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Abstract

Bed bug repellents should not only prevent humans from being bitten but impede an infestation of personal
belongings. Only a few test proposals for evaluating the efficacy of repellents against bed bugs have been
published so far. In the present study, two test systems were assessed for efficacy testing with five potential
bed bug repellents (cinnamon oil, icaridin, N,N-diethyl-3-methylbenzamide (DEET), permethrin, and margosa
extract). The first test setup was a harborage choice test system that consisted of a crystallizing dish with a
treated and an untreated harborage. Sixty minutes and 24 h after treatment, DEET, icaridin, and cinnamon
oil showed the highest repellency with a median proportion of at least 99% repelled bed bugs. The second
test system was a barrier test. Bed bugs were attracted by CO, and heat to cross filter papers treated with
the potential repellents. The repellency of substances was significantly lower in comparison to the harborage
choice test, except for DEET. The latter showed the highest repellency (97%) against bed bugs 24 h after appli-
cation compared to controls. Results show that bed bugs are less sensitive to repellents when searching for a
bloodmeal than when searching for a shelter.
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The bed bug Cimex lectularius (Linnaeus, Hemiptera: Cimicidae) is a
pest that has spread again worldwide in the last three decades due to
globalization and the increase of insecticide resistance (Ter Poorten
and Prose 2005, Harlan 2006, Masetti and Bruschi 2007, Davies
et al. 2012, Ashbrook et al. 2017, Dang et al. 2017, Cambronero-
Heinrichs et al. 2020). Eradication of a bed bug infestation requires
integrated pest management (IPM) that considers all available pest
control techniques. Bed bug management may include the use of
insecticides, desiccant dust, heat, freezing techniques, mechanical
removal, and monitoring (Pereira et al. 2009, Kells and Goblirsch
2011, Koganemaru and Miller 2013, Romero et al. 2017, Lee et al.
2018, Ashbrook et al. 2019). Prevention should be an integral part
of IPM, which involves education, creating bed bug unfriendly sur-
roundings, informing staff and travelers, specific luggage storage,
and in some cases, the use of repellent products (Singh et al. 2014,
Romero et al. 2017). Especially long-lasting repellent products might
have the potential to serve as an additional IPM method (Wang et al.
2013, Zhu et al. 2018).

Repellents are commonly used to protect humans from
bites of mosquitoes and ticks. Active substances like N,N-
Diethyl-3-methylbenzamide  (DEET) or
1-(1-Methylpropoxycarbonyl)-2-(2-hydroxyethyl)piperidine)  pro-
tect against these arthropods for several hours (Carroll et al. 2005,

icaridin  (picaridin;

Syed and Leal 2008, Goodyer et al. 2010, Kulma et al. 2019).
Natural repellents like cinnamon oil (Cinnamomum sp. (Laurales:
Lauraceae)) or margosa extract (Azadirachta indica (A.Juss.,
Sapindales: Meliaceae)) are used as protection against arthropods
like mosquitoes or ants (Caraballo 2000, Barnard and Xue 2004,
Chang et al. 2006). Permethrin is used to protect against arthro-
pods via sprays or impregnated clothing. Contact damages or repels
the target organism or has sublethal effects on bed bug behavior, fe-
cundity, and feeding (Jones et al. 2013, 2015; Tangena et al. 2018).
Repellents used for spatial or material treatments can be used as a
barrier treatment for personal protection or prevent bed bug dis-
persal and introduction to uninfested locations. Skin repellents could
be used for bite protection. This is supported by recent research
on the repellency of several synthetic and plant-based substances
against bed bugs (Sdukand et al. 2010, Wang et al. 2013, Liu et al.
2014, Singh et al. 2014, Anderson et al. 2018, Zhu et al. 2018).
Currently, for personal protection against bed bug bites,
nonrepellent products like sticky tapes or slippery traps are in-
stalled under or around bed legs (Lilly et al. 2009). Also, permethrin-
impregnated fabrics like bed linen are used (Jones et al. 2013, 20135;
Londono-Renteria et al. 2015). For spatial and surface treatment,
some sprays containing several different plant-based ingredients—
e.g., essential oils claiming to deter bed bugs—are on the market,
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too. The use of natural products is related to the fact that consumers
are increasingly aware of substances they consider to be less toxic
and harmful to themselves (Caraballo 2000, Barnard and Xue 2004,
Nerio et al. 2010, Singh et al. 2014).

According to the EU-Biocides Product Directive 528/2012,
repellents are considered as biocidal products. For authorization,
applicants must provide a dossier that contains, among other data,
evidence that the product is efficient. Up to now, there are no test
methods agreed on that are available for the evaluation of repellents
against bed bugs (ECHA 2018).

The aim of our study was to develop and describe a test system
for bed bug repellents in general. For this, we tested products but
did not try to assess complete protection times or other product per-
formance indicators in more detail. Two test systems are described
to evaluate the repellency of active substances and products against
bed bugs. The first test system is a small-scale harborage choice test
offering two harborages and simulates the treatment of potential
bed bug shelters (e.g., luggage) to prevent dispersal. The second test
system mimics a situation where bed bugs have to cross a treated
barrier to reach a simulated host (Vander Pan et al. 2019). This setup
simulates the situation in which a repellent barrier has been sprayed,
e.g., around a bed, to protect a sleeping person in an infested room.
The comparison of data from both test systems provides informa-
tion about the impact of the test design on the test outcome. To
evaluate the suitability of both test systems for repellent efficacy
testing, three commercial insect repellent products and two dilutions
of plant-based products were tested against a susceptible bed bug
strain. Since no authorized repellents against bed bugs are on the EU
market at the moment, we tested products that are not intended by
their manufacturers for use against bed bugs or were authorized for
this purpose but were assumed to have a repellent effect on bed bugs.

Materials and Methods

Test Organisms

Bed bugs of the insecticide-susceptible laboratory C. lectularius strain
of the German Environment Agency (UBA) have been held since
1947 and fed weekly on rabbits (Oryctolagus cuniculus (Linnaeus,
Lagomorpha: Leporidae) f.dom). The bed bugs used in the experi-
ments were separated from the rabbit fed strain and fed once a week
on a parafilm membrane with defibrinated porcine blood (elocin-lab
GmbH, Oberhausen, Germany) in the last two years before the be-
ginning of this study. Between feedings, they were kept in Petri dishes
with two filter paper discs (grade 3 hw, 70 mm diameter, 65 g/m?,
Munktell, Ahlstrom-Munksjo GmbH, Birenstein, Germany) in an
incubator (24 h darkness; 26.5 = 1°C and 45 = 10% humidity). Only
adult bed bugs were used in the experiments. The bed bugs were fed
seven times in total from hatching to the adult stage. Since bed bugs
were held in Petri dishes with mixed sexes, females’ mating status
was not examined. Individuals had a maximum difference in age of
7 d. After the last bloodmeal, they had 6-8 d for digesting the blood.
Bed bugs were only used once and were discarded after the end of
each experiment.

Test Substances

In both test systems, five substances were tested as potential bed
bug repellents. Cinnamon oil (Mystic Moments, Fortsbridge, United
Kingdom) and margosa extract (Vectrade UG, Penzberg, Germany)
were applied with a commercial spray bottle (Dirk Rossmann
GmbH, Burgwedel, Germany) in a 1:10 dilution with isopropanol
(Chemsolute, Geyer GmbH & Co KG, Renningen, Germany). Autan

Protection Plus with 20% icaridin (MCM Klosterfrau Healthcare
Group, Koln, Deutschland), Nobite Skin with 50% DEET (Tropical
Concept Sarl, Paris, France), and Nobite Clothes with 2% permethrin
(Tropical Concept Sarl, Paris, France) were tested as ready-to-use
products. These substances were applied using the spray bottle of
the respective product. All substances were applied until the filter
papers were saturated, which corresponded to 1.73 = 0.1 mg/cm?
DEET, 1.19 = 0.03 mg/cm? icaridin, 0.28 = 0.01 mg/cm? permethrin,
and 0.48 = 0.05 mg/cm? cinnamon oil and margosa. The papers were
subsequently dried for up to an hour and then immediately used in
the experiments.

All materials that came in contact with the used substances were
cleaned with a laboratory cleaning agent (RBS 35, 2% v/v in tap
water, Carl Roth, Karlsruhe, Germany) and then thoroughly rinsed
with tap water.

Harborage Choice Test

The first test system represents a laboratory choice test (Fig. 1). It
consisted of a crystallizing dish (230 mm diameter, 100 mm height,
VWR, Dresden, Germany) with two harborages for the bed bugs,
each consisting of two filter papers (grade 3 hw, 70 mm diameter,
65 g/m?, Munktell, Ahlstrom-Munksjo GmbH). The filter papers
were lying on top of each other and were fixed to the bottom with
tape (Tesafilm, Beiersdorf, Hamburg, Germany) or in case of oily
substances with beeswax (Stockmar, Kaltenkirchen, Germany). One
of the harborages was treated with the repellent substance, and the
other was untreated. The bed bugs could move to the harborages
or stay outside in the dish. The treated and untreated filter papers
were swapped for the replicates to avoid side preferences of the bed
bugs choosing a harborage. For every substance, seven replicates
(n = 700-bed bugs) were tested at the same time.

Untreated controls were conducted to determine bed bugs distri-
bution in the two harborages and the crystallizing dish. The bed bug
distribution was documented 24 h after their release. The respective
treatment experiments and controls were conducted simultaneously.
With a total of 7 = 1,300-bed bugs, two control replicates each were
conducted for treatments with margosa and icaridin, and three con-
trol replicates each for treatments with DEET, cinnamon oil, and
permethrin.

At the beginning of the experiment, 100-bed bugs (sex ratio
1:1) per replicate were put in the middle of the crystallizing dish

Fig. 1. Top view of the harborage choice test setup. (a) Crystallizing dish with
bed bugs; (b) treated, and (c) untreated filter paper harborage.
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between the harborages. The number of bed bugs in the treated
and untreated harborages or outside in the crystallizing dish was
documented every 5 min for 1 h. For each substance, 8,400 con-
tacts (outside, treated, and untreated shelter) were counted in
total. During the 1-h observation period, the crystallizing dishes
were left open. To minimize the impact of light on bed bug be-
havior, lights in the room were switched off, and soft twilight
from the outside was used for data recording. Afterward, dishes
were closed with mesh fixed with a rubber band to prevent bed
bugs from escaping, and the room was completely darkened. After
24 h, the position of all bed bugs was counted again.

Since none of the tested substances was authorized as a bed bug
repellent, and the effects on bed bugs have not been evaluated yet,
possible physical impairment of the bed bugs was tested. Therefore,
after 24 h in both test systems, the number of lethally affected bed
bugs was determined by forceps stimulation. Individuals were cat-
egorized as lethally affected when no or only uncoordinated move-
ment was observed or when bed bugs in the dorsal position could
not turn back into the ventral position.

Barrier Test

The second test system (Fig. 2) was a simulated-use test mimicking a
human host. The bed bugs were attracted by CO, and heat to cross
the surfaces treated with the different potential repellents. The sys-
tems’ design and test procedures are described in detail in Vander
Pan et al. (2019). The simulation of a host (heat and CO,) in the test
system lured the bed bugs to cross the filter paper (19 cm x 9 cm,
grade 3 hw, 58 cm x 58 cm, 65 g/m?, Munktell, Ahlstrom-Munksjo

GmbH). The host was simulated by heat (Erlenmeyer flask with
300 ml water, kept at 80°C with a heating plate) and a CO, source
(gas flow rate 0.75 ml/min), both located in the steel container
(Fig. 2A and D). Bed bugs that were successfully lured across the
filter paper towards the simulated host fell through the open end of
the tube and were trapped in a glass aquarium with two filter papers
inside for hiding.

As a control, the host-seeking behavior of bed bugs in this
test system was determined in seven replicates (7 = 700-bed bugs)
without a repellent. To factor in natural mortality, 100-bed bugs of
an equal sex ratio were placed in Petri dishes in direct proximity to
the test system simultaneously to each replicate.

For each test substance, experiments were conducted in three
replicates on consecutive days (7 = 300-bed bugs). One hundred
bed bugs (sex ratio 1:1) were transferred into the kitchen paper
towel pocket, which was then closed and fixed at the bottom of
the cylindrical container in the test system. Bed bugs had about
1 h to acclimate. Afterward, the treated surface was fixed on the
bottom of the test chamber, which was covered with mesh and
fixed with a rubber band to allow airflow and prevent bed bugs
from escaping. The pocket was opened by two diagonal cuttings,
that the bed bugs could crawl to the simulated host. Then, the
room was completely darkened to minimize the impact of light.
After 24 h, the position of all bed bugs was documented. The
bed bugs that either passed the filter paper and fell into the glass
aquarium, stayed in the test chamber with the treated filter paper,
or remained in the tube, which extended into the steel container,

were counted as “not repelled” (Fig. 2).

Fig. 2. Barrier test system. (A) Overview of the test setup; (a) cylindrical container; (b) kitchen paper towel pocket; (c) plastic tube base; (d) acrylic glass tube
closed with a plug with an extraction hose leading to the suction pump; (e) tube connected to the test chamber; (f) test chamber; (g) tube connected to the steel
container; (h) steel container; (i) CO, flow meter; (j) CO, gas cylinder. (B) Top view of the cylindrical container; (b) kitchen paper towel pocket; (d) acrylic glass tube
closed with a plug with an extraction hose leading to the suction pump. (C)Top view of test chamber; (e) tube connected to the test chamber; (f) test chamber, (g)
tube connected to the steel container. (D) Top view of the steel container; (k) glass aquarium as bed bug trap with two filter papers as harborage; (I) thermometer;

(m) plastic hose for CO, supply; (n) heating plate with Erlenmeyer flask and water.
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The number of lethally affected bed bugs was determined as de-
scribed in the harborage choice test.

Data Analysis

Side preferences in harborage choice of the bed bugs in controls of
the harborage choice test were checked for statistical significance
with the Wilcoxon signed-rank test with the theoretical median of
50% distribution in each harborage (null hypothesis: equal distribu-
tion). Since it was not possible to count bed bugs during the 60 min
observation period in controls and treatment experiments simultan-
eously, the bed bug positions in controls were only assessed after
24 h. The data of the bed bug positions (outside in the dish or in
the treated or untreated harborages) within the 60 min observation
period were evaluated using descriptive statistics. The number of ‘re-
pelled bed bugs’ in treatments after 60 min and 24 h was calculated
from the proportion of bed bugs hiding in the untreated filter papers
in the harborage choice test. In the barrier test, ‘repelled bed bugs’
did not cross the filter paper within the 24 h test period. For the
data obtained from both test systems, possible relationships of vari-
ables (repellency and sex-specific differences) were calculated using
the mid-p exact test (o = 0.05) provided by the free online statistic
software OpenEpi (Dean 2013). The resulting p-values were ad-
justed applying Holm correction p.adjust in R (R Core Team 2013).
Graphs and the Wilcoxon signed-rank test were performed with
graph pad prism 8.4.1 (GraphPad Software, La Golla, CA, www.
graphpad.com) for Mac OS.

Results

Harborage Choice Test

In controls, the bed bugs’ activity was high after their release, but it
could be observed that it decreased within a short time of the 60 min
observation period. After 24 h, only two of 1,300 bed bugs in total
were found outside (Fig. 4). With at least 59%, most bed bugs pre-
ferred one harborage in each control replicate. Thus, the distribution
was unequal. The deviation from the theoretical median of 50% was
statistically significant (P = 0.0002).

In general, the bed bugs preferred the untreated harborages ra-
ther than staying outside in the dish or the treated harborages in the
treatment experiments (Fig. 3). In all experiments, at least 60% of
bed bugs chose the untreated harborage within the first 15 min ex-
cept for the margosa experiments. Most bed bugs (55%) hid only
after 40 min in the untreated harborage in these experiments. In
all treatments, bed bugs avoided the treated harborages within the
60 min observation period. Most bed bug contacts with the treated
harborages were counted in the experiments with margosa (1,123
contacts) and permethrin (555 contacts). The fewest contacts with
treated shelters were found in experiments with cinnamon oil (four
contacts), DEET (34 contacts), and icaridin (55 contacts). In margosa
and permethrin treatments, the maximum median proportion of bed
bugs in the treated shelter was 16 % and 8%, respectively. After 24 h,
in experiments with permethrin, the highest number of bed bugs was
found outside the harborages (Fig. 3). The median proportion of
bed bugs that hid in shelters treated with cinnamon oil, icaridin,
and DEET was 0%. More precisely, none, one, and two out of 700-
bed bugs per substance did not avoid the repellent, respectively. In
margosa-treated and permethrin-treated harborages, the median
proportion of detected bed bugs was 0% (23 out of 700-bed bugs in
total) and 1% (13 out of 700-bed bugs in total) after 24 h, respect-
ively (Fig. 3a—e). The number of repelled bed bugs regarding each
substance was significantly higher in comparison with the number

of bed bugs found in the more visited harborages in the controls
(for all substances: P < 0.00001) (Fig. 4). Between DEET, icaridin,
and cinnamon oil, no significant differences in repellency were found
(for all comparisons: P = 1). The number of repelled C. lectularius
regarding these substances was significantly higher in comparison
with the number of bed bugs repelled by permethrin and margosa
(permethrin vs DEET (P = 0.0356), icaridin (P = 0.0108), and cin-
namon oil (P = 0.0143); margosa versus DEET (P < 0.001), icaridin,
and cinnamon oil (for both substances: P < 0.0001)). No differences
in repellency were found between permethrin and margosa (P = 1).
Furthermore, repellency at observation time point 24 h compared
to 60 min was significantly higher in experiments with permethrin
(P <0.01) and margosa (P < 0.00001).

After 24 h, in none of the experiments, lethally affected bed bugs
were found.

Barrier Test

In seven control replicates (7 = 700-bed bugs), 58-90% of the bed
bugs crossed the untreated filter papers (Fig. 5). Thus, a median pro-
portion of 30% stayed in the initial harborage. There was no natural
mortality in control Petri dishes. DEET displayed the highest repel-
lency with 97-99% repelled bed bugs. In tests with icaridin-treated
and cinnamon oil-treated filter papers, 55-82% and 71-80% of
the bed bugs were repelled, respectively. Margosa extract and per-
methrin displayed the lowest efficacy with 49-67% and 45-84% re-
pelled bed bugs, respectively. The number of repelled bed bugs with
regard to each substance was significantly higher in comparison with
the number of bed bugs that did not cross the untreated filter paper
in the controls (for all substances: P < 0.00001) (Fig. 5). The number
of C. lectularius repelled by DEET was significantly higher in com-
parison with the number of bed bugs repelled by the other four sub-
stances (for all substances: P < 0.0001). Furthermore, the number of
repelled bed bugs regarding icaridin and cinnamon oil was signifi-
cantly higher than the number of bed bugs repelled by margosa (for
both substances: P < 0.0001).

In all experiments (control group and treatment groups), more
female than male bed bugs sought out the simulated host (Table 1).
In controls and treatments except for DEET, these differences in
host-seeking behavior between male and female bed bugs were stat-
istically significant.

Except for DEET (60 min: P = 0.14; 24 h: P = 0.067), the dif-
ferences in numbers of repelled bed bugs between barrier test and
harborage choice test at the observation time points 60 min and 24 h
were statistically significant with P < 0.00001. After 24 h, in none of
the experiments, lethally affected bed bugs were found.

Discussion

Our study reveals that with both test systems, a repellent efficacy of
different substances can be detected, but the two test designs led to a
different repellency regarding the same substances.

The harborage choice test is a small-scale test system mimicking
a situation where bed bugs are forced to choose a harborage but
should be kept away from one. This is comparable to a spatial treat-
ment in a room where bed bugs should be deterred from a particular
harborage. The test setup is simple, can be realized with standard
laboratory materials, and our results revealed that it allows the
screening of substances and formulations within a short time.

During the 1-h observation period in the harborage choice test,
differences concerning the repellent effect of the tested substances
were detectable (Fig. 3a—e). After 30 min, 100% of the bed bugs
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were repelled in the icaridin treatments. In tests with margosa ex-
tract, only 84% of the bed bugs were repelled within the same time.
By contrast, no differences in repellency between the five substances
were detectable after 24 h (all substances: 99-100% repelled bed
bugs). These findings suggest that bed bugs that have chosen an
untreated harborage within the first hour will not seek another
harborage within the 24 h test period without a stimulus. This is
supported by the fact that most bed bugs also chose one of the

offered harborages in controls and rested there. In the untreated
controls, the distribution of the bed bugs was unequal after 24 h.
This can be explained by the pheromone-mediated aggregation be-
havior of bed bugs (Siljander et al. 2008). After feeding or when
no host is available (Reis and Miller 2011), bed bugs form dense
aggregations, which provide advantages like the reduction of water
loss (Benoit et al. 2007), faster development (Saenz et al. 2014),
and a higher mating chance (Pinto et al. 2007). Aggregation and
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barrier within 24 h after release compared to bed bugs that did not leave
the harborage in the controls. The circles indicate biological replicates, and
the horizontal lines represent the medians. Mid-p exact tests with resulting
p-values adjusted using Holm correction. Significant differences in repellency
of the different substances are marked with an asterisk (¥).

Table 1. Sex-specific differences of nonrepelled bed bugs of all experiments in the barrier test. Mid-p exact tests with resulting p-values

adjusted using Holm correction

Substances n No. of nonrepelled bed bugs No. of nonrepelled females p-value
Control 700 506 279 (55%) <0.001
Icaridin 300 84 63 (75%) <0.00001
DEET 300 7 5(71%) 0.8724
Cinnamon oil 300 73 51 (70%) 0.002
Permethrin 300 104 65 (63%) 0.0271
Margosa 300 123 75 (61%) 0.0271

associated positive thigmotactic behavior might have influenced the
bed bugs distribution after the 1-h observation period more than
the repellency of the substances (Benoit 2011, Weeks et al. 2013).
Therefore, data recording within the initial observation period
seems to be more important for repellent evaluation than later ob-
servation periods. This also applies to the controls, but simultaneous
counting of bed bugs in treatment and controls was not feasible in
our study. However, this should be considered for further experi-
ments. After 24 h, the number of repelled bed bugs regarding each
substance was significantly different from the more visited control
harborages. This indicates that the number of repelled bed bugs ob-
served after 24 h can lead to overestimated repellency values for
the test substances. For regulatory purposes, the observation period
should be adapted for gaining data on complete protection time. In
this context, the use of cameras for monitoring could be beneficial,
and the possible impacts of CO, emitted by laboratory staff or light
needed for data collection could be minimized. Furthermore, bed
bug exposed filter papers containing aggregation pheromone may
influence harborage choice. The efficacy of a repellent product in
this test setup should be examined in further studies (Olson et al.
2009; Weeks et al. 2011, 2013).

The barrier test was initially developed to provide a new ap-
proach for efficacy testing of insecticides against bed bugs
mimicking a barrier treatment during a pest management situ-
ation. Furthermore, it was successfully tested to detect phenotypic
resistance in bed bugs (Vander Pan et al. 2019). In this study, we

demonstrated that this system could be additionally used for effi-
cacy assessment of repellents applied to surfaces. The test is designed
to simulate a situation where a host is present and should be pro-
tected from bites by a repellent treated barrier, e.g., an overnight
stay in a bed bug-infested hotel room without any skin treatment
needed. In contrast to the simple harborage choice test, the barrier
test setup is made of custom-built materials and needs more space.
However, the size of the experimental system is still smaller than a
semifield test setup recreated in a room and would allow simultan-
eous replicates in one room. Also, bed bugs can be found easily in
contrast to scenarios with an entire room. It was unambiguous how
many bed bugs crossed the treated surface since only those that were
found in or behind the test chamber were counted. As described for
the harborage choice test, the use of cameras could be an advantage
for gaining data concerning the complete protection time, which is
mandatory for the EU biocide approval. In our study, the bed bug
location was recorded after 24 h. Depending on the substance label
claim, the data collection can be adapted to shorter or longer ef-
ficacy. Wang et al. (2013), e.g., evaluated the repellent efficacy of
DEET (25%) for three weeks with a comparable test setup using
CO, and heat for host simulation.

The repellency of all tested substances in both test systems was
significantly different from controls after 24 h. However, this may
not be sufficient to prove the efficacy of a repellent product, and for
regulatory purposes, the criteria for a minimum repellency should be
defined. Nobite Skin (50% DEET) yielded the highest repellency in
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the harborage choice test with 100% (after 60 min and 24 h) and
with 97-99% in the barrier test and would probably fit authoriza-
tion criteria. Our results confirm the wide range of repellent efficacy
of DEET against arthropods (Goodyer et al. 2010), e.g., mosqui-
toes (Fradin and Day 2002, Frances et al. 2004), ticks (Jaenson et al.
2003, Carroll et al. 2005, Jensenius et al. 2005, Kulma et al. 2019),
cockroaches (Mengoni and Alzogaray 2018), and bed bugs (Wang
et al. 2013, Anderson et al. 2018). Products containing DEET can
potentially be used to protect personal belongings (e.g., luggage)
from being infested and humans from being bitten.

In the harborage choice test, Autan (20% icaridin) and cin-
namon essential oil (1:10 dilution) showed results comparable to
DEET since they also repelled nearly all bed bugs after 60 min and
up to 24 h. By comparison, in the barrier test, DEET showed the
highest repellency compared to all other substances. The repellency
of icaridin (55-82%) and cinnamon oil (71-80%) in the barrier test
was lower than in the harborage choice test. This indicates that the
impact of the opportunity of getting a bloodmeal is remarkably high
and should be considered in an experimental setup. This effect was
also observed by Singh et al. (2014). However, lower DEET concen-
tration yielded lower repellency even without a host simulation, as
shown by Wang et al. (2013). Compared to our results, the repel-
lency of icaridin in experiments conducted by Wang et al. (2013) was
much lower (about 20-30%). This might be due to a lower concen-
tration of 7% icaridin used by Wang et al. (2013) or the fact that bed
bugs were compelled to stay on the treated side for hiding in this de-
scribed test design. Thus, repellents containing icaridin should con-
tain higher concentrations (over 20%) against bed bugs and other
blood-sucking arthropods (Goodyer et al. 2010).

Nobite Clothes (2% permethrin) and margosa (1:10 dilution)
displayed the lowest repellency: up to 13% and 26 % of the bed bugs
were respectively found in the treated harborages after the first hour
of the harborage choice test. The repellency increased within the fol-
lowing 23 h of the test period (permethrin 99%; margosa 100%). By
contrast, only 45-84% and 49-67% of the bed bugs were repelled
by permethrin-treated and margosa-treated barriers, respectively, in
the barrier test. Although the repellency was significantly different
from the controls, these values can be considered as too low to claim
protection from bed bug bites.

Our results show that the use of DEET as a spatial spray can be
considered for bite and dispersal protection, and with its long-lasting
efficacy shown by Wang et al. (2013), it has the potential as an add-
itional IPM method. Icaridin and cinnamon oil might be potential
repellents against bed bugs, too, but further studies with higher con-
centrations are required. The repellency of permethrin (2%) and
margosa is too low for the use as a spatial repellent against bed
bugs. In Europe, Nobite clothes (permethrin) is authorized as an
insect repellent (not especially against bed bugs), which means that
insects should be deterred but not killed. If the repellency is not
high enough, as shown in our study, longer contact of bed bugs to
permethrin-treated surfaces might lead to intoxication and death.
With repellency values obtained in our study, the product would not
be authorized as a repellent in Europe against bed bugs, but with
data of sufficient mortality with at least 90% after contact, an au-
thorization as an insecticide would be feasible (ECHA 2018). As the
repellency of the used concentrations of permethrin and margosa
was too low for the use as repellents, higher concentrations of both
substances should be tested. Furthermore, the strong and intensive
odor of Autan, cinnamon oil, and margosa might not be pleasant
for the applicant.

It was notable that the bed bugs acted atypically regarding
aggregation behavior in the margosa treatments. Compared to

experiments with other substances, they needed more time to choose
a harborage, and about 20-40% of the bed bugs stayed outside in
the dish within the first 60 min of the experiments. After 24 h, in all
experiments, almost no bed bug stayed outside of a harborage ex-
cept for permethrin treatments (up to 18%). Romero et al. (2009)
showed that contact with sublethal doses of deltamethrin increased
bed bugs™ activity. Our results indicate that contact with margosa
extract and permethrin might have the same effect. In the case of
permethrin-treated fabrics, also other behavior patterns like fewer
feeding attempts, lower blood intake, and decreased fecundity were
observed (Jones et al. 2015). No sublethal effects of margosa extract
are reported with regard to the activity of bed bugs or other insects,
and further studies are required.

In the barrier test, more females than males crossed the untreated
filter papers. The proportion was even higher in the treatment ex-
periments than in the controls. This bias in distribution might be
explained by the fact that female bed bugs have higher nutrition
demands since egg production depends on the amount of their blood
uptake (Mellanby 1939). Furthermore, mainly engorged females
are attractive for mating, and attractiveness decreases 36 h after
a bloodmeal (Stutt and Siva-Jothy 2001). Females tend to hide in
new harborages and therefore are supposed to be responsible for
bed bug dispersal (Siljander et al. 2008, Pfiester et al. 2009). Our re-
sults support the findings of other researchers that females may leave
shelters more often searching for food or new harborages (Pfiester
et al. 2009, Aak et al. 2014). Thus, the use of both sexes in bioassays
testing the efficacy of repellents is very important. Also, other sex-
specific differences, age, or multiple traumatic inseminations might
lead to different results between males, females, or juveniles (Abd-
Elghafar et al. 1990, Polanco et al. 2011, Benoit et al. 2012, Aak
et al. 2014, McNeill et al. 2016, Kulma et al. 2019, Vander Pan et al.
2019). Experiments should be conducted with different life stages
in mixed populations to reflect a practical infestation situation. To
determine the influence of population composition, further studies
are required.

Our results support the findings of Singh et al. (2014) that the
response of bed bugs to repellents depends on the respective behav-
ioral context, e.g., looking for shelter to aggregate or searching for
a bloodmeal. Furthermore, host cues influence bed bug harborage-
seeking behavior. For example, they are especially attracted to lug-
gage containing worn clothes (Hentley et al. 2017, Anderson et al.
2018). This can affect the repellency of products applied on surfaces
(Anderson et al. 2018) and lead to a lower repellency in practical
application. This impact cannot be modeled in the harborage choice
test system. For authorization of a repellent product with the label
claim “luggage treatment,” an additional modified test system should
be used (Hentley et al. 2017, Anderson et al. 2018). Even though the
barrier test mimics host cues and is designed for barrier treatment
and personal protection against bed bug bites, it is not applicable to
test skin protection products. If a product is claimed to be applicable
for skin, it could be tested under similar conditions like a test for tick
repellents (Dautel 2002, WHO 2009, EPA 2010).

In addition, the behavior of arthropods to repellents can be in-
fluenced by insecticide resistance (Deletre et al. 2019). Over the
last years, bed bugs worldwide became more and more resistant
to insecticides used in pest management (Dang et al. 2017). In dif-
ferent pyrethroid-resistant arthropods like Blattella germanica
(Linnaeus, Blattodea: Ectobiidae) (Mengoni and Alzogaray 2018),
Aedes aegypti (Linnaeus, Diptera: Culicidae) (Yang et al. 2020), and
C. lectularius (Vassena et al. 2019), reduced effectiveness of repellent
substances was observed. Based on these findings, repellency testing
with resistant strains should be considered.
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In conclusion, both test systems evaluated in this study are suit-
able for repellent efficacy testing for biocide authorization. The har-
borage choice test enables the screening of different substances and
concentrations. It mimics a spatial treatment of potential bed bug
shelters in an infested room or a barrier treatment to adjacent rooms.
By contrast, the barrier test is more complex and simulates a situ-
ation where a host should be protected by a repellent barrier. Our re-
sults show that the test outcome depends on the behavioral context,
search for hosts, or search for hidings.

Repellents can help to prevent bed bug bites, be very important to
minimize dispersal, and long-lasting products might be a part of IPM.
DEET (50%) had the most effective repellency and has the potential to
be used for spatial treatment and barrier treatment for bite prevention.
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