O

W) Check for updates

@)
SClL

where science
meets business

Research Article

Received: 30 March 2026 Revised: 25 August 2026 Published online in Wiley Online Library:

(wileyonlinelibrary.com) DOI 10.1002/ps.71281

Integrating bioassays and transcriptomics to
detect neonicotinoid resistance in Australian
Bemisia tabaci MEAM1

Cao (Grace) Fang,>*" Jacob Balzer,© Michael Frese,*?
Tom Walsh®4 © and Jamie Hopkinson®"

Wee Tek Tay,?

Abstract

BACKGROUND: Bemisia tabaci MEAM1 is a highly invasive and polyphagous pest species of agricultural and horticultural crops
worldwide. It has developed resistance to numerous insecticides, including neonicotinoids. Over-expression of the cytochrome
P450 CYP6CM1 gene has been associated with neonicotinoid resistance. In this study, we used transcriptional analysis (RNAseq
and RT-qPCR) to assess the expression of CYP6CM1 and bioassays to quantify levels of neonicotinoid resistance in the B. tabaci
resistant GR15-1R strain and 10 field populations collected from Australian cotton in 2023.

RESULTS: Foliar bioassays showed that the GR15-1R strain has partial cross-resistance to neonicotinoids with responses ranked
as very high to imidacloprid, clothianidin and thiacloprid, high to thiamethoxam, moderate to acetamiprid, but susceptible to
dinotefuran. The transcriptional analysis revealed constitutive over-expression of multiple cytochrome P450 genes, with
CYP6CM1 being the most highly expressed. Bioassays of field populations and CYP6CM1 expression levels indicated moderate
to high levels of resistance to clothianidin, while the response to imidacloprid was more variable, ranging from low to very high
resistance; no resistance to dinotefuran or acetamiprid was observed.

CONCLUSIONS: The over-expression of CYP6CM1 is associated with resistance to imidacloprid, clothianidin, thiacloprid and
thiamethoxam. Combining molecular techniques with bioassays is useful for identifying biologically relevant levels of resis-
tance.

© 2026 The Author(s). Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

Supporting information may be found in the online version of this article.
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distribution, severity and the underlying mechanism(s) remain
uncharacterized.

1 INTRODUCTION

The silverleaf whitefly Bemisia tabaci (Hemiptera: Aleyrodidae) is a
cryptic species complex that contains several highly invasive
species.'™ Bemisia tabaci Middle East Asia Minor 1 (MEAM1) and

Mediterranean (MED) are widespread pests of agricultural
and horticultural crops,* causing serious damage through direct
feeding and as a vector of plant viruses.>® Furthermore, B. tabaci
excretes a sugary liquid, ‘honeydew’, that creates major issues
for cotton producers. The nutrient-rich honeydew promotes the
growth of sooty mold that discolors and reduces the quality of
cotton, and its high carbohydrate content results in stickiness,’”
causing problems in cotton gins and textile mills.2

Managing B. tabaci is challenging due to the rapid evolution of
insecticide resistance.” In Australian cropping systems, resistance
to organophosphates, carbamates, pyrethroids, pyriproxyfen and
spirotetramat has been detected in B. tabaci MEAM1 through
phenotyping bioassays and/or sequencing (to identify target site
mutations and determine resistance allele frequencies).'®™ "3
Although neonicotinoid resistance has also been reported,'” its
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Neonicotinoids target nicotinic acetylcholine receptors
(nAChRs). These receptors are ligand-gated ion channels that
mediate rapid excitatory neurotransmission in the insect central
nervous system.'”> Compounds such as imidacloprid bind to
nAChRs, mimicking the action of acetylcholine.'® However, unlike
acetylcholine, neonicotinoids are resistant to enzymatic degrada-
tion, which causes prolonged receptor activation that disrupts
normal synaptic transmission and leads to paralysis and death.'”
Since their introduction in 1991, neonicotinoids have become
among the most widely used insecticides for controlling agricul-
tural pests such as aphids, whiteflies, planthoppers and mealy-
bugs.”®'® Neonicotinoids are popular due to application
versatility that includes drip or drench systems, seed treatments
and foliar applications.?® However, widespread intensive use has
resulted in the development of resistance.'®

Two mutations (A58T and R79E) that cause target-site resistance
to neonicotinoids?' have been previously identified in the nAChR
subunit gene family of B. tabaci (BTf1). Moreover, resistance to neo-
nicotinoids is frequently linked to the overexpression of detoxifica-
tion enzymes, particularly cytochrome P450 monooxygenases.?% 2
For example, over-expression of P450 genes has been described to
confer resistance against neonicotinoids in Nilaparvata lugens
(CYP6ERT),*” Myzus persicae (CYP6CY3)*® and also in B. tabaci
(CYP6CM1).24%>2° A recent study reported a single nucleotide poly-
morphism (SNP) A387G in CYP6CM1 of B. tabaci MED that is associ-
ated with enhanced neonicotinoid resistance.®® Furthermore,
MAPK-mediated CREB activation has been linked to an over-
expression of CYP6CM1 and neonicotinoid resistance.°

In this study, we reviewed bioassay data collected over the pre-
vious decade to determine when resistance to neonicotinoids
appeared in Australian B. tabaci MEAM1 populations. We then
analyzed the transcriptome to explore likely mechanisms
involved in neonicotinoid resistance. Finally, we examined the
current distribution and levels of neonicotinoid resistance in field
populations of B. tabaci MEAM1 from cotton-growing regions in
Queensland and New South Wales (NSW), combining bioassay
results with RT-gqPCR analysis to study neonicotinoid resistance.

2 MATERIALS AND METHODS

2.1 Insect collections and plants

Whitefly populations were collected yearly from field crops, pre-
dominantly cotton in Queensland and NSW between 2012 and
2023, as previously described'® (Supplementary data, Table S1).
Furthermore, our study includes two B. tabaci MEAM1 laboratory
strains: the insecticide-susceptible strain SU07-1, maintained in
the laboratory on cotton plants since 1995 without exposure to
insecticides, and the insecticide-resistant strain GR15-1R that
was established from neonicotinoid-resistant whiteflies, collected

in 2015 near Griffith (NSW). The GR15-1R strain has since been
maintained in a glasshouse on cotton plants under selection with
clothianidin; adults of each generation were exposed to a cotton
plant sprayed to run off with 1000 mg L™' of clothianidin for
4 days and then transferred to an untreated plant for oviposition.
Whitefly populations and cotton plants were reared and main-
tained as previously described.'®

2.2 Insecticides

For all serial dilution bioassays, the following insecticides and con-
centrations were used: clothianidin at 200 g L™ (Shield®, Sumi-
tomo Chemical, Epping, NSW, Australia), imidacloprid at 200 g L™
(Confidor®; Bayer CropScience, Hawthorn East, VIC, Australia), thia-
cloprid at 480 g L™' (Claypso®; Bayer CropScience), thiamethoxam
at 250 g L' (Actara® Syngenta Australia, Macquarie Park, NSW,
Australia), acetamiprid at 200 g L™' (Primal®; Adama Australia, St
Leonards, NSW, Australia) and dinotefuran at 200 g kg™ (Starkle®;
AgNova Technologies, Box Hill North, VIC, Australia). From 2012 to
2022, testing of neonicotinoids varied by year, active ingredient
and scale in response to changing cotton industry priorities, includ-
ing new registrations (dinotefuran and acetamiprid). To ensure
broad geographic coverage of resistance monitoring of lower prior-
ity insecticides, a minimum of one population per region was
included in the annual testing regimen. In 2023, to complement
the molecular studies, clothianidin, imidacloprid, acetamiprid and
dinotefuran were tested on the same B. tabaci populations.

2.3 Dose response bioassays of field populations

The phenotypic response of B. tabaci MEAM1 to neonicotinoids
was determined using foliar leaf-dip and systemic uptake
bioassays.>'>* The bioassays were conducted with 4-7 insecti-
cide concentrations increasing in half log increments, designed
to achieve mortality ranging from 10 to 100% (Table 1). Each treat-
ment concentration was replicated five times, and each bioassay
included a water control, also replicated five times. Foliar bioas-
says completed in 2023 used the following concentrations:
clothianidin (1, 3.2, 10, 32, 100, 320, and 1000 mg L™"), imidaclo-
prid (1, 3.2, 10, 32, 100, 320, and 1000 mg L™"), acetamiprid
(1, 3.2, 10, 32, 100, and 320 mg L™") and dinotefuran (1, 10,
32, 100, and 320 mg L™"). For each complete replication of the
concentration range, 100-140 insects were tested.

In 2023, where bioassays indicated resistance, the relevant
populations were subjected to selection pressure to validate the
result. To accomplish this, a potted cotton plant was sprayed with
600 mg L™ of insecticide to the point of run off. After drying for
approximately 1 h, the plant was placed inside a cage, and adult
whiteflies (n ~ 1000) were introduced and exposed to the insecti-
cide for 4 days, after which any survivors were transferred to an
untreated plant to oviposit. At approximately 30 days, the cage

Table 1. Timeline of neonicotinoid insecticide testing, bioassay methodology and concentrations used

Insecticide Year Bioassay methodology Concentration (mg L™")
Clothianidin 2012-2016, 2023 Foliar 1, 3,10, 32, 100, 320, 1000, 3200, 10 000"
Dinotefuran 2017-2023 Foliar 0.32,1,3.2,10, 32,100, 320
Acetamiprid 2017-2023 Foliar 1,3.2,10, 32,100, 320
Imidacloprid 2020 Systemic 0.1,0.32,1,3.2,10, 32, 100

2023 Foliar 1,3.2,10, 32,100, 320

 From 2012 to 2014, only four concentrations up to 320 mg L™" used. From 2015 onwards, five or more concentrations were used.
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was inspected, and the presence of viable progeny was assessed.
Populations were considered resistant if live whiteflies were
present.

2.3.1 Foliar leaf-dip bioassay

Cotton leaves were collected from glasshouse plants and, using a
sterile scalpel, leaf petioles were reduced to a uniform length with
a clean 30° angle cut. If necessary, the leaf surface area was
reduced to a size suitable for leaf dipping into 300-mL crystallizing
dishes. Leaves were dipped in treatment concentrations for 20 s,
air dried on test tube racks for 30 min and transferred to 40-mL
glass vials containing potable water to maintain leaf freshness
throughout the assay.>* Clip cages were placed onto the treated
leaves and whiteflies were aspirated from colony cages and trans-
ferred onto the abaxial leaf surface inside the clip cage. Adults
were tested shortly after emergence (max. age < 3 days) and
experiments were kept in controlled environment rooms (27 °C,
60% room humidity, 12 h light:12 h dark photoperiod).>* Mortal-
ity was assessed after 72 h of exposure by counting live and dead
insects under a stereo microscope.>*

2.3.2 Systemic uptake bioassay

Leaf preparation followed the foliar leaf-dip bioassay methodol-
ogy, but instead of dipping the leaves, the petioles were placed
into 18-mL plastic tubes filled with insecticide solution to facilitate
uptake by the petiole vascular bundle and translocation of the
insecticide to the leaf. Leaves were left in the insecticide-filled
tubes for 24 h and then transferred to 40-mL glass vials with
water.>' % The use of clip cages, handling of the insects, environ-
mental conditions, duration and mortality assessment were the
same as described for the foliar leaf-dip bioassay.

2.4 Cross-resistance in neonicotinoid-resistant strain
GR15-1R

The cross-resistance of strain GR15-1R to clothianidin, imidaclo-
prid, thiacloprid, thiamethoxam, acetamiprid and dinotefuran
was investigated using both the foliar leaf-dip and systemic
uptake bioassay methodologies described above. Adult whiteflies
were exposed to seven treatment concentrations, with half log
increments between 0.1 and 100 mg L™ for the systemic uptake
bioassay and half log increments between 1 and 1000 mg L™ for
the foliar leaf-dip bioassay.

2,5 Data analysis of bioassays

Mortality data from bioassays were corrected for control mortality
(0-5.4%, % = 1.6%)*> and analyzed as non-pooled data using
probit regression in Genstat 22.3¢ From this analysis, the dose-
dependent mortality response including the slope, median lethal
concentration (LCso) estimate and associated 95% fiducial limits
were determined. During the analysis, heterogeneity was
assessed using a y° test and, if significant at the 5% level, the var-
iance of the estimated parameter was scaled by the correspond-
ing heterogeneity factor equal to the residual mean deviance.*”
The minimum effective concentration (MEC), defined as the low-
est concentration required to kill 100% of insects in all replicates>®
was recorded. For each field population, a resistance ratio (RR) and
95% confidence interval (Cl) was calculated as outlined by Robert-
son et al.*° Field populations collected in 2023 were defined as
resistant if they survived both a diagnostic dose of 320 mg L™'
and a subsequent selection test at 600 mg L™". These concentra-
tions were adapted from a previous diagnostic test protocol.>*
The level of resistance was then interpreted by using the

following RR categories: susceptible (RR = 1), tolerance to low
resistance (RR = 2-10), moderate resistance (RR = 11-30), high
resistance (RR = 31-100) and very high resistance (RR > 100).*°

2.6 DNA extraction and species identification

Adult whiteflies from the susceptible strain SU07-1, the resistant
strain GR15-1R and the 2023 field populations were used for
DNA extraction (Fig. 1). Subsamples of whiteflies (n ~ 100) were
preserved in 90% ethanol and sent from the Toowoomba labora-
tory of the Queensland Department of Primary Industries and
Fisheries to the CSIRO Black Mountain Laboratory in Canberra
(ACT). Upon arrival, DNA was extracted using QIAGEN DNeasy
Blood & Tissue kit following the manufacturer's instructions. The
mtCOlI barcode primers (wfly-PCR-F1/R1 and F2/R2) and PCR con-
ditions were previously described.'®*" High-throughput sequenc-
ing libraries were prepared as per the Illumina protocol
(#15044223 Rev. B) with modification.*’ The sequencing was per-
formed using an lllumina MiSeq at the CSIRO Black Mountain Lab-
oratory using a 300-bp PE kit. The mtCOlI contigs were mapped to
a cleaned mtCOI database*® using Geneious Prime version
2025.1.3 (www.geneious.com) for species identification.

2.7 RNA extraction and transcriptomic analysis

Newly emerged adult whiteflies (n = 100) from SU07-1, GR15-1R
and the 2023 field populations with no direct exposure to clothia-
nidin were aspirated from their cages into 1.5-mL Eppendorf
tubes and stored at —80 °C. Additionally, adult whiteflies
(n = 43-91, x = 71) from GR15-1R and the field populations that
survived 72 h of exposure to 1000 mg L™ of clothianidin were
retained and preserved at —80 °C. Samples were transported on
dry ice to the CSIRO Black Mountain Laboratory for transcriptomic
analysis.

Three replicates of total RNA were extracted from each whitefly
population using the Quick-RNA™ Tissue/Insect Microprep Kit
(Cat. #R2030, Zymo Research, Irvine, CA, USA). RNA from unex-
posed (susceptible SU07-1, resistant GR15-1R and field popula-
tions) and exposed insects (clothianidin surviving individuals
from GR15-1R and field populations) was transferred to RNA stabi-
lization tubes (Azenta Life Sciences, Burlington, MA, USA) and sub-
mitted for sequencing. Transcriptome sequencing was conducted
by Azenta Life Sciences (https://www.azenta.com/) using paired-
end (PE), stranded 2 x 150 bp short-read technology.

Differential expression analyses were performed between
untreated resistant (GR15-1R) and untreated susceptible
(SU07-1) strains to identify genes associated with neonicotinoid
resistance. In addition, transcriptomic comparisons between
clothianidin-treated and untreated GR15-1R samples were per-
formed to identify genes responsive to insecticide exposure.

2.8 RNAseq

The RNAseq analysis pipeline was based on two published proto-
cols.*** The pair-end reads were trimmed and quality checked
using Fastp/0.22.0* to ensure a Q-score > 30. After trimming,
paired reads were mapped to the B. tabaci MEAM1 reference
genome (RefSeq: GCF_001854935.1)* using HISAT/2.2.1.% A
raw count table was generated using the ‘featureCounts’ function
of the Subread/2.0.3 package*® and DESeq2*° was used to analyze
gene expression changes. To identify neonicotinoid induced
changes, expression profiles were compared between unexposed
insects from the resistant strain GR15-1R, unexposed insects from
the susceptible SU07-1, and between clothianidin exposed and
unexposed insects from the GR15-1R population. Differential
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Figure 1. Location of the 2023 collection sites of B. tabaci MEAM1 from cotton fields in Queensland and New South Wales.

expression was assessed using the negative binomial general-
ized linear model implemented in DESeq2, with significance
tested using the Wald test. P-values were adjusted for multiple
testing using the Benjamini-Hochberg procedure. Genes with
|log2FoldChange| > 1 and an adjusted P-value (padj) < 0.05
were considered significantly differentially expressed.

Gene ontology (GO) analysis was based on the differentially
expressed genes from the output of DESeq2 using TopGO version
2.46.0.%° Based on differentially expressed genes, significant GO
terms (P < 0.05) were identified under specific ontologies of bio-
logical process, molecular function and cellular component. The
GO terms were then clustered based on semantic similarity
measures.

2.9 RT-qPCR

The gene expression was analyzed in the resistant GR15-1R strain,
the 2023 field populations and the survivors of these populations
after 72 h of exposure to 1000 mg L™ of clothianidin. Three biolog-
ical replicates were analyzed for each whitefly population and treat-
ment group. Each biological replicate was measured in technical
triplicates, and mean Ct values were used for subsequent statistical
analyses. The RT-gPCR experimental design and analysis follow the
published minimum information for publication of quantitative
real-time PCR experiments (MIQE) guideline®’ RT-qPCR was used to
assess CYP6CMT gene expression with Verso 1-step RT-gPCR SYBR
Green ROX kit (Cat. #AB4105A/C, Thermofisher Scientific, Waltham,
MA, USA). A 25-uL PCR reaction contained 0.25 pL of the enzyme
mix, 12.5 pL of 1-step SYBR ROX mix, 1 pL of RT-Enhancer, 1.75 pL
of 10 uM forward primer, 1.75 pL of the reverse primer, 5 L of total
RNA template (1 ng/pl) and 275 pL of nuclease-free water.

Reactions were incubated at 50 °C for 15 min (cDNA synthesis),
95 °C for 15 min (Thermo-Start activation) and in 35 cycles of 95 °C
for 10's, 60 °C for 30 s and 72 °C for 30 s, followed by a standard
melt-curve condition of temperature increase from 65 to 95 °C with
0.5 °C increments per cycle.

A 128-bp fragment of CYP6CM1 was amplified using primers
CYP6CMI1-f (5'-GCCATCGGTGATAAAGGAGA) and CYP6CM1-r (5'-
AACTCGGTTTCCTCATCGTG).>2 The amplicons were Sanger sequenced
at the Biomolecular Resource Facility at the Australian National Univer-
sity. For normalization, the housekeeping reference elongation factor
1-alpha (EF1a) was amplified with primers EFa-f (5'-GATGGCACGGA-
GATAACATG) and EFla-r (5-TTGTCTGTGGGTCTGCTGGG)>? Primer
sequences were modified to match the coding region of our reference
population SUO7-1. The gene expression level was quantified using the
2AA% method*® A two-tailed t-test was used on each field popula-
tion to evaluate whether there was any significant change in CYP6CM1
expression before and after neonicotinoid treatment. A one-way anal-
ysis of variance (ANOVA) was performed on ACt values to assess differ-
ences in CYP6CM1 expression among the untreated field populations,
followed by Fisher's least significant difference procedure to identify
significant differences.

3 RESULTS

3.1 Phenotypic response of B. tabaci MEAM1 to
neonicotinoids

3.1.1 Historical evidence of field resistance to neonicotinoids
(2012-2022)

Over the past decade, resistance to neonicotinoids has been peri-
odically observed in B. tabaci MEAMT. Initially, the detection of
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investigated using the resistant laboratory strain GR15-1R. We ; < E’ 2 E i §
found partial cross-resistance to six insecticides (Table 6). In the g =~ o 9; g s < &g g
foliar assay, the GR15-1R strain exhibited very high resistance e 2 - SUNCAL U 5 Jg_ %~ g S5 z
(LCso > 1000 mg L") to imidacloprid, clothianidin and thiacloprid. N .é _% g = = 359 59|%8% Z
Due to a limited change in mortality in response to increasing con- 2 Z|LESES282D86 § g g o
centration, accurate LCs, estimates could not be calculated, and only ﬁ §_‘ § £ § S § ; § 22 g g §P*TE
minimum resistance ratios could be determined.
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Table 3. Toxicity of imidacloprid to B. tabaci MEAM1 field populations in a foliar leaf-dip bioassay

LCso (mg L™") Mortality (%) at
Population (G') Bioassay date n 27 (df) Slope (SE) (95% FL) RR* (95% Cl) 320mg L™
SU07-1 10 October 2023 330 408(17)  230(0.44) 1.4 (0.8-1.9) 100
Emerald (G9) 25 September 2023 452 36.5°(28)  0.84 (0.08) 14.8 (10.3-21.0) 10.7 (6.4-17.7) 91
Theodore (G7) 19 September 2023 546 449 (28)  0.99 (0.10) 12.2 (8.3-17.7) 8.8 (5.3-14.8) 92
Chinchilla (G6) 25 September 2023 490  36.5°(28)  0.94 (0.08) 21.3(15.7-29.2) 15.4 (9.6-24.8) 89
Lockyer Valley (G6) 19 September 2023 486 462 (28)  1.65(0.18) 76.8 (56.5-105.7) 549 (32.4-87.6) 91
St George (G6) 19 September 2023 642  67.7(28) 0.87(0.13)  213.2(115.6-558.2)  154.3 (69.3-343.4) 71
Goondiwindi (G6) 29 September 2023 560  354°(28)  0.82(0.09)  281.8(176.2-538.7)  203.6 (105.5-393.0) 50
Mungindi (G6) 29 September 2023 581 482(28)  0.66(0.09)  127.3(69.5-312.2) 91.9 (42.3-199.9) 66
Moree (G6) 10 October 2023 503  56.1(28)  0.81(0.10) 70.6 (43.4-131.4) 51.0 (27.1-95.9) 76
Burren Junction (G6) 10 October 2023 561 427(28)  0.96(0.10) 69.6 (47.3-110.9) 50.4 (29.3-86.6) 73
Warren (G6) 10 October 2023 694  57.6(28)  0.99(0.10) 51.1 (35.0-79.0) 36.9 (21.7-62.6) 76

T Generation tested.

Abbreviations: n, number of insects tested; df, degrees of freedom; SE, standard error; FL, fiducial limit; Cl, confidence interval.

* The resistance ratio (RR) is calculated by dividing the LCs,, of the field populations by LCs, of the susceptible population (SU07-1).
$ y? test significant at P < 0.05, for heterogeneity scaling. Chi-square values report how well bioassay data fit the probit model.

Table 4. Toxicity of acetamiprid to B. tabaci MEAM1 field populations in a foliar leaf-dip bioassay

LCso (mg L™ Mortality (%) at

Population (G") Bioassay date n 22 (df) Slope (SE) (95% FL) RR* (95% Cl) 320mg L™’
SU07-1 26 February 2018 514 55.1(23) 2.42(0.28) 40 (3.1-5.2) 100
Emerald (G3) 3 October 2023 451 446 (28) 1.11(0.12) 45 (2.9-6.6) 1.1(0.7-1.8) 100
Theodore (G4) 30 May 2023 555 40.7° (28) 1.63 (0.12) 9.0 (7.3-10.9) 2.2 (1.6-3.1) 100
Chinchilla (G4) 17 July 2023 482 3445 (28) 1.19 (0.10) 6.3 (4.7-8.2) 1.6 (1.1-2.3) 100
Lockyer Valley (G3) 30 May 2023 545 31.8%(28) 2.85 (0.25) 13.2(11.4-153) 3.3 (2.5-4.4) 100

St George (G3) 6 May 2023 468 24.5% (28) 1.68 (0.13) 17.1 (13.8-21.2) 43 (3.1-5.9) 98.8
Goondiwindi (G4) 25 July 2023 270 22.0° (22) 1.38 (0.14) 8.1 (5.8-11.1) 2.0 (1.3-3.0) 100
Mungindi (2) (G5) 25 July 2023 410 27.7° (28) 1.57 (0.13) 8.8 (6.9-11.1) 2.2 (1.6-3.1) 100
Moree (G5) 8 September 2023 697 38.2° (28) 1.66 (0.10) 9.6 (8.0-11.5) 24(1.8-3.2) 100
Burren Junction (G3) 27 June 2023 524 432 (23) 1.70 (0.18) 104 (7.7-14.03) 2.6 (1.8-3.7) 100
Warren (G4) 8 January 2023 592 499 (28) 1.91(0.17) 13.8(10.8-17.8) 3.4 (2.5-4.8) 100

 Generation tested.

§ 2

Abbreviations: n, number of insects tested; df, degrees of freedom; SE, standard error; FL, fiducial limit; Cl, confidence interval.

* The resistance ratio (RR) is calculated by dividing the LCs,, of the field populations by LCs, of the susceptible population (SU07-1).
x° test significant at P < 0.05, for heterogeneity scaling. Chi-square values report how well bioassay data fit the probit model.

High resistance was observed to thiamethoxam (RR = 45), mod-
erate resistance to acetamiprid (RR = 11) and no resistance to
dinotefuran, although a RR of 6 was calculated, a 100% mortality
was observed at the diagnostic dose of 320 mg L™". Resistance
to imidacloprid (RR =22.7) and clothianidin (RR =11.8) was
observed in the systemic uptake assay but, for the remaining neo-
nicotinoids, resistance was less evident, particularly for dinote-
furan, given the MEC was 10 mg L™".

3.2 Species identification

The species identification of field collected B. tabaci is documen-
ted in the Supplementary data (Table S1). In two populations col-
lected from Goondiwindi in 2016 and 2017, B. tabaci AUS1 was
detected at a population frequency of 19.6 and 7.9%, respec-
tively.'® In 2023, a partial mtCOI sequence was used to discrimi-
nate between different B. tabaci species, as described earlier.'
The mtCOl contigs were mapped to the MEAM1 mtCOI

database.*? The susceptible laboratory strain SU07-1 has previ-
ously been identified as MEAM1.'° The contigs from the resistant
laboratory strain GR15-1R and 10 field-collected whitefly popula-
tions were mapped to a mtCOI database, which confirmed that
these populations were comprised solely of B. tabaci MEAM1.

3.3 RNAseq and functional analysis

RNAseq analysis was performed on the susceptible population
SU07-1 and the resistant population GR15-1R. The SNPs A58T
and R79E, known to confer neonicotinoid resistance, were not
observed in the nAChR BTS1 gene of either the SUO7-1 or the
GR15-1R population.?’ Moreover, SNP A387G in the P450 gene
CYP6CM1, previously reported to be associated with enhanced
neonicotinoid resistance, was also absent in GR15-1R.2® Further-
more, a previous study®® found that the over-expression of
CYP6CM1 is linked to MAPK-mediated CREB activation. However,
the CREB orthologue LOC109029782 was not differentially
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expressed in our B. tabaci MEAM1 GR15-1R dataset (log,fold
change = log,FC) (-1 < log,FC < 1 and P > 0.05).

Transcriptomic analysis was used to measure gene expression in
adult whiteflies from the resistant strain GR15-1R before and after
72 h of clothianidin exposure. The cut-off for differentially expressed
genes was chosen as log,FC > 1 for up-regulated genes, and
log,FC < —1 for down-regulated genes, with P < 0.05. Compared
to the SUO7-1 susceptible strain, in the GR15-1R before exposure to
clothianidin there were 705 genes differentially expressed
(Supplementary data, Table S6), while after exposure to clothianidin,
1445 genes were differentially expressed (Supplementary data,
Table S7). However, we found that only 179 genes were differentially
expressed in GR15-1R survivors of clothianidin exposure relative to
whiteflies of the same strain that were not exposed to clothianidin
(Supplementary data, Table S8).

An enrichment analysis was performed based on differentially
expressed genes from GR15-1R before clothianidin exposure,

relative to SUO7-1 (Fig. 2). A total of 36 enriched GO terms were
found across the categories of biological process (BP), cellular
component (CC) and molecular function (MF). The most highly
annotated terms include transmembrane transport (n =490
genes, BP), integral component of membrane (n =659 genes,
CC) and transmembrane transporter activity (n =556
genes, MF). We also investigated the transcriptional changes in
response to clothianidin treatment in GR15-1R (Fig. 3) and
observed 21 enriched GO terms. In response to the clothianidin
exposure, the most highly annotated terms were proteolysis
(n = 463 genes, BP), extracellular region (n = 76 genes, CC) and
peptidase activity (n = 428 genes, MF).

g

Table 5. Toxicity of dinotefuran to B. tabaci MEAM1 field populations in a foliar leaf-dip bioassay %
3

LCso (mg L™") Mortality (%) at z

Population (G") Bioassay date n 27 (df) Slope (SE) (95% FL) RR* (95% Cl) 320mg L™’ g
SU07-1 24 March 2016 341 60.2 (33) 1.58 (0.19) 12.3(8.3-18.2) 100 §
Emerald (G6) 6 December 2023 437 35.4 (18) 2.04 (0.26) 8.3(5.7-11.4) 0.7 (0.4-1.1) 100 %
Theodore (G7) 15 September 2023 435 16.7° (18) 2.66 (0.30) 13.5(11.1-16.1) 1.1 (0.7-1.7) 100 g!
Chinchilla (G4) 18 July 2023 271 18.6° (18) 1.76 (0.20) 9.4 (6.8-12.5) 0.8 (0.5-1.2) 100 g
Lockyer Valley (G6) 15 September 2023 433 40.5 (23) 2.10 (0.25) 23.8 (17.8-30.9) 1.9 (1.2-3.0) 100 g
St George (G4) 14 July 2023 390 459 (18) 2.08 (0.34) 12.5(7.9-17.9) 1.0 (0.6-1.7) 100 %
Goondiwindi (G4) 21 July 2023 380 30.5(18) 1.62 (0.20) 8.9 (5.9-12.7) 0.7 (0.4-1.2) 100 §
Mungindi (2) (G6) 29 August 2023 383 13.3%(23) 2.10(0.21) 20.6 (16.5-25.2) 1.7 (1.1-2.6) 98.7 g
Moree (G4) 8 April 2023 511 63.9 (23) 1.49 (0.18) 8.9 (5.6-13.2) 0.7 (0.4-1.2) 100 %
Burren Junction (G4) 8 April 2023 564 68.7 (23) 1.44 (0.18) 9.3 (5.8-13.8) 0.8 (0.4-1.3) 100 E
Warren (G4) 8 April 2023 656 36.3 (18) 2.43 (0.29) 9.5(7.1-12.2) 0.8 (0.5-1.2) 100 g
Abbreviations: n, number of insects tested; df, degrees of freedom; SE, standard error; FL, fiducial limit; Cl, confidence interval. r;i
T Generation tested. g
* The resistance ratio (RR) is calculated by dividing the LCs, of the field populations by LCs, of the susceptible population (SU07-1). S
S ¥? test significant at P < 0.05, for heterogeneity scaling. Chi-square values report how well bioassay data fit the probit model. §
2

5

Table 6. Toxicity of neonicotinoids to B. tabaci MEAM1 laboratory strain GR15-1R é
Assay Insecticide n 277 (df) Slope (SE) LCso (Mg L™") (95% FL) RR' (95% Cl) MEC* (mg L™") g%
Foliar Imidacloprid 684 73.0 (33) 047 (0.11) >1000 >377 - §
Clothianidin 672 29.0 (33) 0.40 (0.15) >1000 >66 - s

Thiacloprid 855 1533 (32) 0.34 (0.12) >1000 >512 - g

Thiamethoxam 804 153.4 (33) 1.67 (0.28) 358.1 (234.2-623.6) 45.2 (25.7-79.7) - %

Acetamiprid 680 60.4 (33) 1.60 (0.14) 13.6 (10.3-17.9) 11.4 (8.0-16.3) 1000 g

Dinotefuran 636 81.7 (28) 2.34 (0.28) 17.8 (13.3-23.8) 6.3 (4.3-9.3) 320 §

Systemic Imidacloprid 728 56.9 (33) 1.53 (0.15) 21.2 (16.1-28.6) 22.7 (14.4-36.0) - %"
Clothianidin 706 2129 (33) 1.28 (0.34) 88.5 (42.3-498.1) 11.8 (4.3-32.3) - %

Thiacloprid 783 113.6 (33) 1.86 (0.21) 4.9 (3.6-6.9) 2.8 (1.2-6.5) 100 ’i

Thiamethoxam 803 94.1 (33) 2.62 (0.32) 5.8 (4.6-7.5) 6.7 (4.1-11.0) 100 %

Acetamiprid 696 96.3 (33) 1.92 (0.22) 2.5(1.8-3.4) 3.9(23-6.7) 100 %

Dinotefuran 506 123.9 (23) 2.14 (0.36) 1.1 (0.7-1.6) 49 (3.1-7.6) 10 g

2

Abbreviations: n, number of insects tested; df; degrees of freedom; SE, standard error; FL, fiducial limit; Cl, confidence interval; —, 100% mortality not %
observed at any concentration. g
T The resistance ratio (RR) was calculated by dividing the LCso of the GR15-1R by LCs, of the susceptible population SU07-1. 8
* Minimum effective concentration (MEC) that resulted in 100% mortality. g
%

2

5
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3.4 Differentially expressed detoxification genes

through RNAseq

We identified several genes that were previously reported to be
associated with neonicotinoid resistance in the resistant strain
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GR15-1R (Supplementary data, Table S9). To provide an overview of
the detoxification response associated with neonicotinoid resis-
tance, differentially expressed genes meeting the DESeq_2 criteria
(Jlog2FoldChange| > 1 and adjusted P < 0.05) were grouped into
families, i.e., cytochrome P450 monooxygenases (P450s),%> UDP-
glucuronosyltransferases  (UGTs),>* glutathione ~S-transferases
(GSTs),>® esterases>® and ATP-binding cassette (ABC) transporters®’
(Fig. 4). In the untreated resistant B. tabaci MEAM1 population, the
P450 family contained the highest number of differentially
expressed genes. In contrast, following clothianidin treatment,
the UGT family had the highest number of differentially expressed
genes.

Among the differentially expressed genes, the P450 gene
CYP6CM1 showed the greatest differential expression (Table 7).
The expression levels of four other P450 genes, CYP6EMIT,
CYP6CX4, CYP6CX2 and CYP6DW4 (Table 7) were also higher in
GR15-1R relative to SUO7-1, but expression levels were far lower
compared to CYP6CM1. The exposure of adult whiteflies of the
resistant strain GR15-1R to clothianidin did not change CYP6CM1
expression levels, suggesting that the gene is likely to be

GO terms

G0:0016684 oxidoreductase activity

G0:0004888 transmembrane signalling receptor activity A
GO0:0004601 peroxidase activity

G0:0030594 neural transmitter receptor activity -
(G0:0022835 transmitter gated channel activity -
(G0:0022824 transmitter gated ion channel activity 4 24
G0:0140662 ATP-dependent protein folding chaperone -
G0:0016866 intramolecular transferase activity
G0:0003677 DNA binding

G0:0005506 iron ion binding -

G0:0022857 transmembrane transporter activity -
G0:0051119 sugar transmembrane transporter activity
G0:0016705 oxidoreductase activity

G0:0004497 monooxygenase activity A

G0:0008194 UDP glycosyltransferase activity -
G0:0020037 heme binding A

G0:0046982 protein heterodimerization activity
G0:0030527 structural constituent of chromatin
G0:0045211 postsynaptic membrane

G0:0097060 synaptic membrane A

G0:0098794 postsynapse

G0:0005811 lipid droplet 4

G0:0016021 integral component of membrane
G0:0000786 nucleosome

G0:0006082 organic acid metabolic process -
G0:0019752 carboxylic acid metabolic process
(G0:0043436 oxoacid metabolic process
G0:0006144 purine nucleobase metabolic process
G0:0006513 protein monoubiquitination -
G0:0007266 rho protein signal transduction 4
G0:0005975 carbohydrate metabolic process 4
G0:0008643 carbohydrate transport

G0:0006085 acetyl-CoA biosynthetic process -
G0:0016104 triterpenoid biosynthetic process -
G0:0006334 nucleosome assembly

G0:0055085 transmembrane transport

I

| N

constitutively overexpressed in the resistant population. We also
compared the coding sequences of the CYP6CM1 gene between
the susceptible SU07-1 and the resistant GR15-1R strain and
found them to be identical.

3.5 CYP6CM1 expression linked with resistance to
clothianidin in B. tabaci MEAM1 field populations
Among the P450 genes, CYP6CM1 showed the greatest differen-
tial expression in the resistant strain GR15-1R compared with
the susceptible strain SU0O7-1. Based on this strong association
with resistance, the transcript level of CYP6CM1 was measured
using RT-qPCR in the 2023 field populations. We chose to measure
the transcript level of cytochrome P450 CYP6CM1 and use it as an
indicator for neonicotinoid resistance due to several factors: (i) its
constitutive expression, (ii) the highest fold change observed
from our RNAseq result, (iii) its established association with neoni-
cotinoid resistance®*?> and (iv) its stable expression.>?

CYP6CM1 expression level in GR15-1R was more than 50-fold
higher compared to the susceptible SU07-1 strain. In the field
populations, CYP6CM1 was overexpressed 7.5-21.7-fold relative

Category

oep
B cc
U ™E

. - - -

5 10 15

P-value (-log;g)

Figure 2. Functional analysis of differentially expressed genes in GR15-1 (resistant) relative to SU07-1 (susceptible). The horizontal axis shows the signif-

icance of GO term enrichment expressed as P-value (—logo), with higher values indicating stronger enrichment. The GO terms under the categories of

biological process (BP), cellular component (CC) and molecular function (MF) are listed on the vertical axis. The number of annotated genes for each
GO term is provided for each column, e.g., 490 genes for the GO term ‘transmembrane transport’.
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GO terms

G0:0051287 NAD binding 4

G0:0008235 metalloexopeptidase activity
G0:0017171 serine hydrolase activity -
G0:0008236 serine-type peptidase activity 105
G0:0016614 oxidoreductase activity 4

G0:0004175 endopeptidase activity ]

G0:0008233 peptidase activity

G0:0004252 serine type endopeptidase activity
G0:0016810 hydrolase activity -

G0:0015662 P-type ion transporter activity
G0:0140662 ATP-dependent protein folding chaperone 4
G0:0046982 protein heterodimerization activity
G0:0030527 structural constituent of chromatin
G0:0008061 chitin binding

G0:0016459 myosin complex

GO0:0005576 extracellular region

G0:0000786 nucleosome 4

G0:0006560 proline metabolic process
G0:0072350 tricarboxylic acid metabolic process
G0:0006820 anion transport -

G0:0006508 proteolysis

G0:0006099 tricarboxylic acid cycle
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Figure 3. Functional analysis of differentially expressed genes in GR15-1R survivors after clothianidin exposure relative to GR15-1R without exposure. The
horizontal axis shows the significance of GO term enrichment expressed as —log;, (P-value), with higher values indicating stronger enrichment. The GO
terms under the categories of biological process (BP), cellular component (CC) and molecular function (MF) are listed on the vertical axis. The number of
annotated genes for each GO term is provided for each column, e.g., 28 genes for the GO term ‘NAD binding'.

to SUO7-1. A one-way ANOVA performed using ACt values from
the field populations revealed significant differences in CYP6CM1
expression among populations (Fg,o = 6.683, P < 0.001), indicat-
ing substantial inter-population variation in baseline CYP6CM1
expression levels (Fig. 5).

Following exposure to clothianidin, CYP6CM1 expression was
higher in the field population compared to the susceptible
SU07-1, with increases of 13.7-23.4-fold. However, when we com-
pared the expression between clothianidin survivors and the cor-
responding untreated populations, t-tests revealed no significant
differences (P > 0.05) in CYP6CM1 expression for seven popula-
tions (Warren, Chinchilla, Moree, Emerald, Goondiwindi, St George
and Mungindi); significant differences were only detected in
whiteflies from Theodore, Burren Junction and Lockyer Valley
(Table 8).

4 DISCUSSION

Field evolved neonicotinoid resistance in the invasive B. tabaci
MEAMT1 has recently become widespread throughout the cotton

growing regions of Eastern Australia. Cotton growers extensively
rely on neonicotinoids such as thiamethoxam and, to lesser
extent, imidacloprid, as seed treatments. Neonicotinoids are also
used as foliar sprays against several pest bugs (aphids, mirids,
shield bugs and whiteflies). Amongst these, clothianidin and acet-
amiprid are commonly used to control shield bugs and whiteflies,
respectively. We think that resistance in B. tabaci MEAM1 has likely
arisen from exposure to neonicotinoids through the annual, geo-
graphically widespread use of seed treatments and through inad-
vertent exposure to clothianidin as part of mid-late season shield
bug foliar sprays. Despite the use of acetamiprid and dinotefuran
to control B. tabaci MEAM1 since 2017, no evidence of resistance
was detected in our sampled populations. This may simply reflect
the limited use of these neonicotinoids by cotton growers in favor
of other insecticides like pyriproxyfen and spirotetramat.'® Alter-
natively, resistance has not evolved, or if present, exists at very
low frequencies and has therefore not yet been detected.

In both foliar and systemic uptake bioassays, the GR15-1R strain
demonstrated partial cross-resistance to neonicotinoids, with
high resistance observed to both imidacloprid and clothianidin,
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Figure 4. Differentially expressed detoxification gene families in untreated and clothianidin-treated B. tabaci MEAM1 populations. Genes were classified
into five major detoxification gene families associated with insecticide resistance, including cytochrome P450 monooxygenases (P450s), UDP-
glucuronosyltransferases (UGTs), glutathione S-transferases (GSTs), esterases, and ATP-binding cassette (ABC) transporters. Differentially expressed genes
were identified using the criteria |log2FoldChange| > 1 and adjusted P-value (padj) < 0.05. Bars represent the number of differentially expressed genes
within each detoxification gene family. Solid bars indicate untreated populations, whereas striped bars indicate clothianidin-treated populations.

Table 7. Differentially expressed cytochrome P450 genes in GR15-1R pre and post treatment with clothianidin

Expression (fold change)Jr

Gene name Gene ID Pre exposure Post exposure
CYP6CM1 LOC109039286 90.5 845
CYP6EM1 LOC109035029 53 9.8
CYP6CX4 LOC109029764 2.8 4
CYP6CX2 LOC109041191 2.6 53
CYP6DW4 LOC109030486 23 3

T Fold change in GR15-1R relative to SU07-1.

in line with previous studies,*®° while we found no evidence of

cross-resistance to dinotefuran, which again is in line with earlier
findings.?? Despite our observation of resistance to thiacloprid,
thiamethoxam and acetamiprid in the foliar assay, resistance
was less evident in the systemic assay. Improved efficacy of neo-
nicotinoids when applied systemically has been noted in other
studies and is likely due to ingestion rather than contact expo-
sure.3233 We observed an approximate threefold improvement
in efficacy in the susceptible strain when exposed to imidacloprid
in a systemic assay (data not shown). Additionally, it is possible
that observed differences between the two assays indicate
reduced insecticide penetration due to changes in the insect
cuticle,®® but more experiments are required before this can be
claimed.

Similar cross-resistance trends have been seen in whitefly popu-
lations globally. For example, in California, an imidacloprid-
resistant B. tabaci MEAM1 strain did not exhibit cross-resistance
to acetamiprid, dinotefuran or thiamethoxam in a systemic assay,

while the contrary was found in a strain from Guatemala that dis-
played moderate cross-resistance to acetamiprid and thia-
methoxam.®' Our foliar assay results align with findings from a
foliar assay that was used to test B. tabaci MEAM1 populations
in Mexico and Guatemala. The data showing that high resistance
to imidacloprid and thiamethoxam can occur with lower resis-
tance to acetamiprid (RRs = 15-30).5

The underlying mechanism responsible for a partial cross-
resistance to neonicotinoids is not known, but there does not
appear to be a clear linkage to neonicotinoid structural configura-
tions. Imidacloprid, thiamethoxam, clothianidin and dinotefuran
all belong to N-nitroguanidines®® yet in GR15-1R, dinotefuran
did not share cross-resistance with imidacloprid, thiamethoxam
and clothianidin. Similarly, both acetamiprid and thiacloprid
belong to N-cyanoamidines,®® although, according to our foliar
results, they had markedly different levels of resistance.

Previous studies demonstrated a correlation between CYP6CM1
expression and resistance to neonicotinoids, particularly clothianidin
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and imidacloprid.>*° In the present study, CYP6CM1 was constitu-
tively overexpressed in the resistant strain GR15-1R relative to the
susceptible strain SU07-1, with no evidence of further induction fol-
lowing clothianidin exposure. The functional role of CYP6CMT in
neonicotinoid resistance has previously been demonstrated using
complementary experimental approaches. Heterologous expres-
sion of CYP6CM1 in transgenic Drosophila melanogaster conferred
resistance to neonicotinoid insecticides.®* Recombinant-enzyme
studies have also demonstrated that CYP6CM1 can metabolize imi-
dacloprid and selected other neonicotinoids, while elevated
CYP6CM1 transcript and protein levels have been associated with
imidacloprid resistance in laboratory and field-derived B. tabaci
populations.2*> Therefore, although the expression analyses con-
ducted in the present study are correlative, they are supported by
an established body of functional studies linking CYP6CMT to neo-
nicotinoid resistance.

Our RT-gPCR data shows that CYP6CM1 is over-expressed in all
10 field populations, and we found that the expression aligns with
our bioassay results of moderate to high resistance to clothianidin

w
(=]
|

de

{» cde

bed bed ‘{‘
bc

10

CYP6CM1 expression (fold change)

Bemisia tabaci field populations

Figure 5. Expression +SE of CYP6CM1 in Bemisia tabaci MEAM1 popula-
tions relative to susceptible reference population (2724%Y). Data (ACt
values) analyzed by one-way ANOVA, different letters above columns indi-
cate significantly different expression between populations, Fisher's LSD
test (P > 0.05).

and imidacloprid in each of these populations. This aligns with an
earlier study that linked the expression of CYP6CM1 with imidaclo-
prid resistance.>* However, our bioassay results showed no con-
clusive evidence of field resistance to either dinotefuran or
acetamiprid, which is supported by evidence that CYP6CM1 does
not metabolize either compound.?>>® Similar to GR15-1R, expo-
sure testing of field populations with clothianidin was associated
with the constitutive overexpression of CYP6CM1, but in three of
our populations there was evidence of an induced response, that
has been observed in other insects to insecticides®® and host
plant chemicals.®” Therefore, an induced response cannot be
completely ruled out and the issue requires further investigation.
Beyond CYP6CM1, transcriptome analysis revealed differential
expression across multiple detoxification gene families, including
UGT and esterase genes. Both gene families have been shown to
detoxify neonicotinoids;®®®° however, their specific contribution
to neonicotinoid resistance in B. tabaci MEAM1 remains unclear.
Additional cytochrome P450 genes, such as CYP6EM1, CYP6CX2,
CYP6CX4 and CYP6DWA4, were also differentially expressed in
GR15-1R, although expression was substantially lower than that
of CYP6CM1. The CYP6EM1 gene has been functionally linked to
dinotefuran resistance in B. tabaci;*> however, GR15-1R did not
exhibit strong resistance to dinotefuran, and the present data
do not provide conclusive evidence that CYP6EMT makes a major
contribution to the observed resistance in this strain. Both
CYP6CX2 and CYP6CX4 have been found to be overexpressed in
B. tabaci MEAM1 selected for acetamiprid’® and thiamethoxam”"
resistance. Low resistance to acetamiprid was observed in the
foliar assay of GR15-1R, which could be linked to overexpression
of CYP6CX2 and CYP6CX4, but this is not as conclusive as the link
between neonicotinoid resistance and CYP6CM1 expression.
Functional studies are required to determine the potential role
of CYP6CX2 and CYP6CX4 expression in acetamiprid resistance.
An overexpression of CYP6CM1 has been linked to MAPK-
mediated CREB activation in B. tabaci MED*°; however, the CREB
orthologue LOC109029782 was not differentially expressed in
GR15-1R, suggesting that alternative cis- and/or trans-acting reg-
ulatory mechanisms may underlie CYP6CM1 upregulation in
MEAM1. In addition, several amino acid substitutions previously
associated with neonicotinoid resistance, including A58T,%!
R79E2" and A387G?® were absent in GR15-1R. This suggests that
the resistance phenotype observed in Australian B. tabaci MEAM1
is unlikely to be explained by known changes in the receptor
gene. Instead, our observations suggest that the resistance is

Table 8. Comparison of CYP6CM1 expression in Bemisia tabaci MEAM1before and after exposure to clothianidin
ACt + SD Relative expression 2744

Population Untreated Treated P value Untreated Treated
Emerald 1.95 + 0.05 2.08 +0.12 NS 14.1 20.4
Theodore 1.74 + 0.32 2.55 + 0.07 0.012 10.8 18.7
Chinchilla 2.20 + 0.05 251 +0.25 NS 10.5 171
Lockyer Valley 1.87 + 0.05 1.66 + 0.12 0.043 19.0 215
St George 1.91 + 047 147 + 0.22 NS 21.7 21.0
Goondiwindi 247 +0.17 217 £ 0.25 NS 134 14.2
Mungindi 1.81 +£ 040 245+ 0.21 NS 10.9 224
Moree 1.75 + 048 240 + 0.06 NS 115 234
Burren Junction 217 £ 0.24 3.06 + 0.02 0.023 75 13.7
Warren 1.97 + 042 1.93 + 0.06 NS 16.8 15.9
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caused by changes in gene expression. Future work should inves-
tigate the regulatory basis of the CYP6CM1 overexpression in
B. tabaci MEAM1 (to determine whether changes to the promoter
sequence, gene copy number or cis/trans-regulatory mechanisms
are responsible for the observed resistance in GR15-1R).

In our study, CYP6CM1 showed the strongest association with
neonicotinoid resistance in both laboratory and field populations.
Nevertheless, the differential expression of other P450 genes sug-
gests that multiple resistance mechanisms may exist in B. tabaci
MEAM1. Thus, measuring CYP6CM1 expression alone may not
capture the complexity of resistance mechanisms operating in
field populations. However, CYP6CM1 still appears to be a useful
molecular marker for resistance to imidacloprid, clothianidin, thia-
cloprid and thiamethoxam. Incorporating additional detoxifica-
tion genes may improve future resistance monitoring and
provide a more comprehensive understanding of detoxification
pathways in B. tabaci MEAM1, but it is likely bioassays will remain
an effective tool for detecting novel cases of resistance.

Determining resistance in the field offers practical advantages,
e.g. a lateral flow test was developed to rapidly detect B. tabaci
metabolic resistance mediated by CYP6CM1,”? but this tool has
yet to be commercialized. Comparing our results with the popula-
tions used to validate the lateral flow test, we would predict that,
at a minimum, the test would have detected resistance in white-
flies from the Mungindi, St George and Goondiwindi populations.
Thus, a test such as this could enable agronomists to avoid apply-
ing insecticides where there is a high likelihood of field failure. In
our study, we quantified CYP6CM1T transcript levels using RT-gPCR
in B. tabaci MEAM1 and demonstrated that, when combined with
bioassays, this approach provides a robust indicator of neonicoti-
noid resistance. While RT-qPCR is less convenient and requires
more labor power and laboratory resources compared to a lateral
flow test, it provides a readily available, reliable, rapid method for
screening imidacloprid, clothianidin, thiacloprid and thia-
methoxam resistance linked to CYP6CM1 expression. While not
easily deployable in the field, this type of analysis is valuable for
formulating industry wide resistance management strategies
and IPM extension messages.

From a cotton industry perspective, the detection of partial
cross-resistance will have minimal direct impact on the current
use of neonicotinoids to control B. tabaci as neither acetamiprid
nor dinotefuran are efficiently detoxified by CYP6CM1. However,
from an IPM perspective, the mid-to-late season use of neonicoti-
noids like clothianidin for shield bug control is of greater concern.
Clothianidin applications may disrupt natural enemy populations,
while resistance enables B. tabaci populations to increase unim-
peded. Under such situations, due to the risk of honeydew con-
tamination, additional insecticide applications to manage late
season B. tabaci populations may be required. Future IPM
research should focus on cotton industry extension regarding
the use of clothianidin along with developing new management
options for pest shield bugs.

5 CONCLUSION

Our results demonstrate that the P450 CYP6CMT gene is constitu-
tively over-expressed in the resistant B. tabaci MEAM1 strain
GR15-1R and in 10 Australian field populations collected in 2023.
Bioassay results revealed varying levels of resistance to the neoni-
cotinoids clothianidin and imidacloprid in these field populations,
while resistance to acetamiprid and dinotefuran was not
observed. The combination of molecular techniques with

bioassay data confirmed the presence of neonicotinoid resistance
in B. tabaci MEAM1 populations in several Australian cotton-
growing regions.
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