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Abstract 

BACKGROUND 

Spirodiclofen is an acaricide that targets lipid biosynthesis by inhibiting acetyl-

coenzyme A carboxylase. Spirodiclofen resistance in spider mites has been previously 

documented and was associated with overexpression of CYP392E10, a cytochrome 

P450 mono-oxygenase that metabolizes spirodiclofen. However, additional mechanisms 

have been suggested in several studies and a carboxyl/choline esterase gene, CCE04, 

was shown to be overexpressed in two genetically different strains, SR-VP and SR-TK, 

both exhibiting high spirodiclofen resistance levels 

RESULTS 

We identified two different CCE04 alleles in both resistant strains, CCE04
SR-VP

 and 

CCE04
London

, with CCE04
SR-VP 

being highly overexpressed. An isoelectric focusing 

analysis confirmed the overexpression of a single esterase isozyme, while copy number 

and RFLP analysis revealed that CCE04
SR-VP

 overexpression was more likely due to 

selection for the CCE04
SR-VP

 allele rather than gene amplification. Both CCE04 alleles 

were functionally expressed using the Pichia expression system. Functional enzyme 

assays revealed only limited kinetic differences between CCE04 isoforms for model 

substrates. In addition, the inhibition/competition experiments with spirodiclofen 

suggested a similar interaction with both enzymes, while its active metabolite, 

spirodiclofen enol, did not inhibit enzyme activity.  

CONCLUSION  

Our study suggests that selection with spirodiclofen results in enrichment of a specific 

allele of CCE04 (CCE04
SR-VP

) in two genetically independent strains, which is highly 

overexpressed. Based on kinetic enzyme data, however, quantitative differences rather 

than qualitative differences between CCE04
SR-VP

 and CCE04
London 

seem more likely to 

be involved in resistance. Our findings are discussed in the light of a possible 

spirodiclofen resistance mechanism, with sequestration of spirodiclofen by CCE04
SR-VP

 

being a likely hypothesis. 

 

Key words: sequestration, spirodiclofen, cyclic keto-enol, resistance, allele-specific 

expression 
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1. Introduction 

Acaricides have been used intensively in the past 70 years to control spider mite 

populations, which resulted in wide-spread resistance to compounds with different 

mode of actions.
1, 2

 Although biological control of spider mites has been successfully 

implied in some cropping systems (such as glass-house vegetables), many crops are still 

heavily dependent on chemical control.
3
 Therefore, the addition of compounds with a 

new mode of action showing no cross-resistance to currently employed chemistry, is of 

crucial importance. The spirocyclic tetronic acid derivatives (keto-enols), such as 

spirodiclofen and spiromesifen, are amongst the most recently introduced compounds 

for mite control with an activity spectrum including genera such as Tetranychus, 

Panonychus, Brevipalpus and Aculus.
4
 These acaricides are inhibitors of acetyl-

coenzyme A carboxylase (ACCase, EC 6.4.1.2), the rate limiting enzyme in lipid 

biosynthesis. ACCase catalyzes the carboxylation of acetyl-CoA to malonyl-CoA. 

Catalysis is biotin-dependent and proceeds through two separate half-reactions: first 

biotin is carboxylated followed by the transfer of the carboxyl group from carboxybiotin 

to the acyl-CoA acceptor. Tetronic acids specifically interfere with the 

carboxyltransferase partial reaction where they act as competitive inhibitors of acetyl-

coenzyme A and uncompetitive inhibitors with regard to the biotin carboxylase 

substrate ATP.
5
  

Resistance screening indicated moderate to high spirodiclofen resistance levels in T. 

urticae field populations 
6, 7

. In addition, high levels of spirodiclofen resistance (LC50 > 

1000 mg a.i./L) have also been reported for laboratory selected spider mite strains: the 

genetically distinct T. urticae strains SR-VP and SR-TK and the Panonychus ulmi strain 

PSR-TK.
8-10

 A genome wide gene expression analysis of SR-VP and SR-TK revealed 

that multiple detoxification enzymes might contribute to resistance, with several 
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cytochrome P450 mono-oxygenase (P450s) genes, including cyp392e7 and cyp392e10, 

being overexpressed in both resistant strains. In contrast to CYP392E7, we were able to 

functionally express CYP392E10 and showed that CYP392E10 could metabolize 

spirodiclofen, but not its corresponding enol.
11

  

In this study, we focus on the role of additional resistance mechanisms, more 

specifically the involvement of carboxyl/choline esterases (CCEs), for the following 

reasons: (1) classical genetics revealed that spirodiclofen resistance in T. urticae was 

not controlled by a single gene
12

 and suggested that additional mechanisms next to P450 

metabolism are highly likely, which was confirmed by a recent QTL study
13

; (2) 

synergism experiments have previously pointed out the involvement of both P450s and 

CCEs in spirodiclofen resistance in spider mites, which was confirmed by enzymatic 

assays
9, 14-16

; (3) microarray analysis revealed that a single CCE gene (CCE04) was 

highly overexpressed in two genetically distinct T. urticae strains (SR-VP and SR-TK)
11

, 

while transcriptome analysis of a spirodiclofen resistant P. ulmi strain revealed that the 

overexpression of a CCE was strongly associated with spirodiclofen resistance.
10

 

Together with P450s and glutathione-S-transferases (GSTs), CCEs can confer metabolic 

resistance to some of the major classes of insecticides.
1, 17, 18

 CCE-mediated resistance 

has been reported for more than 30 veterinary, medicinal and agricultural pests and 

CCEs are frequently implicated in resistance to organophosphates (OPs), carbamates 

and pyrethroids.
19-22

 Esterases are a large, heterogenous group of enzymes that 

hydrolyze endogenous and exogenous ester compounds.
18, 22

 Traditionally, they have 

been classified since the early work of Aldridge and colleagues
23, 24

 in 3 groups (A-

esterase, B-esterase, C-esterases) based on their interaction with organophosphate (OP) 

compounds and other inhibitors. Although convenient, this classification is not always 

straightforward, as the inhibition pattern of A and B type esterases does not always 
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corresponds to substrate preferences, and single point mutations can convert a B-

esterase into an A-esterase.
22

 It is therefore since long widely recognized that esterase 

nomenclature should be revised and attempts to classify esterases based on a thorough 

phylogenetic analysis are ongoing. 
21, 25, 26

 

CCEs can play a role in resistance through two main mechanisms: sequestration and 

metabolism.
21, 22, 27

 In the case of sequestration, the CCE will bind with the insecticide 

and act as a „sink‟, thereby reducing the availability at the insecticide target site.
21, 22

 

CCEs involved in such type of resistance have a poor metabolic activity against the 

insecticide, but they are produced in such large quantities that they are able to prevent 

the insecticide from binding to its target.
22

 In the best studied cases (aphids and 

mosquitoes), gene amplification or duplication has been reported as the main 

mechanism behind overexpression.
17, 20, 28

 CCEs can also directly metabolize 

insecticides, as is relatively well documented for some OPs and pyrethroids.
29, 30

 Point 

mutations have been described that alter the catalytic properties of the enzymes, 

enhancing the capability of insecticide metabolism.
20, 31, 32

 With the exception of AChEs, 

CCEs have only been indirectly implicated in resistance of T. urticae to various 

acaricides e.g. bifenthrin and chlorfenapyr, and detailed molecular evidence has been 

lacking.
33-36

 

We report here on the discovery and association of a specific allele of CCE04 with 

spirodiclofen resistance in T. urticae, by analyzing gene expression, determining 

CCE04 copy number, and finally by studying recombinantly produced and purified 

CCE04 isoforms for their steady state enzyme kinetics and interaction with 

spirodiclofen. 
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2. Materials and methods 

2.1 Acaricides 

Spirodiclofen (Envidor, 240 g/L SC) was provided by Bayer AG (Monheim, Germany)  

2.2 Spider mite strains 

The London strain is a reference susceptible laboratory strain and was used for 

sequencing of the complete T. urticae genome.
37

 LS-VL originates from a rose garden 

near Ghent (Belgium) and is susceptible to most currently available acaricides.
33

 The 

spirodiclofen resistant strains SR-VP and SR-TK are maintained on bean plants sprayed 

with 5000 and 1000 mg/L spirodiclofen, respectively. SR-VP was selected out of LS-

VL following successive applications of spirodiclofen (as described in Van Pottelberge 

et al. 2009) and showed a 274-fold spirodiclofen resistance ratio.
9
 SR-TK is a field-

collected strain from Belgium which was further selected with spirodiclofen. Other 

strains used were previously described and include the multi-resistant strains MR-VL
38

 

(resistant to dicofol, fenbutatin oxide and bifenthrin), MR-VP
39

 (a Belgian strain 

resistant to mitochondrial electron transport inhibitors (METI-Is)), Akita
15

 (a Japanese 

METI-I resistant strain), BR-VL
40

 (resistant to bifenazate and selected out of LS-VL). 

All strains are maintained on 3-week-old potted kidney beans plants (Phaseolus 

vulgaris L cv Prelude) in a climatically controlled room at 26±0.5 °C, 60 % RH and 

16:8 h light:dark photoperiod. 

2.3 Microarray validation by quantitative PCR 

Gene expression microarray data (SR-VP or SR-TK against LS-VL) was validated 

using quantitative PCR (qPCR) as previously described.
11

 Primers for the genes of 

interest and a set of two reference genes [actin (tetur03g09480) and ribosomal protein 

gene rp49 (tetur18g03590)] are listed in Table S1. A gene of interest, CCE04, was 
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highly overexpressed in both resistant strains and belongs to the CCE multigene family. 

To identify other CCE genes that might cross-hybridize with CCE04 microarray probes, 

a BLASTn analysis, with default parameters, was conducted against the T. urticae 

annotation using CCE04 probes (CUST_124 and CUST_125 in Agilent microarray 

design 028213
11

) as query. Total RNA was extracted from approximately 200 

deutonymphs of each strain (LS-VL, SR-VP and SR-TK), using the RNeasy Mini Kit 

(Qiagen), according to the manufacturer‟s instructions. The RNA was treated with 

Turbo DNase (Ambion) to remove genomic DNA contamination. The quantity and 

quality of the RNA samples were assessed with the NanoDrop ND-1000 

spectrophotometer (Nanodrop Technologies) and agarose gel analysis. RNA samples 

were stored at -80 °C before use. Two µg of total RNA was used to synthesize first 

strand cDNA using the Maxima First Strand cDNA kit (Fermentas Life Sciences). The 

cDNA samples were diluted 10-fold with ultrapure water before use. The qPCR 

reactions were performed on a Mx3005P qPCR system (Stratagene) using the Maxima 

SYBR green qPCR mastermix with ROX solution (Fermentas Life Sciences) according 

to the manufacturer‟s instructions. A 4-fold dilution series of pooled cDNA was used to 

evaluate the efficiency of the qPCR reaction for the gene-specific primer pair. A no 

template control (NTC) was also included to detect possible contamination. 

Experiments were performed using 3 biological and 2 technical replicates for each gene. 

A dissociation curve analysis was performed to check for the presence of a single 

amplicon. Relative expression levels were calculated according to Pfaffl.
41

 Significant 

differences in gene expression were identified by pair-wise fixed reallocation 

randomization.
41

  

2.4 Separation of esterases using isoelectric focusing (IEF) 
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Approximately 300 female adults or deutonymphs were homogenized in 400 µl sodium 

phosphate buffer (0.1 M, pH 7.0) and centrifuged for 10 minutes at 21.000g. After 

collecting the supernatant, samples were diluted to obtain a concentration of 2 µg/µL 

protein. IEF was conducted using the XCell SureLock Mini-Cell (Invitrogen) using 

Novex pH 3-7 IEF precast protein gels (1.0 mm, Invitrogen). Approximately 12 µg of 

protein was loaded into each well. Gels were run according to the manufacturer‟s 

instructions at 100 V for 1h, 200 V for 1h and 500 V for 30 min at 4 °C. Esterases were 

visualized according to Van Leeuwen et al. 2005.
38

 Briefly, after electrophoresis, gels 

were washed in 50 mL deionized water, after which 50 ml of sodium phosphate buffer 

(0.1 M, pH 7) was added. Next, the gel was incubated at 30 °C in the dark, after adding 

4 ml of a 10 g/L 1-naphthyl-acetate mixture in 100 ml acetone-deionized water (1:1 

volume) with 80 mg of Fast Blue RR salt to visualize the esterases. After a 20 min 

incubation with continuous shaking, the gels were rinsed with 10% acetic acid solution 

to remove excess staining and fixed in a mixture of 30 ml/L methanol, acetic acid 10 

ml/L and glycerine 10 ml/L in deionized water. 

2.5 Rapid amplification of cDNA ends (RACE) of the resistant CCE04 allele and 

subsequent cloning and sequencing  

Total RNA was isolated using the RNeasy Mini kit (Qiagen) according to the 

manufacturer‟s instructions. First strand cDNA was synthesized from total RNA, using 

the SMARTer®RACE cDNA amplification kit according to the manufacturer‟s 

instructions (ClonTech; Table S1). First, the 5‟-CDS primer A (provided by the RACE 

kit) and total RNA were combined, mixed and incubated at 72 °C for 3 min, followed 

by 2 min at 42 °C and centrifugation for 10s at 14,000 g. One µl of the SMARTer II A 

oligonucleotide is added to the sample. Next, 5x First-Strand buffer, dNTP‟s (10 mM), 

DTT (20 mM), RNAse inhibitor (40U/µl) and SMARTScribe reverse transcriptase 
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(100U) are added to the denatured RNA and incubated at 42°C for 90 min, followed by 

10 min at 70 °C to terminate the reaction. cDNA samples were diluted with Tricine-

EDTA buffer. PCR amplification was performed on newly synthesized cDNA with the 

expand long range dNTPack (Roche) in a Biometra TProfessional Thermocycler 

(Biometra). PCR reactions were performed in 50 µl, containing 5x Expand Long Range 

buffer (with 12.5 mM MgCl2), 0.5 mM dNTP mix, 0.3 µM of each primer (5-CCE04 

and 5n-CCE04), 1 µl of template and 3.5U Expand Long Range enzyme mix. PCR 

reactions were performed under the following conditions: initial denaturation step of 2 

min at 92 °C; 10 cycles of 10 s at 92 °C, 10 s at 55 °C and 30 s at 68 °C; 25 cycles of 10 

s at 92 °C, 15 s at 55 °C and 30 s (adding 20 s to each successive cycle) at 68 °C; 

followed by a final elongation step of 5 min at 68 °C. PCR products were purified using 

the E.Z.N.A. Cycle Pure kit (Omega Biotek) and subsequently ligated in a pJET1.2 

vector using the CloneJET PCR cloning kit (Thermo Scientific) and transformed into 

chemically competent E. coli cells, according to the manufacturer‟s instructions. 

Plasmid DNA was extracted from overnight bacterial cultures using the E.Z.N.A. 

Plasmid Mini kit (Omega Biotek) and send for sequencing with the pJET forward and 

reverse primers (Table S1). 

2.5 Analysis of CCE04 and position within T. urticae CCE phylogeny 

The ScanProsite tool at the ExPASy PROSITE web server 

((http://www.expasy.org/prosite/) was used to identify signature motifs in both CCE04 

variants, CCE04
SR-VP

 and CCE04
LS-VL

, while SignalP 4.0 (with default settings for 

eukaryotes) was used to predict signal peptides.
42

 Next, we performed a maximum 

likelihood phylogenetic analysis to determine the phylogenetic position of CCE04
SR-VP

 

within T. urticae CCE phylogeny. Sixty-nine T. urticae CCEs (two out of the 71 CCEs 

identified CCE genes in Grbic et al. 2011 were, after publication, considered as 
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pseudogenes) were aligned with those of D. melanogaster, A. mellifera
43

, a selection of 

L. polyphemus CCEs and both AChEs of Bombyx mori and Daphnia pulex, using the 

online version of MAFFT v7.427
44

 and the L-INS-I option (settings used: “--reorder --

maxiterate 1000 --retree 1 --localpair input”). The Cipres web portal was used to 

perform a phylogenetic analysis
45

 using RAxML v8 HPC2-XSEDE
46

 with the automatic 

protein model assignment algorithm using maximum likelihood criterion and 500 

bootstrap replicates. The WAG model with empirical base frequencies was chosen as 

the best scoring model by RAxML. The resulting tree was visualized, midpoint rooted 

and optimized with MEGA6
47

 and edited in Corel-DRAW Home & Student x7. 

2.6 Stage-specific expression, induction and copy number determination 

To quantify gene expression levels in different life stages of T. urticae, samples were 

prepared as described in Demaeght et al. 2013.
11

 For the induction experiment, bean (P. 

vulgaris cv Prelude) leaf discs were sprayed with either water or spirodiclofen (5000 mg 

a.i./L), as previously described
48

, 3-5 day old adult females from SR-VP or LS-VL were 

placed on untreated and treated leaf disks and allowed to feed for 48 hours. The 

following treatments were generated: LS-VL not-induced, LS-VL induced, SR-VP not-

induced and SR-VP induced. After 48 hours of exposure, mortality was less than 10% 

for both strains, as spirodiclofen has no acute toxicity on adult spider mite females. 

RNA extraction, cDNA synthesis and qPCR conditions were performed as written 

above.  

To determine CCE04 copy number, pooled adult mites were homogenized in 800 µl 

SDS buffer (2% SDS, 200 mM Tris-HCl, 400 mM NaCl, 10 mM EDTA, pH = 8.33), 

followed by DNA extraction using the phenol-chloroform method.
49

 Before extraction, 

homogenates were treated with proteinase K (20 mg/mL) and RNase A (10 mg/mL). 

DNA was precipitated with isopropanol and the DNA pellet was washed with 70% cold 
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ethanol, after which it was re-suspended in 1mM Tris, pH 8.0. DNA was quantified 

using the NanoDrop ND-1000 spectrophotometer (Nanodrop Technologies). Exactly 10 

ng of genomic DNA (gDNA) was used in the qPCR experiment. Ubiquitin 

(tetur03g06910) actin and rp49 were used as reference genes and primer sequences are 

shown in Table S1 and Figure S1. 

2.7 Restriction fragment length polymorphism (RFLP) on genomic DNA of pooled 

and single mite samples 

Approximately 300 adult females from resistant and susceptible strains were collected 

and homogenized in 800 µl SDS buffer (2% SDS, 200 mM Tris-HCl, 400 mM NaCl, 10 

mM EDTA, pH = 8.33), followed by DNA extraction using the phenol-chloroform 

method 
49

 as described above. PCR reactions were carried out in a Biometra T 

professional thermocycler (Biometra) using 1 µl DNA as template. A pair of primers 

(RFLP_F and RFLP_R) were designed to amplify a 961 bp fragment of the CCE04 

gene and are listed in Table S1. Reactions were performed in 50 µl, containing 20 mM 

MgCl2, 10 x PCR buffer, 0.2 mM dNTP mix, 1 U taq polymerase (Invitrogen) and 0.2 

µM of each primer. PCR conditions were as followed: 2 min at 94 °C; 35 cycles of 20s 

at 94 °C, 30 s at 56 °C and 30 s at 72 °C; and a final extension step of 5 min at 72 °C. 

PCR products were purified with the E.Z.N.A. Cycle Pure kit (Omega Biotek), followed 

by Nanodrop quantification (Nanodrop technologies). RFLP was performed on ~200 ng 

PCR product with 1 µl BamH1 (New England Biolabs), 2 µl NEBuffer and 2 µl BSA. 

The mixture was incubated at 37 °C for 1 h and results were analyzed with agarose (2%) 

gel electrophoresis. For single mite analysis of a spirodiclofen resistant strain, eight SR-

TK males were homogenized in 20 µl buffer (10 mM Tris-HCl, 100 mM NaCl, 1 mM 

EDTA) and 2 µl proteinase K (10 mg/ml) to extract DNA. Samples were incubated in a 

This article is protected by copyright. All rights reserved.

A
cc

ep
te

d 
A

rti
cl

e



 

 

warm water bath at 37 °C for 30 min, followed by 5 min at 95 °C to deactivate 

proteinase K. PCR reactions and RFLP analysis were performed as written above. 

2.8 Recombinant expression of CCE04 in Pichia pastoris.  

Both CCE04 alleles, CCE04
London

 and CCE04
SR-VP

, were codon optimized for yeast 

expression by GenScript (USA) and sequences encoding a signal peptide were removed 

(see Figure S2). Both alleles were first cloned in the pUC-57 vector and subcloned in 

pPICZαA via double digest with EcoRI and XbaI. The pPICZαA vector carries the 

methanol inducible expression promoter PAOX1 and a signal peptide for protein secretion. 

The recombinant plasmids were named pPICZαA-CCE04-London (London-specific 

allele) and pPICZαA-CCE04-SR-VP (SR-VP-specific allele).  

Generation of Pichia competent cells and overall procedures in preparation, 

electroporation, and colony screening were conducted according to De Schutter et al.
50

 

In brief, electro-competent X-33 P. pastoris cells were transformed with 0.1 µg of 

linearized recombinant vector using a Gene Pulser II (Bio-Rad) electroporation device 

with the conditions set at 1.5 kV, 200Ω, 25 µF in a 0.2 cm electroporation cuvette (Bio-

Rad). Immediately after electroporation, 1mL of cold sorbitol (1M) was added and cells 

were incubated at 30℃ for 1h with shaking before selection of transformed cells on 

YPD plates (1% yeast extract, 2% peptone, 2% dextrose, 2% agar) containing 0.1% 

Zeocin (Thermo Fisher Scientific). Production of the recombinant CCE04 alleles was 

analyzed in 22 randomly selected colonies by Western blot analysis as previously 

described
51

 and the best producing colonies were selected for further production. For the 

large scale production, the selected P. pastoris X-33 strains containing the pPICZαA-

CCE04-London or pPICZαA-CCE04-SR-VP constructs were inoculated in 1L BMGY 

medium (1% yeast extract; 2% peptone; 1.34% yeast nitrogen base with ammonium 
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sulfate and without amino acids; 100 mM potassium sulfate, pH6; 1% glycerol) and 

grown at 30°C while shaking, after 48h, cells were harvested and resuspended in 1L 

BMMY medium (1% yeast extract; 2% peptone; 1.34% yeast nitrogen base with 

ammonium sulfate and without amino acids; 100 mM potassium sulfate, pH6; 1% 

methanol) to induce protein production. During 48h, 1% methanol was spiked into the 

medium every 12h. After centrifugation, the medium proteins were overnight 

precipitated with 80% ammonium sulfate at 8°C. After dissolving the condensed 

proteins into 0.1 M PBS pH 7.4, they were desalted by using a Pierce™ Protein 

Concentrator (30kd, 5-20mL, Thermofisher). The desalted proteins were passed through 

a 10 mL Ni-NTA column (Qiagen), and then washed with PBS buffer containing 

different concentrations of imidazole (from 25 mM to 250 mM). The purified protein 

was analyzed by SDS–PAGE, Western blotting and IEF, as described above. 

2.9 Kinetic analysis and inhibition assays with spirodiclofen and spirodiclofen enol 

Concentrations of both proteins were determined with the Bradford method.
52

 Esterase 

activities against the model substrates (4-nitrophenyl acetate (4-NPA), 4-nitrophenyl 

butyrate (4-NPB), 1-naphthyl acetate (1-NA), 1-naphthyl butyrate (1-NB), 2-naphthyl 

acetate (2-NA) were determined using a 96-well microplate by an Eon microplate 

spectrophotometer (Biotek, France) as previously described.
53

  

Briefly, hydrolytic activities to substrates of 4-NPA and 4-NPB were determined with 

5µL (1 µg) of enzyme source, 175 μL PBS (0.1 M, pH 7.4) and 20 μL of substrate 

(concentration in the well ranging from 75 μM to 2400 μM) in 10% acetone (200 μL 

reaction volume in total). The rate of 4-nitrophenol formation was measured at 405 nm 

kinetically (15 s interval for a 3 min incubation period) using an Eon microplate 

spectrophotometer (BioTek, France). Reaction rates were adjusted by spontaneous 4-

nitrophenol formation of control without enzyme. Each reaction was repeated 3 times.  
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1-NA and 1-NB of esterase activities were determined by mixing 5 μL (1 µg) of enzyme 

source, 155 μL of PBS buffer (0.1 M, pH 7.4) and 20μL of fresh 1.5g/L filtered fast 

blue RR solution. The reaction was started by adding 20 μL of a 1-NA and 1-NB 

solution in 10% acetone. The formation of the 1-naphthol–fast blue RR complex was 

measured as above at 500nm. 2-NA and 2-NB of esterase assays were conducted in a 

similar method as 1-NA and 1-NB except replacement of fast blue RR salt to fast blue B 

salt. The formation of the 2-naphthol–fast blue B complex was measured as above at 

525nm. Reaction rates were adjusted for spontaneous hydrolysis in control reactions 

without enzyme. Each reaction was repeated 3 times  

The parameters Km and Vmax were estimated from a Michaelis-Menten curve using 

Graphpad PRISM 5.0 software, and the statistical analysis was executed using an extra-

sum-of-squares F test (p<0.05). 

In order to assess whether spirodiclofen and spirodiclofen enol interact with the 

recombinant CCE04 isoforms, we performed inhibition assays. Protein amounts 

resulting in comparable activity were used for both alleles. The reaction consisted of 5 

μL enzyme source, 155 μL PBS (0.1M, pH 7.0), 10 μL substrate (1-NA diluted in 10% 

methanol, with final concentration of 18.75 μM) and 10 μL spirodiclofen (diluted in 

10% methanol, with final concentration of 100 μM). The control reaction consisted of 5 

μL enzyme source, 155 μL 0.1M PBS (0.1M, pH 7.0) and 10 μL substrate (1-NA 

diluted in 10% methanol, with final concentration of 18.75 μM). The mixtures were 

incubated for 5 min at 30 ℃ before stop solution (3.6% SDS) and Fast blue B salt were 

added. The formation of the 1-naphthol–fast blue B complex was measured as above at 

500 nm. There were three replicates for each reaction. The student t-test was adopted to 

calculate the statistical difference between control and test group (p<0.05).  

3. Results 
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3.1 Microarray analysis and validation 

The gene expression microarray data from spirodiclofen susceptible and resistant strains 

has been previously described.
11

 According to the microarray expression analysis a gene 

coding for a carboxyl/choline esterase, tetur01g10750 (CCE04), was highly 

overexpressed in both resistant strains (~34-fold for SR-VP and ~92-fold for SR-TK). A 

BLASTn analysis was conducted with CCE04 probes against the complete CCE gene-

set, revealing a potential cross-hybridization risk with two other CCE genes, CCE05 

(tetur01g10760) and CCE12 (tetur01g14180). Hence, RT-qPCR was performed using 

gene-specific primers for CCE04 (CCE04-3‟end primers), CCE05 and CCE12 (Table 

S1). CCE12 was slightly, but significantly, upregulated, while the expression of CCE05 

was downregulated (Fig. 1(a)), indicating that these genes are probably not those 

identified by the microarray experiment. Remarkably, amplification with gene-specific 

CCE04-3‟end primers (Table S1) did not confirm overexpression of this gene, although 

it was predicted as the most overexpressed gene by microarray analysis.
11

 We 

consequently re-designed a primer pair that matched a part of the gene that is also 

targeted by two microarray probes (CCE04-inprobe primers; Table S1, Figure S1). RT-

qPCR with this primer pair confirmed high levels of overexpression of CCE04 in both 

resistant strains (~198-fold for SR-VP and ~510-fold for SR-TK, Fig. 1). In conclusion, 

microarray analysis revealed the high overexpression of a CCE, which was confirmed 

by RT-qPCR. However, the identity of the CCE gene was still unclear, as gene specific 

primers based on CCE genes annotated in the London genome, failed to correctly 

identify the highly expressed CCE gene. 

3.2 Iso-electric focusing (IEF) of T. urticae esterases 

To further confirm that a CCE was overexpressed in both resistant strains, we 

performed an IEF analysis on protein samples of several spider-mite strains. Results 
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indicated the presence of an esterase band of very high intensity in both spirodiclofen 

resistant strains (SR-VP and SR-TK) (Fig. 2) compared to the spirodiclofen susceptible 

LS-VL strain (used as parental strain for generating the spirodiclofen strain SR-VP) and 

the London strain. We then further tested if we could detect a similar band in several 

characterized resistant strains in our laboratory collection that were known to be 

susceptible to spirodiclofen (MR-VL, MR-VP, BR-VL and Akita). In none of these 

strains, a similar esterase band pattern was obtained, suggesting that the extra esterase 

activity zone in SR-VP and SR-TK is specific and potentially associated with 

spirodiclofen selection (Fig. 2). In any case, these biochemical assays point towards the 

increased expression of an esterase, thereby further supporting gene expression analysis. 

3.3 RACE analysis and identification of CCE04 alleles 

Both CCE04-3‟end and CCE04-inprobe primers, used for microarray validation, were 

designed using the CCE04 sequence of the susceptible London strain, available after 

sequencing the complete T. urticae genome.
37

 However, expression analysis with 

CCE04-3‟end primers did not show overexpression of CCE04 while analysis with 

CCE04-inprobe primers showed high levels of overexpression, indicating a difference 

in sequence. One of the hypotheses to explain this observation, is that there is a CCE 

gene in the spirodiclofen resistant strains, that shares sequence similarity with CCE04, 

but is not present in the London genome. Consequently, we performed RACE PCR on 

cDNA with a nested gene specific primer (Table S1) located inside the sequence of the 

microarray probe, to sequence and clone the complete CCE04 of the resistant line. 

RACE reactions picked up the nucleotide sequences of different clones that were 

aligned to the London CCE04 sequence. Sequence analysis revealed the existence of 

two CCE04 alleles in the resistant strain. One allele was identical to the CCE04 

sequence of the London genome (CCE04
London

), while the other allele showed multiple 
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SNPs (CCE04
SR-VP

, File S1). The resistant allele codes for a protein with multiple amino 

acid substitutions compared to the wild type CCE04 protein. Some of these substitutions 

are located next to the catalytic triad
54

 and, hence, might influence catalytic activity (e.g. 

F200Y (T. urticae CCE04 numbering) near the serine residue or E439R near the 

histidine residue) (Figure S2).  

3.4 Expression analysis of CCE04 in different life stages of T. urticae and after 

induction with spirodiclofen  

We performed RT-qPCR analysis with the CCE04-inprobe primers (see 3.1) on cDNA 

of embryos, larvae, deutonymph stages and adults in the resistant strain. Expression of 

CCE04 is much lower in embryos compared to mobile stages, does not vary between 

immature stages but is significantly higher in adults (Fig. 1(b)). Induction experiments 

revealed that the SR-VP specific allele (CCE04
SR-VP

) is constitutively overexpressed in 

the spirodiclofen resistant strain and induction by spirodiclofen has little effect on the 

expression level. In contrast, the London-specific allele (CCE04
London

) is induced by 

spirodiclofen treatment in the susceptible LS-VL strain (Fig. 3).  

3.5 RFLP analysis of CCE04 from resistant and susceptible strains 

To screen the resistant and susceptible strains for the presence of both alleles, and 

potentially obtain a diagnostic marker, we designed and performed an RFLP analysis. A 

CCE04 fragment of approximately 961 bp was generated by amplification of gDNA of 

pooled mites from SR-VP, SR-TK, LS-VL and London. BamHI recognizes and cuts the 

sequence G^GATCC, which is absent in the London-specific CCE04 allele but present 

in the SR-VP-specific CCE04 allele. We observed two digestion patterns: one pattern 

represents the uncut, non-digested fragment at 963 bp and is only visible in the 

susceptible London population; the second pattern shows 3 bands, the original uncut 
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fragment and the digested fragments (388 bp and 573 bp), and is present in SR-VP, SR-

TK and LS-VL (Figure S3). Restriction digest are thus in line with RACE experiments 

and strongly suggested that both the London and SR-VP specific allele are present in the 

resistant strains. The presence of both alleles in resistant strains could in principle also 

be due to incomplete digestion, as outlined by Osakabe et al.
55

. However, an RFLP 

analysis on single (haploid) males from a spirodiclofen resistant strain (SR-TK), 

revealed that only one allele (CCE04
SR-VP

 (two fragments) or CCE04
London

 (uncut 

fragment)) is present in a single male (Figure S4). Analysis also suggested that the 

resistant allele (CCE04
SR-VP

) was enriched during spirodiclofen selection with LS-VL, 

as it could indeed be identified in LS-VL (at low levels) but not in the unrelated 

reference London strain (Figure S3).  

3.6 CCE04 copy number determination 

We further investigated whether both CCE04 sequences represent duplicated loci or are 

alleles of a single locus. We first performed qPCR on gDNA of both the spirodiclofen 

resistant (SR-VP and SR-TK) and susceptible strains (LS-VL and London), using 

unspecific primers that amplify both alleles (CCE04-inprobe) and primer pairs specific 

for both alleles (see Table S1). CCE04 copy number assessment with unspecific primers 

of CCE04 (CCE04-inprobe) did not reveal any difference between strains. However, 

results with the CCE04-SR-VP primers indicated an enrichment of CCE04
SR-VP

 allele, as 

the CCE04
SR-VP

 allele was ~540-fold and ~415-fold more present in SR-VP and SR-TK, 

respectively, relative to the London strain. On the other hand, results with the CCE04-

London primers revealed an opposite pattern for the CCE04
London

 allele, when compared 

to the London strain (Fig. 4(a)). Last, a similar CCE04
SR-VP

 enrichment pattern was 

obtained with the CCE04-SR-VP primers when compared to the LS-VL strain, however, 

only a ~ 6.6-fold and ~ 5.1-fold of increase of the CCE04
SR-VP

 allele was found in the 

This article is protected by copyright. All rights reserved.

A
cc

ep
te

d 
A

rti
cl

e



 

 

SR-VP and SR-TK strain, respectively, consistent with the presence of the CCE04
SR-VP

 

allele in the LS-VL population (Fig. 4(b)). Together, this reveals enrichment of alleles 

rather than gene amplification of the locus. 

3.7 Analysis of T. urticae CCE04 and position within CCE phylogeny  

The T. urticae genome of the London strain contains 69 putative full-length CCEs, 

which is in in line with those reported for other arthropod genomes.
21, 37

 However, T. 

urticae has 2 new CCE clades within the neurodevelopmental class (J‟ and J”), 

representing 32 and 22 CCEs (Figure S5)
37

, pointing out that the classification as 

proposed by Oakeshott 2005
56

 is less relevant for Acari. Phylogenetic analysis including 

both CCE04 isoforms [London-specific allele (tetur01g10750, CCE04
London

) and SR-VP 

specific allele (CCE04
SR-VP

)] reveals a close clustering with tetur01g10740 (CCE03), 

tetur01g10760 (CCE05) and tetur01g1480 (CCE12) within clade J” of the 

neurodevelopmental class (Figure S5). Except for CCE19 and CCE67, all members of 

clade J” contain conserved residues necessary for catalytic activity (serine 200, 

glutamate 327 and histidine 440 based on Torpedo californica numbering
54

) (Figure S2, 

Table S2 File S2). A signature motif of the esterase family, GxSxG, around the catalytic 

serine residue is present in both clade J‟ and J‟‟ (File S2, Table S2). Twenty-four 

members (71 %) of the J‟ clade have the GESAG motif compared to only one member 

of clade J” (CCE04 of clade J” has a GHSAG motif) (File S2, Table S2). Most members 

of clade J” (18 out of 22), including CCE04, are predicted to contain a signal peptide 

(Figure S2, File S2, Table S2), indicating that the majority of the CCEs from the J” 

clade is secreted. Finally, the ScanProsite tool revealed that both CCE04 isoforms had 

the PS00941 motif (Carboxylesterases type-B signature 2). 

3.8 Recombinant expression of CCE04 alleles 
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To potentially assess different catalytic properties of both alleles, and to test the 

interaction between spirodiclofen and CCE04, we functionally expressed both alleles 

(CCE04
SR-VP

 and CCE04
London

) using a Pichia based expression system. SDS-PAGE and 

Western blot analysis revealed that CCE04 was robustly expressed in the transformed 

yeast cells and secreted into the medium. Only a single band corresponding to an 

approximate molecular weight of 75 kDa was detected after purification (Figure S6).  

Next, the activity of both enzymes was measured towards six model substrates (1-NA, 

1-NB, 2-NA, 4-NPA and 4-NPB). The maximum velocities were not significantly 

different between the two alleles for all substrates (Table 1). Similarly, the Michaelis-

Menten constants (Km) of both enzymes were also not significant for most substrates, 

but the Km value of CCE04
SR-VP 

(2224±200.2 μM) towards 4-NPB was slightly but 

significantly higher than that of CCE04
London

 (1757±94.01 μM) (Table 1). 

Furthermore, we tested whether spirodiclofen affected the metabolism of 1-NA, by 

assessing activity towards this model substrate in the presence of 100 μM spirodiclofen, 

the highest dissolvable concentration in our conditions. The presence of spirodiclofen 

had an inhibiting effect on the hydrolysis of 1-NA to a similar extent for both CCE04 

isoforms (28.69% of inhibition for CCE04
London

 and 25% of inhibition for CCE04
SR-VP

). 

As expected, the already hydrolyzed spirodiclofen enol did not display any inhibition 

effect on both enzymes (Fig. 5). 

4. Discussion 

A genome-wide microarray comparing overall gene expression of a susceptible and two 

genetically distinct spirodiclofen resistant strains, SR-VP and SR-TK, revealed the 

overexpression of several genes, including an esterase (CCE04, tetur01g10750). This 
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gene was the highest overexpressed gene identified in both spirodiclofen resistant 

strains.
11

 However, validating the microarray results with gene specific primers 

uncovered the probability that a sequence not present in the London genome was linked 

with resistance, and picked up by the microarray (Fig. 1). RACE-PCR was performed 

on cDNA of SR-VP and indeed revealed the existence of two closely related CCE04 

sequences, one matching with the CCE04 sequence of the London genome (named 

London specific allele, CCE04
London

) and one with several SNPs scattered over the 

complete length of the sequence (named SR-VP specific allele, CCE04
SR-VP

) resulting in 

31 amino acid substitutions compared to the London-specific allele (Figure S2). Several 

options were then investigated, as this result could either point towards gene 

duplication/amplification, or to alternative alleles of the same locus. Amplification of 

esterase genes is a well-documented mechanism that results in increased expression 

levels, and was especially well studied in resistant strains of the aphid Myzus persicae 

and several Culex species resistant to OP compounds.
28, 57

 Amplification creates many 

identical gene copies to fulfill a high expression demand that cannot be reached by a 

single copy with an active promotor.
18

 In this study, qPCR with allele specific primers 

revealed that CCE04
SR-VP 

was 540-and 6.6-fold more present in the SR-VP strain 

compared to the London and LS-VL strain, respectively. Although this could indicate 

gene amplification, the reverse pattern was found for CCE04
London

, and a more likely 

explanation seems that selection enriched for a specific allele of the same locus. This 

was also confirmed by qPCR using primers that amplify both alleles (CCE04-inprobe, 

Fig. 4). In addition, RFLP analysis failed to document the occurrence of both alleles in a 

haploid male of a spirodiclofen resistant strain (see Figure S4). In silico characterization 

and phylogenetic analysis suggest that both alleles of CCE04 are functionally active, as 

they belong to the spider mite specific clade J”, of which the majority has all features of 

This article is protected by copyright. All rights reserved.

A
cc

ep
te

d 
A

rti
cl

e



 

 

active (presence of catalytic triad) and secreted (presence of a signal peptide) enzymes 

(Figure S2, Figure S5). This was also suggested by IEF, where the presence of a highly 

expressed and active esterase was also biochemically confirmed by native staining in 

both resistant strains. The specificity of the esterase for spirodiclofen resistant strains 

was further documented by including several other well-characterized resistant strains, 

none of which showed the typical band associated with both resistant strains (Fig. 2). 

Taken all data together, it was concluded that a specific allele of CCE04 (CCE04
SR-VP

) 

was enriched by selection and associated with spirodiclofen resistance. Furthermore, 

induction experiments revealed that exposure to spirodiclofen has little effect on the 

expression level of CCE04
SR-VP

 in the SR-VP strain, while the expression of 

CCE04
London

 was clearly induced by spirodiclofen treatment in the susceptible LS-VL 

strain (Fig. 3). As such, this might represent an example of genetic assimilation
58

, where 

the phenotype (esterase activity) in response to a toxin (spirodiclofen) becomes 

genetically stable by selection. Of particular note, genetic assimilation has been 

demonstrated before in the spider mite T. urticae with respect to host plant adaptation.
59

 

Functional enzyme assays, after recombinant expression and purification of both 

CCE04 isoforms, suggested only limited kinetic difference between different model 

substrates (Table 1). In addition, the inhibition/competition between spirodiclofen and 

model substrates indicated that there is a similar interaction of both enzymes with 

spirodiclofen (Fig. 5). These findings are in line with Hopkins et al. 2017, showing that 

a sequestering Culex quinquefasciatus CCE (Cqestβ2) did not differ significantly from a 

15-amino acid differing isoform (Cqestβ1) with respect to their interaction with 

insecticides.
60

 Overall, this suggests that quantitative differences between CCE04 

isoforms rather than qualitative differences are more likely involved in spirodiclofen 

resistance. This has to be discussed in the light of spirodiclofen metabolism, where ester 
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hydrolysis activates spirodiclofen to its corresponding enol
15

, and sequestration of 

spirodiclofen is a likely hypothesis. Overexpression of CCE04 would then 

bind/sequester the compound and hereby delay the activation to the toxophore. In turn, 

this delayed activation would then allow CYP392E10 to hydroxylate spirodiclofen to 

hydroxy-spirodiclofen
11

, which is then spontaneously hydrolyzed to hydroxy 

spirodiclofen enol, reported to be non-toxic for spider mites (Fig. 6).
15

. Of particular 

note, expression of CCE04 was much lower in embryos compared to mobile stages (Fig. 

1), which was also observed for P450 genes, and might be related to lack of resistance 

to spirodiclofen in the embryo stage of spider mites.
9, 11, 15

 

In the case of quantitative differences between alleles, resistance selected not for the 

specific allele, but for the allele-specific overexpression mechanism. Overexpression of 

the SR-VP specific allele could be caused by cis- or trans-acting mechanisms. The cis-

acting mechanism refers to local polymorphisms that influence the synthesis or stability 

of the same gene, while trans mechanisms have an effect on a different gene.
61, 62

 In a 

recent study, using an SR-VP derived inbred line, spirodiclofen resistance was mapped 

in high resolution to a number of genomic loci (Quantitative Trait Locus, QTL 

mapping), confirming its polygenic nature. None of the QTLs was associated with the 

CCE04 locus (located on pseudochromosome 1 at 2.39 Mb), but contained other 

interesting candidate genes: ACCase - the target of keto-enol acaricides (on 

pseudochromosome 1 at 6.56 Mb), a region containing P450s (on pseudochromosome 1 

at 24.13 Mb) belonging to the same P450 subfamily as CYP392E10, known to 

metabolize spirodiclofen
11

 and cytochrome P450 reductase (CPR) (on 

pseudochromosome 2 at 5.69 Mb).
13

 On the other hand, it is still possible that these 

genomic loci harbor regulators (e.g. transcription factors) that are associated with the 

potentially fixed CCE04
SR-VP

 allele. However, during inbreeding, some of the genetic 
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variation is randomly fixed, and it is not sure to what extent investigations of inbred 

lines do inform correctly on the overall combination of resistance factors. To study cis 

versus trans regulation and confirm the overall role of the SR-VP allele in resistance, 

marker assisted back crossing might be considered.  

In conclusion, we confirmed the overexpression and association of a specific allele 

(CCE04
SR-VP

) in two genetically independent spirodiclofen resistant strains. We revealed 

that selection enriched this specific allele most likely because of associated high 

expression levels, more than a different enzymatic potential. Given the specific 

metabolism of spirodiclofen, esterase sequestration combined with CYP392E10 

hydroxylation seems more likely. The precise mechanism that leads to the extreme high 

expression levels is still unclear and deserves further investigation. Nevertheless, the 

RFLP based diagnostic marker developed here might further assist in strengthening the 

association between this resistance allele and spirodiclofen resistance. 
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Tables 

 

Table 1 - Kinetic parameters of CCE04
London

 and CCE04
SR-VP 

for different 

substrates. An asterisk indicates a significant difference between the two alleles. 

 

Km ± SE (µM) Vmax ± SE (mOD/min/µg) 

 

CCE04
London

 CCE04
SR-VP

 CCE04
London

 CCE04
SR-VP

 

1-NA 1193±106.3 1717±287.0  322.3±13.8 335.3±30.34 

1-NB 400.2±82.10 412.6±88.69  600.4±66.39 429.1±50.30  

2-NA 334.4±46.96 366.0±58.94  548.7±24.87 573.0±30.59  
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4-NPA 2742±652.7 1853±287.4  464.5±69.22 486.9±41.89  

4-NPB 1757±94.01 2224±200.2* 661.1±19.29 617.8±32.68  

 

 

 

 

 

 

 

 

 

 

 

Figure Legends 

Figure 1 - RT-qPCR validation of CCE04 expression in spirodiclofen resistant 

strains SR-VP and SR-TK and stage specific expression of CCE04 in the 

SR-VP strain (a) RT-qPCR validation of microarray results was performed for 

three esterase gene candidates: CCE04, CCE05 and CCE12. CCE04-3‟end 

primers did not result in overexpression of the corresponding gene. However, 

amplification with CCE04-inprobe primers lead to high values of 

overexpression, validating microarray results. n.d.: amplification by CCE04-

3‟end primers was not determined for the SR-TK strain (b) Expression of 

CCE04 (using CCE04-inprobe primers) in different life stages of the SR-VP 

strain, relative to their expression in embryos. L: larvae, DN: deutonymph and 

A: adult. Error bars represent the standard error of the calculated mean based on 

three biological replicates. Asterisks indicate whether expression is significantly 

different based on Pfaffl analysis.  

Figure 2 - IEF gel stained for esterases. (a) Esterase profile of spirodiclofen 

susceptible (S: LS-VL and London) and resistant (R: SR-VP and SR-TK) adult 

females (left) and nymphs (right). A red arrow indicates an esterase band with 

high intensity in adults and nymphs of the resistant strains, while a black arrow 

indicates a shared esterase band present in both susceptible and resistant strains. 

The SR-VP strain was selected from the spirodiclofen susceptible LS-VL strain 

(b) Esterase profile of adult females of different multi-resistant strains. The 

esterase band with high intensity, indicated by a red arrow, specific for 

spirodiclofen resistant strain SR-VP, is not present in other strains. 
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Figure 3 - Induction of CCE04
SR-VP

 and CCE04
London

 expression. Induction of 

CCE04
SR-VP

 and CCE04
London

 expression after treatment with spirodiclofen, 

compared to the untreated reference strain (LS-VL not-induced). Error bars 

represent the standard error of the calculated mean based on three biological 

replicates. Asterisks indicate whether expression is significantly different based 

on Pfaffl analysis. 

Figure 4 - CCE04 copy number assessment. (a) CCE04 copy number assessment on 

gDNA, relative to the susceptible London strain. (b) CCE04 copy number 

assessment on gDNA, relative to the susceptible strain LS-VL. CCE04 copy 

number was assessed using CCE04-inprobe primers, while CCE04
London

 and 

CCE04
SR-VP

 copy number was assessed using CCE04-London and CCE04-SR-

VP primers, respectively. Error bars represent the standard error of the 

calculated mean based on three biological replicates. Asterisks indicate whether 

CCE04 copy number is significantly different from London (a) or from LS-VL 

(b) based on Pfaffl analysis. 

Figure 5 - Inhibition assay with CCE04
London

 and CCE04
SR-VP 

with and without 

spirodiclofen/spirodiclofen enol. Error bars represent the standard error of the 

calculated mean based on three replicates. Different letters indicate statistically 

significant differences. ∆OD represents the production of 1-naphthol after an 

incubation period of 5 min by measuring at 500nm. 

Figure 6 - Putative spirodiclofen resistance mechanism in T. urticae 

(a) In spirodiclofen susceptible T. urticae mites spirodiclofen is hydrolyzed into 

its active form, spirodiclofen enol, which interacts with the carboxyltransferase 

domain of ACCase
5, 15

 (b) In resistant mites spirodiclofen is sequestered by the 

highly overexpressed CCE04
SR-VP

, preventing ester hydrolysis into spirodiclofen 

enol. On the other hand, spirodiclofen can be hydroxylated by an overexpressed 

CYP392E10 (as shown by Demaeght et al.
11

) or CYP392E7 (hydroxylation by 

CYP392E7 could however not be demonstrated in Demaeght et al. as it was not 

possible to obtain an active CYP392E7
11

) in hydroxy spirodiclofen, which is 

then hydrolyzed into the non-toxic hydroxy spirodiclofen enol (metabolite 2 in 

Rauch and Nauen 2002
15

). 

 

Supplemental Data 

 

Figure S1 - Position of qPCR primers and microarray probes in the T. urticae 

CCE04 coding sequence. Alignment of qPCR primer sequences (suffix “_F” or “_R”; 

CCE04-3‟end, CCE04-inprobe, CCE04-London, CCE04-SR-VP; Table S1) and 

microarray probe sequences (CUST_124 and CUST_125 in Agilent microarray design 

028213
11

) with the CCE04
SR-VP 

and CCE04
London

 allele. 

 

Figure S2 - Alignment of CCE04 isoforms (CCE04
London

 and CCE04
SR-VP

).  

Thirty-one amino acid substitutions can be observed in CCE04
SR-VP 

compared to 

CCE04
London

 but none of these are located at positions of catalytic triad residues (serine, 
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glutamate and histidine; indicated by red triangles). Predicted signal peptides are shaded 

gray. 

 

Figure S3 - RFLP analysis on pooled adult females of spirodiclofen resistant and 

susceptible T. urticae strains. The resistant allele is present in two spirodiclofen 

resistant strains (SR-VP and SR-TK) and in the susceptible strain LS-VL, the parental 

line of SR-VP. M: molecular weight DNA ladder (lambda). 

 

Figure S4 - RFLP analysis on single T. urticae males of the SR-TK strain. Either the 

resistant (CCE04
SR-VP

, lane; 1,2,4,5,7 and 8) or the susceptible allele (CCE04
London

, lane 

3 and 6) is present in a single male of the SR-TK strain. M: molecular weight DNA 

ladder (lambda). 

 

Figure S5 - Position of CCE04
SR-VP 

and CCE04
London

 within T. urticae CCE 

phylogeny.  

Maximum likelihood phylogeny of T. urticae, D. melanogaster and A. mellifera CCEs, 

a selection of L. polyphemus CCEs and acetyl-choline esterases (AChEs) from D. pulex 

and B. mori. CCEs clustered into classes and/or clades 
43

: A-C (dietary class), D-G 

(hormone/semiochemical class), H (glutactin and like enzymes), I (uncharacterized 

conserved insect CCEs), J (AChEs), K (gliotactins), L (neuroligins) and M 

(neurotactins). T. urticae specific CCE expansions
37

 are indicated with J” (22 members) 

and J‟ (32 members), while uncharacterized conserved chelicerate CCEs are indicated 

with the letter U (this study). In Grbic et al. 2011, TuCCE15 and TuCCE16 weakly 

clustered with insect glutactins, but as this could not be confirmed by the analysis in this 

study and both CCEs clustered with high bootstrap support with a L. polyphemus CCE, 

TuCCE15 and TuCCE16 were assigned to a U clade. TuCCE25 and TuCCE21 were 

grouped into clade F‟ as these two T. urticae CCEs showed, compared to other T. 

urticae CCEs, the highest similarity (based on BLASTp E-value, data not shown) to 

insect juvenile hormone esterases (clade F insect CCEs
43

) in the ESTHER database.
63

 

Only bootstrap values above 65% are shown. The scale bar represents 0.5 amino-acid 

substitutions per site. The CCE protein sequences used for phylogenetic analysis can be 

found in File S2. Both CCE04
SR-VP 

and CCE04
London

 clustered within clade J” and are 

indicated by a red and black arrow, respectively.  

 

Figure S6 - SDS-PAGE and Western blotting of both purified CCE04 isoforms. 

Left, stain free SDS page; right: Western blot. Mw: molecular weight protein ladder 

(Precision Plus Protein Standard) 

Table S1 - Primers used in this study. 

Table S2 - Catalytic triad residues, signal peptide prediction and GxSxG motif in T. 

urticae CCEs belonging to clade J’ and J’’. 
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File S1– Coding sequence of CCE04
London

 and CCE04
SR-VP 

File S2 - Arthropod CCE protein sequences used for maximum likelihood 

phylogeny. 
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Selection with spirodiclofen resulted in enrichment of a specific carboxyl/choline esterase 

allele in two genetically independent spider mite strains. The role of this esterase in resistance 

to spirodiclofen is discussed. 
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