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With 4 figures

Abstract: The pollen beetle, Brassicogethes aeneus, is an economically important pest of oilseed rape (Brassica napus)
throughout Europe. The control of B. aeneus has relied heavily on the use of chemical insecticides leading to the evolution
of resistance. However, investigation of the molecular basis of resistance has been hampered by an absence of genomic
resources for this species, including the lack of a reference genome assembly. Here we address this need by generating a
chromosome-scale genome assembly for B. aeneus. A combination of long-read single-molecule sequencing and in vivo
chromatin conformation capture (Hi-C) sequencing was used to generate an assembly of 585 Mb, comprising 11 chromo-
some sized scaffolds (scaffold N50 of 61.6 Mb) and containing 13,381 protein-coding genes. We leveraged the new assem-
bly, in combination with post-genomic functional approaches to investigate the molecular basis of metabolic resistance to
pyrethroid insecticides in B. aeneus. Our data confirmed that two P450s, CYP6BQ23 and CYP6BQ25, have the capacity
to metabolise the pyrethroid deltamethrin in B. aeneus and thus have the potential to confer resistance. However, the rela-
tive expression of these P450s in pyrethroid susceptible and resistant strains suggests that CYP6BQ23 plays a much more
significant role in resistance than CYP6BQ25. In summary, the high-quality genome assembly for B. aeneus reported here
provides a valuable resource for future research on this species. Our findings on P450-mediated resistance to insecticides

are of applied relevance for the development of strategies for the sustainable control of this important pest.
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1 Introduction

Oilseed rape (Brassica napus) is a globally important crop
grown for the production of animal feed, vegetable oil and
more recently for alternative usages such as liquid bio-
fuel. The pollen beetle, Brassicogethes aeneus (formerly
known as Meligethes aeneus) (Coleoptera: Nitidulidae), is
the most economically important arthropod pest of oilseed
rape throughout Europe (Williams 2010). Adult beetles feed
almost exclusively on pollen and cause most damage during
the early (green to yellow) stages of bud formation when,
in attempts to access this food source, they chew through
flowering structures resulting in damage to sepals, petals and
ovaries (Seimandi-Corda et al. 2021). Feeding may com-
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pletely destroy smaller buds while destruction of embryos in
larger buds leads to abortion and blind (podless) stalks. As a
result, pollen beetle infestations can cause significant reduc-
tion in yields, as high as 80% in spring rape (Hansen 2004).

The main method of protection of oilseed rape against
pollen beetle is the application of chemical insecticides,
however, their intensive use has led to the development
of resistance. The most high-profile example of this is the
development of resistance to pyrethroids, first described in
1999 in Northeastern France (Thieme et al. 2010). Since
then, resistance has been reported in numerous European
countries and has had serious economic consequences, as
demonstrated in Germany in 2006 when resistant pollen bee-
tles could no longer be controlled by pyrethroids, leading to
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the destruction of 30,000 ha and serious damage to 200,000
ha of winter oilseed rape (Nauen 2007).

Insecticide resistance has been shown to most frequently
arise via two main mechanisms: 1) structural changes (muta-
tions) in the insecticide target protein that make it less sensi-
tive to the toxic effects of the insecticide, and 2) enhanced
production or activity of enzymes (such as esterases, gluta-
thione-S transferases and cytochrome P450s) which break
down, or bind to (sequester), the insecticide. For pollen
beetle both mechanisms have been described in pyrethroid
resistant populations (Nauen et al. 2012; Zimmer et al.
2014a; Zimmer & Nauen 2011). In the case of target-site
resistance, the cloning and sequencing of a section of the
pyrethroid target, the voltage-gated sodium channel, identi-
fied a single amino acid change (L1014F, known as knock-
down resistance, or kdr) in domain IIS6 of the channel in
resistant pollen beetles (Nauen et al. 2012). In the case of
metabolic resistance, the best documented evidence impli-
cates enhanced oxidative detoxification by cytochrome P450
monooxygenases (P450s) (Philippou et al. 2011; Zimmer
et al. 2014a, b; Zimmer & Nauen 2011). Firstly, the effi-
cacy of pyrethroids was shown to be synergised by the P450
inhibitor piperonyl butoxide (PBO) in resistant strains of
pollen beetle (Philippou et al. 2011; Zimmer & Nauen 2011).
Secondly, microsomal preparations from resistant pollen
beetle strains showed a significantly increased rate of delta-
methrin metabolism in the presence of NADPH, which was
inhibited by PBO, and two other P450-inhibitors, tebucon-
azole and 1-aminobenzotriazole (Zimmer & Nauen 2011).
Thirdly, the level of 4-hydroxy deltamethrin formation in
microsomal preparations of several pollen beetle strains
as assessed by LC-MS/MS analyses was found to be sig-
nificantly correlated with the level of pyrethroid resistance
(Zimmer & Nauen 2011).

Following these studies, the P450 gene, CYP6BQ23,
was shown to be highly overexpressed (up to ~900-fold) in
adults and larvae of pyrethroid resistant strains compared to
susceptible strains, with expression levels correlating with
both the level of resistance and with the rate of deltamethrin
metabolism in microsomal preparations of these populations
(Zimmer et al. 2014a). Furthermore, functional expression of
CYP6BQ23 in vitro demonstrated its capacity to efficiently
metabolise deltamethrin to 4-hydroxy deltamethrin (Zimmer
et al. 2014a). The prominent role of CYP6BQ23 in pyre-
throid resistance was further confirmed by a proteomic study
comparing dead and alive pollen beetle after deltamethrin
treatment (Kocourek et al. 2021).

A study of European pollen beetle populations employ-
ing transcriptomic approaches, confirmed the overexpres-
sion of CYP6B(Q23 but also discovered a second P450 gene,
CYP6BQ?25, with a high similarity to CYP6BQ23, that was
also found to be overexpressed in pyrethroid resistant strains
(Zimmer et al. 2014b). However, to date the functional role
of CYP6BQ?25 in detoxifying pyrethroids has not been dem-
onstrated and thus its role in resistance remains unclear.

Recently the interaction between target-site resistance
(kdr, L1014F) and P450-mediated resistance (CYP6BQ23
overexpression) has been investigated (Samantsidis et al.
2020). Elegant work combining genetic transformation and
CRISPR/Cas9 genome modification of D. melanogaster
provided strong evidence that the metabolic and target-site
resistance mechanisms identified in B. aeneus can act syner-
gistically to confer strong resistance.

To date, characterisation of the molecular bases of insec-
ticide resistance in B. aeneus has been hampered by the pau-
city of genomic resources for this species, most notably the
lack of a reference genome assembly. Here we addressed
this need by sequencing, assembling, and annotating a high-
quality chromosome-scale assembly of B. aeneus. We then
leveraged this resource, in combination with post-genomic
functional approaches, to investigate the role of the CYP6BQ
subfamily of P450s in resistance to pyrethroids.

2 Materials and methods

Details on chemicals and insect collection, DNA extrac-
tion and genome sequencing, de novo genome assembly
and annotation, ortholog analysis, species level phylogeny
and divergence time estimation, curation, phylogenetic and
syntenic analyses of genes involved in detoxification of
xenobiotics, molecular and functional characterisation of
CYP6BQ23 and CYP6BQ25, computational modeling and
deltamethrin docking, and insecticide bioassays is provided
in supplementary methods.

2.1 Data availability

The genome assembly and raw sequencing data generated
in this study has been deposited at NCBI under accession
PRJEB48953.

3 Results

3.1 A chromosome scale genome assembly
of B. aeneus

Sequencing of B. aeneus DNA generated 1,046,296 PacBio
HiFi reads with a read length N50 of 16,775 bp, and
709,616,444 150 bp paired-end Illumina Hi-C reads rep-
resenting 182% coverage. This data was assembled into 11
chromosome-scale scaffolds (Fig. S1) resulting in a final
assembly of 585Mb, with a scaffold N50 of 61.6 Mb (Table
S1). The completeness of the gene space in the assembled
genome was assessed using the Benchmarking Universal
Single-Copy Orthologues (BUSCO) pipeline, with 98.6% of
the Insecta reference gene set found to be present as com-
plete copies (Table S1). Structural genome annotation using
a workflow incorporating RNAseq data predicted a total
of 13,381 protein-coding genes in the assembly. Of these,
13,290 were successfully assigned functional annotations



based on BLAST searches against the non-redundant protein
database of NCBI and the InterPro database.

Ortholog analysis generated 16,094 gene clusters (Fig. 1),
of which 4,632 were found in all species, of which 1,156 con-
sisted of single-copy genes. A total of 138 genes were specific
to B. aeneus, and 8,465, 8,547, 7,837, 7,362, 7,777, 7,073,
7,979, 8,301 and 8,488 genes were shared with A. tumida,
A. planipennis, A. glabripennis, L. decemlineata, N. vespil-
loides, O. taurus, P. pyralis and T. castaneum respectively.
Modelling of global gene gain and loss revealed a gene turn-
over rate of 0.0015 gains and losses per gene per million years
in B. aeneus, slower than that reported for D. melanogaster
(0.0023 duplications/gene/million years) (Lynch & Conery
2000). Estimation of gene gain and loss in gene families
across the 10 arthropod species revealed a negative average
gene family expansion (—0.226) in B. aeneus, with a greater
number of gene families contracted (3,566) and genes lost
(4,091) than expanded (660) and gained (1,159) (Table S2).
Gene ontology (GO) enrichment analysis of orthogroups spe-
cific to B. aeneus identified GO:0005549, odorant binding,
(Table S3) while the rapidly evolving and expanding gene
families were significantly enriched for xenobiotic transport
functions and defence response to fungi (Table S4, S5).

3.2 Curation and phylogeny of P450 genes

We leveraged the new genome assembly to identify and
curate genes encoding P450s as these have been frequently
implicated in the detoxification of natural and synthetic
insecticides in a range of insect species including B. aeneus
(Nauen et al. 2022; Zimmer et al. 2014a). A total of 103
P450s, were identified in the B. aeneus assembly, a gene
count consistent with that of other beetle species (Table S6).
The curated P450 gene set of B. aeneus was compared to
the CYPomes of 7. castaneum, D. melanogaster, A. gambiae
and A. mellifera. Phylogenetic analyses revealed that, as for
other insect species, B. aeneus P450 genes group into four
main clades (CYP2, CYP3, CYP4 and mitochondrial clans)
(Fig. S2A, B, C, D), which could be further sub-divided into
25 families and 57 subfamilies (Table S7).

P450s from the CYP2 and mitochondrial clans show a
high degree of 1:1 orthology across the five species, which
may indicate possible functional conservation of these P450s
(Zhu et al. 2013). B. aeneus has large and diverse CYP3 (23
subfamilies, 50 genes) and CYP4 (20 subfamilies, 38 genes)
P450 clans. With the exception of the CYP44A4 and CYP4AG
subfamilies, there appears to be a lack of 1:1 orthology across
the five species in these two clans, with most families and
subfamilies exhibiting marked species-specific expansions
(Fig. S2C, D). This is particularly apparent in the CYP3 clan,
with marked species-specific radiations obvious even within
orders. For example, 7. castaneum has only one main family
of CYP6 sequences (CYP6B), whereas B. aeneus has three
(CYP6B, CYP6G and CYP6V) (Fig. S2C).

Phylogenetic analyses of the CYPomes of B. aeneus
(superfamily: Cucujoidea) and 7. castaneum (superfam-
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ily: Tenebrionoidea) affords the opportunity to compare
two Coleopteran species that shared a last common ances-
tor approximately 200 million years ago (Zhang et al. 2018)
(Fig. 2A). As with the broader phylogeny across five species,
there is a high degree of 1:1 orthology in the CYP2 and mito-
chondrial clans and almost none within the other two P450
clans. Indeed, the CYP3 and CYP4 clan sequences of the two
beetle species appear as sister clades rather than groups of
orthologous genes. Sequences from the CYP4 family account
for half of the B. aeneus CYP4 clan (9 subfamilies, 19 genes)
and the species-specific CYP3016 family is the second largest
gene group (4 subfamilies, 10 genes) (Fig. 2A).

In the CYP3 clan the CYP6 family accounts for over half
of the complement of sequences (12 subfamilies, 26 genes),
with the CYP9 family the second largest (5 subfamilies, 13
genes) (Fig. 2A). Most of the B. aeneus CYP9 genes are from
the CYP9BZ subfamily (7 genes), and these form a species-
specific clade with the CYPI9BK sequences (3 genes). Of
the three remaining B. aeneus CYP9 genes two are possible
1:1 orthologs of T. castaneum sequences (B.a_CYPYBNI.:
Tc CYP9YI and B.a CYP9BM?2: T.c. CYP9ADI) (Fig. 2A).

The largest species-specific subfamily expansions occur
in the CYP6 family and there are several large sister groups
of genes. For example, B. aeneus CYP6GN and CYP6GM
form a sister group with 7. castaneum CYP6BK/L/M/N/P
genes (Fig. 2A). The CYP6BQ subfamily contains 7c
CYP6BQ9 and B.a CYP6BQ23 both of which have been
linked to pyrethroid resistance (Zhu et al. 2010; Zimmer
et al. 2014b). However, there is a large discrepancy in the
number of CYP6BQ genes between the two Coleopteran
species. T. castaneum has 12 functional CYP6BQ genes and
one pseudogene (CYP6BQ3P), whereas B. aeneus only has
two: CYP6BQ23 and CYP6BQ25. In T. castaneum, with
the exception of CYP6BQ13, the CYP6BQ genes all occur
in a large cluster on chromosome LG4, made up of three
clans: I (CYP6BQ2, CYP6BQ4), 11 (CYP6BQ6, CYP6BQ?7,
CYP6BQ12) and Il (CYP6BQI, CYP6BQS5, CYPG6BQS,
CYP6BQY9, CYP6BQ10, CYP6BQII). The Bayesian phylog-
eny places the two CYP6BQ exemplars from B. aeneus as a
sister group to the 7. castaneum clan I sequences, CYP6BQ2
and CYP6BQ4 (Fig. 2B). However, B. aeneus CYP6GJ/GS/
VE genes form a second sister clade to the 7. castaneum
CYP6BQ sequences and CYP6GLI and CYP6VDI appear
more closely related to 7. castaneum CYP6BQ13, which is
located as a solitary P450 gene on chromosome LG2.

CYP6BQ?23 is located on chromosome 11 of the B. aeneus
genome, and this chromosome is also the putative site of
CYP6BQ?25 (see below). Analyses of locally colinear blocks
(LCBs) show that there is poor macro-synteny between chro-
mosome LG4 of 7. castaneum (which contains the CYP6BQO
cluster) and chromosome 11 of B. aeneus (17 LCBs, LCB
weight 879 bp) (Fig. S3). However, there is a high degree of
macro-synteny between chromosome LG4 of 7. castaneum
and chromosome 7 of B. aeneus which contains a cluster of
CYP6GJ genes (216 LCBs, LCB weight 895 bp) (Fig. S3).
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Fig. 1. Phylogenomic analysis of the genome of B. aeneus and 9 other arthropod species.
(A) Phylogenetic relationship and gene orthology of B. aeneus and other arthropods. SC indicates com-
mon orthologs with the same number of copies in different species, MC indicates common orthologs
with different copy numbers in different species. SpS indicates species-specific paralogs, UC indicates
all genes which were not assigned to a gene family. (B) Gene families shared by selected species.
(C) Species dated phylogenetic tree and gene family evolution. Numbers on the branch indicate counts
of gene families that are expanding (green), contracting (red) and rapidly evolving (blue).
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B. aeneus chromosome 11 shows good macro-synteny to
T castaneum chromosome LG6 (117 LCBs, LCB weight
845 bp) (Fig. S4).

There are 38 annotated named genes in the region
~250Kbp upstream and downstream of the CYP6BQ cluster
on chromosome LG4 of T castaneum. When these genes were
used as query sequences in a discontiguous BLAST search of
the B. aeneus genome 30 (~84%) returned a top hit of chro-
mosome 7 (Table S8). It appears that while there is conserva-
tion of global chromosomal gene content (inter-chromosomal
synteny or macro-synteny) between 7. castaneum chromo-
some LG4 and B. aeneus chromosome 7, the order of genes
has not been conserved (Fig. S3, Table S8). Although there
is evidence of some micro-synteny, overall, it appears that
gene shuffling has occurred and intra-chromosomal synteny
is present at a low level. This is in keeping with other research
into syntenic patterns in Coleoptera which revealed that there
is a high level of macro-synteny, a low level of transloca-
tion events and modest levels of micro-synteny across the
order (Van Dam et al. 2021). The apparent translocation of B.
aeneus CYP6BQ genes to a new genomic position therefore
is potentially an unusual evolutionary event.

As detailed in the introduction, two P450s have been
identified as overexpressed in pyrethroid resistant pol-
len beetle populations (Zimmer et al. 2014a, b). The first,
CYP6BQ23, was shown to hydroxylate the alcohol moiety
of pyrethroids to a less toxic hydroxy-metabolite in vitro
(Zimmer et al. 2014a). The second, CYP6BQ25, is closely
related to CYP6BQ23 (86.1% amino acid identity), how-
ever, to date, its causal role in pyrethroid detoxification has
not been demonstrated (Zimmer et al. 2014b). In the present
study, CYP6B(Q23 was found to occur on chromosome 11 of
the B. aeneus genome assembly and was not found in a gene
cluster with other P450s (Fig. S3). Surprisingly, however,
BLAST searches of the previously described CYP6BQ25
sequence failed to identify this gene in the genome assembly.
Similarly, BLAST searches of the raw PacBio reads did not
return hits that corresponded to this P450. In contrast, map-
ping HiC Illumina reads to the open reading frames of the
two P450s identified reads that corresponded to CYP6BQ25
(Fig. S5). The finding that CYP6BQ25 was not present in our
de novo genome assembly may result from technical reasons,
such as reduced coverage of PacBio reads at the CYP6BQ25
loci, or the fact that the loci occurs in a repetitive, or difficult
to sequence or assemble, region of the genome. In support of
this, we exploited HiC Illumina reads to extend beyond the
5" end of the transcriptome coding sequence, with an initial
consensus subsequently degenerating into unique sequences
for each read (Fig. S5). Of these, the most extensive sequence
that could also be found in the genome was from a read
which aligned to position 2,476,049-2,476,193 on chromo-
some 11, diverging from the genome prior to the start of the
CYP6BQ?25 coding sequence (Fig. SSB). Moreover, at the 3’
end, iterative extensions using the Hi-C reads ended with a
repeat sequence with high coverage (Fig. SSC). This repeat

is found 17 times across the genome, including at position
chrl1:2,585,957-2,586,047, in reverse complement form.
Other variations of this repeat taken from the Hi-C align-
ments can be found nearby. Given this closeness to the
putative 5" location detailed above, we conclude this region
is the likeliest candidate for where CYP6BQ?25 is located.
Thus, the association of CYP6BQ25 with highly repetitive
sequences, which can be difficult to sequence and assemble,
may explain its absence in the final assembly.

An alternative explanation is that the CYP6BQ25 gene
copy may segregate in populations of B. aeneus. Further
experimental work is required to investigate this possibility,
however, CYP6BQ?25, was found to be expressed in samples
from Ukraine, Germany, Poland and Sweden in a previous
study (Zimmer et al. 2014b), and was found to be expressed
in 22 pollen beetle samples from Germany in this study (see
below and Table S9). This suggests that CYP6BQ?25 is pres-
ent at high frequency in European populations of B. aeneus.

3.3 The role of CYP6BQ P450s in pyrethroid
metabolism and resistance

The high level of amino acid sequence similarity of
CYP6BQ25 with CYP6BQ23, a known pyrethroid metabo-
liser, suggests that it may also be capable of metabolising pyre-
throid insecticides or their primary metabolites. To investigate
this, and gain insight into the relative importance of these two
P450s in resistance, we first deduced the full-length coding
sequence of CYP6BQ25 by 3' RACE to obtain the complete
coding sequence of 1,575 bp encoding a predicted protein of
525 amino acids (Fig. S6). Both CYP6BQ25 and CYP6BQ23
were then heterologously expressed with D. melanogaster
CPR in an insect cell line. Both recombinant P450s were
catalytically active against BOMFC, confirming the func-
tional expression in both cases, although the specific activity
of CYP6BQ23 for this coumarin probe was significantly (p
<0.05) greater than that of CYP6BQ25 (Fig. 3A). Incubation
of microsomal preparations containing each P450 and CPR
with the pyrethroid deltamethrin and subsequent LC-MS/
MS analyses revealed that both CYP6BQ25 and CYP6BQ23
can hydroxylate deltamethrin resulting in 4-hydroxy delta-
methrin (Fig. 3B). The rate of deltamethrin hydroxylation
by both recombinantly expressed P450s was found to be
time-dependent and followed Michaelis—Menten kinetics in
response to deltamethrin concentration (Fig. 3B) resulting in
a K;,, value of 8.19 = 1.48 and 6.59 + 1.48 uM and a V ax
value of 2.77 £ 0.21 and 2.11 + 0.18 pmol/min/mg protein for
CYP6BQ23 and CYP6BQ25 respectively. The co-incubation
of CYP6BQ23 and CYP6BQ25 revealed no enhancement of
deltamethrin metabolism (Vx = 2.52 + 0.31 pmol/min/mg
protein). In addition, we incubated recombinantly expressed
CYP6BQ25 with 4-hydroxy deltamethrin but failed to detect
any depletion of this metabolite (data not shown).

To explore the potential impact of amino acid differences
between CYP6BQ25 and CYP6BQ23 on pyrethroid metab-
olism, homology models were generated for both P450s
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Fig. 3. Catalytic activity of CYP6BQ23 and CYP6BQ25 of Brassicogethes aeneus against a model fluorescent substrate and the
insecticide deltamethrin. (A) O-dearylation of the artificial model substrate BOMFC (see inset for chemical structure) by recombinant
CYP6BQ23 and CYP6BQ25 in High Five™ cells as compared to rat liver microsomes (RLM). High Five cells with empty baculovirus
(control) and reactions without NADPH were used as negative controls. Data shown are mean values + SD (n = 9). (B) Michaelis-
Menten kinetics of the formation of 4-hydroxy deltamethrin by recombinantly expressed CYP6BQ23 and CYP6BQ25 of B. aeneus.

Data points are mean values + SEM (n = 3).

(Fig. 4). Investigation of the putative substrate binding site
identified just two amino acid residues (S222L and V323I)
that vary between CYP6BQ25 and CYP6BQ23 (Fig. 4A-C).
However, both of these residues are not predicted to be readily
accessible to substrates in the active site and thus are unlikely
to play a major role in ligand docking. Computational dock-
ing of deltamethrin in the catalytic site of the two P450 mod-
els identified preferred docking poses of this insecticide and
provided additional evidence that the S222L and V3231 sub-
stitutions have minimal impact on deltamethrin position and
orientation in the active site (Fig. 4D, E). These analyses also
rationalised the activity and metabolite formation observed
for CYP6BQ25 against deltamethrin in vitro by illustrating
a putative mode of oxidative attack by the heme iron-oxygen
centre of this P450 that would result in the hydroxylation of
the phenoxybenzyl para position of deltamethrin leading to
the observed 4-hydroxy metabolite (Fig. 4F).

To further explore the relative importance of CYP6BQ25
and CYP6BQ23 in the resistance of field populations of B.
aeneus to pyrethroids we examined the level of expression
of these P450s in 22 pollen beetle populations collected in
Germany falling into two different pyrethroid resistance
classes as defined by IRAC (Slater et al. 2011). Specifically,
qPCR was used to compare the expression of 7 samples
categorised as ‘moderately resistant’ (IRAC code 3) and 15
samples categorized as ‘resistant’ (IRAC code 4) relative to
a sample from Ukraine categorized as ‘highly susceptible’
(IRAC code 1). These susceptibility categories have been
validated alongside pyrethroid efficacy field trials to demon-
strate that reduced efficacy in insecticide bioassays correlates
with equivalent reduced performance in the field (Brandes

et al. 2014). CYP6BQ23 was found to be highly overex-
pressed in both the moderately resistant (47-fold to 368-fold)
and resistant (180-fold to 1191-fold) samples compared to
the pyrethroid susceptible sample (Fig. S7A). Furthermore,
the overall level of expression between the two categories of
resistant samples was significantly (p = 0.0083) greater in
the resistant samples than the moderately resistant samples
(Fig. S7A). Thus, the pattern of expression of CYP6BQ23
in the samples tested is consistent with an important role
in pyrethroid resistance. In contrast, CYP6BQ25 was not
found to be consistently overexpressed in pyrethroid resis-
tant B. aeneus compared to the susceptible reference, with
expression in the moderately resistant and resistant samples
ranging from 0.2-fold to 3.1-fold and 0.2-fold to 6.0-fold
respectively relative to the pyrethroid susceptible sample.
Furthermore, no significant difference in expression levels
(p >0.05) was observed between the moderately resistant and
resistant samples (Fig. S7B). Thus, these data suggest that
CYP6BQ25 plays a much less significant role in pyrethroid
resistance in B. aeneus than does CYP6BQ23.

4 Discussion

Here we present the first genome sequence assembly for B.
aeneus. Measures of assembly contiguity (N50, L50 etc.)
and gene representation (BUSCO and OrthoDB assessment)
are indicative of a highly contiguous chromosome scale
assembly with a high degree of gene content completeness.
Thus, the new genome assembly of B. aeneus represents
a powerful resource for further research on this important
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pest species. In the current study, we leveraged this genomic
resource to investigate the molecular basis of P450-mediated
resistance to pyrethroids.

Curation of the CYPome of B. aeneus revealed a con-
tracted complement of P450s belonging to the CYP6BQ
subfamily compared to other beetle species, with just two
members in B. aeneus compared to 12 members in 7. cas-
taneum. This is significant as there is growing evidence
that P450s belonging to this subfamily may be important
metabolisers of xenobiotics. Specifically, previous work has
shown that CYP6BQY is 200-fold upregulated in QTC279,
a deltamethrin-resistant 7. castaneum strain, compared to
a lab susceptible strain, with functional analyses demon-
strating the causal role of this P450 gene in resistance (Zhu
et al. 2010). Furthermore, subsequent work on the CYP6BQ
gene cluster in 7. castaneum has provided evidence that
the majority of P450 genes in this subfamily may contrib-
ute to pyrethroid resistance. Specifically, 10 out of 12 of
these genes were found to be significantly upregulated in
QTC279 compared to a susceptible strain, and the expres-
sion of 6 of these was induced by exposure to deltamethrin
(Zhu et al. 2013). The reasons for the marked difference in
CYP6BQ gene content between B. aeneus and 1. castaneum
is unclear but may reflect differences in the life histories of
the two species and in their pattern of exposure to xenobi-
otics. Intriguingly, in 7. castaneum the majority (~67%) of
P450 genes in the CYPome are found in gene clusters with
the largest of these containing 12 CYP6BQ genes with the
same orientation located within a 30 kb region on the LG4
chromosome (Zhu et al., 2013). In contrast CYP6BQ23 was
identified in our assembly as a singleton on chromosome 11,
while CYP6BQ25 was not incorporated in our assembly but
inferred, using short sequence read information, to reside
at a distant locus on the same chromosome in association
with repetitive sequences. Thus, the distribution of members
of this P450 gene family in 7. castaneum is consistent with
expansion by tandem gene duplication (Zhu et al. 2013),
while a similar mechanism is not supported for B. aeneus.

Our functional analyses revealed that both of the
CYP6BQ subfamily members in B. aeneus have the capacity
to detoxify deltamethrin, by hydroxylating this compound
to its 4-hydroxy metabolite. These results confirm the find-
ings of previous work on CYP6BQ23 (Zimmer et al. 2014a)
while also demonstrating the pyrethroid metabolising capac-
ity of CYP6BQ25 for the first time. Homology modelling
of the two P450s supported these findings suggesting the
key amino acids that make up the substrate binding site are
largely conserved between CYP6BQ23 and CYP6BQ25
resulting in very similar positioning of deltamethrin in the
active site of the two enzymes.

The finding that both CYP6BQ23 and CYP6BQ25 metab-
olise deltamethrin with similar efficiency raises a question
on their relative contribution to pyrethroid resistant pheno-
types as defined earlier (Slater et al. 2011). Our investiga-
tion of the expression of the two P450s in highly susceptible,
moderately resistant, and resistant pollen beetle samples pro-
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vides insight into this question by revealing clear differences
in the expression profile of the two P450s. The finding that
CYP6BQ?23 is highly overexpressed in moderately resistant
pollen beetles compared to a susceptible sample, and overex-
pressed to an even greater extent in the resistant category of
pollen beetles, strongly supports a major role of this P450 in
resistance in the field. Our findings are also consistent with
previous studies which found this P450 to be from ~130- to
>1800-fold overexpressed in resistant strains (Zimmer et al.
2014a, b). In contrast, our finding that CYP6BQ25 was not
consistently overexpressed in the resistant pollen beetle sam-
ples tested and exhibited no significant difference in overall
expression between moderately resistant and resistant pollen
beetle samples, suggests it plays, at best, a more minor role
in resistance. A previous transcriptomics study also found
CYP6BQ25 to be overexpressed to a much lower extent
than CYP6BQ23 (Zimmer et al. 2014b), although the levels
of overexpression of CYP6BQ25 reported previously (>15-
fold in samples from Sweden, Denmark and Poland com-
pared to a susceptible sample from Ukraine) are higher than
those observed in our study, which were all from Germany.
Thus, there may be a degree of variation in the importance of
CYP6BQ25 in pyrethroid resistance between geographically
separated pollen beetle populations.

In conclusion, while uncovering the pyrethroid metabo-
lising potential of CYP6BQ25 our data also provide further
evidence of the important role of CYP6BQ23 in pyrethroid
resistance in B. aeneus. Together with the results of previ-
ous studies (Zimmer et al. 2014a, b), these findings illustrate
the potential for the overexpression of this P450 to serve
as a molecular marker of resistance. Current estimates of
CYP6BQ?23 overexpression require the extraction of RNA
for use in qPCR, precluding the testing of samples stored
in ethanol. Thus, the future identification of mutations
linked to resistance (such as those in the promoter regions of
CYP6BQ?23 that lead to its overexpression) would allow the
development of DNA-based assays, enabling the testing of
stored samples and increased throughput. In this regard, the
genome assembly generated in our study provides a reference
assembly for the future mapping of DNAseq data from resis-
tant and susceptible pollen beetle samples at the CYP6BQ23
locus, facilitating the identification of DNA markers linked
to resistance. Diagnostics targeting these markers could
then be used, in combination with diagnostic assays devel-
oped for the pyrethroid target-site mutation L1014F (Nauen
et al. 2012), to determine the frequency and distribution
of these key resistance mechanisms and inform resistance
management and rational control strategies. Unfortunately,
resistance to pyrethroids is now widespread in pollen bee-
tle populations throughout much of Europe and only a few
alternative insecticides with a different mode of action have
been introduced for control. The new genome assembly will
facilitate the rapid identification of the molecular basis of
resistance against these compounds should it arise, while
also aiding in the development and study of novel insecti-
cidal and non-insecticidal control measures.
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Fig. S1. Chromosome-scale genome assembly of B. aeneus. Heatmap shows frequency
of HiC contacts along the genome assembly. Blue lines indicate super scaffolds and green
lines show contigs, with the X axis showing cumulative length in millions of base pairs (Mb).
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| |
EXXRXXP motif of K-helix PXRF motif
430 7 480 430 5

480 470 0 500 510 520 52!
TASRHQFAHIPFGEGPRICIGMRFALMEAKVGMAA I LKNYNITLSKRTTVP IQLDPKSFISTPKDGIWIHAKRIKIDGLF

Fig. $S6. Deduced amino acid sequence of CYP6BQ25 of Brassicogethes aeneus. The
predicted N-terminal transmembrane domain is indicated by an arrow. Conserved regions of
cytochrome P450 enzymes such as the C-, I-, and K-helix motifs, the PXRF motif are
indicated by arrows and the heme binding domain is indicated by a bar.
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Fig. S7. Analysis of the expression of CYP6BQ23 (A) and CYP6BQ25 (B) transcripts in
pollen beetle samples as determined by real-time PCR. Expression levels were analysed
from pollen beetle samples falling into two different pyrethroid resistance classes as defined
by IRAC (Slater et al., 2011; see materials and methods) and visualized as Box and Whisker
plots. RT qPCR data for both transcripts of pyrethroid resistant field samples were normalised
and shown in relation to a pyrethroid susceptible sample M094-11 from Ukraine (Zimmer and
Nauen, 2011). Normalised data were statistically analysed by Mann-Whitney U test by pairwise
comparisons (P-values of < 0.05 are statistically significant).





Table S1. Summary statistics of the B. aeneus genome assembly. The BUSCO score
presented is the percentage of the Insecta odb10 test gene set found to be present as complete

single copies.

Assembly statistic

Value

Number of total contigs

Number of total scaffolds

incl Mt

Contig N50

Contig L50

Longest contig

Scaffold N50

Scaffold L50

Longest scaffold

Total assembled size

% Repetitive content

N bases

% Complete BUSCOS

Total gene content

92

11+1

24,416,959 bp

60,348,703 bp

61,642,216 bp

103,484,733 bp

585,278,342 bp

63.73

40,500 bp

98.6

13,381






Table S2. Summary statistics from CAFE (Computational Analysis of gene Family Evolution)

analysis.
Expanded Contracted Genes/

families Genes  Genes/ex families Genes contrac No Avg. Rapidly

Species (significant)  gained pansion (significant) lost tion change Expansion evolving
L. decemlineata 1493 (136) 3713 2.49 2782 (8) 2983 1.07 8717 0.0561884 144
O. taurus 1562 (128) 3380 2.16 2624 (6) 2752 1.05 8806 0.0483374 134
O. fasciatus 1730 (13) 2487 1.44 5104 (5) 5520 1.08 6158 -0.233451 18
A. tumida 1799 (26) 2568 1.43 1156 (38) 1408 1.22 10037 0.0892857 64
A. planipennis 1123 (93) 2194 1.95 3021 (23) 3341 1.11 8848 -0.0882851 116
N. vespilloides 660 (22) 1159 1.76 3566 (45) 4091 1.15 8766 -0.225677 67
B. aeneus 691 (74) 1625 2.35 1098 (7) 1208 1.1 11203 0.0320967 81
P. pyralis 2854 (179) 6436 2.26 2671 (7) 2807 1.05 7467 0.279326 186
A. glabripennis 1659 (219) 5032 3.03 1107 (4) 1136 1.03 10226 0.299877 223
T. castaneum 1670 (52) 2973 1.78 3149 (19) 3454 1.1 8173 -0.0370228 71






Table S3. Enriched GO IDs in the gene set of Brassicogethes aeneus specific genes.

Nr Nr Non Annot  Non Annot
GO ID GO Name GO Category FDR P-Value Test Reference Test Reference
odorant MOLECULAR
G0:0005549 binding FUNCTION 1.46E-06 1.76E-10 18 73 446 14923






Table S4. Enriched GO IDs in the gene set of rapidly evolving genes in Brassicogethes

aeneus.
Non
Nr Non Annot
Nr Refer Annot Refere
GO ID GO Name GO Category FDR P-Value Test ence  Test nce
ABC-type
xenobiotic
G0:0008559 transporter activity MOLECULAR_FUNCTION 2.36E-20 2.85E-24 21 892 14545
G0:0042908 xenobiotic transport  BIOLOGICAL_PROCESS 3.52E-19 1.27E-22 21 892 14543
G0:0042025 host cell nucleus CELLULAR_COMPONENT  8.04E-15 1.07E-17 40 98 873 14449
GO0:0006915 apoptotic process BIOLOGICAL_PROCESS 2.74E-06  4.96E-09 25 86 888 14461
ubiquitin-dependent
protein catabolic
GO0:0006511  process BIOLOGICAL_PROCESS 3.29E-05 7.15E-08 41 240 872 14307
flavin adenine
GO0:0050660 dinucleotide binding MOLECULAR_FUNCTION 1.69E-04 4.50E-07 22 89 891 14458
DNA-directed DNA
G0:0003887 polymerase activity = MOLECULAR_FUNCTION 3.78E-04 1.10E-06 10 16 903 14531
oxidoreductase
activity, acting on
CH-OH group of
G0:0016614  donors MOLECULAR_FUNCTION 7.53E-04 2.30E-06 23 108 890 14439
G0:0015886 heme transport BIOLOGICAL_PROCESS 8.89E-04 3.01E-06 6 3 907 14544
GO0:0015074 DNA integration BIOLOGICAL_PROCESS 1.02E-03  3.56E-06 12 30 901 14517
defense response 0.003129
G0:0050832 to fungus BIOLOGICAL_PROCESS 292 1.21E-05 4 0 909 14547
killing of cells of 0.003129
GO0:0031640 another organism BIOLOGICAL_PROCESS 292 1.21E-05 4 0 909 14547
0.005187
G0:0008270  zinc ion binding MOLECULAR_FUNCTION 256 2.07E-05 58 502 855 14045
sulfotransferase 0.033839
GO0:0008146  activity MOLECULAR_FUNCTION 661 1.47E-04 9 26 904 14521
ATP hydrolysis 0.036980
G0:0016887  activity MOLECULAR_FUNCTION 682 1.65E-04 32 241 881 14306






Table S5. Enriched GO IDs in the gene set of expanding gene families in Brassicogethes

aeneus.
Non
Nr Non Annot
Nr Refer Annot Refere
GO ID GO Name GO Category FDR P-Value Test ence  Test nce
G0:0020037 heme binding MOLECULAR_FUNCTION 1.67E-12 3.60E-16 72 80 2789 12519
G0:0005506 iron ion binding MOLECULAR_FUNCTION 1.67E-12 6.06E-16 71 79 2790 12520
ABC-type
xenobiotic
G0:0008559 transporter activity MOLECULAR_FUNCTION 1.38E-10 6.65E-14 21 2 2840 12597
oxidoreductase
activity, acting on
paired donors,
with incorporation
or reduction of
GO0:0016705 molecular oxygen ~ MOLECULAR_FUNCTION  2.28E-10 1.38E-13 75 102 2786 12497
xenobiotic
G0:0042908 transport BIOLOGICAL_PROCESS 2.68E-09 2.26E-12 21 4 2840 12595
GO0:0015074 DNA integration BIOLOGICAL_PROCESS 7.13E-04 7.75E-07 22 20 2839 12579
G0:0042025 host cell nucleus CELLULAR_COMPONENT  3.84E-03 9.26E-06 47 91 2814 12508
cis-stilbene-oxide
G0:0033961 hydrolase activity MOLECULAR_FUNCTION 1.58E-02 4.00E-05 6 0 2855 12599
structural
constituent of
G0:0042302 cuticle MOLECULAR FUNCTION  3.21E-02 8.53E-05 46 99 2815 12500






Table S6. List of P450 genes identified in the Brassicogethes aeneus genome and assigned

names.

No Clan Name Length (amino acid) CDS

1 2 CYP18A1 528 MELIAE_01T006763
2 2 CYP303A1 494 MELIAE_01T000402
3 2 CYP303A1_2 495 MELIAE_01T000052
4 2 CYP305A1 492 MELIAE_01T001217
5 2 CYP306A1 486 MELIAE_01T006762
6 2 CYP307A2 495 MELIAE_01T011600
7 2 CYP307B1 490 MELIAE_01T002559
8 MITO CYP12R1 537 MELIAE_01T004168
9 MITO CYP1281 532 MELIAE_01T004169
10 MITO CYP49A1 556 MELIAE_01T004584
11 MITO CYP301A1 525 MELIAE_01T010770
12 MITO CYP301B1 510 MELIAE_01T010769
13 MITO CYP314A1 490 MELIAE_01T005128
14 MITO CYP315A1 466 MELIAE_01T008314
15 MITO CYP334E4 571 MELIAE_01T010730
16 MITO CYP3533 484 MELIAE_01T000936
17 3 CYP6BQ23 522 MELIAE_01T002870
18 3 CYP6BQ25 524

19 3 CYP6BS13 512 MELIAE_01T005346
20 3 CYP6GJ1 523 MELIAE_01T011110
21 3 CYP6GJ3 523 MELIAE_01T011106
22 3 CYP6GJ4 523 MELIAE_01T011107
23 3 CYP6GJ5 523 MELIAE_01T011108
24 3 CYP6GK1 518 MELIAE_01T009016
25 3 CYP6GLA1 502 MELIAE_01T010251
26 3 CYP6GMA1 508 MELIAE_01T002428
27 3 CYP6GN1 507 MELIAE_01T007370
28 3 CYP6GN2 507 MELIAE_01T007367
29 3 CYP6GN3 508 MELIAE_01T006208
30 3 CYP6GN5 507 MELIAE_01T007368
31 3 CYP6GNG6 507 MELIAE_01T007369
32 3 CYP6GP1 502 MELIAE_01T004282
33 3 CYP6GP2 502 MELIAE_01T004281
34 3 CYP6GQ1 497 MELIAE_01T002425
35 3 CYP6GQ5 497 MELIAE_01T000696
36 3 CYP6GQ6 497 MELIAE_01T000694
37 3 CYP6GQ7 497 MELIAE_01T002427
38 3 CYP6GQ8 497 MELIAE_01T002424
39 3 CYP6GQ9 459 MELIAE_01T001575
40 3 CYP6GS1 516 MELIAE_01T010075
41 3 CYP6VD1 500 MELIAE_01T013325
42 3 CYP6VE1 506 MELIAE_01T010984
43 3 CYP9BK1 526 MELIAE_01T013019
44 3 CYP9BK2 525 MELIAE_01T013020
45 3 CYP9BK3P 504 MELIAE_01T013021
46 3 CYP9BLA1 528 MELIAE_01T003710
47 3 CYP9BM2 526 MELIAE_01T009827
48 3 CYP9BN1 523 MELIAE_01T013481
49 3 CYP9Z39 530 MELIAE_01T013482
50 3 CYP9Z40 528 MELIAE_01T013479
51 3 CYP9z41 528 MELIAE_01T013478
52 3 CYP9z42 528 MELIAE_01T013480
53 3 CYP9z43 516 MELIAE_01T013483
54 3 CYP9Z165 528 MELIAE_01T013477





55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
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CYP9Z166
CYP345A3
CYP345F11
CYP345BC1
CYP345BD1
CYP347F1
CYP347F2
CYP347F3
CYP347F4
CYP347F6
CYP347G1
CYP4G85
CYP4G86
CYP4G95
CYP4Q20
CYP4Q21
CYP4Q22
CYP4Q65
CYP4AA1
CYP4AA8
CYP4BN16
CYP4BN17
CYP4BN18
CYP4BR5
CYP4DY1
CYP4DZA1
CYP4DZ2
CYP4EA1
CYP4UQ1
CYP4UQ2
CYP349D1
CYP349D2
CYP352A9
CYP434M1
CYP3016A1
CYP3016A2
CYP3016A3
CYP3016A4
CYP3016A5
CYP3016B1
CYP3016B2
CYP3016F1
CYP3016F2
CYP3016G1
CYP3017A1
CYP3017A2
CYP3018A1
CYP3019A1
CYP3949A1

528
505
499
499
497
501
501
501
501
501
494
527
560
547
496
499
509
494
481
479
514
503
503
499
500
504
512
500
509
509
521
521
493
496
485
489
486
481
486
485
486
494
492
484
531
493
500
448
495

MELIAE_01T013476
MELIAE_01T008193
MELIAE_01T008778
MELIAE_01T008779
MELIAE_01T008192
MELIAE_01T009728
MELIAE_01T009729
MELIAE_01T009693
MELIAE_01T005980
MELIAE_01T005979
MELIAE_01T009727
MELIAE_01T006238
MELIAE_01T010423
MELIAE_01T010422
MELIAE_01T006356
MELIAE_01T006358
MELIAE_01T006360
MELIAE_01T006357
MELIAE_01T001328
MELIAE_01T001475
MELIAE_01T003475
MELIAE_01T008270
MELIAE_01T008269
MELIAE_01T001299
MELIAE_01T008268
MELIAE_01T009521
MELIAE_01T006337
MELIAE_01T006359
MELIAE_01T003182
MELIAE_01T003183
MELIAE_01T002256
MELIAE_01T002257
MELIAE_01T009732
MELIAE_01T009731
MELIAE_01T010859
MELIAE_01T010862
MELIAE_01T010861
MELIAE_01T010860
MELIAE_01T010858
MELIAE_01T010855
MELIAE_01T010854
MELIAE_01T008594
MELIAE_01T009557
MELIAE_01T010271
MELIAE_01T010421
MELIAE_01T010420
MELIAE_01T009579
MELIAE_01T002995
MELIAE_01T005586






Table S7. Catalogue of the Brassicogethes aeneus CYPome.

Number CYP2 Mitochondrial CYP3 CYP4 Total
Family 5 (CYP18, 7 (CYP12, 49, 301, 5 (CYP6, 9, 8 (CYP4, 349, 25
303-307) 314, 315, 334, 353) 345, 347, 352, 434, 3016-
3019) 3018, 3949)
Subfamily 6 8 23 20 57
Pseudogenes | 0 0 1 0 1
Total 7 9 50 37 103






Table S8. Putative position in the Brassicogethes aeneus genome of the flanking genes
~250 Kbp upstream and downstream of the Tribolium castaneum CYP6BQ cluster.

~250 Kbp

~250 Kbp

LG4: NC_007419

Tribolium castaneum 200kb +/- CYP6BQ cluste Top discontiguous BLAST hit in B. aeneus

Annotated genes

protein-like 2
protein lin-52 homolog
probable protein phosphatase 2CT23F11.1
REST corepressor 1
39S ribosomal protein L41, mitochondrial
lipoyl synthase, mitochondrial
homeobox protein prophet of Pit-1
V-type proton ATPase subunit F
4 x uncharacterised proteins
protein YIPF6
plancitoxin-1
protein maelstrom
GILT-like protein F37H8.5
probable ATP-dependent DNA helicase DDX11
Eyeless
zinc finger CCCH domain-containing protein 11A
malate dehydrogenase, cytoplasmic
centrosomal protein of 135kDa

plor-type tyrosine-prote mu
60S ribosomal protein L10a
uncharacterised protein CG43867
CYP6BQ cluster
protein MEMO1-like
pecanex-like protein 1
mitochondrial 2-oxodicarboxylate carrier
titin
early nodulin-75-like
cuticle protein 64
anoctamin-1
programmed cell death protein 6
uridine diphosphate glucose pyrophosphate
septin 2
GAS2-like protein 2
DNA-directed RNA polymerase Il subunit RPC3
N-alpha-acetyltransferase 16, NatA auxillary subunit
extensin-2
mitogen-activated protein kinase 11
sensory neuron membrane protein 2
proton-coupled amino acid transporter 4
interferon regulatory factor 2-binding protein 2

ine alph: mor

Chr7
Chr7
Chr7
Chr7
Chr7
Chr7
Chr7
Chr1

Chr7
No results
No results
No results

Chr7

Chr7

Chr7

Chr7

Chr7

Chr7

Chr7

Chr8
Chr7
Chr7
Chr7
Chr7
No results
Chr7
Chr7
Chr7
Chr7
Chr7
Chr7
Chr7
Chr7
Chr7
No results
Chr7
Chr7
Chrg8

Notes

Last exon only

fragment

3 exons
4 exons
3 exons
fragment

fragment
fragment

B. aeneus chr7

Gene order on chromosome 7

28
29
9
10
"
8

34-37

Position on Chr 7
40,576,780-40,563,358

40,642,982-40,655,028
4,561,080-4,548,111
4,561,795-4,562,010
4,556,011-4,562,060
4,472,750-4,510,245

4,396,892-4,395,453

7,760,309-7,753,733
7,641,858-7,590,225
41,051,139-41,055,364
304,823-310,416
41,051,261-40,998,705
Fragment
43,362,979-43 358,345

40,136,593-40,051,607

40,137,044-40,140,743
Fragment
Fragment

40,415,536-40,426,597
40,402,686-40,403,450
40,431,549-40,430,671
40,431,684-40,444,495
40,509,089-40,444,993
39,969,535-39,972,919
366,378-447,148
379,207-376,149
492,428-447 455

34,340,272-34388,917
516,369-503,023

CYP6GS1 3,277,913-3,276,188
CYP6GL16,921,594-6,919,692

CYP6VE143,515,916-43,513,374

CYP6GJ cluster on Chr 7 (4
genes)45,627,933-45,653,712

Direction
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Table S9. Details of populations of Brassicogethes aeneus used in molecular analysis (P450 gene expression) of pyrethroid resistance.

Federal

El for lambda-

CYP6BQ23

CYP6BQ25

Population Country Post code City State 2 IRAC code® c{zhoa;ll%tg)rin AACq? AACq SEM® AACq AACq SEM
M094-11 Ukraine - - - 1 200.0 1.0 0.50 1.0 0.42
M048-16 Germany 8543 Christgrin SAC 3 154.5 128.8 58.07 2.37 1.59
MO067-16 Germany 19339 Plattenburg BRB 3 143.6 216.3 144.93 3.09 1.62
MOQ77-16 Germany - - SAH 3 136.4 235.5 175.67 2.24 1.21
M022-16 Germany 51399 Burscheid NRW 4 135 359.11 49.66 0.39 0.18
M053-16 Germany 37150 Bovenden NS 4 132.7 649.58 161.86 0.81 0.15
M046-16 Germany 4827 Machern SAC 4 131.5 179.76 132.62 0.25 0.08
M047-16 Germany 1683 Nossen SAC 4 130.3 234.92 117.69 0.22 0.06
M016-16 Germany 8134 Weifllbach SAC 3 127.3 367.74 48.48 0.16 0.1
M062-16 Germany 15320 Altfriedland BRB 3 1255 254.68 106.24 0.36 0.1
MO007-16 Germany 63589 Linsengericht HS 4 1215 206.5 80.74 2.89 0.6
MO079-16 Germany 31171 Burgstemmen NS 4 115.7 1190.5 344 .47 1.89 0.4
M011-16 Germany 4827 Machern SAC 3 111.7 199.95 122.65 0.67 0.22
M017-16 Germany 2694 Baruth SAC 3 109.4 46.61 33.65 0.21 0.12
M010-16 Germany 4687 Seelingstadt SAC 4 106.1 301.95 61.15 1.96 0.45
M084-16 Germany 18513 Glewitz MV 4 100.6 857.76 144.03 0.82 0.13
M052-16 Germany 91550 Oberhardt BAY 4 100 1322.7 128.23 6.03 1.83
M078-16 Germany 31535 Niederstocken NS 4 98.9 1005.37 176.88 215 0.41
M004-16 Germany 40789 Monheim am Rhein NRW 4 98.9 325.27 37.41 0.99 0.31
M059-16 Germany 8134 WeilRbach SAC 4 97 257.05 77.48 0.52 0.1
M072-16 Germany 16356 Schénfeld BRB 4 97 312.46 81.8 0.23 0.05
M097-16 Germany 97953 Kdnigheim BW 4 95.9 591.88 54.67 4.2 2.05
MO060-16 Germany 3238 Betten BRB 4 78.4 255.68 64.9 2.01 1.07

2 BAY: Bavaria; BRB: Brandenburg; BW: Baden-Wuerttemberg; HS: Hessen; MV: Mecklenburg-Western Pomerania; NRW: North Rhine-Westphalia; NS: Lower Saxony; SAC: Saxony; SAH: Saxony
Anhalte.” IRAC Pyrethroid resistance classification. method n° 11.¢ Efficacy index: the sum of mortality at 20 % and 100 % of insecticide’s field rate. ¢ AACq Relative normalized expression.® SEM: standard

error of the mean.





Table S10. Primer pairs used for Rapid Ends cDNA Amplification (RACE) for CYP6BQ25
and RT-gPCR to quantify the expression of CYP6BQ23 and CYP6BQ25 genes in
Brassicogethes aeneus.

Final .
Melting
Purpose Target Orientation concentration Sequence (5' to 3') temperature
(°C)
(nM)
Gene specific primers 5' Forward 400 ACTTCGGCGTGTTATTCAGC -
Inner 5' RACE Reverse 400 TACTGGCACATAGAACGGGT -
RACE Outer 5' RACE Reverse 400 GGTGCTCATAGTATCCGCCTTT -
Outer 3' RACE Forward 400 CGAGACGACCTCCACTACTAT -
Inner 3' RACE Forward 400 GCACCCTCCAGTCCCAATTTT -
Act Forward 300 CACCACCACCGCTGAAAGGGA 825
ctin* .
Reverse 300 GGGAAGTAGAGGCGGCAGCG
Reverse 300 ACCACGAACAACTATCCGTTGCCG
Tubulin* 82.0
RT-GPCR Reverse 300 ATTTGCCGTGACGGGGGTCG
h Forward* 300 GGAATGTATGTGAATGAGAAGGCGG
CYP6BQ23 80.5-81.0
Reverse 300 CTGACTCAGGGTTTTTGATACTGTTAC
Forward 300 GACGACCTCCACTACTATGAC
CYP6BQ25 82.0-82.5
Reverse 300 ATAGCTAGAAGCGATATGGCAGC
M13 Forward 100 GTAAAACGACGGCCAGT -
'|\/|0!ecularc‘ M13 Reverse 100 ATTAACCCTCACTAAAGGGA -
cloning an
seque%cing T3 100 ATTAACCCTCACTAAAGGGA -
T7 100 TAATACGACTCACTATAGGG-3 -

*Primers reported by Zimmer et al. 2014b.





Supplementary Materials and Methods

Chemicals and insect collection

Deltamethrin (CAS: 52918-63-5), B-nicotinamide adenine dinucleotide 2'-phosphate
(NADPH) reduced tetrasodium salt hydrate (CAS: 2646-71-1 anhydrous, purity =293 %)
and 7-hydroxy-4-trifluoromethylcoumarin (CAS: 575-03-1, 98) were purchased from
Sigma Aldrich/Merck (Darmstadt, Germany). 7-benzyloxymethoxy-4-
trifluoromethylcoumarin (BOMFC; CAS: 277309-33-8; purity 95 %) was synthesized
by Enamine (Riga, Latvia). 4-hydroxy-deltamethrin (CAS: 66855-89-8) was internally
synthesized (Bayer AG, Leverkusen, Germany). All other chemicals were of analytical
grade and purchased from Sigma Aldrich/Merck (Darmstadt, Germany) unless

otherwise stated.

For the purposes of genome sequencing, adult B. aeneus were collected from oilseed
rape on the Rothamsted Research farm in the UK (GPS 51.8093°, -0.3548°) in April
2019, flash frozen in liquid nitrogen and stored at -80°C prior to DNA extraction. For
molecular investigation of the role of CYP6BQ23 and CYP6BQ25 in pyrethroid
resistance, populations of B. aeneus were collected from winter oilseed rape in
Germany between April and June in 2015 and 2016 (Table S9), except strain M094-
11 from Ukraine which was tested for pyrethroid sensitivity in 2011. All collected
samples were stored at 4°C and tested for pyrethroid sensitivity within 48h of arrival.
A sample of approx. 30-50 adults of each strain collected was flash frozen in liquid

nitrogen and stored at -80°C for subsequent biochemical/molecular analysis.

DNA extraction and genome sequencing
DNA was extracted from individual adult pollen beetles using the MagAttract kit

(QIAGEN) according to manufacturer instructions. DNA quantity and quality were





assessed by spectrophotometry using a NanoDrop (Thermo Scientific), Qubit assay
(ThermoFisher) and gel electrophoresis. DNA from a single non-sexed individual was
used to prepare a library for PacBio HiFi sequencing on a single Sequel SMRT cell
(University of Delaware, USA). For in vivo chromatin conformation capture (Hi-C)
sequencing, whole insects were sent directly to Arima Genomics (San Diego, US) who
carried out the DNA extractions using 10 individuals. Arima-QC and library preparation
were also performed in-house. Sequencing was performed using an lllumina HiSeq X

with a 2 x 150bp paired-end read configuration.

De novo genome assembly

PacBio HiFi reads (University of Delaware) were assembled using default parameters
with HiFiasm v0.15.5 (Cheng et al., 2021), and Purge Haplotigs v1.0.0 (Roach et al.,
2018) used to remove redundant contigs. lllumina Hi-C sequencing data was mapped
using the Juicer v1.5 pipeline (Durand et al., 2016), and the 3D-DNA assembly pipeline
(Dudchenko et al., 2017) then used to order contigs into super-scaffolds. Additional
scaffolding was performed using JuiceBox Assembly Tools v1.11.08 (Robinson et al.,
2018) and Hi-C contact maps to correct mis-joins. Manual curation was done to bring
the remaining sequences together and check for mis-assemblies. Unmapped Hi-C
reads were mapped back to the original HiFiasm assembly to check for missing
sequence and manually incorporated into the final assembly. Error correction was
done with mapped Hi-C lllumina data using Freebayes (Garrison & Marth G., 2012)
and filtering for homozygous mutations and 50% average coverage using SNPsift

(Cingolani et al., 2012).

Genome Annotation





A de novo species specific repeat library was constructed using RepeatModeller v1.0.7
(Smit & Hubley, n.d.). The models were searched against the GenBank non-redundant
(nr) protein database for Arthropoda (e value <10-3) using Blastx to remove any
potential protein-coding genes. This was combined with transposon data to create a
custom library. Transposons were identified from the transcriptome assembly by
running HMMER: hmmscan (Wheeler & Eddy, 2013) against the Pfam database (Finn
et al., 2014) and filtering the resultant Pfam descriptions for those containing
“transposon”. A search for transposons was also performed on transcripts produced
from MAKER (Holt & Yandell, 2011) and these transposons were then added to the
custom repeat library which was used for a second round of MAKER. RepeatMasker
v4.0.7 (Smit & Hubley, n.d.) was used to mask repeats in the genome assembly using

these repeat libraries, as well as to estimate the abundances of all predicted repeats.

Public RNA-seq data was taken from PRINA223353 (adult) (C. T. Zimmer et al., 2014b), and
PRJEB1765 (larval stages as well as untreated and immunized adult beetles injected with
different bacteria and yeast) (Vogel et al., 2014). Data was mapped to the genome using
HISAT2 v2.0.5 (Kim et al., 2015) and assembled using Trinity v2.5.1 (Grabherr et al., 2011)
with the genome guided parameter, and Stringtie v1.0.1 (M. Pertea et al., 2015) using default
parameters. The resulting transcriptomes were applied to Evigene v19.jan01 (Gilbert, 2013) to
collate and collapse and to pick the best models as evidence for the MAKER2 v2.31.8
annotation pipeline (Holt & Yandell, 2011). Augustus v3.3.1 (Stanke & Morgenstern, 2005),
GeneMark-ES v4.32 (Lomsadze et al., 2005) gene predictors were trained using a first pass
annotation using Fly settings. A second MAKER annotation was then performed using trained
gene predictors and an additional run was used to directly transfer the transcriptome and

produce gene models without gene predictors. Both predictions were applied to Evigene to pick





the best models from each gene set. GffCompare (G. Pertea & Pertea, 2020) was used to bring
in additional models not incorporated in the Evigene output with a filter for those that had at
least 3 exons, transcriptome evidence and blast/interproscan annotation. Excess annotations
were removed based upon filtering settings of no transcriptome evidence, no start or stop codon
in CDS prediction, and no BLAST/interproscan annotation. Manual curation was done to split
models identified in tandem duplication sites which were in error. PASA (Haas, 2003) was used
to update the gene models to add UTRs, correct existing models and add isoforms. PASA
introduces errors in tandem duplication sites and were rolled back at these loci to the previous
annotation predictions. Non-coding RNA was annotated using infernal v1.1.4 (Nawrocki &
Eddy, 2013). BUSCOv4 (Simao et al., 2015) with insecta obd10 was used to assess assembled

transcriptome evidence, genome and resulting gene predictions.

The mitochondrial genome was annotated using MITOS2 (Bernt et al., 2013) with the

reference database ‘RefSeq 89 Metazoa’ and genetic code ‘5 Invertebrate’.

Ortholog analysis, species level phylogeny and divergence time estimation

To characterize orthology and compare gene family evolution to other beetles the final
annotation set for B. aeneus was compared to nine other arthropod genomes. The
proteomes of Aethina tumida, Agrilus planipennis, Anoplophora glabripennis,
Leptinotarsa decemlineata, Nicrophorus vespilloides, Onthophagus taurus, Photinus
pyralis (downloaded from the USDA i5k Workspace) and Tribolium castaneum v5.2
(downloaded from the NCBI genome database) were used to define orthologous
groups of genes (gene families) between these peptide sets using OrthoFinder -v2.5.4
(Emms & Kelly, 2015). A rooted species tree was generated with Orthofinder using the

STRIDE algorithm and converted to ultrametric using a supplementary Orthofinder





script and a root divergence age of 420 MYA as per Johnson et al. (Johnson et al.,
2018). The matrix of orthogroups generated by Orthofinder was filtered using CAFE
tutorial scripts prior to modelling gene family evolution using CAFE -v4.2.1 (Han et al.,

2013).

Curation, phylogenetic and syntenic analyses of genes involved in detoxification of

xenobiotics

A Pfam genomic track was created by converting the sequence assembly of B. aeneus to six
reading frames and using hmmer to identify loci of interest i.e. P450 pfam domains on the
genome. Using this information, loci of interest (i.e. P450 gene models) were found and curated
using mapped RNA-seq and the final MAKER gene annotation. P450 protein sequences for 5.
aeneus were aligned with those from 7. castaneum, Drosophila melanogaster, Anopheles
gambiae and Apis mellifera and the P450 with the outgroup sequence P450cam, the camphor
hydroxylase from Pseudomonas putida (gi|117297|sp/P00183.2) in Geneious using MUSCLE
(Edgar, 2004) (default settings). All P450 sequences were downloaded from the National Center

for Biotechnology Information (NCBI) protein database http:/www.ncbi.nlm.nih.gov/).

MEGAX (Kumar et al., 2018) was used to find the best-fit model of amino acid substitution,
using a maximum likelihood fit of 56 different models. Parameters including substitution
model, proportion of invariable sites and rate variation were calculated. The substitution model
with the lowest Bayesian Information Criterion (BIC) score was selected for use in phylogeny
estimation. The alignment was used to generate phylogeny using Bayesian inference algorithm
[Substitution model: LG+G; Chain length: 1,100,000; Subsampling frequency: 200; Burn-in
length: 100,000; Heated chains: 4; Heated chain temperature: 0.2]. P450 protein sequences for
B. aeneus and T. castaneum were also used for a separate phylogenetic analysis using the same

methods.





For syntenic analyses genomic sequences containing CYP6BQ sequences were
retrieved from the genome assemblies of each species. Synteny analysis between
these scaffolds (macro-synteny) was performed using Mauve (multiple alignment of
conserved genomic sequence with rearrangements) v2.4.0 (Darling et al., 2004). This
allowed for the order and orientation of segments to be displayed and all locally
collinear blocks (LCBs) to be outlined. The genomic region containing the CYP6BQ
cluster in T. castaneum (LG4: NC_007419) was used as the reference and the region
~200 Kbp upstream and downstream of the CYP6BQ cluster was examined manually
and flanking genes noted for use in investigation of evidence of micro-synteny. For a
region to be considered as showing micro-synteny the minimum requirement was the
conservation of two neighboring homologs with no more than five unrelated genes in

the intervening DNA.

Molecular characterisation of CYP6BQ25: RNA extraction and cDNA synthesis

Total RNA of each B. aeneus population (Table S9) was extracted from 10-15 pooled
adult pollen beetles (stored at -85°C) according to Zimmer et al. (C T Zimmer et al.,
2014a) with minor modifications, using TRIzol® reagent (Invitrogen, CA, USA),
followed by RNA purification using the RNeasy® Plus Universal Mini Kit (QIAGEN).
RNA was eluted in nuclease-free water (Invitrogen), quantified by spectrophotometry
(NanoQuant Infinite 200, Tecan, Switzerland) and the integrity assessed using an
automated gel electrophoresis system, according to the CL-RNA method (QIAxcel
RNA QC Kit v2.0, QIAGEN, Germany). Total RNA (1 ug) was used in 20 uL reactions
for cDNA synthesis using iScript™ cDNA synthesis (Bio-Rad Laboratories, CA, USA)

according to manufacturer’s instructions.





Molecular characterisation of CYP6BQZ25: Rapid amplification of cDNA ends (RACE)
The full-length coding sequence of CYP6BQ25 was deduced by 3' Rapid Amplification
of cDNA Ends (RACE) using the First Choice RLM-RACE kit (Ambion) according to
the manufacturer's instructions. Specific primers were designed according to
manufacturer instructions from a multiple alignment of CYP6BQ23 (KC840055.1) and
CYP6BQ25 (partial sequence GAPE01037380) using Primer3 (Geneious version
8.1.2) (Table S10). The resulting PCR product was cloned using the TOPO TA cloning
kit for sequencing (Invitrogen) and transformed into DH5-alpha-T1 competent cells
following the instructions of the manufacturer. Six positive colonies were picked and
amplified with the primer pair M13 (Table $10), PCR amplification for all the colonies
used the following conditions: 10 min at 94 °C followed by 25 cycles at 94 °C for 1 min,
30 s at 55 °C, 1 min at 72 °C and a final extension for 10 min at 72 °C. PCR products
were purified using the Wizard SV Gel and PCR Clean-Up System (Promega) following
the manufacturer’s instruction. The concentration of the purified PCR product was
determined by spectrophotometry (NanoQuant Infinite 200, Tecan, Switzerland) and
adjusted for sequencing according to requirements. The purified PCR product was

sequenced by Eurofins Genomics (Ebersberg, Germany).

Molecular characterisation of CYP6BQ25: identification of the CYP6BQ25 locus

To identify the putative CYP6BQ25 locus, lllumina RNA-seq paired-end reads from
PRJNA223353 and the Hi-C DNA-seq used for genome assembly were trimmed using
TrimGalore -v0.6.5 (Krueger, 2015) and mapped iteratively against the CYP6BQ25
coding sequence using Geneious -v10.2.6, and to the genome using HISAT2 -v2.1.0
(Kim et al., 2019) and Burrows-Wheeler aligner (BWA) -v.0.7.17 (Li & Durbin, 2009)

respectively. BAM files generated by the latter process were checked for reads that





mapped to the coding sequence and extensions assembled by Geneious at the 5’ and

3’ ends to identify candidate regions.

Functional expression of CYP6BQ23 and CYP6BQ25

The coding sequences of CYP6BQ23 (GenBank KC840055) and CYP6BQ25
(GenBank GAPEO01037380, MG833024, BK010444) of B. aeneus and NADPH-
dependent cytochrome P450 reductase (CPR) of Drosophila melanogaster (GenBank
CG11567) were obtained by gene synthesis (GeneArt, CA, USA). The expression
vector pDEST™S8 (Invitrogen) was transformed in MAX Efficiency® DH10Bac™
according to the manufacturer's protocol (Gateway® technology, Invitrogen). The
recombinant baculovirus DNA was constructed, purified using Qiagen® Large-
construct kit and transfected to Sf9 insect cells (Gibco) using the Bac-to-Bac®
baculovirus expression system (Invitrogen), according to the manufacturer's
instructions. The titer of the recombinant virus was determined according to the
protocol described by Kitts & Green (Kitts & Green, 1999). For protein expression, High
Five™ insect cells were used grown in Expression Five® SFM media with 25 yL mL"’
of gentamycin and 18 mM of Glutamax (Gibco), without fetal bovine serum. At a density
of 2 x 10° cells mL" the cells were co-infected with recombinant baculoviruses
containing either CYP6BQ23 and CPR, CYP6BQ25 and CPR or baculovirus
containing vector without insert (ctrl-virus) and CPR. MOI (multiplicity of infection)
ratios were 3.0 and 0.5 for P450s and CPR, respectively. To compensate for the low
levels of endogenous heme in the insect cells, ferric citrate, and &-aminolevulinic acid
hydrochloride were added to a final concentration of 0.1 mM at the time of infection
and after 24 h. The cells were kept at 27 °C, with orbital shaking at 120 rpm and after
54 h the cells were harvested, washed with phosphate-buffered saline and stored at -

80 °C. The cells were re-suspended in ice-cold homogenization buffer (0.1 M





phosphate buffer pH 7.6, 1 mM EDTA, 1 mM DTT, 200 mM sucrose and 1 tablet of
cOmplete™ proteinase inhibitor cocktail per 50 mL buffer) and then added to a
Falcon® tube (50 mL) containing ceramic beads (1/6 of total volume) (Lysing Matrix D,
MP Biomedicals) for disruption with a FastPrep-24™ (MP Biomedicals) for 30 s at 5.0
m s, twice. The microsomal fraction was separated by centrifugation (Optima™ LE-
80K, Beckman Coulter, Inc.) at 4 °C, 100.000 g for 1 h and then resuspended in buffer
(0.1 M phosphate buffer pH 7.6, 0.1 mM EDTA, 1 mM DTT and 5 % (v/v) glycerol) and
stored at -80°C until use. Total protein concentration of samples was determined using

Bradford reagent (Sigma) and bovine serum albumin as a standard.

Determination of CYP6BQ23 and CYP6BQ25 enzyme activity

The functional activity of CYP6BQ23 and CYP6BQ25 were initially tested using the
fluorescent model substrate BOMFC (7-(benzyloxymethoxy)-4-
trifluoromethylcoumarin), according to Zimmer et al. (C T Zimmer et al., 2014a) with
minor modifications. BOMFC was incubated with microsomal preparations of cells
expressing CYP6BQ23/CPR, CYP6BQ25/CPR, and ctrl-virus/CPR. Reactions
consisted of 100 yL, containing 50 ug of protein, 0.1 M phosphate buffer pH 7.6, 10
MM substrate and 1 mM NADPH. Each measurement was performed in triplicate in a
96-well plate and the reactions were incubated at 27 °C while shaking at 400 rpm
(Eppendorf ThermoMixer® comfort). After 30 min, 100 pL of oxidation stop-solution
containing 5 mM oxidized L-glutathione, 160 U glutathione reductase in
DMSO:TRIZMA-base buffer 50 % (v/v), 0.05 M, pH 10 was added into each well. The
plate was shaken at 200 rpm for further 15 min at 20 £ 2 °C (Eppendorf ThermoMixer®
comfort). Fluorescence was measured with a Spectra Max M2 reader (Molecular
Devices) at 510 nm emission and 405 nm excitation. The activity of CYP6BQ23,

CYP6BQ25 and ctrl-virus were also compared to a negative control (without NADPH)





for each data set. Commercial preparations of rat liver microsomes were used as a

positive control.

Deltamethrin metabolism and HPLC MS/MS analysis

Deltamethrin metabolism was assayed according to Zimmer et al. (C T Zimmer et al.,
2014a) with minor modifications. Briefly, 80 ug of recombinant protein was incubated
in 0.1 M phosphate buffer pH 7,6, in the presence of a NADPH-regenerating system
(Promega; 1.3 mM NADP+, 3.3 mM glucose-6-phosphate, 3.3 mM MgClI2, 0.4 U mL-
1 glucose-6-phosphate dehydrogenase) and 12.5 uyM deltamethrin at 27 °C for 1 h
while shaking at 400 rpm (Eppendorf ThermoMixer® comfort). Assays incubated
without NADPH served as a negative control. Additionally, CYP6BQ23 and
CYP6BQ25 were incubated together (40 ug protein of each) in order to check for
increased metabolism when both enzymes are combined. CYP6BQ25 was also tested
with 12.5 uM of the metabolite 4-hydroxy deltamethrin to investigate if the primary
metabolite is further metabolised. Reactions (final volume 200 yL) were stopped by
adding 800 pL of ice-cold acetonitrile, and stored at 4 °C overnight. The quenched
reactions were centrifuged for 10 min, at 4 °C and 10000 g (Centrifuge 5427 R,
Eppendorf®) before transferring the supernatant to HPLC glass vials. The samples
were subsequently analyzed by tandem mass spectrometry HPLC-MS/MS (SCIEX,
Triple Quad 6500) as described by Zhu et al. (Zhu et al., 2010). The limit of detection
was 0.5 ng mL"' for 4-hydroxy deltamethrin (m/z 539.2) and 0.1 ng mL" for
deltamethrin. For Michaelis-Menten kinetics, a new batch of recombinant microsomes
was used and six different concentrations of deltamethrin were tested, ranging from
0.8 to 25 pM. Rates of 4-hydroxy deltamethrin formation from three independent

reactions were plotted against the deltamethrin concentration and Km and Vmax values





were determined by GraphPad Prism version 5 (GraphPad Software, CA, USA), by

fitting to the Michaelis-Menten equation using non-linear regression.

Computational modeling and deltamethrin docking

Three-dimensional models for CYP6BQ23 and CYP6BQ25 were generated by the
advanced homology modeling tool within the Schrodinger software suite (“Schrodinger
Release 2017-2,” 2017). Following a BLAST search for the most suitable template-
fold, both protein models were constructed based on the crystal structure of human
CYP3A4 (PDB-ID: 4D6Z) co-crystallized with a ritonavir-derived inhibitor and
covalently bound to imidazole (Kaur et al., 2016) and refined by an energy minimization
step to remove conformational strains and contacts. Deltamethrin was docked into
CYP6BQ23 and CYP6BQ25 using the virtual screening software package LeadIT 2.2.0
utilizing the FlexPharm option (“BiosolvelT LeadIT,” n.d.). A pharmacophoric constraint
was applied which allowed only positions where any heavy atom of deltamethrin is
within a 4A radius distance of the CYP6BQ23/25 heme iron center as recently
described (C T Zimmer et al., 2014a). All resulting docking poses underwent
hierarchical clustering using a script based on pairwise in-place RMSD values; for this
only non-hydrogen atoms were considered. Thus, all resulting orientations underwent
hierarchical in-place pose clustering, allowing for filtering of the most likely ligand

orientations for 4-hydroxylation of deltamethrin within the active site of both P450s.

Adult vial test

All B. aeneus strains collected (Table S9) were tested for pyrethroid resistance using
adult vial tests as previously described (Slater et al., 2011). Briefly, groups of 11 adults
were exposed for 24 h in glass vials pre-coated with 100 % (0.075 ug cm™) and 20 %

(0.015 pg cm) of the field recommended rate of lambda-cyhalothrin (Fluka Chemicals,





Buchs, Switzerland). All tests were performed in triplicate and vials coated with acetone
only were used as a control. Mortality was scored after 24 h and corrected for control
mortality according to Abbott (Abbott, 1925). Based on the mortality at the two tested
rates, the level of resistance in the tested pollen beetle samples were rated between
1-5 according to IRAC’s (Insecticide Resistance Action Committee) classification for
pyrethroid resistance: 1, highly susceptible; 2, susceptible; 3, moderately resistant; 4,
resistant; 5, highly resistant (Slater et al., 2011). Furthermore, an efficacy index (El)
was calculated for each sample by adding up the mortality figures at both
concentrations tested. Samples showing control mortality greater than 20 % were

excluded.

Quantification of P450 gene expression

P450-mediated pyrethroid resistance was investigated at the molecular level in the B.
aeneus populations (Table S9) and one population from Ukraine (M094-11) as a
pyrethroid susceptible control, as it was classified as highly susceptible according to

IRAC classification of pyrethroid resistance (Slater et al., 2011).

The relative expression of CYP6BQ23 and CYP6BQ25 was calculated using gqRT-PCR
performed in a CFX-96 real-time thermocycler (Bio-Rad Laboratories, CA, USA).
Primers for CYP6BQ23 and CYP6BQ25 were designed using Primer3 (Geneious®
version 8.1.2), and primers reported by Zimmer et al. (C T Zimmer et al., 2014b) used
were used for the amplification of the reference genes a-tubulin (GenBank
KC840056.1) and actin (GenBank KC840045.1) (Table S$10). The primer efficiency for
each primer set was calculated by a standard curve with four dilutions ranging from 50
to 0.05 ng of pooled cDNA from the populations analyzed. All primers chosen had a

R? > 0.97 and efficiency > 95 %. Three biological replicates and two to three technical





replicates were used per population. Non-template controls were included in each run
for each primer tested. Reaction mixtures (20 uL) contained 4 uL cDNA (8 ng), 10 uL
of iQ™ SYBR® Green Supermix (Bio-Rad Laboratories), 300 nM of reverse/forward
primers, and nuclease-free water (Invitrogen). The PCR conditions were the same as
reported by Zimmer et al. (C T Zimmer et al., 2014b). Data analysis was performed
with gbase+ version: 3.1 (Biogazelle) built in gene expression analysis module with
values corrected according to primer efficacy. The two reference genes, i.e. a-tubulin

and actin, were used for normalization according to the 22Ct method (Pfaffl, 2001).

Data availability
The chromosome assembly and raw sequencing data has been deposited at NCBI under

accession PRIEB48953.
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