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Abstract
The pollen beetle Brassicogethes aeneus is a serious pest of oilseed rape (Brassica napus) in Europe. Management of this 
pest has grown difficult due to B. aeneus’s development of resistance to pyrethroid insecticides, as well as the pressure to 
establish control strategies that minimise the impact on nontarget organisms. RNA interference represents a nucleotide 
sequence-based, and thus potentially species-specific, approach to agricultural pest control. The present study examined the 
efficacy of targeting the coatomer gene coatomer subunit alpha (αCOP), via both microinjection and dietary exposure to 
exogenous complementary dsRNA, on αCOP-silencing and subsequent mortality in B. aeneus. Beetles injected with dsRNA 
targeting αCOP (at 0.14 µg/mg) showed 88% and 100% mortality at 6 and 10 days post-injection, respectively; where by the 
same time after dietary exposure, 43%–89% mortality was observed in the 3 µg dsRNA/µL treatment, though the effect was 
concentration-dependent. Thus, the effect was significant for both delivery routes. In working towards RNA-based manage-
ment of B. aeneus, future studies should include αCOP as a target of interest.
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Key message

• We examined RNAi efficacy, targeting the coatomer gene 
αCOP in Brassicogethes aeneus, via both microinjection 
and feeding of dsRNA.

• Our work represents the first demonstration of highly 
significant mortality in a pest insect through targeting a 
coatomer protein complex-I gene via feeding.

• Our work further indicates B. aeneus’s sensitivity to 
naked dsRNA.

• Future RNAi studies in this important pest species and 
other pest insects should include αCOP as a potential 
target of interest.

Introduction

The pollen beetle Brassicogethes aeneus Fabricius (Coleop-
tera: Nitidulidae; formerly Meligethes aeneus) is Europe’s 
primary pest of oilseed rape (Brassica napus L.). After 
overwintering, adult B. aeneus feed on pollen and nectar 
of a variety of blooming plants (e.g., Rosaceae, Asteraceae, 
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Lamiaceae, etc.), and subsequently colonise cruciferous 
(Brassicaceae) plants, where they acquire nutrients from 
buds and open flowers, mate, and oviposit into buds. Upon 
emergence from eggs, larvae feed on pollen within buds, 
eventually obtaining their nutrients from open flowers, fol-
lowed by pupation in the soil under their host plant (see 
review by Mauchline et al. (2018)).

Synthetic insecticides are currently the standard method 
for B. aeneus control (Zhang et al. 2017; Zamojska 2017; 
Raimets et al. 2020). Consequently, B. aeneus has developed 
high levels of resistance to pyrethroid insecticides in several 
areas across Europe (Slater et al. 2011; Heimbach and Mül-
ler 2013; Zamojska 2017; Stará and Kocourek 2018; Kaiser 
et al. 2018). While neonicotinoid insecticides are also being 
applied in B. aeneus management (Seidenglanz et al. 2017; 
Kaiser et al. 2018), exposure to neonicotinoids has shown 
negative effects on a wide range of nontarget organisms 
(Gibbons et al. 2015; Pisa et al. 2017; Willow et al. 2019; 
Berheim et al. 2019; Calvo-Agudo et al. 2019; Wu et al. 
2019). For example, in oilseed rape agroecosystems, non-
target organisms negatively affected by thiacloprid applica-
tions could include economically important parasitoids of B. 
aeneus, given that laboratory studies have demonstrated the 
detrimental effect of thiacloprid on other parasitoid wasps 
(Sugiyama et al. 2011; Jans 2012; Willow et al. 2019). Nota-
bly, among a European Union (EU)-wide ban on the outdoor 
use of three other neonicotinoids, thiacloprid is currently 
banned from both outdoor and greenhouse use in France, 
with an EU-wide ban on the outdoor use of thiacloprid tenta-
tive for implementation by 3 August 2020, with maximum 
grace period up to 3 February 2021 (European Commis-
sion 2018), based on the European Food Safety Authority’s 
(EFSA) peer review of the risk assessment of thiacloprid 
(Abdourahime et al. 2019). Thus, there is urgent need for 
developing pest control strategies that minimise the impact 
on nontarget organisms, for effective and ecologically sus-
tainable B. aeneus management.

The process of double-stranded ribonucleic acid 
(dsRNA)-mediated gene silencing, also known as RNA 
interference (RNAi), represents a potentially species-specific 
approach to agricultural pest control (Huvenne and Smagghe 
2010; Taning et al. 2019; Bramlett et al. 2019; Zhu and Palli 
2020; Mezzetti et al. 2020). In brief, exogenous dsRNA is 
taken up by the target species. Once the dsRNA enters the 
cell cytoplasm, the ribonuclease III enzyme Dicer-2 cleaves 
this dsRNA into double-stranded segments approximately 
21 nucleotides in length, called small interfering RNAs 
(siRNAs). A multiprotein complex, with the endoribonu-
clease Argonaute2 as its catalytic centre, binds to one strand 
(the guide strand) of an siRNA, forming the RNA-induced 
silencing complex (RISC), and results in the degradation 
of the opposite (the passenger strand) siRNA strand. The 
guided RISC becomes bound to complementary endogenous 

messenger RNA (mRNA), and the RISC cleaves this mRNA, 
thus inhibiting its decoding in the ribosome and, in turn, 
subsequent protein synthesis (Bramlett et al. 2019).

Recently, all major RNAi pathway genes were iden-
tified in the B. aeneus transcriptome (Knorr et al. 2018). 
Genes and associated proteins thought to be necessary for 
systemic RNAi were also identified by the same authors. 
These authors were the first to report RNAi in B. aeneus 
via dietary exposure to exogenous dsRNA, and showed 
the efficacy of dsRNAs targeting the protein-coding genes 
nucampholin (ncm), Ras opposite (Rop), RNA polymerase 
II 140kD subunit (RpII140), and dre4 (dre4). These target 
genes were chosen because they were orthologous to the 
four most RNAi-sensitive target genes from western corn 
rootworm (Diabrotica virgifera LeConte) diet bioassays con-
ducted by the same authors (Knorr et al. 2018). However, 
before considering field use of dsRNA-based crop protection 
products in oilseed rape agroecosystems, it remains critical 
to carefully select additional RNAi target genes in B. aeneus 
and determine the effect of their inactivation, especially dur-
ing this very early stage of developing an RNAi technique 
for this species.

One target gene of interest, coatomer subunit alpha 
(αCOP), encodes the coatomer subunit alpha (αCOP) pro-
tein. The αCOP protein is a subunit of coatomer protein 
complex-I (COPI), which is involved in vesicular transport 
of proteins between the endoplasmic reticulum and Golgi 
apparatus, as well as possibly maintaining distribution of 
proteins within the Golgi stack (Beck et al. 2009). The COPI 
coat adhering to intracellular vesicles also interacts with cell 
division control protein 42 homolog (CDC42), a regulator 
of the cytoskeletal motor protein dyenin, which transports 
various cellular cargo (Beck et al. 2009). A large-scale RNAi 
screening revealed COPI’s additional role in maintaining 
lipid homeostasis (Beller et al. 2008). Finally, knockdown of 
COPI subunits results in failure of cytokinesis, via prevent-
ing the accumulation of vital proteins and lipid components 
at the cleavage furrow, as well as reducing the number of 
overlapping microtubules at the central spindle, a key regu-
lating centre for cytokinesis (Kitazawa et al. 2012). Thus, 
αCOP was chosen as the RNAi target of interest in the pre-
sent study, based on the expectation that its downregula-
tion can be lethal. Indeed, previous dsRNA-microinjection 
experiments suggest the potential efficacy of targeting αCOP 
in larvae of the African sweetpotato weevils Cylas brunneus 
Fabricius (Christiaens et al. 2016) and C. puncticollis Bohe-
man (Prentice et al. 2017). However, we are not aware of 
any study to date that has thoroughly examined, via dietary 
exposure, the effect of targeting αCOP in a coleopteran pest.

The present study examined the efficacy, via both micro-
injection and dietary exposure, of dsRNA targeting αCOP 
in B. aeneus. We also examined its potential dsRNA-con-
centration-dependent RNAi effect through dietary exposure. 
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Due to αCOP’s various biological functions, we expected 
this gene to be an effective RNAi target in B. aeneus, and 
furthermore expected to observe dsRNA-concentration-
dependent reductions in survival of B. aeneus when target-
ing αCOP.

Materials and methods

dsRNA products

The gene αCOP was detected in the transcriptome of B. 
aeneus (Zimmer et al. 2014) [available in the GenBank 
database (National Centre for Biotechnology Information—
NCBI)] via BLAST analysis, using known αCOP sequences 
from other insect species. In order to avoid cross-silencing of 
other genes in B. aeneus, a selected region (222 bp; Online 
Resource 1) from the B. aeneus αCOP coding sequence was 
screened for cross-homologies within the B. aeneus tran-
scriptome using BLAST analysis to ensure that there were 
no shared fragment identities greater than 19 nucleotides in 
length. The chosen αCOP region was additionally screened 
against all bee species with available genome data in NCBI.

The chosen αCOP region, as well as a 455 bp sequence 
from the green fluorescent protein (gfp) gene (Online 
Resource 1), was used as the basis for the in vitro synthesis 
of corresponding dsRNA products by AgroRNA (Genolu-
tion, Seoul, South Korea). The synthesised dsRNA products 
were shipped in distilled water at ambient temperature, and 
kept at 5 ± 1 °C once received. Products used in this study 
included dsRNAs with sequences complementary to specific 
genes: gfp, which represented our control treatment, as it is 
not present in insects; and the target gene αCOP. Treatments 
targeting the genes gfp and αCOP are hereafter respectively 
referred to as dsGFP and dsαCOP. The length and purity of 
the dsRNA products used were confirmed via gel electro-
phoresis (Online Resource 2).

Insects

Pollen beetles were collected from an untreated organic oil-
seed rape field (58.37979°N, 26.66394°E) in the village of 
Kandiküla, Tartu County, Estonia. Beetles were kept in ven-
tilated plastic containers and allowed to feed ad libitum on 
pollen of oilseed rape and dandelion (Taraxacum spp.) flow-
ers. Oilseed rape flowers were collected from the same field 
where pollen beetles were collected, and dandelion flowers 
were collected from wildflower areas within and around the 
campus of the Estonian University of Life Sciences. All pol-
len beetles used in the study were identified as B. aeneus, 
using an identification guide by Kirk-Spriggs (1996), prior 
to their addition to the study.

Experimental set‑up: microinjection

Ensured delivery of dsRNA into the haemolymph of B. 
aeneus was performed under a stereomicroscope using a 
microinjector (FemtoJet 4i, Eppendorf, Hamburg, Ger-
many) and micromanipulator (Narishige, Tokyo, Japan) 
equipped with an injection needle prepared from glass 
capillary tubes. Twenty groups of ten randomly chosen B. 
aeneus adults were weighed (Sartorius Lab Instruments, 
Göttingen, Germany) in plastic vials in order to obtain an 
average weight per individual beetle (1.4 ± 0.1 mg). Prior 
to microinjection, beetles were anaesthetised with diethyl 
ether for 2  min. Subsequently, they were individually 
placed on their dorsal surface upon a glass slide, and held 
in place by gently pressing a glass cover slip over their 
ventral abdominal surface. This gentle pressing resulted 
in the extension, and subsequent visualisation, of at least 
one of two intersegmental areas composed of arthrodial 
membrane (unsclerotised, soft and flexible cuticular sur-
face), including the cervix (membrane separating head 
from thorax, i.e. neck) and a similar area separating thorax 
from abdomen.

For both treatments (dsGFP (control) and dsαCOP), 
beetles were microinjected with 0.2 µL of dsRNA solution 
at 1 µg dsRNA/µL (approximately 0.14 µg dsRNA/mg). 
Approximately 15–20 beetles were injected per treatment, 
and after 24 ± 1 h, ten randomly chosen and fast moving 
(used as a proxy for health) individuals from both treatments 
were removed and placed into transparent, polystyrene, ven-
tilated insect breeding dishes (diameter 10 cm x height 4 cm) 
(SPL Life Sciences, Gyeonggi-do, South Korea), hereafter 
referred to as cages. This was replicated 4 times to obtain a 
total of 40 dsRNA-injected beetles per treatment. Another 
group of approximately 55–60 beetles was injected for each 
treatment, and after 24 ± 1 h post-injection, 36 fast moving 
beetles per treatment were removed and used for analysis 
of gene expression via quantitative polymerase chain reac-
tion (qPCR; three replicates of six beetles were analysed at 
2 and 5 d post-injection; see Analysis of gene expression). 
Experimental set-up is illustrated in Fig. 1a.

Post-injection, beetles were placed in a growth chamber 
(Sanyo MLR-351H, Osaka, Japan) at 20 ± 2 °C, 60% RH 
and 16:8 h L:D cycle, allowed to feed ad libitum on oil-
seed rape pollen via laboratory-grown oilseed rape flow-
ers, and were provisioned with a moist piece of cotton for 
access to drinking water. Fresh food and water were pro-
vided every 24 ± 1 h, when the previous day’s food and water 
were removed from the cages. Survival and mobility were 
assessed every 24 ± 1 h for 10 d post-injection, and com-
parisons between the dsGFP and dsαCOP treatment were 
statistically assessed using Fisher’s exact test in R software 
v1.1.463 (R Foundation for Statistical Computing, Vienna, 
Austria).
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Experimental set‑up: feeding

Brassicogethes aeneus were identified and placed into cages 
(described above), in groups of six randomly chosen and fast 
moving (used as a proxy for health) beetles per cage. We 
tested four treatments, including dsGFP and dsαCOP each at 
both 1 and 3 μg dsRNA/μL. Treatment solutions were 25% 
organic honey for nutrition; nuclease-free water was used to 
obtain the desired dsRNA concentrations; and bromophenol 
blue was added to allow confirmation of feeding (i.e. the 
presence of blue faeces in cages).

Each treatment was allocated 21 cages, each cage con-
taining six beetles and one treatment source. The treatment 
source was a modified Eppendorf cap (removed from a 
1.5 mL Eppendorf tube; hereafter referred to as cap) forming 
a basin, the height of which was reduced using a razorblade 
in order to allow the beetles to stand up and drink from the 
cap without having to sit upon the lip of the basin (which, 

according to preliminary observations, increased the chance 
of beetles falling into the treatment solution). Each cap held 
100 μL of treatment solution. Prior to pipetting dsRNA treat-
ment solutions into the caps, treatment stocks were homog-
enised for approximately 5 s at 3200 rpm (Vortex-Genie 2, 
Scientific Industries, Bohemia, New York, USA).

Once exposed to treatments, beetles were kept in the 
growth chamber at 20 °C, 60% RH and 16:8 h L:D cycle. 
A new cap with freshly prepared treatment was provided to 
each cage every 24 ± 1 h, when the previous day’s cap was 
removed. Survival and mobility were assessed every 24 ± 1 h 
for 19 d. Dead beetles were removed from cages daily.

After 2 d of allowing the beetles to feed on their respec-
tive treatments, three cages containing six live beetles, 
per treatment, were removed for analysis of relative gene 
expression via qPCR (see Analysis of gene expression), and 
thus 18 cages per treatment remained for survival/mobility 
assessment. A second removal for gene expression analysis 

Fig.1  Experimental set-up for microinjection (a) and feeding (b) 
experiments, for each treatment. Microinjection experiment: n = 40 
(four replicates of ten beetles) per treatment for survival assessment; 
n = 3 (3 replicates of 6 beetles) for each time-point of analysis within 
each treatment. Microinjected beetles fed ad  libitum on pollen of 
oilseed rape flowers post-injection. Feeding experiment: n = 21 (21 

cages of 6 beetles; days 0–2), 18 (18 cages of 6 beetles; days 3–5) and 
15 (15 cages of 6 beetles; days 6–19) per treatment; n = 3 (3 replicates 
of 6 beetles) for each time-point of analysis within each treatment. 
In feeding experiment, beetles were fed dsRNA for 5 d, followed by 
ad libitum feeding on pollen of oilseed rape flowers for the remaining 
during of survival assessment
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occurred after 5 d of feeding on treatments, leaving 15 cages 
for mortality/mobility assessment per treatment. Experimen-
tal set-up is illustrated in Fig. 1b.

For the remainder of the experiment, beetles were allowed 
to feed ad libitum on oilseed rape pollen, via laboratory-
grown oilseed rape flowers, and were provisioned with a 
moist piece of cotton for access to drinking water. Fresh food 
and water were provided every 24 ± 1 h, when the previous 
day’s food and water were removed from the cages. Reduc-
tions in survival and mobility between dsαCOP treatments 
and their respective dsGFP controls, as well as between the 
two dsαCOP treatments, were then statistically assessed in 
R software v1.1.463. Homogeneity of variance and normal-
ity of data distributions were examined using the Levene- 
and Shapiro–Wilk tests, respectively. Given that the data 
were overall not normally distributed, the nonparametric 
Kruskal–Wallis test was used as an alternative to ANOVA, 
followed by post hoc pairwise comparisons using the Wil-
coxon rank–sums test.

Analysis of relative gene expression

Relative gene expression was measured using qPCR. Bee-
tles analysed were removed from their cages at 2 and 5 d 
after first exposure to dsRNA treatments (see above). Treat-
ment groups analysed for relative gene expression were six 
in total, including: those microinjected with dsGFP and 
dsαCOP; as well as those fed with dsGFP and dsαCOP, 
both at 1 and 3 μg dsRNA/μL. For each treatment group, 
three replicates of six beetles were used for gene expres-
sion analysis at 2 d post-treatment, and another three repli-
cates of six beetles at 5 d post-treatment. Beetles to be ana-
lysed were placed in RNAlater RNA Stabilisation Solution 
(Thermo Fisher Scientific, Waltham, Massachusetts, USA), 
at their respective time point of interest, until analysis. RNA 
extraction was performed using an RNeasy mini kit (Qiagen, 
Hilden, Germany), and 200 ng of RNA was used for quanti-
fying relative gene expression (SOLIScript 1-step kit, Solis 
BioDyne, Tartu, Estonia). Cycle conditions, using Quan-
tiStudio 5 Real-Time PCR System (Applied Biosystems, 
Foster City, California, USA), were: 50 °C for 15 min, 40 
cycles at 95 °C for 15 s, 58 °C for 60 s, and ending with a 
melting curve analysis. Normalisation of the data was per-
formed using the two reference genes ribosomal protein S3 
(rps3) and actin (act). Primer amplification efficiencies were 
determined via RNA dilution series (Online Resource 3). 
Relative gene expression values were calculated using the 
 2‒ΔΔCt method (Livak and Schmittgen 2001). Comparisons 
between dsGFP and dsαCOP treatments, regarding relative 
gene expression, were statistically assessed for both micro-
injected and dsRNA-fed beetles using Welch’s t-test in R 
software v1.1.463.

Results

Survival of dsRNA‑microinjected pollen beetles

Direct microinjection of dsαCOP resulted in a signifi-
cant reduction in survival of B. aeneus (Fig. 2a, Online 
Resource 4). At 10 d post-injection, dsGFP-injected 
beetles showed 95% survival. In contrast, survival of 
dsαCOP-injected beetles fell to 85% (p = 0.03) after 2 d, 
60% (p < 0.0001) after 4 d, 12.5% after 6 d, and 0% after 
10 d post-injection. Moreover, mortality of the dsαCOP-
injected beetles was often preceded by a loss of mobility 
(Online Resources 5, 6a).

Fig.2  Survival curves, comparing dsαCOP treatments with their 
respective dsGFP controls, in microinjected (a) and dsRNA-fed (b) 
pollen beetles. Microinjection experiment: n = 40 (4 replicates of 10 
beetles) per treatment. Feeding experiment: n = 21 (21 cages of 6 bee-
tles; days 0–2), 18 (18 cages of 6 beetles; days 3–5) and 15 (15 cages 
of 6 beetles; days 6–19) per treatment. Microinjection data were ana-
lysed using Fisher’s exact test (error bars: ± SE). Feeding data were 
analysed using the Kruskal–Wallis test with post hoc Wilcoxon 
rank-sum test for pairwise comparisons (error bars: ± SEM). Aster-
isks indicate significant differences between dsαCOP and respective 
dsGFP treatments. df = 3, * = p < 0.05, ** = p < 0.01, *** = p < 0.001
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Survival of dsRNA‑fed pollen beetles

Dietary exposure to dsαCOP, at both concentrations exam-
ined, resulted in significant reductions in B. aeneus survival 
(Fig. 2b, Online Resource 4). At 19 d after the start of the 
feeding experiment, we observed 95% survival in the dsGFP 
at 1 μg/μL treatment, and 87% survival in the dsGFP at 3 μg/
μL treatment. Beetles fed dsαCOP at 1 μg/μL showed sig-
nificant mortality (78% survival, df = 3, p = 0.003) 6 d after 
first exposure, followed by a steady decrease to 61% (8 d, 
df = 3, p < 0.0001), 54% (10 d), 44% (12 d), 29% (14 d), 
18% (16 d), and 10% survival (18 d). Beetles fed dsαCOP at 
3 μg/μL showed significant mortality (77% survival; df = 3, 
p = 0.0007) 4 d after first exposure, survival here falling 
more rapidly, to 43% (df = 3, p < 0.0001) after 6 d, 20% (8 
d), 11% (10 d), and 1% (17 d).

From 2 d after first exposure to dsαCOP, we observed sig-
nificantly lower survival in the 3 µg/µL than in the 1 µg/µL 
treatment (2 d p = 0.014, 3 d p = 0.0085, 4–12 d p < 0.0001, 
13–14 d p = 0.0002, 15 d p = 0.0033, 16 d p = 0.009, 17 d 
p = 0.002, 18–19 d p = 0.015, df = 3).

Blue faeces were observed extensively throughout all 
cages from each treatment, providing further indication 
that the beetles fed on their respective treatments. Similar 
to dsαCOP-injected beetles, mortality of the dsαCOP-fed 
beetles was often preceded by a loss of mobility (Online 
Resources 5, 6b).

Effect on αCOP expression

As shown in Fig. 3, the obtained qPCR results indicated 
that αCOP was downregulated by the dsRNA targeting this 
gene when delivered by microinjection and feeding. The 

dsαCOP-injected beetles (t = 7.56, df = 3.19, p = 0.0038) 
and the beetles that fed on the dsαCOP at 1 μg/μL (t = 2.38, 
df = 2.65, p = 0.109) showed a respective mean reduction in 
expression of the target gene of 82% and 52% after 5 d, 
compared to respective dsGFP controls. In contrast, at the 
shorter time point of 2 d, there was no apparent reduction in 
relative expression of αCOP (microinjection: p = 0.67; feed-
ing 1 µg/µL: p = 0.44). In addition, with the higher dsαCOP 
concentration of 3 µg/µL by feeding, the reduction in rela-
tive expression of αCOP was minor, with only 36% mean 
reduction at 2 d (t = 1.87, df = 2.88, p = 0.16), and 15% at 5 
d (t = 1.24, df = 3.60, p = 0.29).

Discussion

αCOP is an effective RNAi target in Brassicogethes 
aeneus

We provide laboratory evidence suggesting that αCOP is an 
effective RNAi target in B. aeneus, as mortality in B. aeneus 
was highly significant after dietary exposure to both con-
centrations of dsαCOP, confirming B. aeneus’s sensitivity 
to RNAi via dietary exposure to dsαCOP, which is in agree-
ment with Knorr et al. (2018). We believe that the high mor-
tality in our B. aeneus RNAi assays, especially for micro-
injection, was caused by gene silencing of the target gene, 
αCOP. Indeed, in dsαCOP-injected beetles, we observed a 
significant reduction in αCOP mRNA 5 d after treatment.

While we observed high B. aeneus mortality rates, yet 
did not detect corresponding significant αCOP silenc-
ing in beetles that fed upon dsαCOP, previous research 
has shown that relative gene expression does not always 

Fig.3  Relative gene expression of αCOP in microinjected (a) and 
dsRNA-fed (b) pollen beetles, at 2 and 5 d after treatment. Data were 
normalised using the reference genes rps3 and act. n = 3 (3 repli-
cates of 6 beetles) for each time point of analysis within each treat-

ment. Relative gene expression values were calculated using the 
 2‒ΔΔCt method. Statistical comparisons were made using Welch’s 
t-test. Asterisks indicate significant differences between dsαCOP and 
respective dsGFP treatments. ** = p < 0.01
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reflect protein levels (Michel et  al. 2005; Scott et  al. 
2013). There were indeed samples indicating downregu-
lation of αCOP in dsαCOP-fed beetles; however, high 
variability resulted in non-significant qPCR results for 
these treatments. Several factors may play a role in the 
variability and differences we observed. A decrease in 
αCOP mRNA and protein levels could, through a feed-
back mechanism, stimulate the overexpression of αCOP, 
making it difficult to detect significant changes at the 
transcript level while the protein level is decreasing 
during B. aeneus’s exposure to dsαCOP; the decreased 
αCOP protein level ultimately leading to B. aeneus mor-
tality. Furthermore, an inferior gene silencing effect was 
observed with respect to feeding, compared to microinjec-
tion. This could be related to the requirement for crossing 
an additional physiological barrier, for example, that of 
the midgut epithelium; and/or maintaining dsRNA stabil-
ity in the midgut lumen, where a much higher concen-
tration of dsRNA-degrading nucleases are present, com-
pared to that which is found in the haemolymph (Peng 
et al. 2018). In addition, we performed qPCR on whole 
insects; and microinjection may have spread the exog-
enous dsRNA to more tissues than via dietary exposure 
to dsRNA. Future studies should consider extracting RNA 
from gut tissue for the evaluation of target gene silenc-
ing following dsRNA feeding treatments, in contrast to 
whole body samples where the overall gene silencing 
effect could be diluted.

Targeting COPI genes via RNAi has been performed 
in several agricultural pest insect studies. The results of 
nearly 100% mortality, post-microinjection of dsRNA 
targeting αCOP, has suggested the potential efficacy 
of targeting this gene in both C. brunneus (Christiaens 
et al. 2016) and C. puncticollis (Prentice et al. 2017). 
Taning et al. (2016) observed significant gene silencing 
and subsequent mortality (46 ± 9%) when targeting αCOP 
via microinjection of dsRNA in spotted wing drosophila 
(Drosophila suzukii Matsumura) adults, though less effec-
tive gene silencing and mortality effects through dietary 
exposure to dsRNA targeting this gene in both larvae and 
adults. Lastly, another COPI subunit, coatomer subunit 
beta (βCOP), is a suitable target in several agricultural 
pests (Baum et al. 2007; Kwon et al. 2013; Mao et al. 
2015; Rodrigues et al. 2017; Shin et al. 2020).

The present study further indicates a concentration-
dependent effect of dsαCOP on B. aeneus survival, where 
the higher feeding concentration dsαCOP treatment 
resulted in significant mortality 2 d earlier than the lower 
concentration, as well as a steeper mortality rate com-
pared to that of the lower concentration. Rodrigues et al. 
(2017) also observed a concentration-dependent effect of 
exogenous dsRNA on mortality when targeting βCOP.

Future steps towards application

While a 6 d time-to-effect is less than ideal for field use as 
an insecticide, an RNAi approach cannot be expected to 
cause mortality as quickly as some other (e.g. neurotoxic) 
insecticides; turnover time of the target protein will remain 
a limiting factor. However, there remains the possibility to 
improve efficacy and speed via co-formulants (e.g. nano-
particles) that enhance efficiency of both dsRNA uptake 
and subsequent RNAi (Christiaens et al. 2020; Yan et al. 
2020). The benefits of this technology lie in the associ-
ated biosafety aspects, due to its mode of action. Ideally, 
an RNAi approach should be used in combination with 
other ecologically sustainable approaches (e.g. conserva-
tion biocontrol), in an integrated pest management context, 
for maximum benefit.

There are various application methods for effective 
dsRNA-based control of agricultural pest insects, and the 
most suitable method is always species-dependent. It is 
possible that the most effective method of B. aeneus con-
trol in oilseed rape crops is via the use of an RNAi cultivar 
expressing dsRNA in nectar and pollen. This method would 
allow the crop to continuously produce dsRNA, preferably 
in the plant parts on which B. aeneus feeds. While current 
restrictions prevent the implementation of this technology 
within EU countries, this could change with further experi-
ence with the technology, and understanding of its impacts 
(e.g. after refinements are made to RNAi risk assessments) 
(Arpaia et al. 2020). There may also be the possibility to 
apply appropriately timed dsRNA-based spray treatments 
to effectively manage B. aeneus. The exploitation of exog-
enous dsRNA-based biocontrol compounds, for application 
within a wide variety of crop—pest systems, is an expand-
ing and momentous field of interest, and likely has both a 
prominent and practicable place in the nearing future’s crop 
protection market (Taning et al. 2019; Mezzetti et al. 2020). 
Field-realistic experiments simulating dietary exposure to 
dsRNAs are required with regard to B. aeneus, and should 
include examining the effect of spraying dsRNA-based treat-
ments onto both bud and flower clusters of oilseed rape. 
The bud stage is oilseed rape’s most vulnerable period, as 
adult bud feeding and oviposition by B. aeneus, as well as 
larval bud feeding, can result in considerable yield losses. 
At the same time, targeting both adults and larvae that feed 
on nectar and pollen of open flowers could reduce the abun-
dance of overwintering B. aeneus, potentially reducing yield 
losses in the following growing season. Thus far, only B. 
aeneus adults have been examined for efficacy of RNAi; 
future dietary exposure studies should include B. aeneus 
larvae. Furthermore, as B. aeneus is one of several major 
pests of oilseed rape in Europe, future studies should explore 
the potential for RNAi-based management of other oilseed 
rape pests as well, and the prospect of targeting multiple 
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jointly-present oilseed rape pests simultaneously via stacked 
dsRNA treatments.

Dietary exposure to dsRNA is not the only potential 
dsRNA uptake method for effective control of agricultural 
pest insects. RNAi via topical exposure to dsRNA has been 
observed in some hemipteran insects, including the pea 
aphid (Acyrthosiphon pisum Harris), green peach aphid 
(Myzus persicae Sulzer) and brown citrus aphid (Toxoptera 
citricida, formerly Toxoptera citricidus and Aphis citricidus 
Kirkaldy) (Niu et al. 2019). B. aeneus is a good candidate for 
testing RNAi via topical exposure to dsRNA, especially in 
larvae, which have a soft unsclerotised cuticle, although the 
body of adult B. aeneus also has soft regions that are poten-
tially vulnerable to topical exposure to dsRNAs. Candidate 
methods for testing the effect of topical exposure to dsRNAs 
on B. aeneus include administering submicron amounts of 
dsRNA-based treatments directly onto the bodies of larval 
and adult B. aeneus, and miniature-scale dsRNA soil drench 
experiments examining the potential impact on soil-inhabit-
ing second instar larval- and pupating B. aeneus.

Conclusion

The requirement of nucleotide sequence complementarity 
makes dsRNA-based biopesticides likely the most selec-
tive pesticides known to date, since they potentially affect 
only the target pest, and no other organisms, resulting in a 
more ecologically sustainable method of control; though this 
method of control would require the application of multiple 
dsRNAs in the event of managing multiple pest insect spe-
cies. We showed that αCOP represents an effective RNAi 
target in the oilseed rape pest B. aeneus. We observed sig-
nificant gene silencing-induced mortality via both micro-
injection and feeding of dsαCOP, confirming B. aeneus’s 
sensitivity to dsαCOP via both routes of exposure. This 
work represents the first study to demonstrate highly sig-
nificant gene silencing-induced mortality in an agricultural 
pest through dietary exposure to dsRNA targeting a COPI 
gene. Thus, future studies towards the application of RNAi 
in B. aeneus management should examine αCOP alongside 
other RNAi targets previously shown to be associated with 
high levels of gene silencing and subsequent mortality in 
B. aeneus. Next steps include examining additional routes 
of exposure to dsRNAs, particularly within a field-realistic 
context.
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