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Abstract

Background—The global prevalence of Cimex lectularius infestations has challenged current
intervention efforts, as pyrethroid resistance has become ubiquitous, availability of labeled
insecticides for bed bugs is limited, and non-chemical treatment options, such as heat, are often
unaffordable. We evaluated representative insecticides toward the goal of developing a novel,
ingestible liquid bait for hematophagous arthropods.

Results—L Cgq values were estimated for adult males and first instar nymphs of an insecticide-
susceptible strain for abamectin, clothianidin, fipronil and indoxacarb, after ingestion from an /n
vitro feeder. LDsgq values were calculated based on the ingested blood volume. Ingested abamectin,
clothianidin and fipronil caused rapid mortality in both life stages. Fipronil was ~43-fold more
effective by ingestion than by topical application. Indoxacarb and its bioactive metabolite
decarbomethoxyllated JW062 (DCJW) were ineffective at causing bed bug mortality even at
concentrations as high as 1000 ng mL™1 blood.

Conclusions—Fipronil, clothianidin and abamectin have potential for being incorporated into a
liquid bait for bed bug control; indoxacarb and DCJW were not effective. Bed bugs are a good
candidate for an ingestible liquid bait because systemic formulations generally require less active
ingredient than residual sprays, they remain contained and more effectively target hematophagous
arthropods.
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1 Introduction

The incidence and prevalence of bed bug infestations are on the rise worldwide. There does
not appear to be a human environment that is unacceptable to bed bugs! and because Cimex
lectularius accepts a variety of vertebrate hosts, bed bug reservoirs can be sustained in pet
shops and confined animal production farms. Infestations can have significant economic
impacts on households, the hospitality industry and poultry farms.2 The public health
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impacts of bed bugs are arguably as important, not only because they are obligatory blood
feeders with potential to vector pathogens,3 but also because of the anxiety, sleeplessness
and ostracism associated with infestations. Bed bug saliva can cause skin irritation, ranging
from mild annoyance to severe dermatitis, and immune responses can occur soon after
feeding or days or even weeks later.> Itching may be so severe that chronic scratching often
leads to secondary infection(s).

Bed bug infestations are often controlled with insecticide sprays, heat treatments, fumigation
and sometimes freezing. However, each of these approaches has significant constraints and
short-comings. Pyrethroids are the most common class of insecticides labelled for bed bug
control, but resistance to pyrethroids has become widespread globally.”-10 Bioassays of
field-collected populations confirm extensive resistance to pyrethroids,1! but its
pervasiveness is especially highlighted by molecular analyses showing that >80% and >95%
of USA and European bed bug populations, respectively, carried one and/or both mutations
in the voltage-gated sodium channel gene, conferring target-site based pyrethroid
resistance.1- 12 Multiple molecular mechanisms that underlie resistance to pyrethroids also
include differential gene expression of carboxylesterases, P450s, glutathione-S-transferases
and cuticular protein genes that contribute to a thicker cuticle. 11. 13-16 Combinations of
pyrethroids with other classes of insecticides (e.g., imidacloprid/p-cyfluthrin or acetamiprid/
bifenthrin) also tend to be less effective due to pyrethroid resistance.1’ Overall, the
pervasiveness of pyrethroid resistance, and lack of reliable alternative insecticides have
resulted in repetitive applications by pest controllers, which ultimately results in large
amounts of residual insecticides in the home environment.18

Baits have been successfully deployed against major groups of urban pests, including ants,
cockroaches, termites and wasps.19-21 Bait formulations have several noteworthy
advantages. They are slower acting which allows time for foraging insects to return to their
harborage and potentially deliver the active ingredient (Al) — often in a palatable excretion —
to nestmates or aggregations,?? providing secondary effects of the insecticide.23: 24 Baits
often include attractants and phagostimulants that facilitate intake, and the formulation tends
to protect the Al from environmental factors (e.g., UV) giving it longer residual activity.22
Baits can be formulated to be insect-specific and they can be placed in desired locations to
more effectively target the pest. Finally, ingested insecticides (like pharmaceuticals) tend to
be more bioavailable and hence more effective at a lower dose than other formulations.
Because baits require greater concerted effort, including reduction of competing food
sources, they are generally a preferred formulation in the heterogeneous built environment
more than in vast agricultural fields where plants, often in monocultures, are the preferred
food.

In plant protection, systemic insecticides are effectively used to control a variety of
hemipteran species with piercing/sucking mouthparts.25 28 Als are taken up by the plant,
transported in phloem and are thus ingested in a liquid medium. An advantage of this system
is that attractants and phagostimulants are not necessary because the host plant serves this
function. A similar strategy has been exceptionally successful with vertebrate hosts in
veterinary medicine, where systemic insecticides are used to protect pets and farm animals
from ectoparasites. Als such as afoxolaner,2” members of the avermectin family,28 and a
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combination of spinosad and milbemycin oxime2® are ingested by dogs, cats and livestock to
control blood feeding arthropods, such as fleas and ticks.

Bed bugs are known to feed on a variety of vertebrate hosts associated with humans and
human-made structures.2 For example, C. fectularius populations thrive in poultry

farms30: 31 and associate with bats in roosts within urban structures.12 Their hemimetabolous
development and the absolute requirement for a blood meal by both sexes and all mobile life
stages? (unlike fleas, mosquitoes, and various flies including sand flies) make a baiting
system targeting bed bugs particularly appealing. Whether artificial formulations or live
hosts are considered as baits, it is essential to identify effective insecticides that would kill
bed bugs at low concentrations and would be compatible with these prospective approaches.

We report the evaluation of four insecticides with different modes of action as potential Als
for incorporation into an artificial liquid baiting system or a live baiting system. None of the
following insecticides are currently labeled for bed bug control. Abamectin is a member of
the avermectin (macrocylic lactones) family which are naturally derived from the soil
bacterium, Streptomyces avermitilis.32 1t has insecticidal, nematicidal and acaricidal
properties, and it targets the -y-aminobutyric (GABA) receptors and glutamate gated chloride
channels, resulting in paralysis.33: 3 Clothianidin is a neonicotinoid and an agonist to the
nicotinic acetylcholine receptors (NAChR).3%: 36 Fipronil is a phenylpyrazole that can act by
contact or systemically and, like abamectin, affects the GABA receptors and chloride
channels in the central and peripheral nervous system.33 However, unlike abamectin, fipronil
causes hyperexcitation of the nerves.3” Indoxacarb is an oxadiazine and is unique in that it
must be bioactivated within the insect and blocks sodium channels,38 consequently
pseudoparalysis occurs and neural activity ceases.3?

All four of these insecticides are active on insects with piercing/sucking mouthparts.
Fipronil and indoxacarb are used in topical treatments for dogs and cats. Fipronil has been
shown to cause mortality in fleas that feed on treated mice*C and indoxacarb not only causes
mortality in adult fleas, but also interrupts the development of flea eggs and larvae upon
contact with treated cats.#! Clothianidin has systemic activity in crop protection against
many species with piercing/sucking mouthparts.#Z Lastly, the avermectin class is widely
known for its systemic activity. Ivermectin kills mosquitoes and causes sublethal effects
such as lower fecundity of females that fed on treated cattle.*3 A recent study showed that
ivermectin also caused mortality in bed bugs fed on treated mice and humans.*#

2 Materials and Methods

2.1 Bed bugs and rearing procedures

Cimex lectularius colonies of the Harold Harlan strain (HH; also known as Fort Dix,
collected in 1973), which is known to be susceptible to pyrethroid insecticides, were
maintained in an incubator at 27°C, ~50% RH, and LD 12:12, and all experimental insects
were maintained in the same conditions. Colonies were fed defibrinated rabbit blood in an
artificial feeding system, as used in Romero and Schal (Fig. 1A).%° Briefly, custom-
fabricated water-jacketed glass condensers (Prism Research Glass, Raleigh, NC) served as
feeders. An internal reservoir (blood chamber) was surrounded by an outer reservoir
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(circulating water chamber) connected to a thermal circulator that circulated heated water
through the condenser to maintain blood near human body temperature (38.4°C). The
reservoir held up to ~4 mL of blood, but 2 mL were sufficient to eliminate air from the
feeder. Nescofilm® (Alfresa Pharma Corporation, Osaka, Japan) was stretched across the
bottom of the feeder and blood was introduced through an opening at the top. Feeders were
connected in series so several colonies could be fed concurrently. Bed bugs were housed in
containers or vials with paper inserts for harborage and plankton netting (BioQuip Products,
Rancho Dominguez, CA) on the top through which all life stages could feed.

All bed bugs were starved for 7-10 days prior to feeding or topical application assays. We
used adult males because they were more readily obtained and their physiological state is
relatively independent of reproductive cycles. In comparison, we also tested first instar
nymphs because they are much smaller and therefore take a much smaller blood meal.

2.2 Measurement of blood meal volume

Starved adult male bed bugs (5 males per replicate, 5 replicates, total 7=25) and first instar
nymphs (10 per replicate, 5 replicates, total 7/=50) were placed into 4 mL glass vials and
weighed prior to feeding. They were allowed to feed for 10 min on defibrinated rabbit blood.
Only fully fed individuals (determined visually) (Fig. 1D) were then reweighed and the mass
gain per individual was adjusted by the number of individuals that fed. We converted mass to
blood volume without making any corrections for the specific gravity of blood. However,
assuming a specific gravity of blood of 1.0506 at 37°C,*6 our volumetric estimates may be
inflated by ~5%.

2.3 In vitro feeding assays

2.3.1 Dimethyl sulfoxide (DMSO) dose response—DMSO was used as the vehicle
for all insecticides. Various amounts of DMSO were added to defibrinated rabbit blood to
obtain final concentrations of DMSO of 0% (blood only), 0.25%, 0.5%, 0.75% and 1%.
Only adult males were used in this assay. We used 3 replicates of 10 males for each
concentration of DMSO. Each replicate was placed in a 4 mL glass vial with a strip of
Manila folder (clinging substrate) that reached the top of the vial to facilitate feeding.

Each group was allowed to feed for 30 min. After the first 15 min a glass Pasteur pipette was
inserted into the internal reservoir and the blood was agitated. After 30 min of feeding, only
fully engorged bed bugs were separated and monitored daily for mortality for 7 days.

2.3.2 Insecticide in vitro feeding bioassays—Technical grade abamectin (98-99%,
Whitmire [now BASF], Research Triangle Park, NC), fipronil (88.7%, Aventis [now Bayer],
Research Triangle Park, NC), clothianidin (99.5%, Chem Service Inc., West Chester, PA),
indoxacarb (98.5%, Chem Service Inc., West Chester, PA) and DCJW (active form of
indoxacarb, 98%, DuPont, Wilmington, DE) were dissolved in DMSO to make stock
solutions of 10 mg Al mL~1 DMSO and then serially diluted in DMSO to obtain the desired
concentrations.

For each insecticide concentration we used 28-30 adult males and 24-30 first instar nymphs
per treatment group, with two control groups (defibrinated rabbit blood and defibrinated
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rabbit blood plus 0.75% DMSQ) and 6 treatment groups for each life stage tested. All
feedings were made in the scotophase, 2-8 hrs after lights-off.

2.4 Topical application assays

Fipronil and indoxacarb were dissolved in acetone to make a stock solution of 20 mg Al
mL~1 and then diluted in acetone. For each insecticide we used 30 adult males per dose
(solvent control group and 5 treatment groups; 77=180). Each replicate of 10 males was
placed in a 4 mL vial, immobilized on ice ~10-15 min, bed bugs were placed ventral side up
onto a filter paper (Whatman #1, 55 mm) in a petri dish (Falcon®, 60x15 mm), and 0.5 pL of
acetone or one of the pesticide doses in acetone was applied onto the thorax, between the
coxae, using a Hamilton syringe held in a manual micro-applicator (Hamilton Co., Reno,
NV). The acetone was allowed to evaporate and the Petri dish lid was then taped in place to
prevent the bugs from escaping. All applications were made in the scotophase, 2-8 hrs after
lights-off. Individuals were monitored and mortality was recorded daily for 5 days.

2.5 Statistical Analysis

Probit analysis was used to determine the concentration required to kill 50% of test insects
(LCsp) of each insecticide on days 1-7 using PoloPlus® (LeOra Software Company,
Petaluma CA). This software was also used to estimate the dose required to kill 50% of test
insects (LDsg) values from topical application assays.

3 Results

3.1 Ingested blood volume by adult males and first instars

All adult bed bugs fed to repletion (Table 1), and each adult male consumed a mean of 3.92
+ 0.21 pL (SE, n=25) of defibrinated rabbit blood (without DMSQO). The blood meal
represented 147.4% of the unfed body mass of an average adult male and resulted in ~2.5-
fold greater body mass of fed males. Fully engorged first instar nymphs (47 of 50) consumed
0.46 + 0.04 pL (r7=47) of blood, representing 219% of their unfed body mass, or a ~3.2-fold
greater body mass after feeding. Thus, there was nearly a tenfold difference in the blood
meal volume ingested by first instars and adult males, coincident with a tenfold difference in
their unfed body mass (Table 1). Therefore, on a mass Al per body mass basis, the dose-
response curves of insecticides are expected to be similar for these two life stages.

3.2 In vitro feeding assays

3.2.1 Effect of DMSO on bed bug mortality—A dose-response study was conducted to
determine the concentration of DMSO in defibrinated rabbit blood that could be used in
subsequent dose-response studies with insecticides. Most of the bed bugs fully engorged
even on the highest concentration of DMSO (Fig. 2). However, there was a dramatic increase
in mortality as DMSO concentration increased >0.75%. Thus, 0.75% DMSO in defibrinated
rabbit blood was deemed suitable because it caused only 10% mortality 7 days post
ingestion (/=30 bed bugs), which was the same as the blood-only control.

3.2.2 In vitro feeding assays with insecticides—The results of the /n vitro feeding
bioassays are shown in Table 2 and Fig. 3. Mortality was recorded for 7 days (supplemental
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information, Figs. S1-S4) but only results for day 3 are shown. Generally, the HH bed bugs
readily accepted and ingested the insecticides offered in rabbit blood, even at their highest
concentrations (Tables S1-S4). The order of toxicity of the four insecticides against fully
engorged bed bugs was determined to be fipronil > clothianidin > abamectin >>> indoxacarb
for both adult males and first instars based on results of probit analysis. We also estimated
the LDs5g ingested by adult males and first instars (LCsg % blood volume ingested); these
LDsq values may be compared to the results of topical applications.

Fipronil, clothianidin and abamectin were highly effective at causing 100% mortality in both
adult males and first instars by day 3 (Fig. 3, Table 2). HH strain bed bugs accepted fipronil,
with 85-100% fully engorging (Table S3). Fipronil was most effective with an LCsq value of
13.4 ng mL~1 blood and 6.84 ng mL~1 blood for adult males and first instars, respectively,
corresponding to LDsg values of only 52 pg male™ (3 pg nymph™1) and 8 pg mg~? fed male
body mass (0.4 pg mg~1 fed nymph body mass); fipronil caused 100% mortality at 100 ng
mL~1 blood in both adult males and first instars.

Both adult males and first instar nymphs readily accepted clothianidin, with 97-100% fully
engorging at all concentrations (Table S2). A concentration of 1000 ng mL1 blood
clothianidin caused 100% mortality in adult males and first instars by day 4 (Fig. S2). The
LCs values for adult males and first instars 3 days after ingestion of clothianidin were
similar to fipronil (Table 2). There were no appreciable changes in mortality between days 3
and 7 for both males and first instars (Fig. S2).

Abamectin was readily ingested by males and nymphs, with 93-100% of bed bugs fully
engorging even on the highest concentrations of abamectin (Table S1). Abamectin caused
100% mortality at 100 ng mL~ blood in both adult males and first instars, with LCsq values
~2.5-fold higher than for fipronil and clothianidin for adult males. LCsgq values for first
instars were similar for clothianidin and ~3-fold higher compared to fipronil (Table 2). Like
clothianidin, abamectin mortality increased only slightly between days 3 and 7 (Fig. S1).

Indoxacarb was variably ingested by the HH bed bugs. All first instar nymphs fully engorged
even on 1000 ng indoxacarb mL~1 blood, but 67-93% of adult males fully engorged on 25—
1000 ng indoxacarb mL~1 blood (Table S4). Surprisingly, ingested indoxacarb was
ineffective, with only <20% mortality at the highest concentration (1000 ng mL™1 blood; ~4
ng male™ or ~0.5 ng nymph~1) on day 3 (Fig. 3) and <90% mortality by day 7 (Fig. S4).
Probit analysis could not be performed with indoxacarb, but adult males were more
susceptible to it than first instars. The active metabolite of indoxacarb, DCJW, was slightly
more effective, causing 20% and 30% mortality by day 3 at concentrations of 100 and 1000
ng mL~1 blood, respectively (Fig. 3).

For clothianidin, the LCsgq values were not significantly different for adult males and first
instar nymphs, based on overlap of the 95% confidence intervals of both life stages. Using
the same criterion, first instars were significantly more sensitive to fipronil and abamectin
than adult males (Table 2). However, on a per mg body mass basis the clothianidin LDsgg
values were similar for males and first instars, 19 and 15 pg mg~1, respectively.
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3.3 Topical Applications

Mortality of HH strain males was monitored for 5 days (Fig. S5), but only day 3 results are
shown in Table 3 for each insecticide tested. Fipronil again was highly effective at causing
bed bug mortality 3 days after topical application; the LDz was 2.21 ng male™ (Table 3,
Fig. 4) compared to 0.052 ng male™! by ingestion (Table 2).

Indoxacarb caused some bed bug mortality 3 or 7 days after ingestion (Table 2, Fig. S4) or 5
days after topical application (Fig. S5), but only at extremely high doses of 3.9 ng insect™1
and 10,000 ng insect™1, respectively. Doses as high as 10 pg indoxacarb killed only <60% of
the HH bed bugs 5 days after topical application.

4 Discussion and Conclusions

4.1 Ingestible insecticides for bed bug control

Overall, three of the four insecticides we assayed by ingestion — abamectin, clothianidin and
fipronil — proved to be highly effective at causing bed bug mortality. Patterns of mortality
were similar for adult males and first instar nymphs of the Harold Harlan population, an
insecticide-susceptible strain that has been maintained in laboratory culture since 1973. On
the other hand, indoxacarb and DCJW were surprisingly ineffective at causing bed bug
mortality by ingestion, and topical applications confirmed that this insecticide is ineffective
against bed bugs. The same lot of indoxacarb was tested on the German cockroach, Blattella
germanica, and it was found to be effective,*’ indicating that the differential efficacy of
indoxacarb is related to its species-specific processing. It is unlikely that reduced cuticular
penetration of indoxacarb was involved because it was ineffective by ingestion. It is also
unlikely that indoxacarb was rapidly catabolized because it is a pro-insecticide and its major
metabolite, DCJW, was also ineffective. Although indoxacarb is particularly effective on
lepidopteran larvae, it is much less potent, especially on a per mg body mass basis, on
piercing sucking insects, beetles and even cockroaches.3® Notably, while indoxacarb was
active on Aedes aegypti mosquito larvae, it failed to kill adult female mosquitoes.*8
Likewise, indoxacarb was ineffective by topical application on first instars of the kissing bug
Triatoma infestans,*® suggesting that it may be generally ineffective on hematophagous
insects. Nevertheless, topical spot-on applications of indoxacarb were shown to be highly
effective against cat fleas on cats.>% We considered the possibility that bed bugs lack the
enzymes — presumably esterases — necessary to cleave indoxacarb to its N-
decarbomethoxyllated metabolite which is the active blocker of sodium-dependent action
potentials. However, DCJW, the active metabolite, was only slightly more effective by
ingestion than indoxacarb. Clearly, further research is needed to understand why indoxacarb
was ineffective on bed bugs and whether its activity can be synergized in an ingestible
formulation.

Oral administration of fipronil was much more effective than topical application, as
expected. Based on calculations of LDsq values, C. fectularius males were ~43-fold more
sensitive to fipronil by ingestion than by topical application, with remarkably high toxicity
of 8 pg per mg fed body mass by ingestion. The LCsq value for fipronil on bed bugs was 10-
fold lower than for afoxolaner on fleas; monthly treatments of dogs with oral dosages of 2.5
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mg kg~ afoxolaner maintains a plasma concentration >100 ng mL~1, and results in 100%
efficacy on fleas.2” These results support the notion that effective Als can be combined with
phagostimulants®® in a liquid bait that would use much less Al than is often used in residual
applications of insecticides.

Overall, our results with an /n vitro feeding system provide support for the concept that
liquid baits should be developed as a novel and valuable insecticide delivery system against
bed bugs and other hematophagous arthropods. Our experiments only evaluated the
responses of adult males and first instar nymphs. Future studies should investigate adult
females and sub-lethal effects on fecundity, egg viability, egg hatch and the ability of bed
bugs to refeed after sublethal exposure to insecticides. Also, recently collected field
populations should be examined to evaluate their susceptibility to these insecticides via
ingestion and topical application. The HH strain bed bugs readily accepted and ingested
even the highest concentrations of these insecticides, but the palatability of these and other
Als should be tested on recently collected bed bugs. Moreover, more insecticides
representing these and other classes with different modes of action should be evaluated to
assess their potential inclusion in a liquid baiting system. Finally, this research addresses
only one component, the Al dissolved in blood, as a proof-of-principle for prospective fully
synthetic liquid baiting formulations. Before this concept can be implemented, attractants
(including heat), phagostimulants and other formulation ingredients will need to be
explored.

5 Summary

The goal of the study was to screen several common Als with different modes of action for
their potential inclusion in a liquid baiting system. Moreover, we sought to compare two
modes of delivery of insecticides, ingestion and contact. A baiting system could serve as a
safer alternative to residual insecticides because less Al would be used in containerized
formulations placed in desired locations. Three Als, abamectin, clothianidin and fipronil,
were highly effective by ingestion. However, indoxacarb and DCJW were ineffective by
either ingestion or topical application. The concept of an artificial liquid or live baiting
system has high appeal, and these results highlight its potential as well.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Apparatus used to feed bed bugs insecticide-treated defibrinated rabbit blood. Blood was

placed into the internal reservoir of a custom-fabricated glass condenser (1) heated with a
circulating water bath and held in place by a ductile, malleable, thermoplastic paraffin film
(2). Bed bugs were placed in glass vials containing Manila paper (3) and capped with
plankton screen (4) through which they could insert their mouthparts. (B-D) Unfed (B),
partially fed (C) and fully fed (D) adult male bed bugs. Only fully fed individuals were
included in our assays.
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Figure 2.
Dose-response for DMSO in defibrinated rabbit blood, showing adult male bed bug

mortality 7 days after ingestion. Each mean (z SE) represents 3 replicates of 10 bed bugs
each.
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Figure 3.
Mortality dose-response curves for abamectin, clothianidin, fipronil and indoxacarb, three

days post ingestion, for both first instar nymphs (solid line) and adult males (dashed line).
Each insecticide was dissolved in DMSO and mixed with defibrinated rabbit blood to a final
concentration of 0.75% DMSO.
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Figure 4.

Dose-response mortality curves for topical applications of fipronil and indoxacarb to adult
male bed bugs, 3 days post application.
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Table 3

Topical application bioassay results, 3 days after application, with two different insecticides tested against
adult males of the Harold Harlan population.

Technical Insecticide n Slope (+SE) LDs? (95% CI)

Fipronil 180 | 3.89(0.93) | 2.21(1.54-2.87)

Indoxacarb 180 - -

aLD5o values (ng technical insecticide per male) were derived from Probit analysis on day 3.
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