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This is a research project to develop a novel formulations of fungal entomopathogens for 
implementation as components of IPM of bed bugs. This project addresses the NE RIPM 
Stakeholder priorities within the Community and Structural IPM setting.  Specifically, a need for 
‘New and emerging technologies and techniques’ that could be fully integrated with IPM strategies 
is identified.  The overall aim of this project is to build on the work already conducted in this 
laboratory that demonstrates that conidia of Beauveria bassiana, formulated in oil and sprayed on 
surfaces, act as an effective residual pesticide capable of killing 100% of bed bugs that come into 
brief contact with the spray residue in 3-4 days and 90% of unexposed bed bugs that come into 
contact with exposed bed bugs in harborages. Our overall objective of this 12 month project is to 
develop this biopesticide technology to the point where it is ready for field testing and evaluation in 
collaboration with partners from other NE States as part of a Renewal Application. To achieve this, 
we will select one of two fungal isolates that are currently registered for use as biopesticides for 
other pests. Both are effective under our standard bioassay conditions, but we will select the isolate 
that demonstrates best long-term efficacy over the typical temperature range found in houses. 
Secondly, we will screen a range of different textiles to select the best material for creating a bed 
skirt or other barrier over which bed bugs must cross to reach a human host. This barrier should 
deliver the maximum number of conidia to the bed bug and support long-term viability of the 
conidia to maximise the time interval between treatments.  Finally, we will design a suite of 
'formulations' to include bed skirts/barriers, a spary formulation for the base board/carpet interface 
and a 'paint-on' formulation for application around electrical fitments, cracks, crevices and other 
likely harborages to create a complete treatment solution for implementation as part of an IPM 
program. These objectives will be achieved within 12 months and be ready for field testing in IPM 
settings by the end of 2013.  Use of biopesticide technology will reduce the risks to human health 
posed by chemicals, and effect improved control of infestations via auto-disemination of conidia to 
populations in harborages that cannot be targeted with existing chemical control measures. 

This file MUST be converted to PDF prior to attachment in the electronic application package. 
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Project Narrative 
 

Towards implementation of a novel fungal biopesticide for IPM of bed bugs 
 

Problem 
The human bed bug Cimex lectularius is a hematophagous insect that requires a blood meal for 
growth and development throughout its entire lifecycle. Following World War II, bed bugs 
virtually disappeared in developed countries due to societal improvements in sanitation and the 
development of synthetic insecticides (Paul and Bates, 2000). Yet, they remained prevalent in 
developing countries (Hwang et al, 2005; Gbakima et al, 2002). Over the past decade, bed bug 
infestations have grown virtually exponentially in both North America and Europe (Hwang et al, 
2005). Although the exact reasons for this recent resurgence are unclear, the rise in bed bug 
infestations has been linked to increased international travel, changes in pest management 
practices (including increased regulatory constraints removing certain chemical insecticides from 
operational use (Boase, 2007)) and the wide scale spread of insecticide resistance (Potter, 2005; 
Moore and Miller, 2006; Romero et al, 2007; Yoon et al, 2008; Seong et al, 2010).  Current bed 
bug control measures rely heavily on the use of pyrethroid insecticides. However, insecticide 
resistance, together with concerns over extensive use of chemicals in the domestic environment 
(Sanborn et al., 2002), creates a need for alternative methods of bed bug control. One candidate 
approach is the formulation of fungal entomopathogens as novel biopesticides. 
 

Background 
The specific need for the development of novel, safe bed bug control measures was identified at 
the EPA’S National Bed Bug Summit (2009)[see Stakeholder Priorities: 
http://www.northeastipm.org/grant-programs/fundingpriorities/].  Participant Recommendations 
for Research from the 2009 highlighted the need for ‘New and emerging technologies and 
techniques’ that could be fully integrated with IPM strategies. 
 
Entomopathogenic fungi lend themselves to development as biopesticides because, like many 
conventional chemical insecticide active ingredients, they act through contact. Fungal species 
such as Beauveria bassiana and Metarhizium anisopliae are capable of infecting a broad range of 
insect hosts and several biopesticide products have been developed for use in horticulture and 
agriculture, particularly as part of Integrated Pest Management (IPM) approaches (Bradley et al., 
1992; Poprawski et al., 1997; Shah and Pell, 2003; Lord, 2005; Lacey et al., 2008;). In recent 
years, a number of studies have begun to explore the potential for using such pathogens in novel 
biopesticides against blood feeding insects and disease vectors including various mosquitoes 
(Scholte et al., 2003, 2005; Blanford et al., 2005, 2011; Darbro et al., 2011), ticks (Fernandes et 
al., 2011; Sun et al., 2011), tsetse flies (Maniania et al., 1998) and triatomid bugs (Pedrini et al., 
2009). An interesting feature of fungal pathogens in this regard is that insecticide resistance does 
not appear to confer cross-resistance to fungal infection (Farenhorst et al., 2009; Pedrini et al., 
2009; Blanford et al., 2011). Thus, fungal biopesticides could play an important role in areas 
where resistance has rendered conventional chemicals ineffective and/or in novel integrated 
approaches for insecticide resistance management (Thomas and Read 2007; Blanford et al., 
2011).  
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Bed bugs are cryptic creatures that hide in the safety of a harborage during the day, and venture 
out only in search of a blood-meal (Usinger, 1966). This cryptic behavior poses a problem for 
insecticide treatments that require direct contact to be efficacious. An important property of a 
biopesticide product for bed bug control, therefore, is that infection results from residual 
exposure and does not require topical application. In addition, for maximum control it is 
important that bed bugs are susceptible to infection throughout their lives as both nymphs and 
adults actively blood feed. Studies in other systems show that the virulence of fungal pathogens 
can be affected by host physiology, with factors such as age, developmental stage and nutritional 
status potentially influencing susceptibly to infection (Maniania et al., 1998; Dimbi et al., 2003; 
Mnyone et al, 2011).  
 
In preliminary studies on bed bugs, we have demonstrated that bed bugs are susceptible to both 
B. bassiana (I93-825) and Metarhizium anisopliae (ESF1) following only a short-term exposure 
to a sprayed surface (See Appendix 1, attached to this submission).   
 
In brief, we found that B. bassiana was highly virulent, causing rapid (3 day) mortality of bed 
bugs following only short-term (1 hr) exposure to spray residue. Infection levels were generally 
100% indicating complete susceptibility to fungal infection under these exposure conditions.  
 
There were no striking differences in susceptibility due to bed bug feeding status (fed or unfed), 
sex, strain, or life stage.  Of the two exposure substrates that we tested so far, jersey knit cotton 
provided an improved substrate for conidial transfer in comparison to paper, probably due to the 
relatively contoured surface resulting in more conidia coming into contact with the insect cuticle.  
These results demonstrate that choice of substrate is important in both bioassay design and end 
product development.  Studies exploring transfer of conidia to mosquitoes following short-term 
residual exposure also show substrate type to effect infection levels and spore persistence 
(Farenhorst et al, 2011).  As part of this proposed project, we aim to investigate conidial pick-up 
from a range of substrates to determine ideal formulation and application technologies. 
 
Elimination of established bed bug infestations is challenging because it is difficult to identify 
and target all concealed harborages.  However, bed bugs make excursions from their harborages 
in search of a blood meal (Mellanby, 1939; Usinger, 1966). This behavior creates the possibility 
of using some kind of barrier treatment, such as a ‘bed skirt’, positioned between the harborages 
and the human host to ensure that all bed bugs seeking a blood meal would traverse the barrier as 
they move to and from the host. Bed bugs contacting spores in this way would become infected 
directly. In addition, we conducted an ‘auto-dissemination’ assay in which only 50% of bedbugs 
were directly exposed to fungus.  These individuals were then released into a harborage with 
unexposed bed bugs with a resulting total mortality >90% by day 11.  Because bed bugs are 
highly gregarious with all life stages aggregating in confined harborages with humid 
microclimates (Usinger, 1966), this auto-dissemination and subsequent horizontal transmission 
from cadavers could greatly increase the impact of fungal treatments relative to conventional 
chemicals.  
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Previous work conducted by our research group has also demonstrated that oil formulated B. 
bassiana conidia can have excellent long-term (>50% viability after >3 months) survival on 
treated surfaces maintained at 26oC in indoor environments (Darbro and Thomas, 2009).  These 
results suggest the possibility of operationally practical delivery systems with infection 
substrates needing to be replaced or retreated at intervals of several weeks to months. 
Furthermore, Darbro and Thomas (2009) demonstrated that cloth treated with oil formulations of 
fungal conidia does not result in liberation of significant numbers of conidia into the air.  This 
observation, together with the documented low mammalian toxicity of B. bassiana (Zimmerman, 
2007a) suggests safe use within the domestic environment. 
 
Overall, this study represents an important first step in developing entomopathogenic fungi as 
biopesticides for use against bed bugs within novel strategies of integrated pest management. 
 

Justification 
Bed bugs are a significant problem throughout the Northeastern region and nationally and are 
particularly prevalent in low cost and multi-family housing, where the lack of any coordinated 
efforts towards bed bug control results in frequent re-infestation from neighboring units.   Whilst 
bed bug infestations are widespread among the community in general, multi-family units and 
apartment blocks are particularly badly affected, and once an infestation occurs, it can be 
extremely difficult to eradicate.  This project will not only move towards providing an alternative 
to chemicals for use in bed bug control, but will likely result in a product that is more effective at 
eradication, through its efficacy on cryptic populations, normally untargeted by conventional 
control methods.  We also anticipate that by developing a suite of delivery systems for specific 
targeting of areas where bed bugs hide, this technology will provide a means by which residents 
can protect their homes from re-infestation following treatment.  Given the significance of re-
infestation in multi-family units, we anticipate that this technology will serve residents in low-
income or public housing authorities and reduce dependence on conventional chemical 
pesticides.  
 
This project will contribute to the purpose and priorities of the Regional IPM Competitive Grants 
Program by reducing the risks to human health through use and misuse of chemical insecticides 
in the home.  Misuse of chemical insecticides is of particular concern with respect to bed bug 
control, since the public often attempt to address bed bug infestations with commercially 
available insecticides that are intended for other purposes.  We aim to develop a bed bug control 
package that can be implemented by professional pest controllers and made available as an IPM 
kit for individual domestic use. 
 
The economic cost of bed bug infestations is difficult to estimate, but the economic losses from 
health care, lost wages, lost revenue and reduced productivity can be substantial. The cost of 
effectively eliminating bed bugs may be significantly more than the cost of eliminating other 
pests because bed bug control usually requires multiple visits by a licensed pest control operator 
and diligence on the part of those who are experiencing the infestation. 
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Objectives and Anticipated Impacts 
 
This project proposal builds on the considerable progress that has been made in this lab towards 
the development of novel oil formulations and barrier treatments of B. bassiana (I93-825) and M. 
anisopliae (ESF1) for the control of bed bugs in domestic dwellings.   Supporting data and a full 
description of the research work that has lead to this point is provided in Appendix 1, as an 
attachment to this proposal.  We have demonstrated that by spraying an oil formulation of fungal 
conidia of B. bassiana onto a surface such at jersey knit cotton, we can infect bed bugs simply 
through short term exposure to the pre-sprayed substrate.  Exposed bed bugs die within 3-4 days, 
and additionally, carry conidia back to their harborages to infect those bed bugs that would 
otherwise be unaffected by a spray treatment. In order to prepare this technology for field-
testing, we have three objectives, which we anticipate will be completed within 12 months.  
Having achieved these, we propose to submit a Renewal Application in 2013, to include 
collaborators from other NE States for field-testing of the technology.  This 12-month project has 
three components: 
  

1.) Isolate Selection To compare the virulence of two promising commercial (EPA 
registered1) fungal entomopathogens to bed bugs over the temperature range of 15-30oC. 

2.) Textile Screening To evaluate the relative transfer/pick-up of conidia sprayed in oil 
formulations to bed bugs exposed to a range of candidate textile substrates. 

3.) Development of a comprehensive delivery system Design prototype spore delivery 
technologies for field evaluation next year in collaboration with bed bug IPM researchers 
in other States. 

Through achieving these objectives, we will be contributing to the science base for management 
of bed bugs and provide an effective, safe, alternative to chemical pesticides.  This will 
contribute to safeguarding human health through the reduction in the use of chemicals in the 
home.  Furthermore, we are confident that this technology will provide superior control of bed 
bug via auto-dissemination of conidia to bed bugs in inaccessible areas and provide longer term 
protection from re-infestation via barrier treatments to prevent immigration of bed bugs from 
neighboring properties.    
 
Safeguarding human health – The outputs from this 12-month project aim to provide an effective 
suite of treatment types, based on the use of fungal conidia that can be effectively implemented 
in the IPM of bed bugs.  Via a Renewal Application in 2013, we will conduct field-testing in 
apartment blocks to demonstrate efficacy.  Both fungal entomopthogens that we have selected 
for development are EPA registered and have undergone all the necessary human safety testing 
for registration.  The safety of entomopathogens is well documented, see Zimmerman 2007a,b.  
Through the development and implementation of a biopesticide product for bed bug control in 
IPM settings, we will be providing an effective and safe alternative to chemical pesticides in the 
home.   

                                                 
1 B. bassiana is registered as Botaniguard (GHA) for use in horticulture, M. anisopliae ESF1 is 
registered as Bio-blast (ESF1) for in-home use against termites and cockroaches. 
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Economic benefits – We anticipate technology transfer and commercialization of the technology 
that we develop.  We have a good relationship with the companies that hold the registration for 
these entomopathogenic fungi, on of which is based in Pennsylvania.  They are keen to 
undertake production and sales and marketing of the resulting product.  Based on the application 
rates that we are currently using, we anticipate the product will be cost competitive with current 
chemicals.  We also anticipate longer term and more effective control of bed bugs when using 
the biopesticide in conjunction with existing IPM strategies. 
 
Implementation of IPM – Following this initial 12-month project, we will propose a Renewal 
Application to take the technology into the field.  At this stage we will involve IPM practitioners 
from multiple NE States to conduct field trials, using the biopesticide in conjunction with their 
best practice IPM strategies.   Results will be collected and information packets developed for 
distribution to pest controllers and homeowners.  
 
 
Approach and Procedures 
 
Objective 1. Isolate selection. 
 
Previous results from this laboratory have demonstrated that both B. bassiana I93-825 and 
M.anisopliae ESF1 are virulent to bed bugs when applied to jersey knit cotton at the same 
concentration.  The resulting Mean Survival Time (MST) was 3.03 and 4.3 days respectively.  
However, these preliminary experiments were not repeated for ESF1 and the viability of ESF1 
conidia used in that trial was 66% in comparison to 98% for I93-825.  In order to determine 
which of these isolates presents the greatest potential for re-labeling and commercialization as a 
biopesticide for bed bugs, we need to conduct a series of comparative bioassays over the typical 
temperature range found in houses in NE USA.  Constant temperatures 15, 20, 25, and 30oC and 
one fluctuating temperature 15 – 25oC. 
 
Production 
Conidia of each fungal isolate will be mass produced using a standard 2 stage production 
methodology and quality control similar to that employed by biocontrol producers around the 
world (Jenkins and Grzywacz, 2000, 2003).  Briefly, fungal conidia from a pure slope culture are 
used to inoculate a liquid medium containing yeast extract (20 g/l) and glucose (40 g/l) in shake 
flasks.  The liquid culture is placed on a rotary shaker at 150 rpm (23oC) for 3 days and then 
transferred to sterile barley flake in mushroom spawn bags (1 kg/bag) and incubated at 23-25oC 
for a further 7 days.  Once fully conidiated, the contents of the spawn bag are dried over a period 
of 3 days, following which the conidia are extracted from the substrate using a cyclone separator.  
The resulting pure conidia powder is further dried to 5% moisture content over silica gel and 
sealed in foil laminate sachets for long-term storage. 
 
Formulation 
Dry conidia powder is formulated in 20% Ondina oil and 80% Isopar M and the concentration 
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adjusted to obtain 1.5 x 109 conidia/ml.  This formulation is sprayed onto jersey knit cotton at a 
rate of 20 ml/m2 using an artists airbrush.  The fabric is left overnight to dry, then stored in 
sealed bag at 7 oC until used. 
 
Bioassay 
Bed bugs are selected at random from the main colony, one day prior to exposure and fed on an 
artificial feeder using human blood.  After feeding, bed bugs are placed in 30mL plastic diet 
cups. Sprayed cloth, is cut into 9 cm diameter circles and placed in Petri dishes. Bed bugs were 
removed from the diet cups transferred to the Petri dishes using feather-weight forceps. The bed 
bugs are allowed to remain in contact with the sprayed substrate for 1hr.  After exposure, bed 
bugs are placed in a clean Petri dish with clean filter paper on the bottom and placed in 
environmental chambers set to the appropriate temperature.   
 
Different treatments for these bioassays will compare the virulence of B. bassiana (I93-825) with 
M. anisoplae (ESF1) at 15, 20, 25 and 30 oC constant temperatures and a fluctuating temperature 
of 15-25 oC  (12/12 cycle). Post treatment all surviving bed bugs are fed on day 7, 14, and 21 
following exposure.  
 
The number of dead bed bugs in each replicate is recorded daily for 21 days following exposure.  
Mortality data are used to construct survival curves and conduct Kaplan-Meier survival analysis 
(SPSS) to obtain Mean Survival Time (MST) and significance.  The isolate most suitable for 
further development will be selected on the basis of shortest MST over the temperature range. 
 
 
Objective 2. Textile screening for barrier skirts. 
 
Our current preferred textile for evaluating efficacy of fungal treatments on surfaces is Jersey 
knit cotton.  In previous experiments we demonstrated that application of an oil formulation of 
conidia to jersey knit cotton and subsequent exposure of bed bugs to this surface reduced the 
mean survival time (MST) of bed bugs from 4 to 3 days in comparison with paper sprayed with 
the same formulation (See Appendix 1 in attached documents).  We conclude that this reduction 
in survival time is due to increased conidial transfer from the substrate to the body of the bed 
bugs as they walk across the more textured surface.  In order select the best textile for 
implementation as a bed skirt or barrier treatment, we will screen a variety of potential textiles 
for optimal conidial transfer to bed bugs using our standard bioassay design (described above).  
Each textile substrate will also be evaluated for compatibility with conidial viability over time (at 
25oC) by conducting repeat bioassays using the stored substrates at 1 month intervals.  Using 
these results, we will not only select the most suitable substrate for long-term stability of the 
conidia, but also determine the ideal interval for re-application. 
 
Objective 3. Development of a comprehensive delivery system  
 
Effective bed bug control can only be achieved by targeting all the areas in a home where bed 
bugs are found.  Implementation of this fungal biopesticide is intended to be part of an approved 
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bed bug management program, such as: 
 

 Thorough inspection of house/apartment 
 Prep list given to tenants— bag clothes, move things away from walls, etc. 
 Encasements for mattresses 
 Move beds away from walls 
 Vacuum whole house 
 Hand steam furniture 
 Discard heavily infested soft furnishings 
 Interceptors (cup traps put under bed legs) – replace with biopesticide eg pretreated 

bed skirts 
 Baseboard treatment (with pyrethroid) – replace with biopesticide baseboard spray 
 Paint 1” biopesticide barriers around electrical switches/outlets and cracks, joints 

and crevices in furniture etc 
 Re-inspect in 2 weeks  

 
We anticipate that the fungal biopesticide would replace the use of Pyrethriods around room 
edges (at the interface between baseboards and carpet or other floor covering), additional 
treatment areas would be around electrical switches and cracks and joints in furnishings 
(possibly as a paint-on application), and as a pre-sprayed bed skirt designed to form a barrier 
between bed bugs approaching the bed from other parts of the room to obtain a blood feed.  In all 
cases the exposure of the bed bugs to the biopesticide application will result in conidial pick-up 
and dissemination of the conidia to unexposed bed bugs in harborages.  We have already 
demonstrated that auto-dissemination of conidia occurs (See Appendix 1, in attached 
documents), the design of our suite of delivery technologies will aim to ensure maximum 
exposure of bed bugs to the biopesticide and optimal auto-dissemination to harborages. 
 
In this objective we will develop a range of designs of bed skirts and pre-treated barriers suitable 
for use on common bed types (Eg. divans, wood frame, bunk bed, futon, metal frame etc). We 
will develop spray formulations suitable for use as base board/floor interface treatment and 
‘paint-on’ formulations for use around electrical sockets and crevices in hard furnishings.  These 
latter formulations will be selected with compatibility with painted and wood surfaces to ensure 
they are both inconspicuous and cause minimal damage or staining of these surfaces.  In the 
event that a suitable oil formulation cannot be found due to issues of staining or damage to 
surfaces, we will investigate the potential for using masking tape as the barrier treatment to 
which the formulation is then applied.  
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Timetable and Evaluation (assuming start date of 1 October 2012) 
 

Objective Phase Tasks Deliverables (means of 
evaluation/verifiable indicators) 

Complete by 

1 Production 
 
Formulation 

Mass produce both isolates using 
standard production methods 
Formulate conidia in 20% Ondina and 
80% Isopar M 

High quality pure conidia powder 
 
Stable oil formulation of 2 fungal 
isolates 

December 2012 
 

December 2012 

 Bioassays Spray jersey knit cloth with conidial 
formulations 
Conduct bioassays with adult bed bugs 
over range of constant and fluctuating 
temperatures 

Uniform test substrate for each fungal 
isolate 
Survival curves and Mean Survival 
Time (MST) for each isolate at each 
temperature. 
Best isolate selected for further 
development based on results above 

December 2012 
March 2013 
 
March 2013 

2 Textile 
screening 

Obtain a range of different fabrics and 
textiles for evaluation using standard 
bioassay technique. 
Spray test substrates with conidial 
formulation of selected isolate 
Conduct bioassays with adult bed bugs 
at 25oC 
Store sprayed substrates at 25oC and 
re-run bioassay at monthly intervals to 
determine rate of decline in efficacy. 

Test substrates available. 
 
Uniform spray application to each 
test substrate 
 
Survival curves and MST for each 
substrate 
Survival curves and MST for each 
substrate over time 

March 2013 
 
April 2013 
 
June 2013 
September 
2013 

3 Delivery 
systems 

Develop suitable barrier treatments 
(based on pre treated fabrics as above) 
to fit a range of different bed designs.  
Develop suitable spray application 
method for base board treatment. 
Develop suitable ‘paint-on’ liquid or 
tape formulation for cracks, crevices 
and electrical fittings 

Barrier skirt design available for all 
commonly found bed types. 
Spray bottle and formulation 
specifications. 
 
Specifications for ‘paint-on’ 
applications. 

September 
2013 
 
September 
2013 
 
September 
2013 

For all 
objectives 

Bed bug 
colony 

Maintain beg bug colony for project 
use 

Bed bugs available as required Ongoing 
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Evaluation Plans  
 
Focus Area:  Residential and public areas 
Roadmap Goal: Reduce potential human health risks from pests and related management strategies 
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Key Personnel 
 
Dr Nina Jenkins – Principal investigator. Will supervise the Postdoctoral research scientist in 
execution of all experiments and analysis of data and take overall responsibility for project 
management and reporting. 
 
Prof. Matthew Thomas – Co-investigator. Has many years of experience running research 
projects exploring and range of biocontrol technologies.  Extensive research on host pathogen 
interactions.  Prof Thomas will co-supervise the Postdoctoral researcher and provide input into 
experimental design and publications. 
 
Prof. Ed Rajotte – Co-investigator.  Has 25 years experience in the development, implementation 
and analysis of IPM.  He is the Extension Coordinator for the Pennsylvania Pest Management 
Program (PAIPM), appointed as National IPM Liaison to the National Association of State 
Universities and Land Grant Colleges, and is on the national steering committee of ipmPIPE.  
Prof. Rajotte will provide guidance to the project based on his extensive expertise in IPM 
systems and bed bug management.
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