et al., 2015, 2014). Per sample, RNA was extracted from a pool of 100-120 adult females using a 

RNeasy minikit (Qiagen, Belgium). Following DNase treatment (Turbo DNase, Ambion), the 

concentration and integrity of the RNA samples were assessed by Nanodrop and by running 1µl on 

a 1% agarose gel. RNA was labelled using the Low Input Quick Amplification Kit (Agilent 

Technologies, Diegem, Belgium) following the manufacturer’s instructions. RNA that was collected 

from mites of the ancestral London population on common bean and of mites that were transferred 

to a novel host were consistently dyed with cy3 and cy5, respectively. Cyanine-labelled RNA was 

hybridized to a custom-made gene-expression microarray (GEO Platform GPL16890, Bryon et al. 

2013). Hybridization, washing and scanning protocols were identical as previously described 

(Dermauw et al., 2013b). Raw intensity data were used as input for final processing and statistical 

analysis in limma of the Bioconductor framework (Smyth, 2004). Here, background correction was 

first performed by the ‘normexp’ method, using an offset of 50 (Ritchie et al., 2007). Background-

corrected data were within- and between-array normalized (global loess and Aquantile, respectively) 

and quality was subsequently assessed using arrayQualityMetrics (Kauffmann et al., 2009). Prior to 

final differential gene expression analysis, the 55,469 probe sequences were remapped to the T. 

urticae genome annotation of August 11, 2016 (File S1) using Bowtie2-2.2.6 with default settings 

(Langmead and Salzberg, 2012). Only the 36,589 probes that uniquely aligned to the annotated 

genome were incorporated in the differential gene expression analysis. A linear model was fitted to 
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the processed data that treated the ancestral population as a common reference (cy3 channel in 

sample GSM1214964-GSM1214967, GSM2124774-GSM2124784 and GSM1679383-

GSM1679385). Significant differential gene-expression was identified via empirical Bayesian 

statistics and in reference to the ancestral population on common bean. Significant differentially 

expressed genes (DEGs) were identified by applying a 0.05 and 0.585 cut-off for Benjamini-

Hochberg corrected p-value and absolute log2FC, respectively. The DEG set of each replicated host 

plant population was tested for enrichment of multigene families (OrthoMCL groups with at least 10 

members) using a Chi square test. A Principal Component Analysis (PCA) was performed using the 

relative gene expression levels of all genes present on the array platform and the prcomp function 

within the R environment. T. urticae gene expression data are accessible at the Gene Expression 

Omnibus with accession numbers GSE50162, GSE80337 and GSE68708. 

 

3.3. k-means clustering 

The optimal cluster number for the k-means clustering approach was assessed using the 

gap statistic (method=”global max”, seed set at 54,321, cluster number ranging from 1 to 10) 

(Tibshirani et al., 2001). The centered Pearson’s correlation was used as the distance metric for k-

means clustering. The relative transcription levels of genes that were significantly differentially 

expressed in any transcriptomic comparison were used as input for k-means clustering. Venn-

diagrams were created for both the upregulated and downregulated transcripts using the 

VennDiagram 1.6.20 package in the R environment. 

 

3.4. GO enrichment of differentially expressed genes 

Gene Ontology (GO)-terms were assigned to T. urticae proteins using Blast2GO. The 

complete T. urticae proteome (19,086 sequences, version of August 11, 2016) was first used as 

query in a blastp search against the non-redundant protein database in NCBI (version of March 12, 

2018) using the following settings “-outfmt 5 -evalue 1e-5 -word_size 3 -sshow_gis -num_alignments 

20 -max_hsps_per_subject 20”. The resulting blastp output was then loaded into the Blast2GO 

(version 5.1) program and T. urticae proteins were annotated using the default parameters (Conesa 

et al., 2005). InterProScan 5 and ANNEX were used to augment the annotation of GO terms. GO 

terms were condensed using the generic GO Slim subset. Gene set enrichment analyses were 

conducted using the Bioconductor package piano (Väremo et al., 2013). The mite transcriptomic 

changes associated with the five host plant transfers (lima bean, soybean, cotton, tomato, and 

maize) were analyzed with the differential gene expression-associated statistics in a distinct 

directional gene set analysis (PAGE).  

 

3.5. OrthoMCL grouping 

OrthoMCL grouping of T. urticae proteins was derived from Jonckheere 2018. 

InterProScan 5.25-64, with an E-value threshold of E-3, was used to identify PFAM domains in the 

T. urticae proteome (version of August 11, 2016) and PFAM domains were assigned to each 
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OrthoMCL group based on the presence of PFAM domains in T. urticae proteins contained within 

each group. Each OrthoMCL group was filtered for those proteins of which their corresponding 

genes did not had probes on the microarray. For each filtered OrthoMCL protein group (having at 

least 5 members), we determined the percentage of corresponding genes that was differentially 

expressed upon long-term transfer to a host plant using the package dplyr version 0.7.4 (Wickham 

and Francois, 2015) within the R-framework (R Developement Core Team, 2015). A two-sided 

Fisher’s exact test in combination with the Benjamini-Hochberg procedure for multiple testing 

correction (FDR) using all T. urticae genes (having uniquely mapping probes on the array; 13,943 

genes in total) as a reference was employed to identify significantly enriched OrthoMCL groups 

(FDR < 0.05) among the DEG sets of the different T. urticae host plant populations. 

 

3.6. Phylogenetic analysis of short-chain dehydrogenases 

Among the significantly enriched OrthoMCL groups we identified two groups containing 

SDRs. The T. urticae proteome was mined for proteins with SDR-related PFAM domains; PF00106, 

PF01073, PF01370 and PF13561 (Persson and Kallberg, 2013). Those T. urticae proteins with a 

SDR-related PFAM domain were used as query in a tblastn and blastp search (E-value threshold of 

E-3) against the T. urticae genome (Grbić et al., 2011) and proteome (version of August 11, 2018) 

respectively. T. urticae SDR gene models were modified when necessary or new SDR gene models 

were created using Genomeview (Abeel et al., 2012). H. sapiens SDRs were derived from (Bray et 

al., 2009), while those of Drosophila melanogaster and Metaseiulus occidentalis were identified by 

mining their proteomes (M. occidentalis 1.0 (GNOMON release, (Hoy et al., 2016)) and D. 

melanogaster release 6.16 (FlyBase (Gramates et al., 2017)), respectively) for the above-mentioned 

SDR-related PFAM domains (see File S2 for accession numbers). Full-length T. urticae SDRs were 

aligned with those of M. occidentalis, D. melanogaster, Homo sapiens and T. urticae using the online 

version of MAFFT 7 with the E-INS-i iterative refinement method strategy (Katoh et al., 2002), 1,000 

iterations and the option “reorder”. The SDR alignment was trimmed using trimAl v1.4 with the 

“gappyout” option (Capella-Gutiérrez et al., 2009) as SDR sequences are known to be highly 

divergent (Persson et al., 2003). A phylogenetic analysis was performed on the Cipres web portal 

(Miller et al., 2010) using RAxML v8 HPC2-XSEDE (Stamatakis, 2014) with the automatic protein 

model assignment algorithm using maximum likelihood criterion and 1,000 bootstrap replicates. The 

LG+G protein model was selected as the optimal model for maximum likelihood analysis. The 

resulting tree was midpoint rooted, visualized using MEGA6 (Tamura et al., 2013) and edited in 

CorelDRAW Home & Student ×7. 

 

3.7. Phylogenetic analysis of single PLAT domain proteins 

OrthoMCL group Tetra_22 consisted of 20 proteins, of which three (tetur02g12320, 

tetur02g15207 and tetur22g02180) had a single PLAT (polycystin-1, lipoxygenase, alphatoxin) 

PFAM domain (PF01477) and eleven proteins belonged to the CATH/Gene3D Superfamily 

2.60.60.20 (PLAT/LH2). Throughout this study, we refer to the proteins in Tetra_22 as T. urticae 
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single PLAT domain proteins. T. urticae single PLAT domain proteins were used as query in a blastp 

and tblastn search (E-value threshold of E-3) against the T. urticae proteome (version of August 11, 

2018) and genome (Grbić et al., 2011), respectively. T. urticae single PLAT domain protein gene 

models were modified when necessary or new single PLAT domain protein gene models were 

created using Genomeview (Abeel et al., 2012). The transcriptomes of related tetranychid species, 

Tetranychus evansi, Panonychus ulmi and Panonychus citri (Bajda et al., 2015; Villarroel et al., 

2016) were mined for single PLAT domain protein genes using tblastn (with an E-value threshold E-

5) and T. urticae single PLAT domain proteins as query. Redundant tblastn transcript hits were 

filtered using the cd-hit-est software (Fu et al., 2012) with the following settings “-c 0.95 -n 10”. 

Those T. evansi, P. ulmi and P. citri tblastn hits of more than 100 amino acids long were retained 

for further analysis. In addition, we also mined the NCBI non-redundant protein database (version 

of May 1 2018) for the presence of these proteins in non-tetranychid species using blastp (with an 

E-value threshold E-5) and T. urticae single PLAT domain proteins as query (see File S3 for 

accession numbers). Full-length T. urticae single PLAT domain proteins were aligned with those of 

T. evansi, P. ulmi and P. citri using the online version of MAFFT 7 with the E-INS-i iterative 

refinement method strategy (Katoh et al., 2002), 1000 iterations and the option “reorder”. A 

phylogenetic analysis was performed on the Cipres web portal (Miller et al., 2010) using RAxML v8 

HPC2-XSEDE (Stamatakis, 2014) with the automatic protein model assignment algorithm using 

maximum likelihood criterion and 1,000 bootstrap replicates. The LG+G protein model was selected 

as the optimal model for maximum likelihood analysis. The resulting tree was midpoint rooted, 

visualized using MEGA6 (Tamura et al., 2013) and edited in CorelDRAW Home & Student ×7. 

 

3.8. Detection and analysis of short-chain dehydrogenase and single PLAT domain protein 

clusters 

A sliding window approach earlier described in Ngoc et al., 2016 was used to identify 

clusters of both the SDR and single PLAT domain protein genes throughout the T. urticae genome. 

A 50-kb window, incremented in 10-kb steps, was used. Only complete SDR and single PLAT 

domain protein genes were included in the analysis. Genes were considered as a part of each 

sliding window cluster if any portion of them overlapped the 50-kb window. Neighboring clusters that 

shared at least one gene were considered to be part of the same cluster, and were merged into a 

single larger cluster (as described in Thomas, 2006). The midpoints of the final clusters and the 

number of genes within each cluster were used for plotting. 

 

3.9. Data availability 

File S1 contains the CDS sequences of the T. urticae genome annotation of August 11, 

2016. File S2 contains the protein sequences of the SDRs of T. urticae, M. occidentalis, D. 

melanogaster and H. sapiens that were included in the phylogenetic analysis. File S3 contains the 

sequences of the full-length single PLAT domain proteins of T. urticae, T. evansi, P. ulmi and P. citri 

that were included in the phylogenetic analysis. Figure S1 shows the expression heatmaps of genes 
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coding for group I and II SDRs and of group I and II single PLAT domain protein genes across the 

replicated T. urticae host plant populations (lima bean, soybean, cotton, tomato and maize). Table 

S1 contains the differential gene expression results of the T. urticae host plant populations. Table 

S2 shows the overlap between DEGs of the different T. urticae host plant populations. Table S3 

shows the k-means clustering of the DEGs identified in the different host plant populations of T. 

urticae. Table S4 shows the OrthoMCL grouping of the T. urticae proteome. Table S5 contains the 

OrthoMCL enrichment results of the DEG sets of each T. urticae host plant population. Table S6 

contains the significantly enriched GO terms in the DEG sets of the different host plant populations 

of T. urticae. Table S7 contains the SDR genes annotated in the T. urticae genome. Table S8 

contains the single PLAT domain protein genes annotated in the T. urticae genome. T. urticae gene 

expression data are available at the Gene Expression Omnibus with accession numbers 

GSE50162, GSE80337 and GSE68708. Supplemental material is available at Figshare: 

https://figshare.com/s/b99d2ba31a466a997998. 

Table 1 - Differentially expressed genes in different host plant populations of T. urticae (lima bean, soybean, 
cotton, tomato and maize) compared to an ancestral population on common bean 

 total number 

of DEGs 

upregulated 

DEGs 

downregulated 

DEGs 

specific upregulated 

DEGs* (%) 

specific downregulated 

DEGs* (%) lima bean 410 307 103 127 (41) 23 (22) 

soybean 789 377 412 87 (23) 68 (17) 

cotton 842 490 352 161 (33) 118 (34) 

tomato 1,982 864 1,118 568 (66) 788 (70) 

maize 1,111 557 554 202 (36) 181 (33) 

Figure 1 - Principal component analysis (PCA) and differential gene expression of the different host plant 
populations of T. urticae. (A) PCA plot of the relative gene expression levels in T. urticae populations after long-
term transfer (≥ five generations) from common bean to different host plants: lima bean, soybean, cotton, tomato, 
and maize. (B) Venn-diagram depicting the overlap among the DEG sets of the populations after long-term 
transfer (≥ five generations) from common bean to different host plants. Red numbers: upregulated genes, blue 
numbers: downregulated genes. 

 

https://figshare.com/s/b99d2ba31a466a997998
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4. Results 
4.1. Effect of long-term acclimation to different host plants on the T. urticae transcriptome 

Using a whole-genome gene expression microarray, we measured significant gene 

expression changes in T. urticae adult females upon long-term transfer from common bean to either 

lima bean, soybean, cotton, tomato or maize (log2FC ≥ 0.585 and Benjamini-Hochberg corrected p-

value < 0.05). A PCA plot revealed that 35.5 and 20.9% of the total gene expression variation across 

host plant lines could be explained by PC1 and PC2, respectively (Figure 1A). Individual lines 

clustered by host plant on both PC1 and PC2, with PC1 clearly separating the three tomato lines 

from the other host plant lines. The lima bean and cotton lines clustered along PC1. Our statistical 

analysis showed that the host plant transfer from bean to tomato resulted in the highest number of 

DEGs, 1,982 DEGs in total, of which 864 were upregulated and 1,118 downregulated (Table 1). On 

the other hand, acclimation to lima bean resulted in the lowest amount of DEGs, 410 in total, 

containing 307 upregulated and 103 downregulated genes. Long-term transfer to soybean, cotton, 

and maize resulted in 789, 842 and 1,111 DEGs, respectively (Table 1, Table S1). In terms of 

amplitude, the replicated transfers to tomato and cotton plants resulted in the highest up- and 

downregulated DEGs. The DEG set of each replicated host plant population was enriched in 

multigene families (OrthoMCL groups ≥ 10 members), with 226/410, 304/789, 292/842, 479/1982 

and 408/1111 of the DEGs of lima bean, soybean, cotton, tomato, and maize line belonging to 

multigene families, respectively (Chi-square test p-values less than E-30 for each DEG set). As 

shown in Figure 1B, the majority of DEGs was not shared between the different host plant 

populations, with only nine upregulated genes and four downregulated genes in common for all 

transfers. These common upregulated DEGs coded for an intradiol ring-cleavage dioxygenase 

(tetur28g01250), a short-chain dehydrogenase (tetur32g01960), two Major Facilitator Superfamily 

proteins (tetur03g04330 and tetur11g05100), a serine protease homologue (tetur16g03330), a 

CCAAT/enhance binding protein alpha (tetur06g04210), a LIM-domain (PF00412) protein 

(tetur06g00950) and two hypothetical proteins (tetur23g01600, tetur22g00690). The common 

downregulated DEGs coded for a small secreted protein from family A (tetur22g02750), a viral 

nucleoprotein (tetur22g01100, which was acquired through horizontal gene transfer (Wybouw et al. 

2018)), and two hypothetical proteins (tetur01g09880 and tetur13g01730). Fifty-four genes were 

upregulated for four out of five transfers, while 57 were downregulated (Table S2). Of particular 

note, the tomato transfer resulted in the highest number of up- and downregulated genes that were 

not shared with the response of any other host plant population, and therefore appeared to be the 

most specific response (Table 1 and Figure 1).  
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4.2. k-means clustering of transcriptomic responses to long-term host plant transfer  

To get more insight into the global transcriptomic patterns, we performed a k-means 

clustering of the mite transcriptomic responses to the long-term host plant transfers using eight 

clusters (cluster number identified using the gap-statistic, Figure 2). The identity of the DEGs in 

each of the eight groups is listed in Table S3. Three global transcriptomic patterns became apparent 

when focusing on these groups. Cluster 6 and 5, with a total of 850 DEGs, appeared to reflect a 

general response and did not exhibit any host plant specificity. Genes of clusters 1, 3, 7, and 8, with 

a total of 769 DEGs, were differentially up- and downregulated upon feeding to the different hosts 

of this study, hereby creating zig-zag patterns. Finally, clusters 2 and 4 appeared to reflect a host 

plant specific transcriptional response. Cluster 2 was assembled of DEGs (n=95) that were mainly 

specifically upregulated after long-term feeding on cyanogenic lima bean. This included 

tetur10g01570, a horizontally transferred gene of bacterial origin that codes for a functionally active 

β-cyanoalanine synthase that is able to detoxify cyanide, the main defense compound of lima bean 

Figure 2 - k-means clustering of the T. urticae DEGs upon the different long-term host plant transfers. Mite 
transcriptomic responses to the long-term host plant transfers were categorized into eight clusters using 
centered Pearson’s correlation as the distance metric. Clusters were arranged according to the magnitude of 
log2FC of the DEGs. Red lines connect the averages of log2FC of the different host plant populations within each 
cluster, with error bars representing the standard deviation. 
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(Wybouw et al., 2014). Cluster 4 consisted of the largest number of DEGs (n=704) and largely 

reflected a tomato-specific transcriptional response (Figure 2, Table S3).  

 

4.3. Gene-set enrichment analysis 

To look at gene family-wide patterns, we grouped T. urticae genes into OrthoMCL groups 

(Table S4, Figure 3), determined the percentage of DEGs for each OrthoMCL group for each 

replicated host plant population (Table S5) and subsequently performed an OrthoMCL enrichment 

analysis. Ten OrthoMCL groups were significantly enriched (FDR < 0.05) in all host plant 

populations: DOGs (OG5_134812), lipocalins (OG5_130527), cysteine proteases, papains 

(OG5_127800, OG5_126607), single PLAT domain proteins (Tetra_22), CCEs (OG5_126875), 

MFS proteins (OG5_138329), PAN domain proteins (Tetra_5) and hypothetical proteins (Tetra_9 

(Small Secreted Protein Family A) and Tetra_24). A number of these gene groups (DOGs, 

lipocalins, CCEs, MFS, PAN-domain proteins, Tetra_9 (cluster 10066 in Dermauw et al., 2013b) 

and Tetra_24 (cluster 10257 in Dermauw et al., 2013b) were previously significantly enriched in 

DEG lists of both mite resistant strains and a tomato acclimatized (5 generations) mite line, while 

cysteine proteases and single PLAT domain proteins (cluster 10204 in Dermauw et al., 2013b) were 

only enriched in the tomato acclimatized mite line (Dermauw et al., 2013b). Among the remaining 

significantly enriched OrthoMCL groups we identified ten T. urticae specific gene clusters, including 

Tetra_19, Tetra_38, Tetra_54, Tetra_62, Tetra_73, Tetra_74, Tetra_85, Tetra_112, Tetra_116 and 

Tetra_195). Of particular note, members of OrthoMCL groups Tetra_19 (referred to as Tu_MCL_12 

in Jonckheere et al. 2016), Tetra_54 (referred to as Tu_MCL_25 in Jonckheere et al. 2016), 

Tetra_62 (referred to as Tu_MCL_35 in Jonckheere et al. 2016, Small Secreted Protein Family F) 

were previously identified in the T. urticae salivary proteome and shown to be expressed in the 

salivary glands (Jonckheere et al., 2016). In addition, members of Tetra_54 were also shown to be 

constitutively upregulated in tomato-adapted mites (Wybouw et al., 2015). The replicated maize 

population had the highest number of significantly enriched OrthoMCLs (n=33), followed by the 

soybean (n=29), lima bean (n=28), cotton (n=24) and tomato (n=22) populations. Four significantly 

enriched OrthoMCLs were unique for the tomato-fed mites, including genes coding for BTB and C-

terminal Kelch related proteins (OG5_184484), while three, one, one and three significantly enriched 

OrthoMCL groups were unique for the lima bean, soybean, cotton, and maize populations, 

respectively. As a next step in our functional characterization of the mite transcriptomic responses, 

we complemented our OrthoMCL analysis with GO enrichment analyses (Table S6). For the DEG 

sets upon the lima bean, soybean, cotton, and maize long-term transfer, only a few significantly 

enriched GO terms could be identified, as shown in Table S6. The highest number of significantly 

enriched GO terms (n=15) was found for the DEG list upon the long-term transfer to tomato, ranging 

from “perceiving signals” (GO:0007165) over transcription factor activity (GO:0003677 and 

GO:0003700) to “transmembrane transport” (GO:0055085). 
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4.4. Phylogenetic analysis of T. urticae short-chain dehydrogenases and single PLAT 

domain proteins 

Among the OrthoMCL groups that were significantly enriched we identified two gene 

families that have not yet been associated with mite xenobiotic response to host transfer: short-

chain dehydrogenases (OG5_126860 and OG5_128170, having PFAM domain PF00106 and/or 

PF13561) and single PLAT domain proteins (PFAM domain PF01477). Both families were 

annotated within the T. urticae Sanger-sequenced genome assembly and their phylogenetic 

relatedness was investigated using a maximum-likelihood phylogenetic approach. Eighty-eight full-

length SDR genes and 24 SDR gene fragments/pseudogenes were annotated in the T. urticae 

genome (Table S7). Full-length T. urticae SDR proteins were, together with those of M. occidentalis, 

D. melanogaster and H. sapiens, used in a maximum-likelihood analysis. We identified clear 1:1:1:1 

orthology between five SDRs of each arthropod species and human SDRs (HSD17B4, HSD17B8, 

KDSR, TSTA3, WWOX and DHRSX), verifying the validity of our phylogenetic approach. 

Furthermore, we identified several T. urticae specific expansions. Twenty-Five T. urticae SDRs 

(either belonging to OrthoMCl group OG5_128170 or OG5_136892) clustered with high bootstrap 

support with 5 SDRs of both M. occidentalis and D. melanogaster (group I and tetur08g02060 in 

Figure 4), while ten T. urticae SDRs (OG5_126860) clustered with high bootstrap support with a 

Drosophila SDR (FBtr0071183) (group II in Figure 4). The latter Drosophila SDR, named sniffer, is 

a carbonyl reductase and has been shown to prevent oxidative stress-induced neurodegeneration 

(Martin et al., 2011). Remarkably, OG5_128170 was significantly enriched in the DEG sets of the 

bean, soybean, and maize populations whereas OG5_126860 was significantly enriched in DEGs 

of the tomato and maize populations (Figure 3). Finally, we also identified two smaller T. urticae 

SDR expansions, one with five SDRs in T. urticae (belonging to OrthoMCL group OG5_127561) 

compared to one in M. occidentalis (Mo_rna15492) and one with five SDRs in T. urticae (belonging 

to OrthoMCL group OG5_131031) compared to one in both M. occidentalis (Mo_rna12331), D. 

melanogaster (FBtr0074654) and H. sapiens (DCXR). Genes encoding T. urticae SDRs seem to be 

dispersed across the genome with 61.4% of them being singletons. However, most of the genes 

within two T. urticae SDR specific expansions (Group I and II (Figure 4, panel B)) were found in 

clusters of scaffolds 6, 12 and 28. Within the SDR gene clusters on scaffolds 6 and 12, genes were 

not only found in a head-to-tail orientation but in both orientations. Moreover, the largest clusters 

(on scaffold 6 and scaffold 12) are rich in transposable elements (TE) sequences (see e.g. 

tetur12g00570 at ORCAE ( http://bioinformatics.psb.ugent.be/orcae/overview/Tetur/, Sterck et al., 

2012)), suggestive of multiple duplication events. However, features of genomic distribution will 

become clearer once a chromosome-wide assembly of the T. urticae genome will be available.  

We also investigated T. urticae single PLAT domain proteins into more detail. Twenty-one 

single PLAT domain protein genes were found in the T. urticae genome (20 were considered as full-

length genes and one as a pseudogene), and four single PLAT domain gene fragments were 

identified. Next, we also identified single PLAT domain protein genes in the transcriptomes of other 

http://bioinformatics.psb.ugent.be/orcae/overview/Tetur/
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less polyphagous tetranychid mites such as T. evansi (n=8), P. ulmi (n=6) and P. citri (n=10) (Table 

S8). A blastp search against the non-redundant protein database in NCBI, revealed that 

tetranychid single PLAT domain proteins do not show sequence similarity with proteins of non-

tetranychid eukaryotic species. A literature search, however, revealed that single PLAT domain 

proteins do occur in dicot and monocot plant species (Hyun et al., 2015), but these do not show  

Figure 3 - OrthoMCL enrichment analysis of the DEGs identified in the different host plant populations of T. 
urticae. Heatmap showing the Benjamini-Hochberg corrected p-value (FDR) significance of OrthoMCL groups 
among DEGs of each host plant population. A grey colored cell indicates that the OrthoMCL group was not 
significantly enriched (FDR ≥ 0.05) for a certain host plant population. The number between parentheses 
represents the total number of T. urticae genes in an OrthoMCL group (corrected for those genes that have 
probes on the array), while PFAM accessions associated with any of the genes in a certain OrthoMCL group are 
shown between square brackets. An asterisk indicates that members of these hypothetical protein OrthoMCL 
groups were found in the salivary proteome of T. urticae (Jonckheere et al., 2016). 
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Figure 4 - (A) Maximum likelihood phylogenetic analysis of the SDRs of Homo sapiens, Drosophila 
melanogaster, Metaseiulus occidentalis and Tetranychus urticae. Only bootstrapping values higher than 65 are 
shown. The scale bar represents 0.2 amino acid substitutions per site. T. urticae SDR expansions containing 
members of OrthoMCL groups that were significantly enriched among one of the DEG sets of the host plant 
populations are indicated by green font and labeled as Group I (°) and Group II (*). Branches that were shortened 
for figure clarity are shown as dashed lines. Information and accession numbers of the used SDRs can be found 
in Table S7 and File S2. (B) Genomic distribution of T. urticae SDRs is shown with lengths of vertical line 
segments corresponding to counts in a gene cluster; gene counts for the forward (+, orange) and reverse (−, 
blue) strand orientations. Clusters of SDRs were calculated such that, for a given gene, its count contributes to 
only one vertical line segment. Only intact SDRs were included in the analysis. Genes of the expansions of 
Group I and II (see panel A) are marked with their respective symbol. The genome was concatenated from 
largest to smallest scaffolds for display, alternating scaffolds are indicated by shading. The original figure, 
including all gene names, can be found in Snoeck et al., 2018. 



Chapter 4  

84 

 

sequence similarity with those of T. urticae. Nevertheless, both T. urticae and plant single PLAT 

domain proteins do share the same protein secondary structure, as they both have the PLAT 

domain, a β-sandwich composed of two sheets of four strands each (Bateman and Sandford, 

1999). Finally, we performed a maximum likelihood phylogenetic analysis using tetranychid single 

PLAT domain proteins (Figure 5). We identified two clear expansions of single PLAT domain 

proteins in T. urticae, with one expansion consisting of six single PLAT domain proteins in T. 

urticae (group I) compared to one in P. citri and T. evansi and one expansion consisting of seven 

single PLAT domain proteins in T. urticae (group II) compared to one in P. citri and T. evansi. 

Interestingly, tetur11g05720 and tetur11g05730 of group I showed the strongest expression 

changes (log2FC between -7 and 3) of all T. urticae single PLAT domain protein genes upon long-

term transfer to any of the host plant lines (Table S1, Figure S1). Only 20% of the genes encoding 

single PLAT domain proteins in the T. urticae genome are singletons. The remaining single PLAT 

domain proteins (n=16) are found in clusters on scaffolds 6, 11, 15 and 22 (Figure 5, panel B). 

Similar as for the SDR genome distribution, single PLAT domain protein gene clusters contained 

genes in both orientations and were rich in TE sequences (see e.g. tetur11g05730 at the ORCAE 

database (Sterck et al., 2012)), suggestive of multiple duplication events. 

 

5. Discussion 

Arthropod herbivores are important crop pests, and the last decade has seen an 

unprecedented increase in our understanding of the evolutionary mechanisms associated with 

resistance development to insecticides and acaricides used for their control. Given the wealth of 

knowledge on the molecular genetic mechanisms of pesticide resistance in mites and insects (Li et 

al. 2007; Feyereisen et al. 2015; Van Leeuwen and Dermauw 2016), it is surprising that mechanisms 

that allow broad plant use have remained elusive. In the last few years, an increasing number of 

transcriptomic studies have revealed that short-term exposure or within-generation transfer to novel 

hosts in polyphagous arthropod herbivores is associated with large transcriptional responses (e.g. 

Govind et al. 2010; Grbić et al. 2011; Dermauw et al. 2013b; de la Paz Celorio-Mancera et al. 2013; 

Vogel et al. 2014; Zhurov et al. 2014; Roy et al. 2016). Fewer studies have addressed changes in 

gene expression upon long-term exposure and adaptation, especially in comparison to an ancestral 

genetic background (feeding on original host). For spider mites, Wybouw et al. 2015 revealed that 

the number of DEGs and the extent of transcriptional change increases over time and generations, 

and based on the functional prediction of the DEGs upon short- and long-term exposure, it was 

postulated that these transcriptional responses are adaptive, enabling the herbivore to survive a 

shift in dietary nutrients and toxins. However, the few studies addressing these important 

evolutionary processes looked at the transfer to a single or very few  
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Figure 5 - (A) Maximum likelihood phylogenetic analysis of the single PLAT domain proteins of Panonychus 
ulmi, Panonychus citri, Tetranychus evansi and Teteranychus urticae. Only bootstrapping values higher than 65 
are shown. The scale bar represents 0.1 amino acid substitutions per site. T. urticae single PLAT domain protein 
expansions are indicated by green font and labeled Group I (&) and Group II (#). Information and accession 
numbers of the tetranychid single PLAT domain proteins can be found in Table S8 and File S3. Those proteins 
with the PFAM PLAT domain (PF01477) or belonging to the CATH/Gene3D PLAT/LH2 Superfamily (2.60.60.20) 
are indicated with a circle and an asterisk, respectively (B) Genomic distribution of Tetranychus urticae single 
PLAT domain protein genes is shown with lengths of vertical line segments corresponding to counts in a gene 
cluster; gene counts for the forward (+, orange) and reverse (−, blue) strand orientations. Clusters of single PLAT 
domain protein genes were calculated such that a given gene its count contributes to only one vertical line 
segment. Only intact single PLAT domain protein genes were included in the analysis. Genes of the expansions 
of Group I and II (see panel A) are marked with their respective symbol. The genome was concatenated from 
largest to smallest scaffolds for display, alternating scaffolds are indicated by shading. 
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new hosts (Dermauw et al., 2013b; Mathers et al., 2017; Müller et al., 2017; Wybouw et al., 2015, 

2014; Xie et al., 2014). Therefore, we have addressed in the current study to what extent the long-

term transcriptional responses are host plant specific, using spider mites as a model. In addition, 

we investigated which multi-gene families were associated with the different host plant transfers.  

Mites were transferred from their ancestral host (common bean) to lima bean, soybean, 

cotton, tomato, and maize. These plant species were selected as many of these are economically 

important crops on which spider mites are reported as pests (Van Leeuwen et al. 2014). In addition, 

some of the metabolites that are produced by this selection of plants have been well-characterized 

as plant allelochemicals with a defensive role against attacking herbivores, including the cyanogenic 

glucosides of lima bean, the tomato alkaloid tomatine (DongSub et al., 2014; Friedman, 2002), 

coumestrol in soybean leaves (Yuk et al., 2011), the terpenoid gossypol produced by cotton 

(McCormick, 1982) and the benzoxazinoid DIMBOA-Glc in maize (Glauser et al., 2011). 

Remarkably, although it is suggested that generalists have a less fine-tuned, host-specific regulation 

of gene expression compared to a specialist (Dermauw et al., 2013b; Govind et al., 2010; Voelckel 

and Baldwin, 2004), the majority of T. urticae DEGs were not shared between the different host 

plant populations in our study. Furthermore, the number of DEGs upon the different host plant 

transfers could also be related to the phylogenetic distance of the novel host plant to the ancestral 

host (common bean, Fabaceae) (Table 1). The host specificity of the mite transcriptomic response 

was also reflected in our k-means clustering analysis, where the majority of the DEGs were present 

in clusters that show a host-specific pattern (Figure 2). Such transcriptomic specificity was also 

observed recently in the oligophagous mustard leaf beetle (Phaedon cochleariae) (Müller et al. 

2017). When this beetle is transferred from its original host Brassica rapa to Nasturtium officinale 

and Sinapis alba for 26 generations, transcriptomic analysis shows that most of the response is host 

plant specific, even though the two new hosts share the same classes of defensive metabolites as 

the ancestral host (glucosinolates, phenolics, and terpenoids – in different compositions).  

Wybouw et al. 2015 showed that approximately half of the complete transcriptional 

response of T. urticae after a long-term exposure to tomato is genetically determined and thus 

evolves upon tomato adaptation. The genetic changes in tomato-adapted mites affect both 

constitutive transcription and within-generation transcriptional plasticity. Here, we did not investigate 

whether the long-term transfer resulted in adaptation and therefore cannot distinguish between 

genetic adaptation, environmental induction and an interaction between these factors as the cause 

of the transcriptomic changes. Nevertheless, as the ancestral population was genetically diverse 

and the PCA plot did not show any signs of genetic drift, a substantial part of the observed responses 

probably resulted from genetic adaptation. In corroboration, T. urticae populations have shown great 

adaptive potential to a diverse set of novel hosts in addition to tomato (Fry, 1989; Gould, 1979; 

Magalhães et al., 2009, 2007; Wybouw et al., 2012).  

Although the overall response was very specific on the gene level, there was much less 

specificity on the gene family level, which does suggest the presence of common mechanisms of 

acclimation and adaptation. Indeed, the set of DEGs of each host plant population was significantly 

enriched for genes from multigene families (OrthoMCL groups ≥ 10 members) and many of the 
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multigene families that were significantly enriched, were previously shown to respond to xenobiotic 

pressure. These families were comprised of P450s and CCEs, involved in detoxification, cysteine 

proteases, involved in digestion, and previously unknown players in xenobiotic detoxification such 

as DOGs, lipocalins and MFS proteins (Dermauw et al., 2013b; Santamaría et al., 2015). The 

importance of the metabolic processes associated with their activities was also partially reflected in 

the GO enrichment analysis, where GO terms “peptidase activity”, “transferase activity” and 

“transmembrane transport" were enriched in the DEG sets of the host plant populations (Table S6). 

In addition to overall metabolic processes, these transcriptomic changes upon acclimation to 

different host plants also provide a first link between differential expression patterns of specific 

genes and known defense compounds of each host plant. Gossypol, for example, is a well-known 

phytoalexin in cotton and it has been shown that UGT-glycosylation and P450-oxygenation of 

gossypol are important for gossypol detoxification (Krempl et al., 2016; Mao et al., 2007). 

Interestingly, a CYP and UGT gene were among the most highly upregulated genes when feeding 

on cotton (log2FC of 7.6 and 2.5 for tetur07g06410 (CYP392A1) and tetur04g02350 (UGT203A2), 

respectively, see Table S1). Similarly, a UGT (tetur05g05020 (UGT201B7)) and GST 

(tetur05g05270 (TuGSTd15)) were highly upregulated in the maize population (log2FC of 3.6 and 

3.7, respectively) while downregulated or not differentially expressed in all other host plants, and 

might thus be involved in the detoxification of benzoxazinoids, phytochemicals that are widespread 

in grasses (Loayza-Muro et al., 2000; Wouters et al., 2016). 

Next to the overall implication of gene families known to be involved in arthropod xenobiotic 

metabolism, our analyses also revealed the prominent presence of a number of gene families that 

have only been marginally associated with arthropod detoxification (Figure 3 and Table S5). For 

example, OrthoMCL analysis revealed that SDRs were significantly enriched in the DEG sets of the 

T. urticae host plant populations (Table S1). The SDR superfamily is one of the largest and most 

highly divergent protein superfamilies found in all domains of life (Kallberg et al., 2010). SDR 

enzymes are 250-300 amino acids long (see InterPro domain IPR020904) and are NAD(P)(H)-

dependent oxidoreductases with low pairwise sequence identities. They contain at least 2 domains, 

a structurally conserved N-terminal region which binds NAD(H) or NADP(H) as a co-factor and a 

structurally variable C-terminal region that binds the substrate and contains the amino acids involved 

in catalysis (Bray et al., 2009). In contrast to the P450 superfamily, functional insights on the SDR 

superfamily are very scarce (Škarydová and Wsól, 2012). Carbonyl-reducing enzymes (CDRs) from 

the SDR superfamily are known to be involved in the biosynthesis/metabolism of endogenous 

signaling molecules like steroid hormones and retinoids, but are as well involved in the detoxification 

of endobiotics and xenobiotics (Hoffmann and Maser, 2007; Oppermann, 2007; Škarydová and 

Wsól, 2012). In humans, SDRs have been shown to play a central role in phase I metabolism by 

converting aldehydes or ketones into the corresponding alcohols, thereby reducing the overall 

chemical activity of their substrates (Ebert et al., 2016; Škarydová and Wsól, 2012). In insects, the 

best characterized SDRs are alcohol dehydrogenases (Figueroa-Teran et al., 2016; Mayoral et al., 

2013; Zhang et al., 2004). However, only few studies report upon the possible role of SDRs in 

arthropod-plant interactions. SDR genes are overexpressed in the Asian longhorn beetle 
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Anoplophora chinensis upon dietary changes (Mason et al., 2016) and are present in the saliva of 

aphids, white flies and thrips (Stafford-Banks et al., 2014; Su et al., 2012). Reduction of quinone by 

a carbonyl reductases in the luna moth Actias luna, is presumably the best known example of an 

SDR that is involved in detoxification of a plant allelochemical (Lindroth, 1991). Actias luna larvae 

are able to feed on plants of the Juglandaceae family, which contain juglone, a compound toxic to 

a variety of insects. Feeding larvae exhibited high carbonyl reductase and glutathione transferase 

activity, and these activities have been linked to the metabolism of juglone and related quinones in 

the plant family of the Jungladaceae (Lindroth, 1989). Since SDRs have only been marginally 

described in both the context of host plant transfer as well as xenobiotic metabolism in mites, we 

have provided a survey of the SDR superfamily in T. urticae and identified eighty-eight full length 

SDRs in the genome of T. urticae, including several apparent species-specific expansions, which 

increased the diversity of the SDR repertoire. One of the expansions clustered together with a 

Drosophila SDR, named sniffer, a carbonyl reductase involved in the prevention of oxidative stress-

induced neurodegeneration (Martin et al., 2011). The production of reactive-oxygen species is an 

essential part of the plant response towards herbivore attack, including those of spider mites 

(Santamaria et al. 2018). Several T. urticae SDRs that clustered with Drosophila sniffer were 

differentially expressed upon acclimation of T. urticae to different host plants (Figure 3, Figure S1, 

Table S1) and, hence, might play a protective role during spider mite feeding. 

Next to the SDR gene family, the presence of a remarkable set of proteins containing a 

single PLAT domain was also evident from the OrthoMCL enrichment analysis (Figure 3). Proteins 

with a PLAT domain are ubiquitously present across eukaryotic species (see species distribution of 

PF01477 at https://pfam.xfam.org/) and PLAT domains are for example present in pancreatic 

triglyceride lipases (cd01755 at Conserved Domain Database (CDD)). However, short single PLAT 

domain proteins (less than 200 amino acids) are to our knowledge only present in plants (see 

EOG09360P3N at OrthoDB v9.1 and cd01754 at the Conserved Domain Database for phylogenetic 

distribution of these plant PLAT proteins) and apparently tetranychid mites (this study). There is 

virtually nothing known about the possible role of these proteins in plants. Hyun et al. 2015,2014, 

showed that a single PLAT domain protein of Arabidopsis (PLAT1, AT4G39730) is involved in 

abiotic stress tolerance while in Capsicum annuum a single PLAT domain protein, named CaTin1, 

interferes with the redox balance of plants, leading to an altered response to ethylene and 

biotic/abiotic stress (Shin et al., 2004). Coker et al. 2005, on the other hand, showed that a single 

PLAT domain protein gene (FIT-6) is upregulated upon fire damage. In T. urticae, several single 

PLAT domain protein genes were among the DEGs with the strongest transcriptional response upon 

long-term host transfer, with a single PLAT gene (tetur11g05730) being more than 100-fold lower 

expressed upon long-term cotton feeding while being about 10-fold overexpressed in the maize 

population. Although one must be cautious when comparing genomic and transcriptomic data (e.g. 

recent duplications and lowly expressed genes might be missed in transcriptomic data), a 

phylogenetic analysis using tetranychid single PLAT domain protein sequences derived from 

genomic (T. urticae) and transcriptomic data (T. evansi, P. ulmi, and P. citri) showed that single 

PLAT domain protein genes were expanded in the polyphagous T. urticae compared to 

https://pfam.xfam.org/
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oligophagous tetranychid species (Figure 5). Overall, it can be speculated that single PLAT domain 

proteins are involved in the stress response of T. urticae and that their expansion might have 

contributed to the polyphagous nature of this species. 

In summary, we investigated long-term acclimation to five novel host plants in the spider 

mite T. urticae. Using different analytical tools, we uncovered that responses were specific on the 

individual gene level, but that similar gene families and metabolic processes were involved in host 

plant use. A number of surprising new gene families have entered the stage, such as genes 

encoding single PLAT domain proteins and short-chain dehydrogenases. Our data set identified 

specific enzymes that likely underlie resistance to specific plant allelochemicals and now await in 

vitro functional validation by recombinant expression in model systems like insect cells or E. coli 

and/or in vivo functional validation by reverse and forward genetic approaches, once they become 

available as robust tools for spider mite research. 
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Figure S1 – Expression heatmaps of genes coding for group I and II SDRs and group I and II single PLAT 

domain protein genes for the different T. urticae host plant lines. The log2 transformed gene fold changes 

of adult T. urticae females transferred to new hostplants (lima bean, soybean, cotton, tomato, maize) relative to 

adult T. urticae females of the parental population on bean are shown. Host plants were clustered using a 

Euclidean distance metric and Ward’s method. T. urticae genes are shown at the bottom. 

Table S1 – Differential gene expression analysis of the different T. urticae host plant lines. DEGs (absolute 

fold change (FC) ≥ 1.5 and Benjamini-Hochberg adjusted p-value < 0.05) between populations of adult T. urticae 

females transferred to new hostplants (lima bean, soybean, cotton, tomato, maize) compared to adult T. urticae 

females of the parental population on bean. 

Table S2 - Overlap between DEGs of the different T. urticae host plant lines. Overlap of 

upregulated/downregulated DEGs between the different T. urticae host plant lines, all in comparison to adult T. 

urticae females of the parental population on Phaseolus vulgaris (absolute fold change (FC) ≥ 1.5 and Benjamini-

Hochberg adjusted p-value < 0.05) 
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Table S3 - k-means clustering of the DEGs identified in the different host plant lines of T. urticae (tomato, 

soybean, lima bean, maize and cotton). Mite transcriptomic responses to the long-term host plant transfers 

were categorized into eight clusters. 

Table S4 - OrthoMCL clustering of the T. urticae proteome OrthoMCL clustering of the T. urticae proteome 

(version of August 11, 2016; see Jonckheere 2018, PhD dissertation, ISBN: 9789491407543). A summary of 

the number of T. urticae proteins in each OrthoMCL can be found in the worksheet 'OrthoMCL summary'. 

Table S5 – OrthoMCL enrichment analysis of the DEG sets of each T. urticae host plant line  

Table S6 - Significantly enriched GO terms in the DEGs of the different host plant lines of T. urticae 

Table S7 - Short-chain dehydrogenase genes annotated in the T. urticae genome 

Table S8 - Single PLAT domain protein genes annotated in the T. urticae genome 

File S1 – FASTA-file containing the CDS sequences of the T. urticae genome annotation (version of August 11, 

2016), compressed ZIP-file 

File S2 – FASTA-file containing protein sequences of the short-chain dehydrogenases of T. urticae, M. 

occidentalis, D. melanogaster and Homo sapiens included in the phylogenetic analysis (Figure 4). 

File S3 – FASTA-file containing sequences of the full-length single PLAT domain proteins of T. urticae, T. evansi, 

P. ulmi and P. citri included in the phylogenetic analysis (Figure 5). 
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1. Abstract 

Uridine diphosphate (UDP)-glycosyltransferases (UGTs) catalyze the addition of UDP-

sugars to small hydrophobic molecules, turning them into more water-soluble metabolites. While 

their role in detoxification is well documented for vertebrates, arthropod UGTs have only recently 

been linked to the detoxification and sequestration of plant toxins and insecticides. The two-spotted 

spider mite Tetranychus urticae is a generalist herbivore notorious for rapidly developing resistance 

to insecticides and acaricides. We identified a set of eight UGT genes that were overexpressed in 

mites upon long-term acclimation or adaptation to a new host plant and/or in mite strains highly 

resistant to acaricides. Functional expression revealed that they were all catalytically active and that 

the majority preferred UDP-glucose as activated donor for glycosylation of model substrates. A high-

throughput substrate screening of both plant secondary metabolites and pesticides revealed 

patterns of both substrate specificity and promiscuity. We further selected nine enzyme-substrate 

combinations for more comprehensive analysis and determined steady-state kinetic parameters. 

Among others, plant metabolites such as capsaicin and several flavonoids were shown to be 

glycosylated. The acaricide abamectin was also glycosylated by two UGTs and one of these was 

also overexpressed in an abamectin resistant strain. Our study corroborates the potential role of T. 

urticae UGTs in detoxification of both synthetic and natural xenobiotic compounds and paves the 

way for rapid substrate screening of arthropod UGTs. 

2. Introduction 

Glycosyltransferases catalyze the transfer of sugar moieties from activated donor 

molecules to an acceptor molecule and are ubiquitous across all kingdoms of life (Lairson et al., 

2008). Uridine diphosphate(UDP)-glycosyltransferases (UGTs) are the largest family of 

glycosyltransferases (Lombard et al., 2014) and catalyze the addition of UDP-sugars to small 

hydrophobic molecules. Next to important roles in biosynthesis, storage and transport of secondary 

metabolites, UGTs are, together with glutathione-S-transferases, also well-known as phase II 

enzymes in the detoxification process (Jancova et al., 2010). By catalyzing the conjugation of 

hydrophobic compounds with UDP sugars, more hydrophilic compounds are generated, that 

enhance excretion (Mackenzie et al., 1997). In contrast to human UGTs, the glycosylation of small 

hydrophobic compounds by arthropod UGTs has been poorly studied. Only recently, biochemical 

and functional studies could specifically link arthropod UGTs to the detoxification and sequestration 

of plant allelochemicals and insecticides (Highfill et al., 2017; Krempl et al., 2016; Li et al., 2017). 

Krempl et al., 2016 detected glycosylated gossypol isomers in the feces of Helicoverpa armigera 

and Heliothis virescens, and showed that two UGTs were capable of glycosylating gossypol. Hence, 

they suggested that these UGTs might play a crucial role in gossypol detoxification in generalist 

herbivores utilizing cotton as a host plant. 

The two-spotted spider mite Tetranychus urticae (Chelicerata: Acari: Trombidiformes), is 

able to feed on more than 1100 plant species which belong to more than 140 different plant families 

(Migeon et al., 2010). Next to being extremely polyphagous, T. urticae is also considered as the 

‘resistance champion’ among arthropods, as it has the most documented instances of resistance to 
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diverse pesticides (Van Leeuwen et al., 2010; Van Leeuwen and Dermauw, 2016). Eighty UGT 

genes were earlier identified in the T. urticae genome, similar to Bemisia tabaci (81 UGTs), but a 

substantially larger number than any other arthropod species reported so far (Ahn et al., 2014; Chen 

et al., 2016). They are classified in seven distinct families (UGT201-207) and recent lineage-specific 

gene expansions have been reported for the subfamilies UGT201A, UGT201B and UGT202A. 

Moreover, it was shown that these T. urticae UGT genes were very likely acquired from bacteria 

through horizontal gene transfer (Ahn et al., 2014; Bajda et al., 2015; Van Leeuwen and Dermauw, 

2016). As a consequence, similar to bacterial UGTs, T. urticae UGTs do not harbor a signal peptide 

and a transmembrane domain (TM), which indicates that they are cytosolic enzymes (Ahn et al., 

2014). This contrasts to other eukaryotes, were the N-terminal signal peptide is removed upon 

insertion of the UGT into the endoplasmic reticulum (ER), and a C-terminal TM domain anchors the 

protein to the ER (Ahn et al., 2012, 2014; Erb et al., 2009; Magdalou et al., 2010).  

In this study, we identified a set of eight UGTs that were overexpressed in T. urticae upon 

long term plant acclimation/adaptation and/or resistance against certain acaricides. Next, we 

recombinantly expressed this set of T. urticae UGTs in Escherichia coli and determined their 

catalytic properties against model substrates, as well as examined their potential to conjugate an 

array of secondary plant metabolites and acaricides. Nine enzyme-acceptor interactions were 

further characterized by determining their steady state kinetic parameters and their preferred UDP-

donor substrate. 

3. Materials and methods 

3.1. T. urticae strains, chemicals and plant secondary metabolites 

All T. urticae populations were described previously (Dermauw et al., 2013a; Grbić et al., 

2011; Jonckheere et al., 2016, Chapter 4) and mass reared on their respective host plants at 26 °C 

(±0.5 °C), 60% relative humidity (RH) and 16/8 h light/dark photoperiod. For a more detailed 

description of each population, see Supplementary Table 1. All chemicals, including pesticides, and 

plant secondary metabolites used in this study were of analytical grade. Detailed information about 

suppliers and purity of substrates can be found in Supplementary Table 2. 

 

3.2. UGT gene expression analysis 

The UGT metanalysis of existing microarray gene expression data was performed in three 

different batches. An analysis of A) microarrays run with RNA from adult T. urticae females and the 

1st array design (GPL15756/Agilent-028213; Dermauw et al., 2013), B) microarrays run with RNA 

from deutonymph T. urticae females and the 1st array design (GPL15756/Agilent-028213; 

Demaeght et al., 2013) and C) microarrays run with RNA from adult T. urticae females and the 2nd 

array design (GPL16890/Agilent-033850; (Jonckheere et al., 2016; Khalighi et al., 2015; Pavlidi et 

al., 2017; Wybouw et al., 2015, 2014, Chapter 4)). For each analysis, raw intensity data were used 

as input for final processing and statistical analysis in limma (version 3.30.13) of the Bioconductor 

framework (Smyth, 2004). Prior to differential gene expression analysis, the probe sequences were 
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remapped to the T. urticae genome annotation (cDNA sequences) of August 11, 2016 using 

Bowtie2-2.3.4.3 and following setting “--norc -f -a” (Langmead and Salzberg, 2012). Only the probes 

that aligned uniquely and without mismatches (probes having “AS:i:0” in the 1st optional field of the 

SAM output of Bowtie2) to the annotated genome (42577 probes for analysis A and B while 39650 

probes for analysis C) were incorporated in the differential expression analysis. Next, background 

correction was performed by the ‘normexp’ method, using an offset of 50 (Ritchie et al., 2007). 

Background-corrected data were within- and between-array normalized (global loess and Aquantile, 

respectively) and quality was subsequently assessed using arrayQualityMetrics (Kauffmann et al., 

2009). A linear model (using “lmFit” in the limma R package) was fitted to the processed data that 

treated the London (analysis A and C) or LS-VL (analysis B) strain as a common reference (cy3 

channel in sample GSM980545-GSM980555 for analysis A, cy3 channel in sample GSM1065002-

GSM1065006 for analysis B and cy3 channel in sample GSM1214964-GSM1214967, 

GSM2124774-GSM2124784, GSM1679383-GSM1679385 and GSM1633888-GSM1633891 for 

analysis C). Empirical Bayes moderated t-statistics (using the “eBayes” function in the limma R 

package; Smyth, 2004) was used to determine differences in transcript expression levels in 

reference to the London (adult females, analysis A and C) or LS-VL (deutonymph females, analysis 

B) strain. UGT gene expression heatmaps were created in R (R Developement Core Team, 2015) 

using the relative transcript levels (log2FC) and the R package gplots_3.0.1 (Warnes et al., 2009).  

 

3.3. Phylogenetic analysis 

T. urticae UGT protein sequences were derived from the ORCAE genome portal while 

those of Panonychus citri and Panonychus ulmi were obtained from Bajda et al., 2015 and Sterck 

et al., 2012. Tetranychus evansi UGTs were identified by mining the T. evansi transcriptome 

(Villarroel et al., 2016): T. urticae UGT protein sequences were used as query in a tblastn search 

(E-value threshold of E-3, BLAST 2.2.31+) against the T. evansi transcriptome. In cases where T. 

evansi contigs showed more than 95% identity at the nucleotide level, they were considered as 

allelic variants and the longest transcript was retained for further analysis using cd-hit-est with 

sequence identity threshold (-c) of 0.95 (Fu et al., 2012). Open reading frames (ORFs) of T. evansi 

were identified using “EMBOSS 6.6.0.0 getorf” integrated in the Mobyle portal framework 

(http://mobyle.pasteur.fr/). T. evansi contig sequences were manually corrected to contain the 

longest UGT encoding ORFs. Those ORFs that showed identical overlap and had the same blastx 

top-hit against the T. urticae proteome, were considered to be part of the same gene and were 

manually merged using BioEdit v7.2.5 (Hall, 2013). Subsequently, ORFs were once more filtered 

for allelic variants using cd-hit-est (sequence identity threshold (-c) 0.95) and the longest ORF was 

retained for further analysis (Fu et al., 2012). Finally, only T. evansi ORFs longer than 150 AA were 

retained for phylogenetic analysis. T. urticae UGTs were aligned with those of T. evansi, P. citri and 

P. ulmi using the online version of MAFFT 7 with the E-INS-I iterative refinement method strategy, 

1000 iterations and the option “reorder” (Katoh et al., 2002). A phylogenetic analysis was performed 

on the Cipres web portal using RAxML v8.2.10 HPC2-XSEDE with the automatic protein model 

assignment algorithm using maximum likelihood criterion and 1,000 bootstrap replicates (Miller et 

http://mobyle.pasteur.fr/
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al., 2010; Stamatakis, 2014). The LG + G protein model was selected as the best scoring model for 

maximum likelihood analysis. The resulting tree was midpoint rooted, visualized using MEGA7 

(Tamura et al., 2013) and edited in Corel-DRAW Home & Student x7. 

 

3.4. Cloning, functional expression and purification of recombinant UGTs 

The cDNA sequences were amplified from the maize (tetur05g09325, tetur01g05690 and 

tetur05g05050), tomato (tetur05g00060 and tetur22g00270) and cotton (tetur04g02350) lines as 

well as from the London (tetur22g00440) and the MAR-AB (tetur02g09850) strain (Supplementary 

Table 3). For cDNA preparation, total RNA of adult spider mites was extracted using RNeasy Plus 

Mini kit (Qiagen, Belgium) and reverse transcribed using Maxima first strand cDNA synthesis kit 

(Thermo Scientific, Belgium). One microliter of the prepared cDNAs was used as the PCR template 

using the blunt-end Phusion High-Fidelity DNA Polymerase (Thermo Scientific, Belgium) and 

specific primers (Supplementary Table 4). Conditions were 98 oC for 2 min, followed by 30 cycles 

of 98 oC for 15 sec, 60 oC for 30 sec, 72 oC for 30 sec. PCR product was purified using E.Z.N.A. Gel 

Extraction Kit (Omega Bio Tek, the Netherlands) and ligated into pET100/D-TOPO (Invitrogen Life 

Technologies, the Netherlands), which allows expression of recombinant protein with an N-terminal 

6x His tag, following manufacturer's instructions. TOP10 competent Escherichia coli cells were 

transformed with the ligation reaction and the resulted colonies were screened by colony PCR using 

the cloning primers (Supplementary Table 4) for the presence of the inserts. At least 5 positive 

colonies were further grown on liquid cultures and the corresponding plasmids were extracted using 

E.Z.N.A. Plasmid Mini Kit I (Omega Bio Tek, the Netherlands) and sent for sequencing (Macrogen, 

The Netherlands). A clone of the correct DNA sequence was selected for heterologous expression. 

Escherichia coli BL21(DE3) STAR competent cells transformed with UGT-pET100/D-TOPO 

construct were grown over-night and used for the 1 to 50 inoculation of 2 L LB medium containing 

100 mg/ml of ampicillin. The cultures were grown at 37 oC with shaking (170 rpm), until the 

absorbance at 595 nm reached 0.8-1. Then, the expression was induced by the addition of isopropyl 

β-D-thiogalactoside (IPTG) to a final concentration of 0.5 mM. The cultures were further grown at 

18 oC overnight and subsequently the cells were harvested by centrifugation at 5000 g for 30 min. 

Cell pellets were re-suspended in 25 ml of sodium phosphate buffer pH 7.4 (containing 20 mM 

sodium phosphate, 40 mM imidazole and 500 mM NaCl). Cells were lysed by 2 rounds of 

freezing/thawing followed by incubation with 10 mg/ml of lysozyme (Sigma Aldrich, the Netherlands) 

on ice for 30 min and sonication. Cell lysate was centrifuged at 10,000 g at 4 oC for 30 min and the 

supernatant was used for the purification of the recombinant enzymes. Supernatant was loaded in 

0.2 ml of pre-equilibrated Ni-NTA resin (Qiagen, Belgium) following manufacturer's instructions. 

Unbound proteins were washed with 30 ml (15 bed volumes) of 160 mM sodium phosphate buffer 

pH 7.4 and the recombinant enzyme was eluted using 500 mM imidazole in 160 mM sodium 

phosphate buffer pH 7.4. Protein eluates were applied to PD-10 desalting columns (GE Healthcare, 

the Netherlands) following manufacturer's protocol to remove imidazole, proteins were eluted with 

20 mM Tris-HCl, pH 7.4 and stored at -20 oC in 25 mM DDT and 40% glycerol. Protein concentration 

was measured by Bradford assay (Bradford, 1976). Purified protein was run on a 12% SDS-PAGE 
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gel and subsequently a Western blot was performed using anti-His-tag primary antibodies (Bio-Rad, 

Belgium) to verify the purity and potential proteolytic degradation of the recombinant protein. As 

negative controls for the downstream activity assays fractions, of non-induced constructs for 

tetur05g09325 and tetur01g05690 were purified following the procedure as described above except 

that IPTG was not added. 

 

3.5. Activity assays and determination of specificities for model substrates 

UGT activity was determined against the model substrates p-nitrophenol (Leszczynski and 

Dixon, 1990), 1-naphthol and 2- naphthol (Sigma-Aldrich, Belgium). All reactions were performed at 

25 °C in 0.1 M of sodium phosphate buffer pH 7.5 in the presence of 0.83 mM of UDP-glucose 

(Sigma-Aldrich, Belgium), 16.7 mM MgCl2 and 0.16 mM of the model substrate. The total reaction 

volume was 250 µl and the incubation time 20 min. Depletion of p-nitrophenol was detected 

spectrophotometrically at 400 nm, and depletion of 1- and 2-naphthol substrates was quantified 

after fast blue staining (55.6 mM Fast Blue RR crystalline, Sigma-Aldrich, Belgium) as the resulted 

azo-dyes were monitored at 570 nm. 

In addition to depletion, formation of reaction product was also monitored for 20 min to 

calculate the specific activity against each model substrate. The formation of the corresponding 

glucoside was detected spectrophotometrically at 295 nm for p-nitrophenol, while the conjugates of 

1-naphthol and 2-naphthol were quantified by fluorescence spectrophotometry, using 

excitation/emission wavelength of 287/335 nm and 283/341 nm respectively, with 1 nm slit widths. 

For all experiments, measurements were performed in three independent replicates in 96-well plates 

(Greiner Bio-One, Belgium) using a Bio-Tek Synergy H1 multimode microplate reader (Bio-Tek, 

Belgium). Reactions without recombinant enzyme were included as a negative control for non-

enzymatic glycosylation. 

 

3.6. Treatment with β-glucosidase 

To further ensure that model substrates were glycosylated by T. urticae UGTs, a treatment 

with β-glucosidase (Sigma-Aldrich, Belgium) was conducted after incubation of the model 

substrates p-nitrophenol and 1-naphthol with the UGTs tetur05g09325 and tetur01g05690, 

respectively. UGT reactions were performed as described above (Section 3.5) and upon incubation 

of 20 min, the reaction mixture was boiled for 2 min to inactivate the UGT enzymes. Subsequently, 

1 mg of β-glucosidase (Sigma-Aldrich, Belgium) was added and incubation was continued for 1 h. 

Negative control reaction mixtures without recombinant enzymes were included and measurements 

were performed in 9 replicates. Model substrate concentrations were measured 

spectrophotometrically (Section 2.5) before and after incubation with β-glucosidase. R and the R 

package ggplot2_2.2.1 were used to plot the results. 

3.7. UDP-sugar preference 

Ultra-pure UDP-glucose, UDP-glucuronic acid, UDP-galactose, UDP-N-

acetylgalactosamine (UDP-GlcNAc) and UDP-N-acetylglycosamine (UDP-galNAc) were purchased 
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from the Promega corporation and were tested as potential UDP-sugar substrates for all functionally 

expressed enzymes by using either p-nitrophenol or 1-naphthol depending on the model substrate 

preference of each enzyme (Table 1). Model substrate depletion was monitored 

spectrophotometrically after 20 min of incubation as described above (Section 3.5). Measurements 

were performed in three independent replicates. Results were plotted in R with the R package 

ggplot2_2.2.1. 

 

3.8. UGT incubation and UDP-glo glycosyltransferase assay 

Incubation of 50 µM substrate, 0.1µg enzyme, 400µM UDP-sugar, in a total reaction 

volume of 125 µl containing 0.1M sodium phosphate buffer (pH 7.5) and 16.7 mM MgCl2 at 25 °C 

for 1 hour was performed. Enzyme reactions were stopped by the addition of the UDP Detection 

Reagent of the UDP-GloTM glycosyltransferase assay (Promega, the Netherlands), and detection of 

free-UDP was performed as described below. Negative controls used for the calculations consisted 

of all reaction components except the substrates, all reaction components except the UDP-sugar 

and all reaction components except the enzyme. In addition, another incubation set-up was tested 

for two enzymes with a relatively lower activity (tetur04g02350 and tetur05g05050) similar to the 

former one, except for the amount of enzyme, which was elevated to 1 µg. 

The formation of free-UDP by the glycosyltransferase reaction was quantified by using the 

UDP-GloTM Glycosylotransferase assay (Promega, the Netherlands). This assay detects the UDP 

release by converting free-UDP to ATP which results in the generation of light in a luciferase 

reaction. Following the manufacturer’s protocol, each glycosyltransferase reaction was combined in 

a ratio of 1:1 (25 μL:25 μL) with the UDP-GloTM Detection Reagent (three technical replicates) in 

independent wells of a white, flat bottom 96-(chimney)-well lumitrac medium binding assay plate 

(Greiner, Belgium) and was allowed to incubate at room temperature for 1 hour. Subsequently, 

luminescence was measured in Relative Luminescence Units (RLU) with a Bio-Tek Synergy H1 

multimode microplate reader (Bio-Tek, Belgium) in triplicates. For absolute quantification, a UDP 

standard curve was determined (0-25µM UDP) and plotted with SigmaPlot 12.0 software (Figure 

S1). The range of measurements was determined to be in the linear range of detection. 

 

3.9. Substrate screening 

The following potential substrates were tested in the substrate screening experiment with 

UDP-glucose as activated donor; 7-hydroxyflavone, abamectin, acequinocyl, atropine, azadirachtin, 

bifenazate, bifenthrin, caffeic acid, caffeine, capsaicin, catechol, chlorfenapyr, chlorogenic acid, 

chrysin, clofentezine, coumestrol, cyenopyrafen, cyflumetofen, DIMBOA, dopamine, eriodictyol, 

fenpyroximate, gossypol, hesperetin, hexythiazox, jasmonic acid, kaempferol, L-3,4-

dihydroxyphenylalanine, l-canavanine, MBOA, methanol, naringenin, nicotinic acid, profenofos, 

pyflubumide, pyridaben, quercetin, rutin hydrate, salicylic acid, scopoletin, spirodiclofen and vanillin 

(Supplementary Table 5). All substrates were dissolved in methanol and glycosylation was 

quantified by using the UDP-GloTM Glycosylotransferase assay (Promega, the Netherlands) as 
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described above. Plots were created in R (R Developement Core Team, 2015) using R package 

ggplot2_2.2.1. 

 

3.10. Image processing 

CorelDRAW Home & Student ×7 was used for processing of images. 

3.11. Kinetic studies of specific enzymes-substrate combinations (9) and UDP-sugar 

preference 

Based on the substrate screening (indirect measurement of glycosylation by quantification 

of released free-UDP), steady-state kinetic parameters were determined for the UDP-glucose 

conjugation reaction of nine enzyme-acceptor combinations: tetur02g09850 – (capsaicin, 

kaempferol, abamectin), tetur22g00270 – (capsaicin, kaempferol), tetur22g00440 – (kaempferol), 

tetur04g02350 – (DIMBOA, kaempferol) and tetur05g0060 – (abamectin). Initial velocities were 

determined by using a constant concentration of UDP-glucose (400 µM) while acceptors were used 

in the concentration range of 0-400 µΜ, using UDP-Glo assay protocol and the reaction set-up 

described above. The Michaelis-Menten or Hill equation was fitted to the obtained data to define Km 

and Vmax parameters using OriginLab (OriginLab Corporation, USA) (see Table 2 for the type of 

equation that was fitted). Subsequently, ultra-pure UDP-glucose, UDP-glucuronic acid, UDP-

galactose, UDP-N-acetylgalactosamine and UDP-N-acetylglycosamine (Promega, the Netherlands) 

were tested as sugar donor using acceptor substrates in a final concentration of 200 μΜ. A Wilcoxon 

rank sum test (pairwise comparison – p < 0.05) was performed in R using the R package pgirmess 

(version 1.6.9) and the data was plotted using the R package gplots_3.0.1 (Giraudoux et al., 2018; 

Warnes et al., 2009). 

  

Figure 1 - Expression heatmap of a selection of T.urticae UGTs. Expression heatmap of the recombinant UGTs 
in adult (or deutonymph*) T. urticae females adapted to tomato and lima bean (≥ 30 generations), long-term 
acclimatized to soy, cotton and maize (≥ 5 generations) and resistant against acaricides (Supplementary Table 
1). The log2 transformed fold changes are relative to adult T. urticae females of the susceptible London strain 
or susceptible deutonymph T. urticae females of the LS-VL strain. 
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Table 1 - Specific activities of the recombinant enzymes for the model substrates. Enzyme characteristics were 

measured at 25°C and calculated as ΔOD/min/mg for the model substrate p-nitrophenol and ΔRFU/min/mg for 

the model substrates 1-naphthol and 2-naphthol. 

enzyme p- nitrophenol 
(ΔOD/min/mg) 

1-naphthol 
((ΔRFU/min/mg)*105) 

2-naphthol 
((ΔRFU/min/mg)*105) 

tetur05g09325 18.92 ± 4.40 4 ± 0.12 0.15 ± 0.02 

tetur01g05690 9.48 ± 1.23 350 ± 70 27 ± 2.00 

tetur02g09850 8.30 ± 0.99 100 ± 10 20 ± 6.45 

tetur05g05050 0.01 ± 0.00 n.d. 0.005 ± 0.001 

tetur04g02350 0.02 ± 0.00 0.40 ± 0.05 0.02 ± 0.01 

tetur22g00270 5.78 ± 0.88 120 ± 17 21 ± 8.00 

tetur22g00440 1.25 ± 0.42 5 ± 0.47 0.64 ± 0.08 

tetur05g00060 0.04 ± 0.01 0.02 ± 0.001 0.04 ± 0.008 

 

4. Results 
4.1. Selection of glycosyltransferases 

T. urticae UGTs were selected based on their expression profile in acaricide resistant 

strains or in mite lines acclimatized or adapted to a challenging host (Figure 1, Figure S2, 

Supplementary Table 6). Next to gene expression data, a phylogenetic analysis was used to select 

UGT genes that belonged to diverse UGT clades/subfamilies, including those of lineage-specific 

subfamilies (Figure 2). Tetur05g00060 and tetur22g00270 were selected based on their high 

expression in the T. urticae line adapted to tomato. Tetur01g05690, tetur05g05050 and 

tetur05g09325 were highly expressed in a mite population acclimatized to maize. Tetur04g02350 

was highly expressed in a cotton acclimatized population. Finally, tetur02g09850 and tetur22g00440 

were chosen because of their high expression in acaricide resistant strains MAR-AB, JP-R and MR-

VP, and TU008R, respectively. 

 

4.2. Cloning, heterologous expression and purification of T. urticae UGTs 

Coding sequences of selected UGTs were successfully cloned into the pET100/D-TOPO 

expression vector and inspection of cloned sequences did not reveal any sequencing errors. IPTG 

induction of expression resulted in good levels of protein production. Although the majority of the 

expressed protein was found in the insoluble fraction, the remaining yield in the soluble fraction was 

sufficient to allow efficient metal affinity purification of recombinant enzymes. The overall amount of 

recombinant UGTs ranged from 4-10 mg derived from 2 L bacterial cultures. All UGTs were 

successfully purified close to homogeneity, as verified by obtaining a main band of the expected 

size after both SDS-PAGE as well as a Western-blot with anti-His-tag primary antibodies (Figure 

S3, panel A and B). 
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4.3. Kinetic properties of recombinant T. urticae UGTs 

The recombinant UGTs were assayed towards the model substrates p-nitrophenol, 1-

naphthol and 2-naphthol to investigate whether they exhibited UDP glycosyltransferase activity 

(Table 1). All recombinant UGTs were capable of conjugating at least one of the model substrates. 

Nevertheless, for all model substrates tested, tetur05g05050, tetur05g00060 and tetur04g02350 

showed low activity compared to the other recombinant UGTs. As a negative control, incubation 

was also performed with a recombinant glutathione S-transferase, GSTd05. Model substrates were 

Figure 2 - Phylogenetic analysis of UGTs. Maximum likelihood phylogenetic analysis of the UGTs of P. citri, 
P. ulmi, T. evansi and T. urticae. UGT families (UGT201-UGT207) are labelled in the phylogenetic tree. 
Functionally expressed enzymes are highlighted in green. Only bootstrap values higher than or equal to 65 are 
shown. The scale bar represents 0.2 amino acid substitutions per site. Information and accession numbers of 
the used UGT sequences can be found in Supplementary Table 2. The original figure, including all gene names, 
can be found in Snoeck et al., 2019. 
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not glycosylated by the recombinant GSTd05 (Fig S4, panel A and B), strongly indicating that the 

above measured activities are the result of recombinant T. urticae UGT enzymes and not from E. 

coli background proteins. Elutions from non-induced constructs of tetur01g05690 and 

tetur05g09325 were also included as a control and resulted in a relatively low glycosylation of the 

model substrates compared to the induced constructs. A sign of leakage in expression which 

increased when the elution volume was increased from 12.5 to 25 µl (Figure S4, panel A and B). 

Finally, as beta-glucosidase is known to remove the glucose group of a glycosylated model 

substrate, we added this enzyme after incubation of model substrates with tetur01g05690 and 

tetur05g09325. The amount of non-glycosylated model substrate increased after incubation with 

beta-glucosidase in comparison to the amount of non-glycosylated model substrate before 

incubation with beta-glucosidase (Figure S4, panel C). 

 

4.4. Sugar selectivity of the recombinant UGTs 

The model substrates p-nitrophenol and 1-naphthol were used to determine the sugar 

selectivity of the functionally expressed UGTs, depending on the acceptor preference of each 

enzyme (Table 1). Most enzymes were able to use multiple UDP-sugars as activated donor although 

five out of eight enzymes clearly preferred UDP-glucose (Figure 3). For those UGTs that showed 

the lowest activity against any of the model substrates, tetur04g02350, tetur05g05050 and 

tetur05g00060, the preferred UDP-sugar could not be clearly determined. Interestingly, 

tetur22g0440 could only use UDP-glucose as an activated donor molecule. Based on the sugar 

selectivity experiment, UDP-glucose was chosen as UDP-sugar for the subsequent experiments 

(Section 3.5 and 3.6). 

Figure 3 - Sugar-preference for model substrates. Model substrate depletion after incubation with the respective 
recombinant T. urticae UGT enzyme and the activated donors (UDP-galactose, UDP-GalNAc, UDP-GlcNAc, 
UDP-glucose and UDP-glucuronic acid). The model substrate p-nitrophenol or 1-naphthol was used depending 
on the model substrate preference of the enzyme (Table 1). Error bars represent the standard deviation of the 
calculated mean of three to four independent replicates. Statistical differences were analyzed using the 
Wilcoxon rank sum test (pairwise comparison), and are indicated as different letters (p <0.05). Two enzymes 
were marked with an asterisk (*) since they only had three replicates, which was insufficient to detect statistical 
differences. 
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4.5. Substrate/acceptor specificity 

The substrate promiscuity of selected T. urticae UGT enzymes was evaluated towards a 

diverse set of 44 substrates (3 model substrates, 27 plant secondary metabolites and 14 acaricides) 

using the UDP-GloTM glycosyltransferase assay (Promega, the Netherlands) as a quick qualitative 

screening method. Methanol was used as a substrate solvent for all assays.  

Assays with tetur05g09325 caused very high (RLU) background values in the negative 

control (solvent without substrate), and this issue could not be overcome by using a different solvent 

(aceton, acetonitrile, DMSO or ethanol). Hence, this recombinant T. urticae UGT was excluded from 

the substrate screening. 

Figure 4 - Substrate screening assay. Endpoint measurement of the release of free-UDP (µM) after incubation 
of the respective recombinant T. urticae UGT enzyme (0.1µg) with 44 substrates (3 model substrates, 27 plant 
secondary metabolites and 14 acaricides) and UDP-glucose (Table S6). Release of free-UDP is directly linked 
with the activity of glycosyltransferases. 
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Table 2 - Steady-state kinetics. Steady-state kinetic parameters of recombinant T. urticae UGT enzymes for the 
conjugation of UDP-glucose to selected substrates. Results were determined by varying the concentration of 
substrates (1.5-200 μM) at fixed concentration of UDP-glucose (400 μM). All values are means ± SD of three 
independent experiments. 

Some common features emerged regarding substrate specificity of the recombinant UGTs, 

at least for the parameters of the set-up of this high-throughput screening (Figure 4, Supplementary 

Table 7). (1) Three UGTs (tetur02g09850, tetur22g00270 and tetur22g00440) could glycosylate 

multiple substrates of the flavonoid class of secondary plant metabolites. The flavonoids included 

in our screening were: 7-hydroxyflavone, chrysin, coumestrol, eriodictyol, hesperitin, kaempferol, 

naringenin, quercetin and rutin hydrate. (2) The latter three UGTs and tetur02g09850 in particular 

also glycosylated a broad spectrum of acaricides. (3) In contrast with the broad spectra of the earlier 

mentioned UGTs, the other recombinant UGT enzymes had a narrower substrate spectrum. 

Tetur05g00060 glycosylated three substrates (capsaicin, abamectin and cyenopyrafen) while 

tetur04g02350 and tetur05g05050 showed no activity towards any of the substrates. 

Specific enzyme-substrate combinations of potential interest included: (1) tetur01g05690 

and the substrate vanillin, which resulted in the highest amount of released free-UDP 

(~glycosylation) of all combinations tested (2) next to flavonoids, tetur02g09850 and tetur22g00270 

also glycosylated capsaicin (3) the plant secondary metabolite DIMBOA was not glycosylated by 

any of the recombinant enzymes at the default parameters of our screening assay. However, upon 

augmentation of the enzyme amount from 0.1 µg to 1 µg for two enzymes with a relatively lower 

activity (Table 1), both DIMBOA and kaempferol were glycosylated by tetur04g02350 (Figure S5). 

 

4.6. Enzymatical characterization of the recombinant UGTs 

Based on the results of the high-throughput screening, a subset of enzyme-acceptor 

combinations was further enzymatically characterized by determination of the steady-state kinetic 

parameters and presented in Table 2. Tetur02g09850 and abamectin had the highest affinity (Km) 

of all enzyme-substrate combinations tested (Km 1.83 ± 0.06 µM). Additionally, tetur02g09850 had 

enzyme substrate equation kinetic parameters 

   Km 
(µM) 

Vmax 
(nmol UDP 
min-1 ml-1) 

kcat 
(min-1) 

kcat/ Km 
(µM-1 min-1) 

tetur02g09850 capsaicin Michaelis-Menten 6.20  
± 0.54 

0.22 
± 0.008 

14.90 2.40 

 kaempferol Michaelis-Menten 34.45 
± 6.17 

0.44  
± 0.02 

29.81 0.86 

  abamectin Hills (n= 2.97 ± 0.29) 1.83  
± 0.06 

1.83  
± 0.05 

12.40 6.77 

tetur22g00270 capsaicin Michaelis-Menten 690.53 
± 180.77 

0.90  
± 0.18 

59.62 0.08 

  kaempferol Michaelis-Menten 31.69 
± 7.18 

0.33  
± 0.02 

21.86 0.68 

tetur22g00440 kaempferol Hills (n= 2.12 ± 0.23) 14.95  
± 2.36 

0.33  
± 0.04 

21.98 1.47 

tetur04g02350 DIMBOA Hills (n= 1.59 ± 0.08) 128.46 
± 18.28 

0.13  
± 0.01 

0.85 0.006 

 kaempferol Hills (n= 2.15 ± 0.11) 48.55  
± 1.38 

0.26  
± 0.005 

1.71 0.03 

tetur05g00060 abamectin Hills (n= 2.20 ± 0.07) 7.91  
± 0.13 

0.96  
± 0.009 

63.84 0.87 
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a high affinity for capsaicin (Km 6.20 ± 0.54 µM). Abamectin and tetur05g00060 also resulted in a 

relatively good Km and the highest turnover number (kcat) observed of all enzyme-substrate 

combinations (Km 7.91 ± 0.13 µM and kcat 63.84 min
-1

). Tetur22g00440 had the highest affinity of all 

four enzymes that were characterized with kaempferol (Km 14.95 ± 2.36 µM). Finally, tetur04g02350 

had a rather low affinity for DIMBOA (128.46 ± 18.28 µM). 

Additionally, sugar selectivity of the recombinant UGTs was re-determined with the 

substrates from the selected subset of enzyme-acceptor combinations, instead of with the preferred 

model substrates as in Section 4.4. Out of the UDP-sugars tested (UDP-glucose, UDP-glucuronic 

acid, UDP-galactose, UDP-galNAc and UDP-GlcNAc), UDP-glucose was the preferred activated 

sugar donor for all enzyme-substrate combinations (Figure S6).  

5. Discussion 

In arthropods, cytochrome P450 monooxygenases (P450s), glutathione-S-transferases 

(GSTs) and carboxyl/cholinesterases (CCEs) are well-known players in the detoxification process 

of noxious compounds (Bajda et al., 2017; Després et al., 2007; Feyereisen et al., 2015; Li et al., 

2007; Pavlidi et al., 2018). UGTs, like GSTs, act in phase II of the detoxification process and catalyze 

the glycosylation of compounds, making them more water soluble and resulting in more rapid 

excretion. However, in contrast to human UGTs, the role of arthropod UGTs in detoxification has 

been overlooked for many years. Recently, a number of UGT genes were found to be 

overexpressed in insecticide resistant and host plant acclimatized/adapted populations (Faucon et 

al., 2015; Kaplanoglu et al., 2017; Li et al., 2018; Tian et al., 2018; Zhang et al., 2017, Chapter 4) 

and the role of UGTs in detoxification of pesticides was investigated using inhibitors such as 

sulfinpyrazone and 5-nitrouracil (Li et al., 2017; Pan et al., 2018; Tian et al., 2018; M. Y. Wang et 

al., 2018). In addition, glycosylated plant toxins were detected in either feces or after incubation with 

homogenates of arthropods as UGT enzyme source (Ahn et al., 2011; Kojima et al., 2010; Krempl 

et al., 2016; Maag et al., 2014; Sasai et al., 2009; Wouters et al., 2014) and in some cases specific 

insect UGTs could be linked with detoxification of toxic compounds (Highfill et al., 2017; Krempl et 

al., 2016; Li et al., 2017). In the genome of the spider mite T. urticae, 80 UGT genes were identified. 

Although their pattern of diversification as well as the observed plasticity of gene expression strongly 

suggests an important role in detoxification (Ahn et al., 2014, Chapter 4), specific associations 

between T. urticae UGTs and the glycosylation of a certain compound are scarce. At present only 

one UGT (UGT201D3, corresponding to tetur04g02350) from the red morph of T. urticae has been 

partially characterized and was shown to be inhibited by the acaricide abamectin (M. Y. Wang et 

al., 2018). In this study, we functionally expressed and characterized eight UGT genes that were 

highly expressed in T. urticae populations acclimatized/adapted to host plants or resistant to 

acaricides and that belonged to diverse UGT subfamilies, including lineage-specific UGT 

expansions (Figure 2). In contrast to both insect and vertebrate UGTs, which are anchored in the 

endoplasmic reticulum, T. urticae UGTs are, like bacterial UGTs, cytosolic enzymes (Ahn et al., 

2014). Hence, T. urticae UGTs could be readily functionally expressed in E. coli and all showed 

catalytic activity against at least one of the tested model substrates (p-nitrophenol, 1-naphthol and 
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2-naphthol, Table 1). Nevertheless, this does not rule out that eukaryotic expression systems (such 

as insect cells) could generate proteins with different properties. Except for tetur22g00440, 

recombinant T. urticae UGT enzymes were able to use multiple UDP-sugars for glycosylation. 

Interestingly, all recombinant T. urticae UGTs could use UDP-glucose, with five out of eight enzymes 

having a distinct preference for UDP-glucose (Figure 3). Hence, UDP-glucose was used as 

activated donor for all further glycosylation experiments. Biochemical studies in insects have shown 

that insect UGT enzymes also typically use UDP-glucose as the main activated donor for 

glycosylation (Ahn et al., 2012). Likewise, plant UGTs typically use UDP-glucose next to other 

donors such as UDP-rhamnose, UDP-arabinose, UDP-galactose, UDP-xylose, and UDP-glucuronic 

acid (Bowles et al., 2006; Kim et al., 2013). In contrast, vertebrate UGTs mainly utilize UDP-

glucuronic acid (Bock, 2003). 

A high-throughput substrate screening was performed to examine the substrate breadth of 

T. urticae UGTs by testing a diverse array of 44 substrates, comprising both plant metabolites and 

acaricides. To our knowledge, solely Luque et al., 2002 performed a similar experiment for a 

Bombyx mori UGT. While in the latter study, the amount of conjugated radio-labelled sugar was 

quantified after thin layer chromatography (TLC), we measured the release of free-UDP upon 

glycosylation spectrophotometrically, making a high-throughput set-up more feasible. In our 

substrate screening assay, detected free-UDP values ranged from 0.1 to 40 µM. In several cases, 

none or a very low level of free-UDP was detected. However, this does not necessarily imply that 

glycosylation is absent or very low as evidenced by enzyme activity measurements with model 

substrates. For example, tetur01g05690, tetur02g09850 and tetur22g00270 showed low enzyme 

activity towards the model substrate p-nitrophenol (Table 1), but only for one of these UGTs 

(tetur22g00270) free-UDP was detected in the substrate screening assay (Supplementary Table 7). 

Likewise, only for those UGTs that had a relatively high specific activity for the model substrates 1-

naphthol and 2-naphthol, free-UDP was detected in the screening assay, suggesting that our 

screening assay is rather conservative. The low amount of conjugation in the high-throughput 

screening could be a consequence of substrate inhibition when acceptor concentrations are higher 

than optimal (Chaplin and Bucke, 1990), or UDP-glucose might not be the preferred activated donor 

for a specific UGT-acceptor combination (Figure 3). In general, the parameters of our UGT 

screening assay were not optimal for all enzyme-substrate combinations included in the screening. 

However, this cannot be expected since we tested 44 different potential acceptors against seven 

recombinant enzymes. Hence, the magnitude of released UDP (µM) should not be interpreted/used 

as an absolute predictor of affinities for enzyme-substrate combinations. Although tetur02g09850 

was able to glycosylate capsaicin > kaempferol > abamectin in the screening assay, 20.1µM, 16.5 

µM and 6.7µM (out of 50µM) respectively, enzyme characterization showed that tetur02g09850 had 

the highest affinity for abamectin (Table 2). Nevertheless, all acceptor-enzyme combinations that 

were selected based on the screening assay for detailed kinetic studies showed affinities in the 

micromolar range. Hence, the substrate screening assay showed its value as a high-throughput 

method to test potential substrates for glycosylation. 
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Flavonoids are one of the major classes of plant secondary metabolites and are widely 

distributed in the plant kingdom. Most of them are present in the form of a glycoside under natural 

conditions (Bohm, 1998) and the majority of functions of flavonoids result from their strong anti-

oxidative properties. They participate in plant protection against both biotic (herbivores and 

pathogens) and abiotic (UV, radiation and heat) stress (Dakora and Phillips, 1996; Mierziak et al., 

2014). Furthermore, they are able to influence the behavior, growth and development of insects 

(Falcone Ferreyra et al., 2012; Mierziak et al., 2014; War et al., 2012). Nine flavonoids (7-

hydroxyflavone, chrysin, coumestrol, eriodictyol, hesperitin, kaempferol, naringenin, quercetin and 

rutin hydrate) were included in our screening assay and all were glycosylated by at least one of the 

following recombinant T. urticae UGTs (tetur02g09850, tetur22g00270 and tetur22g00440) (Figure 

4). In arthropods, two B. mori UGTs were shown to glycosylate quercetin and/or naringenin (Daimon 

et al., 2010; Luque et al., 2002), but broad flavonoid substrate spectra like for T. urticae UGTs were 

not reported before. Nevertheless, such spectra have previously been described for certain plant, 

microbial and human UGTs too (Hyung Ko et al., 2006; Jones et al., 2003; Kim et al., 2007; Modolo 

et al., 2007; Su et al., 2017; Xie et al., 2007). Kaempferol was selected for further detailed kinetic 

analysis since it is omnipresent in plants and fruits (Robards and Antolovich, 1997) and because 

this flavonoid was glycosylated by the afore mentioned UGT enzymes. From the characterized 

enzymes, tetur22g00440 had the highest affinity and catalytic efficiency for kaempferol (Table 2). 

Tetur22g00440 was also able to glycosylate chlorogenic acid, which contributes to the 

physiological defenses of maize. Other major players in the plant defense of maize are protein 

inhibitors, the flavonoid maysin and benzoxazinoids (BXs) (Meihls et al., 2012). BXs are synthesized 

constitutively and stored as an inactive form (BX-glucosides) in the plant cell. Upon tissue disruption, 

unstable aglycone BXs are released which are highly reactive and toxic to a wide range of arthropod 

herbivores including T. urticae (Bui et al., 2018; Morant et al., 2008; Niemeyer, 2009; Wouters et 

al., 2016). DIMBOA is the more prevalent BX in maize (Niemeyer, 2009), and a relatively slow, 

perhaps non-enzymatic breakdown of DIMBOA results in the formation of MBOA, another toxic BX 

(Grambow et al., 1986). Glycosylation of DIMBOA has been detected for Mythimna separata, 

Spodoptera exigua, S. littoralis and S. frugiperda (Glauser et al., 2011; Sasai et al., 2009; Wouters 

et al., 2014) and glycosylation of MBOA for S. littoralis and S. frugiperda (Maag et al., 2014). 

Although six of the recombinant UGT enzymes were upregulated in T. urticae upon long-term 

acclimation to maize (Figure 1), none of them glycosylated DIMBOA or MBOA at the default 

parameters of the screening. Since two of our enzymes had shown lower activity against the model 

substrates (Table 1), all substrates were additionally screened after incubation with a ten-times 

higher amount of both enzymes. This resulted in glycosylation of DIMBOA by tetur04g02350, but 

both the affinity and turnover rate were rather low (Table 2). Additionally, tetur04g02350 was only 

marginally upregulated after long-term acclimation to maize (log2FC 1.33). Hence, no strong 

conclusions can be made considering the involvement of tetur04g02350 in hostplant acclimation to 

maize. 

The plant secondary metabolite capsaicin was glycosylated upon incubation with four 

recombinant UGTs: tetur01g05690, tetur05g00060, tetur02g09850 and tetur22g00270 
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(Supplementary Table 7). Capsaicin (capsaicinoids) is found solely in hot peppers (Capsicum spp.) 

and is known to deter oviposition (Cowles et al., 1989), inhibit feeding (Hori et al., 2011) and delay 

larval growth (Weissenberg et al., 1986) in insects. Glycosylation has been linked with the 

detoxification of capsaicin by the Lepidopteran species Helicoverpa armigera, H. zea and H. assulta, 

resulting in capsaicin glucoside, a more water-soluble compound than its aglycone and 

subsequently easier to excrete (Ahn et al., 2011). The enzyme characteristics of tetur02g09850 and 

tetur22g00270 in combination with capsaicin were determined since they resulted in a higher 

amount of glycosylation in the substrate screening assay. In contrast to tetur22g00270, 

tetur02g09850 had a strong affinity for capsaicin (Table 2) and although this might suggest a 

functional role in adaption, a more dedicated study is needed to draw any further conclusions.  

The highest amount of glycosylation detected in the substrate screening assay resulted 

from the incubation of tetur01g05690 with vanillin (Figure 4). Tetur02g09850 and tetur22g00270 

were able to glycosylate vanillin too but at a lower rate under the default parameters of the screening 

assay. Vanillin is one of the most widely used flavors and aromas worldwide. Since multiple UGTs 

from different plants possess a high in vitro catalytic activity towards vanillin (Hansen et al., 2009; 

Jones, 1998; Jones et al., 1999; Song et al., 2016), vanillin has been suggested to be an ubiquitous 

metabolite that is easily converted by a number of plant UGTs (Song et al., 2016). This statement 

seems not to be constrained to the plant kingdom as nine human UGTs were able to glucuronidate 

vanillin (Yu et al., 2013) and in arthropods, a recombinant UGT of Bombyx mori was able to 

glycosylate vanillin (Luque et al., 2002). However, in the scope of this study, detoxification of toxic 

compounds by T. urticae UGTs, we decided to not analyze the latter enzyme-substrate combination 

in depth. 

Tetur04g02350 was the highest upregulated UGT after long-term host plant acclimation on 

cotton (Figure S2), and the most highly overexpressed UGT of all comparisons made in this study 

(Figure 1). The major defense compound of cotton is the toxic sesquiterpene dimer, gossypol 

(Dodou, 2005), which was metabolized by UGTs via glycosylation in Helicoverpa armigera and 

Heliothis virescens (Krempl et al., 2016). However, gossypol was not glycosylated by tetur04g02350 

or any of the other recombinant T. urticae UGTs in this study.  

Next to plant secondary metabolites, we also tested whether our set of recombinant T. 

urticae UGTs could glycosylate a selection of pesticides. The acetylcholinesterase inhibitor 

profenofos was glycosylated by tetur01g05690, tetur02g09850 and tetur22g0270. Profenofos is just 

like pyraclofos an organophosphate (Mode of Action (MoA) 1b, (IRAC, 2017)), and previously it was 

shown that glycosylation plays a role in pyraclofos resistance in Musca domestica (Lee et al., 2006). 

Besides profenofos, tetur02g09850 glycosylated abamectin, bifenazate, cyflumetofen, pyflubumide 

and pyridaben. In contrast, tetur05g00060 only glycosylated abamectin. The chloride channel 

activator abamectin (MoA 6 (IRAC, 2017)), has been and is still widely used to control T. urticae 

and other phytophagous mite species and field resistance has been reported (Brown et al., 2017; 

Ferreira et al., 2015; Ilias et al., 2017; Memarizadeh et al., 2013; Riga et al., 2014). Glutamate-gated 

chloride channel target-site mutations have been associated with abamectin resistance in T. urticae 

(Dermauw et al., 2012; Kwon et al., 2010d; F. Liu et al., 2014; Mermans et al., 2017; Wolstenholme 
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and Rogers, 2005) as well as metabolic resistance by a P450 mono-oxygenase (CYP392A16), 

capable of metabolizing abamectin (Riga et al., 2014). Most recently, UGT201D3 (corresponding to 

T. urticae tetur04g02350, UGT 201 family) was specifically linked to abamectin resistance (M. Y. 

Wang et al., 2018). In the latter study, the inhibition of 1-naphthol glycosylation was inhibited by 

abamectin (Ki = 9.9 ± 6.2 µmol/l), but the glycosylated product was not detected. Here, we performed 

detailed kinetic analysis for tetur02g09850 and tetur05g00060 with abamectin and both recombinant 

enzymes were able to glycosylate the acaricide. Tetur02g09850 had the highest affinity and 

tetur05g00060 the highest turnover number. Tetur02g09850 was also overexpressed (log2FC 2.20) 

in the abamectin resistant strain MAR-AB (Dermauw et al., 2013b) (Figure1). Noteworthy, 

tetur02g09850 and tetur05g00060 both cluster in the UGT204 family, in contrast to UGT201D3 of 

Wang et al. 2018 (UGT 201 family, Figure 2). In conclusion, these results suggest a potential 

contribution of glycosylation to abamectin resistance in T. urticae.  

6. Conclusion 

Eight T. urticae UGTs were functionally expressed and all could use UDP-glucose as 

activated donor for the glycosylation of model substrates. A high-throughput substrate screening 

comprising both toxic plant metabolites and pesticides led to the selection of nine enzyme-substrate 

combinations which were further enzymatically characterized. Strong affinities of the recombinant 

enzymes with both plant secondary metabolites as wells as an acaricide corroborate the potential 

role of T. urticae UGTs in detoxification. 
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Figure S1 Standard curve glycosyltransferase assay. Free-UDP standard curve, Relative Luminescence 

Units (RLU) in function of free-UDP (range of 0-25µM). Values represent the mean of five replicates ± SD. The 

regression line (R² 0.9844) was added to the plot as well as the 99% confidence interval.  

Figure S2 Expression heatmap of a selection of T. urticae UGTs. Expression heatmap of all completely 

annotated T. urticae UGTs in adult (or deutonymph*) T. urticae females adapted to tomato and lima bean (≥ 30 

https://www.sciencedirect.com/science/article/pii/S0965174819300219?via%3Dihub#gs1
https://www.sciencedirect.com/science/article/pii/S0965174819300219?via%3Dihub#gs1
https://www.sciencedirect.com/science/article/pii/S0965174819300219?via%3Dihub#gs2
https://www.sciencedirect.com/science/article/pii/S0965174819300219?via%3Dihub#gs2
https://doi.org/10.1016/j.ibmb.2019.04.010
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generations), long-term acclimatized to soy, cotton and maize (≥ 5 generations) and resistant against certain 

acaricides (Supplementary Table 1). The log2 transformed fold changes are relative to adult T. urticae females 

of the susceptible London strain or the susceptible deutonymph T. urticae females of the LS-VL strain. NA values 

were colored in grey, functionally expressed UGT enzymes were underlined. (next page) 

Figure S3 SDS-PAGE and western blot of the purified fractions of the recombinantly expressed T. urticae 

UGTs. Panel (A) contains SDS-PAGE result, Western blot is shown in panel (B). Lane 1: molecular weight 

marker (Precision Plus ProteinTM All Blue Prestained Protein Standard, Bio-Rad, Belgium). Lane 2-9: purified 

His-tagged T. urticae recombinant UGTs. Lane 10: molecular weight marker (Precision Plus ProteinTM Unstained 

Protein Standards, Strep-tagged recombinant, Bio-Rad, Belgium). 10 µg protein diluted in PBS was loaded for 

each recombinant enzyme. 
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Figure S4 Validation UGT activity. (A) 1-naphthol (OD 570 nm) spectrophotometrical measurement after 

incubation with the elution’s (left 12.5 µl, right 25µl) of the (not-) induced constructs of tetur01g05690, elution’s 

of the construct GSTd05 (E. coli enzyme activity, control), and elution buffer (no enzyme construct/E. coli, 

control). (B) p-nitrophenol (OD 400 nm) spectrophotometrical measurement after incubation with the elution’s 

(left 12.5 µl, right 25µl) of the (not-) induced constructs of tetur05g09325, elution’s of the construct GSTd05 used 

as control, and control elution’s (no enzyme construct). (C) Model substrate was measured 

spectrophotometrically after incubation with the respective recombinant T. urticae UGT enzyme and was 

subtracted with the substrate measurement after an additional incubation step with beta-glucosidase after 

incubation with the UGT enzyme. P-nitrophenol or 1-naphthol was used depending on the model substrate 

preference of the enzyme (Table 1). Values represent the mean of nine replicates ± SD. 
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Figure S5 Enzyme-substrate screening assay. Endpoint measurement of the release of free-UDP (µM) after 

incubation of the recombinant T. urticae UGT enzyme tetur04g02350 (1µg) with 44 substrates (3 model 

substrates, 27 plant secondary metabolites and 14 acaricides) and UDP-glucose. Release of free-UDP is directly 

linked with the activity of glycosyltransferases. 
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Figure S6 Sugar-preference for specific substrates. Endpoint measurement of the release of free-UDP (µM) 

after incubation with different activated donors (UDP-galactose, UDP-GalNAc, UDP-GlcNAc, UDP-glucose and 

UDP-glucuronic acid) and all enzyme-substrate combinations selected for steady-state kinetic analysis. Release 

of free-UDP is directly linked with the activity of glycosyltransferases. 

Supplementary Table 1 Detailed information of the strains used for the transcriptomic analysis of T. urticae 

UGTs (Figure 1 and Figure S2) 

Supplementary Table 2 Sequence information and accession numbers of UGTs used in the phylogenetic 

analysis (Figure 2) 

Supplementary Table 3 Nucleotide sequences of the recombinant T. urticae UGT genes used in this study 

Supplementary Table 4 Primers used in this study 

Supplementary Table 5 Compounds used in this study 

Supplementary Table 6 Gene expression differences between the different T. urticae populations/strains and 

the London or LS-VL strain 

Supplementary Table 7 Endpoint measurement of the release of free-UDP (µM) after incubation of the 

respective recombinant T. urticae UGT enzyme with 41 different substrates (27 plant secondary metabolites and 

14 acaricides) and UDP-glucose. Release of free-UDP is directly linked with the activity of glycosyltransferases. 

Values represent the mean of three replicates ± SD. 
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1. Abstract 

During my PhD work, I used a variety of approaches to study the molecular and genetic 

mechanisms underlying resistance and acclimation to xenobiotic compounds, in the spider mite T. 

urticae. These approaches included QTL mapping, gene expression profiling, and enzyme 

characterization. 

BSAs in T. urticae helped elucidating the target-site of the mite growth inhibitors 

(clofentezine, hexythiazox and etoxazole) affecting chitin synthase 1 (CHS1) (Demaeght et al., 

2014; Van Leeuwen et al., 2012). Moreover, a BSA that aimed to reveal resistance mechanisms 

contributing to spirodiclofen (acetyl-CoA carboxylase inhibitor) resistance resulted in a QTL-peak 

containing the target-site CoA carboxylase among two other QTL-peaks (Wybouw et al., 2019). 

Most recently (Chapter 3), a BSA that aimed to reveal resistance mechanisms for three different 

METI-I pesticides validated the importance of an earlier discovered target-site mutation in the PSST 

subunit of complex I (H92R). Hence, QTL-mapping by BSA has shown its potential to reveal MoA 

of pesticides and could be used as a strategy to reveal unknown MoA of other compounds. 

Knowledge of the MoA is of utmost importance in the light of pesticide cross-resistance and multiple 

resistance. Since our ability to manage xenobiotic resistance, i.e. to prevent the further spread of 

resistance, relies on the ‘alteration’ of classes of compounds with different mode of actions. Such a 

strategy assumes that resistance to compound A will decline during the subsequent use of 

compound B. Additionally, in the light of our results in Chapter 2, bioassays and molecular 

diagnostics could be used to monitor the H92R target-site mutation in the field. In combination with 

toxicity assays, this molecular marker could help predict the efficacy of METI-I pesticides against T. 

urticae infestations. 

In Chapter 3, RNAseq analysis revealed that the synergists PBO and DEF induced genes 

that code for detoxification enzymes. Based on previous synergisms toxicity studies, in a 

standardized set-up in the lab, the induction of these detoxification genes seems not to interfere 

with the outcome of synergisms assays. Since direct inhibition of P450s and CCEs (by PBO and 

DEF respectively) most likely outweighed the induction of detoxification enzymes. However, one 

might wonder if synergists are applied in the field and the pest is only exposed to a low dosage of 

synergist (e.g. due to unequal spray coverage or degradation of the synergist) which is insufficient 

to inhibit P450s and CCEs on the protein level, would detoxification genes still be induced? If so, 

this could speed up pesticide tolerance. Hence, to study the potential impact of synergist usage in 

the field, further experiments are needed to reveal the impact of synergist application on both the 

transcriptomic level as well as the protein level (synergist assays) while using different dosages of 

synergists.  

Chapter 5 corroborates the predicted role of UGTs in arthropod detoxification. So far, only 

a few enzymes were partially studied in insects, mainly due to technical obstacles and the fact that 

these enzymes are membrane bound and difficult to express. We functionally expressed a wide 

collection of T. urticae UGT genes belonging to diverse UGT subfamilies. Subsequently, a high-

throughput substrate screening comprising both toxic plant metabolites and pesticides was 
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performed, revealing that some of these enzymes have both remarkable specificity as well as 

substrate promiscuity. Spider mite UGTs may hence lead to new biotechnical applications, out of 

the scope of this fundamental research project. 

In the subsequent section, the potential of trait/QTL mapping by using bulked segregant 

analysis in T. urticae and other arthropods will be discussed. Finally, an overview of common 

validation approaches and recent breakthroughs is provided, while highlighting potential future 

strategies for the validation of hypotheses brought forward in this thesis. 

2. Bulked segregant analysis 

Bulked segregant analysis (BSA) is a cross-based method for genetic mapping in sexually 

reproducing organisms. The method’s use of bulked (pooled) samples markedly reduces the 

genotyping effort associated with traditional linkage mapping studies. Further, it can be applied to 

species with life histories or physical attributes (as for micro-insects) that render genetic mapping 

with other methods impractical. Recent studies in both insects and mites have revealed that 

advanced BSA experimental designs can resolve causal loci to narrow genomic intervals, facilitating 

follow-up investigations. As high-quality genomes become more widely available, BSA methods are 

poised to become an increasingly important tool for the rapid mapping of both monogenic and 

polygenic traits in diverse arthropod species. 

The ultimate goal of BSA mapping is to identify loci responsible for variation in traits of 

interest. In accomplishing this goal, many genotyping methods have been employed, with high-

throughput, short-read sequencing (e.g., Illumina sequencing (Bentley et al., 2008)) emerging as a 

dominant approach. By sequencing genomic DNA from pools (Bastide et al., 2016; Bryon et al., 

2017a; Demaeght et al., 2014; Jagadeesan et al., 2013; Van Leeuwen et al., 2012; Wybouw et al., 

2019), or in some cases cDNA (RNA-seq) (Park et al., 2014), marker discovery and genotyping can 

be performed simultaneously at comparatively low cost where reference genomes are available 

(genetic variation is inferred from read alignments to a known genome sequence). Exploiting this 

data type, Pool (2016) developed a particularly elegant approach for QTL detection in BSA studies, 

although the method was tailored for Drosophila species. More recently, Mansfeld and Grumet 

(2017) released the QTLseqr package, which implements or elaborates several proposed methods 

to detect QTL in BSA data (Magwene et al., 2011; Takagi et al., 2013). Further, Wybouw et al. 

(2019) recently developed a permutation-based approach for QTL detection applicable to BSA 

designs, although this method requires moderate-to-high replication of segregating populations. An 

advantage of the latter two approaches is that only a single input file in the Variant Call Format 

(VCF) is required for an analysis. Pipelines of well supported programs, as well as best practice 

guidelines for their use in generating VCF files, are now robustly established and lower the 

informatic barrier to entry for BSA studies (see Wybouw et al., 2019 for example pipelines with the 

respective software and citations). 
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2.1. Beyond theory and simulations: lessons from experimental studies in insects and mites 

Apart from the genetic architecture (monogenic versus polygenic) and species-specific 

characteristics (short life cycle, haplodiploidy, maintenance in the lab, recombination frequency…) 

that can impact the practical implementation of BSA experimental designs, factors that affect power 

and resolution include the sizes of bulks, generation number, and marker density (Bazakos et al., 

2017; Pool, 2016; Schneeberger, 2014; C. Zou et al., 2016). For these parameters, theory and 

lessons from simulated data suggest that more is usually better than less (e.g., Pool, 2016), and 

recent experimental work in arthropods reflects this. To date, most BSA studies in insects have 

focused on traits that are easy to score, like pigmentation, and have started with parental strains 

with large phenotypic differences (i.e., susceptible and highly pesticide-resistant strains). Despite 

some notable exceptions, small- to modestly-sized F2 or backcross populations have often been 

used. Mirroring initial studies in plants, BSA studies in insects have often used sparse genetic data; 

examples of marker types used to date include simple sequence repeat (microsatellite) markers 

(Behrens et al., 2011; Chandrakanth et al., 2015; Jairin et al., 2017), amplified fragment length 

polymorphism markers (Baxter et al., 2008; Heckel et al., 1999; Henniges-Janssen et al., 2011), 

restriction fragment length polymorphism markers (Morlais and Severson, 2001), restriction-site 

associated DNA markers (Kunte et al., 2014), single feature polymorphisms ascertained from 

microarrays (Desjardins et al., 2013; Lai et al., 2007; Ocorr et al., 2007; Zhang et al., 2013), random 

amplified DNA fingerprinting (Schlipalius et al., 2002), a combination of random amplified 

polymorphic DNA and microsatellite markers (Gadau et al., 2001), and in a few cases dense marker 

data obtained from resequencing (e.g., (Jagadeesan et al., 2013; Park et al., 2014)). The number 

of genetic markers used in these studies varied greatly, with sparsely (and unevenly) distributed 

markers likely contributing to low QTL mapping resolution in some cases. Nevertheless, in the beet 

armyworm Spodoptera exigua, BSA mapping that used RNA-seq data for genotyping, aided by 

knowledge of potential candidate genes and their characterization with RNAi, led to the identification 

of ATP-binding cassette (ABC) transporters as underlying insensitivity to Bacillus thuringiensis (Bt) 

toxin in a resistant strain (Park et al., 2014). In several other studies, genes in BSA peak regions 

have been proposed as candidates, such as doublesex in the control of sex-related mimicry in the 

butterfly Papilio polytes (Kunte et al., 2014). In many instances, however, only broad regions of 

chromosomes harboring many genes were associated with phenotypes. Notwithstanding the 

introduction of methods like genome editing to a growing number of insect species (Trible et al., 

2017), which will facilitate functional assessment of candidates, characterizing long lists of genes in 

broad QTL intervals remains a daunting task. 

A small set of studies have now illustrated how more advanced BSA designs, in concert 

with the effectively saturating genotypic data afforded by high-throughput sequencing, can resolve 

causal loci to much narrower chromosome regions. A number of these studies have been performed 

with the two-spotted spider mite, Tetranychus urticae, an agricultural pest known for its rapid 

evolution of pesticide resistance and host plant use (Gould, 1979; Van Leeuwen et al., 2010; 

Wybouw et al., 2019). These mites are small, ~600 µm in length for females, with males substantially 

smaller. Although single T. urticae individuals can be genotyped at a moderate number of loci by 
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PCR (Bajda et al., 2017; Bryon et al., 2017a; Riga et al., 2017; Van Leeuwen et al., 2012), marker-

based genotyping at a genome-wide scale is challenging, hindering QTL identification by traditional 

linkage mapping approaches that have been successful in larger-bodied insects. However, T. 

urticae strains can be crossed, and segregating populations can be expanded to thousands of 

individuals on detached leaves or on whole plants (Bryon et al., 2017a; Demaeght et al., 2014; Van 

Leeuwen et al., 2012; Wybouw et al., 2019, Chapter 2). In two studies that started with crosses of 

T. urticae strains susceptible or resistant to mite growth inhibitor compounds, narrow BSA peaks for 

recessive, monogenic resistance were resolved to a single tiny chromosome region (Demaeght et 

al., 2014; Van Leeuwen et al., 2012). Both studies used large segregating populations that were 

expanded over ~6 generations; in the larger and more powered of these studies, peaks of haplotype 

fixation were either within or less than 20 kb from chitin synthase 1 (CHS1) (Demaeght et al., 2014), 

which was subsequently demonstrated by a genome editing approach in D. melanogaster to encode 

the target-site for the growth inhibitor compounds used for selection (Douris et al., 2016). With a 

conceptually similar design, Bryon et al. 2017a also used BSA mapping, in concert with follow-up 

studies, to identify mutations in a horizontally transferred gene, phytoene desaturase, as causal for 

the absence of carotenoid-based pigmentation in albino T. urticae strains. A reanalysis of Bryon et 

al.’s data with the methods used in Wybouw et al., 2019 and Chapter 2 revealed that the BSA peak, 

as assessed with replicate populations used in that study, was ~95 kb from the causal gene.  

Similar designs have also elucidated the genetic basis of polygenic traits. For example, in 

D. melanogaster, Bastide et al. 2016 used multigeneration, long-term segregant populations and 

sequencing of bulks to identify 19 distinct QTL for high-altitude melanism in multiple crosses. The 

BSA peaks for QTL were localized to small genomic intervals that included candidate pigmentation 

genes. This finding, along with follow-up analyses of allele frequencies in wild populations, 

suggested that at least many of the QTL are valid. Two studies in 2019 in T. urticae have also 

highlighted the promise of continuous selection over many generations, followed by the isolation 

and sequencing of bulks, to unravel the genetic architecture of complex modes of inheritance 

(Wybouw et al., 2019, Chapter 2). In each study, replicated segregant populations derived from 

pesticide-susceptible and -resistant strains were selected with discriminating pesticide doses for 

~25-50 generations. In these cases, resistance phenotypes were known to be polygenic, and 

multiple resistance QTL were identified, as shown by reproducible shifts toward alleles contributed 

by resistant parents that were observed in selected as compared to unselected populations. 

Although new candidate loci identified in this work have yet to be investigated in follow-up studies, 

the identity of genes near BSA peaks suggests that the QTL are likely real. For instance, several 

BSA peaks fell within a mere tens of kb from genes encoding known target sites of the pesticides 

used for selection (Figure 1). Further, major QTL were also resolved to tiny chromosome regions 

harboring genes with suspected or known roles in xenobiotic detoxification, a major route to 

resistance (Feyereisen et al., 2015). These genes encode a potential xenobiotic receptor, copy 

variable CYPs, and also cytochrome P450 reductase, which is required for CYP activity, and that 
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was identified as a candidate for resistance to multiple compounds in independent crosses (Wybouw 

et al., 2019, Chapter 2).  

2.2. Concluding remarks BSA 

For most arthropods, the genetic tools that have enabled model-organism geneticists to 

link genes and alleles to phenotypic variation are poorly developed, if not even entirely absent. For 

many species, however, strains with contrasting phenotypes – including for pesticide resistance, 

pigmentation or other visual features, or variation in life history traits – are available or can be readily 

isolated. Where strains can be crossed, BSA genetic mapping holds great promise for the 

identification of causal loci. Nevertheless, given the species richness of insects and their relatives, 

and high levels of intraspecific phenotypic and genotypic variation, the method has been relatively 

little used to date. We believe this is poised to change rapidly. The emergence of cost-effective, 

high-throughput short-read sequencing for simultaneous marker discovery and dense genotyping 

has recently revolutionized BSA studies. However, assembled genomes are nonetheless needed 

to fully exploit short-read sequence data, and currently limit broader adoption of the method (or for 

that matter, other genetic approaches as well) (Wybouw et al., 2019). The extent of this limitation 

was starkly revealed in BSA studies with T. urticae, as assembly incompleteness hampered QTL 

detection. Even though the T. urticae draft genome had a scaffold N50 of 2.99 Mb (Grbić et al., 

2011), it was only after allele frequency data from BSA populations was used to order scaffolds into 

Figure 1 - BSA mapping resolution for a pesticide resistance QTL. Data from nine or ten selected populations 
from Chapter 3 in T. urticae for each of three pesticides (fenpyroximate, pyridaben, and tebufenpyrad) was 
reanalyzed along with control populations (75 kb windows were used with 5 kb offsets). The three pesticides 
are Mitochondrial Electron Transport Inhibitors of complex I (METI-Is), for which the H92R change in the gene 
encoding the PSST subunit associates with target-site resistance (Bajda et al. 2017). For each pesticide, BSA 
averages (solid triangles) were within tens of kb of the causal variant; this was true for some replicates also 
(open triangles), but in a moderate number of cases, peaks were much farther from the causal variant 
(especially for selection by pyridaben, for which the populations may have undergone a bottleneck during the 
propagation steps (Chapter 3)). Therefore, while BSA approaches can provide high mapping resolution, relying 
on a small number of replicates can potentially be misleading. 
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a chromosome-level assembly that comprehensive QTL detection was possible (Wybouw et al., 

2019). Paving the way for the elucidation of other T. urticae polygenic resistant cases, such as 

resistance against abamectin, chlorfenapyr, cyhexatin and pyflubumide. In the context of Chapter 

5, it would be interesting to perform a BSA revealing QTL linked to abamectin resistance. Next to 

metabolism by UGTs, abamectin resistance has been linked to in vitro P450 metabolism (Riga et 

al., 2014), and two target-site mutations (Dermauw et al., 2012; Kwon et al., 2010e; Mermans et al., 

2017). However, introgression of the latter target-site mutations did not lead to high resistance 

levels, as are often reported in abamectin resistant strains (Riga et al., 2017). 

 While the T. urticae genome sequence was produced with the high-quality Sanger method, 

de novo assemblies with short-read data are typically far more fragmented. However, newer single-

molecule, long-read sequencing technologies, like PacBio and Oxford Nanopore (Jain et al., 2016; 

Rhoads and Au, 2015), are now poised to overcome the genome assembly challenge, as they 

enable assemblies with scaffold sizes in the many Mb range, and potentially ones of chromosome 

lengths. These disruptive technologies are already in use for technically challenging genome 

assembly projects in insects (Kingan et al., 2019). Given the success of recent BSA studies in 

insects and mites, coupled with the evolving potential to rapidly generate high-quality genome 

assemblies, BSA approaches should be considered as a prominent tool for the rapid elucidation of 

the genetic architecture of trait variation in both model and non-model arthropod species. 

3. Validation of candidate genes linked to pesticide resistance or host plant 

acclimation in T. urticae  

In Chapter 2, QTL-mapping revealed that a locus containing a CPR variant underlies T. 

urticae resistance against the METI-I acaricides pyridaben and tebufenpyrad, possibly by improving 

the efficiency of P450 metabolic detoxification of certain METI-Is. In Chapter 4 we identified T. 

urticae genes that could potentially be involved in the detoxification of plant defense compounds. 

For example, CYP392A1 and UGT203A2 were both highly upregulated on cotton, and UGT201B7 

and TuGSTd15 were highly upregulated on maize. Similarly, arthropod P450s, UGTs and GSTs 

have previously been linked to detoxification of plant defense compounds (Krempl et al., 2016; Mao 

et al., 2007; Schramm et al., 2012; H. Wang et al., 2018; Wouters et al., 2016; X. Zou et al., 2016). 

Additionally, among the highly upregulated genes in mites acclimatized to plants, we also identified 

certain gene families such as short-chain dehydrogenases and single PLAT domain proteins that 

were previously marginally associated with arthropod detoxification. In the following sections, I will 

discuss how the role of these enzymes/proteins could be functionally validated. 

3.1. In vitro validation 

3.1.1. Functional expression 

Functional expression is a powerful tool for the validation of candidate genes involved in 

resistance or acclimation to xenobiotic compounds. Proteins are recombinantly expressed using 

heterologous systems such as Escherichia coli, insect cells and yeast, and are subsequently used 

in downstream protein assays. The catalytic activity of these recombinant enzymes is usually 
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determined using model substrates. Steady-state kinetics can be determined and compared to other 

enzymes from the same family. Additionally, if the preferred model substrate has been determined 

for a recombinant enzyme, a screening can be performed with other potential and relevant 

substrates, by determining their potential to inhibit the enzymatic metabolism of the model substrate 

(T. urticae examples: (Pavlidi et al., 2015; Riga et al., 2014; M. Y. Wang et al., 2018; Wei et al., 

2019b)). For example, five insecticides were screened for their ability to inhibit activity of 

CYP392A16 with the model substrate Luciferin-ME EGE (L-ME EGE), revealing a strong inhibition 

potential of abamectin (Riga et al., 2014). However, inhibition enzyme activity assays cannot 

distinguish inhibition caused by direct competition for the active site or binding to regions adjacent 

to the active site (Pavlidi et al., 2015). Hence, additional experiments should be performed to confirm 

the findings found in this type of assay. For example, by detection of potential metabolites after 

incubation of enzyme and substrate.  

In Chapter 5, UGT metabolism was followed-up indirectly, having the advantage that any 

(soluble) compound can be tested as a potential substrate for the UGT enzyme, without using model 

substrates in an inhibition assay. The formation of free-UDP by the glycosyltransferase reaction was 

quantified using the UDP-Glo™ Glycosyltransferase assay (Promega, the Netherlands). This assay 

detects the UDP release by converting free-UDP to ATP which results in the generation of light in a 

luciferase reaction. Hence, the release of free-UDP upon glycosylation can be detected 

spectrophotometrically, making a high-throughput set-up feasible. However, detailed studies, 

optimized for specific enzyme-substrate combinations, can also be performed and have a higher 

sensitivity (Chapter 5). T. urticae UGTs have the advantage of being cytosolic enzymes, facilitating 

the production of recombinant enzymes. Although more challenging, functional expression of insect 

UGTs is also possible, by infecting insect cells with a baculovirus expressing the desired UGT 

(Luque et al., 2002). Hence, we paved the way for high-throughput UGT substrate screenings and 

enzyme characterization of insect UGTs. A HPLC-MS approach might be used to validate promising 

enzyme-substrate combinations. However, because of its relative high cost, this technique cannot 

be used for high-throughput assays, emphasizing the importance of inhibition enzyme activity 

assays (see above) for other detoxification gene families (e.g. P450s, CCEs, GSTs). Nevertheless, 

HPLC-MS analysis has been successfully used to validate the in vitro metabolism of certain 

acaricides by T. urticae detoxification enzymes: P450s (Demaeght et al., 2013; Riga et al., 2015, 

2014), GSTs (Pavlidi et al., 2017) and CCEs (Wei et al., 2019a). On the other hand, LC-MS also 

aided in identifying a T. urticae enzyme involved in the detoxification of HCN to β-cyanoalanine, a 

conversion of utmost importance for mites living on cyanogenic plants (Wybouw et al., 2014).  

In Chapter 2, QTL-mapping revealed that a locus containing a CPR variant was underlying 

T. urticae resistance against the METI-I acaricides pyridaben and tebufenpyrad. CPR is an 

obligatory electron donor for microsomal P450s (Murataliev et al., 2004). Hence, to study 

recombinant P450s, CPR needs to be co-expressed. CYP392E10 and CYP392E7 were co-

expressed with CPR from Anopheles gambiae (Demaeght et al., 2013), CYP392A11, CYP392A12 

and CYP392A16 were co-expressed with T. urticae CPR (Riga et al., 2015, 2014). Although the 

P450 reductase activity was higher for the T. urticae CPR, both approaches were successful. Based 
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on homology modelling, it was suggested that the D384Y mutation of CPR potentially could have 

an influence on the electron transfer from the FMN domain of CPRs to P450s (Chapter 2, section 

3.1.1). This hypothesis could be validated by expressing both the wild type and the mutant CPR for 

METI-I resistance and compare the cytochrome P450 reductase activity, which can be measured 

by monitoring cytochrome c reduction (Strobel and Dignam, 1978). 

In Chapter 4, several short-chain dehydrogenase (SDR) genes were overexpressed upon 

long-term host plant transfer and/or in pesticide resistant strains (Figure 2). For example, 

tetur12g00120 was strongly upregulated in tomato-adapted T. urticae populations, and adaptation 

to maize resulted in a strong upregulation of multiple SDR genes. Next, three different T. urticae 

pesticide resistant strains showed strong upregulation of tetur06g04970 (Figure 2). All three 

populations are resistant against pyridaben. Hence, tetur06g04970 is a top candidate gene to study 

the potential role of (T. urticae) SDR genes in pesticide resistance. In arthropods, E. coli was 

successfully used to express Aedes aegypti SDRs and Drosophila melanogaster SDRs (Mayoral et 

al., 2013, 2009; Rivera-Perez et al., 2013; Zhang et al., 2010, 2004). In contrast, an Sf9 (insect) cell 

culture was used to express an SDR from the bark beetle Ips pini (Figueroa-Teran et al., 2016, 

2012). Since SDRs are NAD(P)(H)-dependent oxidoreductases, the enzymatic activity and kinetic 

properties of SDRs for potential substrates can be determined spectrophotometrically, based on the 

different optical properties of nicotinamide adenine dinucleotide phosphate (NADP+) and its reduced 

from (NADPH) at 340nm (Decker, 1977; Mayoral et al., 2009). Most recently, a faster and more 

sensitive assay (WTS-8 assay) was published to measure NAD(P)H concentrations and 

dehydrogenase enzyme activity (Chamchoy et al., 2019). The tetrazolium salt WST-8 reacts with 

NAD(P)H resulting in the formation of formazan, which can be followed by measuring absorbance 

at 450nm. Optimization and limitations of the assay are discussed by Chamchoy et al., 2019. Both 

assays follow up enzyme activity indirectly, like the UDP-Glo™ Glycosyltransferase assay used in 

Chapter 5, and can be used in (high-throughput) substrate screening assays. Additionally, HPLC-

MS could also be used to validate the in vitro metabolism of a substrate by an SDR.  

3.2. In vivo validation 

In T. urticae, recombinant expression has been the main tool to validate candidate 

mutations and genes related to resistance or host plant acclimation/adaptation. These approaches 

can provide strong evidence on the affinity of a substrate (pesticide or plant toxin) to the target-site 

of the recombinant protein, but are less suitable to assess relative phenotypic consequences in vivo 

(Cully et al., 1994; Ludmerer et al., 2002). Additionally, in vitro approaches using recombinant 

protein expression are not always feasible, such as for large oligomeric integral protein complexes, 

especially when interactions are pre-or postcatalytic or involve the oligomerization of the complex 

(Douris et al., 2016; Merzendorfer, 2013; Van Leeuwen et al., 2012).  
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For example, the A1017F target-site mutation in T. urticae chitin synthase (CHS1) was 

linked to resistance against chitin biosynthesis inhibitors in 2012 (Van Leeuwen et al., 2012). 

However, as a heterologous expression system for a completely functional arthropod chitin synthase 

(catalysis and translocation) is currently lacking, this mutation was only functionally validated in 

arthropods when a new genome editing technique, CRISPR/Cas9, became available (Douris et al., 

2016). In addition to CRISPR/Cas9, introgression can also be used to introduce a specific trait in a 

defined genetic background that lacks the trait/phenotype. Finally, post-transcriptional gene 

silencing by RNAi can also be used for in vivo functional genomics in insects. 

3.2.1. CRISPR/Cas9 

Clustered, regularly interspaced, short palindromic repeat (CRISPR)/Cas9, a bacterial 

adaptive immune system, was developed as a powerful and highly specific genome editing tool. 

CRISPR/Cas9-mediated gene editing has been used in a multitude of organisms and cells. 

However, current common approaches rely upon delivering the Cas9 ribonucleoprotein (RNP) 

Figure 2 - Expression heatmap of genes coding for group I and II SDRs for adult T. urticae females adapted 
to tomato and lima bean (≥ 30 generations), long-term acclimatized to soy, cotton and maize (≥5 generations) 
and resistant against acaricides (see below). The log2 transformed gene fold changes are relative to adult T. 
urticae females of the susceptible London strain or susceptible deutonymph T. urticae females of the LS-VL 
strain. Deutonymph strains are indicated with an asterisks (*), and T. urticae genes are shown at the bottom. 

strain resistance status 
akita  METIs 
JP-R cyenopyrafen and pyridaben 
MAR-AB abamectin, bifenthrin, clofentezine, hexythiazox, fenbutatin oxide and pyridaben 
MR-VP METIs, cyflumetofen, cyenopyrafen 
TU008R  cyflumetofen 
SR-TK  spirodiclofen 
SR-VP spirodiclofen 
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complex by embryonic microinjection, limiting the number of species where CRISPR/Cas9 was 

successful, and inefficient even when successful (Chaverra-Rodriguez et al., 2018).  

Although CRISPR/Cas9 success has been achieved for multiple insects, with D. 

melanogaster taking a leading role (including genome engineered fly lines expressing Cas9 

themselves), no convincing studies were published yet with mites. Recently, Bryon et al. 2017, 

aimed at disrupting the T. urticae phytoene desaturase gene, which was predicted to have a role in 

carotenoid accumulation and diapause. Out of 20,000 F1 male progeny, 15 males were identified 

that either lacked all pigmentation, or were partially albino. However, further experiments revealed 

that the latter phenotypes were unrelated to the CRISPR/Cas9 editing event. Most likely, the 

phenotypes were caused by rare alleles segregating at very low frequencies in the original 

population (Bryon et al., 2017a). Adult T. urticae females were injected in the proximity of the ovaria, 

because of the limited size of the eggs (ø ± 150µm). A challenge to efficient delivery of genome-

editing proteins into target cells is their proteolytic instability and poor membrane permeability (Fu 

et al., 2014). Hence, the development of delivery vehicles to transport active protein is essential to 

increase the efficiency of protein-based genome editing. 

Wang et al., 2016 reported that delivery of the anionic Cas9:sgRNA complex in 

combination with bioreducible lipids enhanced functional protein delivery and gene recombination 

efficiencies in human cells and the mouse brain. In Hemiptera, it was shown that BAPC-assisted 

delivery of CRISPR/Cas9 component also increased efficiency of gene editing (Hunter et al., 2018). 

Lastly, another technology was developed that helped with the delivery of Cas9 ribonucleoprotein 

(RNP) complex, named Receptor-Mediated Ovary Transduction of Cargo (ReMOT Control). A 

peptide (P2C) was identified that mediates transduction of Cas9 RNP from the hemolymph to 

developing oocytes, bypassing the requirement for embryonic microinjection. ReMOT Control 

resulted in heritable gene editing of the offspring in six different mosquito species, with efficiencies 

as high as 0.3 mutants per injected mosquito (Chaverra-Rodriguez et al., 2018). If a successful 

CRISPR/Cas9 protocol would be developed for T. urticae, this would facilitate the study of the 

expanded DBD-lacking NHR96-like genes (Chapter 2), starting with the validation of the role of 

tetur06g04270 by gene knockout in tebufenpyrad resistance. 

Although CRISPR/Cas9 was not yet successful in mites, it can already be used to validate 

T. urticae resistance mutations. If the mutation is located in a highly conserved arthropod single-

copy gene, standardized assays for D. melanogaster can be performed to investigate mutations 

across species boundaries. CRISPR/Cas9-mediated gain-of-function in D. melanogaster was used 

for example to validate target-site mutations at the exact same position for Plutella xylostella 

(I1024M) and Tetranychus urticae (I1017F) (Douris et al., 2016). As suggested in Chapter 2, since 

the strong conservation of the CPR sequence in arthropods, a reverse genetic approach using D. 

melanogaster may be suitable for studying the effect of the T. urticae D384Y CPR mutation on 

METI-I resistance. However, it should be noted that this approach has also unpredictable pitfalls. 

Although modified fly lines were successfully created by introducing the T. urticae H92R mutation 

in the D. melanogaster PSST homologue by CRISPR/Cas9 (Bajda et al., 2017), the mutation could 
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unfortunately not be brought to homozygosity, most likely because the mutation was lethal in D. 

melanogaster in contrast to T. urticae.  

3.2.2. Introgression 

Since genome editing tools such as CRISPR/Cas9 are not (yet) available for certain 

species, introgression of a mutation can be a feasible alternative (Georghiou, 1969; McCart et al., 

2005; Roush and McKenzie, 1987). Introgression, i.e. marker assisted backcrossing, is an approach 

that produces near-isogenic sister lines. In short, a haploid male of the resistant strain is crossed 

with a virgin female of the susceptible strain. Resulting heterozygous virgin females are backcrossed 

to susceptible males and heterozygote genotypes are identified, after they had laid a sufficient 

amount of eggs. The latter process is repeated for six to nine generations. Finally, in the last 

generation, a cross is carried out between the backcrossed heterozygous virgin females and their 

first-born sons representing either a susceptible (absence of mutation) or the resistant (presence of 

mutation) genotype. This results in congenic homozygous lines for the mutation and the wild type 

allele. Introgression provides a straight-forward and relative precise method to untangle a mutation 

of interest from other mechanisms that might have been co-selected in the resistant population. 

Introgressed strains can be analyzed by comparison with the genetically identical susceptible strain 

that only differs in a small region, which harbors the resistant locus of interest (Bajda et al., 2017; 

Brito et al., 2013; Riga et al., 2017).  

Although a possible effect of closely linked loci cannot be excluded (Hospital, 2001), 

resulting T. urticae populations are believed to be near-isogenic, since high recombination rates 

have been reported previously in BSA studies (Bryon et al., 2017; Demaeght et al., 2014; Van 

Leeuwen et al., 2012; Wybouw et al., 2019 and Chapter 2). Introgression was first used in T. urticae 

by Bajda et al. 2017, to confirm the involvement of the H92R target site mutation in the PSST 

homologue of complex I in METI-I resistant T. urticae, and its contribution to the total resistance 

phenotype. The study suggested that other factors were also at play, as was later confirmed by the 

BSA performed in Chapter 2. More recently, introgression was used to study the relative contribution 

of nine known target-site mutations conferring resistance to abamectin, pyrethroids or bifenazate 

(Riga et al., 2017). To conclude, introgression in T. urticae is a well-established approach, and can 

be used to validate mutations, reveal their relative contribution to the resistance phenotype, and 

discover synergistic effects between multiple mechanisms. Additionally, introgression can be used 

to study the potential fitness costs/advantages of mutations, and reveal pleiotropic effects of a gene 

(Arnaud et al., 2002; Brito et al., 2013; ffrench-Constant and Bass, 2017; Wang and Wu, 2014).  

In Chapter 2, it was hypothesized that the D384Y mutation in the CPR potentially has a 

fitness cost to mites not exposed to the pesticides pyridaben and tebufenpyrad as the BSA peak 

(difference in allele frequencies between selected and unselected population) centering on the 

mutation did not result from elevated allele frequencies in the selected populations, but from low 

allele frequencies in the control population (i.e. the absence of selection). The same pattern was 

observed in a BSA that linked the CPR mutant to spirodiclofen resistance in a different T. urticae 

strain (Wybouw et al., 2019). Hence, creating a near-isogenic line containing the CPR mutation 
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could be interesting, to validate the hypothesis of the fitness cost, and to study the relative 

importance of the CPR mutant in pyridaben- and tebufenpyrad resistance. 

3.2.3. RNA interference 

RNA interference (RNAi), or post-transcriptional gene silencing, was first discovered in 

animals in the nematode worm Caenorhabditis elegans (Fire et al., 1998). Sequence-specific gene 

silencing was observed as a response to the injection of double-stranded RNA (dsRNA). 

Subsequently, RNAi became an important tool for functional genomics in insects, and interest arose 

in the use of RNAi to protect plants from herbivory. But, RNAi efficiencies are known to variate 

strongly in arthropods, due to species-specific variation in dsRNA uptake, non-cell-autonomous 

RNAi, nucleases (dsRNases) and virus-load (reviewed by Joga et al., 2016). The current status and 

future perspectives of RNAi in mite pests was recently reviewed by (Niu et al., 2018). 

A genome-wide screen revealed that the complete RNAi machinery is present in T. urticae 

(Dicer, Argonautes and RISC components) (Grbić et al., 2011). Moreover, fluorescently labelled 

double stranded RNA (dsRNA) and short interfering RNA (siRNA) injected into the abdomen of an 

adult female distributed throughout the abdominal cavity and was incorporated in the eggs, where 

the expected phenotype was observed in developing embryos (Khila and Grbić, 2007). 

Subsequently, RNAi through oral delivery was successful, by allowing T. urticae or T. cinnabarinus 

to feed on leaves floating on, or soaked in dsRNA (e.g.(Kwon et al., 2016, 2013; Shi et al., 2016a, 

2016b, 2015; Wei et al., 2019b, 2019a)). The efficiency of the latter and other dsRNA delivery 

approaches was compared in T. urticae. dsRNA-coated leaves and mite soaking in dsRNA solution 

appeared to be the most efficient RNAi approaches, and also required the lowest amount of dsRNA 

input. Artificial diet supplemented with dsRNA and dsRNA-expressing plants had an intermediate 

efficiency, and leaves floating on a dsRNA solution the lowest (Suzuki et al., 2017). However, in 

contrast to RNAi sensitive coleopterans, were only small doses of dsRNA result in 90% gene 

knockdown or higher, and result in a long lasting and even hereditary effect (Baum et al., 2007; 

Bolognesi et al., 2012; Rangasamy and Siegfried, 2012; Zhu et al., 2011), T. urticae gene 

knockdown using RNAi is only around 60% or lower, and silencing often temporary. This is similar 

to other RNAi recalcitrant species, limiting the usability of RNAi for in vivo validation in T. urticae so 

far (Joga et al., 2016; Li et al., 2013). Optimization of RNAi was reported in other arthropod species 

such as for example Spodoptera exigua (Lepidoptera), by improving the stability of dsRNA in their 

alkaline gut environment, due to the formulation of dsRNA with guanidine-containing polymers 

(Christiaens et al., 2018). 

Next to the validation of candidate detoxification genes, RNAi could be used to study 

functions of nuclear receptor and co-regulators, if persistent and specific knockdown of target genes 

can be realized (Ashrafi et al., 2003; Zhou et al., 2003). Hence, if gene knockdown levels by RNAi 

in T. urticae would improve, this approach could also be used to validate the role of the DBD-lacking 

NHR96-like gene in tebufenpyrad resistance. 
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3.3. X-ray crystallography and homology modelling 

Three-dimensional (3D) protein structures can help providing important information about 

the proteins biochemical function and its interaction properties. Recently, an x-ray crystallography 

was made of a T. urticae intradiol ring-cleavage dioxygenase (DOG), the first structurally 

characterized DOG of an eukaryote (Schlachter et al., 2019). The acquired protein model showed 

to be very distinct from its bacterial homologs, and the enzyme had some unusual structural 

properties. As part of the same collaboration, protein structure models will be created for the seven 

recombinant UGTs of Chapter 5 that were used in the high-throughput substrate screening. 

Since structural information is not available for the vast majority of proteins, 3D homology 

modeling (a.k.a. comparative modeling or fold recognition) can be a good alternative. Based on 

experimentally determined structures of related family members, computational methods (e.g. 

SWISS-MODEL, IntFOLD and Phyre2) can be used to predict protein structures (Kelley et al., 2015; 

Roche et al., 2011; Schwede et al., 2003). This approach was used in a study that explored the 

association of T. urticae GSTs with insecticide resistance (Pavlidi et al., 2015). By predicting the 

three-dimensional structure, key structural characteristics were identified, providing insights into the 

substrate specificity and the catalytic mechanism of the enzyme. 
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Summary 

In Chapter 1 the protagonist of this PhD, the two-spotted spider mite T. urticae, is 

introduced. This mite can thrive on a wide range of host plants and develops resistance against a 

diverse array of pesticides. Previously reported molecular mechanisms that, in part, underlie this 

extreme xenobiotic adaptation potential are briefly discussed. Finally, features of T. urticae that led 

to its genome sequencing are highlighted and bio-informatic approaches that could aid in unraveling 

the molecular mechanisms of xenobiotic adaptation in T. urticae are discussed. 

In Chapter 2, a bulked segregant analysis (BSA) was used to identify loci underlying 

resistance to three different METI-I pesticides (fenpyroximate, pyridaben and tebufenpyrad). Our 

results suggest that selection with structural different METI-I pesticides resulted in both a common 

(the known H92R target-site mutation) and compound specific resistance mechanisms. A genomic 

region that included cytochrome P450-reductase (CPR) was associated with resistance against 

both pyridaben and tebufenpyrad. CPR is an essential electron donor for microsomal P450s (phase 

I detoxification enzyme family). Furthermore, a genomic region linked with tebufenpyrad resistance 

harbored a non-canonical member of the nuclear hormone receptor 96 (NHR96) gene family. This 

NHR96 gene does not encode a DNA-binding domain (DBD), an uncommon feature in arthropods, 

and belongs to a newly discovered and expanded family of 47 NHR96 proteins lacking DBDs in T. 

urticae. 

RNA-seq was used in Chapter 3, to study the genome-wide transcriptional responses upon 

application of four synergists (DEF, DEM, PBO and CsA) in a pesticide resistant T. urticae strain. 

Synergists can counteract metabolic resistance by inhibiting detoxification enzymes or transporters. 

Hence, synergists are used for the elucidation of resistance mechanisms. Exposure to PBO and 

DEF resulted in a broad and partly shared transcriptional response, including phase I (P450s) and 

II (UGTs) detoxification families. CsA treatment mainly resulted in downregulation of the phase III 

detoxification Major Facilitator Superfamily, while application of the synergist DEM did not result in 

a profound transcriptomic response. 

In Chapter 4, we profiled the transcriptome of T. urticae upon long-term transfer from 

Phaseolus vulgaris to a similar, but chemically defended, host (cyanogenic Phaseolus lunatus) and 

to multiple economically important crops (Glycine max, Gossypium hirsutum, Solanum lycopersicum 

and Zea mays). It is known that T. urticae rapidly acclimatizes and adapts to new hosts, and hereby 

overcomes nutritional challenges and novel plant defenses (both constitutive and induced plant 

defenses). Multiple studies investigated transcriptomic responses of generalist arthropod herbivores 

shortly after host plant transfer to a single or very few new hosts, but it remains uncertain to what 

extent this is a general stress response or a host-specific adaptation. Hence, we profiled the 

transcriptome of T. urticae minimal five generations after host plant transfer to five diverse plant 

species. Distinct transcriptomic responses were found with only a limited overlap in both specificity 

and directionality, suggestive of a fine-tuned transcriptional plasticity. Nonetheless, analysis at the 

gene family level uncovered overlapping functional processes, recruiting genes from both well-

known and newly discovered detoxification families, including short-chain dehydrogenases and 
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single PLAT domain proteins. Manual genome annotation showed that these two families were 

expanded in T. urticae. Our results shed new light on the molecular mechanisms underlying the 

remarkable adaptive potential for host plant use of generalist arthropods and set the stage for 

functional validation of important players in T. urticae detoxification of plant secondary metabolites. 

Chapter 5 focusses on the phase II detoxification UDP-glycosyltransferases (UGTs), 

which catalyzes the addition of UDP-sugars to small hydrophobic molecules, turning them into more 

water-soluble metabolites. Only recently, arthropod UGTs were linked to detoxification and 

sequestration of plant toxins and insecticides, but functional evidence for T. urticae UGTs was still 

lacking. A set of eight UGT genes were selected for functional expression based on a phylogenetic 

analysis and their transcription profile upon pesticide resistance and long-term acclimation to new 

host plants (chapter 4). All of them were shown to be catalytically active and the majority preferred 

UDP-glucose as activated donor for glycosylation of model substrates. A high-throughput substrate 

screening with plant secondary metabolites and pesticides revealed patterns of both substrate 

specificity and promiscuity. Nine enzyme-substrate combinations were selected for more 

comprehensive analysis and steady-state kinetic parameters were determined. Among others, plant 

metabolites such as capsaicin and several flavonoids were shown to be glycosylated. The acaricide 

abamectin was also glycosylated by two UGTs and one of them was also overexpressed in an 

abamectin resistant strain. Our study corroborates the potential role of T. urticae UGTs in 

detoxification of both synthetic and natural xenobiotic compounds and paves the way for rapid 

substrate screening of arthropod UGTs. 

Finally, in Chapter 6, the potential of trait mapping by using bulked segregant analysis in 

T. urticae and other arthropods is discussed. Additionally, potential strategies are highlighted for the 

validation of hypotheses brought forward in the previous chapters. 
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Samenvatting 

Hoofdstuk 1 introduceert de protagonist van dit doctoraat, de bonenspintmijt, T. urticae. 

Deze mijt kan zich voeden op een brede waaier van waardplanten en ontwikkelt heel snel resistentie 

tegen gewasbestrijdingsmiddelen (pesticiden). Eerst werden de reeds gekende moleculaire 

mechanismen besproken die aan de basis liggen van dit uitzonderlijk adaptatievermogen. 

Vervolgens werden de kenmerken van de bonenspintmijt belicht die geleid hebben tot het 

sequentiëren van zijn genoom. Tot slot werden bio-informatica analyses voor het ontrafelen van de 

moleculaire mechanismen van het adaptatievermogen van T. urticae besproken. 

In Hoofdstuk 2, werd een “bulked segregant analysis” (BSA) uitgevoerd, om loci 

gerelateerd aan resistentie tegen METI-I pesticiden (fenpyroximate, pyridaben en tebufenpyrad) te 

identificeren. Naast een gemeenschappelijk resistentie mechanisme voor de drie METI-Is (de 

gekende H92R “target-site” mutatie), werden ook twee pesticide specifieke loci terug gevonden. 

Een genoom locatie die het cytochroom P450 reductase (CPR) gen bevat werd gelinkt aan 

resistentie tegen zowel pyridaben als tebufenpyrad. CPR is een essentiële elektronendonor voor 

microsomale P450s (fase 1 detoxificatie mechanisme). Daarnaast werd een locus die een atypische 

nucleaire hormonale receptor 96 (NHR96) bevat (geen DNA-binding domein (DBD)), gelinkt aan 

tebufenpyrad resistentie. Ondanks dat “DBD-lacking NHR96-like” genen amper voorkomen in 

geleedpotigen, werd een expansie teruggevonden in het T. urticae genoom (47 genen). 

In Hoofdstuk 3 werd RNA-seq gebruikt om te onderzoeken wat het effect is van 

synergisten (DEF, DEM, PBO en CsA) op T. urticae genexpressie. Synergisten kunnen metabole 

resistentie verhinderen door inhibitie van detoxificatie enzymen en membraan transporters. 

Bijgevolg worden synergisten vaak gebruikt voor het ontrafelen van de bijdrage van detoxificatie 

enzymen en transporters in pesticide resistentie. Blootstelling aan PBO en DEF resulteerden in een 

uitgebreide en partieel gedeelde respons van het transcriptoom, inclusief fase 1 (P450s) en fase 2 

(UGTs) detoxificatie gen families. Behandeling met CsA resulteerde in de neerregulatie van een 

fase 3 detoxificatie gen familie (de “Major Facilitator Superfamily (MFS)” transporter familie). Een 

DEM behandeling had geen sterk effect op het transcriptoom van de spintmijt. 

Hoofdstuk 4 focust op de transcriptoom respons van T. urticae mijten nadat deze werden 

overgebracht naar ofwel een waardplant van dezelfde plantenfamilie maar met een chemisch 

verschillende plantafweer (Phaseolus lunatus) of naar economisch belangrijke gewassen van 

andere plantenfamilies (Glycine max, Gossypium hirsutum, Solanum lycopersicum and Zea mays). 

Het werd reeds eerder aangetoond dat T. urticae zich snel aanpast aan nieuwe waardplanten, en 

hierbij wordt blootgesteld aan diverse plantafweer mechanismen die zowel constitutief kunnen 

aanwezig zijn of geïnduceerd kunnen worden. Meerdere studies onderzochten reeds eerder het 

transcriptoom van geleedpotigen kort na het overzetten naar één of enkele nieuwe waardplanten. 

In Hoofdstuk 4 wordt het T. urticae transcriptoom echter bestudeerd minimaal vijf generaties na de 

waardplant transfer. Er werd een beperkte gemeenschappelijke respons waargenomen op gen 

expressie niveau. Dit suggereert een zeer specifieke en fijn afgestelde respons afhankelijk van de 

nieuwe waardplant. Desalniettemin zijn gelijkaardige gen families betrokken bij de verschillende 
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waardplant transfers. Inclusief gekende detoxificatie gen families, als gen families die niet eerder 

gelinkt werden aan waardplant acclimatisatie (“short-chain dehydrogenases” en “single PLAT 

domain proteins”). Naast een nieuwe inkijk in de onderliggende mechanismen van waardplant 

acclimatisatie werden kandidaat genen ontmaskerd voor verder onderzoek. 

Hoofdstuk 5 focust op UDP-glycosyltransferases (UGTs), een fase 2 detoxificatie gen 

familie. UGTs katalyseren de additie van een UDP suiker aan kleine hydrofobe moleculen, 

resulterend in beter wateroplosbare metabolieten. Slechts recentelijk werden UGTs van 

geleedpotigen gelinkt aan de detoxificatie en sequestratie van plant toxines en pesticiden, maar 

functioneel bewijs voor de mogelijke rol van T. urticae UGTs ontbreekt nog steeds. Acht UGTs van 

T. urticae werden geselecteerd voor functionele expressie gebaseerd op fylogenetisch onderzoek 

en hun expressie profiel (na waardplant transfer (Hoofdstuk 4) en in pesticide resistente populaties). 

Alle acht UGT enzymen waren katalytisch actief en de meerderheid verkoos UDP-glucose als 

geactiveerde donor voor de glycosylatie van modelsubstraten. Zowel plant secundaire metabolieten 

als pesticiden werden getest als potentieel substraat voor de UGTs, en zowel zeer uitgebreide als 

specifieke substraat spectra werden teruggevonden. Vervolgens werden de “steady-state” 

kinetische parameters bepaald voor negen UGT enzym-substraat combinaties. Meerdere plant 

secundaire metabolieten werden geglycosyleerd in onze studie, waaronder capsaicin en enkele 

flavonoiden. Bovendien werd ook het pesticide abamectine geglycosyleerd door twee UGTs 

waarvan één ook sterk tot expressie kwam in een abamectine resistente T. urticae populatie. Onze 

studie toont aan dat T. urticae UGTs een rol kunnen spelen in de detoxificatie van zowel 

synthetische al natuurlijke xenobiotische verbindingen, en bevat een protocol voor de screening van 

mogelijke substraten van UGTs van geleedpotigen. 

In Hoofdstuk 6, wordt tot slot het potentieel van BSAs in T. urticae en andere 

geleedpotigen besproken. Daarnaast worden mogelijke strategieën ter validatie van hypotheses in 

de voorgaande hoofdstukken besproken. 
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