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Effectiveness of long-lasting insecticide
netting on Tribolium castaneum is modulated
by multiple exposures, biotic, and abiotic
factors
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Abstract

BACKGROUND: Prevention is the first line of defense in mitigating losses of post-harvest crops. Long-lasting insecticide treated
(LLIN) could be used in food facilities to expose insects to insecticide at different areas within a facility. Prior research has shown that
single short exposures reduce movement and longer exposures increase mortality for stored-product insect pests, but we do not
know how multiple short duration exposures and biotic and abiotic conditions affect insects exposed to LLIN. Here, we repeatedly
exposed red flour beetles, Tribolium castaneum, to LLIN to assess the cumulative effects. We also examined the effects of beetle age
and time of day during exposure, and temperature, humidity and food availability during recovery after a single exposure to LLIN.

RESULTS: We found that four repeated 10-min exposures had similar knockdown effects as a single 30-min exposure. We also
found that beetles were more affected when aged 1-6 days versus 14-20 days or were exposed at mid- or late in the day versus
earlier in the day. Higher recovery levels were observed with food and at higher relative humidity. In addition, older beetles
were more active than younger beetles during exposure, which could reduce time in contact with netting and partially explain
why older beetles tended to be less affected.

CONCLUSION: Some individuals can recover after exposure to LLIN, dependent on exposure duration and environmental fac-
tors, but our study shows that sublethal effects likely persist and future work should consider the physiology of
T. castaneum before, during, and after exposure to LLIN.
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1 INTRODUCTION physical barrier to insect movement. However, typical window

After harvest, insect pests infest and ruin millions of dollars' worth of ~ Screening is not fine enough to exclude all insect species and fine

whole or processed grain.! Damage caused by insect pests rangesin ~ Mesh screening necessary to physically exclude insects can be
type and severity, reducing the quantity and quality of products, trig- expensive and become blocked with fine particulates present in
gering a need for remedial treatments, and may render products  dusty food facilities.'> Netting or screening impregnated or trea-
unsuitable for consumption.2~ Insect infestations can occur in rela- ted with insecticide can reduce insect movement through a
tively small amounts of food, such as spillage accumulations inside ~ chemical barrier while also maintaining air flow and reducing dust
or outside structures,®” and can contribute to product infestation. ~ blockage and cost. Long-lasting insecticidal netting (LLIN) was
Managing populations of stored product pest (SPP) insects requires  originally used as bed netting for management of mosquitos in
significant investments of time and monetary resources, and preven- ~ malaria-endemic regions,'® but has also gained attention for use
tion is a key initial step in integrated pest management (IPM) strate-  against other insects in agricultural and urban settings.' ™'
gies in post-harvest supply chains.®° Prevention techniques such as  Recent research has demonstrated the potential of this netting
good facility design and sanitation are important parts of an effective

IPM program.’®'! Another newer prevention technigue is incorpora- T —

tion of insecticides within packaging to prevent insects from enter- * Correspondence to: AR Gerken, USDA, Agricultural Research Service, Center for
ing or reproducing inside finished products.u_” Grain and Animal Health Research, 1515 College Ave, Manhattan, KS 66502,

Sealing grain bins and food processing and storage structures is USA. E-mail: alison.gerken@usda.gov

an important component of pest prevention programs, and open- Center for Grain and Animal Health Research, USDA, Agricultural Research Ser-
ings needed for air exchange can be covered with screening as a vice, Manhattan, KS, USA
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for management of SPPs.22"2* LLIN acts as an effective barrier to the
dispersal of SPP insects as the insecticide causes direct mortality
and knockdown, but can reduce mobility prior to inducing knock-
down or mortality.?>?* The efficacy of LLIN has been tested against
Rhyzopertha dominica (F.) (Coleoptera: Bostrichidae), Tribolium
castaneum (Herbst) (Coleoptera: Tenebrionidae) and Trogoderma
variabile Ballion (Coleoptera: Dermestidae) using deltamethrin-
incorporated  netting,”*** and Lasioderma serricorne  (F.)
(Coleoptera: Ptinidae) and Ephestia elutella (Hiibner) (Lepidoptera:
Pyralidae) using alpha-cypermethrin coated netting.?*2>2°

The LLIN tested here contains 0.4% deltamethrin, which acts as a
neurotoxin causing erratic movement and paralysis.”” 2° Although
long-term contact with LLIN was initially thought to be
needed,3°3? recent research has shown that even brief 1-min
exposures to LLIN result in a multiple-fold reduction in movement,
and impairment of dispersal ability to novel food resources.'*?
Although brief exposures may not directly kill insects, impeded for-
aging and movement likely prevent insects from gaining further
access to facilities. It is likely that encounters between dispersing
insects and LLIN will be variable in length and because of effects
on dispersal ability, repeated interactions with the netting seem
likely.>* Chronic exposure to insecticides can have cumulative
effects even if an initial effect appears only sublethal >4 Cumula-
tive impacts of repeated short-term exposures to LLIN on SPP
insects have not been previously investigated.

A variety of biotic and abiotic factors are known to influence the
efficacy of insecticides and could also modulate the efficacy of LLIN.
For example, insects given food post insecticide exposure show sig-
nificantly greater recovery compared with those without
food.3>377% Recent feeding and mating status can influence toler-
ance to insecticides*' as well as movement away from an area after
exposure to insecticides.*? Temperature also plays a significant role
in the response to insecticides, with warmer temperatures gener-
ally increasing toxicity for many compound classes.**** However,
little information is available on how biotic or abiotic factors affect
recovery after exposure to LLIN. Because LLIN has a unique design
allowing insects to pass through while being exposed to insecti-
cide, testing biotic and abiotic factors in response to LLIN exposure
is necessary to understand its overall effectiveness.

The red flour beetle, Tribolium castaneum (Herbst) (Coleoptera:
Tenebrionidae), is a cosmopolitan SPP that can infest a wide range
of foods, persist on small amounts of commodities,>*” is an effec-
tive colonizer, can move long distances,®**“¢ and reproduces in
high numbers.*’**® Tribolium castaneum show significant but low
mortality as adults after short exposure to LLIN, but sublethal
effects on movement and behavior after exposure to LLIN have
been observed.?? Here, we tested the effects of multiple expo-
sures to deltamethrin-based LLIN over a 5-day period compared
with a single longer exposure to LLIN to evaluate cumulative
effects over time. We also assessed biotic (e.g. beetle age during
exposure, presence of food during recovery) and abiotic
(e.g. time of day during exposure, environmental conditions dur-
ing recovery) factors on the effectiveness of LLIN. These results
provide crucial information on factors that can impact efficacy
of LLIN on T. castaneum and how multiple exposures cumulatively
impact insect mortality and movement.

2 MATERIALS AND METHODS

2.1 Insect rearing and population
A laboratory population of T. castaneum was used in experiments.
This population had been kept at the USDA Center for Grain and

Animal Health Research for over 30 years free of exposure to insec-
ticide and maintained by subculturing ~ 50 adult individuals every
month and allowing them to mate and lay eggs on 95% organic,
unbleached flour conditioned with 5% brewer's yeast. Populations
were kept in 0.95-L glass jars with filter paper lids for air flow in an
environmental chamber set at a temperature of 28 °C, relative
humidity (RH) of 65%, and a 16:8 h light/dark photoperiod. Insects
used in assays below were adults of mixed sex and age but were
typically < 30 days old unless otherwise specified.

2.2 Bioassay

D-Terrence netting (Vestergaard Inc.) with mesh size of 2 X 2 mm,
incorporated with 0.4% deltamethrin was the LLIN used for
assays. For all assays, netting was cut into circles and used to line
bottoms of 100 x 100 mm diameter Petri dishes. For all condi-
tions listed below, a total of ten replicates of ten T. castaneum
adults were tested on netting with or without (e.g. control) insec-
ticide and the number of affected beetles was recorded.
Untreated netting was physically identical to treated netting but
lacked insecticide.

2.3 Multiple day exposure to netting

Exposure over multiple days was conducted with cohorts of ten
adult T. castaneum collected from continuous cultures and placed
on netting for 10 min before being removed and placed on 0.41
+0.03 g (mean + SE) of flour for recovery. The number of
affected beetles was assessed 6 and 24 h after exposure. After
24-h recovery, the same beetles were exposed again for 10 min
by sieving them from the flour (sieve #25, 0.71 mm? mesh size,
Dual Mfg. Co.) and placing them back on netting for another
10-min exposure period. Beetles were then placed on new flour
and their condition assessed 6 and 24 h later. These exposures
were repeated every 24 h for a total of 5 days (cumulative expo-
sure time 50 min); after five exposures, beetles were assessed at
6 h and again after 72 h. A single, 30-min continuous exposure
period treatment was also performed using same methodology
and evaluated after 6 and 24 h of recovery time. Beetles were
recorded as unaffected if they were active and behaving normally
with coordinated walking and leg movements or affected if they
had uncoordinated walking, were on their backs with uncoordi-
nated leg movement, or there was no movement.?? Three blocks
of ten Petri dishes containing ten adult beetles were assayed. All
assays were performed between 8:00 a.m. and 9:00 a.m., and bee-
tles recovered under laboratory conditions.

Data were analyzed using proc glimmix in SAS (version 9.4, SAS
Institute) with proportion affected as the dependent variable and
exposure frequency (10-min exposure on day 1 to day 5 or a single
30-min exposure) and recovery time (6 or 24 h) as the main explan-
atory variables as well as the interaction between the two. Replicate
and block were random effects. LS-means were calculated for the
interaction effect with Tukey adjustment (a« = 0.05).

2.4 Differential exposure and recovery conditions

Four biotic and abiotic factors associated with a 30-min exposure
to LLIN were assayed: age of beetle at exposure, time of day at
exposure, food presence during recovery, and temperature and
RH during recovery. Beetles were exposed to LLIN in groups of
ten individuals but then placed singly into wells of a 24-well plate
with 0.05 + 0.01 g of flour, except for the no-food treatment.
Three blocks consisting of 100 beetles each were performed per
treatment combination. Unless otherwise described, beetles were
exposed to netting at 8:00 a.m. Condition of beetles was assessed

wileyonlinelibrary.com/journal/ps

Published 2020. This article is a U.S. Government work

Pest Manag Sci 2020

and is in the public domain in the USA


http://wileyonlinelibrary.com/journal/ps

Condition at contact effects impact of long-lasting insecticidal netting

O

WWW.SOCi.org

as affected or unaffected after 6 + 0.5 h post exposure (referred to
as 6 h, hereafter) and again at 24 + 0.5 h (24 h, hereafter).

Each of the four assays was independently conducted. First, age
of beetle at exposure was controlled by collecting pupae from
populations in culture and collecting individuals daily at adult
emergence. Adults aged 1-6days (young, hereafter) or
14-20 days (old, hereafter) were placed in 0.24-L glass jars with
standard media before assay. Second, exposure at a specific time
of day was assessed by exposing beetles at 8:00 a.m., 11.00 a.m., or
6.00 p.m. Third, to assess the effects of food on recovery, beetles
were either given flour during recovery or were not provided
food. Fourth, the effects of temperature and RH during recovery
were assessed by placing beetles into an incubator set at 28 °C
and 65% RH or keeping beetles on the laboratory bench at an
average temperature of 23 + 0.1 °C and RH between 40 and
46%, depending on the replicate. Temperature and RH were
recorded at a minimum of 3, 6, and 24 h after exposure (HOBO
Temp/RH Logger, Onset; Fig. S1).

For each assay, data were analyzed using proc logistic in SAS
with affected individuals scored as ‘1’ and unaffected individuals
scored as ‘0". Each assay was analyzed individually with number
of affected individuals as the dependent variable and recovery
time (6 and 24 h), the biotic and abiotic conditions tested, and
the interaction of recovery time and these conditions as main
effects. The odds ratio was conditions tested. LS-means were
calculated using a Tukey adjustment for interaction effect.

2.5 Time of day and age effects on beetle movement on
netting

To quantify how time of day and age affect beetle movement and
subsequently LLIN effectiveness, movement parameters of indi-
viduals while on LLIN and untreated netting were assessed. Two
separate experiments were conducted, the first to compare
movement of old versus young beetles and the second to com-
pare movement at 8:00 a.m., 11:00 a.m., and 6:00 p.m. Individual
beetles were video-recorded for 2 min using a digital video cam-
era (HDR-XR520V; Sony Corporation) and videos were analyzed
for movement using Ethovision XT (Version 8.0, Noldus Informa-
tion Technology). Information extracted using Ethovision
included total distance moved (cm), velocity (cms™), time

moving (s; where moving is defined as a start velocity of
2.00 cm s™' and stop velocity of 1.75 cm s™') or not moving (s;
where not moving is start velocity of < 2.00 cms™' and stop
velocity is < 1.75 cm s7),and frequency and duration (s) of move-
ment classified as highly mobile (60% of the beetle's body chang-
ing position between frames at ten frames per second), mobile
(20% body change), or immobile (0% body change). Three
blocks of ten individuals for each netting and at each time or
age were tested. Age data and time of day data were analyzed
separately, using proc glimmix in SAS, with age of beetle or time
of day and netting type (control versus LLIN), as well as their
interaction, as main fixed effects. Block was used as a random
effect. LS-means were calculated for age of the beetle with
Tukey adjustment (@ = 0.05).

3 RESULTS

Beetles exposed to untreated netting had fewer than 4% affected
individuals for any conditions tested (Table S1). The low percent
of affected individuals on untreated netting is similar to other
studies (Morrison et al, 2018) and further analyses were not
conducted.

3.1 Multiple day exposure to netting

Over the course of 5 days of repeated 10-min exposures to LLIN,
proportion affected steadily increased, with the highest propor-
tion after 5 days and the lowest at 1 day of exposure (Fig. 1).
The cumulative impacts of shorter exposures were of the same
magnitude as a single 30-min exposure after four 10-min expo-
sures at 6 h post treatment and after five 10-min exposures at
24 h post treatment. The interaction of exposure frequency (mul-
tiple 10-min or a single 30-min exposure) and recovery time was
significant (Fs319 = 2.49, P = 0.031), as was the main effect of
exposure frequency (Fs319 = 63.85, P < 0.0001) but not recovery
time (F; 319 = 1.70, P = 0.19). A higher proportion of individuals
recovered 24 h post treatment compared with 6 h post treatment
after a single exposure, but after more than two or more expo-
sures the number of affected beetles did not differ between
6 and 24 h post treatment. In addition, after five exposures, bee-
tles remained affected up to 72 h after exposure (Fig. 1).

A
L
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0.751
o AB  CD E CDBC Exposure
3 .
g DE CD E 30 min
£ ) 501 E3 Dayt 10 min
5 E Day2 10 min
5 - B3 Day3 10min
Q
2 . B8 Day4 10 min
0.25 B8 Day5 10 min
.
L]
0.001 —
6h 24h 72h

Hours After Exposure

Figure 1. Proportion of beetles affected after multiple 10-min exposures (gray bars) or a single 30-min exposure (white bar). The proportion of beetles
affected is out of ten beetles per Petri dish in the laboratory. Beetles were assessed for affected status 6 or 24 h after exposure, except on day 5 (not
assessed until 72 h recovery time). Edges of boxes represent 25% and 75% range of data (IQR), the solid line within the box is the median, the dashed
line is the mean, and whiskers are 1.5 x IQR. Outliers fall outside this range. Bars with shared letters are not significantly different from each other

(Tukey adjusted significant differences, @ = 0.05).
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3.2 Differential exposure and recovery conditions
Table 1. Type Il analysis of effects for various recovery and expo- f f . f
sure conditions Temperature, presence of food, time of day, and beetle age
significantly influenced recovery with a significant interaction of
Effect DF Wald 42 P-value age and recovery time after exposure to LLIN (Table 1; Fig. 2).
— — The presence of food during recovery led to 10% fewer affected
Abiotic conditions . . .
) adults compared with recovery without food. Recovery in the
Environment 1 20.64 <0.0001 . o
Recovery fime : 0.063 0.80 incubator, where the temperature was ~ 4-5 °C warmer and RH
En ‘r\;nr;;m « Recovery time : 0.48 0'49 was 20% higher than on the laboratory bench, resulted in
Be:Lle aqe veryt ’ ' > 10% fewer affected individuals compared with the bench top.
A 9 : 1582 20,0001 Almost 20% more young beetles were classified as affected at
Rge t' : 22'71 0'0001 24 h compared with old beetles at 6 h (Z = 6.24, P < 0.0001)
Aecove};y ime ] . 5'34 <0.021 and old beetles at 24 h (Z=4.69, P < 0.0001; Fig. 2). Young beetles
T‘gnfexof Z:overy fme ’ ’ also showed an almost 20% increase in the number affected from
! i 6 to 24 h post treatment (Z = —5.16, P < 0.0001). Further, the
Time tested 2 5.48 0.064 I - .
Recovery time : 164 0.031 number of affected beetles significantly varied by the time of
) v i ’ ' day during which exposure occurred (Table 1) with 5-6% more
Time tested X Recovery time 2 4.03 0.13
b f food beetles affected when they were exposed at 6:00 p.m. compared
r'esenceo 00 with exposure at 8:00 a.m. (Z = —2.22, P = 0.068). Percentage
Diet 1 9.37 0.0022 Lo 0
Recovery fime : 0.85 036 recovery was similar, as there were 7-8% fewer beetles
Diet x '?;co erv time : 0'10 0'75 affected after 24 h compared with after 6 h at both 8:00
! veryt ) ) a.m. and 6:00 p.m. exposure times (Z = 2.15, P < 0.05).
Beetle Age Time of Day
0.5+
0.40 1
:00 p.m.: 6h vs 24h**
3 3 .
G 044 Young: 6h vs 24h** T (45 8:00@m.vs
£ e 6:00 p.m.**
= = :00 p.m* |
.S 24h: Old vs Young** .5
h = h =
2 2
§ 031 § 0301 -
o o
0.25 8:00 a.m.: 6h vs 24h*
0.2
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6h 24h 6h 24h
Hours After Exposure Hours After Exposure
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055+
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l BENCH
o e
L L
3] 3] |
g 0454 g 0.35
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2 2
o (o]
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o o
0.351 0.257
6lh 24l1h 6lh Zzllh
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Figure 2. Proportion of beetles affected under various conditions. Beetles were assessed as single individuals and analyzed as such; proportion affected
is represented in the graph as a visual tool. Each condition is represented by a line and panel. The shade of each line is solely for ease of visual interpre-
tation of corresponding factor levels. Error bars represent the mean + SE of the data based on the three blocks of data collection. Beetle age and time of
day were conditions at time of LLIN exposure, whereas diet and environment are recovery conditions. **Significant (Tukey a < 0.05) differences in the
number of affected beetles between treatments.
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Table2. Type lll tests for movement on netting for old versus young beetles and Tukey-adjusted LS-means =+ standard error (estimate) for the age of
the beetle
Variable Effect F P-value Estimate: Old Estimate: Young
Distance moved (cm) Age of beetle 14.49 0.0002 67.30 + 3.36 5323 +3.12
Netting treatment 0.02 0.88
Age-by-Netting 017 0.68
Velocity (cm s Age of beetle 14.81 0.0002 0.56 + 0.028 0.45 + 0.026
Netting treatment 0.01 0.92
Age-by-Netting 0.08 0.78
Duration moving Age of beetle 6.66 0.011 7.55 + 044 6.21 + 0.41
Netting treatment 0.09 0.77
Age-by-Netting 0.36 0.55
Duration not moving Age of beetle 3.13 0.080 112,07 + 051" 113.34 + 051
Netting treatment 0 0.97
Age-by-Netting 0.72 0.40
Frequency highly mobile Age of beetle 6.02 0.016 219.25 + 14.60 183.0 + 13.53
Netting treatment 0.8 0.37
Age-by-Netting 0.3 0.59
Duration highly mobile Age of beetle 5.1 0.026 9.17 + 0.58 7.73 £ 053
Netting treatment 0.68 041
Age-by-Netting 041 0.52
Frequency mobile Age of beetle 20.05 <0.0001 203.29 + 10.20 139.22 + 10.03
Netting treatment 0.19 0.66
Age-by-Netting 0 0.96
Duration mobile Age of beetle 19.14 <0.0001 8.62 + 0.46 579 + 045
Netting treatment 0.15 0.70
Age-by-Netting 0.08 0.78
Frequency immobile Age of beetle 19.73 <0.0001 37274 +17.01 283.02 + 15.91
Netting treatment 0.61 0.44
Age-by-Netting 0 0.99
Duration immobile Age of beetle 11.24 0.0011 101.94 + 0.86 106.03 + 0.86
Netting treatment 0.09 0.77
Age-by-Netting 0.33 0.57
Tukey group is within variables only. For Type lll tests, denominator df = 112, numerator df = 1. Netting treatment is treated or untreated netting. NS =
not significantly different at P < 0.05. All other comparisons are significant for differences in age of beetle at P < 0.05 and are given in bold.

3.3 Time of day and age effects of beetle movement on
netting
Netting type (control or treated) did not significantly affect any
movement variables and the interaction of beetle age and netting
type was not significant (Table 2). For beetle age, older beetles
were less affected by LLIN compared with younger beetles, and
movement on netting over the course of our 2-min assays showed
that older beetles moved significantly quicker and over longer
distances than younger beetles (Table 2; Fig. 3). Distance moved,
velocity, total time moving, frequency and duration of high mobil-
ity, frequency and duration of moderate mobility, and frequency
and duration of immobility all significantly varied with age of bee-
tle, with older beetles systematically exhibiting more activity than
younger beetles (Fig. 3). For example, younger beetles spent an
average of 5 s more time immobile over the course of the 120-s
assay (as measured by changes in body position) than older bee-
tles (Fig. 3f) and older beetles moved > 14 cm more over 2 min
(Fig. 3a) and spent > 1 s more time moving (Fig. 3¢). There was
no significant difference between old and young beetles in total
time spent not moving (as measured by threshold velocity)
(Fig. 3d; Table 2).

When time of day at exposure was varied, there was a significant
main effect of netting type and a significant interaction between

time of day and netting type (Table 3). For reference, the number
of affected beetles tended to be lower with exposure at 8:00 a.m.
than at 6:00 p.m. Overall, beetles exposed to treated netting at
8:00 a.m. tended to spend more time not moving or immobile
compared with beetles exposed at 6:00 p.m. (Fig. 4d,f), although
overall velocity and distance moved did not differ (Fig. 4a,b). Bee-
tles exposed to treated netting at 11:00 a.m. also tended to have a
higher total distance moved compared with beetles exposed at
6:00 p.m. and spent more time immobile compared with beetles
exposed at 6:00 p.m. (Fig. 4a,f). Time spent in high mobility and
total time spent moving did not differ among tested times of
day (Table 3). There were significant differences in time (s) moving
and duration of high mobility between the types of netting
(Fig. 4c,d), with beetles exposed to treated netting having signifi-
cantly more movement than those exposed to control netting.

4 DISCUSSION

Age and physiological status can greatly influence metabolism
and detoxification of insecticides**™" and thus, quantifying
recovery or efficacy of insecticides on beetles in different physio-
logical states can aid in assessing the full implications of deploy-
ing LLIN as a tool in IPM. Our data confirm that multiple
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Figure 3. Mobility of young and old beetles exposed to either control netting (gray bars) or long-lasting insecticide treated netting (LLIN; black bars). All
comparisons between young and old beetles are significantly different unless noted. Mobility was characterized by 2-min assays: (a) distance moved (cm);
(b) velocity (cm s™); (c) time moving (s), measured by high velocity (>1.75 cm s™'); (d) time spent not moving (s), not significantly different between ages
(velocity of <1.75 cm s7); (e) time spent highly mobile (s), defined by 60% of the beetle's body changing position between frames at ten frames per sec-
ond; and (f) time spent immobile (s), defined as 0% of the beetle's body changing position between frames at ten frames per second. Edges of boxes
represent the 25% and 75% range of data (IQR), the solid line within the box is the median, the dashed line is the mean, and whiskers are 1.5 x IQR. Out-

liers fall outside this range.

exposures to LLIN have compounding effects and beetles cannot
overcome the effects of previous exposure by metabolizing or
detoxifying the insecticide during our experimental time frame.
In the short term, when comparing the number of affected bee-
tles exposed to LLIN after 6 and 24 h, beetles show some recovery
after LLIN exposure, especially after a single 10-min exposure.
Over time, however, the most-affected beetles were found at
72 h after a fifth exposure, suggesting the effects of multiple
exposures are long-lasting. Interestingly, one 30-min exposure
had the same effect on beetles as four or five repeated 10-min
exposures. In the field, beetles may be exposed to LLIN for only
a short time before falling off; knowing that multiple exposures
can result in increased numbers of affected adults is important
to understand the scope of application of LLIN. Low recovery
was also demonstrated as delayed mortality in L. serricorne and
E. elutella after exposure to alpha-cypermethrin netting® and is
especially relevant for controlling beetles immigrating into food
facilities or netting deployed as a protective layer on a commod-
ity.?® Even if beetles are knocked down by a short exposure to net-
ting and then recover, they may encounter netting again as they
move around. This also supports use of LLIN in an attract-and-kill
application, where beetles may contact LLIN multiple times as a
result of attractive semiochemicals deployed near netting.>?
Indeed, attract-and-kill based interception traps at commercial
and pilot-scale food facilities appear a promising approach as Wil-
kins et al.3® found strong response to attractants and impaired
progeny production in traps with LLIN.

Variation in the proportion of affected beetles tended to
increase as the number of exposures increased, suggesting that
individual beetles have different levels of susceptibility that could
affect the efficacy of LLIN within a population. For example, after a
single 10-min exposure, the mean proportion of beetles affected
ranged from 0 to 0.3 (SD 0.05-0.09), whereas after four or five
exposures, proportion affected ranged from 0.1 to 0.9
(SD 0.17-0.20). Because there is a wide range of proportion
affected as the number of exposures increases, there may be dif-
ferences in cumulative uptake of insecticides in beetles and a vari-
ety of mechanisms to create resistance to LLIN. For example, in
other insects, mechanisms for resistance to deltamethrin have
been identified as enhanced detoxification and oxidase levels in
Triatoma infestans Klug (Hemiptera: Reduviidae)®® and Cydia
pomonella L. (Lepidoptera: Tortricidae),>*>> which can lead to
population-level changes in response to insecticide treatments.
Accounting for multiple exposures and the rate at which resis-
tance may develop over time in a population can provide a base-
line for mitigation of resistance prior to LLIN deployment in
the field.

We also found that younger beetles were affected significantly
more than older beetles and the number affected also increased
from 6 to 24 h post exposure, although this was less pronounced
for older beetles, indicating a delayed effect of LLIN contact. Effects
of age on insecticide susceptibility have been noted in other stud-
ies. For example, in tsetse flies, older females had lower mortality
than younger females when exposed to a range of insecticides®
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Table 3. Type lll tests for movement on netting for time of day beetles were assayed and Tukey adjusted LS-means + standard error (estimate) for

Estimate: Treated

Estimate: Control

8:00 a.m.: 85.11 + 5.82

11:00: 90.54 + 5.82

6:00 p.m.: 70.39 + 5.82
8:00 a.m.: 0.76 + 0.052
11:00 a.m.: 0.78 + 0.052
6:00 p.m.: 0.68 + 0.052

7.35 + 043"

8:00 a.m.: 116.86 + 2.54

11:00 a.m.: 111.64 + 2.54

6:00 p.m.: 106.18 + 2.54
107.50 + 2.32

185.66 + 9.79

9.00 + 0.48

8:00 a.m.: 239.27 + 22.55
11:00 a.m.: 263.48 + 22.55
6:00 p.m.: 299.70 + 22.55

8:00 am.: 11.29 + 2.20

11:00 a.m.: 12.47 + 2.20

6:00 p.m.: 14.74 + 2.20
1432 +2.14

377.54 + 27.89

8:00 a.m.: 104.09 + 2.36

11:00 a.m.: 98.53 + 2.36

6:00 p.m.: 89.48 + 2.36
91.54 £ 193

8:00 a.m.: 61.47 + 5.82
11:00 a.m.: 73.16 + 5.82
6:00 p.m.: 76.93 + 5.82
8:00 a.m.: 0.48 + 0.052
11:00 a.m.: 0.61 + 0.052
6:00 p.m.: 0.66 + 0.052

6.51 + 0.43"°

11562 + 2.32

159.93 + 9.79

7.58 + 0.48

1134+ 214

326.63 + 27.89

103.20 + 1.93

Numerator df = 2 for time of day, 1 for netting treatment, and 2 for interaction. Denominator df = 172. NS = not significantly different at P < 0.05.
Significant comparisons are given in bold; estimates for significant time of day main effect are for control and treated netting combined. Durations

the time of day
Variable Effect F P-value
Distance moved (cm) Time of day 2.10 0.13
Netting treatment 8.91 0.0033
Time-by-Netting 5.70 0.0040
Velocity (cm s™") Time of day 144 0.24
Netting treatment 16.00 <0.0001
Time-by-Netting 3.72 0.026
Duration moving Time of day 0.27 0.76
Netting treatment 3.64 0.058
Time-by-Netting 1.77 017
Duration not moving Time of day 8.92 0.0002
Netting treatment 15.43 0.0001
Time-by-Netting 1.42 0.2437
Frequency highly mobile Time of day 0.78 0.46
Netting treatment 4.87 0.029
Time-by-Netting 033 0.72
Duration highly mobile Time of day 1.11 0.33
Netting treatment 5.40 0.021
Time-by-Netting 0.13 0.88
Frequency mobile Time of day 3.64 0.028
Netting treatment 3.18 0.076
Time-by-Netting 0.98 0.38
Duration mobile Time of day 3.56 0.031
Netting treatment 7.71 0.0061
Time-by-Netting 0.56 0.57
Frequency immobile Time of day 0.11 0.90
Netting treatment 7.44 0.0071
Time-by-Netting 1.03 0.36
Duration immobile Time of day 9.74 <0.0001
Netting treatment 18.25 <0.0001
Time-by-Netting 1.29 0.28
are given in seconds (s).

and younger Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae)
nymphs were also more susceptible than older nymphs to imida-
cloprid.®” Time of day at exposure also had an impact on the pro-
portion of affected beetles, with beetles exposed at 8:00 a.m.
being less affected than beetles exposed at 6:00 p.m. Beetles
exposed at both 8:00 a.m. and 6:00 p.m. showed 7-8% declines in
proportion affected from 6 to 24 h recovery, showing the magni-
tude of recovery is similar for 8:00 a.m. and 6:00 p.m. time points
but the initial impact of the insecticide is different.

Movement assays on older and younger beetles indicated that
older beetles move more quickly over longer distances during
the 2-min assays compared with younger beetles, which spent
more total time immobile. Increased time immobile for younger

beetles increases direct and sustained exposure to LLIN, whereas
quicker, older beetles reduce time spent in direct contact with
LLIN. Prior work demonstrated species-specific differences in
movement that may contribute to differences in insecticide effi-
cacy and changes in sublethal movement over time.”® By contrast,
beetles at 8:00 a.m. and 11:00 a.m. moved less compared with
beetles at 6:00 p.m. yet were less affected by LLIN, which may
be attributable to daily patterns in T. castaneum movement or
flight activity>®®° or circadian rhythms of metabolism and detox-
ification. For example, Anopheles gambiae Giles (Diptera: Culici-
dae) mosquitos show a diel pattern in knockdown time after
exposure to deltamethrin®’ Other factors associated with age
and response to insecticides may be cuticle hardness and
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Figure 4. Mobility assay by time of day. Edges of boxes represent the 25% and 75% range of data (IQR), the solid line within the box is the median, the
dashed line is the mean, and whiskers are 1.5 X IQR. Outliers fall outside this range. Bars with shared letters within a panel are not significantly different
from each other (Tukey, @ < 0.05). Panels lacking letters indicate no significant differences among the treatments.

thickness, which may increase as beetles age, resulting in lower
penetration of insecticides.®?%® Interestingly, we observed an
effect of time of day on movement of beetles on treated and
untreated netting in experiments where time of day was varied,
but not in behavior assays where beetle age was varied, which
were performed at approximately the same times. An increase
in overall movement on treated compared with untreated netting
suggests that sensitivity to insecticide may vary throughout the
day, and insects may have increased sensitivity at earlier times
in the day (8:00 a.m. and 11:00 a.m.), which is when behavioral dif-
ferences between movement on treated and untreated netting
are most apparent. Further examination of diel effects is critically
necessary to understand the effects of insect movement,
metabolism, and overall effectiveness of LLIN.

Two conditions also tested during the recovery period were the
presence of food and differences in abiotic factors (temperature
and RH). The presence of food after insecticide exposure was asso-
ciated with reductions in the numbers of affected individuals,
consistent with previous research showing that food decreases
the efficacy of contact insecticides.>”™*° Mechanisms for reduced
efficacy of insecticides in the presence of food are not understood
although it has been hypothesized as being due to increased
metabolism and detoxification in the presence of food®* or
increased moisture and humidity associated with food,®> drawing
insecticide away from the cuticle. In any case, sanitation to
remove residual food where LLIN will be deployed should
enhance efficacy.

Fewer beetles were affected after recovery at higher humidity
and temperature compared with ambient conditions with no
temperature or humidity control. Although we cannot tease apart
the relationship with temperature and humidity in this

experiment, temperature only varied by ~ 4 °C from incubator
to bench and was well within the upper and lower limits of tem-
perature tolerance for T. castaneum.®® Humidity varied by ~ 20%
(Fig. S1), suggesting that humidity may be the main driver of
these recovery conditions. Both temperature and humidity can
influence the efficacy of insecticides based on the mode of action
and species of insect assayed. For example, higher humidity has
also been suggested to increase survival after insecticide expo-
sure in some lice species®” but decrease survivorship of Oryzae-
philus surinamensis (L.).°% Lower temperatures have also been
shown to reduce the efficacy of insecticides against
O. surinamensis,®® T. castaneum, and Sitophilus granarius®® but
were associated with improved efficacy against house flies, Musca
domestica L.”° However, temperature has been found to have var-
iable impacts on efficacy of different insecticides against
T. castaneum,”"”? reducing mortality after exposure to cyfluthrin
at higher temperatures,”® increasing mortality at higher tempera-
tures after exposure to thiamethoxam,”* and increasing mortality
and reducing progeny production at higher temperatures after
exposure to chlorphenayr,”” suggesting that mode of action plays
a large role in how temperature affects response to insecticides.

5 CONCLUSION

The assays described here provide a baseline for the assessment
of behavioral and physiological differences in response to expo-
sure to LLIN. Minimizing direct insecticide contact on commodi-
ties is increasingly important as we seek alternative methods for
protecting food supplies from insect damage. Using insecticide-
treated packaging or netting is an effective way to impede move-
ment, and reproduction, and reduce survival of different life
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stages of a variety of SPPs.'**?2724 We have shown that multiple
exposures have cumulative effects on insects, which is important
because some species require extended duration of exposure to
LLIN for complete knockdown.?> We have shown that variation
in age, time of day, availability of food, and temperature and
humidity can affect the efficacy of netting in ways relevant for
its use in food facilities. Seemingly minor differences can have sig-
nificant impacts on the proportion of affected beetles,*>¢16%76
although these differences would probably not impact the overall
efficacy of netting in the field. These results suggest a substantial
amount of variation in the number of affected beetles and recov-
ery over time, and controlling these factors or broadening the
range of factors tested when assessing the efficacy of this netting
and other contact insecticides will provide facility managers with
broader efficacy estimates and implementation plans and prac-
tices when considering LLIN in sanitation and IPM plans.
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