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ABSTRACT

The lesser mealworm, Alphitobius diaperinus, is
an invasive tenebrionid beetle infesting poultry
facilities worldwide. As large population outbreaks
occur regularly in broiler farms, insecticides are
massively sprayed to control populations in
poultry houses. In some countries, there has been
evidence that A. diaperinus can develop resistance
to several classes of insecticides. Here, we
evaluated the insecticide susceptibility of several
A. diaperinus populations collected in 2018 from
various poultry farms in Northern Brittany
(France). The adults were exposed to increasing
doses of four different insecticides (technical-
grade): two pyrethroids (B-cyfluthrin, permethrin),
and two organophosphates (azamethiphos and
pirimiphos-methyl). Results revealed the existence
of significant resistance to B-cyfluthrin in three
out of 11 populations. One population in particular
was extremely resistant to B-cyfluthrin. For this
population the highest tested dose, equivalent to
500 times the recommended application rate (i.e.
10 g pure B-cyfluthrin per m?), was not even
sufficient to induce a low level of mortality.
In contrast, for permethrin, azamethiphos, or
pirimiphos-methyl, the results from dose-response
bioassays did not suggest the occurrence of
resistance. Hence, insecticides containing B-cyfluthrin

*Corresponding author: herve.colinet@univ-rennes.fr

as active ingredient, which has a long use
history in France, should be avoided in poultry
facilities.
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INTRODUCTION

The lesser mealworm Alphitobius diaperinus
(Panzer) (Coleoptera: Tenebrionidae) is a small
tenebrionid beetle prospering in poultry facilities
by forming massive populations in the poultry
droppings and in the litter [1]. This invasive insect
of agroecosystems, nowadays cosmopolitan, was
originally distributed in sub-Saharan Africa,
where it usually colonizes bird nests and stored
products [2]. In Europe and USA, this gregarious
beetle is a major pest of poultry facilities [3-6].
This insect is listed among the most undesirable
insect pests of poultry farming in many countries
[7]. As these beetles can feed on the carcasses of
sick dead birds, they may become vector of many
diseases and pathogens, such as viruses responsible
for e.g. Marek’s and Newcastle’s diseases, avian
influenza, or Dbacteria such as Salmonella
typhimurium and Escherichia coli [8-10]. More
importantly, mature larvae, while searching for
pupation sites, climb the walls of poultry houses
and dig galleries into insulation panels often made
of polystyrene [11, 12]. The resulting structural
deterioration can significantly reduce the thermal
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resistance of the insulation panels, hence, increasing
heating bills and causing additional building
repair costs for farmers. For instance, energy costs
in beetle-damaged buildings can be 67% higher
than in healthy buildings [13].

Export of insect-containing litter and chemical
treatments of the litter, soil and walls with
insecticides are the two main control methods to
limit beetle populations in poultry farms. Many
biological agents that may act against the lesser
mealworm are documented, but none appear to
have provided sufficient or satisfying control in
poultry houses [14]. In this context, the misuse
and repeated application of insecticides may have
resulted in the selection of insecticide-resistant
populations. Nowadays, it appears that none of the
available insecticides can fully control A. diaperinus
populations and prevent outbreaks [15, 16].
Resistant populations have been reported in several
countries where organophosphates, carbamates,
neonicotinoids and pyrethroids were intensively
used [16-20].

In France, this pest was first observed in 1977 in
Brittany where it quickly colonized the region. It
is now abundantly found in various farms (broiler
turkeys, laying hens, chickens, pigs), with frequent
outbreaks, especially in broiler turkey farms [5].
The lesser mealworm usually colonizes livestock
or food storage structures in its area of introduction,
but it can also be observed outside the buildings,
including in cultivated areas and in natural
environments [21]. The development of resistant
populations is therefore an ecological concern as
the adults in the wasted litter can disperse into
agricultural fields and nearby houses over several
kilometres [22].

In 2014, a very first assessment of insecticide
resistance was conducted in France using A.
diaperinus populations collected in poultry farms
in Southern Brittany. This monitoring program
showed signs of resistance to commercial
insecticides, especially towards those formulated
with pyrethroids [23]. Yet, resistance is a dynamic
phenomenon and the underlying mechanisms may
evolve over time with changes in chemical treatment
use and practices. Hence, continuous monitoring

is crucial to determine whether management
strategies remain effective. Control failure of an
insecticide relies on the evaluation of a decrease
in the efficacy of a commercial product not
reaching an expected control level [24]. Thus in
our previous monitoring study [23] we used
commercial products to detect resistance at the
recommended label rate (i.e. single dose). In the
current work, we adopted another complementary
approach, based on dose-response assays, with new
populations collected in other farms from Northern
Brittany (France) in 2018. The dose-response approach
allows to quantify resistance level in populations.
Here, the adults were exposed to increasing doses
of four technical-grade insecticides: two
pyrethroids (B-cyflutrhrin, permethrin), and two
organophosphates (azamethiphos and pirimiphos-
methyl). The use of technical-grade active
ingredients allows to avoid confusion with the
potential effect(s) caused by other compounds of
the formulation, and allows cross-comparison
among studies [25]. Large population outbreaks
regularly occur in poultry houses in Brittany
France, despite regular insecticide applications [26].
Thus, we expected to find evidence of resistance
in some populations, especially towards pyrethroids.
Identification of highly resistant population(s)
would provide an opportunity to explore the
underlying mechanisms.

MATERIALS AND METHODS

Collection of insects

Insects were collected from eleven poultry farms
(Popl to Popll) in October 2018 from different
locations in Northern Brittany (France) (Table 1).
Adults of A. diaperinus were hand-collected from
crevices and cracks, from the litter nearby the
feeders, and along the walls of the buildings. A
twelfth population, designated as PopS, was used.
It was formerly described to be insecticide-
sensitive [23]. Indeed, individuals from PopS
have been maintained in an insecticide-free insect
rearing cultures for many years. Following collection,
populations from farms were maintained under
controlled conditions (25 + 1 °C, constant dark,
and relative humidity ranging from 55 to 70%)
in incubators (Thermostat cabinet TC 255 S,
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Table 1. Location of the twelve populations of Alphitobius diaperinus whose
susceptibility to insecticides was assayed. Populations 1 to 11 (Pop 1-11) were sampled
from poultry farms in Northern Brittany (France), and the insecticide-sensitive population
(PopS) was kept in insecticide-free rearing cultures.

Population Id Locality Long. coordinates Lat. coordinates
Popl Meslin (building A) -2°35'17.542" 48°26'35.246"
Pop2 Meslin (building B) -2°35'17.542" 48°26'35.246"
Pop3 Andel -2°33'18.018" 48°29'34.865"
Pop4 Broons (building A) -2°14'30.52" 48°18'48.301"
Pop5 Broons (building B) -2°14'30.52" 48°18'48.301"
Pop6 Lanrodec -3°2'36.863" 48°29'51.835"
Pop7 Loudéac -2°44'39.538" 48°10'25.025"
Pop8 Miniac sur Bécherel -1°55'46.844" 48°16'44.18"
Pop9 Guer -2°7'41.516" 47°54'18.058"
Pop10 Pommerit-le-Vicomte -3°5'45.11" 48°37'5.606"
Popl1 Plaine-Haute -2°51'40.216" 48°26'46.039"
PopS Paimpont -2°10'45.152" 48°1'57.173"

Lovibond). Each population was maintained
isolated in a plastic box (27 x 28 x § cm, L x W x
H), whose bottom was covered with a mix
of sawdust and oat bran. The insects were
supplied with dry dog food ad libitum, pieces of
carrots, and Styrofoam™ to stimulate pupation.
Water was supplied in pieces of cotton wetted
with tap water. Only mature adults were used for
the below-described experiments.

Bioassays

The technical-grade active ingredients (Al) were
solubilized in acetone and the resulting highly
concentrated stock solutions were stored at 4 °C.
For each insecticide, a reference dose (RD)
calculated to be equivalent to recommended label
rate (RLR) of the corresponding formulated product
was used (see Table 2). Bioassays were conducted
with various doses, higher and lower than the RD,
to obtain mortality levels ranging from 0 to >50%.
Insects were deprived of water and food during all
the bioassays. A 5-day continuous contact exposure
was chosen based on preliminary assays, as this
duration ensured that the insects died from the

insecticide exposure, and not from starvation or
thirst. In the preliminary tests (with only evaporated
acetone), no mortality was observed for >10 days
of observation of the insects without food and
water.

Bioassays were conducted in a room maintained
at 25 £ 1 °C. Circular glass Petri dishes
(90x20mm) containing insecticide-treated filter
papers (63.6 cm®) were prepared as follows: a
volume of 2 mL of the acetone-dissolved Al or of
acetone only (for control) was deposited on the
filter paper. For each insecticide, at least six
different doses were assayed: these doses were
multiples (concentrated or diluted) of the RD, plus
the acetone control (see Table 3). The filter paper
was let drying out for 20 minutes to ensure that
the acetone had evaporated before the insects
were introduced into the Petri dishes. Each assay
consisted of placing 10 adults of each population
on the treated filter paper of the Petri dish;
mortality of the insects was scored after 5 days of
contact exposure. At that time, the beetles were
categorized into a binary classification: a) dead
(i.e. no visible movement of any appendage even
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Table 2. Description of the four insecticides assayed. The name of the active ingredient (Al), the
chemical family, the mode of action, the CAS number, the Sigma reference as well as the brand names
of formulated products are provided. The reference dose (RD) was calculated based on the
recommended label rate (RLR) and the percent of Al of the corresponding formulated products.

Active ingredient . . Pirimiphos- .
(AI) assayed B3-Cyfluthrin Azamethiphos methyl Permethrin
Chemical family Pyrethroid Organophosphate Organophosphate Pyrethroid
. Inhibits
Mode of action V01It§hgjltz ted Inhibits Inhibits voltage-gated
Na* %hai nel acetylcholinesterase acetylcholinesterase Na”
channel
CAS Numberofthe | 1820573-27-0 35575-96-3 29232-93-7 52645-53-1
Sigma reference of
the technical-grade 46003 45331 32058 45614
Al
Commercial name of
® MOUXINE MOSCA GRAINS
the pf:(l)‘(ril:lllcltasted SOLFAC™10 TWENTY ONE - PIRIGRAIN 250 TOP KILL 10
Recommended label
rate (RLR) of the 0.2 gm™ 5 gm? 0.8 gm™ 2 g.m?
formulated product
Percent of Al in the o o o
formulated product 10% 10% 24% 10
Reference dose
(RD)*: the amount of | 20 mg AL m™ 500 mg Al.m™ 192 mg Al.m™ 200 mg AL.m?
Al in the RLR

$These formulated commercial products were used to deduce a “reference dose” of Al to apply in assays.
*This amount of technical-grade Al (per surface unit) was used as the “reference dose” in the bioassays, and
the other tested doses were multiples of this reference dose.

Table 3. Active ingredient (Al) concentration ranges tested in bioassays.

Active Ingredient Reference Tested concentrations expressed as a multiple of the RD
Dose (RD)
IS-Cyﬂuthrin$ 20 mg AL.Lm™ 0 0.25 0.5 1 5 10 20
Azamethiphos 500 mg AL.m™ 0 0.1 0.25 0.5 1 2 5
Pirimiphos-methyl 192 mg Al.Lm™ 0 0.01 | 0.02 | 0.05 0.1 0.5 1
Permethrin 200 mg AL.m™ 0 0.25 0.5 1 5 10 20

SFor B-cyfluthrin, some populations did not suffer high mortality even at 20-fold RD; hence in these few
cases, doses of 100- or 500-fold RD had to be applied.
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after mechanical stimulation) or b) alive (i.e.
walking and fit or moribund but alive). For each
insecticide assayed, a minimum of 140 individuals
was required to test the six doses, plus the control,
with two independent replicates for each dose. For
B-cyfluthrin and azamethiphos, all the populations
(i.e. 11 from poultry farms, plus one sensitive)
could be tested. For pirimiphos-methyl and
permethrin, however, in some populations the
number of insects was insufficient to perform all
tests. For pirimiphos-methyl and permethrin, we
thus tested eight and seven different farm
populations, respectively.

Statistical analyses

Analyses were conducted and figures were designed
using R-studio (R version 3.6.2). Changes in
mortality were analyzed using generalized linear
models (GLMs) with logit link function for binary
outcome (dead/alive beetles). The models were
applied for each Al separately with “population”
and “dose” as explanative variables. The effects of
the variables were assessed via an analysis of
deviance (“Anova” function in ‘car’ R package)
[27]. Then, for each population separately, the
lethal concentration 50 (i.e. dose that kills 50%,
LC50) was individually computed as follows:
LC50 = (logit (0.5) — a) / b, where a and b
correspond respectively to the intercept and the
slope of GLM prediction [28]. The estimated
LC50 values were obtained using the “dose.p”
function (setting a 0.5 probability) in the ‘MASS’
R package. Model parameters such as estimated
LC50, their fiducial limits (FL), slope and intercept
were also confirmed using the “LC_Logit”
function in the ‘ecotox’ R package. The resistance
ratios (RR) were calculated as the ratio of the
LC50 of the farm populations (Popl to 11) over
the LC50 of the susceptible population (PopS)
[29]. To compare LC wvalues, ratio tests were
performed using the ‘ecotox’ R package [30]. To
show the resistance level in clearer biological
meanings, the RRs were classified into five levels
according to Ma et al. [29]: 1) susceptible:
RR <1, 2) tolerance/low resistance: 1 <RR <10,
3) moderate resistance: 10 <RR <100, 4) high
resistance: 100 <RR <1000, 5) extremely high
resistance: RR > 1000.

RESULTS

For B-cyfluthrin, we observed large differences in
mortality among populations (F=232.95, df=11,
P < 0.001) (Figure 1). The dose effect was
significant (F=37.347, df=1, P < 0.001) indicating
increasing mortality with increasing doses. For
each population, the LC50 value was estimated
from logit models. A summary of estimated LC50
values, with their fiducial limits and corresponding
RR is provided in Table 4. A comprehensive table
with all model parameters, their statistical outputs
and the ratio tests is available in Table S1. Among
the 11 farm populations assayed with -cyfluthrin,
three showed tangible signs of resistance: Pop7,
Pop8 and Popll. Beetles from these three
populations had LC50 values much higher than
the value obtained for the susceptible population
(PopS), and thus, Al doses had to be increased to
100-fold the RD to generate a level of mortality
that allowed computing an accurate estimate of
LC50. Insects from Pop8 were surprisingly
resistant. For this population, a dose of 500-fold
the RD was even tested. Even at this extremely
high Al concentration, we could not observe any
significant mortality (10% only). Therefore, for
this particular population, the estimated LC50 was
extrapolated from the model because 50%
mortality was not reached.

For azamethiphos, pirimiphos-methyl, and
permethrin, we also observed significant differences
among populations (azamethiphos: F=205.42,
df=11, P < 0.001; pirimiphos-methyl: F=105.06,
df=8, P < 0.001; permethrin: F=73.49, df=7, P <
0.001) (Figures 2 to 4). Likewise, the dose effect
was significant in all cases, indicating increased
mortality with increasing doses (azamethiphos:
F=445.34, df=1, P < 0.001; pirimiphos-methyl:
F=1046.77, df=1, P < 0.001; permethrin: F=163.36,
df=1, P < 0.001). Despite differences among
populations, and unlike B-cyfluthrin, for
azamethiphos, pirimiphos-methyl, and permethrin
we did not observe marked deviations of
LC50 wvalues from that of PopS (Table 4;
Table S1). This led to rather low RR values, at
least not reaching 10-fold, and thus suggesting the
tolerance or low resistance according to Ma et al.
(2021).
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Table 4. Median lethal concentration (LC50) for each population and active ingredient expressed as
multiple of the reference dose (RD) (see Table 2).

Active ingredient Population LC50 L-F* U-F® RR*
PopS 4.07 2.49 7.83 1.0
Popl 6.93 -0.66 34.00 1.7
Pop2 7.46 3.73 14.90 1.8
Pop3 3.80 0.80 9.82 0.9
Pop4 18.50 14.00 28.60 4.5
8-Cyfluthrin Pop5 10.90 6.81 20.80 2.7
Pop6 22.40 11.10 -43.40 5.5
Pop7 56.60 31.70 174.00 13.9
Pop8 4595 630 -652 1129
Pop9 5.80 1.19 18.40 1.4
Popl0 3.99 1.30 6.93 1.0
Popll 68.20 41.70 175.00 16.8
PopS 1.30 1.06 1.67 1.0
Popl 1.64 0.67 4.53 1.3
Pop2 3.47 2.58 5.18 2.7
Pop3 3.67 2.64 5.90 2.8
Pop4 1.16 0.34 2.63 0.9
Azamethiphos Pop5 2.05 0.91 5.37 1.6
Pop6 2.03 1.13 4.52 1.6
Pop7 4.06 3.21 5.47 3.1
Pop8 2.97 2.27 4.18 2.3
Pop9 2.82 1.77 5.72 2.2
Popl0 0.30 0.20 0.44 0.2
Popll 0.79 0.52 1.26 0.6
PopS 0.02 0.01 0.04 1.0
Popl 0.06 0.04 0.08 32
Pop2 0.09 0.07 0.20 5.0
Pop4 0.09 0.09 0.10 5.0
Pirimiphos-methyl Pop6 0.11 0.09 0.16 5.9
Pop7 0.16 0.10 0.79 8.7
Pop8 0.09 0.08 0.10 4.9
Popl0 0.06 0.04 0.09 3.2
Popll 0.04 0.03 0.04 2.0
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Table 4 continued..
PopS 8.45 7.24 10.10 1.0
Popl 15.60 10.70 29.60 1.8
Pop2 15.90 8.53 275.00 1.9
Permethrin Pop6 7.77 1.49 30.60 0.9
Pop7 20.50 15.40 33.50 24
Pop8 22.30 16.40 42.00 2.6
Pop10 13.50 8.00 36.00 1.6
Popll 14.40 9.30 30.80 1.7
“L-FL: lower fiducial limit; "U-FL: upper fiducial limit; °RR: resistance ratio as in Ma et al.,
2021.
DISCUSSION collected in 2018 from several poultry farms of

The use of synthetic insecticides, although highly
restrictive and only partially effective, remains the
primary means of controling population’s outbreaks
of the lesser mealworm in poultry facilities.
Behavioral avoidance may limit the contact of
insects with insecticides, as A. diaperinus adults
and larvae may hide in the litter, cracks and
crevices of the farm buildings, thus decreasing the
efficacy of chemical control [31]. Moreover, the
reduced effectiveness of the treatments suggests
the development of insecticide resistance in some
French populations [23, 26]. Resistance to
fenitrothion and permethrin has been reported in
populations from UK [32], and to fenitrothion,
deltamethrin and cyfluthrin in Australia [15, 33,
34]. In USA, resistance to several pyrethroids
(cyfluthrin, permethrin, cypermethrin), organochloride
(DTT), and organophosphates (tetrachlorvinphos,
and chlorpyrifos) has also been reported [16, 18,
35]. This increasing number of studies reporting
insecticide resistance in A. diaperinus populations is
alarming as this invasive pest, normally restricted
to broiler facilities, may colonize natural environments
in temperate regions with uncertain ecological and
economic consequences. Previous studies support
this assumption, with several field observations of
the species in cultivated and forest environments
in France and other countries [21, 36, 37].

In the present work, we evaluated the insecticide
susceptibility of various populations of A. diaperinus

Northern Brittany by exposing them to increasing
doses of four different Al. Results revealed the
existence of significant moderate to high resistance
to B-cyfluthrin (RR > 10, see Ma et al., [29]) in three
out of 11 populations. One population (Pop8)
appeared extremely resistant to this Al. Resistance
to pyrethroid has previously been reported in
populations from Australia and USA [33, 35].
There is a correlation between the number of
cyfluthrin applications and the level of resistance
[34]. A cyfluthrin-based formulation, for which
SOLFAC®™10 was granted a patent, was massively
sprayed in poultry farms in Brittany since the 90’s.
The recommended label rate of SOLFAC®10 is
0.2 gm™ and with 10% Al in the formulated
product, the amount of Al corresponds to 20 mg.m=.
For Pop8, application of 500 times this dose (i.e.
10 g pure B-cyfluthrin per m?) was not even
sufficient to start inducing a low mortality (10%),
evidencing a very high level of resistance. In a
previous field survey conducted in 2014, we tested
other populations with commercial formulations at
their label rates, and we also detected signs of
resistance to cyfluthrin [23]. Hence, based on a
different experimental approach (i.e. dose-response
with pure AI) and different populations, the
present study, underscores the existence of various
degrees of resistance to B-cyfluthrin, with some
populations being potentially extremely resistant.
The reduced efficiency of B-cyfluthrin in populations
from Brittany is consistent with the general
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use of SOLFAC®10 in poultry farms since the
90’s. In June 2020, the European commission
decided the non-renewal of the approval of the
active ingredient B-cyfluthrin (Commission
Implementing Regulation EU 2020/892 of 29
June 2020 [38]), but the presence of resistant
populations is a concern as it may lead to cross-
resistance with insecticides having the same — or
similar — modes of action or targets [39]. Yet, in
the current study, we did not detect sign of resistance
to the other pyrethroid assayed: permethrin.
Similarly, Lambkin and Furlong [33] did not
evidenced cross-resistance in populations tested
with four pyrethroids.

For the two organophosphates assayed here,
azamethiphos and pirimiphos-methyl, we found
that A. diaperinus died at doses close to, or even
inferior to RD. This suggests high efficiency
(toxicity) of both Als even without adjuvant. The
results of the bioassays with azamethiphos,
pirimiphos-methyl did not suggest the occurrence
of insecticide-resistance in the tested populations.
These observations are consistent with our
previous survey in which we did not identify signs
of resistance to commercial products formulated
with organophosphate [23]. There are numerous
products on the market that claim to be efficient
against lesser mealworm outbreaks. Many of these
products may gradually lose their insecticidal
properties after repeated uses, and decreased
insecticide effectiveness can occur quite quickly.
The first reported case of insecticide resistance
in A. diaperinus was reported by Cogan et al. [36]
in the UK. They reported that after a few
applications  of  iodofenphos, fenitrothion,
permethrin or azamethiphos, all chemicals but
azamethiphos were found to be inefficient for
suppressing A. diaperinus populations. So, despite
organophosphates seem to remain efficient in
populations assayed in France, continuous use
should be avoided because resistance may also
develop within this chemical family [16, 18, 35,
36].

CONCLUSION

Large population outbreaks regularly occur in
poultry houses in Brittany France, despite regular

insecticide applications [26]. Thus, we expected
to find evidence of resistance. We identified resistant
populations including one (Pop8) that was
particularly resistant to B-cyfluthrin. Comparisons
of metrics such as LC50s or RR among
populations provide a valuable way to highlight
the degree of susceptibility to insecticides.
However, these metrics do not provide any clue
on the underlying genetic mechanisms [40].
Concerning the resistance to pyrethroids in the
lesser mealworm, it seems that metabolic
mechanisms partially explain resistance [33], but
other underlying mechanisms are not yet known.
Our next objective is now to precisely explore
these mechanisms using RNA sequencing in
that population (Pop8) extremely resistant to B-
cyfluthrin. The determination of the mechanisms
underlying insecticides’ resistance could greatly
improve our ability to predict and thus manage the
potential loss of the effectiveness of insecticides
in poultry facilities. There is also a need to
understand the ecological impact of moving litter
containing resistant beetles when it is spread into
agricultural fields and pasture.

ACKNOWLEDGMENTS

We are grateful to Sally Benoit and Pascal Galliot
from ITAVI for assistance in collecting insects
from the different poultry farms. We thank all of
the farmers who welcomed us and gave us the
authorization access to the poultry facilities for
insects’ collection.

AUTHOR CONTRIBUTIONS

Insects’ collection: NR; conceptualization: HC & DR;
experimentations: HC, ADL, DR; data analyses &
visualization: HC; draft preparation HC; draft
revision and interpretation: DR, GG & HC;
funding acquisition: HC & NR.

FUNDING

The study was supported by France-Agri-Mer
(Research grant ‘“TenebLimit’). We are also grateful
to InEE-CNRS for support through IRP-PRICES.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflict of interest.



13

Comparing insecticide sensitivity in beetles

0¥ I €S LL 0 0
-AI1C| 0C€l| TO| 0T89| LOY| 8TIFHOOT| 80°0| 98°1-| -H90°E€| 000| €0°0|-HIOT| 91| 00Ty | €5°€| 0SLI| OL T |89 | Trdod| utrpnp)
10 S 8¢ y01
“dHyS°6 900 €0 66'¢C| LOY 9I-HIS S| LOO| LSO-| -HEV'I 100 ¥I'0|-HSI'T| CI| 00°SCS| I¥0| €69 0€'1|66¢| ordod| wmpngL)
10 € 129 8L
-H6T'1 ¢S'L| TO 08S| LOYV 9%-460'9 | 80°0| OI'l-| -H68'6 100 61°0(-dcL Y| CI| 0000%| S€0| 0¥8I 61°1|08¢ edod | unpnyAH
0
0 I 00 10 [43 0CS9 00°S
-H6¢°C 9TT| I'e| S6Sv| LOYV| ¥EL-AVO'L| ¥I1'0| LEE| -HIL'E| 000| 000|-HSO¥| 81| 00°L6l| 0CSY - 00°0€9 | 6S¥ gdod | umpnpAH
0€ € 144 YL 0 0
-H60'v | Ov'I1| T0| 0995 | LO¥ Y6-dI10°€| LOO| 6L1-| -dPSt| 000| CO0|-HI8S| 9| 00¥6E| LEEC|OPVLI| OLTIE|99S Ldod | urmpnpA)
80 4 Ll 8¢ or'ey 0
“HEV'8 9¢'S| €0 O¥'Ce| LOYV LL-H9L9 | 60°0( T9'1-| -H6TT| 10°0| LOO|-HYTS| CTI| 00°S0€| ¥0°C - OI'lT| ¥'CC 9dod | uLgingA)
S0 € (114 LT 0
~H06'[ 8Ty | TO| 0601 | LOV 09-H188| 800| 6C1-| -d89°C 100 CI'0|-d€9°1| CI| 008SI| S9°0| 080C 1891601 gdod | urmpnpA)
01 4 0¢ 60 0
“HLTY Y29 | TO| 0S81| LOY 88-HECTI| 600 98- -H8%'C 100 O1'0(-d98° 1| CI| 06S9| 6I'1|098C| 00+I|S8I pdod | upngA)
01 4 129 S9
“HLTY Y29 | TO| 0581 | LOY 0v-HOLYv | 80°0| 90°I-| -H9¢€'€| <CO0| 8C0|-H806| CI| 00LEE| STO| T86 080| 08¢ gdod | urypnpAD
€0 € (414 6¢
-H68'8 QT TOl 9L| LOY 6-HIE9 | 800 €I'1-| -HES'S 100 SI°0|-dT8C| CI| 00°SIT| S¥FO| 06V eELE| 9L gdod | uLgingA)
0 1 LT St
“HSL'8 ILT] €0 €69| LOYV [Tdc6’C| LOO| L90-| -Hv'l 100 O1I'0|-d¥C’ 1| CI| 00°S¥YC| T9°0| 00FE|[ 99°0-| €69 rdod | uLpnpA)
4 SL
/ / / / /| €CI-dLET| 01°0| 6TC | -dSS'1 €00 95°0|-d80%| ¥1| 00°€c6E| LIO| €8'L 6V'C| L0V gdod | uriyinggA)
EN
nfea 159} q \ 4 31s Tdo ydd 31s 3s 31s 0S uon | JudIpaasul
-d “oneda | s | “osop | “asop | T3dadadyur | dadjul | dadjur | ~adoys | “adojs | adors | “jo3d | jp AYD ¥ [Td-n| T4-1 | D1 | eindog AV

"(x dod wirey yo 05OT) g 2sop 'sa (sdod Jo 05OT) V' 9sOp ‘(M

sjopow 3130] 9jeredas om) woly sanfea )T om} saredwoo 1 :ofexoed Y x03000 9y Ul $3$9) onjel Jo ndino [eonsness ay) sAIS 9[qel oy, :1red yIry
*(9s) s10110 pIepuels J1oy3 pue (31s) ooueoyyrudis 1doorojur pue adofs ‘ydadiour adogs ‘(3o3d) 3593 31J-Jo-ssoupood arenbs
1Yo s, uosiedd ‘(‘TA-N) NI 0udpyuod [eronpy Joddn (T4-7) 3w 90UIPYUOD [e1onplY I9MO] ‘G = d 10 DT parorpald sopraoid ojqey oy, Jaed Yoy

-0Fesoed Y X0)009 Ay} UI senjeA (G S¥eWNs 0} pasn sjopow A0 T-)7 [[e JO sindno [eonsnels *IS IqeL

TVIIALVIN AYVINHINATddNS



Hervé Colinet et al.

14

S I 134 €0 [Ayow
“4L9°T| OI'PI| 10| 600| 00| 1SH99E| €€0| TOS-| -A8S8| 68¢|0ceS|-ASI6| 1| 059T| 000| 010| 600|600| pdod|-soydmurig
L1 6 0€ LT [Ayrowr
-d€L 1| 18| 10| 600| 00| ¥9-ALE6| €1°0| 9TT-| -AOLY| 11T|00vT|-AE9T| T1| 00°LS1| 100| 0T0| L00|600| cdod|-soydmurig
L1 € 9 8T Ayrowr
-ASTT| S$'8| 10| 900| 00| SLHOOT| L1O| 91'¢-|-d90°8| 8I'€|0OL€ES|-AEYT| TI| 00T91| 000| 800| +00|900| 1dod|-soydrurig
Ly 0 1L Ao

/ /o / /| €STH9TS| TEO| 96'%-| -HE0'T| 0€8I|0°S9T|-ASS Y| TI| 00L9€| 000| v00| 100|c00| Sdod|-soydruing

61 9 09 ¢ soy
-4p9°9| 88'8| 00| 6L0| 01| 69-deSE| 11°0| ve'l-| -d6v'8| SI'0| 9vT|-dTSe| TI| 00S61| €00| 921| TS0|6L0| T11dod| dupowezy
701 L Ly 01 soy
4SSy | 05 12| 00| 0€0| 0€1 €C-ASLT| 110 vE1-| -dLes| 1€0| vy |-q09C| 21| 0s0L| L10o| vw0| 0z0|oco| ordod| dupowezy
6€ 9 09 £ soy
-ATy'c| OU'€El| 00| T8T| O€1| 001-d86°€| 600| 661-|-499°6| +00| 1L0|-A0T9| TI| 00 1LZ| €10| TLs| LL1|T8T| 6dod| dupowezy
96 S SL T soy
-ASy9| 08'ST| 00| L6T| OCT| 6IT-APIE| €1°0| 90°¢-| -d98T| 900| €01 |-APTT| TI| 00€k1| 11°0| 8T¥| LTT|L6T| 8dod| dupowezy
SI1 S 4 44 soy
-ASS'T| 08TZ| 00| 90%| O€T1| S0I-AITTI| 91°0| 8F¢-| -ASI'T| SO00| 980|-HOECT| CI| 00€EI| vI'0| L¥S| 1T¢|90t| Ldod| dupowezy
4! 9 IS 0S soy
-499%| T69| 00| €0T| 01| TLAPOE| 800 6¥1-| -A9IT| SO0| vLO|-ASLL| TI| 0099Z| 11°0| TS| €r'1|¢€oc| 9dod| dupowezy
80 8 1€ €€ soy
-Ap6'T| SSS| 00| soT| 01| seAPSE| LOO| 060-| -HL98| 00| ¥¥O|-AILT| TI| 00981| S10| LES| 160|s0cT| sdod| dupowezy
10 8 6€ 6¢ soy
A19T|  OF1| 00| 9UT| 01| 6TAIT| 800 S80-|-AEIT| 900| €L0|-ATLE| TI| 00vIT| 600| €9C| +E€0|911| pdod| dupowezy
08 S 9 23 soy
“Apr9| 0681| 00| L9€| OS] vII-ACOT| TI'O| 19C-| -d€01| +0°0| 1L0|-A9S€E| TI| 00061 | SI'0| 06S| +9T|L9¢| ¢gdod| dupowezy
S9 9 6S 1T soy
-4€0v| 00°L1| 00| L¥€| 01| 801-A91°'1| 01'0| LTT-|-4099| +00| $90|-AY0I| TI| 00621| 91°0| 8I'S| 8ST|Lyg| cdod| dupowezy
€0 L 2% S soy
AT 97€| 00| ¥91| 01| e6vrAPTH| 800 vI'I-|-AEOT| SOO| OLO|-ASET| TI| 00€6T| 01°0| €S| L90|¥91| 1dod| dupowezy
6L L1 soy

/ /o / /| OSI-a¥86| T10| 69T | -HOSY| 11°0| LOT|-A68S| ¥I| 0001T| SOO| L9T 90'T|0g1| sdod| dupowezy

panunuod S 9[qe].




15

Comparing insecticide sensitivity in beetles

€0 0S 9% 0

-H1€°€ v6'T| S10| OVpI| SP8| 96-dTL'6| O10| 00T | -AII'T| 100| vI°0|-d6¥'1| TI| 000ST| 69°0|080€| 0€6|v+1| 11dod| unyounsd
20 Ly S 0

Ay’ SPT| 61°0| 0SE€T| SP8| 98-HOI'S| 60°0| LLI-|-HOLY| 100| €10|-dLLT| TI| 00T6C| 69°0|009¢| 008|s€r| ordod| uuyouad
80 6€ 0€ 0

-410°S S¥'s| 81°0| 0€Te| S¥8| verdTS 1| L10| I¥€ | -HEIY| 100| S10|-d6SS| TI| 000L1| €01|00Ck| Op91|€ce| sdod| uupouusd
L0 001 Sy ST 0

-40T°C 8I'S| L10| 0S0T| S¥8| -dS6'T| S10| 81¢€|-H96T| 100| 910|-APST| TI| 008¥1| 680|0S€E| Ops1|so0z| rdod| uuyouusd
10 0€ 9%

-qAVS'L 1€0| LT0| LLL| sy'8| sTAIOE| LOO| 6L0-| -HIST| 100| 01'0|-H06F| TI| 00LvT| 19°0|090€| 6¥1|LLL| 9dod| umyowrad
€0 ¥ €8 0 0

-HEE ] 17¢| 0T0| 06ST| SP8| 16-dTI'T| 60°0| 161-| -H0E9| 100| TI'0|-db¥c| TI| 00¥Tr| 98°0|0SLT| €58|661| cdod| umypoured
€0 3 1T 0

-400°S 18C| Tzo| 09s1| sv'8| 6L-d0T€| 600 €91-| -A19°S| 100| 11°0|-32CC| TI| 00LTI| S6°0|096T| 0L01|9s1| 1dod| unpowrad

871 8 4!

/ / / / /| -E89°S| ST0| T9e-|-HTLE| TO0| €r0|-ASECT| 91| Ov'16| LTO|O10I| ¥TL|Sys| Sdod| uuypouusd
60 LS 0 1 Ay

-H8€°S €8°S| C1'0| ¥00| TOO| TS-HLSL| ¥EO| TTS-|-AYSL| OLS|08ET|-ASOT| TI| 089L| 000| v00| €00|+00| 11dod]|-soydrurig
0z 8¢ Ly Ayiow

ALY LI'6| €10 900| T00| 69-420°€| ¥T0| S| -A06'S| SE€+|0TOL|-dSO'T| TI| 00°SST| 000| 600| +0°0|900| 01dod|-soydmurig
Sy 9 €0 Ayrour

-HTLE| OI'VI| 11°0| 600| 200| Ts-av6's| v€0| Tr's-| -dI8+| 96€|0€9S|-dczT| 1| 0L0€| 000| 010| 800|600| 8dod|-soydmurig
81 9T 9¢ Aqiow

-486°C IL8| ST0| 91°0| 200| 98-deTI| 11°0| TcT| -AOES| OE€T|OLEr|-abET| ¢I| 0020T| 100| 6L0| 010|910| Ldod|-soydmurng
€T 6T 01 Ay

-460°T| 00°0T| 81°0| I11°0| 200| S9-d9T 1| 81°0| €r'¢-|-4091| TST|0S8T|-H09T| CI| 0SOL| 100| 910| 600|110| 9dod|-soydmurig

panunuod S dqe].




16

Hervé Colinet et al.

REFERENCES

L.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Salin, C., Delettre, Y. R., Cannavacciuolo,
M. and Vernon, P. 2000, Eur. J. Soil. Biol.,
36, 107-115.

Hopkins, J. W. 1990, Ph.D. dissertation,
University of Arkansas, USA.

Lancaster, J. L. and Simco, J. S. 1967,
Arkansas Exp. Sta. Rept. Ser., 159, 1-12
Falomo, A. A. 1986, Ph.D. dissertation,
University of Wisconsin-Madison, USA.
Salin, C. 1999, Ph.D. dissertation, University
of Rennes, France.

Singh, N. 2011, Ph.D.
University of Arkansas, USA.
Rueda, L. M. and Axtell, R. C. 1996, Med.
Vet. Entomol., 10, 80-86.

McAllister, J. C., Steelman, C. D. and
Skeeles, J. K. 1994, J. Med. Entomol., 31,
369-372.

Hosen, M., Khan, A. R. and Hossain, M.
2004, Pak. J. Biol. Sci., 7, 1505-1508.
Bertola, M. and Mutinelli, F. A. 2021,
Viruses, 13, 2280.

Vaughan, J. A., Turner, E. C. and Ruszler.
P. L. 1984, Poult. Sci., 63, 1094-1100.
Despins, J. L., Turner, E. C. J. and Ruszler,
P. L. 1987, Poult. Sci., 66, 243-250.

Geden, C. J. and Hogsette. J. A. 1994,
Research and extension needs for integrated
pest management for arthropods of veterinary
importance. USDA-ARS Workshop
Proceedings, Nebraska, USA.

Lambkin, T. A. 2011, Trialling biological
agents for the management of lesser
mealworm in Australian broiler houses.
RIRDC, Australia.

Lambkin, T. A. 2005, J. Econ. Entomol., 98,
938-942.

Hamm, R. L., Kaufman, P. E., Reasor, C.
A., Rutz, D. A. and Scott, J. G. 2006, Pest.
Manag. Sci., 62, 673—-677.

Lambkin, T. A. and Rice, S. J. 2007, J.
Econ. Entomol., 100, 1423-1427.

Steelman, C. D. 2008, J. Agri. Urban.
Entomol., 25, 111-125.

Lambkin, T. A. and Furlong, M. J. 2014, J.
Econ. Entomol., 107, 1590-1598.

dissertation,

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Lyons, B. N., Crippen, T. L., Zheng, L.,
Teel, P. D., Swiger, S. L. and Tomberlin, J.
K. 2017, Pest. Manag. Sci., 73, 562-567.
Klejdysz, T. and Nawrot, J. 2010, J. Plant.
Prot. Res., 50, 551-553.

Savage, S. 1992, Poultry. Digest., 51, 34-36.
Renault, D. and Colinet, H. 2021, Insects,
12, 309.

Guedes, R. N. C. 2017, Pest. Manag. Sci.,
73, 479-484.

Dusfour, 1., Vontas, J., David, J. P.,
Weetman, D., Fonseca, D. M. and Corbel.
V. 2019, PLoS. Negl. Trop. Dis., 1310,
e0007615.

Rousset, N., Chiron, G., Choisis, P., Michel,
C., Deruwez, J., Pigache, E., Benoit, S.,
Galliot, P., Bonnefoy, M., Dinh, A., Dalleau,
F., Renault, D. and Colinet. H. 2019, JRA-
JRFG 2019, 247-251.

Fox, J. and Weisberg. S. 2011, An {R}
Companion to applied regression, 2" ed.,
Sage, Thousand Oaks.

Venables, W. N. and Ripley, B. D. 2002.
Modern Applied Statistics with S, 4™ ed.,
Springer, New York.

Ma, C. S., Zhang, W., Peng, Y., Zhao, F.,
Chang, X. Q., Xing, K., Zhu, L., Ma, G.,
Yang, H. P. and Rudolf, V. H. W. 2021, Nat.
Com., 12, 5351.

Wheeler, M. W., Park, R. M. and Bailer. A.
J. 2016, Toxicol. Chem., 25, 1441-1444.
Wohlgemuth, R. 1989, Proc X™ Jubilee Int.
Symp. World Assoc. of Vet. Food
Hygienists, 18- 20.

Cogan, P., Webb, D. and Wakefield. M.
1996, Int. J. Pest. Manag., 38, 52-55.
Lambkin, T. A. and Furlong, M. J. 2011, J.
Econ. Entomol., 104, 629-635.

Lambkin, T. A. and Rice, S. 2006, J. Econ.
Entomol., 99, 908-913.

Singh, N. and Johnson, D. 2015, J. Econ.
Entomol., 108, 1994-1999.

Borges, A. and Meriguet. B. 2005, Espace
naturel sensible: Carriére de Vigny (Val
d’Oise), inventaire entomologique des
Coléopteres saproxyliques. Office pour les
insectes et leur environnement, 27.

Arunraj, C., Vineesh, J. P. and Sabu, T. K.
2017, J. Insect Biodivers., 5, 1-12.



Comparing insecticide sensitivity in beetles

17

38.

Commission Implementing Regulation (EU)
2020/892 of 29 June 2020 concerning the
non-renewal of the approval of the active
substance beta-cyfluthrin, in accordance
with Regulation (EC) No 1107/2009 of the
European Parliament and of the Council
concerning the placing of plant protection

39.

40.

products on the market, and amending the
Annex to Commission Implementing
Regulation (EU) No 540/2011 (Text with
EEA relevance) C/2020/4221.

Casida, J. E. 2017, J. Agric. Food. Chem.,
6523, 4553-4561.

Denholm, 1. 1990, Funct. Ecol., 4, 601-608.



