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Biological control of Cimex lectularius with
Beauveria bassiana: Effects of substrate,
dosage, application strategy, and bed
bug physiology
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Abstract

Background: Cimex lectularius L. (bed bug) (Hemiptera: Cimicidae) is a serious indoor pest worldwide, and this nuisance needs
to be controlled using different methods in integrated pest management (IPM). Beauveria bassiana (Bals.-Criv.) Vuill.
(Hypocreales: Cordycipitaceae) kills bed bugs, and insect pathogenic fungi may be utilized to control bed bugs in IPM. To
increase knowledge of this methodology, forced exposure experiments were conducted with different formulations, doses,
and substrates, using bed bugs in variable physiological states.

Results: Both oil- and water-formulated fungal products showed significant improvement when conidial concentrations were
raised in five steps from 0.02 to 2.0%. At low concentrations (0.02% in water) effects from substrate and application strategy
were observed. Application on soft substrates (cotton and polyester) yielded significantly higher bed bug mortality rates than
on harder substrates (paper, wood, and linoleum) with a final mortality of 35–63% against 8–10%. Multiple applications over
time also improved B. bassiana's ability to kill bed bugs, and at low concentrations only a triple application on cotton showed
100% final mortality. Bed bug age and reproductive status significantly affected survival. Older and reproducing individuals
showed higher mortality compared to newly emerged adults. Differences in feeding status also yielded differences in mortality
timing, but only minor differences in final mortality rates. Egg production and hatching success were significantly reduced by
some treatments.

Conclusion: B. bassiana appears to be an asset in the fight against bed bugs. Substrate, dosage, application strategy, and bed
bug physiology are important factors to consider for optimal efficacy and safe indoor control with insect pathogenic fungi.
© 2023 Society of Chemical Industry.
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1 INTRODUCTION
Insect pathogenic fungi can be used to kill various insects.1,2 Their
ability to decimate insect pest populations depends on their
affinity for the host and the magnitude of transmission within
the population. Population impact is also regulated by biotic
and abiotic factors in the environment, which produce the desired
control effect when combined with the appropriate formulation
and application regimens.3–5 The primary use of biological control
methods is found in ecoagricultural systems and greenhouses,
but insect pathogenic fungi may also facilitate indoor pest man-
agement, for example Cimex lectularius (bed bug) control.6–8

Among the easily obtainable fungal species, Beauveria bassiana
is reported to be a strong candidate because it is fully functional
and supplies horizontal transfer between aggregating individuals
in the quite dry conditions expected to be found in bed bug hab-
itats.7,8 Dried substrates with conidia and dry conidia infect bed
bugs, and are capable of killing pesticide-resistant bed bug
strains.6,9 Metharizium anisopliae also can infect and kill bed bugs,
but requires high levels of moisture to do so, whereas Cordyceps
fumosorosea and Akanthomyces muscarius do not cause mortality

at low doses in dry environments.8,10 Apart from fungi, it is
believed that no other biological control agents exist that are suit-
able for efficient and efficacious indoor use against bed bugs.11,12

B. bassiana appears to kill bed bug juvenile stages and adults
equally well, but the potential impacts of variations in other physi-
ological factors and the environment have only been partially
investigated.7,13,14 The conidia are expected to remain viable for
several weeks indoors, but bed bug aggregation chemicals may
negatively influence the conidial functionality.15–18 Temperature
stress due to increased ambient temperatures may increase the
effect of insect pathogenic fungi on bed bugs, and ticks have
shown variation in mortality associated with feeding status or
developmental stage.19–21 Environmental factors are distinct deter-
minants of the effect of insect pathogenic fungi outdoors.4,17
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Describing the influence of as many relevant factors as possible is
therefore important to fully understand the practical use of insect
pathogenic fungi against bed bugs. This may allow the develop-
ment ofmore efficient and effective indoor application approaches,
and pave the way for high-quality tests on bed bug infestations in
apartments.
Bed bugs are obligate blood feeders in all development stages

and use humans as their main host. They disperse by hitching
rides on objects such as suitcases, bags, boxes, and furniture,
and typically establish in bedrooms at their new locations. This
nuisance has been kept at bay using conventional chemical treat-
ment since the 1950s, and the need for the development of bio-
logical control methods has been limited. However, increased
travel, along with widespread resistance against commonly used
pesticides (e.g., pyrethroids, organophosphates, neonicotinoids,
and organochlorines) has allowed bed bugs to make a significant
resurgence as a nuisance pest worldwide.11,22 Their economic
impact is substantial, and bed bugs cause both direct costs
through control efforts and indirect costs through reputational
loss or by tying up resources in the management of apartment
buildings, businesses, organizations, and public services.23–25 This
has called for the full extent of integrated pest management (IPM)
strategies which rely on combinations of several methods to pre-
vent and eradicate infestations.25–28 Insect pathogenic fungi are
comparable with traditional chemical pesticides because they
can be formulated as liquids for spray application in bed bug
infested rooms. The efficient use of pesticides requires knowledge
of lethal dosage, residual effects, application regimen, environ-
mental interactions, and safety considerations.29,30 These aspects
also apply to B. bassiana because elevated indoor conidia levels
may result in allergic reactions or exacerbate asthmatic and respi-
ratory symptoms in people.31–34 A balance between efficiency
and safety can be attained through limited use, reduced concen-
tration of harmful substances, or strategic application to safe-
guard inhabitants during and after the application of IPM
measures.
This study investigates and describes the effects of relevant sub-

strates, inoculation dosages, application methods, and the influ-
ences of blood feeding, age, and reproduction on B. bassiana
performance as a bed bug control. The subordinate conse-
quences for female fecundity during an ongoing fungal infection
are also described to allow a more extensive discussion of poten-
tial field effects.

2 MATERIALS AND METHODS
2.1 Bed bugs
Bed bugs in stock cultures were originally collected in 2009 from
two hotels in Oslo, Norway (59°54049.928400 N, 10°4508.08200 E).
The bed bugs were fed 37 °C human blood through a parafilm
membrane.35 Fifth-instar nymphs were provided with a blood-
meal, and newly emerged adults appeared after 10–14 days.
The adult bed bugs were included in experiments within the fol-
lowing week. This ensured that <10 days had passed following
molting before bed bugs were assigned to the various experi-
ments. Bed bugs from different feeding batches and stock culture
cohorts were evenly distributed across all different experiments.
Stock cultures and experimental insects were kept at 22 °C in cli-
mate chambers (Sanyo-MLR-351H, Medinor ASA, Oslo, Norway)
with a 16:8 h (light/dark) cycle and 60% relative humidity before
fungal exposure. The laboratories in which the fungi exposure
and mortality observations took place maintained an equal light

cycle, a temperature of 22–23 °C, and a relative humidity of
40–50%.

2.2 Insect pathogenic fungi
Two commercially available products which were previously
reported to kill bed bugs were chosen for the experiments.8 Bota-
niGard 22WP (B. bassiana strain GHA, 2 × 1013 cfu/kg; Laverlam
International, Butte, MT, USA) was prepared following the manu-
facturer's instructions by dissolving the product in water and
diluting to the recommended concentration of 0.02%, and Apre-
hend (ConidioTech-B. bassiana strain 193–825; Pennsylvania State
University, State College, PA, USA) was a ready-to-use, 2.0% coni-
dia solution dissolved in oil (petroleum distillates). Conidial viabil-
ity was confirmed according to the growth protocol for water or
oil preparations, and germination percentages were found to be
64% and 78% for water and oil, respectively.36

2.3 Experimental protocol
2.3.1 Application and exposure
Circular substrates, cut out to fit the bottom of the containers (dia-
meter = 47 mm), were used to expose bedbugs to conidia.
According to the requirements of the experiment, conidia were
applied by either dipping these substrates in the conidial suspen-
sion to get a complete coverage or by spraying themwith a hand-
held pump sprayer to approximate a field application on various
substrates (Gloria 0.5 L Fine sprayer, Profiline 88; VWR, Oslo,
Norway). Dipping resulted in 6.9 × 105 and 5.3 × 107 conidia/cm2

for the water- and oil-based products, respectively (experiments
1, 3, and 4). The approach that inoculated fungal formulations
on different substrates using a fine sprayer was not precise
enough to allow estimation of conidia density (experiment 2).
Substrates with water- and oil-based products were kept at room
temperature until the surface appeared dry when touching it
before being used (3–4 days for water, 10–12 days for oil). Inocu-
lated substrates were placed on the bottom of plastic experiment
boxes (140-mL straight sample containers; VWR), and the smooth
polyethylene surfaces ensured that the bed bugs held onto the
substrate and remained on it throughout the exposure duration.

2.3.2 Control insects
Bed bugs were kept on clean filter paper to provide 180 bed bugs
in 30 boxes without exposure to B. bassiana (control). Additionally,
48 adult bed bugs distributed in eight boxes with woven 100%
cotton cloth impregnated with pure oil (Aprehend oil without
conidia) acted as a control for the oil formulation (oil-control).

2.3.3 Mortality registration and egg deposition
Mortality was recorded daily by blowing gently through a mesh
opening in the lid of the experimental boxes and observing the
odor release behavior. Bed bugs waving their antennae, shifting
their stance, or moving were considered alive. Exposure was ter-
minated after 10 days, and any survivors were transferred to a
fresh box and evaluated after an additional 7 and 14 days. Dead
bed bugs were removed from the boxes and incubated to check
for mycosis. The carcasses were individually dried with silica gel
before incubation in moist chambers for examination of fungal
colonization and sporulation.37 If fungal hyphae were observed
after drying for 4–5 days and rehydration for 7 days, the bed bugs
were considered to have died due to fungal infection. Although
substantial mortality had occurred, the inoculated substrates cov-
ering the bottom of the exposure boxes had deposited eggs
attached to the surface. These eggs offered a chance to
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investigate any effects on the deposited eggs. Instead of using a
transplant experiment, where handling is likely to inflict substan-
tial egg mortality, these substrates were kept for 14 days to check
the hatching rate.

2.4 Experiments
Each experimental treatment utilized 48 adult bed bugs evenly
distributed across eight boxes (six individuals × eight boxes per
treatment), with a balanced sex ratio of three females and three
males in each box. The separation of the experimental cohorts
into smaller units was done to ease counting and registration of
survival. Both fungal products were tested in parallel across all
treatment variations, and the balanced male–female experimen-
tal design allowed for an overall comparison of gender differences
across both products. Except for experiment 1 (dose depen-
dency), the manufacturers' recommended user dosages were uti-
lized and the products were prepared following label instructions
(2.0% oil, 0.02% water).
Except for the experiment investigating the effect of elapsed

time since feeding, all bed bugs were fed 2 days before the expo-
sure and only fully engorged individuals were included in the
experiments. Bed bugs typically engage in mating when females
are engorged (days 1 and 2) before they deposit most of their
eggs the following week.38–42 They have depleted most of
their resources and are ready to search for a new blood meal after
8–9 days.43 We used 2 days as the baseline measure and three
subsequent 2-day steps to investigate the gradient between
engorged bed bugs and bed bugs with more limited water and
energy resources.

2.4.1 Experiment 1: Dose dependency
To describe the effect of dosages and to compare the water- and
oil-based formulations, the two products were prepared to obtain
0.02, 0.125, 0.50, 1.0, or 2.0% conidial concentrations. These con-
centrations represent a gradient from the recommended dose
of the water-based product (0.02%) to the recommended
dose for the oil-based product (2.0%). Adult bed bugs were fed
and rested before being transferred to the experimental boxes
containing woven cotton cloth which had been inoculated with
conidia by dipping them in the suspension (five concentrations
in water, five concentrations in oil).

2.4.2 Experiment 2: Application on different substrates
Several surface materials were evaluated to test field-relevant
substrates and applications. These included circular pieces (dia-
meter = 47 mm) of filter paper (Whatman qualitative filter paper;
WWR, Oslo, Norway), curtain cloth made from polyester (Lystett
gardin grå; Gardinspesialisten, Oslo, Norway), 1 mm thick balsa
wood (Balsaflak; Norwegian Modelers, Oslo, Norway), and 2 mm
thick linoleum (Grått linoleumsgulv; Statsbygg, Oslo, Norway),
which were used as representative materials commonly found in
man-made bed bug habitats. Conidia were applied using three
sprays with the handheld sprayer on both sides of the substrate.
Additionally, the cotton cloth which was used in the dose–
response experiment was inoculated with conidia three times,
with each inoculation occurring 2 days apart. Repeated applica-
tions have not been investigated previously even though
application can be performed at inspections, during initial treat-
ment, and on follow-up visits during bed bug control. Adult bed
bugs were fed and rested before being transferred into the exper-
imental boxes with the various substrates inoculatedwith conidia.

2.4.3 Experiment 3: Aging and reproduction
Either unfed adult bed bugs kept together in one box for 6 weeks
(aged but not reproducing) or bed bugs kept together in one box
and fed once every 2 weeks for 6 weeks (aged and reproducing)
were used to measure the impact of age and reproductive activity
on the efficacy of the fungi. Bed bugs in these two groups were
then fed and rested before being transferred to the experimental
boxes with cotton woven cloth inoculated with conidia by dip-
ping the substrate in the suspension.

2.4.4 Experiment 4: Time since feeding
To investigate potential influences resulting from various times
since the last feeding, adult bed bugs were fed and rested for
2, 4, 6, or 8 days before being transferred to the experimental
boxes with woven cotton cloth inoculated with conidia by dip-
ping the substrate in the suspension.

2.5 Statistical analysis
Data were analyzed using SigmaPlot 13.0 (Systat Software Inc.,
San Jose, CA, USA) and JMP pro 13.0.0 (SAS Institute, Cary, NC,
USA) software. To investigate the population mortality during
the experiments, we conducted survival analysis using the
Kaplan–Meier product limit method with the log-rank test.
The Kaplan–Meier survival analysis followed predefined popula-
tions through time and investigated the fate/survival of individual
bed bugs in specific cohorts. Each experiment was conducted
twice to separate the testing in time. This ensures that the results
are not influenced by potential variations in application method,
dilution, environmental conditions, bed bug health, and so forth.
Averages were compared using ANOVA. The level of significance
was set to 0.05 for all analyses.

3 RESULTS
No mortality was observed among the control insects during the
study, while the two fungal products caused 37–100% mortality
within 24 days across all experiments. All dead bed bugs showed

Figure 1. Survival of male and female Cimex lectularius after exposure to
conidia of Beauveria bassiana formulated in water and oil at 0.02% and
2.0%, respectively. Different capital letters (A, B) indicate significant differ-
ences in survival between the treatments (Kaplan–Meier survival analysis,
all pairwise comparisons, P < 0.05). No mortality occurred in the control
(n = 228 bed bugs).
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Figure 2. Survival of Cimex lectularius after exposure to conidia of Beauveria bassiana formulated in water and oil. The bold line in the dose–response
experiments (A, B) represents the recommended dosage on the labels of the respective products. This treatment is presented in all graphs as a reference
to show the relative effects of different substrates (C, D), age and reproduction (E, F), and time since blood feeding (G, H). Different capital letters A–C
indicate significant differences in survival between the treatments (Kaplan–Meier survival analysis, all pairwise comparisons, P < 0.05). No mortality
occurred in the control (n = 228 bed bugs).
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fungal growth when checked for mycosis. Generally, bed bugs
exposed to the high-dose oil formulation died faster than those
exposed to the low-dose water formulation. Additionally, com-
plete population mortality only occurred in bed bugs exposed
to the high-dose oil formulation. Across treatments administered
following the labeled dosage, no significant gender differences
were observed when using either oil (Kaplan–Meier log-rank test,
χ2 = 0.43, P = 0.511) or water (Kaplan–Meier log-rank test,
χ2 = 0.94, P = 0.333; Fig. 1).
Both products showed significant dose dependency, with a

stepwise change from 0.02% to 2% conidial concentration, signif-
icantly affecting survival in both oil (Kaplan–Meier log-rank test,
χ2 = 132.01, P < 0.001; Fig. 2(A)) and water (Kaplan–Meier log-
rank test, χ2 = 62.67, P < 0.001; Fig. 2(B)). Dosages ≥0.5% pro-
duced complete mortality regardless of the product, while doses
below this level either failed to achieve full eradication or experi-
enced delayed eradication (all pairwise comparisons are given in
Fig. 2(A),(B)).
Application on different substrates significantly affected sur-

vival in both oil (Kaplan–Meier log-rank test, χ2 = 113.32,

P < 0.001; Fig. 2(C)) and water (Kaplan–Meier log-rank test,
χ2 = 158.70, P < 0.001; Fig. 2(D)). Reduced mortality was
observed on hard surfaces (paper, wood, and linoleum), and a
greatly increasedmortality was observed when the products were
applied three times. Oil-based product used on polyester was an
exception to this pattern by showing reduced mortality on this
soft surface (all pairwise comparisons are given in Fig. 2(C),(D)).
Both aging (Kaplan–Meier log-rank test, χ2 = 13.12, P < 0.001)

and reproduction (Kaplan–Meier log-rank test, χ2 = 55.78,
P < 0.001; Fig. 2(E)) significantly increased mortality when using
the oil formulation, whereas with the water formulation only
reproduction made a significant difference (Kaplan–Meier log-
rank test, χ2 = 55.13, P < 0.001; Fig. 2(F)).
Mortality varied significantly with time since feeding when

using both oil (Kaplan–Meier log-rank test, χ2 = 13.20,
P = 0.004) and water (Kaplan–Meier log-rank test, χ2 = 12.97,
P = 0.005). Exposure on day 4 after feeding induced higher mor-
tality compared to exposure on days 2 and 8 with both products.
Exposure on day 6 after feeding also induced a significant higher
mortality with oil, whereas water showed intermediate mortality
on day 6 (all pairwise comparisons are given in Fig. 2(G),(H)).
Egg production was related to the adult mortality and was sig-

nificantly reduced by both treatments (analysis of variance
(ANOVA) F = 11.40, df = 3, P < 0.001; Fig. 3(A)). The pairwise com-
parison showed that egg production with B. bassiana formulated
in oil was lower than with all other treatments, while B. bassiana
formulated in water was only lower than the control (water).
Hatching success was also reduced significantly (Kruskal–Wallis
ANOVAH = 43.53, df = 3, P < 0.001; Fig. 3(B)). The reduced hatch-
ing success was observed in the oil-treatment group as well as in
the oil-control group.

4 DISCUSSION
This study confirms previous findings which show that B. bassiana
is an efficient lethal agent against bed bugs.6–9 Other fungi, such
asM. anisopliae, C. fumosorosea, and A. muscarius, have not shown
the same promise at labeled doses or at the relative humidity
levels expected to be found in bedrooms.8,10 The mortality rates
for both Beauveria products showed a strong dose dependency,
and the experiments indicated that the oil-based formulation
maintained its killing efficiency at reduced dosages and inflicted
more rapid mortality compared to the water-based formulation.
The differences can be partly explained by a higher germination
percentage (64 vs 78%) but are most likely to be a result of the
oil formulation. Oil formulations may have improved the durabil-
ity or infectiousness of the conidia through various means, includ-
ing greater persistence in the environment or through improved
attachment, adhesion, transport to intersegmental folds, germi-
nation, or hyphal penetration.17 However, the use of dry conidia
without moisture supply also shows high infection rates against
bed bugs.9 The variations in mortality related to bed bug physiol-
ogy and substrate were also observed to be more distinct than in
the high-dosage treatments when using water-based formula-
tions at low dosages. These low-dosage differences are particu-
larly interesting because they may reflect the more likely limited
conidial exposure which would be expected to occur in field
applications.
There is a lack of scientific field studies that show the function-

ality of fungi used against real bed bug infestations, and some
laboratory studies even indicate a limited effect due to dry condi-
tions in bedrooms and a potential antifungal property of the

Figure 3. Average number of eggs deposited by three Cimex lectularius
females (A) and their hatching success (B) on substrates treated with con-
idia of Beauveria bassiana formulated in water or oil compared to
untreated control and pure oil control. Different capital letters A, B and C
indicate significant differences between the treatments (ANOVA with all
pairwise multiple comparison procedures, Dunn's and Holm-Sidak
method, P < 0.05).

Bed bug control with insect pathogenic fungi www.soci.org

Pest Manag Sci 2023; 79: 4599–4606 © 2023 Society of Chemical Industry. wileyonlinelibrary.com/journal/ps

4603
 15264998, 2023, 11, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1002/ps.7659 by R
eadcube (L

abtiva Inc.), W
iley O

nline L
ibrary on [18/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com/journal/ps


bed bug aggregation chemicals.10,15 In this respect, B. bassiana
appears to be a promising agent as mortality occurs with all for-
mulations (water, oil, and dry conidia) and horizontal transfer
occurs naturally between individuals in their aggregations.6–9

Conidial distribution and the resulting bed bug mortality may
therefore be effectively optimized by strategic application of
fungi-based products. The results of this study follow previous
investigations which have also shown that harder surfaces, for
example paper with fewer contours, provide suboptimal pick-up
of conidia.7 This study adds knowledge about other relevant sub-
strates and indicates that efficiency and efficacy may be nega-
tively affected by suboptimal use. This is an important aspect
because bed bug substrate–behavior interactions are likely to
occur during field application. We used forced exposure experi-
ments for an extended period, and this does not represent a true
field exposure situation. It would also have been beneficial to
know the actual conidia count on different substrates in the spray
application experiment to identify mechanisms more precisely.
However, the effects were largely comparable when using both
oil and water as the conidia carrier, even though the time until
death and the degree of mortality differed. Because spray applica-
tion was done identically on all substrates, the experiment shows
substrate effects even though the true conidia density was not
identified. Germination percentage, fungal strain, solvent used,
and interactions with the substrate may all have affected the mor-
tality rates, but the study indicates strong efficacy at conidial con-
centrations >0.5% for both products regardless of these
experimental discrepancies. With the oil formulation applied at
the label rate, all bed bugs died within 5–10 days in all treatments.
It is also interesting that the mortality caused by B. bassiana
appears to be increased with repeated treatments with the
0.02% solution. A single 2% application may leave approximately
three times as many potential allergens as an identical application
of 0.02% conducted three times. This illustrates a potential to
improve the effectiveness with fewer conidia and may therefore
ensure efficient control with a reduced risk for humans using
the treated premises. A triple application of a 2.0% solution may
increase the potential allergen concentration in a room with only
a minor benefit related to the timing of mortality. Even if
B. bassiana is unable to grow in humans, the use of conidia indoors
may potentially exacerbate allergies or asthma due to the inhala-
tion of allergens in the form of complex proteins.31,32,34,44 Some
fungal biocontrol agents may even be capable of modulating the
mammalian immune system, resulting in impaired homeostasis.33

Indoor use should therefore be initiated cautiously and further
dose-application studies should be conducted.
The physiological state (ageing, reproduction, and feeding) of

the bed bugs also affected their survival, but the differences
within each experiment were minor and mostly influenced the
timing of mortality. These effects are therefore of limited rele-
vance for the overall efficacy in a laboratory setting such as in this
study, but they may elucidate how insect pathogenic fungi may
work against bed bugs under more realistic field conditions. Mor-
tality rates increased with a moderate degree of senescence, and
a mixed-age structure was always observed in established field
populations. Death after exposure to a mortal dose of conidia
may therefore occur even faster in adult bed bugs found in natu-
ral field populations. This is because adults in natural populations
are more likely to be reproducing and older than most of the indi-
viduals investigated in this study. Only adult insects were used in
the experiments in the current study because all instars are simi-
larly susceptible to B. bassiana.7 Juveniles in field populations

are therefore expected to have a comparable mortality rate to
that observed in the adults in this study, but differences may exist
in their ability to pick up spores on different substrates. Future
studies of the survival rates among various stages at low dosages
should also be conducted to identify potential differences in sus-
ceptibility. Increased data regarding nymphs' ability to avoid
infection when molting occurs shortly after exposure will be par-
ticularly interesting.
Mating often takes place while bed bugs are still engorged, and

eggs are typically deposited during the first 4–7 days after
feeding.38–42 The increased mortality rate observed in this study
among bed bugs exposed to fungi 4–6 days after feeding may
therefore be connected to resource allocation or behavioral
changes during such reproductive activities.45–48 Reproduction
takes place continuously in field populations and may conse-
quently ensure high control efficiency if conidia are applied in
or close to bed bug harborages. Additionally, thigmotaxis and
aggregational behavior may promote horizontal transfer to
ensure mortality among unexposed individuals.7,8,49–51 All these
aspects point in the direction of a reasonably high field efficacy,
but antifungal properties of the aggregation chemicals may
reduce the overall efficacy.15,16 The ability of bed bugs to disperse
away from current aggregations and densely populated parts of
an apartment may also allow them to escape from treated areas,
resulting in reduced control success.52

A crucial control aspect related to decimation efficiency is
potential long-term population suppression. Most bedrooms are
clean and sheltered environments where the conidia should last
for several weeks because many degrading factors are
removed.4,17 A treatment with conidia may therefore kill bed
bug offspring if they also encounter the treated area, but a high
reproductive output during or after the control efforts has the
potential to lessen the treatment's long-term results. Egg produc-
tion itself was observed to be affected by B. bassiana treatment,
but this effect is closely linked to the mortality which took place
in the initial days of the experiments during oogenesis and egg
deposition.38–40 The oil-based product was observed to act
quickly and therefore inflicts the strongest reproductive limita-
tions on the experimental populations. The next, and probably
most interesting observation related to long-term effects was
the strongly reduced hatching success of the eggs deposited on
a surface treated with oil. Egg survival, that is, hatching success,
was more than halved in both the oil-based treatment and the
oil-control groups. The effect can therefore be assigned to
the oil itself. Pure oil has been shown to inflict mortality in bed
bug control treatments after both topical application and contact
exposure.9 This aspect will require further study with much better
control of the oil content and the surface dryness before and dur-
ing egg deposition, but the eggmortality in the experiment in this
study indicates a potential contribution during control. Eggs are
often deposited in hidden locations in small cracks and crevices
where the application of a biopesticide is not feasible. This may
strongly limit this potential contribution, and practical aspects,
for example drying time, oiliness, staining, or odors from oil-based
products, may negate any potential benefits.
From an efficiency perspective, product application should be

directed toward bed bug aggregations to limit the amount of bio-
pesticide used and to maximize contact probability and subse-
quent mortality. Product application near bed bug aggregations,
typically in human resting places, for example beds, sofas, and
chairs, will also increase the risk of human exposure to conidia.11

Application in these locations also makes removal of the conidia
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impractical and more difficult, and may result in chronic exposure
to allergens after successful eradication.32,34 Prioritization of dif-
ferent treatment areas and application strategies will require fur-
ther study to decipher the interactions between concentration,
solvents, and substrates relative to the infectious ability and the
persistence of conidia in the environment. The current study has
highlighted some aspects that may affect efficiency, efficacy,
and application strategies, but it will be crucial to identify the opti-
mumbalance between effectiveness and safety, as formany tradi-
tional pesticides used indoors.

5 CONCLUSION
The potential benefits and problems associated with bed bug
behavior highlight the need for an improved understanding of
when, where, and how to use B. bassiana as a tool in an IPM strat-
egy. B. bassiana appears to be an asset in the fight against bed
bugs because it can be used in a manner comparable to tradi-
tional pesticides. Insect pathogenic fungi may contribute signifi-
cantly to bed bug population decimation with the proper
dosage and efficient application. The current study is cautiously
hopeful for the success of this method, but field studies confirm-
ing its functionality in infested apartments remain to be con-
ducted. Future studies which will investigate the contribution of
insect pathogenic fungi in real-world bed bug control situations
are awaited to truly verify the potential of this method.
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