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Simple Summary: Cabbage whitefly (Aleyrodes proletella) is a destructive sucking insect pest of
brassica crops, particularly white cabbage and kale. Its importance has been increased over the last
decade in many geographic regions, particularly in European countries. The control of cabbage
whiteflies largely relies on the application of synthetic insecticides to protect yield if populations
reach economic damage thresholds. One class of insecticides to control this pest are cyclic ketoenols
targeting acetyl-CoA carboxylase (ACC), an enzyme involved in fatty acid biosynthesis. In 2019,
reduced efficacy of ketoenol insecticides at recommended label rates were reported. Subsequently, we
collected field samples of A. proletella in different European countries and confirmed the presence of
ketoenol resistance in laboratory bioassays. The resistance allele was shown to be an autosomal dom-
inant trait in crossing experiments between susceptible and resistant individuals. RNA sequencing
and subsequent analysis revealed a mutation, an amino acid substitution, at the ketoenol binding site
in ACC. The mutation has been previously functionally validated to confer high levels of ketoenol
insecticide resistance in cotton whiteflies, too. A molecular screening of 49 populations revealed the
presence of the mutations in several countries. We recommend the implementation of resistance
management strategies for sustainable cabbage whitefly control.

Abstract: Cabbage whitefly, Aleyrodes proletella L., is an invasive hemipteran pest of cruciferous plants,
particularly field brassica crops. Its importance has been increased over the last decade, particularly
in European countries. The control of cabbage whiteflies largely relies on the application of synthetic
insecticides, including tetronic and tetramic acid derivatives such as spiromesifen and spirotetramat
(cyclic ketoenol insecticides), acting as insect growth regulators targeting acetyl-CoA carboxylase
(ACCQC). In 2019, reduced efficacy against cabbage whiteflies of ketoenol insecticides at recommended
label rates has been reported. Subsequently we collected field samples of A. proletella in different
European countries and confirmed the presence of ketoenol resistance in laboratory bioassays.
Reciprocal crossing experiments revealed an autosomal dominant trait, i.e., heterozygotes express a
fully resistant phenotype. Transcriptome sequencing and assembly of ACC variants from resistant
strains revealed the presence of an ACC target-site mutation, A2083V, as previously described and
functionally validated in Bemisia tabaci (A2084V in A. proletella). Next, we employed a molecular
genotyping assay to investigate the geographic spread of resistance and analyzed 49 populations
collected in eight European countries. Resistance allele frequency was highest in the Netherlands,
followed by Germany. Finally, we provide a proposal for the implementation of appropriate resistance
management strategies.

Keywords: insecticides; spiromesifen; spirotetramat; resistance; whiteflies; acetyl-CoA carboxylase;
target-site mutation; genotyping
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1. Introduction

Cabbage whitefly, Aleyrodes proletella L. (Hemiptera: Aleyrodidae), is an invasive and
emerging sucking pest species originating from Europe [1,2]. It has been spread globally
and is found in different geographies including for example China [3,4], India [5], Africa,
North America, and Australia [6]. It is primarily a pest on cruciferous crops, with a strong
preference for cabbage, cauliflower, kale, Brussels sprouts, and broccoli [1,7]. Originally
it was a minor pest, but outbreaks on Brassica crops especially in Europe has rendered
it a major problem in horticultural production systems in recent years [7-10]. Cabbage
whitefly is not known as a virus vector [11], but causes damage to Brassica crops by direct
feeding and the excretion of honeydew serving as a substrate for sooty mold affecting
plant quality [8]. After overwintering, adult females lay eggs on suitable host plants and
depending on temperature a typical lifecycle from egg hatch to imago is completed within
3-6 weeks [8,12]. Three to five generations per season were reported in the UK [13], but up
to 10 generations seem possible under ideal conditions in southern Europe [14].

Cabbage whitefly control largely relies on the application of insecticides to keep infes-
tation levels under economic damage thresholds [15], but integrated approaches including
biological control measures [16,17], resistant varieties and agricultural practices have been
promoted recently [18-20]. Different chemical classes of insecticides have been shown
to provide efficacy against different life stages of A. proletella, including neonicotinoids,
pyrethroids, and cyclic ketoenols such as spiromesifen and spirotetramat [15,21]. Neoni-
cotinoids such as imidacloprid and thiamethoxam performed best by drench application
treatments [21], whereas spirotetramat has been reported to be among those insecticides
most effective against cabbage whiteflies upon foliar application [15]. Cyclic ketoenols, also
known as tetramic and tetronic acid derivatives [22,23], are acaricidal and insecticidal lipid
biosynthesis inhibitors, particularly active against juvenile stages of various sucking pest
species [23,24]. This class of chemistry currently comprises four commercial compounds:
spirodiclofen, spiromesifen, spirotetramat, and spiropidion. All of them except spirodi-
clofen are active against major whitefly pests such as Bemisia tabaci, Trialeurodes vaporariorum
und A. proletella [25-27]. Ketoenols act as insect growth regulators and target acetyl-CoA
carboxylase (ACC) by binding to the carboxyltransferase (CT) domain of this multi-domain
enzyme which is encoded by a single gene in insects [28], and known to catalyze the
first committed step in fatty acid biosynthesis, i.e., the carboxylation of acetyl-CoA to
malonyl-CoA [29].

Spiromesifen and spirotetramat were introduced to the market in 2004 and 2008, re-
spectively. Since then, they have been globally used for whitefly control, and in some
regions, continuous selection led to the evolution of moderate to high resistance levels in
cotton and greenhouse whiteflies, B. tabaci and T. vaporariorum, respectively [30,31]. Ke-
toenol resistance in B. tabaci collected in Spain and Australia has been reported to be
conferred by an ACC target-site mutation, A2083V, in the CT domain of the enzyme.
The strong impact of the A2083V mutation on ketoenol efficacy has been demonstrated and
functionally validated in bioassays with transgenic Drosophila lines [32], and transgenic
Caenorhabditis elegans [33]. Recent resistance monitoring campaigns utilizing molecular
diagnostics revealed the presence of this mutation in Australian and Greek B. tabaci green-
house and field populations, respectively [34,35]. Another target-site mutation, originally
described in spiromesifen resistant T. vaporariorum, E645K [30], is located outside the CT
domain, and its association with ketoenol resistance phenotypes was not confirmed [36].
Indeed, attempts to introduce the mutation in Drosophila using CRISPR/Cas9 genome
editing failed as it turned out to be homozygous lethal [32]. Metabolic resistance mecha-
nisms driven by detoxification enzymes such as cytochrome-P450 monooxygenases (P450s),
glutathione S-transferases, carboxylesterases, and UDP-glycosyltransferases have not yet
been described in whiteflies [37], but these have been shown to play a major role in spider
mites, e.g., Tetranychus urticae, targeted by ketoenol insecticides [38,39]. Despite increasing
selection pressure no cases of insecticide resistance have yet been described in A. proletella,
except for pyrethroids in the UK [40].
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In 2019 and 2020, we collected cabbage whitefly field populations from white cabbage
that survived ketoenol insecticide treatments at recommended label rates in Belgium and
Germany, respectively. As it was uncertain if the lack of field efficacy was due to application
issues or resistance, we started to investigate the ketoenol susceptibility in field collected
cabbage whitefly strains from various locations in Europe. As a second step, when ketoenol
resistance was confirmed, we aimed to characterize the genetics and molecular mechanisms
of resistance with special reference to an ACC target-site mutation previously reported
in B. tabaci. Finally, we developed a genotyping diagnostic for resistance monitoring
purposes to support the implementation of resistance management strategies for sustainable
A. proletella control.

2. Materials and Methods
2.1. Insects

Ten populations of A. proletella were collected in different European countries in 2019
and 2020 and reared under greenhouse conditions on untreated savoy cabbage plants
Brassica oleracea L. var. capitata at 23 & 1 °C, 50% relative humidity, and a photoperiod of
L16:D8 (Table 1). Three field strains, SPI-5/19, SPI-2/20, and SPI-6/20 were kept under
constant selection pressure on cabbage plants treated with 200 mg L~! (a.i.) spiromesifen
by spray application. After two generations, the selected strains were stable and no
longer affected by concentrations of 200 mg L~! of both spiromesifen and spirotetramat.
Strain 1/19 was discontinued after we conducted spiromesifen and spirotetramat bioassays
(incl. genotyping by pyrosequencing). The most susceptible strain of each insecticide
bioassay was chosen as a reference to calculate resistance ratios (RR).

Table 1. Field-collected populations of Aleyrodes proletella. Selected strains, SPI-5/19, SPI-2/20, and
SPI-6/20 were maintained on cabbage plants treated with spiromesifen (200 mg L~1).

STRAIN YEAR COUNTRY VENUE HOST PLANT
1/19 2019 France Richebourg Cauliflower
3/19 2019 Croatia Varazdin Green cabbage
4/19 2019 France Warrem White cabbage
5/19 2019 Belgium Borgworm White cabbage

SPI-5/19 Selected 5/19
6/19 2019 Belgium Lier White cabbage
1/20 2020 Germany Helse White cabbage
2/20 2020 Germany Blomberg Green cabbage

SPI-2/20 Selected 2/20
4/20 2020 Germany Bardowick White cabbage
5/20 2020 Germany Bardowick White cabbage
6/20 2020 Germany Hannover Green cabbage

SPI-6/20 Selected 6/20

In addition, we collected 39 A. proletella populations from various countries between
2019 and 2021 which were preserved in 70% (v/v) ethanol and stored at 4 °C until further
analysis by pyrosequencing (Table S1).

2.2. Chemicals

Proprietary commercial formulations of spiromesifen, Oberon® SC 240, and spirotetra-
mat, Movento® OD 150 (Bayer CropScience, Monheim, Germany), were used and diluted
with tap water as needed. Acetamiprid and A-cyhalothrin were of analytical grade and
purchased from Sigma Aldrich (St. Louis, MO, USA). Trizol Reagent was provided by
Invitrogen, ThermoFisher Scientific (Waltham, MA, USA). HPLC gradient grade solvents
were purchased from Merck (Darmstadt, Germany). Unless otherwise stated, all other
chemicals were of analytical grade and obtained from Sigma-Aldrich (St. Louis, MO, USA).
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2.3. Nymph Bioassays

Whitefly nymph bioassays were conducted as previously described by Lueke et al. [32]
with minor modifications. Briefly: Two-week-old cabbage plants (B. oleracea L. var. cap-
itata) were trimmed to two true leaves per plant, each leaf representing one replicate.
In total, two cabbage plants (4 replicates) were used per insecticide concentration tested.
Two cabbage plants were infested with approx. 100 adult whiteflies for 24 h. After-
wards, the adults were removed, and the plants kept under greenhouse conditions at
24 £1 °C, 50% relative humidity and a photoperiod of L16:D8 for 10-13 days to allow for
2nd-instar development. The infested plants were treated with serial dilutions of aqueous
insecticide solutions using a purpose-built in-house spraying device. Spiromesifen and
spirotetramat formulations were applied at concentrations of 0.32 to 200 mg L~! (a.i.) in
aqueous 0.02% (w/v) Triton X-100. Control plants were treated with aqueous 0.02% (w/v)
Triton X-100 only. Ten days after insecticide application, all leaves were evaluated for dead
and affected whitefly nymphs, i.e., those not developed to 4th instar/puparia. All bioassays
were replicated twice.

2.4. Adult Bioassays

Acetamiprid and A-cyhalothrin are fast-acting neurotoxic insecticides and were tested
against A. proletella adults using a leaf-disc dip assay. Leaf discs (30 mm in diameter) of
two-week-old B. oleracea L. var. capitata plants were dipped for 3 s in aqueous insecticide
solutions (concentration range 0.128 to 2000 mg L~; in triplicate) diluted with 0.02% (w/v)
Triton X-100. The leaf discs were air-dried on a filter paper for approximately 20 min
and then placed with their adaxial surface downwards onto a bed of agar (15 g L™!) in
6-well tissue culture plates (Greiner Bio-One GmbH, Frickenhausen, Germany). Leaf discs
treated with 0.02% (w/v) aqueous Triton X-100 served as control. A. proletella adults were
collected from rearing cages by means of a vacuum-pump powered aspirator and after
brief CO; anesthesia, 20 adults were placed onto the leaf-discs. Afterwards, each 6-well
plate was sealed with a ventilated porous foil and stored upside down. Whiteflies were
scored for mortality after 72 h. Each bioassay including three replicates per concentration
was replicated twice.

2.5. Reciprocal Crossing Experiments

Reciprocal crossing experiments with two A. proletella strains were conducted as previ-
ously described for B. tabaci with minor modifications [32]. Briefly: Leaf discs with pupae
(4th instar) close to adult emergence were placed on non-infested cabbage leaf discs in
Petri dishes incl. a wetted filter paper disc (90 mm in diameter). Two strains were selected
for reciprocal crossing experiments, i.e., strains 6/19 (susceptible) and SPI-5/19 (resistant
and kept under selection pressure with 200 mg L~! spiromesifen). To obtain unmated
individuals for the reciprocal crosses, we separated pupae prior to adult emergence. Sex of
pupae was determined by size [41], with male pupa (haploid) smaller than female (diploid).
Female and male pupae of both strains were segregated as described previously [32]. Indi-
vidual males and females were paired on cabbage leaf discs in Petri dishes to obtain the
following F1 progeny: SPI-5/19 ¢ X & 6/19 and 6/19 ¢ x & SPI-5/19. Seven days after
crossing the leaves were transferred from the Petri dishes to three-week-old cabbage plants.
After 6 days, the leaf disc was removed and cabbage plants infested with F1 progeny of
reciprocal crosses were treated with a discriminating rate of 200 mg L~ (a.i.) spiromesifen
(Oberon 2405C) by spray application as described above. Ten days later, nymphs were
scored for mortality. The experiment was replicated four times and mean mortality &+ SD
at the applied discrimination rate was calculated for the reciprocal crosses along with
the parental strains, SPI-5/19 and 6/19 tested in parallel. The level of dominance was
calculated according to Liu and Tabashnik [42].
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2.6. RNA Sequencing and Acetyl-CoA Carboxylase Assembly

The susceptible A. proletella strains 3/19,4/19, 6/19, and 5/20 as well as the ketoenol
resistant populations 2/20 and SPI-2/20 were selected for an RNAseq approach. RNA
of ten A. proletella adults per replicate was extracted with Trizol reagent (ThermoFisher
Scientific, Waltham, MA, USA). Insects were flash frozen in liquid nitrogen and homog-
enized with two 3 mm steel beads at 20 Hz for 2 x 10 s with a MM300 laboratory bead
mill (Retsch GmbH, Haan, Germany). After Trizol was added to the crushed insects,
the samples were incubated for 5 min at room temperature. Then, 100 uL chloroform
was added before samples were inverted for 15 s and incubated for three additional min-
utes. After a centrifugation step of 15 min at 10,000x ¢ and 4 °C, the aqueous phase was
used for RNA purification with RNAdvance kit (Beckman Coulter, Miinchen, Germany)
according to the manufacturer’s instructions. The quality and concentration of RNA
was determined using the Infinity M200Pro plate reader (Tecan Trading AG, Mannedorf,
Switzerland). After preparation of the strand-specific cDNA library, samples were sub-
jected to Illumina sequencing (5 Mio reads, 2 x 150 bp). Afterwards, all sequencing data
reads of the four replicates per strain were assembled using Trinity 2.8.5 [43] and further
consolidated with TransDecoder 5.3.0 (https:/ /github.com/TransDecoder, accessed on
16 February 2024) using blast results versus SwissProt 2021_4. A. proletella ACC sequences
were identified by selecting full length blast hits using B. tabaci QJQ31013.1 as the query. The
T. vaporariorum ACC sequence was constructed using an alignment of B. tabaci coding se-
quence (MN567040.1) vs. contig VMOF(01000024.1 of the genomic assembly ASM1176424v1
by GMAP as a guideline [44]. Multiple alignment was performed using Clustal omega
v.1.2.3 [45]. A. proletells RNAseq data and assembled ACC genes have been submitted
to GenBank and are accessible under BioProject PRINA832135. The ACC genes can be
accessed via GenBank under GJYF01020973.1 (strain SPI-2/20), GJYF01046828.1 (3/19),
GJYF01092380.1 (4/19), GJYF01105771.1 (5/20), GJYF01137039.1 (6/19), G]YF01139669.1
(T. vaporariorum), XP_022181497.1 (Myzus persicae) and QJQ31013.1 (B. tabaci).

2.7. RT-gPCR

RNA of ten A. proletella adults per replicate and strain was extracted as described
above. High-quality RNA (OD 260/280 1.8-2.0 and OD 260/230 2.0-2.2) as measured by the
Infinity M200Pro plate reader (Tecan Trading AG, Médnnedorf, Switzerland) was subjected
to cDNA library preparation using the iScript synthesis kit (ThermoFisher AG, Waltham,
MA, USA) according to the manufacturer’s instructions. In RT-qPCR reactions, 10 pL
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, Hercules, CA, USA) was mixed
with 5 uM primer dilutions (fc 0.3 uM) and 5 uL cDNA (Table S2). For ACC expression
analysis, 8 ng/uL cDNA was used. The reference genes actin, HSP-90, and ATPase were
selected from the RNAseq analysis (BioProject PRINA832135). The RT-qPCR reaction was
started at 95 °C for 3 min, following 40 rounds at 95 °C for 15 s, and 60 °C for 30 s. A melting
curve at 65-95 °C with a 0.5 °C increment for 5 s per step finalized the reaction. The whole
reaction was performed in a C1000 Touch Thermal Cycler (Bio-Rad, Hercules, CA, USA).
Each RT-qPCR experiment comprised four biological and three technical replicates per
strain. Wells with nuclease-free water instead of cDNA served as control. Evaluation of the
data was performed using CFX Maestro Software, v2.3 (Bio-Rad, Hercules, CA, USA) as
well as gbase+ v2.0 (Biogazelle, Zwijnaarde, Belgium).

2.8. Genotyping by Pyrosequencing

The genomic DNA of individual A. proletella (n = 10) whiteflies was isolated using
the DNAdvance kit (Beckman Coulter, Miinchen, Germany) according to manufacturer
instructions. After quality confirmation as described above, DNA was subjected to a PCR
reaction containing 25 uL in total. As polymerase served 2x JumpStart Taq Ready Mix
(Sigma-Aldrich, St. Louis, MO, USA) and 10 uM primer (Table S3; Figure S1) dilutions were
added to the reaction mix before the PCR was started for 3 min at 95 °C. For ACC A2083V
(B. tabaci numbering) genotyping, 45 rounds at 95 °C for 30 s, 58 °C at 30 s, and 72 °C at
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3 s followed. After the final step for 5 min at 72 °C, PCR was completed. Pyrosequencing
was conducted using the PyroMark Q96 ID and PyroMark Gold Q96 Reagent Kit (Qiagen,
Hilden, Germany) according to the manufacturer instructions. The resulting pyrograms
were analyzed with the PyroMark Q96 ID Software 2.5 (Qiagen, Hilden, Germany).

2.9. Computational Modeling and Docking

Structure-based design and analysis was caried out using the X-ray co-crystal struc-
ture of the CT domain of Saccharomyces cerevisine acetyl-CoA carboxylase in complex
with pinoxaden (GenBank: 3PGQ) [46]. Homology modeling and the visualization of
the results was performed using Maestro Schrodinger release 2018-1 (Schrodinger LLC,
New York, NY, USA). Ketoenol insecticide docking and interaction analysis was performed
using SeeSAR from BioSolvelT GmbH (St. Augustin, Germany) and the scoring function
HYDE [47].

2.10. Statistical Analysis

Bioassay data were corrected for control mortality according to Abbott [48], and
LDsp-values and 95% confidence intervals (95% CI) calculated by probit analysis using
PoloPlus 2.0 (LeOra Software, v2.0, Petaluma, CA, USA). Mean percentage mortality values
of discriminating dose bioassays + SD (n = 4) was analyzed by Graph Pad Prism v8
(GraphPad Software, Boston, MA, USA). The level of dominance (1) of ketoenol resistance
was calculated from mean mortality figures of reciprocal crossing experiments by the single
concentration method [42]. Values of h range from 0 (completely recessive resistance) to 1
(completely dominant resistance). Further information on statistical data analysis is given
in respective figure legends where appropriate. All other experimental data were analyzed
and visualized using GraphPad Prism v8 (GraphPad Software, Boston, MA, USA) unless
otherwise stated.

3. Results
3.1. Bioassays

Nymph bioassays conducted with ten A. proletella field strains collected in 2019 and
2020 revealed ketoenol susceptibility for most strains, except 5/19 (Belgium), 2/20, and
6/20 (Germany) which exhibited resistance ratios (RR) against spiromesifen and spirotetra-
mat between 56- and >72-fold and between 16- and >56-fold, respectively, when compared
to the most susceptible field strain against both compounds (Table 2). Strains 5/19, 2/20
and 6/20 were subsequently kept under selection pressure with spiromesifen (200 mg L~1)
resulting in strains SPI-5/19, SPI-2/20, and SPI-6/20 being completely resistant to the
highest concentration tested of both spiromesifen and spirotetramat (Table 2). In summary,
bioassays confirmed the presence of ketoenol cross-resistance in cabbage whitefly strains col-
lected in Belgium and Germany in 2019 and 2020, respectively, whereas A. proletella strains
collected in France (1/19, 4/19) and Croatia (3/19) in 2019 were susceptible to ketoenols.

Table 2. Log-dose probit-mortality data for spiromesifen and spirotetramat against 2nd-instar nymphs
of field-collected strains of Aleyrodes proletella. The resistance ratio (RR) was calculated by dividing
the LCs value of the respective field strain by the LCs; value of the most susceptible strain (marked
with an asterisk *) against spiromesifen and spirotetramat, respectively.

Insecticide Strain LCsp [mg/L] 95% CI 2 Slope + SE RR
Spiromesifen 1/19 3.96 3.39-4.63 3.42 +£0.33 1
3/19* 2.76 1.71-4.49 1.87 +0.15 1
4/19 4.33 1.74-11.6 2.29 +£0.19 2

5/19 154 45.4-1235 0.9 +0.07 56

SPI-5/19 >200 - >72

6/19 5.7 3.42-9.33 21+£0.17 2
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Table 2. Cont.
Insecticide Strain LCsp [mg/L] 95% CI 2 Slope + SE RR
Spiromesifen 1/20 13.8 8.88-21.3 224+£02 5
2/20 >200 - - >72
SPI-2/20 >200 - - >72
4/20 9.85 5.23-20.8 2.82 £0.26 4
5/20 413 2.34-7.42 1.78 £ 0.14 1
6/20 >200 - - >72
SPI-6/20 >200 - - >72
Spirotetramat 1/19 11.3 6.36-20.9 242 +0.21 3
3/19 6.95 5.92-8.17 3.18 £0.34 2
4/19 6.15 4.53-8.41 2.66 £ 0.25 2
5/19 57.8 37.2-91 1.57 £ 0.12 16
SPI-5/19 >200 - - >56
6/19 4.24 1.98-9.43 2.48 £0.22 1
1/20* 3.58 3.08-4.16 3.67 £0.34 1
2/20 >200 - - >56
SPI-2/20 >200 - - >56
4/20 3.7 1.69-7.79 3.26 £0.3 1
5/20 3.63 1.7-8.17 2.55 £ 0.22 1
6/20 123 103-146 2.76 £0.26 34
SPI-6/20 >200 - - >56

2 95% confidence intervals.

Next, we tested all field-collected A. proletella strains (except 1/19, which was discon-
tinued during the study) including two of the ketoenol-selected strains for cross-resistance
against two insecticides with a neuronal mode of action, acetamiprid and A-cyhalothrin,
which are registered for whitefly control in many countries. Expectedly, we did not find
cross-resistance between ketoenols and these neuronal insecticides representing different
chemical classes and modes of action. The variation in acetamiprid and A-cyhalothrin
susceptibility between strains was rather low, i.e., 1-3-fold and 1-8-fold, respectively.
In summary, acetamiprid showed a more consistent level of efficacy against cabbage white-
fly adults when compared to A-cyhalothrin (Table 3).

Table 3. Log-dose probit-mortality data for acetamiprid and A-cyhalothrin against one-week-old
adults of selected strains of Aleyrodes proletella in a leaf-dip assay (72 h). The resistance ratio (RR) was
calculated by dividing the LCsg value of the respective field strain by the LCsy value of the most sus-
ceptible strain (4/19, marked with an asterisk *) against acetamiprid and A-cyhalothrin, respectively.

Insecticide Strain LCsp [mg L™1] 95% CI 2 Slope 4= SE RR

Acetamiprid 3/19 40.5 7.81-255 1.21 £0.08 1
4/19* 37.8 8.03-244 1.1 £ 0.07 1

5/19 75.1 61.3-92.2 1.93 +0.15 2

SPI-5/19 42.1 35.8-49.5 3.09+0.3 1

6/19 99.6 47.8-220 1.72 +0.13 3

6/20 60.7 31.6-123 1.86 +0.14 2

SPI-6/20 61.7 29.9-135 1.90 £ 0.15 2

A-cyhalothrin 3/19 52.7 12.6-299 1.29 4+ 0.08 2
4/19* 27.9 3.59-387 1.02 + 0.06 1

5/19 137 95.1-195 21+£0.18 5

SPI-5/19 223 100-460 2.24 +£0.18 8

6/19 174 142-212 198 + 0.16 6

6/20 94.8 40.1-245 1.2+ 0.08 3

SPI-6/20 74.7 52.2-108 1.73 £ 0.13 3

2 95% confidence intervals.
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3.2. Reciprocal Crossing Experiments

Reciprocal crosses of Belgium strains 6/19 (susceptible) and SPI-5/19 (selected, highly
resistant) and a subsequent discriminating dose bioassay with 200 mg L~! spiromesifen
revealed autosomal inheritance with minor differences observed in mortality between
F1 progeny and SPI-5/19 (Figure 1). The estimated degree of dominance (/) based on
combined survival (94.4%) of F1 6/19 ¢ x & SPI-5/19 and F1 SPI-5/19 ¢ x & 6/19 at
200 mg L~! spiromesifen was 0.97, suggesting dominant resistance; i.e., heterozygotes
express a ketoenol resistance phenotype.

100F

Mortality [%]
(o))
o

.-
4
In
1

Figure 1. Genetics of ketoenol resistance in Aleyrodes proletella. Efficacy of a discriminating dose
of 200 mg L~! spiromesifen against 2nd-instar nymphs (F1) resulting from reciprocal crosses of
A. proletella adults of strains 6/19 (S, susceptible) and SPI-5/19 (R, selected resistant). Data are mean
values + SD (n = 4).

3.3. RNAseq and acetyl-CoA Carboxylase (ACC) Assembly

INlumina RNA sequencing and subsequent analysis was conducted with six strains,
including the susceptible strains 3/19, 4/19, 6/19, and 5/20 as well as the resistant strains
2/20 and SPI-2/20 (selected). All data were submitted to GenBank under BioProject No.
PRJNA832135. Based on a previous study with B. tabaci where ketoenol resistance was
shown to be conferred by an ACC A2083V target-site mutation [32], we assembled and
analyzed A. proletella ACC sequences based on B. tabaci ACC (GenBank: QJQ31013.1) as the
query and obtained full-length A. proletella ACC sequences containing 2343 amino acids
for all strains analyzed (Figure S2). Indeed, we only identified a single non-synonymous
mutation, resulting in A2084V, in the ACC assembly of the ketoenol resistant A. proletella
strains 2/20 and SPI-2/20. The position is equal to A2083V in B. tabaci ACC, recently
shown to confer ketoenol resistance by functional validation in transgenic Drosophila
expressing mutant ACC [32]. For convenience we continue to refer to A2083V for the
remainder of the article. The A2083V mutation is found in a highly conserved region of the
carboxyltransferase (CT) domain of ACC (Figure 2).

: 2083
BEMITA MN567040 PPNGELRGGAWAVVDPTINPRHM
MYZUPE XP 022181497.1 PPFGELRGGAWAVVDTTINPRHI
TRIAVA GJYF01139669.1 PPNGELRGGAWAVVDPTINPRYM
ALEUPR 2/20 /SPI-2/20 PPNGELRGGAWVVVDPTINPRHM

3/19 PPNGELRGGAWAVVDPTINPRHM
4/19 PPNGELRGGAWAVVDPTINPRHM
6/19 PPNGELRGGAWAVVDPTINPRHM
5/20 PPNGELRGGAWAVVDPTINPRHM

Figure 2. Alignment of partial acetyl-CoA carboxylase (ACC) sequences. The amino acid align-
ment shows the conserved region of the carboxyltransferase (CT) domain harboring the A2083V
(Bemisia tabaci (BEMITA) ACC numbering) target-site mutation detected in field populations of
Aleyrodes proletella such as strain 2/20 highly resistant to ketoenol insecticides. Strain SPI-2/20
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originates from strain 2/20, but continuously maintained under selection pressure with 200 mg L1
spiromesifen. Abbreviations: MYZUPE, Myzus persicae; TRIAVA, Trialeurodes vaporariorum; ALEUPR,
Aleyrodes proletella. GenBank accession numbers: 2/20 (GJYF01020973.1), 3/19 (GJYF01046828.1), 4/19
(GJYF01092380.1), 6/19 (GJYF01137039.1) and 5/20 (GJYF01105771.1). A full-length ACC alignment
is given in Figure S3.

The full-length sequences of the assembled ACCs from all A. proletella strains are shown
in Figure S3 and were submitted to GenBank (accession numbers are given in Figure S3).

Next, we genotyped by pyrosequencing 10 adult female whiteflies per strain for the
presence of the A2083V mutation (Table 4). Strains 3/19, 4/19, 6/19,1/20,4/20, and 5/20
were homozygous for A2083, whereas the selected strains SPI-5/19, SP1-2/20, and SP1-6/20
were mostly homozygous for V2083, with a few heterozygotes present (10-20%) and no
homozygotes for A2083, thus matching the bioassay data shown in Table 2. Continuous
selection pressure of strains 5/19, 2/20, and 6/20 with 200 mg L~! spiromesifen resulted in
the cumulation of A2083V heterozygotes and homozygotes (Table 4).

Table 4. Genotyping by pyrosequencing of individuals of different field-collected and laboratory-
selected strains of Aleyrodes proletella for the presence of the A2083V mutation in the acetyl-CoA
carboxylase (ACC) carboxyltransferase (CT) domain. A/A, wildtype homozygote (susceptible); A/V,
resistant heterozygote; V/V, resistant homozygote.

ACC Genotype (%)

Strain A/A AIV VIV
1/19 100 0 0
3/19 100 0 0
4/19 100 0 0
5/19 70 20 10

SPI-5/19 0 20 80
6/19 100 0 0
1/20 100 0 0
2/20 10 60 30

SP1-2/20 0 10 90
4/20 100 0 0
5/20 100 0 0
6/20 30 0 70

SPI-6/20 0 0 100

3.4. Acetyl-CoA Carboxylase (ACC) Expression Level

ACC expression level in A. proletella adults of the ketoenol susceptible strains 3/19,
4/19,6/19, and 5/20, and the resistant strains 2/20 and SP1-2/20 was analyzed based on
abundance of ACC transcripts, and revealed no obvious trends linked to the observed
ketoenol resistance ratios (Figure 3).

5/20F -
SPI-2/20+ HID
£ 2/20F [IT_%
&% 6/M9F mH
4/19F W
3/19}f —+
1 1 1 1
0 20 40 60 80
TPM

Figure 3. Abundance of acetyl-CoA carboxylase (ACC) transcripts in adults of different strains
of Aleyrodes proletella. Box and whiskers plot (min to max) of ACC transcripts per million (TPM)
expression values scaled to a common median of 10. Data are based on RNAseq analysis of individual
adults (n = 4) from different strains.
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3.5. Mapping of Ketoenol Resistance by Analyzing Alcohol Persevered A. proletella Field Samples

Between 2019 and 2021, we collected 49 A. proletella field samples in eight European
countries and subjected genomic DNA of ten individuals per strain to pyrosequencing anal-
ysis for ACC resistance allele frequency. We detected the A2083V allele in 19 field samples,
whereas no target-site mutation was detected in 30 field samples; i.e., all individuals in
these samples were A2083 (Figure 4). Based on the genetics of ketoenol resistance (autoso-
mal, dominant) and bioassay results obtained for the selected strains, we could suggest
that at least two, five, and eleven strains collected in 2019, 2020, and 2021, respectively,
would resist recommended label rates of ketoenol insecticides. The highest frequency
of ketoenol resistance alleles has been detected in cabbage whitefly samples collected in
the Netherlands and Germany, whereas most of the Spanish samples were homozygous
susceptible A2083. Details and breakdown of the genotyping results displayed in Figure 4
are provided in Table 4 and the Supplementary Materials (Table S4).

Figure 4. Mapping of ketoenol resistance in different European countries. Genotyping of ACC A2083V
ketoenol target-site resistance alleles in adults of Aleyrodes proletella populations collected from eight
European countries between 2019 and 2021. Pie charts display the proportion of RR resistant
homozygote (blue), SR heterozygote (orange), and SS susceptible homozygote (green) genotypes.
Country codes: BEL, Belgium; CHE, Switzerland; ESP, Spain; FRA, France; GER, Germany; HRV,
Croatia; NLD, Netherlands; POL, Poland.

3.6. Computational Modelling and Ketoenol Docking Analysis

Previous work has functionally validated the importance of the ACC A2083V target-
site mutation for ketoenol resistance in vivo, but in silico ketoenol docking studies in
wildtype and mutant ACC have not been conducted yet. Molecular fitting of spiromesifen
and spirotetramat within the ACC CT catalytic site suggest implications for a different bind-
ing in the mutant form (V2083) when compared to the wild-type form (A2083) (Figure 5).
In the wildtype structure, both compounds fit nicely into the binding pocket with the
distances between the C3 atom of A2083 and C-2 in both ketoenol molecules and the para-
methyl in spiromesifen between 3.4 A and 3.9 A, respectively. However, due to the larger
side chain of valine in the resistant ACC variant, the distances between the Cg; of the valine
and the above-mentioned atoms decrease below 2.8A, which causes a steric van der Waals
clash large enough to impede binding to the resistant mutant. To avoid these intermolecular
clashes, the aromatic ring can rotate and shift to a certain extent while still maintaining
the overall binding mode. By doing this, the van der Waals clash between the C-2 and the
valine can be significantly reduced for spirotetramat (lack of para-methyl), while the clash
between the para-methyl of spiromesifen and mutant valine remains, since rotation of the
aromatic ring does not change its position and shifting is not possible due to other close
contacts such as Y1819 and V2084 (Figure 5). As a result, resistance ratios based on the
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A2083V mutation are likely to be higher for spiromesifen when compared to spirotetramat,
as shown in bioassays for the non-selected A. proletella strains 5/19 and 6/20.

Wildtype Mutant

Spiromesifen

Spirotetramat

Figure 5. Computational modelling. Molecular docking of spiromesifen and spirotetramat into the
catalytic pocket of the acetyl-CoA carboxylase (ACC) carboxyltransferase (CT) domain suggests
implications for binding in the mutant form (V2083) when compared to the wild-type form (A2083).
Potential clashes between ketoenols and amino acid residues interfering with high-affinity binding in
the mutant variant are depicted by red arrows. The homology models are based GenBank entry 3PGQ.

4. Discussion

Our study for the first time revealed significant levels of resistance against cyclic ke-
toenol insecticides in field-collected populations of A. proletella. The calculated LCsg-values
of >200 mg L~! for spiromesifen and spirotetramat tested against cabbage whitefly nymphs
exceed the recommended label rates for cyclic ketoenols such as spirotetramat in Brassica
crops (75 g ha~!, 300-600 L ha~!). Similar levels of ketoenol resistance have been previ-
ously described in cotton whiteflies, B. tabaci, known as a notorious pest of greenhouse
and field vegetables in Europe [31,35], which evolved resistance to almost all chemical
classes of insecticides applied for its control [37]. Ketoenol resistance is not restricted
to European B. tabaci populations but has recently also been demonstrated in Australian
populations [32,34]. Another study reported a shift to lower ketoenol susceptibility in
Greek and Spanish populations of greenhouse whiteflies, T. vaporariorum, but LCsy-values
for spiromesifen—despite some variation—remained well below the recommended label
rates for spiromesifen [36]. Whereas resistance to many chemical classes of insecticides in
B. tabaci is a well-known phenomenon [37], including the more recent evolution of ketoenol
resistance in some regions, only a single case of field-relevant resistance (to pyrethroids)
has been reported yet for A. proletella [40]; however, the molecular mechanisms conferring
pyrethroid resistance in A. proletella have not been unveiled yet. Interestingly, we did not
find large variation in LCsp-values for the pyrethroid lambda-cyhalothrin and the neonicoti-
noid acetamiprid against A. proletella populations collected in 2019 and 2020, suggesting
that both insecticides are principally candidates to manage ketoenol resistance.

Insecticidal ketoenols inhibit ACC by interfering with the CT partial reaction as
demonstrated in saturation kinetic experiments by an increase in the apparent Ki, values
for acetyl-CoA in the presence of increasing concentrations of spirotetramat-enol, the
activated /hydrolyzed form of spirotetramat [29]. It is the same mode of action addressed by
ACC inhibiting herbicides, where the evolution of target-site resistance is well documented
in certain weed species [49]. A recent study conducted by Bielza et al. [31] suggested
a target-site resistance mechanism possibly involved in ketoenol resistance in B. tabaci.
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This assumption was based on the lack of synergism by detoxification enzyme inhibitors
such as piperonyl butoxide in bioassays with whitefly field strains expressing high levels
of ketoenol resistance. Indeed, it was shown that ketoenol cross-resistance in Spanish and
Australian strains of B. tabaci is conferred by an ACC target-site mutation, A2083V, in the
CT domain of the enzyme. ACC sequence alignments revealed that the mutation is present
in a highly conserved region of the enzyme with an alanine at the same position across a
broad phylogenetic range of invertebrates such as nematode, spider mite and insect species
of different orders, including whiteflies [32].

Here we confirmed by RNAseq analysis the presence of a non-synonymous mutation
in the CT domain of assembled ACC variants of various A. proletella strains leading to a sub-
stitution of an alanine residue by valine at position 2084, which is equivalent to the A2083V
mutation described in B. tabaci. Selection of partially resistant field strains of A. proletella
with spiromesifen resulted in strains highly resistant to ketoenols (e.g., SPI-5/19) and
supported the importance of the A2083V mutation, as the mutation was almost fixed after
two consecutive selection cycles (Table 4). This mutation has been recently functionally vali-
dated by CRISPR/Cas9-mediated reverse genetic approaches in mutant D. melanogaster [32]
and C. elegans [33] lines expressing high levels of ketoenol resistance when compared to
wild-type lines. Based on these previous findings we conclude that the observed resistance
to ketoenols in A. proletella is conferred by the same mutation as previously described in
B. tabaci [32]. This view is supported by molecular modelling studies presented in this
study, showing that ketoenol docking is compromised by intermolecular clashes between
valine and the aromatic ring substituents such as the mesitylene residue in spiromesifen.
Studies with recombinantly expressed mutant and wildtype ACC would provide further
insights into ketoenol binding and the importance of other amino acid residues present
in the catalytic site; however, it will not change the functional validation of the A2083V
target-site mechanism already confirmed by reverse genetics approaches. The importance
of this mutation in other pests targeted by ketoenols has been recently highlighted in
a clonal culture of M. persicae (green peach aphid) highly resistant to spirotetramat and
collected in Queensland, Australia [50]. The authors employed a candidate gene approach
to unveil the molecular basis of spirotetramat resistance in this aphid clone by mapping
RNAseq reads to the ACC gene and identified a A2226V mutation (equivalent to A2083V
and A2084V in B. tabaci and A. proletella, respectively). A subsequent study in Australia
revealed the presence of the ketoenol resistance allele (A2226V) in multiple field-collected
strains of M. persicae [51].

There have been other mutations described in ACC in a few invertebrate pests such as
A1079T in Tetranychus urticae [38], E645K in T. vaporariorum [30,36], and P2170S amongst
others in Aphis gossypii [52], but these were outside the highly conserved ketoenol binding
site in the CT domain and their functional validation either failed or is still pending.
Interestingly, a recent phylogenetic study including transcriptomic sequence assemblies
and looking for acaricide target-site mutations in Phytoseiid mites revealed the presence
of the A2083V mutation in the ACC orthologue of Amblyseius swirskii [53], a predatory
mite used as a biological control agent for pest management in greenhouse vegetables
and ornamentals [54]. It is tempting to speculate that the use of A. swirskii in combination
with ketoenols in integrated pest management programs might have contributed to the
evolution of the resistance trait in A. swirskii. Such a powerful biological control agent
against whiteflies, thrips, and spider mites with “in-built” ketoenol resistance could be
combined with ketoenol insecticides and concurrently applied without losing its efficacy
due to acaricidal side effects some insecticidal ketoenols may have.

An important aspect when considering the implementation of resistance management
strategies is the knowledge about the spread of the problem based on resistance allele
frequency and how resistance is inherited. Whiteflies such as A. proletella are haplo-diploid
and males result from unfertilized eggs, i.e., haploid males are either susceptible (ACC
wildtype variant) or resistant (ACC A2083V mutant variant), and it has been shown by
modelling approaches that resistance allele frequency under certain conditions is increasing
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faster in haplo-diploid organisms [55]. Ketoenol resistance is an autosomal dominant
trait in A. proletella; i.e., heterozygous females express a completely resistant phenotype,
as revealed by discriminating dose bioassays with F1 progeny from reciprocal crosses
showing high survival rates (>94%) comparable to homozygotes. The level of dominance
calculated in the present study for A. proletella is comparable to results obtained for B. tabaci
where ketoenol resistance was shown to be autosomal dominant, too [32]. We employed a
pyrosequencing assay and screened field-collected samples from several European coun-
tries and demonstrated the presence of ketoenol resistance alleles at various frequencies.
In some countries such as the Netherlands and Germany, the resistance allele frequency
in cabbage whiteflies was quite high, albeit regionally restricted, whereas it was relatively
low in others such as Spain. Nevertheless, we strongly recommend the implementation of
appropriate resistance management strategies based on a mode of action (MoA) treatment
windows approach (Figure 6) as advocated by the Insecticide Resistance Action Committee
(IRAC) and previously suggested for cotton whitefly resistance management [37].

[MOA class 1} [MOA class 2] [MoA class 3] MOoA class 2

— — —

“*%

4 application
window

2™ application 3 application
window window

1% application
window

Figure 6. Mode of action (MoA) treatment windows approach for resistance management. Insecticide
treatment windows based on different MoA classes aim to manage whitefly populations using the
minimum duration of a single generation (e.g., 20-30 days). Multiple applications of the same MoA
are possible within a treatment window. When a treatment window is completed, a different MoA
class is used in the next treatment window, and, if possible, a different MoA should be applied in a
third MoA treatment window. The example shown is based on a situation with three different MoA
classes available that work equally well against Aleyrodes proletella. (Created with BioRender.com,
accessed on 30 October 2022).

In conclusion, based on the findings of the regional genotyping initiative presented
here and considering the tendency of increasing global importance of cabbage whitefly
infestations, a reinforcement of resistance monitoring studies is warranted covering the
most frequently used insecticides such as ketoenols to detect early signs of resistance
evolution and spread in Brassica crops. Such an approach will support the implementation
of successful cabbage whitefly control measures and sustainable crop yields.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/insects15030178 /s1, Table S1: Samples of Aleyrodes proletella
adults collected in different European countries and preserved in ethanol (70% v/v) for pyrosequenc-
ing diagnostics; Table S2: Primer pairs used for RT-qPCR analysis of Aleyrodes proletella acetyl-CoA
carboxylase (ACC) expression levels; Table S3: Primer pairs used for Aleyrodes proletella acetyl-CoA
carboxylase (ACC) genotyping by pyrosequencing; Table S4: Genotyping by pyrosequencing of
alcohol-preserved individuals of Aleyrodes proletella for the presence of the A2083V mutation in the
ACC carboxyltransferase (CT) domain. Genotypes: A/A, susceptible homozygotes; A/V, heterozy-
gotes; V/V, resistant homozygotes; Figure S1: Partial nucleotide sequence of a cDNA fragment of
the carboxyltransferase (CT) domain of Aleyrodes proletella ACC harboring the mutation site A2083
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(red). Annealing positions for primers for pyrosequencing diagnostics of the mutation site A2083V
are indicated by blue arrows; Figure S2: Translation of GenBank Acc. No. GJYF01046828.1 repre-
senting the amino acid sequence of ACC of Aleyrodes proletella strain 3/19. The protein sequences
of ACC in strains 3/19,4/19,5/20, and 6/19 are identical. Strains 2/20 and SPI-2/20 have A2084V
(shown in red); Figure S3: Multiple alignment of ACCase of Bemisia tabaci, Myzus persicae, predicted
ACCase amino acid sequence of Trialeurodes vaporariorum and of five strains of Aleyrodes proletella,
2/20 (GenBank accession no. GJYF01020973.1), 3/19 (GJYF01046828.1), 4/19 (GJYF01092380.1), 5/20
(GJYF01105771.1) and 6/19 (GJYF01137039.1). The carboxyltransferase (CT) domain (PF01039.35) is
highlighted in yellow (AA 1658-2210). Previously described mutations E645K (T. vaporariorum) and
A2083V (B. tabaci) are highlighted in blue.
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