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Abstract: Insecticide resistance in bed bugs (Cimex lectularius and Cimex hemipterus) has become
widespread, which has necessitated the development of new IPM (Integrated Pest Management)
strategies and products for the eradication of infestations. Two promising options are the
diatomaceous earth and silica gel-based desiccant dusts, both of which induce dehydration and
eventual death upon bed bugs exposed to these products. However, the impact of underlying
mechanisms that confer resistance to insecticides, such as cuticle thickening, on the performance of
these dusts has yet to be determined. In the present study, two desiccant dusts, CimeXa Insecticide
Dust (silica gel) and Bed Bug Killer Powder (diatomaceous earth) were evaluated against two strains
of C. lectularius; one highly pyrethroid-resistant and one insecticide-susceptible. Label-rate doses of
both products produced 100% mortality in both strains, albeit over dissimilar time-frames (3—4 days
with CimeXa vs. 14 days with Bed Bug Killer). Sub-label rate exposure to CimeXa indicated that
the pyrethroid-resistant strain possessed a degree of tolerance to this product, surviving 50% longer
than the susceptible strain. This is the first study to suggest that mechanisms conferring resistance to
pyrethroids, such as cuticular thickening, may have potential secondary impacts on non-synthetic
insecticides, including desiccant dusts, which target the bed bug’s cuticle.
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1. Introduction

The re-emergence of bed bugs, namely both the common species, Cimex lectularius L., and the
tropical species, Cimex hemipterus (F.) (Hemiptera: Cimicidae), as a public health pest over the last
15 years has presented a unique challenge from both a clinical and management perspective [1,2],
and has necessitated a multi-disciplinary approach in an attempt to develop best practice control
options [3,4]. Key amongst these has been a response to the growing global evidence that most field
bed bug populations have developed resistance to multiple insecticide groups [5-10] and, in particular,
that they have become highly resistant to pyrethroid insecticides [11-23]. Despite this, and due to a
general scarcity of alternative control options [24], when faced with a bed bug infestation both pest
management professionals (PMPs) and residents of infested properties continue to apply insecticides
in attempts to achieve control [24-28]. Several different formulations of insecticides are available,
although liquid sprays (96%) and dusts (93%) were found to be to most commonly selected insecticidal
formulations used by US-based PMPs when surveyed in 2015 [28].

Insecticidal dusts would normally be recommended for only limited application to areas such
as voids, cavities, behind electrical plates, under carpet or skirting boards, and other non-obvious
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locations. This is typically in an effort to both control the infestation but also to eliminate harborage
options and the potential spread of the infestation [3], as it is well known that bed bugs can migrate
from one unit or apartment to the adjacent dwellings in multi-occupancy buildings [24,25]. However, in
recent times, dusts have also been proposed for, and used, around the interior of properties (such as
around the perimeter of bedrooms and lounge rooms, on bed frames and sofas, or as a fabric-treated
“dust band” on furniture legs) as a low-cost, long-term residual treatment option applicable particularly
in properties housing the financially or socially disadvantaged [27,29-31]. Such a modified application
of dusts for bed bug control has the potential to achieve high levels of population reduction (typically in
the vicinity of 95%-98%), but rarely complete elimination [29-31].

Despite being in use for many decades against cockroaches, drywood termites, mites,
and stored product beetles and moths [12,32-36], silicon dioxide-based (SiO;) desiccant dusts
(both naturally-occurring diatomaceous earth and synthetically-manufactured silica gel) are a relatively
new option available to PMPs for bed bug control. These dusts are regarded as a popular treatment
option due to characteristics of low mammalian toxicity, long residual life (in dry environments),
and an orthodox view that as a result of the non-chemical mode of action they are non-selective
for physiological-derived resistance [24,33,37]. Both diatomaceous earth and silica gel-based dusts
will absorb lipids from the insect’s cuticle, leading to eventual dehydration and death [32,34,38,39].
Diatomaceous earth is both abrasive and sorptive [32,40], however, against various stored product
pests it has been found to be significantly less effective than non-abrasive silica gels, even when used
in higher doses [32].

Both forms of desiccant dust possess discernable efficacy against bed bugs [24,41-47] although
results have been variable depending on the product tested and bed bug strain(s) used. Diatomaceous
earth has been found to be effective, under laboratory conditions, at application rates between 1-8 g/m?,
achieving 100% mortality against adults over the course of 9-15 days and 99% mortality against
nymphs after 2 days [24]. Contrastingly, two studies (one field trial-based study and a second,
double-blind laboratory study) have otherwise presented evidence that diatomaceous earth may be
largely ineffective over longer monitoring periods [44,48], although this may be due to environmental
factors such as humidity or the physical properties of the diatoms and how the product has been
manufactured [34,38]. When compared, silica gel appears faster-acting with 100% mortality achieved
typically within 24-72 h compared to >90% mortality after 10 days for diatomaceous earth [43,45,46].
The addition of bed bug alarm pheromones improves efficacy [42], as does employing CO, as an
attractant to increase contact with dust residues [49] although, conversely, the addition of insecticidal
compounds such as 1% pyrethrins otherwise appears to have negligible impact [12].

To date, the effect of any insecticide resistance conferring mechanisms on dust performance has
only been superficially investigated. Most notably, two studies have reported that pyrethroid-resistant
strains of C. lectularius took longer than susceptible strains to succumb to desiccant-based dusts [12,46].
Given both studies employed dusts with an insecticide component, the authors postulate that
differences in each strain’s response to the insecticide component most likely explains the observed
variation. However, Anderson and Cowles [12] also note that “pyrethroid-resistant bed bugs have
adaptive changes to their integument that could provide some protection against desiccation”.

Cuticle thickening has most recently been confirmed as a mechanism conferring insecticide
resistance in an Australian strain of C. lectularius, with the most resistant bugs (themselves selected
from a highly pyrethroid-resistant strain) possessing a cuticle that is up to 15.3% thicker than that of a
susceptible C. lectularius strain and 16% thicker than less-resistant bugs from within the same strain
when measured under scanning electron microscope [50]. In addition, research on C. lectularius strains
collected in the US has determined that pyrethroid-resistant bed bugs over-express genes responsible
for cuticle protein development [16], and that other mechanisms of insecticide resistance (such as
metabolic detoxification enzymes and kdr-type target site mutations) are concentrated in the epidermal
layer of the bed bug’s integument [19]. The impact of the concentration of such resistance mechanisms
all within the insect’s integument against insecticides has yet to be fully quantified, and any impact on
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the efficacy of products containing desiccant dusts is wholly unknown. Thus, in lieu of these research
findings, it is the aim of this paper to assess the efficacy of two desiccant dusts (one diatomaceous
earth-based, one silica gel-based) against a highly pyrethroid-resistant strain of C. lectularius that
possesses a known profile of kdr-type target-site insensitivity, esterase-derived metabolic detoxification,
and thickened cuticle, compared with a susceptible C. lectularius strain.

2. Materials and Methods

Storage and culturing of the bed bug strains were conducted as approved by the Westmead
Hospital Animal Ethics Committee (WHAEC Protocol N° 2002) and in accordance with NSW Animal
Research Review Panel (ARRP) Guidelines for the Housing of Rats in Scientific Institutions.

2.1. Experimental Insects

Resistant strain Cimex lectularius specimens were collected from a single, field infestation from
a domestic house in the suburb of Parramatta, New South Wales, Australia, in December 2012.
The specimens were examined for species [51] and, thereafter, used to establish a colony in the
departmental insectary maintained at 25 °C (£1 °C) and 75% (£10%) RH with a photoperiod of 12:12 h
(L:D) [5]. No insecticide selection was undertaken.

This strain has been extensively profiled for potential mechanisms conferring pyrethroid
resistance, and has been found to possess haplotype B (homogeneous L925I) kdr-type resistance [13],
hydrolytic esterase-derived metabolic detoxification [52], and cuticle thickening [50]. Exposure to a
d-allethrin based rapid resistance field assay elicits no statistically significant levels of knockdown
when compared to an untreated control [53].

An additional laboratory strain of C. lectularius maintained in colony since the 1960s with known
susceptibility to pyrethroids (designated the “Monheim” strain [5]) was also used. The Monheim
strain lacks any kdr-type mutation (homogeneous haplotype A) [13].

To ensure all bugs used in the experiments were of equal age, cohorts of fifth instar bugs were
isolated from the stock colonies, fed to repletion, and monitored daily for appearance as adults.
Once matured, the bed bugs were immediately separated by sex to limit the potential for breeding,
and aged for a further 9 days without any further blood meal. Only 9-day-old, male, adult bed bugs
from either strain were used in the dust exposure assays.

2.2. Products

Commercial samples of CimeXa Insecticide Dust (“CimeXa”, 92.1% SiO, as amorphous silica,
Rockwell Labs Ltd., North Kansas City, MO, USA) and Bed Bug Killer Powder (“Bed Bug Killer”, 96%
diatomaceous earth, Bed Bug Barrier Pty Ltd., Saint Kilda, VIC, Australia) were purchased through
Do It Yourself Pest Control Supplies (www.doyourownpestcontrol.com) and Globe Pest Solutions
(www.globepestsolutions.com.au) respectively.

2.3. Desiccant Dust Assays

Filter paper discs (Advantac No. 2, 90 mm diameter, Advantec MFS Inc., Dublin, CA, USA)
were placed in 9cm diameter Petri dishes and weighed on an analytical balance (sensitivity 0.1 mg)
to determine pre-application weights. The amount of dust required was then calculated using the
published label application rates of 2 0z/100 ft*> for CimeXa and 4 g/m? for Bed Bug Killer, with each
value proportioned to the area of the Petri dish (63.62 cm?). An additional treatment of CimeXa applied
at 50% of the recommended label rate (1 0z/100 ft?) was included for the purposes of this study only
in an attempt to prolong the advancement of mortality and was informed by pilot assay results that
indicated the onset of mortality was rapid. Due to previously published research with diatomaceous
earth indicating a slow mode of action even at high doses, no further doses either above or below
recommended label rate were included for this product. Each dust was then applied by hand directly
from the product containers according to the calculated rate and weighed to ensure the dose applied
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did not exceed £5% (Table 1). Any excess dust was removed with a flat-headed probe. No spreading
or brushing of the dust was undertaken, with dusts allowed to spread and/or clump according to
how it was dispensed from the product package. Controls consisted of untreated filter papers in 9 cm
diameter Petri dishes.

Four replicates of 10 male adult bed bugs that had been aged to 9 days old were added to each
petri dish and were continuously maintained on the treated surfaces for the duration of the study.
Mortality was recorded hourly for 24 h, again at 36 h, then daily for 14 days or until all bed bugs had
died. Mortality was defined as the bugs not responding to gentle pressure through probing.

LTs5q values were estimated using a Logit generalized linear model in IBM SPSS Statistic v23 for
Mac (IBM Corp., Chicago, IL, USA). Cumulative mortality values at each time point were then also
used to create Kaplan-Meier survival curves, with differences between the Parramatta and Monheim
strain bugs within treatment groups compared by Log-rank tests.

Table 1. Calculated and applied rates of CimeXa Insecticide Dust and Bed Bug Killer Powder.

Strain Treatment Label Replicate Label Rate Actual Deviation Deviation
Rate P Dose (g) Dose (g) (g) (%)
1 0.0194 0.0195 0.0001 0.52%
CimeX 05x 2 0.0194 0.0195 0.0001 0.52%
imeAa : 3 0.0194 0.0197 0.0003 1.55%
4 0.0194 0.0197 0.0003 1.55%
1 0.0388 0.0387 —0.0001 —0.26%
Parramatta CimeX Lo 2 0.0388 0.0390 0.0002 0.52%
rmeAa UX 3 0.0388 0.0390 0.0002 0.52%
4 0.0388 0.0394 0.0006 1.55%
1 0.0254 0.0253 —0.0001 —0.39%
. 2 0.0254 0.0253 —0.0001 —0.39%
Bed Bug Killer 1.0 3 0.0254 0.0249 —0.0005 ~1.97%
4 0.0254 0.0254 0.0000 0.00%
1 0.0194 0.0194 0.0000 0.00%
CimeX 05 2 0.0194 0.0195 0.0001 0.52%
rmeAa X 3 0.0194 0.0192 —0.0002 —~1.03%
4 0.0194 0.0190 —0.0004 —2.06%
1 0.0388 0.0393 0.0005 1.29%
Monheim Cimex Lox 2 0.0388 0.0386 —0.0002 —0.52%
imeAa : 3 0.0388 0.0390 0.0002 0.52%
4 0.0388 0.0383 —0.0005 —1.29%
1 0.0254 0.0255 0.0001 0.39%
. 2 0.0254 0.0254 0.0000 0.00%
Bed Bug Killer  1.0x 3 0.0254 0.0255 0.0001 0.39%
4 0.0254 0.0257 0.0003 1.18%
3. Results

Adult, male bed bugs exposed to both applications rates of CimeXa dust began to succumb after
more than 6 h of continuous exposure, with survival decreasing along a broadly inverse-sigmoidal
manner over the resulting 36-72 h. At the prescribed label rate of CimeXa, complete mortality was
achieved after 36 h for both strains of bed bugs, with no statistically significant difference (p = 0.899)
existing between the Parramatta (resistant) and Monheim (susceptible) bugs in the rate of diminishing
survival over the course of the experiment (Figure 1). No control mortality was recorded within 36 h
on the untreated filter papers for either strain of C. lectularius.

At half of the prescribed label rate of CimeXa dust, onset of mortality began to occur after
approximately 12 h of continuous exposure, however, the Parramatta (resistant) bugs ultimately took
longer to succumb (Figure 2) with a statistically significantly lower rate of decrease (p < 0.001) compared
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to the Monheim (susceptible) bugs. Interestingly, Monheim (susceptible) strain bugs succumbed after
36 h regardless of the dose being applied, whereas Parramatta (resistant) strain bugs took ~50% longer
to die at half label rate (72 h) than at the prescribed label rate (36 h). No control mortality was recorded
within 36 h on the untreated filter papers for the Monheim (susceptible) bed bugs, and only 2.5% was
recorded with the Parramatta (resistant) bed bugs at the final 72-h monitoring point.
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Figure 1. Proportional cumulative survival in response to continuous exposure to the prescribed
label rate of CimeXa Insecticide Dust of Parramatta (resistant) and Monheim (susceptible) strains of
Cimex lectularius (n = 40 bugs per strain, control mortality = 0%).
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Figure 2. Proportional cumulative survival in response to continuous exposure to the half (0.5x)
prescribed label rate of CimeXa Insecticide Dust of Parramatta (resistant) and Monheim (susceptible)

strains of Cimex lectularius (n = 40 bugs per strain, Monheim (susceptible) control mortality = 0%,
Parramatta (resistant) control mortality at 72 h = 2.5%)

Bed Bug Killer proved to be a much slower acting product compared to CimeXa, with a full two
weeks (14 days) required before 100% mortality was achieved in either strain (Figure 3). No statistically
significant difference was observed in mortality or the rate of kill (p = 0.131). Control mortality in
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both strains did not exceed 2.5% for the first 11 days, and thereafter was <5% for the remainder of the
experiment. Thus no Abbott’s correction was made to the treatment values [54].
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Figure 3. Proportional cumulative survival in response to continuous exposure to the prescribed label
rate of Bed Bug Killer Powder of Parramatta (resistant) and Monheim (susceptible) strains of Cimex
lectularius (n = 40 bugs per strain, control mortality at 14 days (both strains) < 5%).

Estimates of the LTs5y values for CimeXa (Table 2) also indicated no statistically significant
difference between the Parramatta (resistant) and Monheim (susceptible) bugs when exposed to
the prescribed label rate, with 50% mortality expected after ~20 h of continuous exposure. However, at
half label rate of CimeXa the estimated LT5y value for Parramatta (resistant) bugs (30 h), was ~50%
more than that of the Monheim (susceptible) bugs (20.47 h). Failure of the 95% confidence intervals to
overlap for these values indicates that this is, putatively, a statistically significant difference.

Table 2. LTs5p values in hours (£95% confidence intervals) for Parramatta (resistant) and
Monheim (susceptible) Cimex lectularius when assayed against CimeXa Insecticide Dust (at 1.0x
and 0.5 % label rate).

Treatment  Label Rate Strain LTso (h) 95% CI (Lower) 95% CI (Upper)
0.5x Parramatta 30.00 * 25.07 34.93
CimeX 0.5x% Monheim 20.47 18.40 22.55
rmeAa 1.0% Parramatta 20.17 17.65 22.70
1.0x Monheim 20.00 17.86 22.14

* Indicates statistically significant difference as determined by failure of the 95% confidence intervals to overlap.

Estimates of the LT5 values for Bed Bug Killer (Table 3) also indicated no statistically significant
difference between the Parramatta (resistant) and Monheim (susceptible) bugs when exposed to the
prescribed label rate, with 50% mortality expected after ~7.5-8 days of continuous exposure.

Table 3. LT5 values in days (£95% confidence intervals) for Parramatta (resistant) and Monheim
(susceptible) Cimex lectularius when assayed against Bed Bug Killer Powder (only tested at
1.0x label rate).

Treatment Label Rate Strain LT5p (Days) 95% CI (Lower) 95% CI (Upper)

1.0x Parramatta 7.42 6.54 8.30
1.0x Monheim 8.12 6.99 9.25

Bed Bug Killer
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4. Discussion

Insecticide tolerance is defined as the “the natural ability of a population to withstand the toxic
effect of a particular insecticide” [55] and in contrast to resistance is not, per se, a genetic change as
a result of selection pressure. However, it may nonetheless be a by-product of an insect’s inherent
physiological ability to detoxify an insecticide or resist penetration through the thickening of the
integument. As far as current knowledge exists, desiccant dusts act exclusively on the cuticle, and the
results of this study suggest that bed bugs that possess cuticle thickening as a mechanism to resist
insecticides also then exhibit tolerance to desiccant dusts if exposed to sub-label rates.

Upon exposure to a silica gel product, CimeXa Insecticide Dust, applied at half the prescribed
label rate, the Parramatta (resistant) bed bugs were able to survive an additional 10 h compared
to the Monheim (susceptible) strain. The estimated LT5q for the resistant bugs was also found to
be statistically significantly different, at approximately 50% more than the LT5y of the susceptible
strain. Despite this, label rate application of the product achieved 100% mortality after 36 h, with near
identical estimated LT5p values suggesting the product remains efficacious against resistant strains
when used according to label directions. The diatomaceous earth product, Bed Bug Killer Powder, was
found to be extremely slow acting compared to CimeXa, but was ultimately efficacious over the long
term with no statistically significant differences observed after 14 days.

The results of this study conform to the findings of several laboratory and field studies into the
effectiveness of various dust products against resistant and susceptible C. lectularius strains. In the
United States, assays employing CimeXa against C. lectularius found that it was the only product of
eight tested (including several other insecticide-only products, one insecticide + 95% diatomaceous
earth product, and one 100% diatomaceous earth product) that resulted in 100% mortality regardless
of whether bed bugs were temporarily exposed, forcibly and continuously exposed, or offered a
treated /untreated harborage choice [47]. CimeXa was also found to transfer and induce mortality
between treated and untreated bed bugs effectively at ratios of both 1:5 and 4:6 [47]. Separately, CimeXa
was found to be highly efficacious against two pyrethroid-resistant strains and one susceptible strain
of C. lectularius, with mortality in a laboratory-based assessment typically reaching 100% after only
24-48 h [45], as was predominantly achieved in this study.

A combination desiccant and insecticide, Drione Insecticide (1% pyrethrins, 10% piperonyl
butoxide, 40% silica gel, Bayer Environmental Science, Research Triangle Park, NC, USA), was also
found to work quickly (50% survival < 1 day) on hardboard and mattress-fabric surfaces, while an
insecticide only dust, DeltaDust (0.05% deltamethrin, Bayer Environmental Science, Research Triangle
Park, NC, USA), took significantly longer (50% survival = 3.5 days) to achieve an equivalent degree of
mortality [12]. Interestingly, when tested in the same experiment, the excipient of Drione, Syloid 224
(Grace Davison, Columbia, MD, USA) performed better than Drione itself, a result explained by the
fact that the end-product of Drione consists of 40% less silica that Syloid 224. The authors concluded
that desiccant dusts “appear to be superior to sprayable pyrethroid products for killing bed bugs” [12].

In a similar comparative study of three desiccant dust products against US-sourced pyrethroid
susceptible and resistant strains, Drione again proved efficacious against the resistant bed bugs,
achieving 100% mortality in 72 h [46]. Drione also worked faster compared to a diatomaceous
earth-based formulation, Mother Earth D (Whitmire Micro-Gen Research Laboratories Inc., St. Louis,
MO, USA), which resulted in >90% mortality in the first 4 days, and an eventual 100% after 10 days [46].
A third, limestone-based product, NIC 325 (ACM-Texas, Fort Collins, CO, USA), proved to be
ineffective against both susceptible and resistant strains. Interestingly, in the same study, Tempo
Dust (1% cyfluthrin, Bayer Environmental Science, Research Triangle Park, NC, USA) proved to be
the most efficacious product, killing all strains (including pyrethroid resistant strains) within 24 h.
The authors theorized this could be as a result of other inert products in the formulation improving
uptake of the insecticide.

In an Australian study employing diatomaceous earth, 100% mortality was also achieved with
the highest dose after 9 days, and 15 days for all other doses against a pyrethroid-resistant strain
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of C. lectularius [24]. In the same study, nymphs were found to be significantly more susceptible,
with 99% mortality achieved after only 2 days, although this result was unsurprising as it is
known bed bug nymphs can lose water rapidly and thus are more susceptible to water stress [56].
The response of nymphs and adult females was not assessed in this study but may be an area worthy
of further investigation.

Several studies have also been undertaken examining, in a mostly indirect manner, the
efficaciousness of desiccant dusts as part of treatments for C. lectularius control in low economic
or social housing [27,29,30]. When either Tempo Dust or Mother Earth D were included as part of
an “Insecticides Only” or “IPM” program for the treatment of a low-income housing building in
Indianapolis, IN, reductions of 33% and 44% respectively were seen after 10 weeks [30]. Both dusts
were applied to many areas (such as cracks and seams around sofas and sleeping areas), although no
indication was recorded by the authors as to the rationale for selecting Tempo or Mother Earth D for use,
thus making direct inferences about the performance of each treatment regime and dust against each
other difficult. Nonetheless, in a separate study employing a similar methodology, use of Mother Earth
D, bed bug interceptor traps, and steam treatments, achieved a 97.6% (+1.6%) reduction in the number
of bed bugs after 10 weeks suggesting some efficacy at population reduction over the long term [29],
although again the relative contribution of each of the program components to the overall reduction
is impossible to gauge. Additionally, despite the promising levels of bed bug population reduction,
complete eradication was ultimately only achieved in 50% of the treated apartments, suggesting that a
refinement in non-chemical control options or a secondary insecticide treatment method is needed to
make the final step to elimination.

The main contrasting study to the above results achieved with diatomaceous earth concerns
a field trial run in Kentucky, USA, where Mother Earth D was used exclusively in six domestic
apartments, with neither chemical nor non-chemical complementary treatments undertaken over
the course of an initially planned 12-week trial [48]. However, five of the six apartments had to
be withdrawn prematurely from the study due to tenant dissatisfaction, and despite the intensive
inspection and treatment with diatomaceous earth, average bed bug counts rose by 1%. The only
apartment successfully treated involved a minor infestation, and a tenant that travelled frequently and
thus was away for periods of the trial. A suspected reason for the failure was that bed bugs were only
receiving “abbreviated” exposure to the dusts and were thus not receiving a lethal dose [48].

Similarly, Alpine Dust Insecticide (0.25% dinotefuran, 95% diatomaceous earth dust, Whitmire
Micro-Gen Research Laboratories Inc., St. Louis, MO, USA) was evaluated in combination with
Alpine Aerosol (0.5% dinotefuran, Whitmire Micro-Gen Research Laboratories, St. Louis, MO, USA)
across nine C. lectularius infested apartments. Despite dramatically reducing the amount of insecticide
applied in the course of a routine bed bug treatment, after 6 months bed bugs had only been eliminated
from three apartments (as measured by visual inspection and monitoring devices), suggesting that
exclusively employing a combination of neonicotinoid plus diatomaceous earth based treatments also
is not, by itself, an effective solution [27]. This may be due to the recent emergence of neonicotinoid
resistance in the United States [8] or, as the authors suggest, the consequence of a generally scattered
bed bug distribution as a result of resident’s relocating infested belongings. However, a second study
examining 6-month aged residues of Alpine Dust Insecticide found the product resulted in only 40%
mortality when tested against susceptible C. lectularius, and negligible mortality against resistant C.
lectularius, further suggesting this product should only be included as part of a completely integrated
program of other control methods for long-term reduction or control against modern field strains of
bed bugs [44].

The results of this study have important implications for future use of such desiccant dust products.
Any enhancement of underlying insecticide resistance mechanisms (such as cuticle thickening) that are
present within pyrethroid-resistant strains may eventually, if unmanaged, lead to increased tolerance
or the possible development of cross resistance. Evidence from stored product pests has shown
that, with continued exposure to desiccant dusts, some species have developed tolerance to the
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point of compromising product efficacy, and are thus at the threshold of evolving from tolerant to
resistant [38]. For example, tolerant Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae) beetles
have been found to both avoid diatomaceous earth dust residues down to levels as low as 75 ppm and,
when forced into a treated area, will have decreased movements compared to non-tolerant strains [57].
Similarly, silica gels are known to be highly repellent to Blatella germanica L. (Blattodea: Blattellidae) [58].
Such adaptions, if translated to bed bugs, may complicate the development of devices such as some
lethal harbourage traps which rely on the ability of bed bugs to enter traps and /or horizontally transfer
small amounts of insecticidal dusts to other bed bugs, most likely during contact in a harbourage [59].

The result is also concerning when considering evidence that, under normal circumstances,
pyrethroid-resistant bed bugs are more vulnerable to starvation than susceptible bugs [60], a response
that is likely due to a combination of factors such as differences in size to volume ratios between
resistant and susceptible bugs, and increased susceptibility to dehydration with decreasing size.
Of note, however, is that the Parramatta (resistant) strain of C. lectularius used in this study has been
found to be significantly smaller than the comparison Monheim (susceptible) strain bugs, on some
body features up to 10 percent [50]. Conventional theory would dictate that the smaller the insect, the
more susceptible to dehydration it becomes [61]. However, as water-loss through the cuticle accounts
for >80% of overall water-loss [62,63], the potential for a thickened cuticle layer to potentially provide
greater tolerance to dehydration and, thus indirectly, increased tolerance to desiccant dusts warrants
further monitoring and investigation.

5. Conclusions

This study demonstrates that a pyrethroid-resistant strain of C. lectularius that possesses multiple
resistance mechanisms, including cuticular thickening, is mildly tolerant to sub-label rates of silica
gel-based dusts. Despite this, the development and inclusion of desiccant dusts, both diatomaceous
earth and silica gel-based, for the control of bed bugs, presents as one of the more promising
developments since the bed bug resurgence began. Nonetheless, preliminary evidence that resistance
mechanisms derived from underlying pyrethroid-resistance may confer a natural level of tolerance
to low doses of such dusts provides an early warning that any new or existing artificial selection
in response to the use of insecticides will, inevitably, lead to a genetic change and the eventual
manifestation of resistance.

Acknowledgments: The study was largely funded by an Australian Postgraduate Award from the Department
of Industry, Innovation, Science, Research and Tertiary Education, Australian Government and administered
by the University of Sydney as a student stipend. Partial funding through a postgraduate industry grant was
received from Bayer CropScience Pty Ltd., Australia (www.bayercropscience.com.au) and was administered by
the University of Sydney. The authors wish to thank the staff of Westmead Hospital Department of Animal Care
and the Department of Medical Entomology for their assistance with colony maintenance.

Author Contributions: Conceived and designed the experiments: David G. Lilly, Cameron E. Webb, and
Stephen L. Doggett. Performed the experiments: David G. Lilly. Analyzed the data: David G. Lilly and Cameron
E. Webb. Contributed reagents/materials/analysis tools: David G. Lilly and Cameron E. Webb. Wrote the paper:
David G. Lilly, Cameron E. Webb, and Stephen L. Doggett.

Conflicts of Interest: David G. Lilly received partial funding from Bayer CropScience Pty Ltd. The funders
had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.
No agreement or product-in-kind was entered into or received from the respective product manufacturers
or suppliers.

References

1.  Doggett, S.L.; Dwyer, D.E.; Pefias, P.E; Russell, R.C. Bed bugs: Clinical relevance and control options.
Clin. Microbiol. Rev. 2012, 25, 164-192. [CrossRef] [PubMed]

2. Minocha, R.; Wang, C.; Dang, K.; Webb, C.E.; Pefias, PF; Doggett, S.L. Systemic and erythrodermic reactions
following repeated exposure to bites from the Common bed bug, Cimex lectularius. Aust. Entomol. 2016,
in press. [CrossRef]


www.bayercropscience.com.au
http://dx.doi.org/10.1128/CMR.05015-11
http://www.ncbi.nlm.nih.gov/pubmed/22232375
http://dx.doi.org/10.1111/aen.12250

Insects 2016, 7, 74 10 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Doggett, S.L. A Code of Practice for the Control of Bed Bug Infestations in Australia, 4th ed.; Department of
Medical Entomology and The Australian Environmental Pest Managers Association: Sydney, Australia,
2013; p. 44.

Doggett, S.L.; Orton, C.J.; Lilly, D.G.; Russell, R.C. Bed bugs: The Australian response. Insects 2011, 2, 96-111.
[CrossRef] [PubMed]

Lilly, D.G.; Zalucki, M.P; Orton, C.J.; Russell, R.C.; Webb, C.E.; Doggett, S.L. Confirmation of insecticide
resistance in Cimex lectularius (Hemiptera: Cimicidae) in Australia. Aust. Entomol. 2015, 54, 96-99. [CrossRef]
Romero, A.; Anderson, T.D. High levels of resistance in the common bed bug, Cimex lectularius (Hemiptera:
Cimicidae), to neonicotinoid insecticides. |. Med. Entomol. 2016, 53, 727-731. [CrossRef] [PubMed]
Kilpinen, O.; Kristensen, M.; Vagn Jensen, K.M. Resistance differences between chlorpyrifos and synthetic
pyrethroids in Cimex lectularius population from Denmark. Parasitol. Res. 2011, 109, 1461-1464. [CrossRef]
[PubMed]

Karunaratne, S.H.P.P.; Damayanthi, B.T.; Fareena, M.H.].; Imbuldeniya, V.; Hemingway, J. Insecticide
resistance in the tropical bedbug Cimex hemipterus. Pestic. Biochem. Physiol. 2007, 88, 102-107. [CrossRef]
Suwannayod, S.; Chanbang, Y.; Buranapanichpan, S. The life cycle and effectiveness of insecticides against
the bed bugs of Thailand. Southeast Asian ]. Trop. 2010, 41, 548-554.

Tawatsin, A.; Thavara, U.; Chompoosri, J.; Phusup, Y.; Jonjang, N.; Khumsawads, C.; Bhakdeenuan, P;
Sawanpanyalert, P.; Asavadachanukorn, P.; Mulla, M.S.; et al. Insecticide resistance in bedbugs in
Thailand and laboratory evaluation of insecticides for the control of Cimex hemipterus and Cimex lectularius
(Hemiptera: Cimicidae). J. Med. Entomol. 2011, 48, 1023-1030. [CrossRef] [PubMed]

Adelman, Z.N; Kilcullen, K. A.; Koganemaru, R.; Anderson, M.A.E.; Anderson, T.D.; Miller, D.M. Deep
sequencing of pyrethroid-resistant bed bugs reveals multiple mechanisms of resistance within a single
population. PLoS ONE 2011, 6, €26228. [CrossRef] [PubMed]

Anderson, J.F; Cowles, R.S. Susceptibility of Cimex lectularius (Hemiptera: Cimicidae) to pyrethroid
insecticides and to insecticidal dusts with or without pyrethroid insecticides. J. Econ. Entomol. 2012,
105, 1789-1795. [CrossRef] [PubMed]

Dang, K.; Toi, C.S,; Lilly, D.G.; Bu, W.; Doggett, S.L. Detection of knockdown resistance (kdr) mutations in the
common bed bug, Cimex lectularius (Hemiptera: Cimicidae) in Australia. Pest. Manag. Sci. 2015, 71, 914-922.
[CrossRef] [PubMed]

Dang, K.; Toi, C.S,; Lilly, D.G.; Lee, C.Y,; Naylor, R.; Tawatsin, A.; Thavara, U.; Bu, W.; Doggett, S.L.
Identification of putative kdr mutations in the tropical bed bug, Cimex hemipterus (Hemiptera: Cimicidae).
Pest. Manag. Sci. 2015, 71, 1015-1020. [CrossRef] [PubMed]

Gordon, J.R.; Goodman, M.H.; Potter, M.F.,; Haynes, K.F. Population variation in and selection for resistance
to pyrethroid-neonicotinoid insecticides in the bed bug. Sci. Rep. 2014, 4, 1-7. [CrossRef] [PubMed]
Koganemaru, R.; Miller, D.M.; Adelman, Z.N. Robust cuticular penetration resistance in the common bed
bug (Cimex lectularius L.) correlates with increased steady-state transcript levels of CPR-type cuticle protein
genes. Pestic. Biochem. Physiol. 2013, 106, 190-197.

Myamba, J.; Maxwell, C.A.; Asidi, A.; Curtis, C.F. Pyrethroid resistance in tropical bedbugs, Cimex hemipterus,
associated with use of treated bednets. Med. Vet. Entomol. 2002, 16, 448-451. [CrossRef] [PubMed]

Romero, A.; Potter, M.E,; Potter, D.A.; Haynes, K.F. Insecticide resistance in the bed bug: A factor in the pest’s
sudden resurgence? |. Med. Entomol. 2007, 44, 175-178. [PubMed]

Zhu, E; Gujar, H.; Gordon, J.R.; Haynes, K.E,; Potter, M.F,; Palli, S.R. Bed bugs evolved unique adaptive
strategy to resist pyrethroid insecticides. Sci. Rep. 2013. [CrossRef] [PubMed]

Zhu, E; Sams, S.; Moural, T.; Haynes, K.E,; Potter, M.E,; Palli, S.R. RNA interference of NADPH-cytochrome
P450 reductase results in reduced insecticide resistance in the bed bug, Cimex lectularius. PLoS ONE 2012,
7,€31037. [CrossRef] [PubMed]

Zhu, E; Wigginton, J.; Romero, A.; Moore, A.; Ferguson, K.; Palli, R.; Potter, M.F.; Haynes, K.F; Palli, S.R.
Widespread distribution of knockdown resistance mutations in the bed bug, Cimex lectularius (Hemiptera:
Cimicidae), populations in the United States. Arch. Insect Biochem. 2010, 73, 245-257. [CrossRef] [PubMed]
Moore, D.J.; Miller, D.M. Laboratory evaluations of insecticide product efficacy for control of Cimex lectularius.
J. Econ. Entomol. 2006, 99, 2080-2086. [CrossRef] [PubMed]

Campbell, B.E.; Miller, D.M. Insecticide resistance in eggs and first instars of the bed bug, Cimex lectularius
(Hemiptera: Cimicidae). Insects 2015, 6, 122-132. [CrossRef] [PubMed]


http://dx.doi.org/10.3390/insects2020096
http://www.ncbi.nlm.nih.gov/pubmed/26467616
http://dx.doi.org/10.1111/aen.12098
http://dx.doi.org/10.1093/jme/tjv253
http://www.ncbi.nlm.nih.gov/pubmed/26823499
http://dx.doi.org/10.1007/s00436-011-2423-3
http://www.ncbi.nlm.nih.gov/pubmed/21626157
http://dx.doi.org/10.1016/j.pestbp.2006.09.006
http://dx.doi.org/10.1603/ME11003
http://www.ncbi.nlm.nih.gov/pubmed/21936321
http://dx.doi.org/10.1371/journal.pone.0026228
http://www.ncbi.nlm.nih.gov/pubmed/22039447
http://dx.doi.org/10.1603/EC12089
http://www.ncbi.nlm.nih.gov/pubmed/23156178
http://dx.doi.org/10.1002/ps.3861
http://www.ncbi.nlm.nih.gov/pubmed/25046700
http://dx.doi.org/10.1002/ps.3880
http://www.ncbi.nlm.nih.gov/pubmed/25132449
http://dx.doi.org/10.1038/srep03836
http://www.ncbi.nlm.nih.gov/pubmed/24452337
http://dx.doi.org/10.1046/j.1365-2915.2002.00389.x
http://www.ncbi.nlm.nih.gov/pubmed/12510899
http://www.ncbi.nlm.nih.gov/pubmed/17427684
http://dx.doi.org/10.1038/srep01456
http://www.ncbi.nlm.nih.gov/pubmed/23492626
http://dx.doi.org/10.1371/journal.pone.0031037
http://www.ncbi.nlm.nih.gov/pubmed/22347424
http://dx.doi.org/10.1002/arch.20355
http://www.ncbi.nlm.nih.gov/pubmed/20301216
http://dx.doi.org/10.1603/0022-0493-99.6.2080
http://www.ncbi.nlm.nih.gov/pubmed/17195676
http://dx.doi.org/10.3390/insects6010122
http://www.ncbi.nlm.nih.gov/pubmed/26463070

Insects 2016, 7, 74 11 of 12

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Doggett, S.L.; Russell, R.C. The resurgence of bed bugs, Cimex spp. (Hemiptera: Cimicidae) in Australia.
In Proceedings of the Sixth International Conference on Urban Pests, Budapest, Hungary, 13-16 July 2008;
Robinson, W.H., Bajomi, D., Eds.; OOK-Press: Veszprém, Budapest, Hungary, 2008; pp. 407-425.

Wang, C.L.; Saltzmann, K.; Chin, E.; Bennett, G.W.; Gibb, T. Characteristics of Cimex lectularius (Hemiptera:
Cimicidae), infestation and dispersal in a high-rise apartment building. J. Econ. Entomol. 2010, 103, 172-177.
[CrossRef] [PubMed]

Potter, M.F.; Haynes, K.E,; Romero, A.; Hardebeck, E.; Wickemeyer, W. Is there a new bed bug answer?
Pest Control Technol. 2008, 36, 118-124.

Singh, N.; Wang, C.L.; Cooper, R. Effectiveness of a reduced-risk insecticide based bed bug management
program in low-income housing. Insects 2013, 4, 731-742. [CrossRef] [PubMed]

Potter, M.E;; Haynes, K.F.; Fredericks, J. Bed bugs across America: The 2015 bugs without borders survey.
Pestworld 2015, 7, 4-14.

Wang, C.L.; Gibb, T.; Bennett, G.W. Evaluation of two least toxic integrated pest management programs
for managing bed bugs (Heteroptera: Cimicidae) with discussion of a bed bug intercepting device.
J. Med. Entomol. 2009, 46, 566-571. [CrossRef] [PubMed]

Wang, C.L.; Saltzmann, K; Bennett, G.; Gibb, T. Comparison of three bed bug management strategies in a
low-income apartment building. Insects 2012, 3, 402-409. [CrossRef] [PubMed]

Wang, C.L.; Singh, N.; Cooper, R.A.; Liu, C.F; Buczkowski, G. Evaluation of an insecticide dust band
treatment method for controlling bed bugs. J. Econ. Entomol. 2013, 106, 347-352. [CrossRef] [PubMed]
Ebeling, W. Sorptive dusts for pest control. Annu. Rev. Entomol. 1971, 16, 123-158. [CrossRef] [PubMed]
Golob, P. Current status and future perspectives for inert dusts for control of stored product insects. J. Stored
Prod. Res. 1997, 33, 69-79. [CrossRef]

Quarles, W.; Winn, P.S. Diatomaceous earth and stored product pests. IPM Pract. 1996, 18, 1-10.
Subramanyam, B.; Roesli, R. Inert dusts. In Alternatives to Pesticides in Stored-Product IPM; Subramanyam, B.,
Hagstrum, D.W., Eds.; Springer: Boston, MA, USA, 2000; pp. 321-380.

Ebeling, W. Wood destroying insects and fungi. In Urban Entomology; University of California, Division of
Agriculture Science: Berkeley, CA, USA, 1975; pp. 128-167.

McLaughlin, A. Laboratory trials on desiccant dust insecticides. In Proceedings of the 6th International
Working Conference on Stored-Product Protection, Canberra, Australia, 17-23 April 1994; Highley, E.,
Wright, E.J., Banks, H.J., Champ, B.R,, Eds.; CAB International: Wallingford, UK, 1994; pp. 638-645.
Prasantha, B.D.R.; Reichmuth, C.; Adler, C.; Felgentreu, D. Lipid adsorption of diatomaceous earths and
increased water permeability in the epicuticle layer of the cowpea weevil Callosobruchus maculatus (E.) and
the bean weevil Acanthoscelides obtectus (Say) (Chrysomelidae). J. Stored Prod. Res. 2015, 64, 36—41. [CrossRef]
Korunic, Z. Diatomaceous earths, a group of natural insecticides. ]. Stored Prod. Res. 1998, 34, 87-97.
[CrossRef]

Malia, H.A.E.; Rosi-Denadai, C.A.; Guedes, N.M.P.,; Martins, G.F.; Guedes, R.N.C. Diatomaceous earth
impairment of water balance in the maize weevil, Sitophilus zeamais. ]. Pest Sci. 2016, 89, 945-954. [CrossRef]
Akhtar, Y.; Isman, M.B. Efficacy of diatomaceous earth and a DE-aerosol formulation against the common
bed bug, Cimex lectularius Linnaeus in the laboratory. J. Pest. Sci. 2016, 89, 1013-1021. [CrossRef]

Benoit, J.B.; Phillips, S.A.; Croxall, T.J.; Christensen, B.S.; Yoder, J.A.; Denlinger, D.L. Addition of
alarm pheromone components improves the effectiveness of desiccant dusts against Cimex lectularius.
J. Med. Entomol. 2009, 46, 572-579. [CrossRef] [PubMed]

Donahue, W.A,, Jr.; Showler, A.T.; Donahue, M.W.; Vinson, B.E.; Hui, L.; Osbrink, W.L.A. Knockdown and
lethal effects of eight commercial nonconventional and two pyrethroid insecticides against moderately
permethrin-resistant adult bed bugs, Cimex lectularius (L.)(Hemiptera: Cimicidae). Biopestic. Int. 2015, 11,
108-117.

Goddard, J. Long-term efficacy of various natural or “green” insecticides against bed bugs: A double-blind
study. Insects 2014, 5, 942-951. [PubMed]

Potter, M.F,; Haynes, K.F.; Gordon, ].R.; Washburn, L.; Washburn, M.; Hardin, T. Silica gel: A better bed bug
dessicant. Pest Control Technol. 2014, 42, 76-84.

Romero, A.; Potter, M.E; Haynes, K.E. Are dusts the bed bug bullet. Pest Manag. Prof. 2009, 77, 22-30.


http://dx.doi.org/10.1603/EC09230
http://www.ncbi.nlm.nih.gov/pubmed/20214383
http://dx.doi.org/10.3390/insects4040731
http://www.ncbi.nlm.nih.gov/pubmed/26462533
http://dx.doi.org/10.1603/033.046.0322
http://www.ncbi.nlm.nih.gov/pubmed/19496428
http://dx.doi.org/10.3390/insects3020402
http://www.ncbi.nlm.nih.gov/pubmed/26466533
http://dx.doi.org/10.1603/EC12259
http://www.ncbi.nlm.nih.gov/pubmed/23448050
http://dx.doi.org/10.1146/annurev.en.16.010171.001011
http://www.ncbi.nlm.nih.gov/pubmed/4324088
http://dx.doi.org/10.1016/S0022-474X(96)00031-8
http://dx.doi.org/10.1016/j.jspr.2015.08.003
http://dx.doi.org/10.1016/S0022-474X(97)00039-8
http://dx.doi.org/10.1007/s10340-016-0732-0
http://dx.doi.org/10.1007/s10340-015-0722-7
http://dx.doi.org/10.1603/033.046.0323
http://www.ncbi.nlm.nih.gov/pubmed/19496429
http://www.ncbi.nlm.nih.gov/pubmed/26462950

Insects 2016, 7, 74 12 of 12

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Singh, N.; Wang, C.; Wang, D.; Cooper, R.; Zha, C. Comparative efficacy of selected dust insecticides for
controlling Cimex lectularius (Hemiptera: Cimicidae). . Econ. Entomol. 2016, 109, 1819-1826. [CrossRef]
[PubMed]

Potter, M.F.; Haynes, K.F.; Christensen, C.; Neary, T.J.; Turner, C.R.; Washburn, L.; Washburn, M. Where do
bed bugs stand when the dust settles? Pest Control Technol. 2013, 41, 72-78.

Aak, A.; Roligheten, E.; Rukke, B.A.; Birkemoe, T. Desiccant dust and the use of CO; gas as a mobility
stimulant for bed bugs: A potential control solution? J. Pest Sci. 2016. [CrossRef]

Lilly, D.G.; Latham, S.L.; Webb, C.E.; Doggett, S.L. Cuticle thickening in a pyrethroid-resistant strain of the
common bed bug, Cimex lectularius L. (Hemiptera: Cimicidae). PLoS ONE 2016, 11, e0153302. [CrossRef]
[PubMed]

Usinger, R.L. Monograph of Cimicidae (Hemiptera—Heteroptera); Entomological Society of America: College Park,
MD, USA, 1966.

Lilly, D.G.; Dang, K.; Webb, C.E.; Doggett, S.L. Evidence for metabolic pyrethroid resistance in the common
bed bug (Hemiptera: Cimicidae). ]. Econ. Entomol. 2016, 109, 1364-1368. [CrossRef] [PubMed]

Dang, K; Lilly, D.G.; Bu, W.; Doggett, S.L. Simple, rapid and cost-effective technique for the detection of
pyrethroid resistance in bed bugs, Cimex spp. (Hemiptera: Cimicidae). Aust. Entomol. 2015, 54, 191-196.
WHO. Test Procedures for Insecticide Resistance Monitoring, Bio-Efficacy and Persistence of Insecticides on Treated
Surfaces; WHO/CDS/CPC/MAL/98.12; World Health Organization: Geneva, Switzerland, 1998; pp. 1-43.
Yu, S.J. Insecticide resistance. In The Toxicology and Biochemistry of Insecticides, 2nd ed.; CRC Press: Boca Raton,
FL, USA, 2015; pp. 257-321.

Benoit, ].B.; Del Grosso, N.A.; Yoder, ].A.; Denlinger, D.L. Resistance to dehydration between bouts of blood
feeding in the bed bug, Cimex lectularius, is enhanced by water conservation, aggregation, and quiescence.
Am. ]. Trop. Med. Hyg. 2007, 76, 987-993. [PubMed]

Rigaux, M.; Haubruge, E.; Fields, P.G. Mechanisms for tolerance to diatomaceous earth between strains of
Tribolium castaneum. Entomol. Exp. Appl. 2001, 101, 33-39. [CrossRef]

Ebeling, W. Inorganic insecticides and dusts. In Understanding and Controlling the German Cockroach;
Rust, M.K., Owens, .M., Reierson, D.A., Eds.; Oxford University Press: Oxford, UK; New York, NY,
USA, 1995; pp. 193-230.

Akhtar, Y.; Isman, M.B. Horizontal transfer of diatomaceous earth and botanical insecticides in the common
bed bug, Cimex lectularius L.; Hemiptera: Cimicidae. PLoS ONE 2013, 8, €75626. [CrossRef] [PubMed]
Polanco, A.M.; Miller, D.M.; Brewster, C.C. Survivorship during starvation for Cimex lectularius L. Insects
2011, 2, 232-242. [CrossRef] [PubMed]

Gibbs, A.G.; Rajpurohit, S. Cuticular lipids and water balance. In Insect Hydrocarbons: Biology, Biochemistry,
and Chemical Ecology; Blomquist, G.J., Bagneres, A.-G., Eds.; Cambridge University Press: Cambridge, UK;
New York, NY, USA, 2010; pp. 100-120.

Chown, S.L.; Gibbs, A.G.; Hetz, S.K; Klok, CJ.; Lighton, ].R.B.; Marais, E. Discontinuous gas exchange in
insects: A clarification of hypotheses and approaches. Physiol. Biochem. Zool. 2006, 79, 333-343. [CrossRef]
[PubMed]

Quinlan, M.C.; Gibbs, A.G. Discontinuous gas exchange in insects. Respir. Physiol. 2006, 154, 18-29.
[CrossRef] [PubMed]

® © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1093/jee/tow129
http://www.ncbi.nlm.nih.gov/pubmed/27377377
http://dx.doi.org/10.1007/s10340-016-0784-1
http://dx.doi.org/10.1371/journal.pone.0153302
http://www.ncbi.nlm.nih.gov/pubmed/27073871
http://dx.doi.org/10.1093/jee/tow041
http://www.ncbi.nlm.nih.gov/pubmed/27018436
http://www.ncbi.nlm.nih.gov/pubmed/17488928
http://dx.doi.org/10.1046/j.1570-7458.2001.00888.x
http://dx.doi.org/10.1371/journal.pone.0075626
http://www.ncbi.nlm.nih.gov/pubmed/24086593
http://dx.doi.org/10.3390/insects2020232
http://www.ncbi.nlm.nih.gov/pubmed/26467625
http://dx.doi.org/10.1086/499992
http://www.ncbi.nlm.nih.gov/pubmed/16555192
http://dx.doi.org/10.1016/j.resp.2006.04.004
http://www.ncbi.nlm.nih.gov/pubmed/16870512
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Experimental Insects 
	Products 
	Desiccant Dust Assays 

	Results 
	Discussion 
	Conclusions 

