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Abstract 

BACKGROUND: Milbemectin and abamectin are frequently used to control the spider mite 

Tetranychus urticae. The development of abamectin resistance in this major pest has become 

an increasing problem worldwide, potentially compromising the use of milbemectin. In this 

study, a large collection of European field populations was screened for milbemectin and 

abamectin resistance, and both target-site and metabolic (cross-)resistance mechanisms were 

investigated.  

RESULTS: High to very high levels of abamectin resistance were found in one third of all 

populations, while milbemectin resistance levels were low for most populations. The 

occurrence of well-known target-site resistance mutations in glutamate-gated chloride 

channels (G314D in GluCl1 and G326E in GluCl3) was documented in the most resistant 

populations. However, a new mutation, I321T in GluCl3, was also uncovered in three 

resistant populations, while a V327G and L329F mutation was found in GluCl3 of one 

resistant population. A differential gene-expression analysis revealed the overexpression of 

detoxification genes, more specifically cytochrome P450 monooxygenase (P450) and UDP-

glycosyltransferase (UGT) genes. Multiple UGTs were functionally expressed, and their 

capability to glycosylate abamectin and milbemectin, was tested and confirmed.  

CONCLUSIONS: We found a clear correlation between abamectin and milbemectin 

resistance in European T. urticae populations, but as milbemectin resistance levels were low, 

the observed cross-resistance is probably not of operational importance. The presence of 

target-site resistance mutations in GluCl genes was confirmed in most but not all resistant 

populations. Gene-expression analysis and functional characterization of P450s and UGTs 

suggests that also metabolic abamectin resistance mechanisms are common in European T. 

urticae populations.  

 

Keywords: ivermectin, macrocyclic lactone; UGTs, P450s, molecular diagnostics, 

transcriptomics 
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1    INTRODUCTION 

Milbemectin (70:30 milbemycin A4/A3) and abamectin (80:20 avermectin B1a/B1b) are 

major fermentation-based compounds derived from the soil actinomycetes Streptomyces 

hygroscopicus subsp. Aureolacrimosus and Streptomyces avermitilis, respectively. They 

belong to a family of compounds, the milbemycins and the avermectins, that exhibit strong 

insecticidal, nematicidal, and acaricidal activity.
1–3 

Milbemectin and abamectin are both 16-

membered macrolides and thus structurally very similar, but differ in a bisoleandrosyl 

substituent appended to the C13 position of the macrolide ring, which is only present in 

avermectins but not milbemycins.
4
 

Milbemectin and abamectin are amongst the most frequently used compounds to 

control phytophagous pests, but are also used extensively as anthelmintics in animal and 

human health.
3
 One of the main targeted phytophagous pests is the two-spotted spider mite, 

Tetranychus urticae (Arhropoda: Chelicerata: Acari: Tetranychidae). This species is a highly 

polyphagous herbivore and an important agricultural pest worldwide that causes severe 

damages to many economically important crops. It is also notorious for its ability to rapidly 

develop acaricide resistance.
5–8

  

Abamectin has been used in agriculture for more than 30 years, mainly to control 

phytophagous mites such as T. urticae.
9
 Only quite recently, abamectin resistance has been 

repeatedly reported and was partially investigated in a number of T. urticae populations from 

several regions worldwide.
10–16

 In contrast, milbemectin has been applied more recently in 

European fields, and to a much lesser scale according to the EU Pesticides database. Reports 

of milbemectin resistance are still very limited, as well as studies investigating the potential 

risk of cross-resistance between milbemectin and abamectin, that are chemically related with 

a shared mode of action.
17,18

  

Both target-site resistance as increased metabolism have been previously linked to 

resistance against abamectin.
7
 The glutamate-gated chloride channel (GluCl), the gamma 

amino butyric acid (GABA)-gated chloride channel (GABA) and the histamine-gated chloride 

channel (HisCl) all interact with avermectins and ivermectins in insects and nematodes,
18–23

 

although GluCl is considered the main target-site in arthropods.
24

 Interestingly, in contrast to 

insect genomes that harbor a single gene, five to six orthologous GluCl genes have been 

described in tetranychid mites (T. urticae, Tetranychus lintearius and Tetranychus evansi).
7
 

The mutations G314D in GluCl1 and G326E in GluCl3 have been associated with abamectin 

resistance in T. urticae by backcrossing and F2 screens by independent studies.
25,26

 

Remarkably, functional validation by two electrode voltage-clamp electrophysiology in 
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Xenopus oocytes revealed that G326E reduced abamectin sensitivity of Plutella xylostella 

GluCl by more than 400-fold
27

 or, in case of T. urticae GluCl3, completely abolished the 

agonistic activity of abamectin or milbemycin A4.
28

 Further, a G329D mutant of a 

Haemonchus contortus GluCl, corresponding to the G314D mutation reported for T. urticae 

GluCl1, was unable to bind milbemycin A4.
29

 Surprisingly, marker assisted backcrossing of 

the G326E mutation in a susceptible genetic background, revealed that the mutation alone or 

in combination with G314D, exhibited only a weak phenotype in isogenic lines of T. urticae. 

Nevertheless, as avermectins and milbemycins target the same channels, the potential risk of 

cross-resistance by these or other target-site mutations is evident and should be further 

examined. It is however not clear how frequently target-site resistance mutations occur in 

European T. urticae populations, nor what the magnitude might be of target-site based cross-

resistance and whether it is of operational importance. 

Besides target-site resistance, increased metabolism has been linked with resistance 

against macrocyclic lactones. Both synergism experiments, gene-expression analysis, as well 

as dedicated assays with functionally expressed proteins have pointed towards the 

involvement of cytochrome P450s (P450s).
30–33

 Recombinant CYP392A16, a P450 

overexpressed in an abamectin resistant strain, was shown to metabolize abamectin to a non-

toxic metabolite.
34

 In addition, glutathione-S-transferases (GSTs) have also been associated 

with abamectin resistance in this pest
31,35

 and most recently, the uridine diphosphate (UDP)-

glycosyltransferases (UGTs) were suggested to play a role in abamectin conjugation and 

resistance.
36,37

 Although much less studied in arthropods as a resistance-conferring enzyme, 

UGTs are known to add a sugar moiety to lipophilic xenobiotics, resulting in more 

hydrophilic compounds which facilitates excretion or sequestration. To what extent these or 

other enzymes also confer cross-resistance, alone or in combination with target-site mutations, 

is still largely unknown.  

The main aim of this study is to investigate abamectin and milbemectin (cross)-

resistance patterns in a large survey of 32 European populations and investigate the molecular 

mechanism that underlie abamectin and milbemectin resistance. Populations were screened 

for the presence of target site (GluCl) mutations and genome wide transcriptomic profiling 

was performed for a selection of populations to identify detoxification enzymes that might 

play a role in resistance. Finally, we recombinantly expressed some key UGTs and 

determined their ability to glycosylate both abamectin and milbemectin to further confirm 

their potential role in resistance. 
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2    MATERIALS AND METHODS 

2.1    Samples 

During 2017 and 2018, thirty-two T. urticae field populations were collected from nine 

countries in Europe, both in greenhouses and open field. Populations from both the green and 

red colour morph were collected (Fig. 1). The sample names (abbreviations of the country of 

origin, numbered in order of arrival in the lab), locations and host plants are shown in Table 

S1. All T. urticae strains were maintained on non-sprayed kidney bean leaves (Phaseolus 

vulgaris L. cv. “Prelude”) under laboratory conditions (25±1°C, 60% relative humidity, and 

16:8 hr light: dark photoperiod).  

2.2    Toxicity Bioassays 

Toxicity bioassays were carried out with commercially formulated abamectin (Vertimec 18 

g/L EC) and milbemectin (Milbeknock 9.3 g/L EC). At least five concentrations (causing 

between 20 and 80% mortality) were tested in four replicates and blank controls were sprayed 

with deionised water only. For each replicate, about 20-30 young adult female mites were 

transferred to 9-cm
2
 bean leaf disks and sprayed (0.8 ml) with serial pesticide dilutions at 1 

bar pressure in a Cornelis spray tower (1.5 ± 0.05 mg aqueous acaricide deposit cm
-2

)
38

 as 

previously described.
39

 LC50 and LC90 values and their 95% confidence limits were 

determined with PoloPlus (LeOra Software, Berkeley, CA, USA, 2006).
40,41

 

2.3    DNA and RNA isolation  

Genomic DNA was extracted from approximately 200 T. urticae female adults as described 

earlier by Van Leeuwen et al. (2008). RNA was extracted from a pool of 100-120 adult 

females using the RNeasy plus mini kit (Qiagen). Four independent RNA extractions were 

performed for each selected population (IT2, UK6, RO1, ES1 and IT3). The concentration 

and integrity of the RNA and DNA samples was assessed by a DeNovix DS-11 

spectrophotometer (DeNovix, Willmington, DE, USA) and by running a 2µl aliquot on 1% or 

2% agarose gels. 

2.4    Detection of resistance associated point mutations 

PCR amplification of the GluCl gene fragments carrying the mutations was performed on 32 

populations as earlier described by Dermauw et al.
25

 The primer sequences used are listed in 

Table S2. PCR-products were purified using E.Z.N.A. Cycle Pure Kit (Omega Bio-Tek) and 
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were sequenced (LGC genomics, Germany). All sequenced data was analysed using BioEdit 

version 7.0.5.2.
42

  

2.5    RNA-seq 

Illumina libraries were constructed with the TruSeq Stranded mRNA Library Preparation Kit 

with polyA selection (Illumina, USA), and the resulting libraries were sequenced on an 

Illumina HiSeq 3000 (strain UK6) or HiSeq 2500 instrument (all other strains), to generate 

strand-specific, paired-end reads with a length of 150 bp and 125 bp, respectively. Library 

construction and sequencing were performed at the NXTGNT sequencing platform (Ghent 

University, Ghent, Belgium) and the High-Throughput Genomics and Bioinformatic Analysis 

Shared Resource of the Huntsman Cancer Institute (University of Utah, Salt Lake City, UT, 

USA). Prior to read mapping, the quality of reads was verified using FastQC version 0.11.4 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), no reads were tagged as poor 

quality. 

2.6    Differential expression (DE) analysis and principal component analysis (PCA) 

RNA reads were aligned to the T. urticae three-pseudochromosome assembly
43

 using STAR 

2.5.x with a 2-pass mode and the maximum intron size of 20kb, without the use of the GFF 

annotation. SAMtools 1.9 was used for indexing and merging the BAM files. Read counts 

were performed by HTSeq 0.11.2
44

 using the GFF annotation version of 23 June 2016.
43

 

A PCA was created as described by Love et al.
45

 Briefly, read counts were first 

normalized using the regularized-logarithm (rlog) transformation implemented in the 

DESeq2
46

 R-package. A PCA was then performed using the R-packages stats (version 3.5.1) 

and ggplot2 (version 3.2.1) with the 1000 most variable genes across all RNA-seq samples. A 

differential expression (DE) analysis was performed using the R-package limma (voom) 

3.38.3. Differentially expressed genes (DEGs, fold change (FC) ≥ 2 and a Benjamini-

Hochberg adjusted p-value (FDR) < 0.05) were determined pairwise between susceptible and 

resistant mite populations: IT2 versus RO1, UK6 versus RO1 and ES1 versus IT3. Those 

genes that were more than four-fold differentially expressed in all three pairwise comparisons 

were considered as the core set of differentially expressed genes related to abamectin 

resistance.  

Secondly, as part of an alternative approach, all five strains were analysed together 

with a linear model using limma 3.38.3.
47

 In line with the pairwise comparisons, „resistant‟ 

compared to „susceptible‟ was used as the contrast in the design of the DE analysis. However, 
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instead of making only comparisons between strains with the same colour morph, a correction 

was now implemented in the model design for a different background (green/red morph) by 

using a blocking factor. 

Finally, gene expression heatmaps were generated by using the resulting FC values of 

the three pairwise DE comparisons and the R-packages limma 3.38.3 and gplots 3.0.1.1. Gene 

lists of the metabolic detoxification families were obtained from Snoeck et al.
48

 Genes with 

no FC ≥ 1 in all three pairwise DE comparisons were not included in the heatplots. 

Additionally, genes were clustered using a Euclidean distance metric and Ward‟s method. 

2.7    Cloning, functional expression and purification of recombinant UGTs 

The design of expression constructs and the procedure for protein expression in E.coli was 

carried out as described in Snoeck and Pavlidi et al.
37

 with slight modifications. Briefly, total 

RNA was extracted from IT2 and ES1 strains, reverse transcribed using Maxima first strand 

cDNA synthesis kit (Thermo scientific) and amplified with primers specific for 

tetur02g09830 from IT2 and tetur05g05060 from ES1, using Phusion high fidelity DNA 

polymerase. Amplification conditions were 98°C for 30sec, followed by 30 cycles of 98 °C 

for 10 sec, 60°C for 30s, 72°C for 45 sec and a final extension at 72°C for 5 min. The PCR 

product was purified and ligated into pJET /Blunt 2.0 vector and heat-shocked into 

Escherichia coli. Based on a colony PCR, 5 positive colonies were grown, plasmids extracted 

and sent for sequencing (LGC genomics, Germany). A clone with the correct DNA sequence 

was used to order codon optimized constructs in pET100/D-TOPO vector from GenScript 

(The Netherlands). Protein expression conditions were optimized to maximize protein yields. 

For large scale protein production in 1L cultures, transformed E. coli BL21(DE3) STAR cells 

were grown at 37°C with shaking at 250rpm until an OD600nm = 0.6 was reached. The cultures 

were cooled to 16°C, then expression was induced with 0.4 mM IPTG and incubated 

overnight at 16°C with shaking at 180 rpm. The cells were harvested by centrifugation at 

8000 g for 10 minutes, re-suspended in 20 mL sodium phosphate buffer (PBS) pH 7.5 and 

lysed with 200µg / mL lysozyme for 30 minutes at 37°C. To complete the lysis process, 40 

mL lysis buffer (100 mM PBS pH 7.5, 500 mM NaCl, 10 mM imidazole, 20 mM β-

mercaptoethanol (β-ME), 0.5 mM PMSF, 2% glycerol) was added, followed by sonication on 

ice. Cell lysate was centrifuged at 8000 g for 30 minutes and the supernatant was loaded onto 

NiNTA column equilibrated with 100 Mm PBS buffer containing 500 mM NaCl and 20 mM 

imidazole. Unbound protein was washed with PBS buffer containing 500mM NaCl and 

varying concentrations of imidazole (25 mM to 50 mM). The protein was eluted using 
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100mM imidazole in 100mM PBS and 500 mM NaCl, desalted and concentrated using pierce 

protein concentrators (Thermo scientific) with a cutoff of 10kDa. Protein concentration was 

determined using Bradford assay with BSA standard.
49

 Protein purity was verified with 12 % 

SDS-PAGE gel and a western blot with anti-His-tag antibody (Thermo Fisher Scientific, 

Belgium). The purified protein was stored at -20 °C with addition of glycerol to a final 

concentration of 25 %. 

The recombinant UGTs, tetur05g05050 and tetur02g09850, were provided by Snoeck 

and Pavlidi et al.
37

 

2.8    Activity assays and determination of specificities for model substrates 

UGT activity was determined against the model substrate p-nitrophenol
50

 (Sigma-Aldrich) as 

described earlier by Snoeck and Pavlidi et al.
37

 Depletion of p-nitrophenol was measured 

spectrophotometrically (400nm) in three independent replicates while using 96-well plates 

(Greiner Bio-One, Belgium) and a Biotek EON microplate spectrophotometer (Biotek, 

France). 

2.9    UGT incubation and UDP-glo glycosyltransferase assay 

Incubation was performed as described earlier by Snoeck and Pavlidi et al.
37

 In short, 50 µM 

abamectin (CAS number 71751-41-2, Sigma–Aldrich) or milbemectin (SanBio, Uden, the 

Netherlands), 0.1µg enzyme and 400 µM UDP-glucose were incubated in a total reaction 

volume of 125µL containing 0.1 M sodium phosphate buffer (pH 7.5) and 16.7 mM MgCl2 at 

25°C for 1 h. Negative controls used for the calculations consisted of all reaction components 

except the substrate (abamectin/milbemectin). Additionally, negative controls were 

incorporated in the experiments which contained all reaction components except the enzyme 

or UDP-glucose.  

The formation of free-UDP by the glycosyltransferase reaction was quantified with the 

UDP-Glo™ glycosyltransferase assay (Promega) as described in Snoeck and Pavlidi et al. 

(2019). This assay detects the free-UDP release by converting free-UDP to ATP which results 

in the generation of light in a luciferase reaction with white, flat bottom 96-(chimney)-well 

lumitrac medium binding assay plate (Greiner Bio-One). Subsequently, luminescence was 

measured in Relative Luminescence Units (RLU) in triplicates with a Tecan infinet M200 

plate reader (Tecan). An alternative incubation set-up was used for all experiments with 

tetur05g05050 since the enzyme had a relatively low activity against the model substrate p-
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nitrophenol. The only difference in set-up in comparison to the other three UGTs was the 

amount of enzyme, which was elevated to 1 μg instead of 0.1 ug. 

2.10    Figure editing 

CorelDRAW Home & Student ×7, R and SigmaPlot 12.0 software were used to process and 

edit the figures. 

 

3    RESULTS 

3.1    Resistance levels and stability of resistance to milbemectin and abamectin in T. 

urticae field populations 

Compared to an acaricide susceptible reference strain, ten out of the thirty-two T. urticae field 

populations exhibited resistance against abamectin, with resistance ratios (RRs) ranging from 

30- to 1600-fold (Table 1). In contrast, RRs of milbemectin only reached 136- and 203-fold 

for the most resistant populations, UK6 and IT2. These two populations also showed very 

high RRs for abamectin, 957- and 1655-fold respectively. 

The LC90 values of both acaricides are shown for all field populations in Fig. 2 in 

combination with a correlation analysis. A concentration of 10 mg a.i. /L (advised field rate) 

milbemectin could theoretically control almost all mite populations, except ES1, UK6 and IT2, 

while the advised field dose of abamectin (18 mg a.i./L) would not be sufficient to control 10 

out of 32 populations. The correlation analysis between the log10 values of the LC90 values of 

milbemectin and albemectin was performed with populations that had LC90 values over 1 mg 

a.i./L (19 populations) for both compounds, and resulted in a correlation coefficient (R
2
) of 

0.8071 (Fig. 2). 

Five resistant populations were kept in the lab on bean leaves without selection 

pressure for approximately one year, after which the toxicity for abamectin and milbemectin 

were re-evaluated. This revealed that RRs were highly stable (Table 2). For one population 

(UK1), despite the lack of selection pressure, the resistance ratio was even higher (about five-

fold) in comparison to the year before. 

3.2    GluCl resistance mutation detection 

Milbemectin and abamectin resistance has previously been linked to two mutations in the 

GluCl channels, G314D and G326E.
25,26,28

 All the populations were PCR-screened for these 

GluCl target-site mutations using DNA from approximately 200 individuals as a template. 
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The G314D (GGT->GAT) and G326E (GGA->GAA) mutation was fixed in the IT2 

population while a G326E mutation was fixed in the UK6 population and segregating in the 

ES3 population. In addition, a new potential target-site mutation, I321T (ATT->ACT) in 

GluCl3, was fixed in multiple red colour morph resistant populations (IT1, IT5 and IT6), 

while in the ES1 population three segregating mutations, I321T (ATT->ACT), V327G (GTC-

>GCC) and L329F (CTT->TTT) were identified (Fig. 3).  

3.3    RNA-seq and principal component analysis (PCA) 

Five populations were selected for Illumina sequencing based on their resistance levels 

against abamectin and milbemectin (and observed cross-resistance), the host plant they were 

sampled from, and their body colour phenotype (red or green morph). The IT2, UK6 and ES1 

population had the highest abamectin and milbemectin resistance levels. RO1 and IT3 were 

selected since they were both susceptible strains but with a different colour morph. Among 

the sequenced populations, IT2, UK6 and RO1 were green colour morphs and ES1 and IT3 

were red colour morphs. The set-up of the pairwise comparisons can be found in Table S3. 

Illumina sequencing generated on average of 18 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 81.13% across all sequenced samples 

(Table S4). Reads of each population are available in the Gene-Expression Omnibus (GEO) 

repository with accession number GSE146593. 

The PCA revealed that 44.1% of the total variation could be explained by principal 

component 1 (PC1) while 20.6% could be explained by PC2 (Fig. 4A). Replicates clustered 

by population, further confirming the sample quality. The two green-coloured resistant 

populations (IT2 and UK6) were positioned close together and far away from the green-

coloured susceptible strain RO1 for PC1. Similarly, the red-coloured resistant strain ES1 was 

clearly separated from the red-coloured susceptible strain IT3 for both PCs. 

3.4    Differential gene expression analysis 

The limma package with the voom method was used to analyse differential gene expression 

patterns in pairwise comparisons between the resistant and susceptible T. urticea strains (IT2 

vs RO1, UK6 vs RO1 and ES1 vs IT3) (log2|FC| ≥1 and a FDR < 0.05). We found 410 and 

312 genes significantly over-expressed by two-fold or more, while 189 and 344 genes were 

significantly under-expressed by two-fold or more in IT2 and UK6 compared to the 

susceptible strain RO1, respectively. In the comparison of ES1 vs IT3, there are 269 and 226 
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genes over- or under-expressed, respectively. Remarkably, two cys-loop ligand-gated ion 

channel genes, tetur02g11020 and tetur02g11170 (T. urticae homologs of Drosophila 

CG12344), were overexpressed among all comparisons (log2FC between 1 and 5.7). The 

subunits they encode seem most related to those of vertebrate glycine-gated channels (GlyR 

alpha subunits), but their function in insects and mites is not well studied. 

Forty-seven genes were more than four-fold overexpressed in all pairwise comparisons 

(Fig. 4B). These 47 “core” overexpressed genes include ten P450s, four UGTs, three 

carboxyl/cholinesterase (CCEs), two intradiol ring-cleavage dioxygenase (ID-RCDs), three 

short-chain dehydrogenases/reductases (SDRs), and one lipase/lipoxygenase (PLAT/LH2) 

among other genes (Table 4). We also performed an alternative differential expression 

analysis, based on a linear model with a blocking factor (green/red morph), resulting in 177 

over- and 159 underexpressed genes (log2|FC| ≥2 and a FDR < 0.05) (Table S6). In line with 

the pairwise comparison approach, both tetur02g11020 and tetur02g11170 were 

overexpressed (log2FC of 4.3 and 1.2, respectively). In addition, 43 of the 47 shared “core” 

overexpressed genes were also overexpressed in this alternative analysis (Table 3, Table S6).  

As shown in Fig. 5, multiple P450s and several UGTs were also strongly 

overexpressed in some or all resistant mite populations. Gene expression heatmaps for ID-

RCDs, GSTs, SDRs and CCEs can be found in Fig. S1. Further details of the twelve 

underexpressed genes can be found in Table S5. 

3.5    Cloning, heterologous expression and purification of T. urticae UGTs 

Coding sequences of two UGTs were successfully cloned into pJET/Blunt 2.0 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 most 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 tetur05g05060 and tetur02g09830 was 1 

and 3 mg derived from 1L bacterial cultures, respectively. All four UGTs (tetur05g05060 and 

tetur02g09830 (this study) and tetur02g09850 and tetur05g05050
37

 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 (Fig. S2). 

The four recombinant UGTs (tetur05g05050, tetur05g05060, tetur02g09830 and 

tetur02g09850) were assayed towards the model substrate p-nitrophenol to investigate 

whether they exhibited UDP glycosyltransferase activity (Fig. S3). Three recombinant UGTs 
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(tetur02g09830, tetur02g09850 and tetur05g05060) were capable of conjugating p-

nitrophenol (between 56 and 92% depletion of UDP at a concentration of 100 micrograms of 

UGT enzyme). In line with Snoeck and Pavlidi et al.
37

, tetur05g05050 only showed low 

conjugation activity towards p-nitrophenol (8% depletion of UDP at 100 microgram of 

enzyme).  

3.6    UDP glycosyltransferase activity  

Three out of four recombinant T. urticae UGTs (tetur05g05060, tetur02g09830 and 

tetur02g09850) could glycosylate abamectin. Incubation with tetur02g09830 resulted in the 

highest amount of released free-UDP (∼glycosylation), 6.08µM. In contrast, milbemectin was 

only glycosylated by tetur02g09850. Tetur05g05050 showed no activity towards both 

macrocyclic lactones (Table 4). 

 

4    DISCUSSION  

Milbemectin and abamectin are two frequently applied acaricides in the control of spider 

mites. Based on the LC90 values of thirty-two T. urticae field populations determined in this 

study, advised field doses of milbemectin (10 mg a.i. /L) seems still efficient to control the 

majority of T. urticae field populations in Europe. This is in contrast to abamectin, where a 

field dose (18 mg a.i. /L) would only be able to control two-thirds of our sampled populations. 

Only two strains were highly resistant to milbemectin (IT2: RR= 203 and UK6: RR=136) and 

exactly these strains exhibited extreme high resistance to abamectin, with RRs reaching 958- 

and 1655-fold, suggesting cross-resistance. However, both LC50 values and RRs were 

markedly lower for milbemectin in comparison to abamectin. The field dose of milbemectin 

will most likely still control all except three populations from this study, and to what extent 

the current observed milbemectin resistance is of operational importance is still questionable. 

A link between abamectin and milbemectin toxicity and some level of cross-resistance was 

also clear from a correlation analysis including all populations with LC90 values higher than 1 

mg a.i./ L (Fig. 2). Together, this suggests that the extensive use of abamectin might 

compromise milbemectin efficacy in the long run. Resistance against both macrocyclic 

lactones was stable over the course of one year in the laboratory (Table 2). This observed 

stability of abamectin and milbemectin resistance is in accordance with the findings of Stumpf 

& Nauen 2002, were an abamectin resistant field strain (NL-00) from roses showed stable 

resistance after being maintained for six months in the lab without selection pressure.
32

 In 
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contrast, studies from Sato et al. and Nicastro et al. revealed instabilities of abamectin and 

milbemectin resistance after laboratory selection,
15,17

 pointing towards different mechanisms 

selected in the field and the laboratory.
51–53

 The underlying cause of this difference between 

field- and laboratory-selected populations needs further investigation. 

The macrocyclic lactones milbemectin and abamectin are structurally strongly related 

and share GluCls as the main target-site.
54

 Hence, the risk for cross-resistance observed in this 

study, and suggested earlier,
15,17,28

 could both be due to both target-site changes affecting 

binding of both molecules, as well as a common metabolic detoxification pathway. A number 

of target-site mutations in T. urticae GluCl channels (G314D and G326E) were previously 

associated with milbemectin and abamectin resistance,
25,26

 and have been functionally 

validated.
27–29

 Several studies have reported the absence or only low frequency of these 

target-site mutation in T. urticae field populations worldwide,
11,16,33,55–58

 but toxicity data of 

both abamectin and milbemectin was lacking in some of these screening studies or, 

alternatively, not all mutations were screened.
58

 It is therefore not yet clear to what extent they 

are a reliable marker of resistance. Remarkably, we confirmed in this study that both target-

site mutations are relatively common, as detected in 3 out of 7 most resistant populations (Fig. 

2, Fig. 3). Their presence in only the most resistant populations might be explained by the 

observation that both mutations carry a fitness cost, and hence their presence might reflect 

continuous selection in the field, further rising resistance ratio‟s
59,60

 (Fig. 3). Thus, the 

detection of these mutations is predictive of very high resistance levels, even if not present in 

all resistant populations. This was also confirmed by a recent study in China, where six out of 

seven field strains with extensive abamectin application history contained both mutations.
11

 

 However, regardless of the association with resistance, it remains unclear to what 

extent the mutations contribute to the phenotype, as introgression by marker-assisted 

backcrossing revealed only low levels of resistance in isogenic lines.
40

 The potential 

mechanisms explaining this discrepancy might be complex, as channels typically consist of 

potentially different combinations of five subunits, as discussed in Riga et al.
40

, and one 

cannot exclude even that heteromeric channel assembly occurs, consisting of both GluCl and 

GABACl subunits.
61,62

 Of particular note, two cys-loop ligand gated ion channel subunit 

genes (tetur02g11020 and tetur02g11170), were overexpressed in all resistant T. urticae 

strains (Table S6). These genes encode homologues of Drosophila CG12344, which is 

predicted to be an orthologue of human glycine receptors but has only been poorly 

characterized.
63,64

 Ivermectin is known as an agonist of human glycine receptors, but these 

receptors are 100-fold less sensitive to ivermectin compared to invertebrate GluCls as they 
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lack the TM3 glycine residue at a position corresponding to G314/G326 in T. urticae 

GluCl1/GluCl3.
25,65,66

 Speculatively, this might suggest that heteromeric channels are formed, 

consisting of these overexpressed subunits, hereby reducing abamectin binding. In the cases 

described above, it is clear that simple introgression of a GluCl resistance mutation in a single 

subunit, might not convey the full phenotype, and this merits further investigation. 

In addition to well-known target-site GluCl mutations, we also discovered a potential 

new target-site mutation, I321T in GluCl3, present in four resistant strains of the red colour 

morph (ES1, IT1, IT5 and IT6) (Fig. 2, Fig. 3). This mutation is adjacent to A309V, a 

previously reported abamectin resistance mutation in P. xylostella 
27

, and adjacent to one of 

the Caenorhabditis elegans GluCl TM3 residues that, based on the GluCl crystal structure, 

was predicted to be involved in ivermectin binding
67

 (Fig. 3). Interestingly, GluCl3 of ES1 

also carried a V327G mutation, adjacent to the important G326 residue, and a leucine to 

phenylalanine mutation at residue 329. The corresponding residue in Caenorhabditis elegans 

GluCl, M345 , was also predicted to be involved in ivermectin binding (Supplemental Fig. 8 

in Hibbs et al. 
67

), while an L315F mutant of Musca domestica GluCl and L319F mutant of 

Bombyx mori GluCl (corresponding to L329F in T.urticae GluCl3) showed reduced 

sensitivity to ivermectin
68,69

, suggesting the L329F mutation might also contribute to the high 

abamectin resistance levels of population ES1. However, these three newly identified 

mutations await further functional validation. In the light of cross-resistance, it is remarkable 

to notice that the presence or absence of resistance mutations does not seem to impact the 

correlation of toxicity (Fig. 2, Fig. 3), suggesting alternative mechanisms at play. This is also 

suggested from the fact that although functional expression in oocytes of the G326E mutant of 

GluCl3 reveals equally strong effects of abamectin and milbemycin on channel activation
28

, 

there are still large differences in toxicity between compounds in strain IT2 and UK6 that 

harbour these mutations (Fig.2). 

Indeed, as some strains with high resistance levels did not harbour any mutations, and 

mutations alone might not explain the full resistance phenotype
40

, we also investigated 

increased metabolism/transport as potential resistance mechanism. Increased detoxification by 

metabolism was previously linked to abamectin resistance in diverse species, including spider 

mites. Hence, we selected five T. urticae field strains and performed a genome-wide 

transcriptomic study to identify specific genes involved in resistance. We selected strains 

based on colour morph, host plant sampled and resistance status (Table 1, Table S1), in 

attempt to provide genetically relevant comparisons to uncover gene-expression differences 

only related to resistance. Not surprisingly, our analysis (Table 3) revealed that multiple 
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P450s were among the most highly overexpressed DEGs. Oxidative metabolism was earlier 

reported as a principal resistance mechanism against abamectin for multiple pests, such as the 

Colorado potato beetle [Leptinotarsa decemlineata (Say) (Coleoptera: Chrysomelidae)] and 

the house fly [Musca domestica Linnaeus (Diptera: Muscidae)].
22

 For T. urticae, several P450 

genes - CYP392D2, CYP392D8, CYP392D10, CYP392A11 and CYP392A16 - were reported 

to be overexpressed in abamectin resistant strains
30,33,34

 In addition, CYP392A16 was 

functionally expressed and in vitro assays showed that it could metabolize abamectin to a 

non-toxic metabolite. In line with previous studies, CYP392A12, CYP392E8 and CYP392Dn 

were highly overexpressed in all resistant strains (Table 4), suggesting that P450-mediated 

metabolic resistance is also contributing to the high resistance levels observed in many strains 

from different crops throughout Europe. Unfortunately, in contrast to CYP392A16, we did not 

succeed in functionally expressing P450s from the D-family. 

Next to P450s, UGTs were strongly represented in the pairwise comparisons DEGs 

(tetur02g09830, tetur05g00070, tetur05g05050 and tetur05g05060). Recently, a high-

throughput substrate screening of both plant secondary metabolites and pesticides revealed 

that tetur02g09850 was able to glycosylate abamectin, whereas milbemectin was not tested.
37

 

Here two T. urticae UGTs, tetur02g09830 and tetur05g05060, were functionally expressed 

and together with enzyme stocks of tetur02g09850 and tetur05g05050 from this previous 

study, tested for glycosylation activity towards abamectin and milbemectin. Tetur02g09850 

was included because the protein sequence was highly similar to tetur02g09830 (Fig. S5) and 

it was previously shown to glycosylate abamectin.
37

 In addition, its encoding gene was also 

overexpressed in all pairwise resistant-susceptible comparisons (Table S6), albeit at lower 

level.  

The result of activity assays showed that three out of four recombinant UGTs were 

able to glycosylate abamectin, the highest glycosylation activity was detected for 

tetur02g09830 (Table 4). Milbemectin, on the other hand, could only be metabolized by 

tetur02g09850. It is remarkable that despite the very high protein similarity of tetur02g09830 

and tetur02g09850, different substrate preferences are evident. An aligment including 

UGT50A1 (Bombyx mori), UGT50A2 (Helicoverpa armigera) and UGT2B7 (Homo sapiens) 

and indication of all currently known important residues (catalytic residues and residues 

interacting with the sugar donor) 
70–72

 is presented in Figure S5. There are no differences 

between tetur02g09830 and tetur02g09850 except for one different residue in the sugar donor 

binding region, but to what extent this might contribute to substrate specificity is unclear. In 

addition, proteins were recombinantly expressed in E. coli, which does not allow correct 
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glycosylation, which might be needed for the correct interpretation of this observation. This 

can also be the reason for the lack of activity of the recombinant tetur05g05050. 

Last, several studies have showed that, in some cases, GSTs might also play a role in 

abamectin resisance
32,57

. In addition, functional expression of a T. urticae GST, TuGSTd14, 

has revealed interactions between TuGSTd14 and abamectin in inhibition assays with model 

substrates.
35

 Although TuGSTd14 is not in our key list (Table 3), it is higher expressed in all 

comparisons (Table S6) with log2FC of 2.41, 1.28, 2.04 and 1.93 in comparisons IT2 vs RO1, 

UK6 vs RO1, ES1 vs IT3 and in the list predicted by the linear model, respectively. This 

further supports a role of this GST in abamectin and milbemectin resistance. 

5    CONCLUSION 

In conclusion, using an exceptionally wide collection of field populations from Europe, we 

were able to determine resistance levels to abamectin and milbemectin, and thoroughly 

evaluate any potential cross-resistance risk. We found high to very high levels of resistance to 

abamectin in one third of the examined populations. Although there was clearly a correlation 

between abamectin and milbemectin toxicity, resistance levels to milbemectin were low and 

in most cases probably not of operational importance. In search of the molecular mechanisms 

of cross-resistance, we sequenced all GluCl target-site genes, and found both previously 

reported mutations, as well as new mutations in GluCl3, in the majority of the highly resistant 

strains. However, as these mutations were not found in all resistant strains, the overall 

correlation of toxicity between abamectin and milbemectin points towards metabolism as the 

likely cause for cross-resistance. We therefore also investigated the role of metabolic 

detoxification by gene expression profiling. This revealed the association of a number of 

P450s, of which one was previously shown to metabolise abamectin. In addition, the role of 

UGT-mediated metabolic detoxification in resistance against macrocyclic lactones was further 

corroborated by in vitro enzyme activity assays.  
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FIGURES 

Figure 1. The major geographic distribution of T. urticae populations collected from 8 

countries in Europe. For detailed information about collection date, collection site and host 

plant species see Table S1. 

 

Figure 2. LC90 values of milbemectin and abamectin in field populations. The advised 

field doses (*) are indicated with dashed lines (10 mg a.i. /L for milbemectin and 18 mg a.i. /L 

for abamectin). Red colour morph populations are underlined, while green colour morph 

populations are not underlined. The presence of the G326E, G314D, I321T or V327G/L329F 

mutation in either GluCl1 or GluCl3 is indicated by a filled circle, hollow circle, black 

rhombus and a cross, respectively. Those strains used in the differential gene expression 

analysis are indicated in blue font. A correlation analysis (top left) between the log10 values of 

the LC90s of milbemectin and abamectin was performed with populations that had an LC90 

value of more than 1 mg a.i. /L (19 populations) for both compounds.  

 

Figure 3. Mutations in transmembrane domain 3 of GluCl1 and GluCl3 subunits of T. 

urticae strains investigated in this study. Alignment of transmembrane domain 3 (TM3) of 
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GluCl1 and GluCl3 subunits of T. urticae strains ROI, UK6, ES1, ES3, IT1, IT2, IT5 and IT6 

with TM3 of Drosophila melanogaster and Plutella xylostella GluCl and TM3 of C. elegans 

GluCl. Previously reported abamectin resistance mutations, G314D and/or G326E are 

indicated by a red arrow and red font.
25,28

 A new mutation I321T mutation in four abamectin 

resistant T. urticae strains (ES1, IT1, IT5 and IT6) is indicated by a blue arrow and a blue font, 

while the V327G and L329F mutation found in ES1 is indicated by a green arrow and green 

font. Underlined residues indicate the position of C. elegans GluCl𝛼 residues that, based on 

the GluCl𝛼 crystal structure, were shown to be involved in ivermectin binding.
67

 An 80% 

threshold was used for identity (black background) and similarity shading (grey background). 

Abbreviation of species names: Tu, T. urticae; Ce, C. elegans; Dm, D. melanogaster; Px, P. 

xylostella. 

 

Figure 4. Principal component analysis (PCA) and differential gene expression analysis. 

(A) PCA analysis of gene expression among five populations of T. urticae. (B) Differential 

expressed genes (DEGs; red, overexpressed; blue underexpressed) between three resistant and 

two susceptible T. urticae strains (log2|FC|≥1, FDR < 0.05). For a list of DEGs, see Table 3 

and Table S6. 

 

 Figure 5. Expression heatmaps of genes coding for P450s and UGTs. The genes with 

log2|FC|≥1 in at least one out of three resistant versus susceptible comparisons (IT2 vs RO1, 

UK6 vs RO1 and ES1 vs IT3) are shown in the heatmap. T. urticae gene names or IDs are 

shown on the right.  

 

 

TABLES 

Table 1. LC50 values of milbemectin and abamectin for 32 T. urticae field populations in 

Europe. Underlined populations are red colour morphs while all other populations are green 

colour morphs. An asterisk indicates that this population was selected for RNAseq expression 

analysis. 

Popa 
 Milbemectin   Abamectin  

Slope(±SE) LC50 (95% CI) RRb Slope(±SE) LC50 (95% CI) RRb 

IT2* 3.14 (±0.32) 35.87 (31.48-40.37) 203.5 (174.7-237.0) 2.69 (±0.23) 151.4 (134.2-169.5) 957.1 (823.6-1112.3) 

UK6* 2.34 (±0.24) 23.94 (16.87-30.40) 136.0 (111.5-165.4) 2.38 (±0.22) 261.6 (210.9-312.4) 1655 (1379-1981) 

ES1* 3.10 (±0.26) 4.10 (3.35-4.91) 23.63 (19.87-28.01) 2.53 (±0.18) 78.59 (67.63-90.84) 497.2 (424.5-581.1) 

BE1 2.72 (±0.27) 3.71 (3.04-4.35) 21.04 (18.01-24.57) 2.32 (±0.25) 41.95 (36.01-48.06) 265.5 (223.3-314.7) 
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UK2 2.01 (±0.18) 3.46 (2.97-4.04) 19.69 (16.57-23.42) 2.82 (±0.20) 7.40 (6.42- 8.48) 47.65 (41.19-55.12) 

IT6 3.10 (±0.23) 3.12 (2.78-3.46) 17.72 (15.38-20.41) 3.33 (±0.22) 24.96 (22.76-27.20) 157.9 (138.5-179.7) 

IT5 3.74 (±0.30) 2.99 (2.67-3.32) 16.96 (15.01-19.15) 4.28 (±0.13) 14.26 (12.45-16.15) 90.08 (79.82-101.67) 

UK1 1.71 (±0.13) 2.31 (1.87-2.90) 13.58 (11.12-16.57) 1.50 (±0.14) 17.02 (13.79-21.27) 107.8 (81.7-129.3) 

IT1 3.98 (±0.36) 2.07 (1.85-2.30) 11.75 (10.21-13.52) 3.31 (±0.32) 14.64 (12.08-17.12) 92.52 (80.38-106.48) 

DE1 2.94 (±0.25) 0.99 (0.86-1.15) 5.64 (4.83-6.58) 2.75 (±0.22) 1.56 (1.40-1.74) 9.87 (8.54-11.41) 

NL2 2.73 (±0.24) 0.92 (0.79-1.05) 5.23 (4.40-6.18) 2.83 (±0.21) 3.96 (3.52-4.40) 25.04 (21.61-29.00) 

UK4 2.68 (±0.20) 0.89 (0.62-1.24) 5.05 (4.40-5.79) 1.82 (±0.13) 1.72 (1.46-2.02) 10.85 (8.98-13.11) 

NL1 4.15 (±0.37) 0.82 (0.72-0.93) 4.68 (4.09-5.36) 2.23 (±0.20) 3.25 (2.79-3.77) 20.56 (17.20-24.57) 

ES2 3.22 (±0.26) 0.80 (0.73-0.88) 4.56 (4.01-5.16) 4.55 (±0.42) 0.35 (0.31-0.38) 2.12 (1.84-2.46) 

DE3 2.79 (±0.29) 0.77 (0.66-0.90) 4.38 (3.76-5.11) 2.15 (±0.18) 0.86 (0.73-0.99) 5.40 (4.58-6.36) 

IT4 2.87 (±0.27) 0.76 (0.68-0.85) 4.32 (3.75-4.98) 2.19 (±0.19) 1.27 (1.09-1.47) 8.00 (6.70-9.55) 

DE5 2.89 (±0.26) 0.76 (0.65-0.86) 4.29 (3.70-4.98) 1.83 (±0.21) 1.47 (1.19-1.77) 9.28 (7.56-11.38) 

ES3 2.62 (±0.25) 0.73 (0.64-0.83) 4.14 (3.54-4.84) 1.86 (±0.15) 11.82 (9.20-15.13) 74.73 (62.94-88.74) 

RO2 4.04 (±0.43) 0.59 (0.54-0.36) 3.33 (2.95-3.76) 4.07 (±0.48) 0.48 (0.42-0.53) 3.01 (2.63-3.45) 

DE7 4.10 (±0.41) 0.54 (0.48-0.60) 3.09 (2.67-3.56) 8.18 (±0.84) 0.68 (0.64-0.71) 4.28 (3.85-4.76) 

DE2 3.25 (±0.30) 0.53 (0.47-0.59) 3.01 (2.62-3.46) 3.35 (±0.30) 1.52 (1.34-1.68) 9.57 (8.26-11.10) 

UK5 3.68 (±0.30) 0.53 (0.48-0.58) 3.02 (2.66-3.43) 3.34 (±0.24) 0.23 (0.20-0.25) 1.45 (1.26-1.68) 

DE4 2.99 (±0.23) 0.42 (0.38-0.46) 2.38 (2.10-2.70) 1.98 (±0.16) 0.28 (0.24-0.32) 1.76 (1.46-2.11) 

DE6 4.17 (±0.36) 0.38 (0.35-0.42) 2.19 (1.92-2.49) 1.97 (±0.18) 1.36 (1.18-1.56) 8.56 (7.23-10.14) 

IT7 5.05 (±0.40) 0.36 (0.33-0.39) 2.04 (1.83-2.28) 4.42 (±0.40) 0.22 (0.20-0.24) 1.39 (1.22-1.58) 

BE3 3.32 (±0.42) 0.35 (0.30-0.40) 2.00 (1.73-2.30) 3.35 (±0.29) 0.34 (0.24-0.46) 2.17 (1.88-2.51) 

RO1* 3.25 (±0.29) 0.33 (0.29-0.37) 1.87 (1.60-2.18) 5.53 (±0.69) 0.12 (0.11-0.13) 0.74 (0.65-0.84) 

POL2 4.15 (±0.44) 0.31 (0.27-0.34) 1.76 (1.52-2.02) 3.16 (±0.28) 0.23 (0.19-0.27) 1.44 (1.24-1.67) 

POL1 2.58 (±0.25) 0.25 (0.22-0.28) 1.41 (1.19-1.66) 3.89 (±0.43) 0.27 (0.23-0.30) 1.68 (1.45-1.94) 

IT3* 2.73 (±0.28) 0.24 (0.17-0.29) 1.36 (1.15-1.61) 3.24 (±0.24) 0.14 (0.13-0.16) 0.91 (0.78-1.06) 

BE2 2.81 (±0.25) 0.20 (0.18-0.23) 1.14 (0.98-1.33) 3.46 (±0.34) 0.34 (0.30-0.38) 2.19 (1.91-2.51) 

UK3 4.55 (±0.42) 0.18 (0.16-0.19) 1.00 4.38 (±0.35) 0.16 (0.14-0.18) 1.00 
a
 Pop, Populations; 

b
 mg a.i. L

-1
; Resistance Ratio = LC50 of a population/LC50 of the UK3 population  

 

 

 

 

Table 2. Resistance stability assessment of five selected T. urticae populations 

Popa Date tested 
Milbemectin RRc  

(95%Cl) 

Abamectin RRc 

(95%Cl) LC50
b (95% CI)  LC50

b (95% CI) 

UK1 
Jan/2019 3.05 (2.46-3.79) 

1.27 (1.00-1.62) 
84.92 (74.78-96.34) 

5.22 (4.01-6.67) 
Aug/2017 2.31 (1.87-2.90) 17.02 (13.79-21.27) 

UK2 
Jan/2019 3.43 (2.99-3.90) 

0.99 (0.81-1.21) 
10.13 (8.92-11.37) 

1.34 (1.14-1.58) 
Aug/2017 3.46 (2.97-4.04) 7.40 (6.42-8.48) 

ES1 
Jan/2019 2.51 (2.22-2.82) 

0.60 (0.50-0.73) 
131.2 (115.0-150.7) 

1.67 (1.39-2.01) 
Aug/2017 4.10 (3.35-4.91) 78.59 (67.63-90.84) 

IT1 
Jan/2019 1.47 (1.29-1.68) 

0.71 (0.60-0.84) 
15.77 (13.20-18.70) 

1.08 (0.91-1.28) 
Aug/2017 2.07(1.85-2.30) 14.64 (12.08-17.12) 

IT2 
Jan/2019 34.80 (18.33-49.61) 

0.97 (0.76-1.24) 
110.2 (93.12-130.2) 

0.73 (0.62-0.85) 
Jan/2018 35.87 (31.48-40.37) 151.4 (134.2-169.5) 

a
 Pop, Populations; 

b
 mg a.i. L

-1
; 

c 
Resistance Ratio; ratio between the LC50 determined by the second (2019) test and the LC50 determined by the first 

(2017) toxicity test 
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T. urticae gene 

ID 
Description 

log2FC 
LM* 

IT2 vs RO1 UK6 vs RO1 ES1 vs IT3 

tetur03g00970 Cytochrome P450 (CYP392A11) 8.18 6.58 4.38 6.25 

tetur03g00830 Cytochrome P450 (CYP392A12) 4.99 3.78 8.01 5.89 

tetur06g04520 Cytochrome P450 (CYP392A16) 4.52 2.95 3.19 3.51 

tetur03g04990 Cytochrome P450 (CYP392D2) 10.35 9.06 8.16 9.29 

tetur03g05020 Cytochrome P450 (CYP392D5p) 8.72 7.00 10.31 N/A 

tetur03g05070 Cytochrome P450 (CYP392D8) 13.36 11.30 5.97 9.74 

tetur03g05110 Cytochrome P450 (CYP392D10p) 7.68 6.80 4.23 5.94 

tetur03g05100 Cytochrome P450 (CYP392Dn) 6.04 3.60 6.23 5.92 

tetur27g00350 Cytochrome P450 (CYP392E8) 4.73 4.11 2.10 3.50 

tetur27g00220 Cytochrome P450 probable pseudogene 4.99 3.94 4.70 4.56 

tetur02g09830 UDP-glycosyltransferase (teturUGT10) 4.35 2.69 3.16 3.38 

tetur05g00070 UDP-glycosyltransferase (teturUGT21) 4.80 3.33 2.31 3.42 

tetur05g05050 UDP-glycosyltransferase (teturUGT28) 3.84 4.24 8.06 5.55 

tetur05g05060 UDP-glycosyltransferase(teturUGT29) 5.11 5.63 6.91 6.11 

tetur11g05770 Carboxyl/cholinesterase (TuCCE35) 6.05 5.14 4.10 5.28 

tetur29g00930 Carboxyl/cholinesterase (TuCCE58) 3.59 2.25 3.41 3.13 

tetur29g00940 Carboxyl/cholinesterase (TuCCE59) 3.95 2.22 2.11 2.73 

tetur19g02300 Intradiol ring-cleavage dioxygenase 7.50 2.05 3.17 N/A 

tetur13g04550 Intradiol ring-cleavage dioxygenase 7.41 4.76 4.96 5.68 

tetur06g04970 Short-chain dehydrogenase/reductase 6.52 2.89 6.31 N/A 

tetur12g00570 Short-chain dehydrogenase/reductase 4.12 2.91 2.32 3.16 

tetur12g00590 Short-chain dehydrogenase/reductase 6.02 4.28 2.65 4.20 

A
cc

ep
te

d 
A

rti
cl

e

This article is protected by copyright. All rights reserved.



25 
 

Table 3. Shared overexpressed genes in the three resistant-susceptible comparisons. 

Genes were sorted based on their gene description. See supporting information Table S4 for a 

list of shared underexpressed genes. For a list of all differentially expressed genes see Table 

S6.  

* the log2FC of these 47 genes in the Linear Model analysis, N/A: this gene was not detected as differentially expressed in the Linear Model analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

tetur04g00770 Small Secreted Protein (Family F) 9.47 7.72 2.16 5.97 

tetur04g09479 Small Secreted Protein (Family F) 10.61 9.49 2.36 7.46 

tetur04g09459 Small Secreted Protein (Family F) 12.01 10.33 4.18 8.20 

tetur01g13120 Leucine-rich repeat domain 6.19 5.60 7.64 6.64 

tetur07g02420 Leucine-rich repeat domain 4.35 4.19 7.01 5.68 

tetur34g00160 Leucine-rich repeat domain 2.63 2.72 6.17 4.02 

tetur16g03490 Antigen B membrane protein 10.14 5.39 6.06 N/A 

tetur12g03950 Serine protease (SP29) 3.28 2.41 2.12 2.54 

tetur11g05740 Lipase/lipooxygenase; PLAT/LH2 3.89 4.15 2.10 3.19 

tetur02g14741 BTB/Kelch-associated 4.81 3.71 9.43 6.56 

tetur24g00770 BTB/POZ-like 2.81 3.70 5.81 4.38 

tetur13g04170 GE26306 6.86 4.94 2.91 4.69 

tetur31g02020 Apple-like 3.17 3.16 8.59 5.41 

tetur03g02760 Scramblase 3.18 3.09 5.29 3.93 

tetur08g05010 Cathepsin B (TuPap-11) 4.24 3.07 2.03 3.00 

tetur28g01360 Wannes-Thomas Secreted Protein 2 2.34 2.72 2.11 2.38 

tetur01g01500 Apolipo protein D precursor (putative) 3.40 2.58 3.91 3.37 

tetur17g03440 Domain of unknown function DUF3421 2.10 2.82 3.91 3.04 

tetur06g01100 Hypothetical protein 2.64 3.24 3.04 3.01 

tetur12g00580 Hypothetical protein 4.18 4.37 4.03 4.11 

tetur04g90885 Hypothetical protein 5.72 4.04 3.61 4.63 

tetur02g14280 Hypothetical protein 2.59 2.54 2.66 2.60 

tetur06g91354 Hypothetical protein 2.12 3.36 3.15 2.94 

tetur21g01410 Hypothetical protein 4.96 4.65 3.04 4.10 

tetur47g00220 Hypothetical protein 5.97 5.10 4.70 5.10 
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Table 4. The enzyme characteristics of four UGTs in combination with abamectin and 

milbemectin 

 

free-UDP (μM ± SE ) 

tetur05g05050 tetur05g05060 tetur02g09830 tetur02g09850 

abamectin nd 1.52 (± 0.19) 6.08 (± 0.61) 1.73 (± 0.14) 

milbemectin nd nd nd 4.84 (± 0.18) 
nd: no glycosylation detected. 
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