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Foreword
Harold J. Harlan

Bed bugs were a serious pest of human communities long before recorded history. However, for millenia,
information about bed bugs, and advice on how to deal with them, has been in evidence across many lineages
of cultural lore. This fact is most obvious when you consider that bed bugs are known to have at least 71 com-
mon names originating from 36 different languages across the world (Usinger, 1966). The Monograph of
Cimicidae (Usinger 1966) was the first comprehensive publication on bed bugs that combined extensive
worldwide information from historic, cultural, scientific, pest management, and general public resources.

Advances in the Biology and Management of Modern Bed Bugs (ABMMBB) updates and expands much of
Usinger’s (1966) information, with emphasis on the worldwide resurgence of both the Common bed bug,
Cimex lectularius L., and the Tropical bed bug, Cimex hemipterus (F.). ABMMBB incorporates extensive new
information from a wide range of basic and applied research, as well as the recently observed medical, legal
and regulatory impacts of bed bugs.

Today there are many new, extremely precise technologies, and laboratory tools that could not have been imag-
ined in 1966. Recent innovations, especially in molecular biology and genetics, offer a fascinating range of potential
applications. In addition, we have new systems for information gathering, processing, and sharing with international
colleagues. These technologies have opened up whole new fields of scientific investigation over the past 20 years.

Stephen L. Doggett, Dini M. Miller, and Chow-Yang Lee have done a terrific job of assembling and coordi-
nating more than 60 contributing authors who are highly experienced and widely recognized as experts in
their topic areas. The contributing authors offer new information on basic science and advice on using applied
management strategies and bed bug bioassay techniques. The authors also present cutting-edge information
on the major impacts that bed bugs have had on the medical, legal, housing, and hotel industries across the
world, as well as their impacts on public health.

ABMMBB is the most comprehensive compilation yet produced about these bugs that includes historic,
technical, and practical information. It will certainly be the most thorough single reference on bed bugs for
many decades to come. I believe that ABMMBB will be an essential reference for anyone who is engaged in
managing bed bugs, be it in an academic, basic or applied scientific setting, or in a public outreach or pest
management role, worldwide. I am very honored, and humbled, to have been asked to provide this foreword.
I can hardly wait to buy my own personal copy.

Respectfully,
Harold J. Harlan
Harold J. Harlan, PhD, BCE, LTC (Ret.) was a US Army Medical Entomologist
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Introduction
Stephen L. Doggett, Dini M. Miller and Chow-Yang Lee

“..misery acquaints a man with strange bedfellows..”
William Shakespeare, The Tempest, 1610

“..intellects vast and cool and unsympathetic, regarded this earth with envious eyes, and slowly and
surely drew their plans against us...”
H.G. Wells, The War of the Worlds, 1898

The quotation above from one of William Shakespeare’s greatest works could easily read as an allegory for the
personal suffering one experiences with a bed bug infestation. However, Shakespeare’s play was written in
1610, only a short time after the UK produced their first reliable bed bug record in 1583 (Mouffet, 1634). Thus
it was quite possible that Shakespeare himself never acquainted himself with the misery of bed bugs. Yet it
was not long before the insect became so common in the country that companies appeared which special-
ized in bed bug extermination, such as the famous Tiffin & Son, founded in 1690 (Potter, 2011).

In fact, bed bugs have a long history of inflicting their misery upon humanity. The remains of bed bugs have
been found in Egyptian settlements dating back some 3565 years (Paragiotakopulu and Buckland, 1999). With
the discovery in 1939 that dichloro-diphenyl trichloroethane (better known as DDT) had a powerful insecti-
cidal action, suddenly the world had the magical solution that could rid humanity of bed bugs forever.
Subsequently DDT (and other organochlorines), and the organophosphates where widely employed to control
bed bugs, and infestations became rare in the developed world for many years after World War II (Usinger,
1966). Yet forever was not to be. The late 1990s saw a worldwide re-emergence of both the Tropical bed bug,
Cimex hemipterus (F.), and the Common bed bug, Cimex lectularius L. Not unlike the Martians in H.G. Wells’
classic novel, suddenly nowhere on earth was exempt from bed bugs.

In the early days of the modern resurgence, infestations mainly occurred in the hospitality sector and bed
bugs were more limited to premises with high guest turnover. Then people started to take the insect with
them wherever they went and, in the process, spread bed bugs into the wider community. Infestations began
to appear in such diverse locations as in private homes, on public transport, within the retail sector, in cine-
mas, at the office, in schools and universities, and even in healthcare facilities. Thus wherever a person went,
they could be potentially exposed to bed bugs and take them elsewhere. The greatest concern however, has
been the proliferation of bed bugs amongst the socially disadvantaged, a group that often does not have the
economic resources to pay for control. As a result, infestations can go uncontrolled and spread throughout a
building complex. With a lack of public and government support to ensure that infestations are successfully
eradicated, it is unfortunate that such groups have become bed bug reservoirs for the wider society. Thus
support should be provided for bed bug eradication programs in low income housing...even if it is only to
selfishly protect ourselves from future infestations.

Advances in the Biology and Management of Modern Bed Bugs, First Edition.
Edited by Stephen L. Doggett, Dini M. Miller, and Chow-Yang Lee.
© 2018 John Wiley & Sons Ltd. Published 2018 by John Wiley & Sons Ltd.
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There have been a number of reasons postulated for the modern bed bug resurgence (Pinto et al., 2007;
Doggett et al., 2012). This includes globalization and the ease with which people move around the world,
thereby enabling the spread of modern bed bug strains. Changes in pest management have meant that hotel
rooms are no longer routinely treated for pests. The insecticides available today do not have the same residual
life as the organochlorines and are simply not as efficacious. Poor knowledge of bed bugs, in particular how
to control modern strains, has clearly been a major factor in the degree of the resurgence, as treatment fail-
ures often result in the infestation spreading to other apartments in multiple occupancy dwellings. This par-
ticular phenomenon has been aided by the ever increasing concentration of people into high density living
due to the uncontrolled growth in the world’s population. These days it is much easier for bed bugs to spread
from an infestation to invade other premises. A variety of other reasons have been given for the resurgence,
but it appears that the key contributing factor to the modern bed bug resurgence is the development of insec-
ticide resistance within the insect.

In many ways, the bed bugs that our grandparents experienced are very different to those that we are exposed
to now. The contemporary bugs have developed multiple defences against the insecticides we use against
them. They have thicker skins, which slows down the penetration of insecticides into the body. They produce
a range of complex enzymes that can break down insecticides, and they possess mutations that prevent the
insecticides from acting at the target sites. Thus the modern bed bug is truly the superbug of the 21st century.
The challenge for modern scientists is to find ways to circumvent this range of extraordinary adaptations.

One aspect that has been the subject of debate is the geographical origin of the modern (and resistant) bed
bug. Some US based researchers have suggested that resistant strains of C. lectularius arrived from Eastern
Europe, although somewhat amusingly, locals in Eastern Europe have the opposing view of blaming American
tourists (Borel, 2015). In spite of the contrary opinions, neither belief can explain the origin and simultaneous
rise of C. hemipterus. This species has a more tropical distribution, has never been reported from Eastern
Europe, and only recently reappeared in the USA (Campbell ez al., 2016). Arguably a more simple answer to the
origin of resistance in both species is that resistant strains originated from a region where the two species are
sympatric and where insecticide selection pressures were equally applied. This would help to explain the syn-
chronous revival of the two species. The most logical locations would be from areas of Africa where infesta-
tions of C. hemipterus and C. lectularius coexisted even when infestations elsewhere in the world had become
uncommon. In KwaZulu, South Africa, during the late 1980s it was observed that bed bug infestations (of both
species) were more common in human dwellings that were sprayed annually with DDT to combat malaria than
unsprayed dwellings (Newberry et al., 1987, 1990; Newberry, 1991). The increase in nuisance biting from bed
bugs meant that householders often refused chemical treatments despite the potential risk of death from
malaria as they believed that spraying may have contributed to greater bed bug numbers! Even some 20 years
earlier, a report from the early 1970s noted an increase in bed bug infestations occurred in spite of regular treat-
ments with the organochlorines (Rafatjah, 1971). In both cases, the development of insecticide resistance was
the suspected cause of these increases. In fact, by the early 1970s, insecticide resistance had been long known
in South African bed bug populations.

The first report of resistance to DDT in C. lectularius was from Hawaii in 1947. This was only three years
after the pesticide was first employed (Johnson and Hill, 1948). Within a relatively short time thereafter,
reports of resistance to both bed bug species had become widespread (Busvine, 1957). Thus it appears that
resistance evolved rapidly, but this may not have been the case. Natural pyrethrins were used for bed bug
control after the mid-1800s, and resistance to this class of insecticides confers cross resistance to the organo-
chlorines. Perhaps some degree of resistance in bed bugs had developed long before the late 1940s but was
simply not identified. The organochlorines being more efficacious than pyrethrins may have helped to rapidly
eliminate the non-resistant and less resistant insects. Furthermore, presumably the bed bugs that disappeared
in developed nations post World War II were all susceptible strains (or had low-level resistance). Yet in
pockets of the world, high levels of resistance had evolved (and presumably continued to evolve). These
“superbugs” just required the means of escape in order to spread elsewhere. The means were provided by
humans, with our modern tendency to move about the world. Widespread global travel is a relatively recent
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behavior in human history, yet rapidly growing. The World Bank estimated that in 1970 there were some 310
million people movements globally, and by 2015 this number had risen to 3.4 billion (World Bank, 2016).
Thus insecticide-resistant bed bugs had ample means to spread from their original source to a new location.
The constant rise in human population combined with the increased movement of people across the globe,
the recent changes in pesticides and pest management practices mentioned above, and the presence of
resistant bed bugs in certain parts of the world, makes it seem that, perhaps in hindsight, the global bed bug
resurgence was inevitable and should have been anticipated.

As a consequence of the modern resurgence, there has been a renewed interest in bed bug research. In
recent years, a plethora of publications relating to bed bugs have appeared. For example, a search on Pubmed
(www.ncbi.nlm.nih.gov/pubmed/) using the term “Cimex’, reveals 259 peer reviewed publications between
1912 and 1999. That number rose to 492 between 2000 to the end of 2016. If industry publications and news-
paper reports were included, the increase in bed bug publications would be even more dramatic. Interestingly,
the number of scientific publications from 2010 onwards have plateaued at around 50 per year, which prob-
ably reflects how minimally funded bed bug research is today. While Usinger’s (1966) seminal manuscript, the
Monograph of Cimicidae (Hemiptera — Heteroptera), continues to be the key reference for taxonomy of the
Cimicidae, other areas of research are now much further advanced. Thus there is a need for the distillation of
all the contemporary information into a modern academic text and hence the birth of Advances in the Biology
and Management of Modern Bed Bugs (ABMMBB).

ABMMBB is a synthesis of bed bug information from the past to the present. It aims to serve as a reference
book for academic researchers and students alike. It is a valuable text for those in the hospitality sector and
accommodation managers, who are tasked with the job of minimizing the risk of bed bugs in their facility, or
who organize the eradication of active infestations. With the growth in bed bug litigation, both the litigant
and defendant legal teams will find ABMMBB an essential source of contemporary information. Finally,
ABMMBB provides up-to-date information for the pest management professional on bed bug biology and
management. In recent years, most bed bug research has focused on C. lectularius, as this species has
impacted the more economically advantaged nations of Europe and North America. However, ABMMBB is
aiming to be global in context, and where possible, both bed bug species are discussed and key differences
highlighted. With the aim of having an international appeal, ABMMBB has over 60 contributing authors,
spanning some 14 nations.

There are seven main parts within ABMMBB. These cover Bed Bugs in Society, the Global Resurgence, Bed
Bug Impacts, Biology, Management, Control in Specific Situations, and Legal Issues. Finally, ABMMBB ends
with a discussion on the future of bed bugs in society and research needs.

The first part, Bed Bugs in Society, contains two chapters. Chapter 1, “Bed Bugs Through History’, reviews
the early methods of extermination. By examining past control methodologies when synthetic insecticides
had yet to be discovered, perhaps insights can be gained in how to successfully eradicate insecticide-resistant
strains now; thus the importance of including this work in ABMMBB. The chapter also covers the origins and
spread of bed bugs throughout the world. While the bed bug spread was documented historically to a reason-
able extent, few bothered to determine which species was involved. It can be surmised (based on past records
and current distributions) that it was mainly C. lectularius that was introduced and established in Europe,
North America, and initially into Australia. However, few records exist regarding the global spread of
C. hemipterus. Thus it is necessary to review the early taxonomic descriptions for this species, as these texts
contain information on the site of collection (reviewed in Usinger, 1966). Fabricius first described C. hemip-
terus, which was captured from South America houses in 1803 (Fabricius, 1803), while other early records
include “Ile Bourbon” (1852) [now known as Réunion], “Ost-Indien” (1861) [East India], Colombia (1854), and
Sokotra (1899) [also spelled Socrota, which is part of Yemen]. These references indicate that C. hemipterus
had spread around the world by the mid-19th century as had C. lectularius.

Chapter 2, “Bed Bugs in Popular Culture’, highlights the intimate relationship that humans had with bed
bugs throughout history via the depiction of the insect in various forms of media. Bed bugs have appeared
over the years in poetry, art, the theatre, literature, music, and more recently, in television.
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Part 2, on the global bed bug resurgence, contains contributions from all the major regions across the world,
including chapters from the Americas, Europe and Russia, Asia, Australia, Africa, the Indian subcontinent,
and the Middle East. Each chapter discusses the history of bed bugs in their respective region, the resurgence,
and strategies employed to combat the return of the bed bug.

Bed Bug Impacts (Part 3) reviews the dermatological, mental health, and miscellaneous heath impacts asso-
ciated with bed bugs. The potential for bed bugs to transmit infectious diseases is also considered. It is diffi-
cult to argue the fact that the health-related impacts of bed bugs are relatively minor compared with insects,
such as mosquitoes, that are known to transmit vector-borne diseases. However, the fiscal impacts of bed
bugs are significant and the resurgence has probably cost the world economy billions of dollars. The monetary
effects of bed bugs are many and varied, and detailed in the final chapter of this section.

The basis of integrated pest management (IPM) is a comprehensive understanding of the biology of the pest
as it relates to effective control strategies, hence the need to include such issues within ABMMBB. Topics
covered within Part 4 include host-seeking and blood-feeding behaviors, harbourage selection and aggregation,
dispersal, chemical ecology, population genetics, physiology, symbionts, and laboratory maintenance. The
bizarre reproductive behaviour of bed bugs known as “traumatic insemination” is also discussed.

Part 5 focuses on bed bug management. The first three chapters of this section review the industry standards
on bed bug control that have been developed in recent years in Australia, Europe, and the USA. These stand-
ards are followed by a chapter on how a large multinational pest management firm approaches bed bug man-
agement to ensure consistency of treatments and a positive outcome for the clients. The following chapters
focus on prevention (in terms of minimizing the risk of bed bug establishment and spread); detection and
monitoring; non-chemical management; insecticide resistance; and chemical control. In recent years with the
modern bed bug resurgence, many technologies have appeared on the market, but only few are truly effica-
cious. Thus Chapter 31 reviews the inherent limitations in bed bug management technology. The bed bug
management coverage finishes with a focus on education. This involves sending the correct message to the
community on how to minimize the risk of bed bugs, and how an infestation should be properly managed.

Part 6, on bed bug control in specific situations, reviews the experiences of industry leaders who are respon-
sible for bed bug management in particular environments. These include low-income housing, multi-unit
housing, shelters, hotels, healthcare facilities, aircraft, trains and cruise ships, and within the poultry industry.
In many cases, little has been published in these areas, so the authors often had to recount their own personal
experiences and the challenges involved in achieving a successful outcome.

In recent years, bed bugs have been the cause of legal action, especially in the USA, where some cases
involve settlements of several million dollars. Thus Part 7 deals with bed bugs and the law, covering legal
aspects from the USA, the UK, Asia, and Australia. There is also a chapter on the challenges of being an
expert witness involved in bed bug litigation.

The final chapter of ABMMBB undertakes some crystal-ball gazing to imagine what the future will look
like in terms of bed bug and human interaction, and reviews the strategies and research required to reverse
the resurgence. Perhaps one of the greatest challenges ahead is to make control affordable for all people.
However, only considerable technological and methodological advancements will make this happen.
Ultimately the real question is, can we defeat bed bugs again, or are bed bugs set to plague human society
forever? Only time will tell.
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Bed Bugs Through History
Michael F. Potter

Among all the night enemies which often perturb our sweet quiet sleep, there is none more cruel than
bedbugs.
Andrea Matthioli, 1557

1.1 Introduction

Bed bugs and humans have had long and interesting relations. Few pests throughout our history have been
more detested, or inspired such innovation in pursuit of a solution. Much of humanity had a respite from bed
bugs during the second half of the 20th century. Now that the reprieve is over, the past can provide insight as
to what lies ahead.

1.2 Origins and Spread

Bed bugs have been biting us pretty much from the beginning. Evidence suggests the parasites first fed
on bats, turning their attention to humans after we began inhabiting the same caves (Usinger and Povolny,
1966; Booth et al., 2015). Relations between bed bugs and humans were probably intermittent back then,
because hunters and herdsmen were wanderers. Life for the parasites became simpler with the formation
of villages and cities, making it easier for infestations to become established. Bed bug remains have been
unearthed from sites dating back to the Pharaohs (more than 3500 years ago), when they were consid-
ered both pest and potion (Panagiotakopulu and Buckland, 1999). The Roman scholar Pliny the Elder
wrote that the Egyptians drank a bed bug “cocktail” as a cure for snakebite, while the Greeks and Romans
burned the bugs to make leeches loosen their hold. Ingesting bed bugs was thought to cure maladies
ranging from lethargy to urinary infections (Busvine, 1976). Bed bugs continued to be used for medicinal
purposes well into the 20th century in Europe and North America. Included in the fifth (1896) edition of
the American Homeopathic Pharmacopoeia are directions for making a “tincture of bed bug” to be used
as a remedy for malaria (Riley and Johanssen, 1938). The ancients also devised creative (if not entirely
effective) measures to defeat them. The Greek philosopher Democritus (400 BCE), for example, recom-
mended hanging the feet of a hare or stag at the foot of the bed, while others suggested suspending a bear
skin (Cowan, 1865).

As civilization and trade expanded, bed bugs spread north and east through Europe and Asia, reaching
Italy by 77 CE, China by 600 CE, and Germany and France, respectively, in the 11th and 13th centuries
(Usinger, 1966). Warmth produced by sleeping and cooking fires enabled the bugs to thrive in castles of the
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wealthy and huts of the working class (Figure 1.1). However much like today, the poor and disadvantaged
suffered the most: “They infest both the chambers of rich and poor, but are more troublesome to the poor...
For they do not breed in beds of which the linen and straw is frequently changed, as in the houses of the
rich” (Aldrovandi, 1603).

Bed bugs were first reported in England in 1583 and became common by the 17th and 18th centuries. They
hitchhiked their way to the Americas aboard the ships of the first European explorers and settlers. Aided by
commerece, infestations initially arose in seaport towns, appearing farther inland later on (Marlatt, 1916). The
current resurgence of bed bugs in North America has followed a similar pattern, with initial reports of infesta-
tion in the late-1990s appearing in such “gateway” cities as New York, Chicago, Toronto, and San Francisco.

The global spread of bed bugs can also be traced to their naming. In ancient Rome, bed bugs were called
Cimex (meaning “bug”). The species designation (lectularius), assigned centuries later by Linnaeus, referred
to a bed or couch. The early Greek term for bed bug was coris, meaning “to bite,” from which the word cori-
ander comes. One of civilization’s oldest spices, coriander (cilantro) was probably so named because when the
leaves are crushed the pungent smell resembled that of bed bugs. Ancient Chinese who ground the bugs up
to treat wounds called them chou chong, or “stinky bug,” and the obnoxious odor prompted a similar christen-
ing (punaise, “to stink”) in medieval France. The Japanese once called bed bugs, Nankin mushi, or “insects
from Nanjing (China)’, an expression anecdotally said to have been coined during the Sino-Japanese war
(1937-1945). However, this term is considered derogatory and now Tokojirami (bed louse) is more often

g i O s Figure 1.1 Bed bugs depicted in Hortus
— T i Sanitatis (Anonymous, 1536). This was the

first ever encyclopedic compilation of
natural history, originally published in
Germany in 1485. Credit: Wellcome Images
CC (https://www.diomedia.com/stock-
photo-hortus-sanitatis-image19956256.
html).
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used. Another disparaging moniker, venerschen (little venereal), was used in Germany, presumably because of
the pest’s infectious disposition (Borel, 2015). In England, bed bugs were simply called “bugs” The early
Spanish word for bed bug was chinche, and Spanish-speaking people today often refer to them as chinches or
chinche de cama; literally, “bug of the bed” Other descriptive names originating from Europe and North
America included “bed louse,” “wall louse,” “wallpaper flounder,” “night rider;” “red coat,” “mahogany flat’, and
“crimson rambler” Bed bugs presumably did not occur in North America before the arrival of European set-
tlers, thus there is no definitive native word for them in the language of indigenous Americans (Usinger,
1966). Although the Hopi people of the southwestern USA do have a native word for bed bugs (pesetsola), it
is unclear if the word referred to the Common bed bug, Cimex lectularius L., or another Cimicid species

perhaps associated with cliff-dwelling birds (Reinhardt, 2012).

1.3 Early Extermination Methods

People crushed, swatted, and hand-picked bed bugs long before they relied on pesticides (Figure 1.2). The
close “hand-to-hand combat” could help explain the bugs’ oft-reported loathsome smell: “This insect if it be
crushed or bruised emits a most horrid and loathsome stench, so that those that are bitten by them are often
in doubt whether it be better to endure the trouble of their bitings, or kill them and suffer their most odious
and abominable stink” (Ray, 1673).

Figure 1.2 “Summer Amusement, Bugg
Hunting” (Cruikshank, 1782). People
hand-picked bed bugs long before the use
of insecticides. Credit: Library of Congress,
Washington, DC (https://www.loc.gov/
item/00652100/).
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Many of the modern methods for managing bed bugs today can be traced to early European exterminators.
Among the most famous were Tiffin & Son of London, who formed a business in 1690 to exterminate bed
bugs for the nobility. In the 17th and 18th centuries, the affluent became very concerned that the working
classes would transport bed bugs into their homes. Recognizing the need for vigilance, Tiffin noted: “We do
the work by contract, examining the house every year. It’s a precaution to keep the place comfortable. You see,
servants are apt to bring bugs in their boxes” (Mayhew, 1861). Tiffin mentioned finding the most bed bugs in
beds, but cautioned “if left unmolested they get numerous, climb to the tops of rooms, and about the corners
of the ceilings, and colonize anywhere they can” Centuries later, pest management professionals are again
advocating prevention for bed bugs, although the public is not always willing to pay for such services (Potter
etal., 2015).

Another of England’s early exterminators, John Southall, published a treatise on the bug, which he
referred to as “that nauseous venomous insect” Published in 1730, the 44-page manual contained observa-
tions on bed bug behavior and advice for eliminating infestations (Figure 1.3). Like Tiffin & Son, Southall
advocated vigilance and cautioned against bringing in infested belongings: “In taking of Houses, new or
old, and in buying Bedsteds, Furniture, &c. examine carefully if you can find Bugg-marks. If you find such,
though you see not the Vermin, you may assure yourself they are nevertheless infected. If you put out your
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Figure 1.3 Title and facing page from John Southhall’s “A Treatise of Buggs” (London, 1730).
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Linnen to wash, let no Washer-woman’s Basket be brought into your Houses; for they often prove as
dangerous to those that have no Buggs...” (Southall, 1730).

To simplify treatment, Southall recommended that beds be plain, easy to disassemble, and as free from
woodwork as possible. The evolution of the bed in modern society has been shaped by the bed bug. Additional
influences on design will be discussed later in this chapter.

Exterminator Southall also gained notoriety for his “Nonpareil Liquor,” a secret, supposedly sensational bed
bug killer. The formula for the liquid has been lost, but may have been derived from quassia wood, a tropical
tree with insecticidal properties (Busvine, 1976). A bottle of the stuff could be had for two shillings (about the
cost of a nice dinner at the time). Many other “secret” bed bug formulas have been marketed throughout his-
tory, a trend continuing to this day. Tiffin had a pragmatic view of such remedies, noting that “secret bug
poisons ain’t worth much, for all depends upon the application of them” (Cowan, 1865). Some of the early
advertisements for killing bed bugs were extreme. One recipe described in an English edition of the French
Dictionaire Oeconomique, suggested mixing the drippings from a roasted cat with egg yolks and oil to form
an ointment, which could then be rubbed onto infested furniture (Chomel, 1727). Other counsel, appearing
in The Compleat Vermin-Killer (Anonymous, 1777), instructed the reader to boil a handful of wormwood and
white hellebore, a poisonous flower, in “a proper quantity of urine” and wash the beds with it; or fill the cracks
of the bed with gunpowder and set it on fire (the latter tome had similarly fervent advice for treating head-
aches — bleeding the person with leeches attached to one’s temples.)

As noted earlier, bed bugs became plentiful in North America with the coming of European settlers. As a
deterrent, beds were often made from sassafras wood (presumed to be repellent), and the crevices doused
with boiling water, arsenic, and sulfur. According to Kalm (1748) this gave only temporary relief. Ships
afforded ideal accommodation for bed bugs, and there are accounts of voyagers being fed upon during pas-
sage to the Americas, including on the Mayflower. Completion of the transcontinental railway system in the
latter half of the 1800s afforded rapid transit to inland cities where the bugs had not been seen before. Hotels
and boarding houses were especially buggy and travelers unwittingly carried them from place to place in their
trunks and satchels. Vigilant travelers learned to pull beds away from walls and immerse the legs in pans of
oil. Others relied on pyrethrum powder: “Dusted between the sheets of a bed, it will protect the sleeper from
the most voracious hotel bug” (Osborne, 1896).

By the mid-1800s, bed bugs had become a particular problem in poor, overcrowded areas with low standards
of hygiene. As in Europe, wealthy households with an abundance of domestic help discovered that bed bugs
could be kept in check with vigorous housecleaning, especially in respect to beds. Washing bedding and dousing
the slats, springs, and crevices with boiling water or grease from salt pork or bacon proved helpful. Another
benefit from such efforts was detection of infestations in their more manageable initial stages: “The greatest
remedy is cleanliness, and a constant care and vigilance every few days to examine all the crevices and joints, to
make sure that none of the pests are hidden away” (USDA, 1875). Watchfulness and vigilance were oft-repeated
recommendations throughout the annals of bed bug management, a refrain being emphasized again today.

1.4 Propagation Within Cities (1880s-1950s)

Bed bugs received a big reproductive boost during the late 1800s and early 1900s. Cities in the USA and
Europe grew at a frenetic pace due to expansion of industry and the pursuit of jobs. Mass influxes of people
seeking a better life afforded the parasites easy access to sustenance. Builders and architects packed as many
housing units as possible into available space, facilitating building-to-building movement of infestations.
Propagation of bed bugs in the early 1900s was also aided by central heating of buildings. By the turn of the
century, cast iron radiators were delivering warmth to every room in the house, a process made easier in the
1930s by electricity, fans, and forced air heating. Whereas bed bug populations had previously followed a
more seasonal trend, increasing as the weather warmed, this enabled the bugs to thrive year-round (Johnson,
1942; Trustees of the British Museum, 1973).
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In Europe in the 1930s and 1940s, an estimated one-third of dwellings in major cities had bed bugs. Half the
population of Greater London encountered them at some point during the year, and in some areas, nearly all
households were affected to some extent (UK Ministry of Health, 1934; Hartnack, 1939). George Orwell’s
Down and Out in London and Paris (1933) depicted bed bugs as enemy combatants: “near the ceiling long
lines of the bugs marched all day like columns of soldiers, and at night came down ravenously hungry..”
During this time, bed bugs became a community-wide problem like rats. In some cases, infestations were so
severe that the bugs were seen crawling from house to house, escaping through exterior windows and doors
and traveling along walls, pipes, and gutters (Matheson, 1932).

Infestations were similarly horrendous in cities within the USA. In 1939, the National Association of
Housing Officials (NAHO) held an emergency meeting of housing managers from across the country. Opining
on the bed bug menace, they lamented that: “If the furnishings of but one family moving into the new building
are verminous — the percentage is usually much higher — there is every possibility that the woodwork,
cupboards, and fixtures of the apartments will have become infested before the management can bring the
condition under control (NAHO, 1939).

Although no social stratum was spared, the scourge was worse in poor, overcrowded neighborhoods. In
England, the bugs became synonymous with slum living conditions, leading to the belief (even among some
health officials) that bed bugs were one of the factors helping to create slums by attracting those who tolerated
them and had acquired a degree of immunity (UK Ministry of Health, 1934). Consequently, slum clearance
and the supervised transfer of tenants to new housing became an important means of combating the bed bug
problem throughout much of Europe. According to Millard (1932), “Part of a complete campaign against the
bed-bug must be to organize propaganda with a view to arousing an ‘anti-bug conscience’” Articles were writ-
ten to focus attention on especially dilapidated, bed-bug-ridden communities: “Here nearly every house is a
haunted house. After dark there is no place more eerie, no torture more prolonged and blood-curdling than
that enacted here year after year, no atrocity more revolting than the nightly human sacrifice. For there are
vampires. I have seen them. I have smelt them” (England, 1931). Slum clearance campaigns were sometimes
accompanied by fabrication and subsequent burning of large bed bug “effigies” as a means of consciousness-
raising in the community (Campkin, 2013). Such public displays are eerily similar to efforts to elevate aware-
ness about bed bugs today.

Rigid disinfestation protocols were instituted in Europe to minimize the chance of people transporting bed
bugs from old to new housing. In England, families were taken to bed bug “cleansing stations,” where their
clothing and bedding were passed through a steam disinfector. Concurrently, furniture and other belongings
were loaded into vans and fumigated with hydrogen cyanide (UK Ministry of Health, 1934). In Sweden, citi-
zens were housed in tents while their premises and belongings were being fumigated and several cities con-
templated building hotels for this purpose. In Germany, some landlords required a written testimonial from
an exterminator, stating that the apartment being vacated showed no signs of an infestation (Hartnack, 1939).
Today, in similar fashion, some property managers are asking about bed bugs during pre-screening of pro-
spective renters, although tenants’ rights are greater today than they were back then. In New York City, for
example, legislation was passed requiring lessors to provide bed bug infestation history for the prior year to
any renter before the lease of such property (Buckley, 2010).

A more comprehensive approach to preventing dissemination of bed bugs was taken by the Department of
Health in Scotland. This approach, known as the Glasgow System, placed emphasis on educating newly relo-
cated tenants on the importance of household cleanliness and the habits of vermin. Within a few days of
occupancy, specialists within the Public Health Department trained in the detection of bed bugs inspected
the dwelling and provided instruction on prevention and treatment. All tenants were visited at least monthly
during the first three months to ensure that no bed bugs were introduced and preventative measures were
proceeding satisfactorily (UK Ministry of Health, 1934; Hartnack, 1939).

Disinfestation protocols were also deployed by public housing authorities in the USA. Challenged by the
bed bug’s mobility (and restrictions on using cyanide in multi-occupancy buildings), communal initiatives
were undertaken patterned after those being used concurrently in Europe. In such cities as Chicago and New
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York, cooperating managers and tenants received federal and local funds to de-infest their communities.
Paradoxically, the communal pest control programs disappeared soon after DDT (dichloro-diphenyl trichlo-
roethane) became available for householder use in 1945. Exuberance over the sensational new pesticide
caused housing managers to abandon the need for a community-wide approach, since each tenant could now
slay their own bed bugs affordably and efficiently (Biehler, 2009). Unfortunately, the quick and easy “techno-
logical fix” proved unsustainable, and communities are facing the same bed bug challenges today.

During wartime, bed bugs were transported on bedding into many public air-raid shelters. They also fed on
sleeping soldiers in barracks and battlefront trenches, and were spread on belts, backpacks, canteens, and
helmets. Matheson (1950) reported one such account from World War I: “In the East African campaign the
bugs invaded the cork lining of the sun helmets of the soldiers. As the helmets were piled together at night, all
soon became infested and the soldiers complained of bugs attacking their heads”

During World War I, bed bugs were so abundant they became a morale issue for the US Army. Families of
soldiers who were being feasted upon by bed bugs in their bunks pressed their representatives in Congress for
a solution. Hearings were held, and as a stop-gap measure, hundreds of barracks were fumigated with hydro-
gen cyanide (Whitford, 2006). Soon thereafter, DDT was discovered to be a safer, more economical method
of controlling infestations in military sleeping quarters. Bed bugs were also common on warships and even in
the nooks and crannies of submarines.

In the first half of the 20th century, bed bugs also infiltrated all aspects of civilian life. Besides households
and hotels, infestations were common in dressing rooms, restaurant seating areas, furniture upholstery shops,
and laundry services (Herrick, 1914; Mallis, 1945). Theaters had big problems with bed bugs and sometimes
had to tear out entire rows of seats and install new ones. Coat rooms and lockers in schools and businesses
were also commonly infested. All modes of transport including trains, buses, taxicabs, and airplanes were
carriers of bed bugs, and passengers unwittingly picked them up and transported them home or to work. In
the 1930s, a survey of 3000 moving vans in Stockholm, Sweden found bed bugs on 47% of the vans inspected.
A subsequent survey in Finland showed that bed bugs were often found inside televisions and radios being
serviced by appliance repair shops (Markkula and Tiittanen, 1970). Not surprisingly, infestations were also a
persistent problem in hospitals. Professional pest managers today are battling bed bugs in virtually all the
same places (Potter et al., 2010, 2015).

Seeking monetary compensation because of bed bugs is not just a modern-day phenomenon. Bed bug bites
have in fact triggered lawsuits for more than a century. In 1895, a Chicago jury ruled that “no man shall be
required to pay rent for a house infested with bedbugs” Editorializing on the verdict, the news media noted
that if the ruling held, “the great majority of Chicagoans would be relieved of their rent bills” In another early
case involving a hotel (Bly vs Sears), the court ruled that the presence of bed bugs did not furnish grounds for
the recovery of damages because the plaintiff must have known that the hotel (like so many others in the day)
was previously “buggy” (Anonymous, 1902). Railroads were also defendants in bed bug lawsuits. In 1913, a
Milwaukee man sued the St. Paul Railroad for $10 000 (a lot of money in those days), claiming the bites made
him so ill that it interfered with his business trip. When the man returned home he stepped off the train car-
rying one arm in a sling (Potter, 2011). Suits involving malevolent (intentional) introduction of bed bugs are
not new either. In 1733, a porter was accused of purposefully seeding a London bathhouse with bed bugs. The
same year another instance of a “Person whose Head had a very Mischievous Turn” was reported in Dublin
(Sarasohn, 2013).

1.5 Determination — and a Silver Bullet

Humans have long sought to make their habitations less favorable to bed bugs. Heavy, wooden beds laden
with cracks and crevices were replaced with metal frames that were less congenial to the pests and easier to
inspect. Bed bug-proof building construction was also stressed (see Section 1.5.2). Most importantly, people
took measures to prevent bed bugs from entering and establishing themselves within the home. This involved
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Figure 1.4 Bed bug inspections used to be important in
maintaining a clean and healthful home. Credit: Clemson
Agricultural Bulletin 101 (1941).

checking such things as clothes sent to the laundress, blankets returning from summer camps, and suitcases
after traveling. Frequent and careful examination of beds was advised to aid in finding the first bed
bug (Figure 1.4).

Because bed bugs were so difficult to keep out of the home, the housewife often battled them during spring
cleaning. An advantage of such timing back then was that in unheated homes, bed bug populations tended to
be lower at the end of winter due to the effects of cold temperatures. De-bugging the home was laborious;
measures often included boiling anything that was washable, re-stuffing beds with new filling, scalding walls
and floors with hot water, setting the bedposts in cans of oil, and setting off sulfur candles. Oftentimes such
measures needed to be repeated since the effects were short-lived.

1.5.1 Bed Bug Insecticides

Insecticides used for bed bug control have a long and interesting history. All manners of concoctions were
employed — gaseous, liquid, and dust — and some were as toxic to people as to pests. Typical bed bug remedies
during the 1800s and early 1900s included arsenic and mercury compounds prepared by the local druggist.
The poisons were often mixed with water, alcohol, or spirits of turpentine and applied with a brush, feather,
syringe, eyedropper, or oil can, wherever the bugs were found. Mercury chloride, popularly known as “Bed
Bug Poison” (Figure 1.5), was a common remedy used by both exterminators and the general public (the toxic
compound was also used widely to treat syphilis). One way to apply it was with the whites of an egg, beaten
together and then laid with a feather (Kinsley, 1893). Unfortunately, a number of these products were also
toxic to people, killing some accidentally, or perhaps by intent. Many early bed bug sprays, such as kerosene
and gasoline, were also highly flammable. Consequently, buildings sometimes caught on fire if a match was
struck too soon after treatment.
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Figure 1.5 Mercury chloride, popularly known as “bed bug poison,” was a common remedy for bed bugs. Many people died
from accidentally or intentionally ingesting the poison.

Pyrethrum, prepared from dried chrysanthemum flowers, was a much safer material that was used from the
mid-1800s to treat bed bug infestations. Pyrethrum was included in many early bed bug preparations formu-
lated as sprays and powders. During wartime, when pyrethrum was in short supply, many other bed bug-killing
compounds were used, including rotenone, cresol, and naphthalene. Kerosene, turpentine, benzene, and gas-
oline were also widely used, as was alcohol, which is still being sprayed onto bed bugs today. The effect of all
these materials, however, was short-lived, seldom lasting beyond a day. Since the sprays lacked residual action
and did not kill bed bug eggs, treatment had to be thorough enough to contact the insects directly. Lacking
effectiveness as a dry deposit, follow-up spraying one or two weeks later was necessary to kill emerging eggs
and any adults or nymphs that were missed. A recurring theme of bed bug treatment has been the need for
thoroughness (Hockenyos, 1940a). Mallis (1945) succinctly cautioned “It should be remembered that amateur efforts
usually produce amateur results,” which the pest management industry is finding to be just as true today.

Advertisements for early bed bug insecticides were often entertaining (Figure 1.6). Despite having persua-
sive-sounding names like “Bed Bug Poison’, “Bed Bug Killer’, and “Bed Bug Murder’; experts cautioned against
putting too much confidence in their claims: “It is foolish to place too much reliance on the very numerous
preparations on the market which claim to get rid of bed bugs. The efficacy of some of these is doubtful since
the chemicals they contain must come in actual contact with the bug in order to destroy it. This is extremely
difficult to achieve on account of the bug’s power of concealment” (Hunter, 1938). It would be prudent to heed
such advice again since many products being marketed for bed bugs today have similar limitations.

Lacking in residual action, early bed bug sprays were most effective against smaller infestations. For heavy
infestations (before availability of DDT) fumigation was recommended. Early bed bug fumigation often
involved burning sulfur, sometimes called the “fire and brimstone” method (brimstone was the ancient word
for sulfur). A kettle or dish of powdered sulfur was placed in the center of the room, surrounded by a larger
pan to keep the molten mass from spattering and setting fire to the floor (Hockenyos, 1940b). Alcohol was
often added to enhance ignition and burning. Ready-made sulfur candles could also be used but were more
expensive. Metal fixtures prone to tarnishing and corrosion were removed or coated with lard or Vaseline.
The sulfur fumes also bleached and damaged wallpaper and fabrics. In order to confine the fumes, cracks
around windows and doors were sealed with strips of old newspapers coated with thin flour paste or soaked
in water. Fireplaces and chimneys were sealed off with sacks or blankets, while the keyholes were stuffed with
rags (Herrick, 1914; Matheson, 1950). Apart from the damage to household items and the stench from the
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Figure 1.6 Promotions for bed bug products were common and often entertaining. The cartoonist for this 1928 advertisement
was Theodore Geisel (Dr Suess). Credit: Standard Oil Company of New Jersey.

burning sulfur, the procedure was comparatively simple and affordable, making it a viable control option for
both householders and professionals. The sulfur fumes were lethal to all bed bug life stages, including eggs,
but had poorer penetration than some other gases, and the process sometimes had to be repeated.

The gold standard for bed bug fumigation during the first half of the 20th century was hydrocyanic acid
(HCN, cyanide) gas. Fumigating with cyanide was highly effective, but costlier and more dangerous than
other methods. As with modern-day fumigations, the entire building had to be vacated, which was not essen-
tial when burning sulfur. Due to the danger, cyanide fumigations were best performed by professionals, but
this was not always the case. Many people without the proper training and safety equipment were killed or
seriously injured, and even professionals had mishaps using the effective but lethal material.

Various commercial preparations of hydrogen cyanide were available, including Zyklon B pellets and
powder used in the gas chambers during the Holocaust. The most popular and convenient formulation used
by pest control firms were “discoids,” consisting of fibrous absorbent discs saturated with liquid cyanide,
packed in gastight metal containers. When exposed to air, the liquid cyanide quickly volatilized into toxic gas,
necessitating the use of a gas mask. Applicators worked in teams with one person opening cans while the
other scattered the discs onto layers of cardboard or newspaper. Special care was needed, post-fumigation, to
adequately ventilate the building and its contents (Mallis, 1945).

Despite the dangers and other drawbacks, cyanide fumigation was long considered the most efficient means
of eliminating serious bed bug infestations. Fumigation chambers and vans were widely used for disinfesting
furniture and other belongings. But all that changed after the start of World War II when a new and more
potent chemical spray became available: DDT.

The discovery and development of DDT for battling bed bugs and other pests is legendary. DDT was origi-
nally synthesized in 1874 by a young German chemistry student working on his thesis, but the compound
stayed in obscurity until 1939, when Paul Muller, a Swiss scientist with the Geigy Company, discovered its
remarkable insecticidal properties (Muller was awarded the Nobel Prize for the discovery in 1948). Initial
quantities were under sole allocation of the War Production Board, to protect US armed forces during World
War II from disease-carrying lice, flies, and mosquitoes. Beginning in 1942, DDT was also evaluated against
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Figure 1.7 In 1945, suppliers began advertising the availability of DDT for civilian (non-military) uses, including control of bed
bugs. Credit: M.F. Potter.

bed bugs in hopes of finding a more effective and economical method of control in military barracks. Test
results by the USDA Bureau of Entomology and Plant Quarantine in Orlando, Florida, were deemed phenom-
enal and DDT was proclaimed “the perfect answer to the bed bug problem” (US Bureau of Entomology, 1945).
By the end of 1945, chemical companies were also heralding the availability of DDT for civilian use, giving the
public a potent new weapon in the war on bed bugs (Figure 1.7).

What made DDT special was its long-lasting effectiveness as a dry deposit. No longer did bed bug sprays
have to contact the insects directly, as was required with other materials. For the first time, bed bugs residing
in hidden locations and nymphs hatching from eggs succumbed by resting or crawling on previously treated
surfaces. While some studies reported a residual effect lasting at least six months (Madden et al., 1944, 1945),
Mallis (1954) noted that samples of wallpaper sprayed with DDT continued killing bed bugs three years later,
eliminating the need for reapplication in the event that some bugs were missed or reintroduced. Experiments
further showed that DDT had no repellency and did not disperse bed bugs throughout a room or building,
like pyrethrum and some other materials.

DDT applied as a 5% oil-base spray (typically blended with deodorized kerosene) or 10% powder was so
effective that all the bed bugs in a room could eventually be killed by thoroughly treating the bed and nowhere
else, since the bugs eventually had to come there to feed (Stenburg, 1947). In practical use, most other loca-
tions in the room were also treated to hasten eradication. Thorough treatment of the entire mattress
(Figure 1.8), pillows, bed springs, and frame was recommended (US Bureau of Entomology, 1945; USDA,
1953). One application usually did the job, in contrast to the recurring treatments previously needed (and
being experienced today)

Interestingly there was little mention of having to prepare for extermination by de-cluttering and washing
bedding and clothing. This is quite different from current methods, which place great importance on such
preparatory measures. Years ago, many households had fewer furnishings, clothing, knickknacks, and clutter.
Contaminating people’s belongings with pesticide was also less of a concern at the time.
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Figure 1.8 When controlling bed bugs with DDT, treatment of the entire bed was recommended, including the entire mattress.
Credit: US Department of Agriculture (1953).

Another factor that helped hasten the bed bug’s demise was that DDT was relatively inexpensive and
could be bought and used by anyone. DDT in various preparations could be purchased at most drug,
hardware, and department stores, and at some food markets (USDA, 1953). Unlike most fumigants, the
material could be applied by householders and professionals alike with successful results. A few ounces
of spray or an ounce of the powder was enough to treat a full-size bed and prevent re-infestation for at
least a year. For added convenience, total-release DDT “bombs” (the same ones used in wartime by the
military) were sold. The insecticide was also incorporated into paints and wallpaper. The all-out civilian
assault with DDT was so effective and widespread that within five to seven years, it became difficult to
find populations of bed bugs on which to do further research (J.V. Osmun, Purdue University, West
Lafayette, unpublished results).

As bed bugs were disappearing, reports began surfacing that some populations had become DDT-resist-
ant. Failures were first noted in barracks of the Naval Receiving Station at Pearl Harbor in 1947, only a few
years after the product was first used (Johnson and Hill, 1948). During the next ten years, other reports of
bed bug resistance to DDT were confirmed, especially in tropical areas of the world (Busvine, 1958).
Spraying inside houses during malaria-eradication efforts probably contributed to the onset of resistance
in bed bugs (Rafatjah, 1971). With growing reports of DDT resistance, insecticides such as malathion,
diazinon, and lindane were used as alternatives. As with DDT, a single application usually did the job,
provided spraying was thorough. Pyrethroids were subsequently used as replacements, but resistance to
these insecticides has also been documented in bed bugs throughout the world (Romero et al., 2007; Zhu
et al., 2010; Davies et al., 2012).
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1.5.2 Bug Proof Design and Construction

Throughout history, modifications were made to make beds and buildings less habitable to bed bugs. In the
16th and 17th centuries, mattresses were typically stuffed with straw and placed atop a latticework of ropes
that needed regular tightening by twisting a wooden dowel. When the bed bugs became intolerable, the straw
ticking was burned and replenished. Beds were long considered a status symbol for the wealthy. During the
14th through 18th centuries, they often were fashioned of ornately carved wooden timbers, which afforded
countless places for the bugs to hide. Such beds also tended to be draped in fabric to keep out dust and drafts.
Because of the bed bugs, exterminators began discouraging such constructions.

By the mid-18th century, heavy crack-laden wooden beds were being replaced with cast iron, which was less
attractive to bed bugs and easier to dismantle and inspect. Another advantage of metal over wood was that
alcohol or kerosene could be poured over the joints and ignited with a lighted match. The mid-18th century
introduction of cotton mattresses also made it easier to de-infest bedding since the bugs “could be boiled to
death without spoiling the fabric” (Wright, 1962). Mattresses were also redesigned with fewer buttons, folds,
and creases.

Bed bug deterrent construction was also encouraged in design of buildings. In the 1930s and 1940s, hospi-
tals and hotels in Europe were being constructed with metal windows and doors and little or no woodwork.
Floors were of cement or other tight composition with no baseboards. Walls were smoothly painted in lieu of
peeling-prone wallpaper, and cracks and crevices were filled with soap, putty, or other sealants (UK Ministry
of Health, 1934; Hartnack, 1939). Today, such measures have been abandoned in favor of aesthetics and com-
fort. The coziness of the modern sleeping room is testament to how long it’s been since bed bugs were top of
mind. At-risk entities such as hotels, hospitals, and college dormitories may eventually need to re-think the
way they design and furnish their rooms to make them less habitable to bed bugs.

1.5.3 Bed Bug Traps

Devices have long been used for trapping and removing bed bugs. Dishes, pans, and the like were placed
under bed legs to discourage the vermin from scaling the bed and biting the sleeper. Oftentimes the saucers
were filled with a liquid such as oil or kerosene. Similar pitfall traps are being marketed today to deter and
monitor for bed bugs. In the 1700s, peasants also fashioned simple bed bug traps from planks of wood
punched full of small holes. Placed under the mattress, the trap afforded convenient harborage for wandering
bed bugs, which were removed and killed the following morning. Another trap for revealing bed bugs’ pres-
ence utilized a wooden board and a flap of felt (Busvine, 1976). More intricate “lobsterpot”-sized bed bug
traps were concocted of wicker by 19th century basket makers: “The trap was placed behind the bolster and
between it and the head of the bed... the little anthropophagi after their nightly meal would retire to digest
between the interstices of the wicker trap. The housemaid in the morning would take the trap into the yard or
garden and shake out the victims, who would meet a violent death under her feet” (Wright, 1962).

In the Balkan countries of southeastern Europe, common bean leaves (Phaseolus vulgaris L.) were used for
centuries to entrap bed bugs. The leaves were spread on the floor of infested rooms, and the following morn-
ing, the leaves with the bugs on them were removed and burned (Bogdandy, 1927). The bean leaves have no
attractant effect on bed bugs, but the bugs become ensnared in the hooked hairs (trichomes) on the leaves
while wandering at night (Richardson, 1943). Recent studies have attempted to fabricate synthetic versions of
the tiny hooks so that the ancient approach might one day be used for management (Szyndler, ez al. 2013).

1.5.4 Lethal Temperatures

Heat has been used to kill bed bugs for centuries. Boiling water was used to scald bugs residing in bedding,
bed slats, springs, and other locations. Candles were also deployed: “I can still recall the acrid smell of roasting
bedbugs in bedsprings with a candle, when I was a youngster in the 1920s. Candling bedsprings was what my
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Figure 1.9 Early patent for a bed bug steamer,
C. L. FEWELL. published in 1873. Credit: US Patent and Trademark
Bed-Bug Exterminators. Office.

‘No. 139,562, ) Patenied June 3, 1873,

mom learned when she lived in Russia at the turn of the century. We also put bottle caps filled with oil under
the bed legs” (H.L. Katz, pers. comm. to R.D. Kozlovich, Safeway Pest Control, Cleveland). Others, including
the US Military, used more drastic measures: “Flaming the cracks of steel cots with a blowtorch is quite effec-
tive” (US War Department, 1940).

C.L. Fewell received a patent in 1873 for the first portable bed bug steamer, which was fashioned like a tea
kettle with an underlying fire and ash box (Figure 1.9). “The manner of using the exterminator is by moving
the spout along crevices in furniture or walls, as the case may be, when the jet of steam issuing from the spout
penetrates to the lurking places of the vermin and carries with it instant destruction” (Fewell, 1873). More
sophisticated bed bug steamers powered by electricity are being used by the pest control industry today.

A more comprehensive way of controlling bed bugs with heat was adapted from methods developed in the
early 1900s to de-infest granaries and flour mills. In an article entitled “Eradication of the bedbug by super-
heating,” investigators in Canada showed that it was possible to de-infest a two-story house by stoking up the
furnace and other stoves during summer to a temperature of 160 °F (Ross, 1916). Similar success was reported
in another study where steam was used to heat a 350-room dormitory on a college campus in Mississippi
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(Harned and Allen, 1925). In this case, maximum temperatures in bed bug-infested rooms ranged from about
110 to 125°F, over a heating period lasting a few days. The authors concluded that very high mortality can be
achieved at temperatures as low as 110°F when maintained for two days, and from a few hours exposure to
120°F. Mallis (1945) mentioned using superheating to eliminate a severe infestation of bed bugs in an animal-
rearing laboratory. He reported that after eight hours of heating, “the mortality was so terrific, that a carpet
of bedbugs covered the floor, and a slight draft through the room piled up windrows of the bugs against
several objects on the floor”

Interest in using heat to control bed bugs all but vanished after the discovery of DDT. Today’s renewed
utilization reflects the lack of effective management options and greater concerns over pesticides.

1.6 Pastis Present

History reveals both insights and concerns about bed bugs and their management. For much of the developed
world, the modern-day resurgence of this pest serves as a reminder that it is not a birthright to live free of
parasitic vermin. There will be new challenges this time around, including unprecedented movement of peo-
ple locally and globally; more clutter and belongings in which the bugs can hide; less potent pesticides for
home and professional use, and yet more restrictions on how liberally they can be used. Perhaps most
challenging will be instilling again a mindset of societal vigilance. The foundation of bed bug management
still consists of hard work, public education, and preventing or detecting infestations in the initial stages. It
will be interesting to see if humanity is up to the challenge.
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Bed Bugs in Popular Culture
Stephen L. Doggett and David Cain

2.1 Introduction

For almost as long as a word could be written down, a play performed, a poem recited, or a song sung, bed
bugs have appeared in popular culture. From poetry, to figurative art, to theatre, to literature, to music, to
television, and even in everyday language, bed bugs have made an appearance. They have even worked their
way into the sensual world of erotica. Yet over the years, the use of bed bugs in popular culture has fluctuated
and changed quite dramatically. This chapter explores this theme and examines the evolution of bed bugs in
popular culture from the time when the insect was very much a part of our life, to the decline post World War II,
to the now with the modern bed bug resurgence.

Due to limitations of space, it is not possible to provide a complete list all appearances of bed bugs in popu-
lar culture. For more examples, the following outstanding texts should be consulted: Des Compagnons de
Toujours (Doby, 1997), Literarische Wanzen Eine Anthologie (Reinhardt, 2014), and Infested (Borel, 2015).

2.2 BedBugsin Poetry

The earliest known appearance of bed bugs in prose was by the Roman physician, Quintus Sammonicus
Serenus, who wrote cures in verse. In his famous text, De Medicina Praecepta Saluberrima, a squashed bed
bug could stop nose bleeds, and when combined with garlic, cured fevers (Ruffato, 2004).

Without a question the most well-known (and certainly most cited) poem featuring bed bugs is “Night,
Night Sleep Tight and Don't Let the Bed Bugs Bite’, a version of which even appears in the lyrics of the song
‘Good Night’ within the Beatles” White Album in 1968 as “Good Night, Sleep Tight” (Martin, 2016). Many
believe that the term “sleep tight” related to rope beds that were regularly tightened for reasons of comfort
(the rope would sag overtime), but this appears to be a common myth (Anonymous, 2015). In fact the origin
of the saying is obscure, with the first appearance of “sleep tight” being recorded in a diary from 1866 (Eppes,
1926). In this context, it is suggested to mean have a good sleep (Martin, 2016). Presumably the bed bug tag
was added later as a humorous piece of rhyming slang.

In a French fable from 1813, a silkworm attempts to convince a bed bug to be beneficial to society (Arnault,
1813). The worm makes the accusation that “biting is a habit and torment is a pleasure”

The following is another famous poem featuring bed bugs where the origins are obscure and often attributed
simply to an “American poet’, (Anonymous, 1893; Shipley, 1914; Millard, 1932). Several variations of this
rhyme exist (Burns, 1991; Borel, 2015)
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The Junebug has the wings of gauze, the lightning bug the flame,
The bedbug has no wings at all, but gets there just the same,
The Junebug leaves the last of June, the lightning bug in May,
The bedbug takes his bonnet off and says, “I've come to stay”

The children’s rhyme “Ballad of a Bedbug” (Barton, 2012) tells the story of a bed bug with marital issues,
who eventually departs his mattress leaving behind his wife and children.

2.3 Bed Bugs in the Figurative Arts

Many of the early works of art that depict bed bugs can be found in Doby (1997). One of the best known is the
satirical depiction from 1782 by Isaac Cruikshank, titled Summer Amusement Bugg Hunting. Here a rather
decrepit elderly couple are picking bed bugs off their bed and curtains, and dropping them into a chamber pot
(Cruikshank, 1782; see Figure 1.2). Interestingly, in the background is a poster for the famous company Tiffin
& Son, the so called “Bugg-destroyers to his Majesty’, a company that operated exclusively to control bed bugs
for almost 300 years. Later in 1811, the prodigious English satirical caricaturist, Thomas Rowlandson, drew a
version of Bugg Hunting, making the female character considerably more buxom, as was his style (Rowlandson,
1811). Rowlandson by then had created other bed bug-related images, including Bug Breeders in the Dog Days
from 1806 showing a rotund couple in bed ready to feed the bugs (Rowlandson, 1806), and the less than subtle
A Tit Bit for the Buggs depicting a rather robust woman scratching her left breast, presumably after being bit-
ten by bed bugs (Rowlandson, 1793).

Scenes and cartoons on postcards depicting people hunting for bed bugs were quite common from the late
1800s to around the 1940s (Figures 2.1 and 2.2; Doby, 1997, Doggett, 2016) and can be readily found in online
auction sites. The question lost to history is why were these so common? Were these just amusing curios or
did they represent an early form of social media whereby people sent these cards to friends and family warn-
ing that a particular establishment was infested? In the UK, many of these postcards were sent from popular
seaside holiday destinations (Stephen Doggett, unpublished results) and so the cards were probably just a bit
of silly fun.

One of the postcards in Figure 2.1 (Figure 2.1G) depicts a small island, labelled as “Bed Bug Island, Lake
Hopatcong, N.J” Several versions of the card exist, some being postmarked as early as 1917 (CardCow,
2016a), while others are later and postmarked 1951 (CardCow, 2016b). Apparently, this island was named
in the early 1900s and was given the title because bed bugs are known to be very small, as was the island.
Therefore, calling it Bed Bug Island was appropriate given its size (R. Cooper, personal communication,
via the Lake Hopatcong historian). However, the naming of locations after bed bugs was not unique; there
was also a Bedbug Hill in the same state of New Jersey (Beck, 1937). There was the town of Bedbug in
California (Williams, 2014), and a Bed-bug Alley in Central Falls, Rhode Island (National Library of
Congress, 2016).

In 1960, a series of stamps depicting the “Patriotic Health Campaign” was issued in China. One series was
“To Wipe out the Four Pests’, and this included rats, mosquitoes, flies’, and bed bugs (Zhao, 2008).

Bed bugs have also appeared in comic strips. One appeared as a topic in Calvin & Hobbes in 2008 (an imagi-
nary giant bed bug appeared under the bed; Watterson, 2008) and the Florida based comic, Save the Bed Bug
(Borel, 2015).

In 1985, the toy manufacturer, Milton Bradley, released a board game called “Bed Bugs” (YouTube, 2013).
The aim was to pick up with tweezers all the bed bugs of a particular color off a vibrating bed in the fastest
possible time. This game was rereleased in 2013; presumably the manufacturer saw a new marketing oppor-
tunity with the modern resurgence. Other bed bug games and children toys have been produced in recent
years, with most depicting an unrealistic cute version of the insect (see BedBugBeware, 2012, for a number of
examples). Across the years, imitation bed bugs have been produced for use as practical jokes (Figure 2.3).
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Figure 2.1 Bed bug postcards through history. (A) Stereogram dated 1897 from Missouri, USA. (B) “A hunting we will go", 1910
from Maine, USA. (C) Also “A hunting we will go’, postmarked 1907 (clearly the same illustrator as B). (D) “I've seen all the big
bugs of this place’, postmarked 1907. (E) “A one night stand’, 1908, New York, USA.

29



30 | Advances in the Biology and Management of Modern Bed Bugs

(G) DED BUG [SLANDS {WHERE FOETE DEEAMF, LAKE HOPATCOSG M. J. 3

Iri THE LITILE WWI M’ ('W’

R0 ME JUST .4 LINE.
o

Figure 2.1 (Cont’d) (F)“It's the little things that count! Drop me a line", 1910. (G) “Bed bug Islands (where poets dream), Lake
Hopatcong, N.J!, c1940. From the private collection of David Cain, except (C) from the private collection of Stephen Doggett.

Bed bugs have even made it into jewellery. One vintage piece (date unknown) is a replica of a bed, where the
base of the bed can be tilted back. Inside of the bed a bed bug is revealed (Figure 2.4). Other more recent
jewellery includes a necklace with a replica bottle of bed bug poison (Figure 2.4).

2.4 Bed BugsinTheatre

Bed bugs have performed on the world stage. The first known play that features bed bugs is the classic Greek
Comedy The Clouds by Aristophanes, written in 423 BCE (The Internet Classics Archive, 2000). In this play,
the somewhat slow-witted student, Strepsiades, laments to his tutor Socrates about being forced to sit on a
bed bug infested couch, “What cruel fate! What a torture the bugs will this day put me to!” Almost 2500 years
later, we can all still relate to this comment.

J.M. Doby describes a French comedy from the late 1800s titled, La Grande Symphonie des Punaises, the
English translation being The Great Symphony of Bed Bugs (Doby, 1997). The story is about a traveller staying
at an inn who is almost devoured by an army of bed bugs. However, he fights back and the bed bugs are ulti-
mately forced to flee.

Vladimir Mayakovsky in 1929 published the famous play Klop (or The Bedbug, in English), which was a
satire on communist society (Anonymous, 1963a). The musical score was written by the legendary Russian
composer, Dmitri Shostakovich (Wikipedia, 2014). The play focuses on a man who is resurrected in a labo-
ratory along with an object of the past, a bed bug (Gerin, 2000; Sova, 2004). Unfortunately, satires of the
communist regime at the time were not welcomed, and the play was quickly banned. Sadly, the author com-
mitted suicide soon afterwards. The play did eventually undergo a revival in Russia during the 1950s and
was taken around the world in the early 1960s (Anonymous, 1963b). It was even performed in Berlin in
1999 (Steinberg, 1999).

Bedbug Celebration by John Blay was a musical drama with the score composed by the Australian music
legend, Red Symonds, of the 1970s glam rock band, Skyhooks. It was first performed in Australia in 1981 and
was a tribute to Mayakovsky’s The Bedbug. In the story, a pop idol is brought back to life 50 years after his
death. Somewhat ironically, the play is set in the early 2030s, when the bed bug is a threatened species (The
Playwrights Database, 2003). While we may hope, this is unlikely to be the case even by then. More recently,
a sci-fi rock opera entitled BEDBUGS!!! opened in New York. The story involved a scientist who inadvertently
caused bed bugs to mutate into flesh-eating beasts (Borel, 2015).



ED=-BUGS ouTwiTIED!

It's very lively

& lady tock aparments, Tired cat she soupht her wirtucus couch She shricked aloud with horror,

Witk Woked quite chean and snug Covered over with & rg, Curled up her pretty mug—
Jd felt hersell quite Bappy— Aind :'\“F: 'l'JII) e “i:“llam‘fh" And swore to have her sweet fevenge
Never thinking of & bug. And sai smell a bug. Upon that filthy bug.

(G)

She aunted every crovice, She humest afl her linen wedl, At laa she pounced upon bec e,
Tn ewery ol she dug, Hee shoulders gave a shrog, And put it in a illa:..

"t searched imost diligently for With'n che bems she looked in vain, And et it 'hi\-'!_: a l'ml|'_l|$,' =Wim,
That Glihy stinking bag, To wcateh that nasty bag, “That terrifying bug.

Figure 2.2 More postcards through history. (A) “It's very lively”, undated. (B) A postcard of an early photograph depicting a
couple searching for bed bugs, undated. (C) “Bed-bugs outwitted!”, c. 1900. (D-I). A series of late-Victorian postcards, c. 1900; see
text for details. From the private collection of David Cain.
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(A)
[
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IMITATION BED BUGS

Thase little fun.makers ¢an be used ior jokes without
number. - - Place them on a pillow or countarpana, onthe
wall, or on your friend‘s collar.

You can create quits an |llusion by working a jaka (n tha
fallowing mannar: :'Ti'E a |leng hair ina buttanhaole Ingou-
cost or vast; on tha other end of tha hair attach ona of tha
bugs (use wax, glue or chewing gum). You pretend to pick
the bug off of some one's clothes. Flace Iton your hand

- nd by gently moving the hand gway from you It ook
*:mw as though the bug was nr#%

gUG Your Friends and Familys

E‘ E * : A WARNING:
CHOKING HAZARD- Small parts.

Mot for children under 3 years

(©)

Figure 2.3 Bed bugs as practical jokes across the ages. (A) Imitation Bed Bugs, 1920s. (B) Fake Bed Bugs, 2016. (C) A close up of
the “bed bugs’, which are surprisingly similar despite almost a century difference in age, ~5 mm in length. Both originate from
the US. From the private collection of Stephen Doggett.

2.5 BedBugsin Literature

Bed bugs have featured prominently in literature over the last century, and the references are too numerous
to completely list here. The comprehensive review of Reinhardt (2014) should be consulted for more
information.

Historically, bed bugs have been used in literature to set a background atmosphere of poverty or misery,
which endears the characters to the reader by creating a feeling of empathy. For example, in Anton
Chekhov’s, The Cherry Orchard, (Chekhov, 1904), the author highlights the downtrodden worker, “...any-
one can see that the workers eat abominably, sleep without pillows, thirty or forty to a room, and
everywhere there are bedbugs, stench, dampness, and immorality” In The Eye of Zeiton by Talbot Mundy
(1920), the main protagonists enter their hotel room and notes “the dull red marks on the walls...where
bed-bugs had been slain with slipper heels...we were not in search of luxury...” In Elmer Gantry by Sinclair
Lewis (1927), a seminary was thus described: “The walls were of old plaster...marked with the blood of...
bed-bugs slain in portentous battles long ago..” Later, Lewis reinforced the relationship between bed bugs
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Figure 2.4 Bed bug jewellery. (A&B) A small vintage (A)
14K charm; folding back the bed base reveals a bed bug

(date unknown), approx. 1cm in length; from the

private collection of Stephen Doggett. (C) A modern

necklace of a replica bed bug poison bottle, c. 2007;

from the private collection of David Cain.

(B)

and poverty in Work of Art (Lewis, 1934): “...this carpetless, paperless room was frequented by bedbugs,
and the beds were hard canvas cots without sheets..” Other authors also emphasize a setting of destitu-
tion by using bed bugs, such as in Talbot Mundy’s Jimgrim and Allah’s Peace; “So I knew about the bedbugs
and the stench of the citadel moat” (Mundy, 1936).
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Arguably the most evocative description in the literature of bed bugs inflicting their misery on the disad-
vantaged comes from the author Ruth Park in The Harp in the South (Park, 1948):

As the darkness grew deeper, the bugs came out of their cracks in the walls, from under the paper and
out of the cavities in the old bedsteads where they hung by day in grape-like clusters. They were thin
and flat and starved, but before dawn they would return to their foul hiding places round and glistening
and bloated with blood. Captain Phillip brought them in the rotten timbers of his first fleet and ever
since they have remained in the old tenement houses of Sydney, ferocious, ineradicable, the haunters of
the tormented sleep of the poor.

This description has to send a shiver down the spine of anyone familiar with the insect!

Since the modern resurgence, authors have employed bed bugs as a literary tool in a very different fashion.
Bed bugs are no longer used as a simile to emphasis despair as part of a wider storyline; rather, they have
become the key element themselves. This is particularly exemplified in the horror genre play BEDBUGS!!
mentioned above. Similarly, Bed Bugs Can You See Them (Taylor, 2012) was a horror film where an alien race
of bed bugs runs amok in a small town murdering the inhabitants. In Bedbugs by Rick Hautala (1999), one
short story focuses on a woman who believes she has bed bugs in her new apartment. However, there some-
thing even more sinister about the property. In Bedbugs by Ben H. Winters (2011), a young couple move into
an apartment and the woman wakes up every morning with fresh bites, although neither her husband nor her
child receive bites. The family soon realizes that they are literally confronting supernatural bed bugs that have
come straight from Hell (perhaps this is an allegory of people’s actual experience of the insect?). Sleep Tight
by Jeff Jacobson (2013) makes the current crop of real bed bugs appear utter wimps. Jacobson’s super bed bugs
can multiply a hundred fold within a week and they transmit a virus, deadlier than Ebola, that turns people
into homicidal maniacs. In many ways, these books are focusing on the current fad for horror and the zombie
genre, as much as the resurgence of bed bugs.

Before the modern resurgence, horror books featuring bed bugs did not exist. The other genre that is now
featuring bed bugs as the key element is in children’s literature, and the works are largely fanciful. For exam-
ple, in David Carter’s Bed Bugs (Carter, 1998), the book proclaims “Good night, sleep tight, these pop-up bugs
will never bite” The Bedbug Who Wouldn’t Bite (Rhodes, 2009) is in a similar vein, while in the Night of the
Bedbugs (Fricke, 2010) a young girl fears at night are calmed by a friendly group of bed bugs who sing lullabies
to help her sleep; nonsensical notions indeed!

2.6 Bed Bugs in Music

Evidence of the use of bed bugs in music predating physical recordings was reviewed by J.M. Doby (1997).
Early examples (1700s) of bed bugs in music included a Christmas carol, a bawdy song from Germany, and a
sea shanty from France.

The first actual musical recording featuring bed bugs was from 1927, being Mean Old Bed Bug Blues by
Walter E. Lewis (Lewis, 1927). This song was later recorded by multiple artists (Peterson, 2014; Borel, 2015)
and the lyrics detail the desire a bed bug has to bite its victim:

Man, a bedbug sure is evil, he don’t mean me no good.

Man, a bedbug sure is evil, he don’t mean me no good.

He thinks I'm a woodpecker, and he takes me for a chunk of wood.
When I lay down at night, I wonder how can a po’ man sleep.
When I lay down at night, I wonder how can a po’ man sleep.
When some holdin’ your hands, while the other ones eat your feet.
Bedbugs big as a jackass, will bite you and stand and grin.
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Bedbugs big as a jackass, will bite you and stand and grin.

And drink up all the bedbug poison, then come back and bite you again.
Something was moanin’ in a corner, I tried my best to see.

Something was moaning in a corner, then I walked over to see.

It was the mother bedbug prayin’ to the good Lord, for some mo’ to eat.
I have to set up all night long, my feet can‘t touch the floor.

I have to set up all night long, my feet can‘t touch the floor.

‘Cause the mean old bedbug told me, that I can’t sleep there no more.

After Johnson (1927), the lyrics were often feminized for female singers; see Pinto et al. (2007) for such a
version.

A well-known musical recording was from 1953 by Lord Invader & His Calypso Rhythm Boys. Lord Invader
was born Rupert Grant in Trinidad, and wrote “Rum & Coca-Cola’, made famous by the Andrew Sisters. The
song that features bed bugs is “Reincarnation (The Bed Bug)’, where the artist sings about being reincarnated
as a bed bug with a desire to bite only “big fat women” (SonicHits, 2016).

Brook Borel in her book Infested, and on her website Bed Bug Songs features a number of bed bug songs,
some written as recently as 2013 (Borel, 2015, 2016). Additional music not mentioned in the Borel resources
include “Bed Bug” by Roaring Jelly (1981) (YouTube, 2014), “Bad Bed Bug Song” by the Matthew Skoller Band
(1996) (BadBedbugs.com, 2016), “Bedbug” by Cherrystones (2002) (45cat, 2002), and music from the TV
series “Bedbug Party” (2006) (Sweeney et al., 2006).

If one was to count the number of musical creations from the above listed resources there would be a total
of 89 pieces that mention bed bugs. Broken down by decade, the number of bed bug themed songs: is 1920s
(6), 1930s (3), 1940s (2), 1950s (3), 1960s (4), 1970s (2), 1980s (5), 1990s (8), 2000s (13), and 2010s (43). Thus,
more than half of these songs (56/89) were created after the start of the modern bed bug resurgence, and
interestingly, most have a comedic theme.

2.7 Bed Bugs inTelevision

As TVs in homes did not become common until after the 1950s, bed bugs obviously were not featured in TV
programs prior to their decline (post World War II). However, similar to other forms of media, bed bugs
became a hot topic for TV after the modern resurgence.

Perhaps the first appearance of bed bugs on TV was My Bedbugs, a children’s TV series from the USA that
aired in 2004 (Wikipedia, 2016a). Shortly thereafter, the New York based sitcom The King of Queens featured
bed bugs in Season 8, Episode 15, in 2006 (SO8E15, 2006). The premise of this episode was that bed bugs were
introduced into the home from hotel sheets. Then, subsequent attempts to control the infestation using a
“bug bomb” made the bed bugs (according to the exterminator in the show) “horny’, causing them to breed
prolifically (IMDb, 2016).

In another New York based TV sitcom, 30 Rock (SO4E04, 2009), one of the key characters’ home becomes
infested with bed bugs and they are ostracized by co-workers (Wikipedia, 2016b). In the US drama Suits, episode
“Dirty Little Secrets” (SO1E04, 2011), a lawyer takes on a client who is being pressured to move out of his apart-
ment by a landlord who will not control a bed bug infestation (Wikia, 2016a). Another American Sitcom, Parks
and Recreation (SO3E11, 2011), based in Indiana, featured bed bugs, in an episode in which one character found
an infestation in his hotel room and was forced to share a room with a colleague (Hatton, 2016). The American
version of the classic British comedy, The Office, based in Pennsylvania, also featured bed bugs (SO8E16, 2012). In
this episode, one character claimed that there were bed bugs in his bed in an attempt to avoid the attention of an
amorous colleague (Wikipedia, 2016c). In The Simpsons episode “Pulpit Friction” (S24E18, 2013), the family
replace their old couch with an infested sofa purchased from New York (Wikipedia, 2016d). In The Big Bang
Theory, a situation comedy based in southern California (S07E01, 2013), one character is concerned that their
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partner may have brought the bed bugs home after staying in a hotel (Wikia, 2016b). Similar to the Simpson’s
episode, the comedy, The Michael J. Fox Show (SO1E08, 2013), featured a couch purchased from New York that
turned out to be infested with bed bugs (Club, 2013). Supernatural is a fantasy horror series, and in one episode
(S10E09, 2014, a character gives the following advice when asked what to do about bed bugs, “you should sleep
tight and not let them bite” (YouTube, 2015). In the prison comedy-drama series Orange is the New Black (SO3E02,
2015), inmates panic as bed bugs invade the penitentiary (Club, 2015).

There are several common themes that run through these TV shows. Almost all of the shows are com-
edies and attempt to make fun of the real-world fears that the American public has regarding bed bugs.
All are set in the USA and most depict, or at least reference, New York City (NYC), which has had a
major problem with bed bugs. Interestingly, some of the most popular TV series of all time, which where
based in NYC, were in production at the beginning of the modern bed bug resurgence. This includes
Friends (1994-2004), Seinfeld (1989-1998), and Sex and the City (1998-2004). However, the bed bug
problem was not yet widespread enough to warrant any mention in these productions. Regarding the
association between bed bugs and NYC, the famous New Yorker and show host, David Letterman
summed it up best when he said, “Instead of rude and irritable, New Yorkers are now rude, irritable and
itchy” (Newsmax, 2010).

2.8 Bed Bugs in Linguistics

The origin of the term “bed bug” and its use in different languages has been reviewed by Usinger in the
Monograph of Cimicidae (Usinger, 1966) and by Michael Potter in the preceding chapter of this textbook.
However, the term “bed bug” has crept into language throughout the ages, and has commonly been used as a
derogatory insult.

Even as far back as Horace in Satires, around 35 BCE, bed bugs were used as a personal slur. In a reference
to an acquaintance, it was stated “Do you think I am irritated by this bug Pantillus” (Doby, 1997). One early
insult was from 1654 with the term “cimex Grammaticus” or “bedbug grammarian’, which was considered a
term of reproach in literature (Ronnick, 2001). In the USA, bed bugs were called “red coats” which was prob-
ably a derisive term given as a result of the British Army uniform being red during the War of Independence
(Doby, 1995). In Yiddish, an insult for being small (vantzel) has its origin from the term used for bed bug,
“vantsn” (Borel, 2015). The term “bedbugs” was used for those authors during the 1950s who, struggling to
eke out a living, would sleep in the back of a famous book store Le Mistral (later called “Shakespeare and
Company”), located on the left bank of Paris (Mercer, 2005). In the book Bedbugs by Clive Sinclair (1982), the
title is a metaphor for the sexual activities of those in his story. The term “bedbugs” was used in Australia
during the 1950s as a term for the boys who lived in a boarding school in Sydney (Pollock, 2007). In the novel
The Dream by the legendary science fiction writer H.G. Wells, characters in the book called bed bugs the
“Norfolk-Howards” This was after a Mr Bugg decided to change his name to the more pompous sounding
“Norfolk-Howard” (Wells, 1924).

The father of the famous actor, Peter Ustinov, was known as “Klop Ustinov” (Day, 2015). “Klop” was a British
spy who used guile to gain the confidence of those from whom he was tasked to extract information. As noted
above, the term “Klop” is Russian for bed bug, and was given to him by his understanding wife. This was due to
Klop Ustinov having to bed many women in order to learn “secrets” whilst in the service of the king.

“Crazy as a bed-bug” was an expression commonly employed in the USA (Doby, 1995). In one newspa-
per it was used in a reference to a mass murderer in New York (Anonymous, 1937). Around the same
time, the term was used by various authors including Zane Grey in Robber’s Roost (Grey, 1932), Arthur
Zagat in his 1935 novel, Riverfront Horror (Zagat, 1935), and Robert Howard in High Horse Rampage
(Howard, 1936).

“Bed bug” has also been used as a derogatory metaphor. For example, the newspaper article “The NSW bed
bug bites hard” (Anonymous, 1998), has nothing to do with bed bugs. Instead “bed bug” in this case is used as
a simile for a tax that the government had recently imposed on hotel beds.
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2.9 BedBugsin Erotica

Considering the extraordinary nature of bed bug mating, a process known as “traumatic insemination’,
perhaps it is somewhat surprising that they do not feature more prominently in adult entertainment. Probably
the only example in popular culture that has attempted to emulate this sexual behavior is Isabella Rossellini’s
performance art piece, Seduce Me. This piece, while not intending to be erotic, is clearly very sexual in nature
(Rossellini, 2014). Despite that fact that few people have focused on their mating behavior, the use of bed bugs
in erotica is not a recent phenomenon. During the conservative late Victorian and Edwardian eras, bed bugs
were used in sensual ways. In a series of racy postcards, a heroine’s story unfolds (Figure 2.2);

A lady took apartments, which looked clean and snug,

And felt herself quite happy — never thinking of a bug,
Tired out she sought her virtuous couch covered over with a rug,
And started up in a great affright, and said “I smell a bug’,
She shrieked aloud with horror, curled up her pretty mug,
An swore to have her sweet revenge upon that filthy bug,
She hunted every crevice, in every hole she dug,

She searched most diligently for that filthy stinking bug,
She hunted all her linen well, her shoulders gave a shrug,
Within the hems she looked in vain, to catch that nasty bug,
At last she pounced upon her toe, and put it in a jug,

And let it have a cooling swim, “That terrifying bug”.

Naturally the cards depict a scantily clad pretty young lady, and the innuendoes in the text are screamingly
obvious. Similar postcards from the early 1900s can be readily found in online auction sites, depicting skimp-
ily attired women searching themselves for bed bugs, fleas, or flies.

The Bedbugs' Night Dance and Other Hopi Sexual Tales originate from the Hopi people of northeastern
Arizona, USA (Malotki, 1995). There are two narrations involving bed bugs. The first, Bedbug Woman and
Louse Woman, deals with the desire of a certain male bed bug to feed in the vagina of a girl who is popular
with other male bed bugs and lice. This desire eventually this leads to his death. Two widows, one of the bed
bug and the other a louse, then fall into a steamy sexual relationship. The second tale, The Bedbugs’s Night
Dance, is about a young bed bug that witnesses the dance of a local Hopi tribe and becomes so engrossed in
the dance that he has to tell the other bed bugs. The bed bugs then form a troupe to produce their own dance
for the villagers and, in the process, seduce the womenfolk.

The corollary to the Hopi stories is that bed bugs are thought not to have been introduced to North America
prior to the arrival of Europeans (Usinger, 1966). Yet Malotki (1995) has stated that these stories were thought
to have predated the European invasion. Klaus Reinhardt in an eloquent argument using deductive reasoning
settles this question by suggesting that the Hopi bed bug was actually the Mexican chicken bug, Haematosiphon
inodorus (Dugés) (Reinhardt, 2012).

As mentioned above, the song “Mean Old Bed Bug Blues” was released in 1927 and initially had a quite inno-
cent, somewhat comical set of lyrics about a bed bug wanting to bite its victim. However, a slightly later version
by Bessie Smith had a more bawdy tone, using metaphors for sexual intercourse (Peterson, 2014). Similarly, in the
song “Muriel and the Bug” by Lord Kitchener from 1961, the bed bug seeks out Muriel’s “treasure” (Borel, 2015).

2.10 The Use of Bed Bugs in Popular Culture Through Time
As evidenced from the examples depicted above, the number of references to the use of bed bugs in popular

culture has fluctuated over the years according to the prevalence of the insect in society. Before their decline
in the 1950s, bed bugs were often featured, and then during the quiet years from around 1950 to 2000, they
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were rarely mentioned. Naturally this is to be expected because popular culture is a reflection of what is
current (and topical) in society. With the recent resurgence, references to bed bugs in all forms of popular
culture have exploded.

It is interesting to compare the changes in how bed bugs have been used in literature through the years.
Since the resurgence, bed bugs have featured prominently, either playing on our fears, or as a mythical beast
to allay our fears (at least in children’s literature). As discussed above, this is very different to how bed bugs
were portrayed in literature when the insect was a common part of everyday life. Perhaps the temporary bed
bug reprieve changed our thinking and attitudes towards this pest. Once, the bed bug was considered to be a
general nuisance, but an unfortunate part of our life. Hence the sufferers of the time received our empathy and
this sympathetic perspective was prevalent in writing prior to WWII. Now, however, bed bugs are completely
reviled; after all, a defeated enemy should not be on the offensive! It is probable that our modern hatred of bed
bugs is enforced by modern marketers; a home with bacteria or insects is usually depicted as unclean and not
safe for the family. Maybe the current use of bed bugs in the horror genre is simply a reflection of the modern
perspective on bed bugs, and household pests in general.

Clearly many authors have found inspiration from the modern bed bug resurgence. Some may argue that
these authors are simply exploiting current trends to help advertise and sell their own work, however popular
culture is about dealing with contemporary issues. Whatever the reason for bed bugs’ reappearance in popu-
lar culture, one thing has been clear across the ages: no matter how much misery and angst they cause, bed
bugs are still the inspiration for a good laugh.
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The Bed Bug Resurgence in North America
Dini M. Miller

3.1 Introduction

Like the rest of the modern world, the USA and Canada have a history of bed bug infestations. Because of the
temperate climate in the North American latitudes, infestations have been almost exclusively limited to
the Common bed bug (Cimex lectularius L.). While there has been a recent discovery of several fossil cimicids
in the caves of Southern Oregon, USA (Adams and Junkins, 2107), and records (both recent and historical) of
the Tropical bed bug, Cimex hemipterus (F.) identified within the state of Florida (Hixson 1943; Usinger, 1966;
Ebeling, 1975; Campbell et al., 2016), C. lectularius is still the predominant human pest species in North
America.

Cimex lectularius is thought to have been originally introduced to the continent by European explorers
(Usinger, 1966; Pinto, 2016). The basis for this assumption is that C. lectularius is known to be of Old World
origin. With the spread of the (US) human population from the east coast toward the west, bed bug popula-
tions became widely distributed. By the 1900s, nearly every home in the USA had experienced an infestation
(Usinger, 1966; Ebeling, 1975).

A revolution in bed bug remediation occurred with the use of DDT (Usinger, 1966; Ebeling, 1975; Potter,
2011; Pinto, 2016; see also Chapter 1). DDT was originally used for mosquito control by the military but was
quickly found to have excellent bed bug efficacy. By 1947, the US Army technical manual recommended
replacing all hydrocyanic acid applications with DDT (Potter, 2011). Bed bug populations in North America
appear to have developed resistance to DDT (and other chlorinated hydrocarbons) within eight years of its
initial use (and most authors would say within five) (Usinger, 1966; Ebeling, 1975). However, bed bug
infestations had already been greatly reduced. In 1958, the National Pest Control Association of the USA
recommended the organophosphate, malathion, and carbamates, be used to treat DDT-resistant bed bug
populations (Busvine, 1958). By this time, bed bugs had been almost completely eradicated from North
America (Usinger, 1966).

3.2 Bed Bug Resurgence in the United States

Although the eventual return of the bed bug might have been predicted, Americans were taken by surprise
when bed bugs began to reappear in the late 1990s. Major urban centers like New York, Chicago, and
Cincinnati were among the first cities to become re-infested with this pest. Bed bug infestations spread
quickly and infestations soon began to be reported all over the country (Potter et al., 2011). The pest manage-
ment industry saw an exceptionally rapid increase in the annual number of bed bug complaints (Potter et al.,
2010, 2011, 2013, 2015; Potter, 2011; Potter and Haynes, 2014). Orkin Pest Control, a nationwide pest
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management company (PMC) in the USA, reported a 534% increase in bed bug calls between 2002 and 2003
(DeNoon, 2003). By 2006, a national survey of PMCs documented bed bug infestations within all 50 states
(Gangloff-Kaufmann et al., 2006). By 2016, the total number of bed bug jobs performed in the USA was
estimated to be 907 875 (Anonymous, 2017), up from 815 000 in 2015 (Curl et al., 2016).

Because bed bugs had not been a problem for almost 40 years, most PMCs had no experience in controlling
infestations, and did not know which products would kill bed bugs. In fact, the only individual in the nation
who even had a colony of bed bugs (captured from Fort Dix, New Jersey in 1972) was Dr. Harold Harlan, a
military medical entomologist. Dr Harlan generously donated his “Harlan strain” to researchers so that they
could quantify the insecticide susceptibility of field strains.

In the USA, the official “first responder” to the bed bug resurgence was the pest management industry. In
2004, the National Pest Management Association (NPMA) organized a series of bed bug workshops for mem-
bers and other participants across the nation. The NPMA also took on the leadership in developing bed bug
treatment protocols and released a best practice guide for bed bug management in 2011 (NPMA, 2011; see
also Chapter 24).

The federal agency that has been most involved in the resurgence has been the Environmental Protection
Agency (EPA). The EPA’s efforts included the formation of the Federal Bed Bug Workgroup, which involved
the Centers for Disease Control and Prevention (CDC), the Department of Defense, the Division of Housing
and Urban Development, and the Department of Agriculture. As part of this working group, the EPA and
CDCjoined forces to officially declare bed bugs a public health pest in 2007. This declaration was intended to
allow national research funding agencies (like the National Institute of Health) to justify the funding of bed
bug research.

Although many states in the USA have now passed laws regarding responsibility for bed bug remediation
(physically, financially, or both), there is still much to learn about which treatment techniques are the most
effective. Approximately 95% of PMPs apply spray formulation insecticides for bed bug control (Potter et al.,
2010, 2011, 2013, 2015; Potter, 2011) because it is the least expensive treatment option. However, as research-
ers have continued to document more resistance, the pest management industry has started to employ
additional non-chemical methods. Whole home heat treatment is being used, although the efficacy of some
heating systems is questionable. Steam, applied using professional equipment, is widely used for treating
infested furniture. The vacuuming of live bed bugs, their cast skins, and eggs off infested surfaces, has been
found to be important, particularly for the removal of small nymphs that hide in the shed skins of their larger
siblings, and which are thus protected from insecticide sprays. Desiccant dusts are becoming the standard for
bed bug prevention. Although these dusts cannot prevent bed bugs from infesting a home, they can limit bed
bug spread from one apartment unit to another.

While all of the above listed bed bug remediation methods are in widespread use, eradication has still
proven very difficult. Declaring a home “bed bug free” can only be done with ongoing monitoring (Cooper
et al., 2016). However, monitoring has yet to become a widely used “early detection” method. This is because
housing owners are reluctant to identify (new or recurring) bed bug infestations.

3.3 Bed Bug Resurgence in Canada

The history of the C. lectularius in Canada has been very similar to that of the USA. Bed bugs were thought
to have been first introduced by European explorers, and were a known pest of human dwellings for many
decades until the advent of DDT and other cyclodiene insecticides (Ebeling, 1978).

In general, Canada has fewer pesticide products registered for indoor use than the USA. In fact, only a few
liquid pyrethroid formulations are available for bed bug control, in addition to a single pyrethroid dust formulation,
and diatomaceous earth (Sean Rollo, Orkin Canada, Ontario, personal communication).

Interestingly, there have been major differences in how the resurgence was initially addressed between
Canada and the USA. In the USA, the pest control industry, specifically the NPMA (representing the private
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sector), took the leadership role in commissioning researchers and other industry experts to deliver bed bug
educational programs. The government was only tangentially involved. In Canada, the Canadian Pest
Management Association and the local provincial pest management associations were also working on bed
bug education. However, the media, the public, and local politicians were not familiar with the pest management
industry, and were looking for direction from their local health departments.

Similar to New York City, Toronto was one of the first Canadian cities to be hit hard by the resurgence.
Toronto is the most populated city in Canada, with over 6.1 million residents. Prior to 2003, bed bugs were
not considered a common pest (Zavys and Cassin, 2009). However, by 2005, requests for pest control services
in low-income housing situations had increased and pressure was put on the Toronto Public Health
Department (TPHD) to look into the situation. In 2005, TPHD conducted a survey of local housing authori-
ties to determine the number of bed bug infestations. Over a two-year study, TPHD found that bed bugs had
infested many types of residences, including single family homes, student dormitories, hostels, shelters, and
multi-unit housing (Zavys and Cassin, 2009).

One difficulty for TPHD (and other Canadian health departments) when attempting to address the situa-
tion, was that bed bugs were not considered a public health issue, because they do not transmit disease.
However, following pressure from the media, TPHD took the lead in bed bug management (Shum et al.,
2012). TPHD established a group of stakeholders to develop the Toronto Bed Bug Project in 2008. However,
TPHD had to rely on their own funds, and partner with other organizations, to finance the project’s remedia-
tion activities (Shum et al., 2012).

By 2010, TPHD had conducted 3000 assessments of apartments, 80 of which had undergone extreme cleaning
at THPD expense. THPD had also provided bed bug education to over 2000 individuals and produced 17 bed
bug fact sheets in 14 different languages. In 2011, the province of Ontario implemented a C$5 million plan to
educate people in that province about bed bugs. This program allowed the TPHD to contract with private
agencies to help citizens with treatment preparation and “extreme cleaning” However, this program ended in
2012 and sustainable (permanent) funding still has not been dedicated to bed bug remediation.

The 2010 Canadian Public Health Association Conference examined the re-emergence of bed bugs in
Canada, and compared the management approaches of municipal and public health authorities in four large
cities. Below is a review of how bed bugs have been addressed in recent years in different provinces (Shum
etal., 2012).

Montreal The Montreal Health Service, Montreal’'s Housing Corporation, and other non-profit organizations,
provide bed bug education. However, responding to bed bug complaints is the responsibility of the city inspec-
tors. In 2007, a city inspector in Montreal recorded that 20 buildings of the 700 managed by the municipal
housing corporation were infested with bed bugs. By 2011, a survey of Montreal Island residents found that
more than 24 000 households had dealt with a bed bug infestation within the previous few years (Shum et al.,
2012). In spite of the increasing number of infestations, it is interesting to note that these municipal inspec-
tors received no training in bed bug biology or management methods. Therefore, the inspectors close the case
once they have document that the landlord (the party responsible for control) has hired a PMP. There are no
quality assurance checks to determine if the infestation has been eliminated or even reduced.

Winnipeg Winnipeg has also suffered from rapidly spreading infestations. One PMC received 2800 bed
bug calls in 2010. City by-law enforcement officers (CBEOs) are responsible for contacting landlords that
choose not to address infestations in their buildings. If landlords fail to comply, the CBEOs issue a written
order forcing landlords to undertake extermination or face possible criminal charges. In 2011, the Province of
Manitoba invested C$770 000 in a comprehensive bed bug management program. The funding allowed for
the creation of a public education campaign and a bed bug call-line. The call-line not only offers eradication
information, but also allows the province to track infestations. In addition, the funding provides grants to
community-based organizations for prevention efforts. The success of this program has resulted in complaints
decreasing by 60% (to 2008 levels).

Vancouver Prior to 2008, the Vancouver Coastal Health Authority (VCHA) was the lead agency involved
with bed bug control. The VCHA began in 2004 to develop educational materials and hold training seminars
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specifying best management practices. By 2006, the British Columbia Structural Pest Management Association
started hosting public information sessions on bed bugs. In 2008, the Property Use Division of Vancouver
took over the enforcement of bed bug remediation.

Since 2015, very little has been published in Canada regarding the current bed bug situation. Thus two bed
bug experts were contacted to discuss contemporary issues. Dennis Monk, owner of BedBug Solutions
(a company that specializes in bed bug inspection and non-chemical remediation), highlighted some of the
current limitations in the City of Toronto’s approach to bed bug remediation in city managed housing. Bed
bug eradication resources are only provided for “the most marginalized residents of the community” The city
employs its own PMPs, and the “IPM program” consists of spray insecticide application only, and as a conse-
quence, there is a need for pre-treatment preparation. This includes de-cluttering apartments, but the “mar-
ginalized” residents are frequently hoarders, and often hinder the process. This delays control efforts, allowing
the infestations to grow and spread.

Sean Rollo, Regional Manager for Orkin Canada, has additional concerns. He notes that certain municipalities
(including Toronto, Vancouver, and Montreal) initially allotted some funding for educational materials but
that this has now ceased. Much of the bed bug information was taken from the Internet, with little effort to
consult experts to ensure the information was correct. The lack of communication was due to the fact that the
public health authority was unfamiliar with the local pest management associations. This relationship has
since improved.

With regards to the City of Toronto’s bed bug control methods, Rollo states that vacuuming is an essential
tool for controlling bed bugs. Hence, it is very important that the time must be taken to vacuum, particularly
as insecticides have little effect. Rollo mentions that heat treatment is not widely used in Canada, but has
proven to be a very effective bed bug management tool.

3.4 Summary

In conclusion, both Canada and the USA, are hard at work fighting bed bug infestations, which continue to
increase both in size and frequency. In both nations, the application of spray formulation insecticide is still the
most widely used method of control, in spite of known resistance. We can only hope that over the next
decade, PMPs, government agencies, landlords, and residents will become more aware of how to manage bed
bugs effectively.
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The Bed Bug Resurgence in Latin America
Roberto M. Pereira, Ana Eugénia de Carvalho Campos, Jodo Justi (Jr.) and Mdrcio R. Lage

4.1 Introduction

Among Latin American Spanish-speaking countries, bed bugs are known as “chinches” or “chinches de la
cama” In most of these nations, there is no official data on the incidence of this urban pest, but bed bugs
appear to have been on the increase in recent years. Pest control companies in Latin America (many of them
specializing in bed bugs) have treated infestations in most of the large cities, and continue to emphasize bed
bug awareness and prevention during their communication with customers (Chemotecnica, 2011, 2012).
Unfortunately, public health authorities have been very slow to respond to the proliferation of this urban pest
in Latin America.

A history of parasitology and entomology in Latin America in the 20th century (Schenone, 2000) identifies
bed bugs as a common pest in the 1950s. In many countries in Latin America, control campaigns for disease
vectors, particularly mosquitoes, led to a decline in bed bug populations. However, since the 1990s, bed bug
infestations have been reappearing in many of these countries.

The public health importance of bed bugs in the region may be exaggerated due to the common fear that
they possibly may have a connection to Chagas disease. Salazar et al. (2015) recently reintroduced the idea
that bed bugs are potential vectors of Trypanosoma cruzi Chagas, even though the competence of these
insects as vectors under laboratory conditions was intimated more than 30 years ago (Jorg, 1982). In spite of
these results, epidemiological evidence suggests that bed bugs are unlikely to play a role in the domestic
transmission of the pathogen (Tonn et al., 1982) and there is, so far, no evidence that they actually do so.
Hence, large bed bug infestations seem to pose more of a non-disease related health threat (bites, sleep dep-
rivation, and stress for the host) than the threat from potential pathogen transmission (Criado et al., 2011;
Doggett et al., 2012; see also Part 3, Bed Bug Impacts).

4.2 Bed Bugs in Brazil

Bed bugs, and their hematophagous habits, have been reported in Brazil for more than a century. During a
journey on the Sdo Francisco River and its tributaries, Lutz and Machado (1915) reported finding the Common
bed bug, Cimex lectularius L., in the small village of Jacaré in the state of Minas Gerais, a settlement of around
100 houses, and in Bom Jardim in the state of Bahia, a town with around 300 houses. In the village in Minas
Gerais, bed bugs were reported to be a common occurrence. At that time of that trip, the researchers were
searching for Triatoma sordida (Stal) (Heteroptera) in order to understand the epidemiology of Chagas
disease. The authors reported that, due to the high populations of bed bugs in the village, they could not be
associated with Chagas disease transmission, otherwise the disease would be much more widespread.
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Some years later, bat bugs were reported feeding on human blood in Brazil. In 1927, Cesar Pinto described
the first bat bug in Brazil, namely Cimex limai on bats (which he named Propicimex limai (Pinto); see Usinger
(1966)). This species had the distinction of being the first representative of the Cimicinae subfamily described
as having the organs of Ribaga and Berlese in the center of the abdomen. The species was found harboring in
bat roosts that occurred on the roof of houses and was known to feed on human blood at night. The same
feeding habit was reported later for another bat bug species, Cimex pipistrelli Jenyns, 1839 (Lent and Proenca,
1937). At that time of these descriptions, there was a concern that such insects might transmit pathogens
from bats to humans, since the role of these flying mammals in the zoonosis transmission chain of certain
pathogens was already known.

Concerns about the transmission of bat bug diseases to humans continued, but later the attention turned to
the bed bugs that were actually associated with humans, namely C. lectularius and the Tropical bed bug,
Cimex hemipterus (E.). Due to the hematophagous habits of these insects, scientists in the region investigated
the competence of bed bugs for transmitting various disease-causing pathogens, including:

nematodes (filariasis)

protozoans (Chagas disease, Leishmania)

rickettsias (tick-borne typhus, spotted fever, Q fever)

bacteria (bubonic plague, leprosy, typhoid fever, brucellosis)

spirochetes (recurrent fever, Weil’s disease)

viruses (Yellow fever, acute disseminated encephalomyelitis, poliomyelitis).

Despite all the extensive experimental work, no evidence has yet been found that bed bugs transmit any
human pathogen.

Costa Lima (1940) stated that C. lectularius and C. hemipterus were the two prevalent bed bug species in
Brazil, but that C. hemipterus was the most common at that time, even in the most populous city centers. In
the city of Sdo Paulo, however, perhaps due to intense European migration, C. lectularius appeared to be the
most abundant. The presence of C. lectularius in a second class hotel in the center of Sdo Paulo city was
reported by Blatchley (1934), who stated that, during his trip to South America, he only saw or felt bed bugs
in Sdo Paulo, Brazil, and in Chile. The author remarked that these observations “spoke well for the cleanliness
of the beds in the many hotels he occupied”

Interestingly, the use of heat for control of bed bugs was already a recommendation for bed bug control at
the time of these observations. Costa Lima (1940) wrote that it was economical to treat infested rooms by
holding the temperature at 50°C for 6h. The high temperature would result in the destruction of all the bed
bug developmental stages.

In 1990, Oswaldo Paulo Foratinni, a Brazilian researcher at the Public Health University (Sdo Paulo) pub-
lished a review on the public health importance of Cimicidae, emphasizing that C. lectularius was the most
common species in the south and southeast regions of Brazil, and in urban centers. Cimex hemipterus was
restricted to warmer regions and rural areas, and usually not found in urban centers. Foratinni pointed out
that, in general, the poor conditions of households in the peripheral areas of large urban centers favored bed
bug spread, and that very high levels of infestations could be found among the people living at the lowest
economical level. Infestations found in new and more affluent housing were usually acquired from furniture
purchased at antique shops. However, in such circumstances, infestations hardly ever reached high levels.

In Brazil, bed bugs have historically been associated with poor housing, poor hygiene, promiscuity, living
with domestic animals, and a high human population density. However, this situation started to change dur-
ing the 1950s with the improvement of social health and living conditions amongst the population. As in other
countries around the world, infestations became smaller and rare for the next 40 years, and bed bugs were no
longer considered a serious public health nuisance in Brazil.

As a consequence of the campaigns focused on controlling insect vectors — yellow fever, dengue, malaria,
and Chagas disease — bed bug infestations were also controlled, albeit indirectly. Nevertheless, there was a
drastic reduction in bed bug occurrence associated with these campaigns (Negromonte et al., 1991). The
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vector control campaigns started in 1903 when Oswaldo Cruz organized battalions of “mosquito-killers” to
eradicate outbreaks of insect vectors. The campaigns were triggered by a bubonic plague epidemic in the Port
of Santos. However, vector control efforts were also focused on control of yellow fever in Rio de Janeiro. This
vector control effort not only resulted in the eradication of yellow fever from Rio de Janeiro in 1907, but also
the subsequent elimination of other pests.

4.3 The Resurgence of Bed Bugs in Brazil

An increase in the number of bed bug infestations in Brazil has occurred over recent years. Unlike in the
past, today’s bed bugs find favorable conditions for their proliferation in newer and more affluent housing.
Recent scientific information reveals infestations among more developed socioeconomic regions in Brazil.
This is due to increased international travel, which results in the passive transportation of bed bugs on per-
sonal belongings and luggage. Also evident is a possible underreporting of infestations, masking the actual
levels of bed bug infestations in Brazil (Nascimento, 2010; Justi Jr. and Campos, 2014; Lage, 2014; Bocalini,
2015). One study early in the resurgence examined bed bug infestations in the Magalhéies area of Brazil,
where there are many tourist cities. The majority of infestations in this area were found in hostels (Faindez
and Carvajal, 2014).

Since late September 2012, the Instituto Bioldgico in Sdo Paulo maintains bed bug information on its web-
page (see link to “Percevejos de Cama” from http://www.biologico.sp.gov.br). A short text explains where to
look for bed bugs and how to identify them, and what steps are necessary to eliminate the bed bugs. In order
to better understand the bed bug problem in Brazil, two questionnaires are also available on the website, one
for the resident and another for pest management professionals (PMPs). Beside demographic information,
the resident questionnaire asks about bed bug control measures, and any information on how the infestation
may have been acquired, for example, if the resident had undertaken any travel abroad recently. The PMP
questionnaire asks about treatment methods, the type of facility treated (hotel, household, hostel, movie
theater, and so on), the geographic location, and the potential source of infestation.

Between September 2012 and March 2016, 357 people completed the Instituto Biolégico resident ques-
tionnaire, but it was completed by only 18 PMPs. Most of the PMPs indicated that the majority of their bed
bug control efforts were focused on residences (55.6%), followed by construction worker lodging and
detention facilities. The 357 resident questionnaires represented 14 out of 26 states, and the Federal
District, or around 52% of the 27 federal units. Interestingly, most of the responses came from the state of
Sao Paulo (Figure 4.1).

From the zip codes obtained, the Human Development Index (HDI, a measurement of household economic
level) was calculated for the residences infested with bed bugs. Infested residences included those from low
HDI (0.622 — Francisco Badar6, MG) to a very high HDI (0.961 — Vila Nova Concei¢do neighborhood in the
city of Sao Paulo). This wide range indicates that modern bed bug infestations are very different from those of
the past. Current infestations affect the more affluent residences in addition to those of a low socioeconomic
level. A similar trend has been seen in other countries around the world, where global commerce, interna-
tional travel, and misguided insect control efforts are important factors influencing the dispersal of bed bug
infestations.

Among the 95% of responses to resident questionnaires, only 14% indicated that they had travelled abroad,
suggesting that bed bugs were well established in Brazil by the time of the questionnaire. Respondents were
asked to name their (potential) sources of infestation, and many responses were related to travel but not all.
Responses included:

e travel as a missionary visiting several states in Brazil
o the purchase of American-style spring box and mattress combinations
e travel on cruise ships
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Figure 4.1 Overall distribution of responses to resident questionnaires in Brazil. The numbers represent the number of counties
represented in the survey. The percentages represent the percentage of counties responding in relation to the total number of
counties in each state within the geographical regions of Brazil. Data compiled from September 2012 to March 2016.

e stays in hotels and hostels with foreign clientele

o former prisoners or foreigners in the household

o chicken houses in the yard

o residents working at an international airport or as airplane pilots

o household items brought home from used furniture/clothing stores
o adopted street dogs and cats

o bed bugs moving through the apartment’s electrical conduits
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¢ neighbors working in hostels or as stewards
e pigeon infestations
e visiting friends who travel abroad frequently.

It is interesting to note that no increase in bed bug complaints was observed after the soccer World Cup was
held in Brazil during 2014.

With the bed bug resurgence in Brazil, PMPs had to rapidly assimilate new information on the biology and
behavior of these insects. A study of PMPs in Brazil (Bocalini, 2015) determined that few pest management
companies were prepared to control bed bugs. Infestations treated by the pest management industry have
been mainly in hotels and residences. However, a comprehensive assessment of where bed bug populations
are typically found within the entire country has not been undertaken.

Currently, Brazil has pesticide products that are registered for professional bed bug control. The active
ingredients in these products include

beta-cyfluthrin

imidacloprid and beta-cyfluthrin
alpha-cypermethrin and flufenoxuron
pyrethrin and piperonyl butoxide
propoxur

lambda-cyhalothrin

bifenthrin.

However, based upon what is known about bed bug resistance to pyrethroids in other nations, it remains to
be seen if these products can limit bed bug proliferation within Brazil.

4.4 Elsewhere in Latin America

In Venezuela, few bed bug infestations have been reported in the scientific literature. The first cases to be
reported for three decades occurred in 2001, in the city of Baruta and in the municipality of Libertador, where
bed bugs were found infesting residential premises. In both locations, there were indications that the insects
were brought in on either luggage or furniture (Universidad del Zulia, 2016). In 2002, the first bed bug infesta-
tion was reported in Maricaibo City, when a college professor detected them in his house two years after taking
a trip to Europe. According to the case publication, port authorities were informed about these infestations. The
port authorities promised to enforce a control policy in Venezuelan sea ports and airports, where they would
inform passengers about the possibility of passive bed bug dispersal (Reyes-Lugo and Rodriguez-Acosta, 2002).

In Argentina, a medical study reported three cases of bed bug bites that, according to the patients, occurred
while they were traveling through Uruguay (Vera et al., 2012). Chilean publications have indicated that C.
lectularius is the main species infesting that country (Faundez et al., 2014).

For Mexico, a survey undertaken in 2010 indicated that most respondents from the country felt that bed
bug infestations were “staying about the same” and that the resurgence was not as dramatic as in other nations
(Potter et al., 2010). In this survey, respondents felt that bed bugs were not overly difficult to control and that
eradication could be achieved in under two applications. This was attributed to the local availability of more
efficacious products including organophosphates and carbamates, which are no longer used for bed bug
management in most parts of the world. More contemporary data on bed bug incidence in Mexico is not
available. It is interesting to note that the Mexican pest control association (Asociacién Nacional de
Controladores de Plagas Urbanas) contains no information on bed bugs on their website (http://www.ancpuac.
org/), nor are there any government programs or directives in place to combat the resurgence (Frank Meek,
Orkin Pest Control, Atlanta, unpublished results). Perhaps these older insecticide chemistries are still effective
in controlling bed bug infestations.
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In addition to indicating the range of bed bug infestations in Latin America, the above listed studies suggest
that incidental transport of bed bugs is the primary dispersal mechanism (Faindez and Carvajal, 2014). The
studies also documented that C. lectularius was the main species collected and identified in all recent infesta-
tions, even in areas where, according to the literature, C. hemipterus might be expected.

In general, Latin American countries have seen an increase in the presence of bed bugs over the last ten
years. References to these insects have been recently cited in many publications authored by universities,
research institutes, and health officials. The information provided usually includes descriptions of the signs
of a bed bug infestation, an overview of the situation in developed nations, and the potential for the pest to
infest the current nation. However, most publications emphasize that bed bugs are an old problem that has
not been seen for many decades and is now a reemerging pest problem around the world (Jorg, 1982; Schenone,
2000).

Population, ecological, and genetic studies are needed to trace the origin of the recent infestations in Latin
American countries, while epidemiological analyses are required to examine the extent of the bed bug resur-
gence and to determine which sectors of society are most impacted. These studies will hopefully encourage
the establishment of effective public policies for the prevention, monitoring, and the control of bed bugs, and
to identify where resources should be most appropriately applied. It is especially important to conduct local
research on these insects as most current knowledge has been obtained from studies on C. lectularius in the
northern hemisphere. While this information is valuable, the epidemiological and institutional characteristics
of northern nations may prove different from those of Latin American countries (Lage, 2014). Differences
may affect the prevalence of bed bugs and the effects of these pests on the human population.
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The Bed Bug Resurgence in Europe and Russia
Richard Naylor, Ondfrej Balvin, Pascal Delaunay, and Mohammad Akhoundi

5.1 Introduction

As in other parts of the world, Europe and Russia have experienced a resurgence of the Common bed bug,
Cimex lectularius L. following years of little to no activity. However, there is a long history of C. lectularius in
the region, with some of the first records of the insect dating back to early Greek literature. Strategies to combat
the modern resurgence of insecticide-resistant bed bugs have been largely ad /oc and quite variable between
nations. However, the development of the European Code of Practice for Bed Bug Management has increased
the use of “best practices” for bed bug control. This chapter reviews the history of bed bugs in Europe and
Russia, and discusses the modern resurgence, including the strategies implemented in response to the rise in
bed bug activity.

5.2 History of Bed Bugs in the Region

Cimex lectularius was first associated with bats (Horvath, 1913), so it is conceivable that the bed bug’s arrival
in Europe predated that of humans. However, the primary bat host species in Europe appears to be Myotis
myotis (Borkhausen) and Myotis emarginatus (Geoffroy) (Povolny, 1957; Balvin et al., 2014), which roost in
large, deep caves. At present, such caves in Europe are too cold for bed bug reproduction (Simov et al., 2006)
and all known bat-associated bed bug populations come from synanthropic roosts (Balvin et al., 2014). The
climate, at least during Holocene, likely did not allow for the establishment of cave-dwelling bed bug popula-
tions (Davis et al., 2003). Such cave-dwelling populations are only known from Afghanistan (Povolny and
Usinger, 1966), and therefore Middle Eastern caves are believed to be the habitats in which bed bugs made
the switch from bat to human hosts (see, for example, Usinger, 1966). Nevertheless, the bat- and human-
associated bed bug lineages have lived in mutual isolation for tens of thousands of years (Balvin et al., 2012).
These lineages had most likely split long before humans settled in permanent dwellings, following the
Neolithic rise in agriculture. Based on these assumptions, it seems most plausible that bed bugs arrived in
Europe in the belongings of early humans, rather than developing within the caves of that region.

There are also several apocryphal stories and legends (Busvine, 1976) about bed bugs infesting early civili-
zations in Europe. In addition, bed bugs have been identified in the fossil record, from both the Roman (1st
century) and medieval periods (10th century), as discussed by Kenward and Allinson (1994).

Interestingly, the climate in northern parts of Europe most likely limited the initial bed bug spread into the
British isles. This is because bed bugs (that is, C. lectularius) are unable to reproduce below 13°C (see, for
example, Kemper, 1936). Consequently, the bed bug spread into cooler locations was only made possible by
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improvements in housing construction and in-house heating that occurred during the post-medieval period,
which also coincided with a time of increasing urbanization (Busvine, 1980; Krinsky, 2002).

Geographical isolation may also have played a part in the relatively late arrival of the bed bugs in the British
Isles. The exact date of bed bug arrival in Britain is uncertain. In fact, the first reliable evidence comes from
an account of two noble ladies who were bitten while staying in Mortlake in 1583 (Mouffet, 1634). Bed bugs
most likely arrived on cargo ships, in the belongings of sailors who travelled to the UK from other European
locations. Evidence for the bed bugs being transported in from other regions is presented in Southall’s
A Treatise of Buggs (Southall, 1730), in which he states “not one sea-port in England is free [of bed bugs];
whereas in inland-towns, buggs are hardly known.”

Wherever they came from, once the bed bugs arrived, they reproduced prolifically. In 1690, Tiffin and Son
of London was established (a company that continues to this very day). This was one of the first pest manage-
ment companies (PMCs) to specialize in bed bug control for the nobility in the British isles (Potter, 2011). By
the start of the 19th century, the bed bug was “a troublesome inhabitant of most houses in large towns [in the
UK]” (Bingley, 1803), and remained “a fact of life” in urban centers everywhere well into the 20th century
(Crissey, 1981).

Larrouse (1874) states that in the latter 19th century “it seems [bed bugs] are still unknown in the very
northern countries such as Sweden, Denmark, Russia” However, World War I led to extensive migrations of
people towards urban areas, facilitating the spread of bed bugs throughout Europe. Even in Stockholm,
Sweden, one third of dwellings were infested by the end of World War I in 1918 (Usinger, 1966). In fact, a
survey of 3000 removal vans in Stockholm in the 1930s revealed that 47% were carrying bed bugs (Potter,
2011). In an attempt to reduce the problem, people were housed in tents while their homes and belongings
were fumigated.

A report of the British Royal Commission on Bed Bugs, established in early 1930s, states that “in many areas
[of London] practically all the houses [were] to a greater or lesser degree infested with Bed-bugs” The com-
mission also recognized that bed bugs were not only a feature of slums, but also a cause of them (UK Ministry
of Health, 1934; Busvine, 1964). As terraced houses became infested, the more affluent tenants moved away,
resulting in socioeconomic decline. The severe bed bug situation between the wars, together with the increase
of economic power of the middle classes, provided motivation and opportunity for development of new
chemicals for bed bug control, including DDT, which opened a new chapter in bed bug history.

5.3 Historical Laws to Control Bed Bugs Pre-resurgence

Throughout the 1930s, laws and protocols were put in place across Europe, which helped to reduce the spread
of the bed bug. Some of the legislation was specifically targeted at bed bug infestations, while the majority
focused on improving living standards. In Britain, the first step aimed at raising living standards within poorer
communities was the 1930 Housing Act (UK Housing Act, 1930). This legislation made subsidies available for
clearing slums, while also obliging local authorities to re-house tenants. Over the course of the following
decade, almost a quarter of a million slum dwellings were demolished. One result was that families were taken
to bed bug cleaning stations prior to being rehoused. Their clothes were steamed and their belongings fumi-
gated with hydrogen cyanide before they moved to a new location (UK Ministry of Health, 1934).

In 1934, a committee of the British Medical Research Council was formed to promote bed bug eradication
research (Busvine, 1964). This research, in conjunction with the findings of the British Royal Commission on
Bed Bugs, contributed to the passing of the Public Health Act, making it the “duty [of the local authority]...in
the case of verminous premises...[to take] such steps as may be necessary for destroying or removing vermin”
(UK Public Health Act, 1936).

In Scotland, the Department of Health (DOH) recognized the value of educating tenants in the importance of
cleanliness, as it related to the habits of vermin. Within a few days of occupancy, specialists were sent from the DOH
to train the new tenants on how to prevent and treat vermin, including bed bugs (Hartnack, 1939; Potter, 2011).
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In Germany, some landlords required departing tenants to provide a statement from an exterminator
confirming that their apartment was bed bug free (Hartnack, 1939; Potter, 2011). Similarly, in 1944, authorities
in one district of Denmark made a bed bug inspection mandatory where tenants were moving from one apartment
to another within the same district (Busvine, 1957; Kilpinen et al., 2008).

For most countries under the communist regime, the majority of pest control services were organized by
the government and usually provided free of charge for all citizens. In the USSR, the “Sanitary-Epidemic
Stations” had a supervisory role, while the “Disinfection Stations” were responsible for conducting pest con-
trol (Svetlana Roslavtseva, Scientific Research Disinfectology Institute, Moscow, unpublished results). In
Czechoslovakia, during a democratic period between the two world wars, there was a rise in private pest
management companies (PMCs). After communism took over in 1948, these companies continued to con-
duct the majority of the pest control. However, in 1952, PMCs were reorganized under state structures called
“Desinfection, desinsection and deratization groups of communal service” and were then placed under the
supervision of the State Institute of Public Health (Ptivora, 1975).

5.4 Documented Evidence for the Bed Bug Decline

The campaign against C. lectularius made significant headway across Britain between 1934 and 1943, driving
down infestation rates in British cities from 10.7% to 1.3% (Busvine, 1964). This decline was further aided by
the arrival of the synthetic organochloride insecticide DDT in the mid-1940s. DDT revolutionized bed bug
control (Busvine, 1957). The combined result of DDT (along with the other organochlorines) and the efforts
to improve living conditions in British cities drove bed bug infestation rates down from 1.2% to just 0.11%
between 1947 and 1960 (Busvine, 1964). This pattern was similar in Denmark, where infestation rates declined
from 3.6% in 1945 to 0.13% in 1955, largely as a result of the introduction of DDT (Busvine, 1957). In Berlin
after World War II, a survey of public buildings and private houses revealed infestation rates of up to 40% in
the city center, and 2% in the suburbs. A campaign to reduce infestation rates, planned for 1948, was affected
by the east—west division of the city. After the division, the eastern representatives refused to cooperate in the
bed bug eradication effort. However, neighborhoods in West Berlin successfully dropped their bed bug infes-
tation rates to 0.2% by 1950 (Busvine, 1957). Throughout the 1950s bed bugs became increasingly rare across
most of Europe, and infestations were restricted to areas afflicted with “particularly unsanitary conditions”
(Ebeling, 1978; Snetsinger, 1997).

Between 1967 and 1973, infestation rates of the C. lectularius across Britain remained relatively low but
stable. An analysis of pest surveys carried out by Rentokil (a large international PMC) in 1974 indicated that
C. lectularius accounted for just 0.5% of all pests treated (Cornwell, 1974).

For most of central Europe (countries like Czechoslovakia) almost no data exist on bed bug occurrence after
World War II, suggesting that the pest was almost entirely absent in most regions at that time (Vaclav Rupes,
former head of the Department of Desinfection, Desinsection and Deratization, State Health Instutute,
Prague, unpublished results). A single case is described in a local journal on hygiene, documenting new ways
that bed bugs could disperse within buildings (Lysek, 1966). Stories also exist about buildings where Soviet
officers were housed during the occupation of Czechoslovakia after 1968. Data from eastern Slovakia, the
poorest region of Czechoslovakia with a high proportion of Roma people, as well as Hungarians and Rusyns,
suggested that bed bug prevalence was low during the 1970s and 1980s (Koci$ovd, 2006). Bed bugs accounted
for only 2.3% of the arthropod pests found in living situations.

The bed bug decline in Hungary may not have been as dramatic as it was elsewhere in Central Europe.
Herczeg (1977) reported that in 1973, particular types of housing in Budapest had infestation rates were as
high as 14%.

In the USSR, the decline in bed bug infestation rates began much later than in the rest of Europe. A steep
rise in bed bug occurrence was observed after World War II and was attributed to the devastation of the
country (Bogdanova et al., 2005). However, the government only began to take measures to resolve this issue
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in 1958, by which time infestation rates were very severe. In Moscow, for example, 50-70% of apartments
were found to be infested with bed bugs. By 1960, this number had decreased to 35%. Infestation rates con-
tinued to decline, reaching 12.9% by 1965, and 0.9% by 1987 (Bogdanova et al., 2005).

5.5 Early Evidence for the Resurgence

The first published anecdotal evidence that C. lectularius was making a comeback in England came from
Birchard (1998), who noted its apparent rise, as well as the difficulty of controlling infestations with insecti-
cides. The first empirical evidence of the resurgence did not come until 2001 when Boase (2001) published a
study on bed bug treatment data collected from four sources: two municipalities, one PMC, and one hotel
chain. The data indicated that the number of bed bug infestations in the UK had risen approximately tenfold
between 1997 and 2000.

Data from the UK Chartered Institute of Environmental Health show that treatments for C. lectularius had
initially declined throughout the late 1980s and early 1990s, from about 26 treatments per local authority in
1986 to about 8 in 1992 (Boase, 2008). However, Boase (2013) also found that four of the thirteen regions of
England and Wales had experienced substantial increases in numbers of bed bug treatments during this same
period of overall decline. The largest increases were in Greater London and the South (Buckinghamshire,
Oxfordshire, Berkshire and Hampshire), which experienced increases of 140% and 370% respectively between
1990 and 2000.

In 2009, Richards et al. (2009) found that enquiries relating to bed bugs received by London local authorities
increased between 2000 and 2006 by an average of 28.5% per annum. Similar patterns can be found elsewhere
in Europe, though often delayed by a few years. Kilpinen et al. (2008) reported that the number of bed bug
cases treated by one large PMC in Sweden increased from 383 in 2002 to 770 in 2006. A second large Swedish
PMC also experienced a very dramatic rise in the number of bed bug treatments, going from just three treatments
in 2003 to more than 3000 by 2011 (Christine Dahlman Jacobsen, Nattaro Labs, Lund, Sweden, unpublished
data). Denmark’s bed bug problem seems to have begun as early as 1995, but has rapidly increased since 2002
(Kilpinen et al., 2008). Interestingly, Denmark had also experienced an earlier resurgence between the 1950s
and mid-1980s, which was attributed to an increased flow of workers and tourists from southern Europe
(Kilpinen et al., 2008).

The Health and Hygiene Department for the city of Zurich, Switzerland, has recorded recent bed bug
trends through its pest advisory service. In 1994, just two bed bug-related enquiries were received. Between
1995 and 2005 the annual number of enquires rose by an average of 11.5% per annum, and between 2005 and
2015 the annual number of enquiries increased by an average of 25.5% per annum (Gabi Miiller, Health and
Hygiene Department of Zurich, Zurich, Switzerland, unpublished results).

Pinpointing the start of the bed bug resurgence in Italy is difficult because data is scarce. A single case was
recorded in Pisa in 2003, followed by two cases on Italian trains in 2005 (Masetti and Bruschi, 2007). The
Istituto Zooprofilattico Sperimentale (IZS) began conducting entomological surveillance of the areas of
Piemonte, Liguria, and Valle d’Aosta in north-west Italy in 2001 (Giorda et 4l., 2013), and no bed bug cases
were recorded until 2008 when the IZS received three bed bug specimens. The IZS continued to receive bed
bug specimens every year thereafter. Another study by Montarsi (2011) identified 23 additional C. lectularius
infestations between 2006 and 2011 in the north-eastern region of Italy.

The beginning of the resurgence in Russia appears to be similar. Data from a large PMC based in Moscow,
Ne-Kton-Ziber, reported a rise in the proportion of bed bug treatments relative to other pest species, from
0.8% to 6.3% between 1996 and 2005 (Bogdanova et al., 2005).

In central Europe, the earliest evidence of the bed bug resurgence was published by Kocisova (2006). In
1996, bed bugs represented 20% of pest arthropods found in surveyed apartments in eastern Slovakia. From
1996, the occurrence of bed bugs steadily increased, and by 2006 they accounted for 80% of all arthropods
cases occurring in apartments. However, the study was based in a geographical region with a well-documented
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pre-resurgence history of bed bug infestations. Therefore, this bed bug increase may pre-date the increase in
neighboring regions. In a personal communication, Alica Koci$ova (Parasitology Institute, University of
Veterinary Medicine and Pharmacy, Kosice, Slovak Republic) also noted a more abrupt rise in bed bug cases
from 2006 onwards.

The first indication of the resurgence in Czech Republic comes from a note published in 2002 from the
owner of a large Prague-based PMC (Visnicka, 2002). This note described an unspecified increase of bed bug
cases in hotels. In 2005, the association of PMCs (Sdruzeni pracovnika dezinfekce, dezinsekce, deratizace
Ceské republiky), responsible for the education of Pest Management Professionals (PMPs), started providing
bed bug seminars in response to the growing problem. Treatments records from Adera, a PMC in Prague,
documented a slow and stable rise in bed bug occurrence from 2001, followed by a steeper rise after 2006
(Michal David, Adera, Prague, Czech Republic, unpublished results). A very similar increase in bed bug activ-
ity was identified by a large PMC based in Budapest (Papp et al., 2014), where a slow increase was indicated
from around the year 2000, followed by a sharp upturn in annual bed bug cases from 2006 onwards.

For certain locations, it is difficult to determine if the bed bug resurgence started later than in other places
or if the resurgence data was simply not recorded. Multiple sources of evidence from central European coun-
tries, including Switzerland, appear to have experienced a rapid increase in the rate of new bed bug cases
beginning in 2005-2006. However, this dramatic upturn is not recorded for Denmark or the UK. It is unclear
why the rate of resurgence in central Europe appears to have increased so dramatically after 2006. This may
indicate multiple factors at play. For example, the sharp upturn could mark the arrival of insecticide resistance
in a population of bed bugs that was already increasing.

5.6 The Degree of the Resurgence

No centralized records exist for bed bug remediation conducted by private PMCs in Europe. Data from gov-
ernment agencies and other organizations are collected in different ways (Boase, 2013). Consequently, what
little data there is can only be used to plot trends between consecutive years, painting a general picture of the
current bed bug infestation trajectory.

The pest management industry has been the primary resource for quantifying the extent of the bed bug
resurgence in the UK. The British Pest Control Association’s Executive Summary of 2014 showed that bed
bug treatments by local authorities between the years 2010/11 and 2013/14 increased by 21% (BPCA,
2014). However, between the years 2012/13 and 2013/14 the number of treatments conducted by local
authorities only increased by 1.6%. Pest magazine, a UK-based publication, and BASF (an international
chemical company and insecticide manufacturer) conduct an annual survey of PMCs in the UK. The
result of the most recent survey (data from 2013/14) showed that bed bug jobs accounted for 7%, 3% and
4% of the total number of pest control jobs for PMCs, self-employed PMPs, and local authorities respec-
tively (Anonymous, 2015). Ecolab is a multinational hygiene company, with a large pest control division
that operates across the UK, although exclusively in the commercial/hospitality sector. Between 2007 and
2013, Ecolab experienced a 158% increase in bed bug jobs. However, between 2014 and 2015, the number
of bed bug jobs remained the same (Mark Williams, Ecolab, Northwich, UK, unpublished results). Overall,
the general trend indicated by data from both the large private PMC (working in the hospitality sector)
and the local authorities (working in the private residential sector) is that bed bug infestations in the UK
were increasing fairly rapidly up until around 2013, but have since begun to plateau. In spite of this, a
recent report has suggested that bed bug services in the UK will increase by 4.7% annually from 2016 to
2026 (Anonymous, 2016). The same report predicts an annual increase in Germany by some 5.2% for a
similar period.

The National Institute of Public Health in Norway, known as the Folkehelse Instituttetor (FHI) is an admin-
istrative body with a wide range of activities, including the recording of bed bug treatments from PMCs in
Norway. In 2007, the FHI reported 392 bed bug treatments (Kilpinen et al., 2008). By 2013, the number of
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reported treatments had risen to around 1600 cases. By 2015, the number of bed bug treatments had risen
again, to 2500 (Christine Dahlman Jacobsen, Nattaro Labs, Lund, Sweden, unpublished results).

In Sweden, the two largest PMCs, Anticimex and Nomor, experienced considerable increases in bed bug
occurrences. Between 2011 and 2015, the annual number of bed bug treatments by Anticimex rose from
nearly 6000 to 13 500. Similarly, treatments conducted by Nomor increased from 3000 to 16 000 (Christine
Dahlman Jacobsen, Nattaro Labs, Lund, Sweden, unpublished results). Interestingly, in a recent survey of 33
Swedish student housing companies, 66% reported current problems with bed bugs (Christine Dahlman
Jacobsen, Nattaro Labs, Lund, Sweden, unpublished results).

In France, a survey of the Municipal Health and Safety Services (MHSS) and PMCs indicated that every
Département in metropolitan France has encountered bed bugs (Jourdain et al., 2016). Furthermore, 74%
of the MHSS, and 80% of PMCs indicated that the number of bed bug call-outs had increased over the past
five years.

Little data is available on the current extent of the resurgence in central Europe. However, personal com-
munication with several central European PMCs suggests that infestation rates have been stable for the past
few years. Adera Company (Michal David, Adera, Prague, Czech Republic, unpublished results) claims to
have undertaken a fairly constant number of treatments since 2013, while Asana PMC (Roman Simak,
Asana, Prague, Czech Republic, unpublished results) even recorded a drop in the number of bed bug treat-
ments in 2012. Bed bug treatment numbers also decreased according to a PMP from Roznava (Oskar Lorinz,
Roznava, East Slovakia, Czech Republic, unpublished results). But they remained the same for a PMP from
Kosice (Maro$ Baco, East Slovakia, Czech Republic, unpublished results). Only one PMP from Swinoujscie
(Lukasz Brozek, Swinoujscie, Poland, unpublished results) indicated that there was an increase in bed bug
abundance in 2014.

In conclusion, the resurgence of the C. lectularius across western and central Europe (at this time) appears
to be stable or increasing relatively slowly. However, in the Nordic countries, recent data indicates that the
resurgence continues to grow rapidly. Furthermore, increasing levels of insecticide resistance has resulted in
repeated call backs, forcing companies to charge more for their services and to switch to alternative treatment
options. These options tend to be more labor-intensive and consequently more expensive (R. Naylor, unpub-
lished results). As the price of bed bug treatment increases, people from lower socioeconomic backgrounds
are forced to deal with the problem themselves. This can often exacerbate the spread, while also hiding the
extent of the bed bug problem, as do-it-yourself treatments are rarely reported.

To date, almost all of the bed bug activity in Europe has involved C. lectularius. Only recently has the
Tropical bed bug, Cimex hemipterus (F.) been detected. Four incidents involving the Tropical bed bug were
detected in southern Sweden between 2014 and late 2016 (Thomas P. Vinnersten, Anticimex, Stockholm,
unpublished results). However, C. hemipterus has been detected many times in Russia between 2015-2016,
most notably in Moscow and St Petersburg (Gapon, 2016). It is probable that additional introductions of C.
hemipterus have gone unnoticed as few PMPs bother to identify the bed bug species that are being treated.

5.7 Region-specific Factors in the Resurgence

The recent resurgence of bed bugs within Europe appears to coincide with the increase of international trade
and traffic resulting from the creation of the European Economic Community in 1958. This was later followed
by the formation of the European Union (EU) in 1993, and the opening of national borders within the Schengen
area since 1985. The EU has increased the movement of labor, sometimes considerably: Poles to the UK, or in
2007, Romanians to France. However, large migrations from Russia and the Ukraine, where large bed bug
reservoirs were known to have existed, began with the breakup of the USSR in 1991.

In Eastern Europe, where people maintain strong bonds with their families and native regions, the men
often travel abroad for work. These men tend to stay in budget accommodation in order to save money.
Consequently, each time these workers visit their homes, there is a high risk of bringing bed bugs with them.
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European Union legislation requiring the use of biocidal products has undoubtedly favored the bed bug.
For example, most organophosphate insecticides have been withdrawn from the market as of 2001 due to
regulations from the European Chemicals Agency. More recently, the Biocidal Products Regulation
(Regulation (EU) 528/2012) has resulted in further reductions in the range of products available for bed
bug control. While careful regulation of biocides is essential for the safety of people, animals, and the envi-
ronment, the over-use of a very small number of insecticide classes exacerbates insecticide resistance, and
limits control success.

The difference in the way PMCs were organized in communist countries does not seem to have dramati-
cally influenced bed bug infestation rates prior to the resurgence. However, sociological factors associated
with the communist period have had a pronounced and lasting effect on the ethos surrounding pest manage-
ment. Most housing in communist countries was managed by state employees, who had little motivation to
resolve problems faced by the inhabitants. Many apartments are still managed under city ownership or by
large housing associations. In both cases, it is the manager, rather than the inhabitant, who is responsible for
pest control. Friendly relationships between managers and owners of PMCs, often persisting from communist
times, continue to hinder control efforts when bed bug infestations occur, as neither party have a vested interest
in resolving pest issues.

Paradoxically, the legislative effort to break these landlord/PMC relationships may have made the situation
worse. City governments (or the housing-associations) are now obliged to have open public review of pest
control contracts. When this occurs, at least in the Czech Republic and Slovakia, price becomes the only
criterion taken into consideration. Consequently, PMCs frequently offer prices that are so low that it is not
financially viable to provide a quality service.

Lastly, communist city planning and building construction has provided bed bugs with particularly suitable
habitats in large, centrally heated apartment complexes. The low-quality prefabricated construction allows
for easy dispersal among apartments (Lysek, 1966), while also attracting several species of crevice-dwelling
bats, which brought the bat bug (Cimex pipistrelli Jenyns) with them (Smaha, 1976; Balvin and Bartonicka,
2014). It is, however, likely that the isolation of communist countries from other nations and international
visitors delayed the bed bug resurgence, at least in central Europe.

While EU-wide legislation has resulted in broadly consistent regulation of insecticides, the same cannot be
said for the regulation of PMP qualifications. In central Europe, PMCs are organized into professional “guilds’,
which provide mandatory education and regular exams (for example, every five years in Czech Republic), to
meet licensing requirements. By contrast in the UK, no specific qualifications are required. However, non-
mandatory training courses are provided by insecticide suppliers and trade associations.

5.8 Strategies to Combat the Resurgence

To date there have been few, if any, nationally adopted strategies for combating the resurgence of C. lectularius
across Europe. Management tools, techniques, and approaches vary widely between PMCs (Boase, 2007).
Where a company feel they have developed an effective bed bug management strategy, there is a tendency
towards secrecy, which is born out of a desire to maintain the commercial edge over competing companies
(R. Naylor, unpublished results). However, in the Czech Republic, the association of PMCs responsible for
certification for the pest management industry, officially recommend chlorfenapyr (Mythic) in combination
with pyrethroids. This method is widely used and, if applied responsibly, is currently effective. Similarly in
France, a working group was created in 2014 to produce a nationally recognized code of practice for bed bug
management (Jourdain et al., 2016; Centre National d’Expertisesur les Vecteurs, 2015). Overall, attempts have
been and continue to be made to identify best practice for bed bug management in Europe. These attempts
have resulted in the creation of a European Code of Practice for Bed Bug Management (BBE, 2013). This code
of practice has been reasonably successful at reducing the bed bug resurgence in Europe and is discussed in
detail elsewhere within this book (see Chapter 23).
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The Bed Bug Resurgence in Asia
Chow-Yang Lee, Motokazu Hirao, Changlu Wang, and Yijuan Xu

6.1 Introduction

The resurgence of bed bugs in Asia occurred during the late 1990s, but it was not until the period from 2005
to 2010 that the general public began to show concern and pay more attention to these insects. Today, bed
bugs have become one of the most important urban insect pests managed by pest management professionals
(PMPs) in Asia. In this chapter, the history of bed bugs in Asia is reviewed, along with the historical laws,
regulations, and policies pertaining to the control of these insects, the extent of the modern resurgence, the
factors behind the resurgence, and the management strategies employed for the control of bed bugs in Asia.
Special emphasis is made on the past and present bed bug situations in Japan, China, and southeast Asia.

6.2 History of Bed Bugs in Asia

Bed bugs have been a long and persistent issue in Asia. In Japan, bed bugs were first brought into the nation
around the 1860s, at end of the Edo period, probably on Dutch warships. The first location to receive bed bugs
was Nagasaki, which was the only port in the southern region of country at that time that was open to inter-
national trade. As foreign trade increased, bed bugs spread throughout the rest of Japan. There are no records
of the bed bug species, but it was suspected to be the Common bed bug, Cimex lectularius L., as this is the
main species that affects the nation today. During the Satsuma Rebellion in 1877, there was a record of bed
bugs in Kokura military barracks. Additional records exist for Osaka in 1880, and Nagoya and Tokyo in 1882
(Konishi, 1977). By the early 1900s, major bed bug infestations were reported in cities that had international
ports, such as Nagasaki, Kobe, Nagoya, Yokohama, and Niigata (Aoki, 1901). During the 1940s, only a few
PMPs were operating in Tokyo, and one of their major targeted pests in the urban environment was bed bugs.
The control methods used were steam and the application of an insecticidal dust containing a pyrethrin-rote-
none mixture (Hirao, 2012).

After World War II, many demobilized Japanese soldiers returned home from southeast Asia infested with
a range of pests, including fleas, lice, and bed bugs. In Kobe, 20% of the 0.4 million houses became infested
with bed bugs (Uemura, 1974). Fortunately, the newly discovered organochloride insecticides, such as DDT
and BHC, effectively controlled the bed bug infestations. By the 1960s, especially prior to the Tokyo Olympics
in 1964, bed bug infestations became rare in Japan. Most current large Japanese pest management companies
(PMC) were established in the 1970s, and by then, bed bug treatments were largely no longer undertaken. For
the next 30 years, it was not necessary for the Japan Pest Control Association (JPCA) to provide bed bug train-
ing courses. But that situation changed in 2008.
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More recently, besides C. lectularius, the Tropical bed bug, Cimex hemipterus (F.), was found in a hotel and
student dormitory in Okinawa prefecture (Komatsu et al., 2016). The authors of the report suggested that the
rapid increase in tourist numbers could be one of the contributing factors to the increase in bed bug infesta-
tions in Okinawa.

In China, because of the years of insurrections and wars, there were no studies or reports on the incidence
of bed bugs prior to the establishment of the People’s Republic of China in 1949. In fact, there are few studies
prior to 1976. Currently, both C. lectularius and C. hemipterus are found in China (Deng and Feng, 1953).
Cimex lectularius is distributed in most parts of China, whereas C. hemipterus is mostly found in Guangdong
province and Guangxi Zhuang Autonomous Region in the south. Overall, bed bug infestations were common
in the 1950s and 1960s, but declined in the 1970s and 1980s, and became rare in the 1990s, according to inter-
views of residents (Wang et al., 1997). In Sheldon Lou’s memoir of his time as a student at Tsinghua University
in Beijing during the late 1950s (Lou, 2005), he recalled that his dormitory was heavily infested with bed bugs,
as were most other student dormitories in Tsinghua. In Shanghai in 1977, a survey of 3596 residents revealed
at least 3.3% were infested, with a rate of 15.4% being reported from one community of 169 homes (Liang
et al., 1981). A later survey (1982) in Shanghai, found that 0.21% of 145 695 homes had bed bugs (Shanghai
Huangpu District Health and Epidemic Prevention Station, 1983). Recognizing bed bugs as an important
public health pest, the Chinese government organized city-wide bed bug control campaigns from the 1960s
to the 1980s. These campaigns reduced the infestation rates dramatically. There were only two bed bug infes-
tations reported from 1983 to 1989 (Jiang, 1991; Chi et al., 1994). One of these was in worker dormitories and
the other was in a train station. There were eight bed bug surveys conducted over 1990—-1999. The sites where
the surveys indicated infestations included military stations, homes, school dormitories, hotels, prisons, and
hospitals. In Jiaxing city (Zhejiang province) a city-wide survey of 50584 homes in 1992 only found eight
homes with bed bugs (Hong et al., 1993). A similar survey in 1996 of the same city, including 528 homes, 114
hotels, schools, and hospital beds, did not find any bed bugs (Wang et al., 1997).

In southeast Asia, bed bugs were an important insect pest associated with people from the 1940s to the
1970s. The bed bug species was identified as C. hemipterus. A limited number of published papers docu-
mented the importance of bed bugs during that era, but several papers described their prevalence in hospitals
and worker quarters on crop plantations in Malaya, and their insecticide-resistance status (Reid and Lim,
1959; Reid, 1960). The Pest Control Association of Malaysia reported that in the 1960s and 1970s, bed bugs
were the major pest targeted in cinemas in Malaysia. Most control efforts in the 1960s consisted of applica-
tions of residual insecticide sprays containing DDT and dieldrin. In the 1970s, organophosphates and carba-
mates such as diazinon and propoxur were the most widely used insecticides for bed bug control. By the late
1970s, the frequency of bed bugs as a pest in the urban environments of Southeast Asia had gradually
diminished.

6.3 Laws, Regulations and Policies for Bed Bug Control Prior to the Resurgence

With the exception of China, there were few laws or policies enacted to combat bed bugs in Asia. The
Chinese government designated bed bugs as one of the four main urban pests in 1960 (Wang and Wen,
2011). The other three pests were rodents, flies, and mosquitoes. Bed bug elimination campaigns were
carried out nationwide by city governments. Trained personnel were sent to neighborhoods to carry out
surveys and treatments. Residents were provided with insecticides so that they could undertake bed bug
control. These campaigns were highly successful in eliminating bed bugs. In Shanghai, the application of
0.5% or 1.0% fenthion resulted in total bed bug elimination in various neighborhoods (Liang et al., 1981).
Applying 0.98% fenthion liquid reduced the bed bug infestation rate from 9.6% in 1979 to 0.01% in 1985
(Ma, 1986). In Hunan, bed bug infestation rates reduced from 1.2% to 0.07% after treatment with 1% fenthion
spray between 1982-1985 (Yan et al., 1986).
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6.4 Modern Resurgence of Bed Bugs in Asia

The modern bed bug resurgence in Asia occurred in the late 1990s, at approximately the same time as the
resurgence of bed bugs in the US, UK, and Australia. In Japan, suspected bed bug bites after decades of
absence were first reported by dermatologists in 1996 and then again in 1997 (Ohtaki et al., 1996; Nose, 1997).
By 2000, a Japanese hotel industry newsletter reported that bed bugs were being detected occasionally at
some low-cost guest houses used mainly by backpackers (Sawa, 2009). For the pest management industry, bed
bugs started becoming a more high-profile pest from around 2007. With a high demand from the pest man-
agement industry, the JPCA initiated the first bed bug management training course in 2008. The JPCA later
published a bed bug treatment methods guide in 2010 (Hirao, 2010). Bed bug infestations became a more
serious problem in Tokyo after 2008 (Figure 6.1). Similarly, the JPCA reported a fourfold increase in the num-
ber of inquiries between 2010 and 2014 (Japan Pest Control Association, 2015). Two large PMCs in Japan also
reported an increase in the number of bed bug treatment services over 2004—2014 (Figure 6.2). A survey of
PMCs conducted by the JPCA in 2010 indicated that 60% of PMCs had encountered bed bug infestations. Bed
bug treatments were mostly conducted in hotels (471 cases), followed by low-cost guest houses (207 cases),
homes (128 cases), apartments (71 cases), hospitals (8 cases), and others (35 cases), such as psychiatric reha-
bilitation facilities, nursing homes, elderly care facilities, public baths, internet cafés, and ferry boats. The
hospitality sector has been consistently reluctant to report bed bug infestations, fearing that it would damage
their reputation. Although the actual number of bed bug infestations may be under-reported, bed bug infesta-
tions are known to have occurred in 97% of Japanese prefectures (provinces) according to a 2012 survey
(Hirao, 2013). This percentage had increased to 100% in a survey conducted in 2015 (M. Hirao, Japan Pest
Control Association, unpublished results).

In China, there were 15 publications documenting bed bug infestations between 2001 and 2010, compared
with eight articles in the decade prior. Among these, eight articles reported bed bugs in army dormitories (Di
Wu et al., 2003; Xue et al., 2003; Zhang and Di Wu, 2003; Li G. et al., 2007; Liu et al., 2007; Zhou et al., 2009).
The increased number of reports from the army, at least in part, was probably a result of the overall increase
in bed bug infestations. The highest percentage of infested beds from army dormitories was 50.8% (Xue et al.,
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Figure 6.1 The number of bed bug enquiries to the government of Tokyo, 1995-2014 (Source: Bureau of Social Welfare and
Public Health, Tokyo Metropolitan Government, Japan, unpublished results).
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Figure 6.2 The number of bed bug treatments per year reported by two different leading pest control companies in Japan from
2004 to 2014 (Motokazu Hirao, unpublished results).

2003). An additional 12 bed bug surveys were reported between 2011 and 2014 (Li G.M. et al., 2011; Chen
et al., 2012; Ye et al., 2012; Bo et al., 2013; Chen and Huo, 2013; Wang L. et al., 2013a; Qi et al., 2014; Wang
X.Y. et al., 2014; Zhang et al, 2014; Liu and Fan, 2015; Wang, Z.X. 2015; Yuan et al., 2015). Li X.W. et al., (2013)
investigated the extent of the bed bug resurgence between October 2011 and April 2012 in Shenzhen city
(near Hong Kong). The authors surveyed worker dormitories, college dormitories, and apartments. Up to
59.8% of the rooms in the surveyed buildings were infested. Worker dormitories in industry parks had the
highest infestation rates, followed by older rental homes, and school dormitories. Among those facilities
experiencing bed bug infestations, 63.2, 26.1, 6.0, and 4.7% said bed bugs had occurred within the last <1, 1-2,
3-5, and =6 years, respectively. These numbers indicate that the majority of the bed bug infestations occurred
after 2009. Based on pest control records from two PMCs that service Shenzhen and Dongguan cities, bed
bug infestations are currently very common in worker sleeping quarters (Wang L. et al., 2015).

Prior to 2008, all published reports of bed bugs in China were infestations that occurred in homes or dor-
mitories. However, between 2008 and 2015, nine of the 14 published articles reporting bed bugs dealt with
infestations in passenger trains. Incidences of bed bug infestations in trains were reported from the following
railway bureaus; Kunming, Guangzhou, Chengdu, Shanghai, Shenyang, Zhengzhou, Xian, Lanzhou, and
Urumgqi (Wang X.C. et al., 2013b; Zheng et al., 2015). In addition, trains from Fujian, Shijiazhuang, Guilin,
and Nanning, were also reported to be infested with bed bugs (Zheng et al. 2015). These reports reflected a
clear resurgence of bed bugs on passenger trains. A survey of sleeper cars in Fujian Railway Bureau during
2009 and again in 2010, found 6.1 and 6.4% of the sleeper cars were infested with C. lectularius, respectively
(Li G.M. et al., 2011). Inspections of sleeper train cars managed by the Guangdong Railway Bureau in 2011
and 2012 found that 2.45% and 14.97% of the train cars had C. hemipterus, respectively (Qi et al., 2014).
Sixteen percent of the beds (11 out of 66 beds) in a sleeper train car in Shijiazhuang (Hebei province) were
also found to be infested with bed bugs (Chen and Huo, 2013).

The resurgence of bed bugs in southeast Asia likely started around the mid-2000s, when PMPs reported
that bed bug control was becoming increasingly common in their daily operations (Table 6.1). Most of these
reports were anecdotal in nature and published in local newspapers and other trade magazines (How and Lee,
2010). With the exception of Thailand (which had both Cimex species), all samples collected in southeast Asia
were C. hemipterus. How and Lee (2010) surveyed 54 hotels, public accommodations, and residential premises
in Malaysia and Singapore over 2005-2008, and found C. hemipterus to be the only bed bug species present.
Previously, Lee H.L. et al. (2006) also reported that C. hemipterus was among the ectoparasites received for
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Table 6.1 The number of bed bug treatments
in Singapore from 2006 to 2011.

Year No. jobs
2006 200
2007 265
2008 375
2009 450
2010 468
2011 470

Source: National Environment Agency, Singapore
based on survey carried out on selected pest
management companies.

identification at the Institute for Medical Research, Malaysia, and that these samples were collected from
hotels and industrial plants. Subsequent samples sent by PMPs in Malaysia and Singapore between 2009 and
2013 revealed that a small number of samples that were C. lectularius (Lee C.Y., 2013). A later larger survey,
conducted from November 2013 to December 2014 in apartments and worker dormitories in Peninsular
Malaysia, revealed that only C. hemipterus was present throughout the 185 sites sampled (Zulaikha et al.,
2016). In Thailand, Tawatsin et al. (2011) identified C. hemipterus in hotels in Bangkok, Chonburi, Phuket,
and Krabi, whereas C. lectularius was found only in hotels in Chiang Mai. The reason for this discrepancy is
unknown, but it is likely related to the cooler climate found in Chiang Mai.

6.5 Specific Factors Related to the Bed Bug Resurgence in Asia

One possible major contributory factor that led to the rapid spread of bed bugs in Japan was the availability
of cheap accommodation for the homeless and foreign backpacking tourists (Motokazu Hirao, Japan Pest
Control Association, unpublished results). In Japan, the Homeless Support Act established in 2002
ensured housing and medical care for homeless people, and cheap accommodation and shelters were
made available. In these inexpensive lodgings, foreign backpacker tourists also stayed and probably intro-
duced bed bugs. This was similar to Australia, where it had also been documented that that backpacking
lodges were commonly infested during the early days of the resurgence (Doggett and Russell, 2008). Bed
bugs spread rapidly with the homeless people who often moved from one shelter to another (Yaguchi and
Kasai, 2010). Since the early years of the new millennium, the bed bug problem in Japan has been reported
most commonly amongst the socially disadvantaged, where the facility owners have limited or no finan-
cial means to pay for PMPs.

In China, it appears that two important and commonly infested environments contributed to the bed bug
resurgence: migrant worker dormitories and passenger trains. As an example of the former, an outbreak of
C. hemipterus was reported in worker dormitories in a factory in Fujian province (Yuan et al., 2015). The
source of this infestation was the workers who had transferred from a factory in Guangdong province. A com-
pounding factor was that these migrant workers usually slept together in crowded quarters, which enabled
the bed bug infestations to spread rapidly. The second infested environment that contributed to the bed bug
resurgence was the common and repeated introduction of bed bugs onto passenger trains (Zheng et al., 2015).
Passenger trains are the main source of long distance transportation in China. Staying for hours in a sleeper
bed provides the opportunity for bed bugs to relocate while feeding on a new host, and allows the long-distance
dispersal of bed bugs between cities and provinces.
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As for southeast Asia, several factors may explain the recent resurgence of bed bugs. Over the last 20
years, there has been an increase in the influx of legal and illegal migrant workers to Malaysia (Zulaikha
et al., 2016). These workers have come from poorer developing countries such as India, Bangladesh,
Myanmar, and Indonesia. In addition, native workers have migrated into the major cities from poorer
regions of the country. The prevalence of bed bug infestations in maids’ rooms and worker dormitories in
Malaysia and Singapore suggest that these pests may have been transported with the influx of workers.
Secondly, the increasing number of budget airlines has made international travel very affordable, and
increased travel has no doubt led to the spread of bed bugs globally, as evidenced by the number of infested
hotels and guest houses (Tawatsin et al., 2011; Zulaikha et al., 2016). Finally, the occurrence of insecticide
resistance in populations of C. hemipterus (Tawatsin et al., 2011; Dang et al., 2014, 2015) and C. lectularius
(Suwannayod et al., 2010) has, without doubt, also contributed to the resurgence of these pests in southeast
Asia as well as elsewhere in the world.

6.6 Bed Bug Management Strategies in Asia

For detection and monitoring of bed bugs, Japanese PMPs employ visual inspections, bed bug interceptors,
sticky traps with or without attractants, and trained canines. Most of the JPCA certified PMPs can control
bed bug infestations effectively using an integrated pest management (IPM) approach incorporating steam,
vacuuming, heating devices, and insecticides. Organophosphate insecticides are still available in Japan for
the control of bed bugs and have been found to be highly effective. While organophosphates and pyre-
throids are currently registered in Japan for bed bug control, diatomaceous earth is presently not. One of
the challenges that Japanese PMPs had to overcome was the “tatami” mat, which covers the floor of a
Japanese-style room. These mats are still commonly used in the majority of the hotels, apartments, homes,
and housing facilities in Japan. The tatami mat is made by weaving plant stems of the soft rush, Juncus effu-
sus L. into a floor covering, and is a perfect harborage for bed bugs. High-temperature tatami-sanitizing and
drying machines have been used to treat mite infestations, but are also effective in controlling bed bugs.
The bed bug infestation problem in Japan is slowly beginning to migrate from hotels and shelters to apart-
ments and private homes. The Japanese government and PMPs are concerned that bed bug infestations may
spread due to the lack of bed bug awareness amongst the general public. Raising bed bug awareness and
promoting methods to reduce infestation risk among the general public will be required to minimize the
spread of infestations.

The Japanese National Institute of Infectious Diseases, and affiliated institutions, conducted a genetic
screening for knockdown resistance amongst bed bugs collected from 60 different field sites across Japan
(Tomita et al., 2012). Similar to the pyrethroid-resistant C. lectularius populations reported in the USA (Zhu
F. et al., 2010) with haplotype mutation of V419L and L925I (known as “haplotype C” after Zhu F. et al., 2010),
50 out of the 60 populations of C. lectularius in Japan had a single point haplotype mutation, L9251 (“haplo-
type B”) at the a-subunit of the voltage-sensitive sodium channel gene. In addition, four populations had two
point haplotype mutations, V419L and L925I (that is, haplotype C) (Tomita et al., 2012). The L925] mutation
(haplotype B) was found in 88% of the populations, the majority of which were homozygous (Tomita et al.,
2012). Twenty-five bed bugs out of the twenty-seven individuals tested from seven populations identified
with the 1925 mutation were pyrethroid-resistant. These individuals survived more than 24h exposure to
0.13mg/ cm’ deltamethrin residue on filter paper (Tomita et al., 2012). Fortunately, most bed bug populations
in Japan were not resistant to organophosphates (such as fenitrothion and propetamphos) or carbamates
(propoxur), which are both still used to treat bed bug infestations.

In China, bed bug management strategies usually involve a combination of non-chemical and chemical
treatment options (Wang and Wen, 2011). Commonly used non-chemical methods include picking bed bugs
using needles, sealing crevices and cracks in walls and floors, and pouring hot water onto infested furniture
and bedding. Less commonly used methods are applying hot steam, and placing infested furniture and
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bedding in the sun during summer. The effectiveness of placing furniture and personal belongings in the hot
sun has not be tested in China, but has been found to be ineffective for treating infested mattresses elsewhere
(Doggett et al., 2006). Insecticides are always used in bed bug control, either pyrethroids alone or a combina-
tion of a pyrethroid and an organophosphate. Commonly used pyrethroids include cyfluthrin, cypermethrin,
deltamethrin, tetramethrin, and d-phenothrin. Pyrethroids tend to be used more often than organophos-
phates. The following organophosphates for bed bug control have been used: chlorpyrifos, fenthion, mala-
thion, and propoxur (Li G.M. et al., 2011; Bo et al., 2013; Zhang G.P. et al., 2014; Wang X.Y. et al., 2014; Zhu
J.H. et al., 2014; Liu et al., 2007). Fenthion has been in use since the 1970s and was found to be more effective
than lindane (Department of Epidemiology of Nanjing Military Medical Research Institute, 1979). Fenthion is
the most commonly used organophosphate to control bed bugs, and found to be more effective than the
pyrethroids. Each infestation is usually treated 2—3 times at 3—7 d intervals (excluding control via fumigation).
Sulfuryl fluoride fumigation was successfully used for treating a bed bug-infested cargo ship (You et al., 2014).

Although there are no papers yet published reporting insecticide resistance among bed bug populations
in China, in recent years insecticide resistance has been assumed based on preliminary laboratory evaluations
(Ren Dong-Sheng, Chinese Center for Disease Control and Prevention, Beijing, unpublished results) and
global reports. While bed bug control using the currently available insecticides appears to be effective, there
is a lack of public awareness and a community-wide effort to manage bed bugs in China. Other than the
institution-initiated surveys in passenger trains, no community-wide surveys have been conducted in homes
since 1996.

In southeast Asia, the bed bug is not regarded as a major urban pest. In surveys conducted by pest management
associations and the Urban Entomology Laboratory, Universiti Sains Malaysia in 2014, bed bugs were ranked
between fourth and ninth amongst the nine most targeted pests (Table 6.2) (Lee C.Y., 2013). Nevertheless,
PMPs in both Malaysia and Singapore consider the bed bug to be the most difficult pest to control. This likely
is due to the limited knowledge and lack of training regarding bed bug management among PMPs, the scarcity
of effective products to manage bed bugs, and insecticide resistance (Lee C.Y., 2013). Use of residual insecti-
cide sprays remains the most common method of controlling bed bugs (Table 6.3), followed by heat treat-
ment, and vacuuming. In spite of the of insecticide effectiveness due to resistance, pyrethroid-based
formulations (such as deltamethrin, alpha-cypermethrin, lambda-cyhalothrin, permethrin) are still regularly
used. Some PMPs also use an organophosphate (such as chlorpyrifos or fenitrothion) in difficult-to-manage
situations. However, the use of organophosphates is limited by their strong odor, and restrictions against
indoor use in certain situations. The introduction of the pyrethroid-neonicotinoid mixtures (such as beta-
cyfluthrin + imidacloprid and lambda-cyhalothrin + thiamethoxam mixtures) has dramatically improved bed
bug management efforts in the region.

Table 6.2 Importance and difficulty of control of bed bugs in southeast
Asian countries compared to other major urban pests.

Rank
Country Importance Difficulty of control
Malaysia 4 1
Singapore 4 1
Thailand 6 4
Indonesia 9 5
Philippines 7 2

Source: Based on surveys carried out by pest management associations and the
Urban Entomology Laboratory, Universiti Sains Malaysia (Lee C.Y., 2013).

75



76 | Advances in the Biology and Management of Modern Bed Bugs

Table 6.3 The ranking of bed bug related services offered by pest management professionals in southeast Asia.

Rank of services (based on frequency)

Treatment method Malaysia Singapore Thailand Indonesia Philippines
Residual spray 1 3 1 1 1
Heat treatment 2 1 3 4 3
Vacuuming 3 1 2 5 2
Trapping 4 6 4 2 4
Inspection 6 5 5 6 6
Fumigation 5 4 6 3 5

Source: Lee C.Y., 2013.

Bed bug-infested commercial aircraft are often flown into Malaysia. Fumigation of these aircraft using
methyl bromide is carried out by PMPs. There are also a number of PMPs in southeast Asia that use cold-fog-
ging (misting with pyrethroids) to treat bed bugs, but this approach is unlikely to be effective at controlling
resistant bed bugs.

To effectively curb the current bed bug resurgence in Asia, it is necessary to implement proactive bed bug
monitoring programs in areas that are currently experiencing a bed bug resurgence. Without such efforts, bed
bug infestations will continue to expand in the years ahead.
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The Bed Bug Resurgence in Australia
Stephen L. Doggett and Toni Cains

7.1 Introduction

The history of bed bugs in Australia is largely a reflection of what has happened elsewhere in the world.
Infestations rapidly spread through society following their introduction into the nation via the early colonial-
ists, then bed bugs became uncommon following World War II until around the year 2000 with the start of
the modern resurgence. Australia was somewhat unique in that the resurgence has involved the Common bed
bug, Cimex lectularius L., and the Tropical species, Cimex hemipterus (E.). Battling bed bugs has involved a
three-pronged strategy: the development of the world’s first industry standard that promotes best practice in
bed bug management, education about the standard, and research to enhance it.

7.2 History of Bed Bugs in Australia

No member of the Cimicidae naturally occurs in Australia and it was likely that C. lectularius was introduced
with the first British colonialists during the late 18th century (Woodward et al., 1970). The presence of bed
bugs on early sailing vessels is typified by the descriptions of Lt. Matthew Flinders, the first explorer to
circumnavigate Australia. In his journals from 1803, he bemoans (Becke and Jeffery, 1899):

Of all the filthy little things I ever saw, this schooner, for bugs...rises superior to them all...I believe that
I, as well as my clothes, must undergo a good boiling in the large kettle.

It would appear that by the mid-1800s bed bugs were well established. The American, Charles Wilkes, while
touring in Australia around 1840, writes (Wilkes, 1849):

...at Liverpool, and other hotels in Campbelltown [in Sydney]: a larger supply of...bed-bugs is seldom
seen...

While it is difficult to gauge the extent of bed bugs, both in their distribution and frequency, it was clear that
they were common throughout Australia during the late 19th and early 20th centuries. This is evident in
newspaper reports on bed bugs (Anonymous, 1889) or the many and varied ways described to control them
(Anonymous, 1890, 1899, 1901; Hackett, 1916; Froggatt, 1919; Purdy, 1920). One of the most widely adver-
tised products in the 1880s was ‘Rough on Rats! At the time, this arsenic-based poison sadly became the
chemical of choice for suicide victims (Johnson, 2010).
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It is difficult to determine when bed bugs became less of a problem in Australia. Even during the early part
of the 1900s, bed bugs were not uncommonly reported in newspapers (Anonymous, 1911, 1914, 1915, 1916)
and products to control bed bugs were still being advertised in 1924 (Anonymous, 1924).

In the intra-war period, few reports of bed bugs exist. However, history has the tendency to report the unu-
sual rather than the usual. This is typified in the seminal entomological text of the day, The Insects of Australia
and New Zealand (Tillyard, 1926):

[the Cimicidae is] represented in [Australia] by the detestable and all too common...bed bug...which is
too well known to need description here.

The first reference to which bed bug species occurred in Australia was from 1924, where it was noted
that “...the bed bug (Cimex lectularius).. lives in the walls of dirty houses, in the mattresses of beds, and in
furniture” (Musgrave, 1924). Bed bugs were still very common in Australia during the 1920s as evident from
areport that appeared in the premier medical journal, The Medical Journal of Australia: “They [bed bugs]
are certainly far too abundant in many of the towns in New South Wales and Queensland...the species being
C. lectularius” (Ferguson, 1926). Not long after this, the correspondent known as “W.B.S” wrote in a regional
Australian newspaper that, “Most people are familiar with that malodorous insect the bed-bug..” (W.B.S.,
1928). In the early 1930s it was stated that “The ubiquitous bed-bug... [is] prevalent in dirty houses...”
(McKeown, 1930).

Bed bugs were well known and despised by hospital workers in Australia in the late 1930s and early 1940s.
Sydney entomologist, Dr Chris Orton, recalls his mother, then a nurse in Perth, Western Australia, describing
to him some of the measures taken to control the pest in hospital wards at that time. These included painting
ward furniture (especially metal framed beds) with kerosene in the hospital yard and painting gaps in the
skirting boards and architraves in the wards with turpentine. Calico mattress encasements were meticulously
sewn onto mattresses under the watchful eye of the dreaded Matron and infested bedding was bagged and
boiled (Chris Orton, Univeristy of NSW, Sydney, unpublished data)

Bed bugs continued to be a problem during the years of World War II, according to a report on bed bugs in
military camps in Western Australia (Jenkins, 1942). In a book on Australian insects from 1942, it was stated
that the bed bug is a “well-known cosmopolitan domestic pest, which frequents houses (Mckeown, 1942). An
agricultural journal from South Australia in 1945 provided extensive advice on how to rid the home of bed
bugs (Womersley, 1945). Internment camps were also known to be heavily infested (Splivalo, 1982).

By 1947 it was suggested in one regional paper from the mid-north coast of New South Wales that bed bugs
in the wider community were becoming uncommon, “except in homes where slatternly women paid no atten-
tion to hygiene” (Anonymous, 1947). Clearly if bed bugs had abated by then, sexism in journalism had not.

After World War II, camps were established for displaced persons from Europe and new immigrants. Bed
bugs were an issue at the Holden Immigration Camp at Northam (100km west of the state capital, Perth,
Western Australia) and a photo exists from 1952 with the caption “Dutch women airing the beds to rid them
of bed bugs” (Peters, 2001). These camps were perhaps the last major problem site for bed bugs prior to the
insects’ decline after the war.

7.3 Documented Evidence for the Bed Bug Decline

From the end of World War II to the start of the modern resurgence, reports of bed bugs are virtually
non-existent. Ruth Park, a New Zealand born novelist, wrote fiction about the poor in Sydney and how bed
bugs fed off their poverty (Park, 1948; see also Chapter 2). It was quite possible that she was reliving her own
experiences, having come to Australia with little money and being forced to live in what was then considered
a slum area.



The Bed Bug Resurgence in Australia

Beyond this however, there appear to be no reports of bed bugs in Australia in the scientific literature,
popular press, or in advertising, over the years from 1950 to 2000. This indicates that infestations must have
become rare during this period.

Over the years 1949 to 1983, the Department of Medical Entomology at Sydney University kept all
correspondence from the public. In this there were three references to bed bugs. The first was in March 1963,
from Vaucluse in Sydney, and it was believed the bed bugs (species not identified) came via luggage from the
residents travelling to Burma and the Middle East. The second was C. lectularius in an affluent area of Sydney;,
and the third was associated with staff of a major airline who presumably acquired the bed bugs (again species
not identified) from overseas (Doggett et al., 2011). Clearly bed bug infestations were exceptionally rare dur-
ing those years. This was reaffirmed in 1988, when, in contrast to only a generation past, it was stated of bed
bugs that, “...many Australians have never seen one...” (Southcott, 1988).

7.4 The Modern Resurgence

The bed bug resurgence in Australia probably began around the late 1990s and was reviewed in detail to the
period up until 2010 (Doggett and Russell, 2008; Doggett et al., 2011). The first suggestion of a resurgence in
the nation was not from Australia, but the UK, when in 2002 it was stated that “From New York to Sydney...
bed bugs are making a comeback” (Coghlan, 2002). Interestingly, no Australian attribution for this claim was
ever established, even if factually correct (Doggett and Russell, 2008).

In 2003, C. hemipterus was identified in Australia for the first time (Doggett et al., 2003). In a very short
period the species became well established in latitudes north of 29°S (Doggett and Russell, 2008; Doggett
et al., 2011). It is not known when or from where C. hemipterus was first introduced into Australia and this
will only be resolved in the future with extensive population genetic analyses. The species was known in the
Pacific rim, as evidenced by a report from Samoa in 1925 (Lambert, 1925), while in the reference collection of
the Department of Medical Entomology at Westmead Hospital, there is a sample of C. hemipterus from Papua
New Guinea (PNG) collected in 1926. At the time, PNG was administered by Australia and human move-
ments between the countries were not infrequent. A publication from 1942 states that C. hemipterus was
common in Fiji at the time and that it was also common in 1911 (Lever, 1942).

An article from New Guinea in 1972 indicated that bed bugs (presumably C. hemipterus) had increased
in number because DDT had killed its predators, such as lizards and spiders (Ewers, 1972). As neither are
particularly effective at reducing bed bug numbers, perhaps the real reason for the increase was due to
insecticide resistance. This was the conclusion in a publication in the following year discussing the same
situation (Bourke, 1973). To date, the oldest samples of C. hemipterus in Australia are from museum speci-
mens and include Katherine in 1991 and Darwin in 1994, both locations in the Northern Territory (Doggett
and Russell, 2008).

Definitive evidence for the bed bug resurgence in Australia was provided in two publications in 2004.
The first documented that samples submitted to the Department of Medical Entomology’s pathology
service at Westmead Hospital had increased by around 250% from 2001 to 2004 compared with the pre-
vious four years (Doggett et al., 2004). This report noted how other groups had also experienced an
increase in recent years. This included the Australian Quarantine and Inspection Service, who recorded
a notable rise in bed bug interceptions since 1999, and one Sydney-based pest control company in the
early years of 2000, which had seen an increase of 700% in the number of treatments undertaken (Doggett
et al., 2004).

The second paper was of a survey of bed bugs in short-stay lodges in Sydney (Ryan et al., 2004). These facili-
ties are mainly frequented by young backpackers. Of the 47 lodges surveyed, 79% had bed bugs in the prior
year and most lodges believed that the problem was increasing. The survey highlighted the lack of knowledge
in controlling bed bugs and the unorthodox methods employed.
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In 2006, a survey of the pest management industry was undertaken (Doggett and Russell, 2008). This was
to gain a better understanding of the degree of the resurgence, the types of properties affected, the manage-
ment procedures employed, and to advertise the new industry standard on bed bug management that had just
been launched (Doggett, 2005). The survey showed that all states in Australia had experienced an increase in
bed bug numbers and an overall rise of 4500% had been experienced since 1999, compared with the previous
years. The survey revealed that many unregistered insecticides were being used and methods with no scien-
tific basis were commonly being employed. This highlighted that the industry desperately needed education
on best management practices for bed bug control.

In the years to 2016, no further bed bug survey was undertaken, yet from the senior authors’ own
experience, certain trends were evident. During the early years of the resurgence, infestations were more
common in backpacking lodges and hotels, and then spread into the wider community. Bed bugs were sub-
sequently reported in virtually all forms of accommodation, as well as on public transport, in healthcare
facilities, cinema complexes, and even brothels (Doggett and Russell, 2008). However, arguably the most
significant of these was the growth of infestations amongst the socially disadvantaged. This trend, however,
was not unique to Australia, with the USA experiencing similar issues (US Department of Housing and
Urban Development, 2012).

A new survey of the pest management industry was conducted in mid-2016, with the aim of establishing
the current state of the bed bug resurgence, and to review the management options being undertaken to
control infestations (Doggett, 2016). The 2006 survey indicated that bed bug infestations were growing at
almost an exponential rate across the country. However, as of 2016, it appears that infestations have
stabilized and are no longer increasing in number. Respondents were asked their opinion about the state
of bed bug infestations over the last five years (2012-2016) and 51.6% felt that infestations had increased,
16.8% that they had decreased, and 31.6% felt that they were at around the same level. In contrast, when
asked about the previous year (2015), only 40.0% felt that bed bugs were increasing, whereas 18.9%
considered infestations were decreasing, and 41.1% thought they were around the same level. The 2016
survey did reveal that a small number of pest management professionals were still employing insecticides
that were largely ineffective against resistant bed bugs and products that were not registered for bed bug
control. Also, a small number failed to undertake a mandatory follow-up inspection following a bed
bug treatment. Thus despite the obvious gains achieved, further work in educating the pest management
industry is required.

7.5 Strategies to Combat the Bed Bug Resurgence

In Australia, there never have been any specific laws dealing with bed bugs. Environmental health laws tend
to be more descriptive rather than prescriptive (see Chapter 43). The impetus therefore to combat the bed
bug resurgence has largely come from the pest management industry.

The strategy to combat bed bugs has used a three-pronged approach: the development of an industry stand-
ard that promotes best practice in bed bug management, education about best practice, and research to
enhance best practice.

Best practice is defined in A Code of Practice for the Control of Bed Bug Infestations in Australia (Doggett,
2013a) and this is discussed in greater detail in Chapter 22. Education has been delivered through training
courses, industry publications (more than 50 to date), lectures (around 150 to date), and the production of a
simple visual guide Do You Have Bed Bugs? A Help Guide for the Identification of Bed Bug Infestations (Doggett
2013b), which has now been printed in seven different languages. Research has involved the testing of new
insecticides and products for bed bug management, as well as investigations into insecticide resistance.
Research has been used to evolve the code of practice.

Like elsewhere in the world, the bed bug resurgence caught Australia quite unprepared, and it is evident
that certain groups have been impacted more than others, notably the backpacking industry and the socially
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disadvantaged. However, the Australian response to the resurgence was rapid compared to other countries.
The timely development of a rigorous industry standard assisted the education of those who combat bed
bugs, and the emergence on the markets of new insecticides, notably the silicates in the last five years, have
made control less challenging. At present in Australia, bed bugs have not been defeated, but their decline is
underway.
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The Bed Bug Resurgence in Africa

Josephus Fourie and Dionne Crafford

8.1 Introduction

Africa has the earliest recorded evidence of bed bugs from anywhere in the world, with Cimex sp. specimens
being found from the time of the pharoahs. While bed bug infestations declined in some countries after
World War II, this was not uniform across Africa, with a number of tribal villages experiencing intense
infestations of both the Tropical bed bug, Cimex hemipterus (F.) and the Common bed bug, Cimex lectularius
L., during the 1970s and 1980s. Some of the earliest reports of insecticide resistance in bed bugs have been
from Africa and appeared to develop in association with insecticide applications during malaria-control
programs. To date, no coordinated strategies have been implemented in response to the bed bug resurgence.
This chapter reviews the history of bed bugs in Africa and discusses the factors contributing to the modern
resurgence in the region.

8.2 History of Bed Bugs in Africa

Bed bugs have a long history in Africa. Bed bug (Cimex sp.) evidence has been documented in occupation
sites dating back to the time of the pharaoahs (c. 1350-1323 BCE) in Tell-e-Amarna, Egypt (Panagiotakopulu
and Buckland, 1999). These bed bug remains are the earliest records of this insect living in association with
humans, and show that bed bugs have been in Africa for at least 3365 years. Panagiotakopulu and Buckland
(1999) state that the species was C. lectularius, although from the published images, the possibility of the
specimens being C. hemipterus can not be excluded (pronotum is not included in the photographs).

In a more recent review of bed bug history, Potter (2011) mentioned how in the early 1900s the cork linings
of soldiers” helmets during the East African campaign of World War I were infested with bed bugs. Bed bugs
continued to be a problem in Africa even after the widespread use of insecticides began. In the 1950s, Gratz
(1959) reported dieldrin resistance in C. hemipterus populations in Zanzibar. Other publications focus on bed
bug resistance to organochlorine (OC) pesticides. Localties in Africa where resistance to OC pesticides was
recorded in populations of C. lectularius included Kenya (Mombasa), Somalia (Mogadishu), Gambia
(Bathurst) (Busvine, 1958), Zimbabwe (Kariba) (Reid, 1960), South Africa (Johannesburg area) (Whitehead,
1962), Congo, east Africa and west Africa (World Health Organization, 1963), Egypt and Somalia (World
Health Organization, 1970). Cross-resistance between OC insecticides and pyrethrins was confirmed from
field-collected bed bug samples by the World Health Organization (1963); a 10-fold increase in pyrethrin
tolerance was recorded in a population of C. hemipterus in Mombasa, Kenya that was known to be resistant
to DDT and dieldrin.
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The continued incidence of bed bugs in African society resulted in the mention of both C. lectularius in
South Africa (Marshall and Heyl, 1963) and C. hemipterus in Zimbabwe, in a publication reviewing the
impacts of human parasitic diseases (Goldsmid, 1978). Between the late 1970s and early 1980s, the potential
of C. lectularius as potential vector of the hepatitis B virus also sparked research interest in South Africa (see,
for example, Jupp et al., 1978; Jupp and McElligott, 1979; Jupp et al., 1983) and Zimbabwe (Taylor and
Morrison, 1980), suggesting that prevalence of this species was high enough to warrant concern.

While newspaper articles investigated the presence of bed bugs in urban South African prisons in the 1970s
(Ancer, 2004), Newberry and Jansen (1986) investigated the size and life-stage composition of C. lectularius
in traditional rural Zulu mud huts in KwaZulu-Natal (KZN), South Africa. Newberry et al. (1987) indicated
that C. hemipterus also occured in KZN, and was in fact even more prevalent than C. lectularius in the far
northern region. Newberry et al. (1987) further intimated the possibility that C. hemipterus may be displacing
C. lectularius, and invading South Africa from the more tropical Mozambique region to the north of KZN.
Newberry and Mchunu (1989) suggested that C. hemipterus prevalence appeared to be increasing, when
compared to C. lectularius, in the KZN region adjacent to the Mozambique border. However, Newberry
(1990) found that the average degree of infestation of C. hemipterus was the same as that of C. lectularius in
traditional Zulu huts in KZN. The Newberry (1990) study indicated that large populations of C. hemipterus
could survive out of the tropics, but KZN was considered the southernmost extent of its range. Newberry
et al. (1991) later investigated reinfestation rates in these traditional Zulu huts, and found that reinfestation
(species not specified) from local sources was estimated at 35% of the huts per year, of which about two-thirds
were from local sources. It must be emphasised that the research by Newberry and colleagues was focused on
traditional, rural Zulu settlements in South Africa, with comparatively fewer published accounts from other
parts of Africa.

8.3 Laws, Regulations, and Policies for Bed Bug Control Pre-resurgence

There appear to be no published accounts of laws, regulations or policies pertaining to control of bed bugs in
African countries. In Nigeria, Omudu and Kuse (2010) stated that there have never been organized, comprehen-
sive bed bug control efforts. Consequently, individuals living in infested buildings took responsibility for bed bug
control themselves, although control efforts were often inefficiently implemented (Nalwanga and Ssempebwa,
2011). An online survey was conducted by Clintest (Bloemfontein, South Africa) in collaboration with Pathogen
and Environmental Solutions (PES) Africa (Brackenfell, South Africa) during June 2016. The survey, conducted
amongst 32 pest control companies in South Africa and Namibia, inquired if the companies were aware of any
historical laws or policies pertaining specifically to the control of bed bugs. Of the companies surveyed, 50%
indicated that there were no such policies. Of the remaining 50% of respondents, 44% indicated that they were
not aware of any such policies, and 6% cited only the general standard operating procedures on pest control, or
laws governing the registration and selling of pesticides. Interestingly, Newberry et al. (1991) noted that an
extensive bed bug control program was indeed implemented in South Africa (KZN) between 1986 and 1987.
This program involved the Department of Health spraying huts in rural settlements with fenitrothion. Based on
this data from South Africa, it is possible other more localized control programs could have existed within other
locations in Africa, but such programs were not always documented or recorded in the scientific literature.

8.4 Documented Evidence for the Bed Bug Decline

The African bed bug decline resulted indirectly from mosquito and malaria control strategies, rather from
control strategies aimed specifically at bed bugs (see, for example, Lindsay et al., 1989). An example of this
inadvertent bed bug control was recorded in the village of Mng’aza (Tanzania), which was heavily infested
with C. hemipterus prior to introduction of pyrethroid-treated bed nets in 1988. The introduction of bed nets
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resulted in the eradication of bed bugs in one village for 14 years. However in many villages, bed bugs began
to reappear within six years, and these populations were found to be highly resistant to the pyrethroids
(Myamba et al., 2002). While malaria control programs, in many instances, did result in a decline of bed bug
numbers, this decline was not uniform throughout Africa.

8.5 Early Evidence for the Resurgence

The global resurgence of bed bugs commenced in the late 1990s (Kolb et al., 2009; Davies et al., 2012; Doggett
et al., 2012). Resistance to insecticides has been considered the major contributing factor to the bed bug
resurgence (Romero et al., 2007; Kolb et al., 2009; Davies et al., 2012), and certainly insecticide resistance has
been observed in Africa (Kweka ez al., 2009; see also references above). Bed bug resistance to dieldrin and
DDT emerged in the late 1950s, from localities as diverse as West Africa (Holstein, 1959), Zanzibar (Gratz,
1959), and Libya (Shalaby, 1970). Resistance to pyrethroids was identified in Tanzanian villages in the early
2000s, after pyrethroid-treated bed nets for mosquito control were introduced between 1995 and 1996.
However, as mentioned above, cross-resistance between the OCs (such as DDT) and pyrethroid insecticides
may have already have been present in bed bug populations before modern reports of resistance were docu-
mented in Africa. In fact in 1984, Newberry et al. (1984) noticed a correlation between Zulu huts in KZN
being treated with DDT against malaria and bed bug infestation rates. Those huts that were sprayed regularly
had a more severe bed bug problem and perhaps this was due to resistance.

The majority of research papers published after 2001 mentioned that the African bed bug resurgence
(Table 8.1) corresponded with both the global bed bug resurgence, and the documentation of pyrethroid
insecticide resistance (Davies et al., 2012; also see Chapter 29). Evidence of the bed bug resurgence in Africa
has also been documented by the local media (Haw, 2005; Skade, 2009), including reports of bed bug infesta-
tions in 4000 homes in Nakuru, Kenya (Damary, 2015).

8.6 The Extent of the Resurgence

Newberry and Jansen (1986) (South Africa) and Temu et al. (1999) (Tanzania) published results of general
bed bug prevalence surveys. However, a number of surveys (Nigeria, Sierra Leone and Ethiopia) were spe-
cifically initiated in response to observed increases in bed bug infestations in the late 1990s (Table 8.1).
Prevalence, expressed as the percentage of infested premises, ranged from 9% to 100%. Levels of high bed
bug prevalence generally correlated with high human population densities, such as communal housing and
refugee camps, with the lowest prevalence reported from apartments and households. Increased preva-
lence also correlated positively with increasing poverty. Data was also collected from other diverse locali-
ties, such as lecture halls and prisons, but the data were not expressed in terms of prevalence (Table 8.2).
Considering all the studies represented in Tables 8.1 and 8.2, the total numbers of bed bugs collected per
sampling locality type (huts, home, hostel, lecturing hall, prisons, and so on) ranged between 100 and 4906,
indicating moderate to severe infestations. However, Omudu and Kuse (2010) demonstrated that the degree
of resurgence may be underestimated, as bed bugs can easily escape visual detection (Davies et al., 2012;
Vaidyanathan and Feldlaufer, 2013).

The results listed in Table 8.3 are the results of a survey of 32 pest control companies in South Africa and
Namibia conducted in 2016, as mentioned above. Pest management companies (PMCs) were asked if they
were ever specifically requested to treat bed bug infestations. Thirty-one companies (97%) indicated “yes” Of
these companies, 25% were located in Gauteng Province (Johannesburg region of South Africa), 25% in Cape
Town (Western Cape Province, South Africa), and 18.8% in Durban (KZN Province, South Africa). All three
localities are densely populated and popular tourist destinations. The percentage of companies that reported



90 | Advances in the Biology and Management of Modern Bed Bugs

Table 8.1 Summary of bed bug surveys conducted in Africa where bed bug prevalence was specifically expressed
as percentage of infested sampling localities.

Bed bugs

Percentage prevalence

Reference Country and survey locality Assessment period  Species (additional notes)
Newberry and South Africa, KwaZulu- Regular collections  C. lectularius 100% (six out of six huts, total
Jansen (1986) Natal Province between 1979 and bed bug counts per hut

Temu et al. (1999)

Gbakima et al.
(2002)

Okwa and
Omoniyi (2010)

Omudu and Kuse
(2010)

Emmanuel et al.
(2014)

Karunamoorthi et
al. (2015)

Tanzania, Bagomoyo
villages

Sierra Leone, Freetown,
camps for internally
displaced persons
Nigeria, Lagos state, five
sub-urban areas

Nigeria, Benue state,
Gbajimba town

Nigeria, Benue state,

Gboko town, 9 hostels and

600 homes.

Ethiopia, Amuru town,
260 households.

1982

1993, prior to bed
net installations

Summer of 1999

July 2008 to
December 2008

January 2010 to
March 2010

January 2011 to
April 2011

January 2014 to
May 2014

C. hemipterus

C. lectularius (56.1%)
and C. hemipterus
(43.9%)

C. hemipterus

C. lectularius

C. lectularius

Not specified

ranged between 404 and
4906)

56.5% (61 out of 108 houses)

98% (233 out of 238 rooms,
total of 584 specimens)

9% (18 out of 200 households)

21.8% (26 out of 119
apartments)

Signs of bed bug infestation
(egg cases, fecal marks)
sighted in 62.2% of
apartments (74 out of 119)

14.3% (86 out of 600 homes,
705 specimens)

66.7% (6 out of 9 hostels, 1937
specimens)

86% of hostel inhabitants
examined presented with bed
bug bites.

72.7% (189 out of 260 houses)

Table 8.2 Summary of studies conducted on bed bugs in Africa where occurrence is reported on, but not necessarily in terms

of prevalence.

Bed bugs
Country and Assessment
Reference survey locality period Species Notes on occurence
Aigbodion and  Nigeria, Benin City, August 2005to  C. hemipterus  Total of 157 bed bugs collected
Megbuwe lecture theater September
(2008) University of Benin 2005
Angelakis Rwanda, Miyove and January 2011to  C. hemipterus ~ Overall 100 bed bugs were tested for

etal. (2013)

Muhanga prisons

May 2011

Bartonella quintana (Schmincke). It is not
clear if more than 100 specimens were
collected.
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Table 8.3 Percentage of enquiries received per category for years indicated, as obtained from a survey completed by 32 pest
management companies or individuals in South Africa and Namibia during June 2016.

Year

Category in terms of number of

bed bug related inquiries 1980-1995" 2000 2005 2010 2015
0 0 3.1 6.3 3.1 0
1to5 0 3.1 18.8 25.0
6to 10 0 6.3 6.3 21.9
11 to 20 0 3.1 6.3 12.5
21 to 30 0 0 3.1 12.5
No response 100 96.9 81.2 62.4 28.1

! Options provided in five-year intervals from 1980. No responses for period from 1980 to 1995.

treating bed bugs in other localities (three provinces in South Africa and two regions in Namibia) ranged
between 3.1% and 12.5%. Whilst the survey is not necessarily representative of the geographic distribution of
either bed bug infestations or PMCs in South Africa and Namibia, it goes to show that the degree of the resur-
gence may be quite extensive geographically.

When survey respondents were asked the percentage of their inquiries that addressed bed bugs, 72% stated
that less than 25% of inquiries were related to bed bugs, 6% stated that between 25% and 50% of inquiries
related to bed bugs, and 22% failed to respond. The former responses were from Cape Town (South Africa)
and Windhoek (Namibia). While the geographic extent of the resurgence may be widespread, it would appear
that the severity, at least in South Africa, may still be considered moderate. PMCs were also asked to indicate,
how may bed-bug-related enquiries they received in five-year intervals, starting from 1980 (Table 8.3). No
responses were indicated for the period from 1980 to 1995.

The above survey documented a temporal increase in bed bug inquires from 2000 through 2015 (excluding
the “no response” category). While the increase in the number of bed bug inquiries does not accurately reflect
the extent of the bed bug resurgence, it does demonstrate that 71.9% of the companies participating in the
survey treated at least one case of bed bugs during 2015.

8.7 Region- and Country-specific Reasons for the Resurgence

While insecticide resistance has been implicated as a contributory factor to the bed bug resurgence in Africa,
it cannot be considered primary. Both C. hemipterus and C. lectularius occur in Africa (Table 8.1), and in spite
of the frequent use of pyrethroids in bed nets and as spray formulations insecticides, pyrethroids are still
considered effective for control of bed bugs in areas of Tanzania and other locations (Kweka et al., 2009).
Gratz (1959) stated that bed bug population variations in different locations cannot be accounted for by
resistance alone. In the recent survey, only one participant, from Cape Town (South Africa), specifically
commented that they encountered pyrethroid-resistant bed bug populations. While the development of
resistance is a reality (Zhu et al., 2013), the socio-economic conditions of human victims and their “do-it
yourself” control practices have emerged as important concerns. Human behavior has resulted in greater bed
bug dispersal, in that increased human population densities in concentrated locations and the high human
turnover in hotels, as well as multi-tenant housing facilities, have contributed to the bed bug population
increase. Other factors that have favored bed bug proliferation include poor housekeeping practices, a lack of
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proper health education, the trading of second-hand furniture, and inadequate knowledge of effective control
practices (Kweka, et al. 2009; Okwa and Omoniyi, 2010; Omudu and Kuse, 2010; Angelakis et al., 2013;
Emmanuel ef al., 2014). Note that these factors are not unique to Africa, but have also been implicated in the
UK, the USA, and elsewhere (Boase, 2008).

8.8 Strategies to Combat the Resurgence and Relative Success

There appear to be no published accounts of organised strategies to combat the resurgence in African
countries (see, for example, Omudu and Kuse, 2010). At present, many individuals living in infested buildings
are taking on the responsibility for bed bug control themselves (Nalwanga and Ssempebwa, 2011). The 2016
survey participants were asked if there were any current laws or policies in their regions pertaining
specifically to the control of bed bugs. Fifty-six percent of respondents indicated that there were no such poli-
cies, while 38% indicated that they were not aware of any such policies. Six percent of respondents cited
general standard operating procedures for pest control or laws governing the registration and selling of pes-
ticides in general.

These responses were very similar to those received when asked the same question regarding historical laws
or policies. But, as could be expected, more of the participants were confident in giving a definitive answer
(“no” as opposed to “unknown”) with reference to the current status of laws and policies. To date, no government
has undertaken any proactive measures to limit bed bug spread, nor has any major industry organization
developed any guidelines (or standards) for bed bug management.

Interestingly, publications addressing the bed bug surveys conducted after the 1990s’ resurgence, provide
some recommendations as to what strategies need to be put in place. Multiple authors agree that an
integrated management approach is required (Table 8.4). Specificially, current control measures need to be
employed within a framework of community empowerment and training initiatives. The integrated pest
management approach specifies that education and training (Davies et al., 2012) must be combined, includ-
ing monitoring and refinement of effective pest methods that are based on research and cooperative control
efforts (Koganemaru and Miller, 2013). Whilst there are published accounts of such recommendations,
there appear to be no documented accounts that record if such measures were implemented and were
successful.

Table 8.4 Specific bed bug recommendations proposed for African countries.

Additional measures recommended Country Reference
Additional training to make residents aware of the advantages of effectively using Tanzania  Temu et al. (1999)
impregnated nets, also to control other pests such as cockroaches and head lice.

Health education, good personal hygiene, avoiding overcrowding, and good Nigeria Okwa and Omoniyi
housekeeping. (2010)

Integrated approach recommended for management involving community Nigeria Omudu and Kuse
participation in inspection, detection, and education. Processes may include (2010)

physical removal and exclusion as well as pesticide application.

Proactive public education and awareness campaigns. Government and non- Nigeria Emmanuel et al. (2014)
governmental organizations should be involved in training offered and tailored to
relevant parties.

Community-based awareness campaigns, implementation of sustainable preventive/  Ethiopia =~ Karunamoorthi et al.
containment strategies, educational interventions to ensure translation of (2015)

knowledge into practices, and the implementation of appropriate poverty alleviation

programs.
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The Bed Bug Resurgence in the Indian Subcontinent
Anil S. Rao and Joshua A. Rao

9.1 Introduction

India and the subcontinent is one of the few regions in the world where both the Tropical bed bug Cimex
hemipterus (F.) and the Common bed bug, Cimex lectularius L. are endemic. During the time of the British
colonial rule in the early 20th century, considerable research was undertaken on the potential of bed bugs to
transmit infectious diseases. Malaria control programs initiated in the 1950s utilizing DDT appeared to have
brought about a concomitant reduction in bed bug populations. However, this also led to the development of
insecticide resistance, with reports of resistance from the mid-1950s. Anecdotal evidence has noted an
increase in bed bug infestations in urban areas from around 2006. To date, no coordinated national initiative
has been undertaken in response to the resurgence. This chapter reviews the history of bed bugs in India and
the subcontinent, and reviews the various factors contributing to the modern resurgence.

9.2 History of Bed Bugs in the Indian Subcontinent

Cimex hemipterus, also referred to locally as the Indian or sub-tropical bed bug, is distributed widely across
India, particularly in the plains (Wattal and Kalra, 1961). Identified erroneously as C. lectularius at the begin-
ning of the 20th century (Girault, 1907), C. hemipterus is the most widespread bed bug species in India (Kalra
and Krishnamurthy, 1965). It has been recorded from Assam in the north-east (Patton, 1907) to Madras
Presidency (Tamil Nadu) in the south (Girault, 1907). Bhat (1974), who reviewed the Indian Cimicidae,
reported its occurrence in Uttar Pradesh, West Bengal, Sikkim, Himachal Pradesh, Jammu and Kashmir, and
Karnataka. Cimex hemipterus has also been reported from bats (Patton, 1908; Kunhikannan, 1912) and the
common swift (Distant, 1910) in India.

Cimex lectularius, the cosmopolitan bed bug of temperate regions (Usinger, 1966), is the most prevalent
bed bug species in hilly regions of India (Wattal and Kalra, 1961; Bhat, 1974). It has also been reported from
Hyderabad (Venkatachalam and Belavady, 1962) in the northern part of the Deccan plateau, while Burton
(1962) reported its presence and co-existence with C. hemipterus in the coastal district of Alappuzha in
Kerala, south India. Although Siddiqui and Raja (2015) referred to the bed bug they were working on in the
Vidharbha region as C. lectularius, it is evident from the image in the paper that it was C. hemipterus (Stephen
L. Doggett, Westmead Hospital, NSW, Australia, pers. comm.). This raises the question of the possibility of
other Indian researchers misidentifying C. hemipterus, highlighting the need to accurately identify bed bugs
across the country to categorize the current resurgence.

In addition to C. hemipterus and C. lectularius, eight more species of Cimicidae have been recorded in
India, all from bats. These include Cimex himalayanus Bhat, Cimex insuetus Ueshima, Cimex usingeri Bhat
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et al., Cimex pipistrelli Jenyns, Cacodmus indicus Jordan & Rothschild, Aphrania vishnou (Mathur),
Stricticimex pattoni (Horvath), and Leptocimex inordinatus Ueshima (Bhat, 1974).

The possibility of transmission by bed bugs of various pathogens that cause human disease prevalent in the
Indian subcontinent was studied by several authors during the first half of the 20th century. The diseases
investigated include plague (Cornwall and Menon, 1917), leishmaniasis or kala-azar (Girault, 1907), and fila-
riasis (Burton, 1962), but all the evidence was either negative or inconclusive (Burton, 1963). However, the
role of bed bugs in causing iron deficiency anemia in infants and young children (Venkatachalam and Belavady,
1962), loss of vitality due to deprivation of sleep (Mishra, 1980), and skin conditions (Mendiki et al., 2014)
have clearly been established. Bed bug infestations were considered a source of great nuisance to the Indian
armed forces, resulting in general deterioration of health and lowered efficiency (Menon et al., 1958).

Reports citing utilization of bed bugs for treating common ailments such as plague, malaria, epilepsy, piles,
alopecia, urinary disorders, guinea worms, and even snakebites by traditional healers indicate that they were
long present in rural communities in the Indian subcontinent (Sharma, 1990; Oudhia, 1995; Singh et al., 1998;
Sajem Betlu, 2013; Verma et al., 2014). It is also interesting to note that such practices were not restricted to
a particular community or region but were widely adopted by tribal populations from Manipur (Meetel com-
munity) and Assam (Biate tribe) in the north-east to Chhattisgarh (traditional healers in six districts) in cen-
tral India and Rajasthan (Bhil tribe) in the north-west.

9.3 Laws to Control Bed Bugs Pre-resurgence

There is no documented evidence to indicate that bed bugs were considered a serious pest in India warranting
the government to pass legislation, form policies or issue directives for their management.

9.4 Documented Evidence for the Bed Bug Decline

Indoor residual treatment carried out under the five year National Malaria Control Programme (NMCP)
initiated in 1953, and the National Malaria Eradication Programme (NMEP) that followed (Rao, 1984), is
reported to have brought about a concurrent reduction in bed bug populations (Wattal and Kalra, 1961).
NMCP was undertaken by the government of India in co-operation with all state governments and the US
Technical Co-operation Mission with the objective of protecting the population in the entire malarial area of
the country. Low endemic and potentially malarial areas were also covered under NMEDP, the program oper-
ated in collaboration with the United States Agency for International Development, the WHO and UNICEF.
Virtually the entire country was thus covered, with the exception of urban areas having populations in excess
of 40 000 (Rao, 1984). DDT was primarily used under the NMCP, while BHC, dieldrin, malathion, and feni-
trothion were also used under NMEP (Rao, 1984), and a population of 165 million was covered by the year
1958 (Raghavendra and Subbarao, 2002).

Pesticide application was carried out over all inner walls, roofs and under eaves, doors, verandas, rafters and
beams of all buildings, large or small, in which people slept or gathered at night, the undersides of furniture,
and the backs of cupboards and wardrobes. Sprayable structures also included healthcare facilities, hotels,
rest houses, and fishing and field huts (WHO, 2015). Considering the fact that insecticidal treatment against
mosquitoes covered all areas where bed bugs are also generally located, it is not surprising that pesticide treat-
ment turned out to be equally effective against bed bugs, as reported by Wattal and Kalra (1961).

9.5 The Modern Resurgence

The continuous use of synthetic insecticides, particularly DDT and BHC, under the NMEP is reported to have
resulted in development of resistant populations amongst many mosquito vector species (Pal et al., 1952;
Singh et al., 2014) as well as bed bugs. Development of resistance to DDT in C. hemipterus was first reported
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by Halgeri and Rao (1956) from Pune. Studies carried out at the Armed Forces Medical College, Pune,
corroborated these studies and showed that C. hemipterus had developed a high degree of resistance to DDT
and that the LCs could be obtained only with a concentration of 30-70% DDT (Menon et al., 1958). Further
tests showed that exposure of more than 5h to 5% DDT dust was required to kill 50% of the bed bugs, whereas
bed bugs in unsprayed areas required less than 10 min at the same concentration to give a 50% kill. In the case
of BHC, a 96% kill of C. hemipterus could be obtained from the cantonment area by exposure to a higher dose
of 10% dust for 10 min. In field trials, three barracks occupied by troops were separately treated with DDT,
BHC, and diazinon, and an untreated barrack room served as a control. DDT and BHC were not observed to
reduce the density of C. hemipterus, but a sudden drop was noticed in diazinon-treated barracks, with over
90% mortality. This indicated that at the time, resistance was high to the organochlorines but not to the
organophosphates.

Wattal and Kalra (1960) reported that exposure of C. hemipterus for 10min to 5% DDT did not cause any
mortality in regularly sprayed areas in Pune in 1955, as compared to 66.6% mortality in a population 129 km
away, while 50% mortality was obtained within 2min at Pune in 1952. The same authors also reported an
increase in C. hemipterus populations compared to that prevalent in the pre-DDT era, which could perhaps
be considered the first report of bed bug resurgence.

Subsequently, both C. hemipterus and C. lectularius were reported to have developed resistance to DDT
and dieldrin in other parts of the country (Kalra and Krishnamurthy, 1965; Shetty et al., 1965). Cimex hemipterus
even in the interior of Delhi, where no organized regular insecticidal spraying was carried out, were found to
be resistant to DDT, dieldrin, and gamma BHC, and had increased tolerance to pyrethrins (Kalra and
Krishnamurthy, 1965). The authors attributed the high degree of resistance to individual use of insecticides
by householders and inadvertent transportation from sprayed areas, where selection had taken place.

In a study sponsored by the Indian Armed Forces in 1968 at different stations across the country, C. hemipterus
from Cochin, Trivandrum, Bangalore, and Pune were found to be resistant to malathion, while those from
Madras and Vishakhapatnam were susceptible (Kochar and Dixit, 1972). Bandopadhyaya and Sheigaonkar
(1976) found that C. hemipterus was resistant to DDT in three locations in the north-east (Binaguri, Hashimara,
and Gangtok) and was tolerant at Siliguri. The species had also developed intermediate resistance to
malathion at Binaguri and Gangtok, but was susceptible at Siliguri and Hashimara. Although systematic
spraying of barracks in the armed forces was conducted for debugging with malathion and propoxur, C. hemipterus
infestations continued to be a major problem. A field study conducted at the Armed Forces Medical College,
Pune, revealed that malathion and dichlorvos were ineffective for the control of C. hemipterus (Varma
and Gupta, 1983a,b).

Cimex hemipterus was also reported to have developed resistance to Malathion (Kochar and Dixit, 1972),
propoxur, and dichlorvos (Dhadwal, 2009). Studies by Kalra and Krishnamurthy (1965) showed that DDT-
and dieldrin-resistant C. hemipterus demonstrated a comparative increase in tolerance to pyrethrins, but not
to malathion. Among the organophosphates tested, susceptibility of bed bugs was highest to fenthion and
lowest to trithion, while susceptibility to diazinon, folithion, and parathion was more or less of the same order.

It is clearly evident that the bed bug resurgence started during late 1950s and 1960s in villages and towns
across the Indian subcontinent, much earlier than in Europe, USA, and Australia. It may therefore be safe
to assume that resurgent populations of bed bugs that had already developed resistance spread to army
cantonments, towns, and cities with personal belongings, when people joined the security forces or
travelled for work.

9.6 Strategies to Combat the Bed Bug Resurgence

Bed bug infestations became more prevalent from late 1990s in urban and peri-urban areas, affecting public
transport systems and other public places such as hospitals, the hospitality sector, school and college hostels,
and industries employing contract labor. Mendiki et al. (2014) cited newspaper articles reporting bed bug
infestations in railway coaches at Mangalore and Mumbai, while Bandyopadhyay et al. (2015) reported a
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serious bed bug infestation in a neonatal intensive care unit attached to the state-run Lady Hardinge Medical
College, New Delhi. Bed bug outbreaks were also reported from student residential halls of the University
of Dhaka (Khan and Rahman, 2012) and a tertiary public care hospital at a metropolitan city in Pakistan
(Hussain et al., 2014).

As per information available with the operations team of Pest Control (India) Pvt Ltd (PCI), only limited
calls were received for bed bug control until the early 2000s, particularly from metropolitan cities. A wide
spectrum of oil- and water-based contact insecticides were used for treatment at the time. With increasing
awareness amongst the public about the side effects of chemical pesticides and the advent of gel baits and
physical trapping methods of treatment of German cockroaches, only minimal quantities of chemical pesti-
cides were used against household pests. This, combined with the increased use of plywood furniture, which
provided suitable habitats, is likely to have contributed to the resurgence of bed bugs in cities. Demand for
bed bug services from high-income and upper-middle-class customers, starting in 2006, indicated an upsurge
in infestations, but systematic data is not available to support this.

Although Indian studies on insecticide resistance in bed bugs were initiated from the mid-1950s, concerted
efforts to investigate the underlying mechanisms imparting resistance were not attempted. Elevated esterase
and malathion carboxylesterase mechanisms were reported to be present in bed bug populations in Sri Lanka,
and high tolerance to both DDT and pyrethroids suggested the presence of a knockdown (kdr) type resistance
mechanism (Karunaratne et al., 2007). A recent study by Dang et al. (2015) detected two pointed mutations,
M9181 and L1014F, which were implicated as kdr mutations contributing resistance to the pyrethroids, in a
population of C. hemipterus from Bangalore. Studies on resistance are warranted to indicate the most
appropriate insecticides for effective bed bug management.

Insecticide-based treatments that rely on pyrethroids, organophosphates, and carbamates give highly
varied results, making elimination of bed bug populations very difficult. The situation calls for the adoption
of an integrated strategy involving use of chemicals in conjunction with alternate methods of control to pre-
vent bed bug infestations from spiraling out of control. Proper tools for the early detection of infestations and
knowledge of biology and ecology also play an important role. Some pest management companies such as PCI
have taken the initiative in introducing non-chemical strategies such as steam, heat, controlled atmosphere
treatment, and desiccant dusts for bed bug management.
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The Bed Bug Resurgence in the Middle East
Odelon Del Mundo Reyes

10.1 Introduction

The Middle East is considered one of the cradles of civilization and may well have been the first location
where the bed bug found its niche amongst humans. The discovery of oil in the region has resulted in a major
economic boom, along with an influx of workers and substantial population growth. This has probably aided
the spread of bed bugs to the region and, in recent years, a resurgence has been noted. To date there has been
no coordinated response to combat the rise in bed bug numbers. This chapter reviews the history of bed bugs
in the Middle East and discusses the factors contributing to the modern resurgence in the region.

10.2 History of Bed Bugs in The Middle East

Usinger (1966) noted that bed bugs have been biting humans since the beginning of recorded time. The Fertile
Crescent region of the Middle East and areas along the Mediterranean Sea have often been described by
experts as the location of origin for the Common bed bug, Cimex lectularius L., although the origins of the
Tropical bed bug, Cimex hemipterus (F.) tend to be less hypothesized.

Some believe that the early bed bug precursors first parasitized cave-dwelling bats, and then the insects also
attacked the humans who co-inhabited the caves. The humans subsequently took these insects to other
dwellings (Sailer, 1952; Usinger and Povolny, 1966; Potter, 2011). However, others have not discounted the
possibility that bats roosting in early homes may have introduced bed bugs, which then adapted to human
hosts. It apparently became a lot easier for these ectoparasites to infest humans after the formation of more
established dwellings in villages and then later in crowded cities. These bed bugs eventually adapted to living
with humans in their dwellings, and as human civilization spread, were carried whenever and wherever peo-
ple travelled throughout the world (Usinger, 1966). Considered both as a pest and a potion by the ancients,
bed bugs have been unearthed from archeological sites in Egypt dating back 3500 years (Panagiotakopulu and
Buckland, 1999). Bed bugs are well described in ancient writings during the advancement of ancient Rome
and Greek civilization (Potter, 2011) and history shows that these ancient societies shaped and influenced the
Middle East.

In more recent times, the discovery of oil in the region, particularly in the Gulf States, has brought tremen-
dous wealth and development in less than 50 years. Modern-westernized cities like Dubai, Abu Dhabi, Doha,
Riyadh, Jeddah, Kuwait, Manama, and Muscat have replaced the old mud-brick, palm-branch villages dotting
the coastlines of the region. These city centers are continually drawing in trade and commerce, tourism, and
a steady influx of migrant workers from around the world who seek to take advantage of opportunities brought
about by the economic boom. Ever opportunistic, taking advantage also of the growth of these new cities and
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the continuous flow of millions of potential hosts, are bed bugs. Similar to the experience of American,
European and Australian cities (Boase, 2008; Doggett, 2006; Potter, 2011), the Middle East is also experienc-
ing a bed bug resurgence. In Arabic, bed bugs are known as “buk” and “khatmal’; especially to migrant workers
from the subcontinent (India, Pakistan, Bangladesh, and Sri Lanka) who form the majority of the labor force
in almost every industry.

10.3 Regional Reports of the Bed Bug Resurgence

There are few scientific reports coming out from the region with regards to the bed bug resurgence. The only
materials readily available are the information sheets and alerts posted on the web sites of the health minis-
tries and public health pest control departments of each country. These at least confirm the presence of these
insects. Numerous anecdotes documenting bed bug encounters have flourished on blog sites and forums, as
well as in comments posted on-line in hotel reviews for the region (such as on TripAdvisor.com). In addition,
there were bed bug-related news reports emanating from leading Gulf-based newspapers.

Early fauna studies conducted by Patton (1919, 1920) reported that Cimex does not occur in Mesopotamia,
and that “Cimex hemiptera” (meaning C. hemipterus) only occurs in the cities of Basra and Baghdad, where it
is associated with Indians. After more than sixty years, Kandil (1986) mentioned that in rural families in an
Iraqi village, pest organisms such as flies, bed bugs, and fleas were widespread. In a survey conducted between
November 1985 and August 1987 by Abul-hab et al. (1989), it was reported that C. lectularius were collected
from 44 locations (hotels, homes, apartment buildings, and government offices) in Baghdad, Iraq. In connec-
tion with these, Abul-hab and Shihab (1989) and Abul-hab (1997) reported on the presence of C. lectularius
as an ectoparasite of bats in Iraq. The US Armed Forces Pest Medical Board (AFPMB) reported that in
Baghdad, Iraq, C. lectularius had become established in hotels, apartments, and office buildings (AFPMB,
1999). Due to the increase in reported infestations, studies on the susceptibility of C. lectularius to deltame-
thrin, malathion, and dieldrin from a great number of Baghdad hotels, offices, and homes was conducted by
Al Barzangi and colleagues (1988).

Rosen et al. (1987) reported the occurrence of C. hemipterus in poultry barns in Israel and mentioned that
these parasites have invaded human habitations as well. More recently, Mumcuoglu (2008) reported his first
encounter of C. lectularius in Israel after 25 years of practice in diagnosing ectoparasitic infestations.

A questionnaire of pest management professionals (PMPs) was conducted in 2009 by Mumcuoglu and
Shalom (2011), who examined the epidemiology of bed bugs in Israel as well as management practices. Over
the years 2006—2008, there was a 50—150% increase in the recorded number of bed bug infestations in com-
parison with the period 2001-2005. The infestations were reported in new and old hotels, new and old resi-
dences, new and old prisons, as well as in industrial areas. Infestations were mentioned as being less frequent
in youth hostels, store rooms, courthouses, army barracks, and caravans for new immigrants, as well as in
day schools. The majority of respondents (42.8%) thought that bed bugs were imported by travelers and,
according to 26.7% of those surveyed, the increase was thought to be due to insecticide resistance. Other
contributing factors to the resurgences included unawareness of the problem, the prohibition of organophos-
phates inside houses and workplaces, and the increasing number of foreign workers and new immigrants
from developing countries. Later, Siegel-Itzkovich (2014), reporting for the Jerusalem Post, and citing
Mumcuoglu, noted that in the five years previously, there had been a 150% increase in bed bug cases as
reported by PMPs in Israel.

The US National Pest Management Association (NPMA) in conjunction with the University of Kentucky,
undertook a global bed bug survey in early 2010 (Manuel, 2010; Potter et al., 2010). In this survey, it was
reported that 90% of PMPs from the Middle East and Africa had encountered bed bug infestations. Meek
(2013) highlighted the numerous challenges brought about by the bed bug resurgence in the Middle East.

El-Azazy at al. (2013) described the resurgence of C. lectularius in Kuwait and the measures undertaken to
combat the insect. They discussed the circumstantial evidence to suggest that the transfer of bed bugs is
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linked with recent immigrants and with used furniture. The authors argued that the spread of the infestation
can be attributed to the increase in migrant labor and their mobility inside the country.

Haghi et al. (2014) reported the prevalence of the bed bug, C. lectularius, in human settlements in Bahnamir,
Iran. Related to this, Gharari and colleagues (2016) have listed the presence of C. lectularius in the Iranian
fauna of Cimicidae.

Balfour (2003) made a mention of C. hemipterus as being a biting nuisance in Dubai, United Arab Emirates
(UAE), stating that in high density staff accommodation in labor camps and older inner city properties with
multiple accommodation, bed bugs are extremely common. This information was further supported by
Ramachandran (2012) who observed that the most common species in the UAE is C. hemipterus. Debusmann
(2015) described a study conducted by Imdaad and https://Movesuoq.com, which noted that 80% of all pest
control problems in Dubai were related to bed bugs and cockroaches. Cleland (2013) noted that during sum-
mertime in the UAE, the number of bed bug treatments increased dramatically: pest management companies
(PMCs) based in Abu Dhabi declared that they normally undertake 20-24 treatments per month, which
increases to 10 per week during the months of June, July, and August.

10.4 Impact of the Bed Bug Resurgence

Ahmed (2016) says that nothing else can damage the reputation of a hotel faster than the presence of bed
bugs. The hospitality industry in the region is now ever more vigilant in their quest to remedy and to minimize
the risk of bed bugs in their facilities. The pest control service contracts of most hotel and resort properties
have a clause that requires that all guest rooms must be inspected and treated on a quarterly basis. For some
hotels, a resident technician is assigned to the facility for up to 8—10h a day, focusing on bed bug, fly, and
cockroach treatments. For bed bug treatments, a 2—4h response time is the standard and that is required at
all times.

There has also been a tremendous rise in the number of PMCs operating in the region. For city centers,
like Dubai and Abu Dhabi in the UAE, seven years ago the number of registered PMCs listed with the Dubai
Municipality Pest Control Section and the Abu Dhabi Waste Management Center-TADWEER were less
than 100 in number, but now this close to 200. The rise of PMCs is also happening in Doha (Qatar), Al
Khobar (Kingdom of Saudi Arabia), Manama (Bahrain), and in Muscat (Oman). Facility management com-
panies are adding pest management services to their portfolios, further contributing to the growth of the
sector. There is an increasing demand for quality pest services for the hotel, accommodation, commercial,
and residential communities. A large component of this service requirement is geared towards bed bug
treatment and prevention.

Linked also to this growing demand for bed bug treatment is the dark side of accidental poisoning and
deaths. The Arab News (Anonymous, 2009) reported two cases of accidental poisoning in Jeddah, Saudi
Arabia. Similarly, Hilotin and Dhal (2011), the Gulf News (Anonymous, 2013), and Dhal (2015), described a
series of incidences leading to accidental poisoning and death associated with the illegal use of aluminum
phosphide, mainly used against bed bugs in residential areas in the Emirates. These incidences have triggered
the government authorities to implement stricter regulations and policies on use of pesticides, including
regular on-site inspections, crack-downs on illegal PMCs, as well as a massive information campaign
(Anonymous, 2014; Abdullah, 2016).

10.5 Pest Management Professionals Close Encounters with Cimicids

Working as a field entomologist, trainer, and technical consultant to PMPs, hospitality and facility-manage-
ment personnel, and government stakeholders in the region, the author has witnessed the development
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and often negative impact of bed bugs bites on the community. In this section are listed a few cases that
highlight the impact of the resurgence:

Case 1

In a four-star hotel apartment, the executive housekeeper confided that a guest had called the police and
complained that there was a bed bug in his room. Surprisingly, the police responded to the call of the foreign
guest, inspected the site, called it to the attention of the hotel, ensuring that the guest was “assisted” in his bug
problem!

Case 2

Working with a PMP in a 1000-room staff accommodation complex, | personally saw the tremendous efforts the
occupants made in covering the movable ceiling boards and their metal bed bunk frames with packaging tape!
The ceiling area became a bed bug reservoir. Furthermore, the off-white painted walls of the rooms were adorned
with the splatter of bed bug excrement, blood stains from squashed bugs, and also black burned spots due to
the use of small cigarette lighters to burn bed bugs off the wall! Adding to the challenges of the PMP, these
rooms are not prepared for service, with all the personal belongings of the occupants placed underneath and on
top of the bed bunks.

Among the challenges mentioned by PMPs include:

a lack of cooperation in the preparation for treatment of staff accommodation and low-cost residential flats
the growing use and sales of used furniture

the difficulties in scheduling follow-up treatments in staff accommodation and residential areas

unethical guests of hotels and apartments, who try to get free accommodation or try to damage the
reputation of the facility

the lack of appropriate pesticides

insufficient training of technicians

the absence of local research and development

the competitive price war on pest management service fees (with clients focusing on the lowest price and
not quality).

There are also a number of companies providing 3—6 months bed bug treatment warranties, after conducting
a single treatment, which is merely a wall-to-wall surface spray.

Despite the lack of definitive evidence, some experts have stated that bed bugs, at least C. lectularius, origi-
nated in the Middle East, and that these parasites have subsequently spread around the world. While its
importance diminished during the mid-20th century, in the Middle East as well as elsewhere, bed bugs have
undergone a resurgence since around the beginning of the 21st century. There are many factors that have
contributed to this resurgence within the region.

References

Abdullah, A. (2016). Beware, illegal pest control could cause even deaths. Khaleej Times (28 April), p. 1.
Abul-hab, J. (1997) Further survey for the ectoparasites of bats in Iraq. In: Proceedings of the 12th International

Congress of Speleology, August 10-17, 1997, La Chaux-de-Fonds, Switzerland. Swiss Speleological Society,
Switzerland.



The Bed Bug Resurgence in the Middle East

Abul-hab, J. and Shihab, B.A. (1989) Ectoparasites of some bats from Iraq. Bulletin of the Iraq Natural History
Museum, 8 (2), 59—64.

Abul-Hab, J., Al-Baerzangi, H., Kassal, S., Fuad, M. and Al-Obaidi, T. (1989) The common bed bug Cimex
lectularius L. (Hemiptera, Cimicidae) in Baghdad City, Iraq. Magallat Buhut Ulum Al-Hayat = Journal of
Biological Science Research, 20 (3), 455—462.

AFPMB (1999). Regional Disease Vector Ecology Profile, The Middle East, Armed Forces Pest Management Board,
Washington DC.

Ahmed, T. (2016) Understanding the Bedbug, http://www.cleanmiddleeast.ae/news/243/understanding-the-bed-
bug.html (accessed 5 August 2016).

Al-Barzangi, H.A.W., Abul-Hab, J., Al-Obaidi, T., Issa, W. and Hadi, N. (1988) Preliminary study on susceptibility
of common bedbugs Cimex lectularius L. (Hemiptera, Cimicidae) in Baghdad to insecticides. Bulletin of
Endemic Diseases, 29, 17-21.

Anonymous (2009) Pesticides Strikes in Jeddah Again, www.arabnews.com/node/321711 (accessed 15 March
2016).

Anonymous (2013) Timeline: Pesticide Poisoning Incidents in UAE. A Look at the Pesticide Poisoning in the
Emirates, http://m/gulfnews.com/news/uae/general/timeline-pesticide-poisoning-incidents-in-uae-1.1208815
(accessed 30 June 2016).

Anonymous (2014) Dubai Warns 20 Pest Control Companies Over Breach of Standards, http://[www.thenational.
ae/uae/dubai-warns-20-pest-control-companies-over-breach-of-standards (accessed 20 June 2016).

Balfour, J. (2003). Arthropod Public Health Pests in the Emirates. How to Recognize them, How to Control Them,
Gulf Printing Press, Dubai.

Boase, C. (2008) Bed bugs (Hemiptera: Cimicidae): An evidence-based analysis of the current situation. In:
Proceedings of the Sixth International Conference on Urban Pests, July 13—16, 2008, Budapest, Hungary.
OOK-Press, Hungary, Veszprém.

Cleland, E. (2013) Summertime in the UAE: A Comfort for Bed Bugs, http://m.national.ae/news/uae-news/
summertime-in-the-uae-comfort-for-bed-bugs (accessed 10 June 2016).

Dhal, S. (2015) Say No to Killer Pesticides: Aluminum Phosphide in Homes, http://gulfnews.com/news/uae/health/
say-no-to-killer-pesticides-aluminium-phosphide-in-homes-1.1473915 (accessed 20 June 2016).

Debusmann, B. (2015) Dubai residents lets the bed bugs bite. Khaleej Times (20 April), p. 1.

Doggett, S. (2006) Focus: “The real millennium bug”. Syntrophy, 7 (5), 1, 10-12.

El-Azazy, O.M., Al-Behbehani, B. and Abdou, N.E. (2013) Increasing bedbug, Cimex lectularius, infestations in
Kuwait. Journal of the Egyptian Society of Parasitology, 43 (2), 415-418.

Ghahari, H., Moulet, P. and Ostovan, H. (2016) An annotated catalog of the Iranian Cimicidae and Largidae
(Hemiptera: Heteroptera) and in memoriam Carl Walter Schaefer (1934-2015). Zootaxa, 4111 (2), 194—200.

Haghi, S.EM., Behbodi, M., Hajati, H. and Shafaroudi, M.M. (2014) Prevalence of bed bug (Cimex lectularius) in
human settlement of Bahnamir, Iran. Asian Pacific Journal of Tropical Disease, 4 (2), S786-S789.

Hilotin, J. and Dhal, S. (2011) Pesticide poisoning: “bomb” scare in the UAE. Xpress (18 August), p. 1.

Kandil, S.A.Y. (1986) Housing and sanitation conditions among rural families in an Iraqi village. Alexandria
Journal of Agricultural Research, 31 (2), 47-58.

Manuel, J. (2010) International Environmental Health: Invasion of the Bed Bug, http://www.ncbi.nlm.nih.gov/
pmc/articles/PMC2957946/ (accessed 16 June 2016).

Meek, F. (2013) Bed bug challenges Middle East region. Speech presented at the Global Bed Bug Summit in
Denver, Colorado, December 11, 2013.

Mumcuoglu, K.Y. (2008) A case study of imported bed bugs (Cimex lectularius) infestations in Israel. Israel
Medical Association Journal, 10 (5), 388—389.

Mumcuogly, K.Y. and Shalom, U. (2011). Questionnaire survey of common bed bug (Cimex lectularius)
infestations in Israel. Israel Journal of Entomology, 40, 1-10.

Panagiotakopuluy, E. and Buckland, P.C. (1999) Cimex lectularius L. the common bed bug from Pharaonic Egypt.
Antiquity, 73 (282), 908—911.

105



106

Advances in the Biology and Management of Modern Bed Bugs

Patton, W.S. (1919) Note on the etiology of Oriental Sore in Mesopotamia. Bulletin de la Société de Pathologie
Exotique, 12 (8), 500-504.

Patton, W.S. (1920) Some notes on the arthropods of medical and veterinary importance in Mesopotamia, and on
their relation to disease. Part V. Some miscellaneous arthropods. Indian Journal of Medical Research, 8 (2),
245-256.

Potter, M.F. (2011) The history of bed bug management — with lessons from the past. American Entomologist, 57
(1), 14-25.

Potter, M.F, Rosenberg, B. and Henriksen, M. (2010) Bugs without borders: defining the global bed bug
resurgence. Pest World, Sept/Oct, 1-12.

Ramachandran, D. (2012) Regional challenges associated with bed bug control. Speech presented at the National
Pest Management Association NPMA Pest World East Conference in Dubai, UAE, April 23-24, 2012.

Rosen, S., Hadani, A., Gur Lavi, A., et al. (1987) The occurrence of the tropical bed bug in poultry barns in Israel.
Avian Pathology, 16 (2), 339-342.

Sailer, R. (1952) The bed bug: an old bedfellow that’s still with us. Pest Control, 20 (10), 22—24, 70, 72

Siegel-Itzkovich, J. (2014) Bed Bugs in Israel Becoming Resistant to Insecticide, Says Parasite Expert, http://
m.jpost.com/Israel-News/Health/Bed-bugs-becoming-resistant-to-insecticide-378783#article (accessed 15
August 2016).

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

Usinger, R.L. and Povolny, D. (1966) The discovery of a possibly aboriginal population of the bedbug (Cimex
lectularius Linnaeus, 1758). Acta Musei Moroviae, 51, 237-242.



107

Part il

Bed Bug Impacts



11

Dermatology and Immunology1
Shelley Ji Eun Hwang, Stephen L. Doggett and Pablo Fernandez-Penas

11.1 Introduction

Bed bugs (both the tropical bed bug, Cimex hemipterus [F.] and the common bed bug, Cimex lectularius
L.) are hematophagous arthropods that readily attack humans. The clinical consequences of bed bug
exposure result in various bodily reactions, due either to the bite or from contact with the insect and its
allergens (the latter aspect is discussed in Chapter 14). During the bite, a variety of proteins are injected
into the skin that can cause a wide range of dermatological effects. Cutaneous reactions appear in
30-90% of individuals and can vary from erythematous macules’, to papules’, wheals* or urticarial®
plaques, to even bullous® eruptions (Thomas et al., 2004; Goddard and de Shazo, 2009a; Bolognia et al.,
2012; Cannet et al., 2015). As a consequence of the bite, secondary infections may develop and victims
may suffer sleep loss due to the intense itching (Cestari and Martignago, 2005; Goddard and de Shazo,
2009a; Doggett et al., 2012).

Recognizing the clinical presentation and diagnostic features of bed bug bites is extremely challenging, but
crucial in differentiating the bite from that of other hematophagous arthropods. This will ensure that the
appropriate patient management is undertaken and that unrecognized bed bug infestations are subsequently
controlled (Fallen and Gooderham, 2011; Doggett et al., 2012). This chapter reviews the dermatological
consequences of bed bug bites along with the immunological basis for the reaction in humans. Most bite
investigations reported to date have been based around C. lectularius and information described herein
pertains to this species, unless otherwise specifically stated.

11.2 Bed Bug Saliva

Bed bugs inject saliva into the skin during feeding. The saliva contains multiple protein fractions, some
with anticoagulant properties. The saliva of C. lectularius contains 46 different protein components

1 This chapter uses general medical and specialized dermatological terminology. Although some footnotes have been added to explain
some terms, it is recommended to refer to medical texts for further clarification.

2 Macule: flat lesion that only shows a change in color compared to the surrounding skin.

3 Papule: elevated, circumscribed, solid lesion, smaller than 1cm in diameter (it is called nodule if the lesion is bigger than 1cm).

4 Wheal: reddish, pink or pale swelling of the skin.

5 Urticarial: similar to urticaria (very pruritic cutaneous disease with multiple wheals, each one lasting less than 24h).

6 Bulla: elevated, circumscribed lesion filled with fluid, bigger than 0.5 cm in diameter (it is called a vesicle if the lesion is smaller than
0.5cm).
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(Francischetti et al., 2010). Many of which contribute in delaying host hemostasis, while some contribute
to host protection, and others play a role that is not fully understood yet (Doggett et al., 2012). Some of the
proteins are:

o nitrophorin, a vasodilator inducer (Valenzuela et al., 1995)
e apyrase, a platelet function inhibiting enzyme (Valenzuela et al., 1996a)
o a factor X inhibitor that interferes with coagulation cascade (Valenzuela et al., 1996b).

The saliva of C. hemipterus also contains a smaller number of hemeproteins and proteins with anticoagu-
lant properties than C. lectularius. The total protein contents of the saliva were found to be similar between
these two species (Araujo et al., 2009). Interestingly, despite popular belief, there is no evidence that bed bug
saliva contains any anesthetic (Doggett et al., 2012).

Proteins in bed bug saliva will trigger an inflammatory reaction where both innate and adaptive immune
responses are involved (Goddard and de Shazo, 2009a). The host immune system recognizes these proteins
as antigens, resulting in humoral and cellular responses and the release of chemokines and cytokines (Goddard
et al., 2013). With the recent rise in bed bug infestations, there has also been an increase in the number of
patients presenting with allergic responses (Reinhardt et al., 2009), and systemic reactions that have been
treated with an immunosuppressant (Goddard and de Shazo, 2008).

11.3 Cutaneous Reactions

Bed bug mouthparts have exceptionally fine needle-like stylets that penetrate the skin to suck the host’s blood.
During feeding, bed bug saliva containing the anticoagulants is injected into the host. Once the bed bug
completes its feeding, the stylets are withdrawn and the blood that oozes from the bite may stain bed sheets
with small flecks of blood (Doggett et al., 2012).

Usually, a barely visible punctum at the bite site can be seen, but may go unnoticed (Goddard and de
Shazo, 2009a). The most common reaction for which medical attention is sought is a 2-5-mm wide lesion
with a hemorrhagic punctum at the center (Steen et al., 2004; Goddard and de Shazo, 2009a; Bernardeschi
et al., 2013). However, a range of dermatological manifestations have been reported. Bites tend to be
distributed in uncovered areas of the body such as limbs and face (Steen et al., 2004; Bernardeschi et al.,
2013). Bites tend to be edematous’ in the early phase, forming wheals that blanch poorly and last more
than 24h, in contrast with typical urticaria (Scarupa and Economides, 2006). Pseudopodium-like exten-
sion of erythema in the peripheries of the bite site, resembling livedo or reticular pattern, has also been
described (Doggett et al., 2012). Typically, bed bug bites are pruritic and may appear in a linear fashion if
there are multiple bed bugs present (Leverkus et al., 2006; Doggett et al., 2012). When there are large
numbers of bed bugs, or because of scratching, the individual lesions can coalesce to form large plaques
(Doggett et al., 2012; Ukleja-Sokolowska et al., 2013). Some authors claim that bed bug bites occur in
groups of three, often referred to as ‘breakfast, lunch, and dinner”, but there is no objective evidence to
confirm this (Doggett, et al., 2012).

The onset and the severity of clinical reaction varies between individuals, and depends on the host’s degree
of previous exposure and the individuals’ immune responses (Steen et al., 2004; Leverkus et al., 2006; Goddard
and de Shazo, 2009a,b; Reinhardt et al., 2009; Doggett et al., 2012; Bernardeschi et al., 2013). Individuals can
exhibit immediate or delayed cutaneous reactions (Leverkus et al., 2006). The onset of symptoms can vary
from several hours to days, and even weeks (Leverkus et al., 2006; Bernardeschi et al., 2013). Patients who
develop clinical signs are most likely to exhibit symptoms within 24—48h, but a delayed reaction can appear in
9-10 days after the bite (Doggett et al., 2012). The latency between the bite and cutaneous reactions decreases
with repeated exposure (Reinhardt et al., 2009). Bites can persist for a week or more, and rarer forms of

7 Edema: Swelling of the skin with similar texture to normal skin.
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vesicular or bullous eruptions tend to be more painful, pruritic, and persistent (Liebold et al., 2003; Doggett
et al., 2012; Sheele et al., 2013; Laks and Wilson, 2015).

Some authors report that there may be no response to the bed bug bite (Bartley and Harlan, 1974;
Gbakima et al., 2002; Hwang et al., 2005; Goddard and de Shazo, 2009b). However, there are conflicting
findings in the literature. One study reported as many as 86% of individuals in an internally displaced-person
camp in Sierra Leone, with mixed infestations of C. lectularius and C. hemipterus, developed wheals from
the bites (Gbakima et al., 2002). Yet, another group reported that only 30% of volunteers exposed to
C. lectularius bites developed reactions (Ryckman, 1985; Goddard and de Shazo, 2009a). Similarly,
amongst 474 individuals surveyed in the USA in 2009, 30% reported no reactions to bed bug bites (pre-
sumably from C. lectularius) (Potter et al., 2010). Repeated exposure has demonstrated a higher incidence
of cutaneous reactions (94.7% in 19 patients; Reinhardt et al., 2009), and reduced the time from the bite
to reactions (from weeks to seconds; Doggett et al., 2012). In a small study involving 24 volunteers, 54.2%
showed no skin reaction within 20 weeks of the first bite from C. lectularius, but upon re-exposure to
bites, all except one volunteer developed a skin reaction (Reinhardt et al., 2009). In a pilot study with
seven volunteers from our institution (Doggett and Fernandez-Penas, unpublished results), two had no
reactions, and five (three of whom had previous bed bug bite exposures) developed cutaneous reactions
to C. lectularius. In the survey of 474 individuals mentioned above, those aged over 65 were found to have
less reactivity to bed bug bites compared to the younger population (Potter et al., 2010). The situation was
similar in a smaller survey of 58 individuals from Kentucky, USA, where 76% (44 of 58) of individuals over
the age of 65 reported no bite reactions (Potter et al., 2010). A lesser immune response in the elderly could
be an explanation for the reduced bite reaction (Potter et al., 2010).

There are few observations or studies comparing the differences in cutaneous reactions to the bites
of C. hemipterus and C. lectularius. Most published descriptions are limited to single observations, which
generally do not specify the bed bug species, instar, or time from the bite (Doggett et al., 2012). Usinger
suggested that there may be a degree of clinical cross-reactivity in these similar species (that is,
C. hemipterus and C. lectularius) compared to more distantly related species such as Hesperocimex and
Leptocimex (Usinger, 1966), but this is yet to be confirmed. Comparable antigenic compounds in saliva of
two species may contribute to a similar clinical presentation. However, in our single observation, no clini-
cal reaction was observed with C. hemipterus bites in a highly C. lectularius bite-sensitive individual
(Doggett et al., 2012). An experimental study demonstrated that the manifestations of skin reactions to
C. hemipterus bites take varying amounts of time to disappear in different body parts (Rahim et al., 2016),
although they appear to resolve more quickly than bites from C. lectularius. Further research is required
in this area.

11.4 Dermatological Complications from Bed Bug Bites

Mostly, bed bug bites result in local cutaneous reactions that resolve within a week or two (Doggett et al.,
2012; Ukleja-Sokolowska et al., 2013). Scratching the pruritic papules and nodules® predisposes patients to
develop secondary infections such as impetigo, ecthyma, folliculitis, cellulitis, or lymphangitis (Thomas et al.,
2004; Goddard and de Shazo, 2009a; Doggett et al., 2012). Another common complication is sleep deprivation
due to the itch (Doggett et al., 2012). One survey indicated that 29% of 474 individuals affected by bed bugs
experienced sleep disturbance (Potter et al., 2010). Patients wake up with itches, then scratch the lesions to
relieve the itch, which then exacerbates the symptoms leading to the “itch—scratch cycle” (Thorburn and
Riha, 2010; Doggett et al., 2012). Sleep disturbance may have mental health impacts, due to the victim
worrying that they are being bitten at night.

8 Nodules: papules bigger than 1 cm in diameter.
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11.5 Systemic Reactions

Systemic IgE-mediated hypersensitivity reactions such as angioedema, bronchospasm, generalized urticarial
or bullous eruptions, erythema multiforme, and anaphylaxis have been described in single cases or in a small
series of patients following bites from C. lectularius (Thomas et al., 2004; Leverkus et al., 2006; Goddard
and de Shazo, 2009a; Bernardeschi et al., 2013; Sheele et al., 2013; Cannet et al., 2015; Laks and Wilson,
2015; Minocha et al., 2017). Other symptoms and signs suggestive of multi-systemic inflammatory reaction,
such as fever, general fatigue, hypereosinophilia, and polyarthralgia, may also accompany these reactions
(Ukleja-Sokolowska et al., 2013; Phan et al., 2016).

11.6 Immunological and Pathogenic Mechanisms

The signs and symptoms developing from the bite are due to the host’s response to the trauma, the
subsequent inflammatory response, and immune system reaction to antigens present in the saliva. At the
time of the bite there can be a painful reaction due to the disruption of pain terminals in the dermis
(Reznik, 1996). However, this is usually minimal and does not trigger a response from the subject. As
noted above, during feeding, bed bug saliva is injected into the host. Although the roles of innate and
adaptive immune responses are largely unknown, there are some findings that can aid in the understand-
ing of the pathogenesis of the reaction. The proteins and non-proteinaceous molecules from the saliva
induce mast cells to release histamine, prostaglandins, and other mediators (such as nitric oxide, which
enhances vascular permeability) (Leverkus et al., 2006; Sheele et al., 2013). A 17-kDa anti-coagulant
(Factor X inhibitors) and a 40-kDa apyrase-like nucleotide binding enzyme delay blood clotting and
inhibit platelet activation and aggregation respectively (Doggett et al., 2012). In addition, macrophages
and cytokines including IL-7, IL-8, IL-10, and IL-12 are also involved in cell-mediated immune response
to the bites (Valenzuela et al., 1996b; Valenzuela et al., 1998; Goddard and de Shazo, 2009a; Fallen and
Gooderham, 2011; Goddard et al., 2013).

Regarding the adaptive immune response, there are reported cases of humans developing allergic IgE-mediated
hypersensitivity to C. lectularius nitrophorin. The clinical presentations of bullous eruptions and type 1
anaphylactic reactions have been described as IgE-mediated reactions (Liebold et al., 2003; Leverkus et al.,
2006; Ukleja-Sokolowska et al.; 2013). Local type III hypersensitivity reaction induced by circulating specific
IgG antibodies, and immune complexes binding to receptors on leukocytes and an activating complement
have been described (Abdel-Naser et al., 2006; Leverkus et al., 2006). Researchers from the USA developed
assays measuring IgE antibodies to both C. lectularius extract and C. lectularius nitrophorin. These anti-
bodies were common in individuals who had reported being bitten by bed bugs. However, future studies are
needed to find the clinical relevance of IgE responses to bed bug allergens (Price et al., 2012).

11.7 Dermatopathology

The histopathology of bed bug bites has undergone only limited study, and typically resembles other arthropod
bite reactions. From the few reports published, biopsies show epidermal spongiosis, sometimes with sub-epidermal
vesiculation and an inflammatory infiltrate of lymphocytes, neutrophils, eosinophils, and histiocytes in both
upper and lower dermis around vessels. Edema between the collagen bundles in the papillary dermis has been
reported as well (Tharakaram, 1999; Thomas et al., 2004; Scarupa and Economides, 2006; Cohen et al., 2010;
Criado et al., 2011; Doggett et al., 2012). Arthropod bite reactions usually exhibit a wedge-shaped, superficial
and deep perivascular and interstitial inflammatory infiltrate in the dermis. Epidermal changes of spongiosis,
evolving into vesicle and epidermal necrosis, has been described (Jordaan and Schneider, 1997; Lever and
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Elder, 2009). In one case with bullous lesions, the bite site progressed to exhibit leukocytoclastic vasculitis with
eosinophils (de Shazo et al., 2012). However, further research is needed to correlate the timing of the bite
with these histopathology findings.

11.8 Differential Diagnoses of Bed Bug Bites’

Insect bites are difficult to distinguish from other bite reactions as they vary largely between individuals, even
with the same insect species, making an accurate diagnosis and subsequent clinical management challenging.
Often, the development of a wheal and a linear pattern of bites along the limb may be the suggestive signs of
bed bug bites. However, the direct observation of the insect is the main criteria to diagnose the cause (Doggett
et al., 2012). Recently, a Western Blot test was developed as a means of serologically confirming putative bed
bug bites, but it is not yet commercially or widely available (Goddard et al., 2015).

When a patient is bitten by large numbers of bed bugs, multiple separate lesions can coalesce to mimic
generalized maculopapular'® exanthema. The lesions may be further modified by excoriations and lichenifi-
cation'" from persistent scratching, complicating the differential diagnoses (Doggett et al., 2012). In addition,
no study has described any difference between clinical presentations in different species of bed bugs, which
makes it impossible for clinicians to distinguish the bites caused by one species over another (Steen et al.,
2004; Fallen and Gooderham, 2011; Bernardeschi et al., 2013; Hoverson et al., 2015).

Clinicians often misdiagnose bed bug bites as the bites of other arthropods, such as fleas (Ctenocephalides felis
[Bouché]), mosquitoes, spiders, mites, or lice (Steen et al., 2004; Fallen and Gooderham, 2011; Doggett et al.,
2012; Bernardeschi et al., 2013; Hoverson et al., 2015). The differential diagnoses could include conditions
such as:

dermatitis herpetiformis

transient acantholytic dermatosis (Grover’s disease)

urticarial dermatoses

autoimmune blistering diseases (Thomas et al., 2004; Bernardeschi et al., 2013)
drug-induced maculopapular reactions

miliaria

chicken pox

prurigo

acral papular or papulovesciular dermatitis of Gianotti-Crosti

acute or chronic eczema (Doggett et al., 2012).

Less frequent dermatological differential diagnoses include erythema multiforme (Melnick et al., 2013),
Sweet’s syndrome, and vasculitis (Bernardeschi et al., 2013).

In cases where the patient presents with a pruritic dermatitis with macules, papules and sometimes vesicles
or bullae, and they have recently travelled, or live in apartment complexes, chronic health facilities or penal
institutions, bed bug bites should always be considered in the differential diagnosis (Goddard and de Shazo,
2009a; Goddard et al., 2013). Most important is the identification of bed bugs or the signs of an infestation,
such as eggs, cast skins, and bed bug feces. A pest management professional (PMP) specifically trained in bed
bug management can be helpful in the identification process. Often without convincing history and clinical
signs, some patients are misdiagnosed to have delusional parasitosis or receive inappropriate medical
interventions (Doggett et al., 2012; Hoverson et al., 2015).

9 Some of the diagnoses described in this section require advanced knowledge of dermatological conditions.

10 Maculopapular: multiple macules and papules coalescing on the skin.

11 Lichenification: thickening of the skin, with more visible cutaneous fine lines and some scales, a typical reaction to frequent,
chronic scratching.
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Delusional parasitosis/infestation (also known as “Ekbom syndrome”) is a psychiatric disorder of a somatic
subtype, in which individuals have a false belief that they are infested by insects or organisms (Thakkar et al.,
2015). After an expert assessment, if a patient is suspected to suffer from delusional infestation-like syndrome
(Freudenmann and Lepping, 2009), psychological therapy should be suggested.

Most cutaneous differential diagnoses can be ruled out by a trained dermatologist, sometimes with the help
of cutaneous biopsies and immunofluorescence studies. The description of the differences of bite reactions
from other dermatological conditions is beyond the scope of this chapter.

11.9 Clinical Management

The first step is bed bug eradication from the patient’s living environment and prevention of reinfestation
(Stibich et al., 2001; Laks and Wilson, 2015). Eradication can be challenging and in most cases requires a
licensed and trained PMP (Goddard and de Shazo, 2009a; see also Part 5 of this book).

In most cases, symptomatic treatment together with good hygiene can control the itch and prevent secondary
infections (Steen et al., 2004). When the bite lesions are inflamed and pruritic, mild-to-moderate potency
topical steroids (depending on the severity of the reaction) are recommended (Leverkus et al., 2006;
Bernardeschi et al., 2013). Topical antipruritic creams and/or systemic antihistamines can also be prescribed
to manage the itch (Goddard and de Shazo, 2009a; Bernardeschi et al., 2013; Laks and Wilson, 2015). In severe
cases with multiple disseminated lesions or in very symptomatic patients where the quality of life is impacted,
a short course of systemic prednisone (up to 0.5 mg/kg tapered over four weeks) will control the reaction. In
cases of secondary infection, topical antiseptics and topical (mupirocin or fusidic acid) or systemic antibiotics
may be indicated (Steen et al., 2004; Thomas et al., 2004; Bernardeschi et al., 2013). In the rare case where a
patient develops immediate hypersensitivity reaction to the bites, a prompt administration of epinephrine
may be necessary (Laks and Wilson, 2015).

11.10 Conclusion

Educating physicians to become familiar with bed bug bite-induced cutaneous reactions is critical because
often patients have delayed diagnosis or are completely misdiagnosed. This not only leads to recurrent bites
but also allows the bed bugs to survive and the infestation to spread. Bed bug bites can cause a range of
cutaneous reactions of varying severity. Therefore, establishing a prompt diagnosis and implementing the
appropriate pest management is crucial for optimal patient outcome.
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Bed Bugs and Infectious Diseases
Stephen L. Doggett

12.1 Introduction

The debate around bed bugs (both the Tropical bed bug, Cimex hemipterus [F.] and the Common bed bug,
Cimex lectularius L.) and their ability to transmit agents of infectious disease has been highly contentious. For
many people, the simple knowledge that bed bugs blood feed like other hematophagus arthropods that do
transmit pathogens (notably mosquitoes and ticks), is a sufficient cause to cast suspicion onto bed bugs. Yet
for decades, researchers have attempted to search for pathogens in bed bugs and to test their ability to transmit
agents of diseases. Despite various human pathogens having been isolated from bed bugs (more than 50
to date) and a small number of studies having demonstrated that C. lectularius can transmit pathogens in the
laboratory, there are presently no documented cases of bed bugs doing so in the field. Yet it must be asked
whether this lack of documentation is simply the case that field studies have yet to identify local transmission,
whether the correct diseases are being examined, whether bed bugs are simply incompetent to transmit path-
ogens, or whether there other compounding factors that ensure that they are unable to do so?

This chapter is not a detailed review of the literature covering bed bugs and infectious diseases; there has
been a series of recent comprehensive publications on the topic; see Goddard (2003), Goddard and de Shazo
(2009), Doggett and Russell (2009), Delauney et al. (2011), Doggett et al. (2012), and Lai et al. (2016), as well
as detailed reviews from the past (Burton, 1963a, b). Rather, this chapter focuses on the interplay of factors
that could influence the ability of bed bugs to act as vectors of human pathogens. Initially, however, a broad
overview of bed bugs and infectious diseases is given, with an emphasis on the more contemporary studies.

12.2 Vectors and Transmission Pathways

Pathogens can be transmitted by arthropods via two broad means: mechanical or biological transmission (Doggett
et al., 2012). The former method is where the vector acts as a simple carrier of the pathogen and yet the pathogen
undergoes no development within the vector. The most well-known examples of mechanical transmission are
HIV and hepatitis C transmission between humans through shared syringes. Mechanical transmission is rela-
tively rare as the pathogen has to be able to cope with extremes in environment. The other form of transmission —
biological — is where the pathogen is imbibed and undergoes development within the vector, with a concomitant
increase in pathogen numbers. The pathogen is subsequently transmitted to a vertebrate host via the bite of the
insect, passed on via fecal contamination, transferred through crushing the vector on the skin thereby releasing
the pathogen, or via ingestion of infected vectors. Biological transmission is challenging to a pathogen, as it has to
overcome a number of barriers in order to complete its full replication cycle. For example with an arbovirus
(arthropod-borne virus), the following sequence of events must take place:
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The vector imbibes a blood meal containing the pathogen.

The virus penetrates the cells of the gut wall.

The virus escapes out of the gut wall cell into the hemolymph.

The virus penetrates the cells of the salivary glands.

The virus escapes the salivary glands during a subsequent blood meal.
The virus infects cells within the new host.
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This means that the surface membrane of the pathogen must be evolved to recognize, penetrate, and
subsequently escape from the various vector and host cells. As such, most pathogen/vector relationships are
quite specific, with pathogens being transmitted by the one species or a group of closely related species.

12.3 Bed Bugs and Infectious Diseases: an Overview

More than 50 microorganisms have been recovered from bed bugs: a range of bacteria, nematodes, and
viruses, many which are known human pathogens (listed by Delauney et al., 2011 and Zorrilla-Vaca, 2014).
Burton (1963a) noted that some early reports implicated bed bugs as the cause of beriberi and pellagra (both
vitamin deficiencies), and cancer. These papers identified by Burton were published before the etiology of the
conditions had been elucidated and can now be readily dismissed. For the microorganisms detected, most
studies reported on the presence of the pathogen, without undertaking histological investigations to examine
if the microbe could be in a location suggestive of possible biological transmission (such as in the salivary
glands), and, in many studies, if the pathogen was viable or not. Likewise, most researchers have not under-
taken vector competence experiments to determine if bed bugs are capable of transmitting the pathogen
(Doggett et al., 2012). A brief discussion of the main infectious diseases that have been investigated in relation
to possible transmission by bed bugs follows.

With the increasing incidence of hepatitis B (HBV) during the 1970s and the recognition of acquired immu-
nodeficiency syndrome (AIDS) in the early 1980s, research on the etiology of both viruses included investiga-
tions into the potential transmission by bed bugs (reviewed by Doggett et al., 2012). For AIDS, the discovery
of the human immunodeficiency virus (HIV) and its largely sexual mode of transmission meant that relatively
few studies were undertaken with bed bugs. While some investigations found that HIV could persist for up to
four hours in bed bugs (Lyons et al., 1986; Jupp and Lyons, 1987), virus replication in the insect did not occur
(Webb et al., 1989). HBV research was far more intensive and involved virus detection, epidemiological inves-
tigations, and transmission studies. A number of groups reported detection of viral antigens in field-collected
bed bugs, and others subsequently found that HBV could persist in bed bugs for some weeks (reviewed by
Doggett et al., 2012). Using artificial blood-feeding devices, Jupp and McElligott (1979) found low-level trans-
mission of HBV by bed bugs does occur, but suggested that biological transmission was unlikely. Subsequently
the same group placed HBV-infected bed bugs onto chimpanzees and no transmission occurred (Jupp et al.,
1991). Thus, there was insufficient evidence that bed bugs acted as vectors for HIV or HBV.

In a controversial paper, two Canadian researchers proposed that methicillin-resistant Staphylococcus
aureus Rosenbach (MRSA) and vancomycin-resistant Enterococcus faecium Schleifer and Kilpper-Bilz (VRE)
could be transmitted by bed bugs (Lowe and Romney, 2011). Their reasoning was based on a pilot study on
five bed bugs (species not stated) from a field infestation, three of which were positive for MRSA and two for
VRE. However, the study failed to undertake histological examination of the bed bugs to look for bacteria in
organs that could be indicative of biological replication of the pathogen. Furthermore, antibiotic-resistant
bacteria are very common in the environment and a major limitation of the Lowe and Romney study was the
failure to rule out or address environmental contamination. Therefore, the bacteria were probably a contami-
nant. Indeed, a genome for S. aureus was sequenced during the bed bug genome project (Benoit et al., 2016).
Subsequent attempts by other researchers to demonstrate MRSA transmission by C. lectularius found that
the bacteria did not replicate in midgut and was cleared within nine days (Barbarin et al., 2014). In light of the
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feeding behavior of bed bugs, these authors concluded that any MRSA acquired during a blood meal would
be evacuated before the next feed, and thus bed bugs are unlikely to be a vector.

As noted above, pathogens tend to be transmitted by either a specific vector or closely related vectors.
Thus, it is understandable that research began on the potential for bed bugs to transmit pathogens that
are known to be transmitted by closely related species, namely via other hemipterans. The most infamous of
all of pathogens that are transmitted by hemipterans, and infects humans, is Trypanosoma cruzi Chagas.

Trypanosoma cruzi is the etiological agent of Chagas disease and is vectored by triatomine bugs. The dis-
ease is most common in rural regions of Latin America in conditions of widespread poverty (CDC, 2016). In
many of these regions, bed bugs (both C. hemipterus and C. lectularius) also occur. Trypanosoma cruzi has a
simple biological transmission cycle in which development takes place in the gut of the insect and the patho-
gen is passed on via contact with infected feces (Schmidt and Roberts, 1981). Thus in light of the simple
pathogen cycle, the relatedness of the triatomine vectors with bed bugs, and the sympatric distribution of
both species, the possibility of bed bugs acting as a vector of T cruzi came under consideration. Research on
the possible transmission of T. cruzi by bed bugs began in the early 1900s. It was found that both C. hemip-
terus and C. lectularius could be infected with the protozoan and maintain the infection for some weeks (even
for the life of the insect), and subsequently pass the pathogen onto a vertebrate host in fecal material (Brumpt,
1913; Blacklock, 1914). However, subsequent field trials found little evidence for bed bugs being naturally
infected in the field (Dias, 1934; Tonn et al., 1982). Other research examining the potential for bed bugs to
transmit T. cruzi was reviewed by Doggett et al. (2012) and a number of later laboratory trials indicated that
transmission was possible. With the current bed bug resurgence, there has been a renewed interest in this
area of research. Salazar et al. (2015) found that in laboratory trials, feces of C. lectularius infected with T.
cruzi could be transmitted to mice when applied to broken skin. Similarly, Blakely et al. (2014) observed trans-
stadial transmission of T cruzi in C. lectularius and noted that transcutaneous transmission to mice via infec-
tive feces also occurred.

There is evidence that other trypanosomes may be transmitted by various members of the Cimicidae as well
as bed bugs. Gardner and Molyneux (1988a) found that Trypanosoma incertum Pittaluga, a parasite of the bat,
Pipistrellus pipistrellus Schreber, could develop in laboratory-reared Cimex pipistrelli Jenyns and C. lectularius.
Six uninfected bats were inoculated with the gut contents of some C. lectularius that were positive for the
trypanosome and all bats became infected. The same authors found another related flagellate, Trypanosoma
dionisii Bettencourt & Franga, could develop in C. lectularius when fed on infected bats (Gardner and Molyneux,
1988b). Thus the possible transmission of these pathogens to humans through exposure of infected fecal matter
onto mucous membranes or compromised skin (such as wounds) as per T. cruzi, cannot be excluded.

Thus there is now extensive data that indicates that both C. hemipterus and C. lectularius are capable of
transmitting T. cruzi and other trypanosomes in the laboratory, but to date, there is no evidence that they do
so in the field. Admittedly, few field investigations have been undertaken, and in a Chagas-disease endemic
area, differentiating human infections caused by triatomine bugs versus those from bed bugs would be diffi-
cult. Unless each insect induced a slight (and observable) genetic or phenotypic change in the parasite, which
translated as some sort of unique signature in the host, it would be impossible to determine the origin of the
pathogen. Furthermore, bed bugs do not usually defecate on the host in the field, which reduces the likeli-
hood of trypanosome transmission. Clearly further research is required to examine the role of bed bugs in the
field transmission of T. cruzi before it can be definitively stated that they are a vector of this or other
trypanosomes.

As per research on the trypanosomes, the current bed bug resurgence has sparked a renewed interest in the
ability of bed bugs to transmit other pathogens. Goddard et al. (2012) fed “bed bugs” (species not stated, but
presumably C. lectularius) on blood infected with the spotted fever rickettsia, Rickettsia parkeri Lackmen
et al. They found that the pathogen did survive in bed bugs for two weeks but could not be maintained trans-
stadially, and thus is not likely to be transmitted. In a survey of field-collected C. lectularius for Bartonella
spp. in the USA, none of the 331 insects tested were positive, although five bed bugs showed the presence of
Burkholderia multivorans Vandamme et al., an important pathogen in nosocomial infections (Saenz et al.,
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2013). A study undertaken on C. lectularius in the USA on field and laboratory bed bug specimens identified
a range of gram-positive bacteria from the insect, although none of the bacteria were isolated from the gut
content (Cockburn et al., 2013). A series of fungal isolates were obtained from field-collected C. hemipterus
in Malaysia (Majid et al., 2015), although as fungi are ubiquitous environmental contaminants, such findings
have little scientific significance. In none of these studies was there any evidence to demonstrate that bed bugs
could transmit the pathogen under investigation.

In contrast with the study from the USA, Bartonella quintana Brenner et al. (the agent of trench fever) was
isolated from C. hemipterus collected in Rwandan prisons (Angelakis et al., 2013), although the authors were
unable to culture the pathogen from the insect. In a subsequent study, C. lectularius were fed three times with
human blood inoculated with B. quintana and the bacteria persisted for 18 days, could be passed vertically to
progeny, as well as transstadially, and could be detected in bed bug feces (Leulmi ez al., 2015). As with all other
transmission studies, the role of bed bugs in the field transmission of B. quintana has yet to be elucidated.

In summary with regards to the role of bed bugs in the transmission of pathogens, some studies have
isolated various microbes, while a few have demonstrated laboratory transmission. However, not one investi-
gation has provided any evidence that bed bugs transmit pathogens to humans in natural infestations.
Furthermore, in a very crude and conservative calculation, the total number of bed bugs produced since the
start of the modern resurgence has been estimated to involve many hundreds of millions of individual bed
bugs (Doggett et al., 2012). This means that as there is no evidence for bed bugs being able to transmit
pathogens, the risk of acquiring a pathogen from the insect has to be exceedingly small.

12.4 Why do Bed Bugs not Transmit Infectious Diseases?

As noted, presently there is no evidence that bed bugs transmit infectious pathogens to humans in the field.
Their lack of ability to do so appears to be due to a range of intrinsic factors related to the insects’ own physi-
ology as well as various adaptations in biology. This ensures that there are limited opportunities to feed on
multiple hosts, thereby ensuring that pathogen cycles cannot be maintained.

Lai et al. (2016) noted that bed bugs appear to contain a range of “neutralizing factors’, which may reduce
their ability to transmit pathogens. For example, the saliva of C. lectularius contains lysozyme and other pep-
tides thought to have antimicrobial properties (Francischetti et al. 2010). Possibly related to this observation
was a study that attempted to cultivate microbes from C. lectularius, and none were isolated from the probos-
cis (Reinhardt et al., 2005). The ejaculate (and to a lesser extent, the hemolymph) of C. lectularius has
been shown to have bacteriolyctic activity, which is thought to help protect sperm from microbial damage
(Otti et al., 2009, 2013). In female bed bugs, the spermalege has been shown to provide protection against
pathogens (Reinhardt et al., 2003). The authors argued that perhaps the immune system was enhanced in the
spermalege but did not speculate how this was achieved. Subsequently, Moriyama et al. (2012) found that bed
bugs express a range of genes in the spermalege that produce peptides that have known antimicrobial proper-
ties, and which also stimulate host immune responses against microbes. In a later study, one of these peptides,
defensin, was demonstrated to possess antimicrobial activity against a range of human skin microflora
(Kaushal et al., 2016). Ulrich et al. (2015) found that C. lectularius defensive secretions inhibited the growth
of the fungus, Metarhizium anisopliae (Metchnikoff).

These adaptations probably evolved as an immunological defense mechanism for protection against a
microbe-rich environment. For example, bed bugs aggregate to prevent moisture loss (Benoit et al., 2007) and
higher humidity and close contact between individuals increases the risk of microbial exposure. Bed bugs also
defecate in the same location as they harbor, often over each other, and digested blood provides a nutrient-
rich medium for the growth of potential pathogens. Furthermore, the process of mating in bed bugs, known
as “traumatic insemination” (see Chapter 16) allows for the entry of microbes (Reinhardt et al., 2005). Perhaps
as a consequence of the evolution of these anti-microbial defense mechanisms, such processes may have
helped inhibit the development of vector/pathogen relationships.
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However, while there are few unique aspects in the bed bug immune response, it is not largely different
from that of other insects. For example, most blood-feeding insects have a lysozyme-like protein as part of the
salivary gland proteome (Benoit et al., 2016). This means it is unlikely that an immune-specific aspect is the
cause of the inability of bed bugs to transmit pathogens.

As discussed in Chapter 16, biological adaptations of bed bugs — flightlessness and localization around the
host’s resting location — limit their opportunities to feed on multiple hosts. Key to the continual biological
transmission of vector-borne diseases are sufficient host numbers and individuals not previously exposed to
the pathogen (that is, immunologically naive). Non-immune hosts need to be present such that when infected
with a pathogen via the bite of a vector, they produce a sufficient pathogen titer to allow unexposed vectors to
acquire the infection. It is probable that bed bugs infesting the human environment feed on insufficient
unique hosts to maintain zoonotic cycles (Doggett et al., 2012).

12.5 The Future Hunt for Pathogens: A Cautionary Note

Highly powerful and sensitive molecular tools such as next generation sequencing (NGS) are uncovering all
manner of new organisms in hematophagus arthropods (see, for example, Coffey et al., 2013; Gofton et al.,
2015a,b) and the environment (see, for example, Afshinnekoo et al., 2015). Therefore it can be expected that
exploratory investigations on field-collected bed bugs utilizing such techniques will uncover new microbes
not previously identified. In fact, a transcriptomic study of C. lectularius by Bai et al. (2011) identified
sequences that belonged to fungi, bacteria, viruses, and Archaea. More recently, a genomic study of C. lectu-
larius by Benoit and colleagues (2016) reported sequences from a range of microbes, representing almost 90
different genera. Another genomic study, published on the same day and also undertaken on C. lectularius
(Rosenfeld et al. 2016), revealed sequences that matched Clostridium spp.

In spite of these findings, investigations encompassing genomic techniques such as NGS need to be treated
with a certain degree of caution, as studies of this type are unlikely to reveal if any newly identified organism
from a bed bug is a true pathogen, a symbiont, or a commensal, if it is totally unrelated, coming from a
recently acquired blood meal, or even if it is only an environmental contaminant. Thus molecular techniques
do not prove the existence of pathogen/vector relationships. Despite this, certain groups are likely to latch
onto and promote reports of newly discovered organisms for both personal and political gain (see for example
the discussion on a recently discovered Borrelia and the debate on Lyme in Australia; Collignon et al., 2016).
Even in the bed bug world, the Lowe and Romney paper (2011) was initially hailed by some bed bug research-
ers — no doubt to encourage research funding — echoing the alleged threat of bed bugs being able to transmit
MSRA. This lauding of the paper came despite its obvious scientific flaws (Doggett et al., 2012). Science is
often seen as a great race, as it is the first who makes the discovery that is most remembered to history. As a
consequence, the scientific literature is besmirched by research that is now considered preliminary or poorly
performed such that laboratory outcomes may not be reflective of a real world scenario, with incorrect con-
clusions made (for example using extremely high pathogen titers to demonstrate vector competence, the use
of highly inbred bed bug strains that may have lost neutralizing factors, and the ignoring of key biological
characteristics such as bed bugs tending not to defecate on the host in the field, which is key for the transmis-
sion of several pathogens). Ideally, reports of bed bugs transmitting infectious diseases should be confirmed
by other laboratories when there is a lack of evidence that bed bugs do so in the field. Additionally, negative
results should also be published, particularly if the studies demonstrate alternative conclusions to previous
research, to ensure that future science (and monies) are appropriately directed (Weintraub, 2016).

Arguably, the search for new pathogens are mostly likely to be productive where bed bugs naturally occur
in the presence of many different hosts, such as in the remnant populations of C. lectularius that preferentially
associate with bats (Balvin ef al., 2012; Booth et al., 2015). In such a situation, the potential spillover of a novel
pathogen to the human population would be greater. While this is speculation, the most likely potential
human pathogen would be an arbovirus because a number of these have been identified in cimicids infesting
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bats and birds (Doggett et al., 2012; Adelman et al., 2013). Furthermore, the arboviruses can evolve rapidly; a
single genomic change can result in a highly pathogenic virus that can then enable a poor vector to become
highly competent. This was the exact situation with the Chikungunya virus outbreak that began in the west-
ern islands of the Indian Ocean around 2004. A single mutation in a gene that encodes for a membrane glyco-
protein resulted in a virus with increased infectivity for Aedes albopictus (Skuse) (Tsetsarkin et al., 2007). The
result was an outbreak of an unprecedented scale, encompassing parts of Asia, Europe, and the Americas,
with an estimate of over four million human cases (WHO, 2016).

Yet for bed bugs, such a dramatic outbreak would be highly improbable even if a pathogen did evolve to be
transmitted by the insect. As noted above, the lack of multiple hosts ensures that bed bugs are unlikely to the
instigator of vector-borne pandemics. Likewise, most people will be bitten in locations where alternative
hosts, such as bats or birds, do not exist, thus reducing the risk of enzootic pathogens. Furthermore, if bed
bugs were involved in a disease outbreak in developed nations, it would be expected that governments would
initiate health interventions (where they do not presently do so), ensuring that control of infestations took
place in an appropriate and timely manner. Since bed bugs occur in relatively confined areas, a disease out-
break should be rapidly halted. Conversely, in less economically advantaged nations, health systems tend to
be less developed and disease surveillance minimally undertaken (Lai et al., 2016). Thus an outbreak of dis-
ease initiated by bed bugs may not be recognized as quickly and health interventions delayed or nominally
undertaken.

The science of what makes a hematophagus arthropod a competent vector is a very complex field of study.
As Goddard (2008) highlights in his review of the dynamics of arthropod-borne disease, not only must a
potential vector be long lived, anthropophilic, abundant, and capable of transmitting a pathogen, but its dis-
tribution must also match that of the epidemiology of human disease. While the first three points are true
with bed bugs, and a very limited number of researchers have shown laboratory transmission of a small num-
ber of pathogens, human disease is simply not occurring.

12.6 Conclusion

In recent years there has been a call for research on the ability of bed bugs to transmit agents of disease (Jones
and Eddy, 2011). However, the lack of any epidemiological evidence for the field transmission of any pathogen
to humans suggests that such calls cannot be readily justified, particularly in a world where there are multiple
competing funding interests. Despite this, bed bugs should be considered a public health pest for their der-
matological and mental health impacts, as well as the indirect effects on the human populace, as discussed
elsewhere in this book. The factors that ensure bed bugs are not competent vectors most likely encompass
various intrinsic factors as discussed, but may well be a matter of simple mathematics; there are too few
unique hosts to allow the evolution of vector/pathogen relationships.
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Mental Health Impacts
Stéphane Perron, Genevieve Hamelin and David Kaiser

13.1 Introduction

Bed bugs have historically been thought of as a nuisance rather than as a serious public health problem. The
cutaneous manifestations of bed bug bites (pruritic papules, urticaria, secondary cellulitis) are the principal
health outcomes that tend to be associated with the presence of bed bugs (Doggett et al., 2012; see also
Chapter 11). The presence of bed bugs is, however, increasingly recognized as a source of distress and adverse
mental health impacts.

Bed bug infestations are a source of stress for a number of reasons. The mere presence of insects in their
household is perceived as a stressor by most individuals. The physical discomfort associated with bed bug
bites may also be a source of distress. This distress can vary according to the severity of the cutaneous reac-
tion to the bites, the presence of children in the household, the duration of the infestation, as well as a range
of other compounding factors. In addition, there is a significant financial burden associated with bed bug
eradication. Preparation of the household for extermination, hiring of a pest management professional (PMP),
and the replacement of items that are discarded, all incur a cost. For those with limited financial means, this
may cause a significant amount of tension, especially if infestations are recurrent (Comack and Lyons, 2011).
This is often the situation in apartment complexes for the socially disadvantaged. Social isolation and the
stigma associated with the presence of bed bugs may be an additional burden for affected individuals.

Any stressor may have an impact on mental health if it overwhelms the capacity of the individual or household
to adapt. Acute stressors are known to cause symptoms of anxiety, depression, and have impacts on sleep quality.

13.2 Methods

This chapter is a narrative synthesis based on a systematic review of all available publications regarding the
relationship between bed bugs, human stress, and mental health. The articles included in this systematic review
cover publications up to May 2013 (Ashcroft et al., 2015). The Medline and Elsevier Embase bibliographic data-
bases were used to scan for articles published from May 2013 to April 2016 using the same keywords as Ashcroft
and colleagues. A snowballing strategy using references from relevant publications was used to identify new
studies, and references were also obtained from an expert in the field of bed bugs (Stephen Doggett). Data from
research published by the Montreal Public Health Department was also included (Hamelin and Perron, 2017).
Case reports, surveys, and observational and experimental studies were included in this review. Only original
research reports or surveys written in English or French were reviewed. All studies that were commentaries,
editorials, newspaper articles, clinical guidelines, and blogs were excluded due to a lack of scientific rigor. Studies
that did not assess the effects of bed bugs on human mental health or wellbeing were also excluded.
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Using inclusion and exclusion criteria, this chapter reviews seven studies: a case report (Burrows et al.,
2013); a case series (Rieder et al., 2012); a survey (Potter et al., 2010); a systematic analysis of blogs (Goddard
and de Shazo, 2012); a case-control study (Susser et al., 2012); and a randomized, controlled trial (Hamelin
and Perron, 2017). A study that reported the narrative stories of disadvantaged individuals living in conditions
of bed bug infestations (Comack and Lyons, 2011) was also included. The main findings of these seven studies
are presented in Table 13.1.

None of the other studies reviewed contained original data regarding the mental health effects of bed bug

infestations.

Table 13.1 Synthesis of the main findings of the seven studies with original data on mental health and bed bug infestations.

Study

Design

Measured outcome

Main findings

Potter et al. (2010)

Comack and
Lyons (2011)

Goddard and de
Shazo (2012)

Rieder et al.
(2012)

Susser et al.
(2012)

Burrows et al.
(2013)

Hamelin and
Perron (2017)

Surveys for clients of pest
control operators (474
respondents)

In depth interviews
(16 inner-city residents)

Analysis of 135 online
comments against PTSD
checklist

Case reports (n=7)

Cross-sectional study (39
individuals with infestations,
52 without)

Case report (n=1)

Randomized controlled trial.

Answers to questions on:

e anxiety (n=36)

e depression (n=35)

o sleep disturbance (n=29)

Open ended question on
the effects of bed bugs

Social impacts of bed bugs

Scoring suggestive of
PTSD

Anxiety, depression and
sleep disturbance
symptoms using validated
questionnaires

Suicide

Anxiety, depression and
sleep disturbance
symptoms using validated
questionnaires

During infestations:
e insomnia/sleeplessness (29%)

e emotional distress (22%)
e anxiety (20%)

o stress (14%)

increased stress

sleep deprivation
financial strain

strains on relationships
anxiety

depression

One post met the criteria for PTSD

Real infestations:

e major depressive episodes, anxiety-
spectrum disorders

e chronically psychotic can suffer
medical sequelae secondary to
disorganization and impaired
baseline functioning

Perceived bed bug infestations:

e patients with a psychotic diathesis
may suffer from brief psychotic and
delusional disorders

Anxiety and sleep disturbance

In individual with history of psychiatric
illness, substance abuse and suicidal
behavior, repeated bed bug infestations
contributed to successful suicide attempt

Increase in symptoms of anxiety and
depression that subsided when the bed
bug infestation was controlled
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13.3 Main Findings

The stress related to bed bug infestation is well characterized by a study conducted in Winnipeg, Canada. The
study, conducted in the winter of 2009, consisted of in-depth interviews of 16 socially disadvantaged inner-
city residents whose homes had bed bug infestations. Interviewed individuals were self-selected. Almost all of
the interviewed inner-city residents reported suffering from increased stress and sleep deprivation as a result
of the infestation. Interviewees also discussed the financial toll, the frustration, the social isolation, and how
interpersonal conflicts in relationships were magnified by the bed bug infestation. The case reports also cor-
relate bed bug infestation with poor school performance and workplace tension. These stories exemplify the
social stigma, shame, and embarrassment caused by bed bug infestations (Comack and Lyons, 2011).

A 2009 survey of customers of PMPs documented that when individuals were exposed to bed bugs, many
showed signs of distress, such as increased anxiety symptoms and sleep disturbance (Potter et al., 2010).
This survey was conducted in several large urban centers in the USA, and all respondents were living with a
bed bug infestation. Most respondents were tenants (76%), and the rest lived in single-family homes or con-
dominiums/townhouses (24%). There were no specific questions relating to the bed bug impacts on the
residents’ mental health. However, when asked the open-ended question “Have you had any other symptoms
which you attribute to the presence of bed bugs in your home?, 31% of respondents mentioned
symptoms related to stress or mental health. Since the question on mental health was not prompted, the
findings may underestimate the impact of bed bug infestations on mental health symptoms.

Symptoms of anxiety are not pathological and may be expected when one has to deal with a bed bug infesta-
tion. For many, if not most individuals, the increase in symptoms is transient and they reduce or disappear
once the infestation is controlled. However, for a proportion of individuals, this transient increase in anxiety
may trigger a cascade of events that may have a more important impact on their mental health. It should be
expected that individuals with pre-existing mental health conditions are more at risk of developing psychiat-
ric problems as a consequence of experiencing a bed bug infestation. Though there is not yet epidemiological
evidence to support this hypothesis, there are case reports and case series that demonstrate the effect (Rieder
et al., 2012, Burrows et al., 2013). Living with an infestation, coupled with a fear of insects resulting in anxiety
and poor sleep, may bring about acute anxious and depressive states in individuals with no previously known
psychiatric illnesses (Rieder et al., 2012). In one study analyzing 135 on-line postings about bed bugs, one
respondent even described post-traumatic stress disorder (PTSD) symptoms as a result of experiencing an
infestation (Goddard and de Shazo, 2012).

Two epidemiological studies performed in Montreal, Canada, assessed the mental health impacts of a bed
bug infestation in individuals in a residential setting using validated questionnaires. In the first study, participants
were recruited from two apartment complexes that had been targeted by public health interventions for unfit
housing conditions between January and June 2010 (Susser et al., 2012). Participants were mostly of low
socioeconomic status, with 55% reporting insufficient means to make ends meet, and 60% were unemployed
at the time of the study. Symptoms of depression and anxiety were evaluated using the Brief Patient Health
Questionnaire Mood Scale (PHQ-9) and the Generalised Anxiety Disorder Screener (GAD-7). Sleep distur-
bance was measured using the 5th subscale of the Pittsburgh Sleep Quality Index. The presence of bed bugs
was associated with a significantly increased odds of having anxiety symptoms (OR =4.8) or sleep disturbance
(OR=5.0). Bed bugs were also associated with an increased odds of developing depressive symptoms
(OR=2.5), but the association was not statistically significant. Although this study documented that bed bug
infestations increased anxiety symptoms and sleep disorders in a vulnerable population, the study was not
designed to evaluate whether symptoms improved after the bed bugs were exterminated.

In a second study (Hamelin and Perron, 2017), sleep quality and symptoms of anxiety and depression were
measured in individuals currently living with an infestation and again after the infestation had been extermi-
nated. The same measures of outcome (GAD-7, PHQ-9, and PSQI) were used as in the cross-sectional study.
The primary goal of the study was to determine if extermination time could be shortened if pre-treatment
preparation was provided to vulnerable households. Participants with infested premises were recruited from
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within Montreal’s municipal housing corporation (Office Municipal d’Habitation de Montréal), which
provides subsidized housing for individuals and households with limited income. In the study sample, 9% of
respondents had a university degree. In 57% of the households, at least one individual had a history of previ-
ous mental health problems. In 58% of the households, at least one individual had a physical handicap. In 42%
of the households, at least one child was under 18 years old. All households had bed bugs upon recruitment
and participants completed a baseline questionnaire. A follow-up questionnaire was completed three to six
months after recruitment. Only those households that no longer had bed bugs at the time of the follow-up
questionnaire were included in the analysis. The results of this study indicated that the presence of bed bugs
was associated with elevated symptoms of anxiety and depression, and that these symptoms decreased sig-
nificantly after bed bugs were exterminated. Infestation status did not have any effect on sleep disturbance;
only 19% of individuals had sleep disturbance when infested with bed bugs, whereas 71% of individuals in the
Susser et al. (2012) study had sleep disturbance when infested.

In both of the above studies, questions were asked regarding social isolation. In Susser et al. (2012), 10.8%
of those infested with bed bugs avoided leaving their apartment whereas 38.8% avoided inviting friends or
family members over to their homes (Susser, 2013). In Hamelin and Perron (2017), at the time of the baseline
interview, 25% of respondents avoided going to friends’ or neighbors’ homes for fear of bringing bed bugs
with them. Also, 47% of respondents avoided inviting friends or family to their home during an infestation.
At the time of the follow up questionnaire, when most of the households were free of bed bugs, 19% still
avoided going to friends’ or neighbors’ homes for fear of bringing bed bugs with them, and 22% still avoided
inviting friends or family to their apartment. These survey findings suggest that bed bug infestations can
result in social isolation of the resident even after the infestation is resolved.

Both studies conducted in Montreal strongly suggest that a bed bug infestation results in an increase in
anxiety and depressive symptoms in vulnerable populations. Susser et al. (2012) also provided epidemiologi-
cal evidence of a correlation between a bed bug infestation and sleep disturbance. Some of the observed dif-
ferences between the two studies may be due to the very different contexts in which the investigations were
conducted. In the publication by Susser and colleagues, participants were selected from privately-owned
buildings in which infestations had been ongoing for more than a year and where tenants actively sought out
public health intervention. The municipal housing corporation, in contrast, had a well-structured pest man-
agement plan and participants had to be actively recruited into the study.

13.4 What Can Be Inferred from the Current State of the Literature?

The available evidence indicates fairly clearly that an infestation of bed bugs in a residential setting may result in a
rapid increase in anxiety-related symptoms, in addition to sleep disturbance and social isolation. These effects
appear to be present only during the infestation for the majority of those affected. However, a minority of individu-
als, having lived with an infestation of bed bugs in their dwelling, will develop depressive episodes and anxiety
disorders. The likelihood of these disorders increases amongst individuals that live with an infestation for longer
periods of time (that is, those experiencing a chronic infestation) and for those with pre-existing mental health
problems. In addition, individuals with pre-existing psychiatric diseases may experience relapses into substance
abuse, severe mood disorders, or relapses in schizophrenic psychosis when they experience a bed bug infestation.

13.5 Limitations and Future Research

Many uncertainties remain in the understanding of the psychological effects of bed bugs in a residential
setting. Although a number of studies are supportive of an association between symptoms of anxiety and
depression and the presence of bed bugs, the population burden of these mental health effects has not been
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characterized. Studies have been performed primarily amongst individuals living in low-income households,
in urban settings in North America. It is possible that these findings cannot be extrapolated to include people
in other countries or of a different socioeconomic status. Although population-level statistics are difficult to
obtain, it appears that low-income households appear to bear a disproportionate number of bed bug infesta-
tions. In New York, the Community Health Survey performed in 2009 determined that bed bug infestations
occurred more often in low-income households, and neighbourhoods with low-income residents, than in
other locations (Ralph et al., 2014). Population surveys undertaken between 2010 and 2014 by Montreal
Public Health in Montreal, Canada, also indicated that most bed bug infestations occur in low-income situa-
tions, in particular in those locations where residents are spending more than 30% of their income on housing
(7.8%, vs. owner 0.8%; David Kaiser et al., unpublished data). However, it is likely that the focus on those
low-income households has underestimated the total bed bug population burden, and may have biased our
full appreciation of the problem. In addition, it remains unclear to what extent symptoms of anxiety and
depression will persist amongst affected individuals once the infestation has been eliminated. Although
symptoms of PTSD associated with bed bug infestation have been described, the causal relationship remains
unclear (Goddard and de Shazo, 2012). There is a need for studies to explore the possible link between bed
bugs and PTSD. Future research should examine if the mental health effects are comparable in settings other
than urban areas of North America. Research should also focus on understanding which factors are respon-
sible for more severe and prolonged mental health impacts among those experiencing a bed bug infestation.
Finally, surveillance data should be collected to characterize the total population burden of bed bug infestations
in particular locations.

13.6 Conclusion

Bed bug infestations are a source of human distress for a variety of reasons, including physical discomfort
associated with bed bug bites, the financial burden associated with bed bug eradication, and the social isola-
tion and stigma associated with the presence of bed bugs in a home. Studies have also conclusively linked an
association between bed bug infestation and anxiety symptoms, depressive symptoms, and sleep disturbance.
Case reports have documented psychiatric consequences as a result of real or perceived bed bug infestations
in individuals, with or without prior psychiatric diseases.

There is currently sufficient evidence to strongly suggest that bed bugs, beyond having an impact on
individual mental health outcomes, may have a significant influence on mental health at a population level.
The significant mental health impacts of bed bugs and the concentration of impacts among disadvantaged
and vulnerable segments of the population warrant sufficient public resources being dedicated to prevention
and control of infestations.
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Miscellaneous Health Impacts
Stephen L. Doggett

14.1 Introduction

The most direct and obvious injurious effects of bed bugs are dermatological, due to allergic reactions from
the bite. However, beyond mental health related issues, bed bugs have been reported as being responsible for
a variety of miscellaneous health impacts. These can include factors relating to the presence of the bed bugs
themselves, such as allergens triggering asthmatic reactions, severe blood loss from multiple bed bugs feed-
ing, and the disturbance of sleep patterns. Other indirect health impacts may result from poorly implemented
control programs. These can be associated with the methodologies employed by people desperate to rid
themselves of a bed bug infestation, such as the dangerous mishandling of chemicals and insecticides, or as a
result of the actions of inexperienced pest management professionals (PMPs).

14.2 Respiratory Issues

A variety of common household arthropods have been recorded as producing allergens that can trigger
asthmatic reactions. The most well-known of these are dust mites and cockroaches (Russell, 2001; Do
et al., 2016). In a heavily infested dwelling, the environmental dust becomes saturated with bits and pieces
of arthropod integument, which may be inhaled by people living there. Accordingly, atopic individuals
living in these situations may become hypersensitive and display allergic symptoms. The first suggestion
that the Common bed bug, Cimex lectularius L., was capable of causing asthmatic reactions was from a
report of 1929, in which a 37-year-old man who suffered seasonal asthma during the warmer months of
the year demonstrated a sensitivity to bed bug extracts (Sternberg, 1929). After introducing a regimen of
frequent cleaning of all bedding, his attacks ceased. A second report was from Spain in 1935 (Jimenez-
Diaz and Cuenca, 1935) and again involved C.lectularius. This patient was a 28-year-old female who also
suffered from seasonal asthmatic attacks during the summer months. When exposed to extracts of
C.lectularius, the patient produced a very strong reaction, which manifested in extreme breathing difficulty.
A desensitization program was implemented through injection of bed bug extracts and eventually the
patient became non-reactive to bed bugs.

A study from Egypt published in 1991 exposed 54 asthmatic patients to various extracts of C.lectularius
(Abou Gamra et al., (1991). Twenty (37%) of the participants responded positively to a skin test and this
cohort was considerably higher (9%) than the control group. However, none of the asthmatic patients were
reported as having breathing difficulties. A similar study from China in 1995 challenged 320 asthmatic
patients with Cimex allergens and 202 (63%) reacted (Wanzhen and Kaisheng, 1997), whereas only 9 out of
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the 80 (11%) in the non-asthmatic control group reacted. Based on these results, the authors concluded that
C.lectularius may be a contributing factor for asthma in the region. Again, none of the asthmatic patients
were reported as developing breathing difficulties during the study.

Arguably, the link between asthma and bed bugs is somewhat tenuous. In the first report, the hygiene
measures implemented would have reduced exposure to dust mite allergens as well, and sensitivity to
these allergens was not tested for. In the studies from the 1990s, none of the patients developed breathing
issues. Thus, it was only in the 1935 publication that there was evidence of a link between bed bugs and
asthma. Interestingly, to date there are no published reports linking the Tropical bed bug, Cimex
hemipterus (F.) and asthmatic reactions. Further research is needed in this area.

14.3 Blood Loss

Bed bug infestations can become massive if left uncontrolled. Populations of tens of thousands of individual
insects can occur in an extreme infestation (Doggett, 2010). On average, an adult female bed bug can imbibe
7.4-ul of blood in a single meal (Usinger, 1966) and will feed multiple times. Hence, in large infestations, there
can be significant blood loss for the resident. A report from India in 1962 (Venkatachalam and Belavady,
1962) implicated both C.lectularius and C.hemipterus as the cause of widespread iron deficiency anemia in
infants and young children. The authors suggested that, conservatively, 100 bed bugs could imbibe 1-2 ml of
blood. In this study, researchers were readily able to collect 2000 individual bed bugs from a single infested
dwelling.

In Canada, a 60-year-old male presenting with symptoms of fatigue and lethargy was found to have low
hemoglobin levels with no obvious underlying cause (Pritchard and Hwang, 2009). An inspection of his
home revealed an infestation of thousands of bed bugs. The patient knew the bugs were present but failed
to treat the infestation. After bed bug eradication, the patient’s hemoglobin levels normalized. A similar
case was reported from Austria, where a 67-year-old male with severe anemia, was found, on admission,
to be physically covered in C.lectularius (Paulke-Korinek et al., 2012). His prosthetic leg was harboring
a massive infestation. His partner, a 60-year-old woman, was admitted on the same day, and proved to be
anemic as well. In France, an 82-year-old female Alzheimer’s patient had developed an iron deficiency
that was determined to be the result of a massive C. lectularius infestation in her apartment and clothing
(Sabou et al., 2013).

Despite these published cases, for the most part, such incidences of severe blood loss appear uncommon.
Typically, in cases of heavy infestation, the affected residents also have underlying health or social problems.
In each of these reports, the host’s pre-existing condition of poverty, cognitive deficiency, or drug abuse was
a major factor contributing to their bed bug population growing so large that anemia resulted.

14.4 Sleep Loss

A common consequence of even minor bed bug infestations is that of loss of sleep (Doggett et al., 2012).
Sleep loss can result from irritation at the bite site, with patients waking during the night to scratch or,
more simply, from the knowledge that bed bugs are present in their home. In the most comprehensive
survey to date, 29% of people having experienced a bed bug infestation reported having insomnia (Potter
et al., 2010). However, it is important to note that there was no control in this study, so that the percentage
of infested individuals suffering from insomia could not be compared with that of individuals in non-
infested apartments. Sleep loss can have serious short- and long-term health impacts (Sigurdson and
Ayas, 2007). In fact, some of the worst disasters caused by humans have been linked to individuals suffer-
ing from sleep deprivation, including the Three Mile Island and Chernobyl disasters, and the grounding
of the Exxon Valdez (Doggett et al., 2012).
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14.5 Chemical Exposure

People who are desperate to rid themselves of bed bugs may undertake behaviors that are harmful to themselves
or their environment. These behaviors may include the application of flammable liquids, such as petroleum
and ethanol, to their bodies and within their home. Such applications have led to serious fires and injury
(Geist-May, 2011; Goff, 2011; Kurtzman and McKibben, 2011; Associated Press, 2015). In one of the worst
examples, an inexperienced PMP attempted to used propane gas to control bed bugs. This treatment resulted
in the whole apartment catching fire and sustaining damages of C$3.5 million, with six injuries, including one
child left with permanent brain damage (Blais, 2013).

The overuse of insecticides has also impacted people’s health. In the past, highly toxic chemicals such as
arsenic, hydrogen cyanide, and mercury compounds were used to control bed bugs and resulted in human
deaths (Potter, 2011). However, with the current resurgence, the misuse of even relatively low-toxicity prod-
ucts has resulted in some adverse health impacts. A review of acute illness from the use of bed bug insecticide
products in seven states within the USA over 2003-2010, identified 111 cases of negative health reactions,
including one fatality (Jacobson et al., 2011). Most cases were related to the overuse of insecticides. The one
death was a patient that had serious predisposing medical conditions. Between 2006 and 2011, the Texas
poison centers had 267 insecticide exposure calls that were the result of bed bug remediation attempts
(Forrester and Prosperie, 2013). The vast majority (83.5%) of calls involved people who had suffered with
minimal effects from the exposure. Many of the adverse health impacts reported in this study were related to
the use of total release aerosols, which have been shown to have little efficacy for bed bug control (Jones and
Bryant, 2012). In 2013, a 66-year-old woman suffered an acute kidney injury following the overuse of
pyrethroids to control a bed bug infestation (Bashir et al., 2013). In 2015, a 29-year-old man used an aerosol
insecticide in an attempt to eradicate a bed bug infestation, and subsequently developed a dry cough, exer-
tional dyspnea, and chest discomfort (Halpenny et al., 2015). In 2016, a 59-year-old female, after accidental
exposure to a bed bug repellent, had a complete heart blockage (Singh et al. 2016).

Some of the most serious abuses of pesticides to control bed bugs have involved the misuse of the deadly
fumigant, phosphine. A series of tourist deaths in Thailand (Anonymous, 2011a,b; Browning, 2015; Fernquest,
2015) were initially blamed on the use of chlorpyrifos (Anonymous, 2011a), but were later found to be the
result of illegally used phosphine gas (Browning, 2015; Fernquest, 2015). In the Middle East, there have been
a series of injuries and deaths related to uncontrolled phosphine usage in buildings (see Chapter 10). In 2015,
a Canadian woman imported phosphine to kill bed bugs, which resulted in the death of her young child
(Anonymous, 2015; Ellwand and Klinkenberg, 2015). This prompted the Canadian National Collaborating
Centre for Environmental Health to issue an alert warning about the unrestricted use of phosphine (National
Collaborating Centre for Environmental Health, 2015).

14.6 Miscellaneous Health Impacts

Bed bugs have indirectly affected human health by disrupting the normal functions of emergency and
medical services. In the USA, a busy fire station had to be closed because a bed bug infestation was being
treated (Doggett et al., 2012). Hospital wards have been temporarily shut (Reynolds, 2008; Doggett and
Russell, 2008, 2009; Doggett et al., 2012; Leininger-Hogan, 2011), and patients with bed bugs have been
refused medical treatment (Doggett et al., 2012). One must question the ethics of those in the medical
profession who refuse to treat infested patients, especially when it is well-known that bed bugs do not
transmit any disease.

Other indirect health effects include the suggestion that bed bugs produce: a serum sickness (Poorten
and Prose, 2005); cause “nervous disorders in sensitive people” (Scott, 1963); are responsible for cancer
(Cordier, 1933); or cause nutritional deficiencies such as beriberi and pellagra in humans (Burton, 1963).
Modern medical knowledge ensures that the claims of cancer and nutritional deficiencies can be dismissed,
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and the lack of patients with “serum sickness” and “nervous disorders” correlating with the modern bed bug
resurgence casts doubt on involvement in these conditions as well. In 1916, bed bugs were also suggested
to be a cause of infantile paralysis in the far north coast of New South Wales, Australia (Anonymous, 1916).
However, this incident occurred in an area endemic for the Australian paralysis tick, Ixodes holocyclus,
a known cause of human paralysis (Doggett, 2004). Therefore, the authenticity of the arthropod identification
must be questioned. An engorged C.lectularius nymph believed to have fed on the tympanic membrane
of a human ear was responsible for a case of otitis in Canada (Cimolai and Cimolai, 2012). Secondary
infections following bed bug bites may occur, albeit rarely in otherwise healthy individuals, but for the
elderly or diabetic, the risk is greatly increased (Doggett et al, 2012).

In Rwanda, a study from 2015 investigated the factors that impeded the local use of insecticide-impregnated
bed nets intended to protect people from malaria vectors (Ingabire et al., 2015). It was found that many in the
community refused to sleep under nets because bed bugs would harbor in the net and bite the sleeping resi-
dent (presumably the bed bugs had developed resistance). Thus, in this region of Africa, it appears that bed
bugs are maybe increasing the risk of malaria.

For the most part, other than the loss of sleep, the indirect health impacts associated with bed bugs appear
relatively uncommon and are possibly overstated. More identifiable adverse health effects have resulted from
the overuse or inappropriate use of insecticides. When management is undertaken by a PMP as part of an
integrated control program, adverse reactions to insecticides are not reported.
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Fiscal Impacts
Stephen L. Doggett, Dini M. Miller, Karen Vail and Molly S. Wilson

15.1 Introduction

There is no question that the most painful aspect of the bed bug resurgence, aside from the itching bites, has
been the financial devastation that these pests have brought to homes, businesses, and organizations that
have attempted to control infestations while maintaining their reputation. It has been quite evident that since
the start of the modern bed bug resurgence, the world’s economy has suffered billions of dollars of pest “dam-
age” from a problem that had almost been in complete remission in the last 40 years of the 20th century. The
failure of many businesses and organizations to respond proactively to bed bug infestations has resulted in
increased bed bug numbers, loss of reputation, loss of clients, legal action, and an explosion in control costs.
This chapter reviews the many ways in which bed bugs have had an economic impact on local, national, and
international business organizations, and individuals, over the last two decades.

15.2 Types of Cost

There are a number of ways in which bed bugs impose direct financial costs on business owners and organizations,
or individuals. These costs may include:

o the cost of bed bug control itself

the loss of revenue due to hotels rooms or apartment units being taken out of service

the loss and replacement of discarded furniture or personal items, including damage to the facility during
the treatment process

o litigation.

Additionally, the presence of bed bugs can result in indirect costs to businesses by causing:

o brand damage when media reports of bed bugs identify brand-name retail stores and hotel chains
o profit losses due to people avoiding locations for fear they will encounter bed bugs
e business devaluation.

Bed bugs have not only brought new expenses to those that have become infested, but also to the pest
management industry that is expected to control these infestations. The pest management industry has had
to develop new bed bug contracts and services, purchase new equipment, invest time and money in additional
training for technicians, and spend more on labor costs than ever before in order to satisfy clients.
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15.3 Costs to the Multi-Unit Housing Industry

In the USA, multi-unit housing providers have been particularly vulnerable to the economic impacts of bed
bug infestations. In a 2014 survey of multi-unit housing managers in Alabama and Tennessee, 88% of
respondents indicated that bed bugs affected the budget or profitability of their housing facilities due to the
costs associated with treating infested units. Paying for treatment in apartments adjacent to infested units
also affected 55% of respondents’ budget or profitability. Other costs included (K. Vail et al., unpublished
results):

additional labor/time for property management and maintenance (58% of respondents)
an increase in the length of time apartments remained vacant (38%)

loss of the complex’s reputation (22%)

damage to the apartment carpets or walls (20%)

costs from employees taking bed bugs home (8%)

loss of employees (3%)

hotel or resident transfer costs (2%).

Bed bug impacts on operating budgets have increased every year. Survey respondents indicated decreases
in operating income of 1.7% between 2008 and 2009, and decreases of 2.9% and 3.2%, respectively in the fol-
lowing two years (K. Vail et al., unpublished results). In addition, multi-unit housing managers have also
experienced extended apartment vacancies while bed bug treatments were conducted. In the USA, survey
respondents reported a mean of 27 additional days to treat and then re-rent a previously infested apartment
unit. In the same survey, more than a quarter (26%) of southern US housing managers indicated the presence
of bed bugs in their facilities would have reduced the market value of their property if they were selling the
property at the time. A mean estimated property value loss of 25% (range 5-50%) was indicated due to the bed
bug presence (K. Vail et al., unpublished results).

Similar results were reported in a 2014 survey conducted among members of the Virginia Apartment
Managers Association, and US Department of Housing and Urban Development housing managers in
Virginia. In a survey of 170 housing managers, 41% indicated that they had dealt with bed bug infestations
within their communities. Only 38% of these indicated that they had found out about the infestations
directly from the apartment residents. Another 20% of respondents indicated that the bed bugs were only
found after the resident had moved out of the unit, while another 11.8% discovered the bed bugs during
routine apartment maintenance. Of the respondents that had dealt with bed bug infestations, 98% indi-
cated that bed bug remediation efforts had severe impacts on their current operating budgets (D. Miller,
unpublished results).

It is interesting to note that the Virginia multi-unit housing industry did not have to deal with these costs
prior to 2005 and thus the bed bug management costs had novel and unanticipated impacts on the facility
operations. When Virginia apartment managers were asked to describe how bed bugs impacted their operat-
ing budgets between 2009 and 2014, 50.6% of respondents indicated that paying for commercial pest control
had the most impact on their facility’s budget and/or profitability. Other financial impacts included the apart-
ment staying vacant for a longer period (25.9%), damage to the apartment itself (7.6%), loss of reputation (12.9
%), and loss of employees (0.6%). Not surprisingly, Virginia survey respondents indicated that the range of
financial impacts on their operating budgets increased every year between 2009 and 2014. The survey also
asked by what amount (in USD) the presence of bed bugs has decreased the net operating income for each of
the years 2009 through 2012:

Respondents indicated that, in 2009, the decrease in operating income ranged from $0 to $500.
In 2010, respondents reported a range between $0 and $5000.

In 2011, the range reported was $0 to $20 000.

In 2012, the range surged to $0 to $45 000.



Fiscal Impacts

For each of these years, the maximum losses in revenue for a facility were reported $50 000 in 2009; $33 000
in 2010; $45 000 in 2011; and, $75 000 in 2012. Note that not all facilities were equally affected by bed bugs,
but larger (more housing units) facilities did incur greater bed bug remediation costs overall (D. Miller,
unpublished data).

In the open comment section of the Virginia apartment managers’ survey, many respondents noted that the
cost for administrative time (calling pest management companies [PMCs], dealing with maintenance orders,
listening to resident complaints, etc.) also had a significant fiscal impact on the profitability of the facility. Less
time and effort were spent on marketing, maintenance, and landscaping when facilities’ budgets had to be
redistributed to accommodate bed bug management costs (D. Miller, unpublished data).

Currently, bed bugs are one of the most expensive home-invading pests to manage due to the difficulties in
achieving control. In the USA, the costs of bed bug treatments are being quoted in the range of USD 500
(Ortiz 2004) to USD 1500 (Wahlberg, 2004; Bruno, 2010). A study conducted in low-income housing in the
USA compared the effectiveness and costs of two integrated pest management (IPM) programs between 2005
and 2007 (Wang et al., 2009). The average cost calculated was around USD 470 per apartment. A 2012 survey
of PMPs in the USA indicated that there was a median expenditure of approximately USD 1000 for bed bug
control in single-family homes, though a small proportion (3%) of these services cost over USD 3000 (Potter
et al., 2013). By 2015, that median expenditure had risen to approximately USD 1225 (Potter et al., 2015). The
survey reported that in 2012, 78% of property managers spent an average of USD 5000 or less on bed bug
management (Potter et al., 2013), but in some cases, more than USD 50 000 had been spent treating a single
apartment complex (Potter et al., 2013). In Australia, costs for controlling large infestations range from over
AUD 4000 (USD 2900) for individual apartments, to over AUD 40 000 (USD 29 000) to achieve complete
eradication in an apartment complex (Doggett et al., 2011).

In the past, because many PMCs only had limited experience with bed bugs, several companies could be
hired and subsequently fired (for unsatisfactory results) before an infestation was completely eradicated. In
multi-unit dwellings, the infestation often had time to spread from the original site to other apartments within
the facility before being addressed, thus increasing the control costs by several magnitudes. For example, a
320-unit staff accommodation complex at a major hospital in Sydney, Australia, initially had a single bed bug
infestation in May 2003. Within two years, as a result of repeated control failures, the infestation spread to 68
rooms (21%), producing costs totaling more than AUD 42 000 (USD 30 500) to eradicate bed bugs from the
entire building (Doggett and Russell, 2008). These costs included (in AUD) replacement of bedding and linen
(>$7220), pest control (approx. $33 000), and intellectual support (>$2000; this included meetings and sur-
veys of the site by groups other than the pest management professionals [PMPs]). Costs not included in the
total were medical expenses for treating staff, loss of productivity, and various miscellaneous expenses. As
rooms were rented out on a long term lease (usually six months to a year), there was no associated loss of
income with room enclosures.

Sadly this example is not unique. While it may seem to be a financial burden to employ a PMP who offers a
treatment guarantee at a high cost, this is often more cost effective than hiring a less expensive PMP who
offers no service warranty and subsequently fails. Ideally, multi-unit housing providers should aim to accu-
rately determine the true expenses associated with bed bug infestations as a standard part of the risk manage-
ment and review process. Unfortunately, this is rarely done.

A study of bed bug management in low-income housing in the USA found that the cost of implementing a
building-wide monitoring program for early bed bug detection was only USD 12 per apartment (Wang et al.,
2016). A study evaluating bed bug prevention and management in a low-income apartment complex in
Harrisonburg, Virginia (USA), found that a proactive desiccant dust barrier could be applied in apartment
units at a cost of USD 67-110, depending on unit size (Stedfast and Miller, 2014). Another study found that
implementing a building-wide IPM program in a low income housing complex, using proactive monitoring
and bi-weekly treatments, reduced bed bug numbers by 98% (Cooper et al., 2015). In this particular facility,
annual bed bug management costs prior to the implementation of the IPM program were USD 57 215, and
the facility saw no substantial reduction in the bed bug population. The cost of implementing the IPM program
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was USD 65 536 for the year, but based on the reduction in bed bug numbers, Cooper et al. (2015) suggested
that that overall treatment costs would be reduced to around USD 22 000 per year in subsequent years.

Bed bugs can result in indirect or unnecessary expenses if people are unfamiliar with the appropriate con-
trol procedures. For example, a manager of a government-subsidized housing facility in Sydney, Australia,
spent approximately AUD 15 000 (USD 10 800) on dry cleaning for one bed bug victim’s entire wardrobe in
order to decontaminate their clothing (S. Doggett, unpublished data). A more logical option would have been
the purchase of a series of chest freezers and clothes dryers, which could have been used by the whole facility
(for this price in Australia, five 5191 chest freezers and eleven 8-kg clothes driers could have been purchased).
Another example of indirectly incurred expenses is when, in heavy infestations, furnishings and personal
belongings are discarded in the hope of controlling the bed bugs. The replacement of these discarded items
becomes an added expense. A further example of indirect costs comes from amateurish attempts at control.
Many bed bug sufferers who cannot afford the service of a PMP have resorted to home remedies to rid them-
selves of an infestation. In some cases, the use of highly flammable liquids has resulted in fires, causing serious
property damage (Doggett et al., 2012). In one extreme case, a PMC using heat to control an infestation
caused a fire in a condominium that resulted in damages of CAD 3.5 million (USD 2.57 million; Anonymous,
2012). Fortunately, such extreme examples are rare.

15.4 Cost to the Hospitality and Travel Industry

Since bed bugs have become such a popular topic in the media, many people have eschewed travel in an effort
to avoid encountering bed bugs. Tourists have become aware of the regions and cities in the world that are
badly afflicted with bed bugs and avoid traveling to such areas. A 2010 survey of travelers found that 12% of
respondents were so concerned about bed bugs that they altered or cancelled their travel plans for fear of
encountering the insect (Henriksen, 2010). Liu and Pennington-Gray (2015) noted that the media reinforces
those travel concerns because international travel is often cited as one of the main contributing factors to the
bed bug resurgence.

In some cases, travelers have had their holidays disturbed by bed bugs, and some travel organizations have
had to reimburse guests for their expenses. For example, a motel chain in the south Pacific reimbursed guests
for their accommodation and airfares as well as medical and other expenses when they were bitten by bed
bugs (Wojcik, 2004). Passengers on a cruise ship were refunded USD 2800 for their accommodation, and had
their airfares and additional hotel costs reimbursed after they were bitten by bed bugs while on-board a ship
(Penn et al., 2014).

Hotel guests often refuse to pay for their accommodation if they are bitten by bed bugs during their stay.
This loss of income can range from hundreds to thousands of dollars for high-end hotels and resorts.
Unfortunately, there are also many anecdotal reports of guests falsely claiming they were bitten by bed bugs
in an attempt to avoid paying for their accommodation. A survey of the Australian hospitality industry from
September 2004 to March 2005 reported that 40% of respondents had experienced false bed bug claims
(Doggett, 2013). Hotels and resorts suffer further financial losses due to their rooms being closed for multiple
days while PMPs try to achieve bed bug eradication. These losses can be quite significant for hotels and
resorts during their peak seasons.

In cases where bed bugs are in fact present, the costs of remediation can be extremely high, particularly if
multiple rooms are involved. Bed bugs are known to stain bedding, furnishings, and walls. In hotels, guests
noting indications of past infestations may refuse to stay in their assigned room (as the senior author has done
on two occasions!). Hence, all bed bug evidence should be removed once the infestation is eradicated. As an
example of actual costs, 39 out of 100 rooms (39%) in a three-star hotel in Sydney, Australia, developed bed bug
infestations in 2007 (Doggett and Russell, 2008). The costs associated with these infestations exceeded AUD
60 000 (2007 pricing, or USD 43 500) and included room closures, pest control, replacement of linen, room
refurbishment, replacement of mattresses and furnishings, refunds to guests, and other miscellaneous expenses.
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15.5 Cost to the Retail Industry

It is not only the hospitality and housing industry that has suffered the economic consequences of bed bugs.
When bed bugs were discovered in well-known US retail stores, the stores had to close down for several days
to “eradicate” the problem (Bland, 2010; Odell, 2010; West, 2010). Most likely, these bed bug sightings were
the result of bed bugs being brought in inadvertently, rather than the presence of a breeding population.
Regardless, not only did the retailer lose sales as a consequence of bed bug presence, but the “infested” stock
was discarded and the brand name of the retailer was notably damaged.

15.6 Brand Damage in the Housing, Hospitality, and Retail Industries

In addition to the direct costs associated with eliminating a bed bug issue, the mere presence of a bed bug has
the potential to damage a brand’s reputation. For example, in the hospitality industry, a poll found that if bed
bugs are found in one location of a hotel chain, then 38% of travelers would refrain from staying in any of the
properties in the chain (Meek, 2007). The same poll found that 50 percent of people who are bitten by bed
bugs tell five or more people of their experience. In the USA, there is a website dedicated to reporting hotels
and other locations where guests have found bed bugs (http://bedbugregistry.com/). Even if only one room
was infested out of a thousand, being named on this site can still be very damaging to a hotel’s reputation and
cause financial losses. Similarly, online travel review sites can rapidly spread bed bug reports through the
community (Liu et al., 2015a). Often, the hotel industry is urged to have risk management plans in place to
minimize the potential damage from such adverse online reports (Liu et al., 2015b). Ideally, all bed bug reports
posted on travel review sites should be responded to by senior hotel management to minimize guest dissatis-
faction and potential damage to the brand (Liu et al., 2015c¢).

For hotels, attempts have been made to quantify the fiscal impacts of online bed bug reports. A 2015 survey
of approximately 2100 travelers found that a single online mention of bed bugs in a hotel lowers the room
value by USD 38 for corporate travelers, and USD 23 for leisure travelers (Nathe, 2015). The survey revealed
that many travelers would not even book a hotel if there was an online report of a bed bug infestation. Another
report indicated that travelers would be willing to pay substantially higher prices, as much as USD 100, for a
bed bug-free environment (Penn ef al., 2014). This additional “willingness to pay” has implications for the
pricing of hotel rooms.

The 2015 survey also presented travelers with a variety of potential scenarios, and asked which scenario
might cause them to change hotels (Nathe, 2015). The most significant factor that would cause them to
change accommodation was the presence of bed bugs. Respondents in the survey were also asked what they
would do if they found bed bugs in their room. The three most frequent responses were (Nathe, 2015):

e change rooms with a request for compensation
e leave the hotel
e report the presence of bed bugs on social media.

This study suggests that even a single bed bug can have a major economic effect on a facility.

Another concern for the housing and hospitality industry has been the proliferation of bed bug infestation
reports (and subsequent lawsuits) in business magazines (Arnst and Sagar, 2004; Lundine, 2003; De Marco,
2004; Ortiz, 2004; Tucker, 2003). The financial losses resulting from bed bug sightings and infestations have
led to reduced profit margins, as well as the ongoing potential for litigation. These indirect effects have sub-
sequently affected the stock prices and overall values of such businesses. Additionally, the threat of litigation
causes insurance premiums to rise (Wojcik, 2004; Reinhardt et al. 2009).

Early in the bed bug resurgence, it was suggested that in the USA, lawsuits involving bed bugs might
not be claimable against insurance (Wojcik, 2004). Since then, many companies have initiated bed bug-
specific insurance policies for a range of groups that could be impacted by them (Holbrook, 2011).
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Interestingly in 2014, a group of multi-unit housing managers (n=110) in the southern USA indicated that
none of them had purchased bed bug insurance (K. Vail et al., unpublished results). However, bed bug insur-
ance claims do occur. The international insurer, Allianz Global Corporate & Specialty, analyzed liability
insurance claims over the period 2011 to 2016 (AGCS, 2017). The total value of all claims was USD 9.3 billion.
Of these, 1880 (2%) were related to animals, with 397 claims (or 21% of the 2%), relating to bed bugs. This
equated to value of USD $39.06 million and appears to be rising. The same report noted that bed bug com-
plaints in New York hotels increased by more than 44% between 2014 and 2015.

15.7 Legal Expenses

Across the world, disputes over bed bugs have led to legal actions addressed through court proceedings. The
expenses incurred and amounts awarded by the courts varies considerably between countries. For example,
in Australia, settlement amounts have ranged from AUD 400-6000 (USD 295-4479) and have largely related
to the reimbursement of rental costs (see Chapter 43). In the UK, legal cases have usually resulted in out-of-
court settlements and payments that covered such items as doctor’s fees, loss of earnings, and other compen-
sation. Compensation payments have been in the range of GBP 750-5000 (USD 537-3581, and occasionally
up to GBP 10 000 (USD 7162; see Chapter 42).

The largest legal settlement awards to date have come from the USA. Seemingly unique to this nation is
the propensity for courts to award substantial penalties in the form of punitive damages. For example, in
the case of Mathias v. Accor Econ. Lodging, Inc., the court awarded the two plaintiffs USD 10 000 compen-
sation, and USD 186 000 in punitive damages. Other US court cases have resulted in costs and awards
ranging from several hundred dollars to over USD 2.4 million in a recent class action settlement (see
Chapter 41).

15.8 Cost to Pest Management Companies

While PMCs are the agents, who receive income for bed bug remediation services, they often fail to ade-
quately charge for their bed bug management services. When this happens, profitability for their company
declines precipitously as technicians spend more time than budgeted to complete a job. It is essential when
pricing a bed bug job that the salesperson consider how much time a technician (preferably, two technicians)
needs to effectively treat an area of a certain size, level of clutter, and density of infestation. However, accord-
ing to a survey of multi-unit housing managers, only 55% of respondents indicated that apartment size was
considered in contract prices. Additionally, less than a quarter of respondents indicated that prices were
based on size of the infestation (22%), number of furniture pieces (9%), or amount of household clutter (13%).
Finally, 35% of respondents indicated that cost did not vary from unit to unit, despite discrepancies in unit
size, clutter level, or infestation level (K. Vail et al., unpublished results). PMCs do a disservice to themselves
and their clients when their charges do not reflect the time and effort required to successfully service infested
homes and apartment units.

The bed bug resurgence has also required the use of new protocols and novel equipment. Bed bug
remediation equipment can be quite expensive for a PMC to purchase. As whole-home heat treatments
become more widespread within the US, PMCs are spending between USD 50 000 and $150 000 for bed
bug heating systems. Because whole-home heat treatment can take all day to complete, companies have
difficulty making a return on their heat system investment unless they buy multiple heating systems so
that they can treat more than one housing unit at a time. For companies that use heat chambers to treat
household items, the prices for a heat chamber can range from USD 300 to more than USD 5000,
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depending on the size and manufacturer of the chamber (Stedfast and Miller, 2015). Steam machines
with separate reservoirs and boilers (which allow for continual use) can cost anywhere from USD 500 to
USD 2000. The use of bed bug detection canines requires an initial investment of around USD 10 000
per dog (2016 pricing courtesy of Stephanie Taunton, Bed Bug K9S, California) and these dogs require
ongoing care and daily training. The cost to the consumer for canine inspection is around USD 300/h
(Wang et al. 2011).

Applications of spray formulation insecticide is still the least expensive method of bed bug treatment.
However, the amount of time required of the technician for detailed inspection and application, at a break-
even cost of USD 1.50/min can still be a significant investment for a PMC trying to make a profit. Thus, the
company has to ensure that these expenses can be recovered while still making some profit from servicing
the account.

15.9 Bed Bug Management Revenues

In 2015, Curl (2016) conducted a study to predict the market forecast for the pest management industry
within USA. The conclusions of this study indicated that between the years 2015 and 2016 the total number
of bed bug jobs performed was 815 000. These bed bug jobs represented a USD 100 million increase in reve-
nue over the previous year, for a total annual revenue of USD 573.2 million in 2016. Curl (2016) went on to
suggest that if the current bed bug infestation trend continues, bed bug revenue might exceed USD 1 billion
dollars annually within five years.

In many other countries, bed bug infestations are also continuing to increase. Therefore, there is a
concomitant rise in bed bug control services. In the UK, it is predicted that there will be a compound
annual growth rate of 4.7% for bed bug control services over 2016-2026, and by 2026, bed bug control
will be valued at USD 12 million (Anonymous, 2016). For Germany, this rate is expected to be 5.2%, and
by 2026 the market is expected to be around USD 16 million per year (Anonymous, 2016). If it is assumed
that across Europe a similar rate of growth will be seen, then based on population sizes (UK: 64.1 m,
Germany: 80.6 m, Europe: 743.1 m; Wikipedia, 2016), the bed bug service market for Europe will be of
the order of USD 140 million. While it would not be valid to extrapolate these figures to the world bed
bug market, due to differences in economic standards between developed and economically disadvan-
taged nations, it is clear that bed bugs represent a multi-billion dollar business for the global pest man-
agement industry.

15.10 Conclusions

It is evident that bed bugs are a major burden on the world economy in many ways, yet surprisingly these
amounts have yet to be accurately determined, and can only be estimated as many billions of US dollars annually.
For Australia alone, in 2011 it was conservatively estimated that the bed bugs had cost the economy
approximately AUD 200 million (USD 149.3 million) since the start of the resurgence (Doggett et al., 2011).
With the cost of bed bugs not being fully realized, this means that there is less of a justification for grant-
awarding bodies to support applications for research funding. Clearly the economic impact of bed bugs is an
area of research that requires some urgency. It is also obvious that fiscal support for bed bug research should
be a priority in order to help protect the financial security of the world. Ideally, precedence should be given to
those projects that have some promise of leading to technological innovations or enhanced methodologies
that result in a reduction in control costs. By making control less expensive, we will be on the road to defeating
bed bugs...again.
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Bed Bug Biology
Sophie E.F. Evison, William T. Hentley, Rebecca Wilson, and Michael T. Siva-Jothy

16.1 Introduction

The features of bed bug ecology that have driven this insect’s co-evolution with humans and lie at the core of
understanding its control are:

e obligate blood feeding
e cryptic behavior (anachoresis) in the host’s sleeping environment whilst completing their life-cycle
o their ability to cope with inbreeding.

Whilst they have many other unique biological features, these aspects of their behavior underpin their
success as parasites and as pests. In this chapter, the examination of basic bed bug biology is structured
around these three themes.

Bed bugs are obligate hematophagous insects (blood is their sole source of food) from the true-bug family
Cimicidae. Within the 65 known species of cimicid, there are three species that regularly come into contact
with, and feed on, humans: the Tropical bed bug, Cimex hemipterus (F.), the Common bed bug, Cimex lectu-
larius L. (which is also occasionally found in the tropics), and the West African bed bug, Leptocimex boueti
(Brumpt). There is little information on much of the biology of C. hemipterus and L. boueti. Consequently,
information herein largely pertains to C. lectularius, unless otherwise stated.

Cimex lectularius and C. hemipterus develop through five nymphal instars before reaching adulthood, with
each life stage requiring a blood meal in order to molt to the next instar (Usinger, 1966). Adult fecundity and
spermatogenesis are dependent on blood intake, because females cannot produce eggs autogenously, and
males cannot produce sperm, without the resources accrued from blood feeding. Consequently, successful
growth and development at both the individual and population level means these insects need to be in close
proximity to their host(s). The group has earned the name “bed bugs” because they all specialize in feeding on
hosts that periodically, and predictably, spend time in spatially constrained retreats (caves, enclosed nests,
burrows, and bedrooms). In the case of C. lectularius and C. hemipterus, concealment within a bed and/or
bedroom provides access to a sleeping host and therefore a reliable blood resource.

16.2 Hematophagy

Hematophagy, or blood feeding, is an effective feeding strategy; blood is sterile, and relatively quick and easy to
ingest. An adult C. lectularius takes between 5 and 20min to feed to satiation (Usinger, 1966), but C. hemipterus is
less efficient at feeding and may take longer (Araujo et al., 2009). Blood also contains all the macronutrients the
bed bug needs to develop and reproduce. Bed bugs take relatively large blood meals (compared to their body
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size) and store most of the meal in their anterior midgut, while a smaller portion is digested in the posterior
midgut approximately 6—18 h after feeding (as shown in C. lectularius; Vaughan & Azad, 1993). Host-specific
erythrocyte size may be a constraint on host choice since the diameter of the food canal of early instars needs
to be able to accommodate the host’s erythrocytes. For example, an adult C. lectularius has an internal rostrum
diameter of 8—12 um (Tawfik, 1968) whilst human erythrocytes are 6—8 um in diameter. By contrast, chicken
erythrocytes (a viable alternative food source for C. lectularius and C. hemipterus) are 11.2 ym in diameter,
which suggests that there may be ontogenetic constraints driven by host erythrocyte size differences.

The availability of ad libitum blood meals is critical to both post-embryonic development, to female fecun-
dity, and for sperm production. After feeding and mating, a female C. lectularius can lay eggs for around 10
days, but she requires another blood meal to continue laying (Usinger, 1966). With ad libitum access to a host
(and males), a single female can lay 200-500 eggs in her lifetime (Bartley and Harlan, 1974), although fecun-
dity with modern insecticide resistant strains is reported to be considerably less (see, for example, Gordon
et al., 2015). However, whilst obligate blood feeding has many advantages, it has a major drawback: blood
lacks biotin and riboflavin, two essential micronutrients that insects cannot manufacture de novo. As obligate
hematophages, bed bugs overcome this limitation through a mutualistic relationship with Wolbachia
(Hosokawa et al., 2010; see also Chapter 20). The C. lectularius-specific strain (wCle) contains complete
operons for both riboflavin (vitamin B2) and biotin (vitamin B7) synthesis (Nikoh et al., 2014; Moriyama
et al., 2015). The nutritional importance of this symbiont is highlighted by the fact that it is found in both
sexes, all life stages, and in laboratory and field populations of bed bugs (Sakamoto and Rasgon, 2006;
Hosokawa et al., 2010). Moreover, it is mainly localized in a specially evolved organ called the bacteriome,
which is attached to the gonads (Usinger, 1966). Usually insect hosts with symbiotic Wolbachia have them
spread throughout the host’s tissue, rather than being localized (Dobson et al., 1999). The bacteriome consists
of bacteriocytic cells that contain endosymbiotic wCle at densities 2000—900 000 times higher than in other
bed bug organs (Hosokawa et al., 2010; Nikoh et al., 2014). As wCle is transferred to bed bug embryos via
maternal transmission (Hypsa and Aksoy, 1997), the location of the bacteriome close to the ovaries suggests
adaptive positioning for vertical transmission. The reason for their location next to the testes is less clear, but
may function to produce components of the seminal fluid (see Reinhardt et al., 2009a; Moriyama et al., 2012).
Wolbachia-cured bed bugs (such as those that have been fed with antibiotics) suffer retarded egg and nymphal
development, and reduced success at imaginal eclosion, resulting in sterility and reduced fecundity. These
effects are reversed when their food is supplemented with B vitamins (Hosokawa et al., 2010).

16.3 Anachoresis

It is likely that hematophagy evolved only once in the cimicids given its obligate nature across the group. All
hosts of cimicid species have some common features that have probably driven the host—parasite association:
they have relatively high body temperature and occur in predictable, often gregarious assemblages in enclosed
spaces such as caves and buildings (Reinhardt et al., 2007). Host switching to humans, in species that special-
ize in other primary hosts, appears to be driven by starvation in times of absence of the main host (see, for
example, Myers, 1928; Overal and Wingate, 1976). However, host switching may also have been facilitated by
spatial and temporal host overlap/co-existence, and it is likely that human specialists, such as C. lectularius,
C. hemipterus, and L. boueti, switched directly from bats to humans (Usinger, 1966), or via birds due to our
close relationship with domesticated species (Weidner, 1958) and species that utilize human habitation, such
as swallows and martins. Despite the hypothesized host switching, genetic analyses of populations of bed
bugs support the maintenance of two races of C. lectularius: human-associated populations that exhibit
elevated levels of inbreeding, and populations that remain associated with roosting bats and which exhibit
higher levels of genetic diversity, suggesting a different life history in terms of mortality and dispersal (Booth
et al. 2015).
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16.4 Flightlessness

Flightlessness is another shared trait in the cimicids and has some important consequences. A core life-history
strategy is concealment in harborages (or refugia) in the hosts’ iterative resting place and repetitive feeding on
the same host. Consequently, reduction in wing size makes anachoresis easier, and reduced investment in
wing-related tissue means resources can be channeled into enhanced egg production in females and sperm
production in males (bed bug males are limited in their ability to inseminate females because of the cost of
producing seminal fluid — not sperm) (Reinhardt et al., 2011). The reason for the high cost of seminal fluid is
likely because males enhance their reproductive investment by transferring these critical micronutrients
(notably B vitamins; see, for example, Reinhardt et al., 2009a). Another correlate of winglessness is repeated
feeding from the same host (a relative rarity in hematophagous insects in general). Adaptations such as ana-
choresis, flightlessness, and localization in the host’s resting place results in repeated contact between the
parasite and the same host. There is therefore little opportunity to vector potential disease organisms and this
aspect of bed bug biology may well explain why bed bugs do not transmit disease-causing pathogens (see also
Chapter 12). However, the suggestion of genetic divergence of races of bed bugs with different life history
characteristics (Booth et al., 2015), and differences in the biology of the three human-associated bed bugs may
have important consequences for disease transmission potential.

16.5 Reproduction

Bed bugs have a unique mode of copulation: despite the fact that female bed bugs have a genital tract, males
push a hardened needle-like intromittent organ (a modified paramere) through the female’s abdominal cuticle
and inseminate directly into her body cavity (Carayon, 1966). For this reason, copulation in bed bugs is termed
‘traumatic insemination’ (TI), and female cimicids have evolved a unique secondary genital system, called the
paragenital system, through which sperm move (Carayon, 1966). The structure of this anatomical feature var-
ies across cimicids, from being almost non-existent in Primicimex cavernis Barber, to being as, if not more,
complex than “normal” internal genitalia in Crassicimex sexualis Ferris and Usinger (Siva-Jothy, 2006). During
traumatic insemination the male deposits sperm into a unique organ, the mesospermalege, in which it remains
for about 4h (Carayon, 1966). Sperm then migrate through the blood into paired sperm-storage organs, the
seminal conceptacles, from where they migrate into the oviducts and fertilize eggs in the ovaries (Carayon,
1966). The trauma is anatomically localized in the female because of the presence of a groove in the female’s
fifth abdominal sternite (the ectospermalege; see Carayon, 1966; Stutt and Siva-Jothy, 2001). Females receive
approximately five traumatic inseminations per feeding (not necessarily from the same male), with a re-mating
interval of around 17 min (Stutt and Siva-Jothy, 2001). Cimex lectularius males direct their sexual interest at
recently fed females, who have reduced resistance to male mating attempts (Siva-Jothy, 2006).

The reproductive tract, in the strict sense of the term, of female cimicids persists because it is used during
oviposition. Males have never been observed to use the female’s genital tract for insemination in any bed bug
species. Female bed bugs therefore have both a paragenital tract that functions in mating and through which
sperm migrate to their eggs, and a genital tract that functions during oviposition. This mode of copulation is
costly for females as energy is expended both to repair damaged cuticle and to mount an immune response to
defend against the microbes introduced during copulation (Reinhardt et al., 2005), particularly when males
pierce alocation of the abdomen rather than the spermalege (Stutt and Siva-Jothy, 2001; Morrow and Arngqvist,
2003), which leads to elevated water stress (Benoit et al., 2012), and a reduction in egg production (Polanco
et al., 2011). The adult female counter-adaptation to TI is the mesospermalege, which reduces the costs of T1
(Morrow and Arngqvist, 2003; Reinhardt et al., 2003). Reproductively active males also attempt to copulate
with recently fed males and nymphs. In these cases, the recipient of the attention secretes alarm pheromone,
which deters copulation (Ryne, 2009; Harraca et al., 2010). This alarm response represents another adaptation
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to offset fitness costs. Males and nymphs lack the anatomical adaptations (the spermalege) of adult females
that allow them to withstand traumatic insemination in most bed bug species. However, Afrocimex constric-
tus Ferris and Usinger males also possess a spermalege, and examination of its mating system suggests aspects
of the ecology and the operational sex ratio may favor males to be less discriminating about whom they mate
with. The male possession of a spermalege may therefore have evolved in this species to offset the accidental
traumatic insemination of males by other males because of the increased probability of “mistaken identity’,
and because of the increased competition for available females (Reinhardt et al., 2007).

Considering that a female will mate with around five males per feeding cycle, and feeding cycles are itera-
tive, there is plenty of opportunity for sperm competition. The ejaculate size of males mating subsequent to
the first male is always approximately 50% of the volume of the first (Siva-Jothy and Stutt, 2003). The fact that
male bed bugs can detect the presence of another male’s ejaculate in their current mate’s spermalege (most
likely via chemodetection), and consequently reduce the volume of their ejaculate size (Siva-Jothy and Stutt,
2003), lends further support to the presence of as-yet-undocumented sperm competition effects in the bed
bug. In addition, because males control the rate of mating (Reinhardt et al., 2009b), the realized mating rate is
12-20 times higher than the rate required for maximum fecundity and, in the absence of other confounding
factors, mating reduces female lifespan and fecundity (Stutt and Siva-Jothy, 2001). Second-male sperm
appears to take precedence in terms of siring offspring, despite a longer copulation period and ejaculate vol-
ume transferred by the first male (Stutt and Siva-Jothy, 2001). This may be due to immunological attack of
sperm by the hemocytes in the spermalege (Carayon, 1966), leading to a compensatory increase in the ejacu-
late size of the male who mates with a virgin female. Because males traumatically puncture the female’s cuti-
cle, the likelihood of passing microbes into the female’s body cavity is high; the female therefore has to cope
with microbial “non-self” as well as the males’ sperm (also “non-self”) during the mating process. This adds
a unique dimension to sperm competition dynamics in this taxon. The seminal fluid of bed bugs can digest
bacterial components through lysozyme-like activity (LLA) (Otti et al., 2009) but shows no antimicrobial
peptide activity (as in Drosophila). Importantly, there is significant variation in this LLA titer, which may also
contribute to sperm competition or precedence after multi-male copulations via differential protection of
sperm from pathogens co-introduced during the TI process (Reinhardt et al., 2003, 2005). It is also apparent
that components of the ejaculate increase female reproductive output as well as delaying the onset of female
reproductive senescence (Reinhardt et al., 2009a), perhaps via increased protection for females from the LLA
or because seminal components also provide antioxidants and micronutrients (Reinhardt ez al., 2009b; Rao,
1974). Thus components of the ejaculate may provide fitness benefits to females through releasing them from
trade-offs between immune defense and fecundity (Reinhardt et al., 2009a). All these details, including the
unique route for the passage of sperm from testes to the ovaries and the polyandrous nature of the relation-
ship, result in bed bugs being an important model system for understanding sexual conflict (Chapman, 2006),
and particularly in understanding how sperm cells withstand the harsh internal environment of the female
(Reinhardt et al., 2009b). Despite the fact that female bed bugs are wounded and infected during copulation
(Reinhardt et al., 2003), it appears they still gain a net benefit from ejaculate components in terms of increased
reproductive rate and delayed reproductive senescence (Reinhardt et al., 2009a).

Another unique feature of bed bug biology is that fertilization occurs in the ovaries and females lay eggs that
have already begun the early stages of embryogenesis. After T1, the sperm move from the spermalege to the
seminal concepticles. From here they move toward the ovaries through hemolymph-filled canals running
inside the oviduct walls (the spermodes; Carayon, 1954; Davis, 1956; Steigner, 2001). Sperm eventually arrive
in the ovaries, where they either fertilize mature oocytes or die. Sperm are stored in the seminal conceptacles
(Carayon, 1966) and the sperm number transferred during the average copulation period is sufficient for
C. lectularius females to lay fertile eggs for approximately 35—-50 days after sexual isolation (Davis, 1956;
Khalifa, 1952; Stutt and Siva-Jothy, 2001). Sperm metabolic rate is positively correlated with the production
of damaging oxygen radicals, but in stored sperm these two components of sperm function are suppressed by
the female for up to an average of 9.5weeks (Reinhardt and Ribou, 2013). After this time, females become
infertile unless they re-mate, which coincides with the average time (of 8-9 weeks) that it takes sexually
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isolated females to produce sexually mature sons in a new infestation (Saenz et al., 2012; Reinhardt and Ribou,
2013): A single fertilized female can therefore generate a new colony not only by producing interbreeding
offspring, but also by re-entering the breeding pool once her sons reach sexual maturity.

16.6 EggLaying

In most species of bed bug, egg production begins 2—5 days after a blood meal, and maximum egg production
ensues during the first four feeding/oviposition cycles (Johnson, 1940; How and Lee, 2010; Polanco et al.,
2011). Some strains of bed bug have been shown to display differential egg production patterns, but overall
female fecundity does not appear to differ substantially among strains (Polanco et al., 2011). However, sexu-
ally isolated females show an increased laying rate due to release from the costs of multiple TIs (Stutt and Siva
Jothy, 2001), a phenomenon likely to promote successful growth of an initial infestation (Polanco et al., 2011).
Egg production stops rapidly if females do not feed, presumably because the proteins required for egg produc-
tion are lacking or because sperm migration to the ovaries is not initiated (Davis, 1956). Laying senescence
starts between days 30 and 200 of adult age, depending on species (Usinger, 1966; Ryckman et al., 1981) and
temperature (Janisch, 1935).

16.7 Host-seeking Behavior

Bed bug anachoresis is a major factor that hinders their effective control. Their habit of spending large
amounts of time in the refuge means they are hard to detect, especially in the early phases of an infestation,
and are inaccessible to most control agents and application methods. There are no empirical data on natural
behavior in and around harborages, so most of what is known about leaving and returning to harborages
comes from laboratory studies.

Leaving the refuge to feed is a necessity, and exposure during host-seeking and feeding is likely to carry the
highest risk of mortality and so drives the bed bug’s tendency to spend as little time as possible outside the
harborage. Consequently, understanding the drivers and processes underpinning host-seeking and refuge-
seeking behaviors are important goals to inform new pest-control strategies. When exposed to dark, heat, and
carbon dioxide cues (see, for example, Rivnay, 1932; Singh et al., 2012), hungry bed bugs will begin host seek-
ing (Aak et al., 2014). However, it is likely that there are other cues used to successfully find a suitable host:
body odor is a common attractant in other hematophages (for example, mosquitoes; Takken and Verhulst,
2013) and vibration is also likely to be a signal for host presence. After feeding, the insects return to the refuge
within around 30min but if they are unable to feed, both sexes will continue to search for a host for many
hours, before returning to the refuge approximately 2 h before daytime (Reis and Miller, 2011). In the presence
of appropriate host stimuli, which modulate the movement of bed bugs (Anderson et al., 2009; Harraca et al.,
2012), host-seeking behavior is characterized by a spiraling and tortuous meander (Rivnay, 1932). Bed bugs
do not appear to wait for hosts if they are starved; rather they travel into other rooms or apartments, and
infestations and can spread out from infested apartments to neighboring apartments via the hallways (Wang
et al., 2009, 2010). Feeding behavior in C. lectularius coincides with periods of minimal host activity (usually
sleeping). After an adult C. lectularius fully engorges on host blood, it returns to its refugium. Under ad libitum
conditions, imaginal C. lectularius feed once per week (Usinger, 1966). This iterative behavior is likely to be a
facultative adaptation to the host’s circadian rhythms and C. lectularius shows a clear nocturnal pattern
(Romero et al., 2010). Activity patterns also appear to change contingent on different cues and starvation level
(Romero et al., 2010).

Bugs that have recently fed generally show low levels of activity after they have returned to their refugia
(Reis and Miller, 2011), but how activity changes with level of starvation appears to be gender dependent
(Romero et al., 2010). Male activity increases for a few days after feeding, presumably as a resource-driven
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trigger for mate finding, but then decreases. Conversely, female activity is low in the first few days after feed-
ing and increases as starvation ensues (Romero et al., 2010). Generally, female responses to the host are
stronger and become active sooner after starvation (Aak et al., 2014). These differences in behavior between
the sexes map onto the diverging energy resources required for reproduction; that is, egg production begins
around four days after feeding, which corresponds to the increase in female activity post-feed (Usinger, 1966;
Aaketal., 2014). Females also found new infestations, so their increased activity may be a bet-hedging strategy
to distribute eggs to form new infestations (Hopper, 1999; Aak et al., 2014).

16.8 Harborage Seeking Behavior and Aggregation

The bed bug’s anachoretic behavior drives these insects into spatially restricted harborages. However,
they do not distribute themselves randomly with respect to the positioning or the availability of these
refugia. They tend to use harborages close to the host (presumably to reduce travel time to and from
feeding) and they tend to aggregate. Harborage preference is driven by the presence of volatiles derived
from faeces, exuvia, and the bed bug aggregation pheromone (Siljander et al., 2008; Olson et al., 2009;
Domingue et al., 2010; see also Chapter 17). Experiments by Naylor (2012) revealed that when given a free
choice of a continuous harborage (a single three-meter strip of paper), bed bugs did not all cluster at the
end closest to the feeding point, but distributed themselves in discrete clusters. This phenomenon is
commonly seen in the field (Figure 16.1) and it is unclear why bed bugs distribute themselves in this way.
Equally unclear are the factors and sensory drivers that bed bugs use to choose new harborages, either as
a population expands within an infestation, or as it colonizes a new site after dispersing. Understanding
these features of their biology will be critical in designing effective traps and monitors. Naylor (2012) also
showed that habitat complexity would alter the tendency for bed bugs to disperse. Habitats with more
complexity (three strips as opposed to one or two) sustained larger populations for a longer period. The
habitat with a single strip showed evidence of dispersing bed bugs (moving more than 3 m away from the
host) long before the phenomenon became apparent in the other treatments.

16.9 Dispersal

There are two types of dispersal used by insects: active and passive. Active dispersal is where the organism
moves through its own ability. Although more commonly seen in mammals and birds, some insect species are
capable of actively dispersing great distances. For example, the Monarch butterfly (Danaus plexippus L.) is
capable of actively dispersing by flying thousands of miles (Urquhart and Urquhart, 1978). Active dispersal for
flightless insects such as C. lectularius has a much more limited range and is likely to not be important over
large distances. Passive dispersal is where the organism relies on processes such as wind or other organisms
for dispersal. The complex network of human movement and trade acts as a vector for passive insect disper-
sal. For example, a new insect species is found in 1 out of 54 shipping containers entering US ports (Work
et al., 2005).

The global resurgence of C. lectularius has highlighted how little is currently known of its dispersal
patterns and what drives dispersal. Measuring the dispersal of any insect species between populations is
very difficult, but advances in molecular tools allow genetic differences and relatedness within and between
populations to be easily determined. Several studies have investigated relatedness between C. lectularius
populations at different spatial scales (see also Chapter 18). When multiple infestations occur within a
building such as an apartment complex, there appears to be low genetic variability between infestations,
suggesting all populations within the complex arise from a single (or few) founding female(s) (Booth et al.,
2012; Saenz et al., 2012; Akhoundi et al., 2015; Raab et al., 2016). In contrast, there is a high level of
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Figure 16.1 An infested bed frame showing the distinctive periodic and equidistant distribution of bed bug “clusters’, despite
the homogeneity of the refuge (courtesy of Richard Naylor, The Bed Bug Foundation, UK).

genetic divergence between C. lectularius populations infesting different buildings across cities (Akhoundi
et al., 2015), and both within (Saenz et al., 2012; Narain et al., 2015) and between countries (Fountain et al.,
2014). The distance between these isolated populations has no effect on their relatedness (Akhoundi et al.,
2015) suggesting that C. lectularius establish in buildings stochastically after spreading through passive
dispersal.

What triggers localized dispersal in C. lectularius is currently unknown, but is a major issue when trying to
control the spread of C. lectularius infestations within apartment blocks. When placed in the middle of a
small (71 x51cm) lit arena, unfed bed bugs were less likely to disperse from the release point than those
recently fed (Goddard et al., 2015). This is contrary to other established theories, which suggest lack of a
host — that is, hunger — is a trigger for dispersal (see, for example, Pinto et al., 2007; Cooper et al., 2015).
Population density may be a cue triggering active dispersal; Naylor (2012) found that dispersal behavior in a
laboratory population only occurred as a consequence of increasing population size.

Directly measuring C. lectularius dispersal in the field by traditional methods such as mark-recapture is
difficult due to the size of the organism and the ethical implications for the human occupants of the infested
building. One study overcame these obstacles: Cooper et al. (2015) collected, marked, and released C. lectu-
larius in six apartments and monitored all adjoining units. They found patterns of extensive movement within
and between apartments regardless of whether there was a host present or not, suggesting these insects have
active mobility that may not be driven by hunger alone, but instead by endogenous rhythms of activity.
Laboratory work by Romero et al. (2010) showed evidence that spontaneous activity (non-host dependent) is
driven by a circadian rhythm. Another surprising result from this study was extensive periods of activity and
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survival of even early instars in the absence of hosts; unfed first and second instars were still alive after five
months of no host presence. However, as the study was performed in a temperate location, the results are
unlikely to be representative of all latitudes.

Single mated females have been suggested to be the dispersing phenotype (see, for example, Pfiester et al.,
2009) because they can “seed” a new population. However, it is unclear whether dispersal is an active or sto-
chastic process: whether all ages and both sexes are equally likely to “disperse” (as suggested by Cooper et al.,
2015), or whether only mated females disperse. One hypothesis is that mated females disperse to avoid exces-
sive TI by males. Given that observed sex ratios in natural populations tend towards 1:1 (Stutt and Siva-Jothy,
2001) it is unlikely that females have a higher propensity to disperse compared to males. Whatever the disper-
sal mechanism, newly established populations will have gone through a bottle-neck; it is therefore likely that
bed bugs are adapted to repeated cycles of inbreeding. Population genetic data supports the notion that new
infestations go through a bottle-neck (see, for example, Fountain et al., 2014), but is less clear whether bed
bugs are adapted to inbreeding or suffer from outbreeding depression. Fountain et al. (2015) created inbred
and outbred crosses and showed that outbred lines had significantly higher survival rates under starvation
conditions compared to inbred offspring. However, by the third generation of outbreeding, there was no
longer a survival benefit. Outbreeding may initially result in fitness advantages under stressful conditions, but
these are lost if outbreeding continues. At present it is unclear how, or if, bed bugs cope with the deleterious
effects of repeated cycles of inbreeding.

In this chapter, aspects of bed bug biology are reviewed under the themes that drive their “pest” status: their
feeding, their anachoretic behavior, and their ability to cope with population bottle-necks. These traits
have made them incredibly effective human ectoparasites and underpin the issues that make them so difficult
to control.
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Chemical Ecology
Gerhard Gries

17.1 Introduction

This chapter summarizes current knowledge about the chemical ecology of the Common bed bug, Cimex
lectularius L., and the Tropical bed bug, Cimex hemipterus (F.), and is organized in three sections. Section 17.2
highlights the sensory basis (olfaction and contact chemoreception) for the reception of semiochemicals
(semio (Latin) =message; semiochemicals = message-bearing chemicals), which precedes any behavioral
response. Section 17.3 describes the types of pheromones that C. lectularius and C. hemipterus produce for
communication, and the analytical methods and behavioral bioassays applied to identify them. Section 17.4
presents the foraging cues that C. lectularius exploits to locate hosts. This section is concise because the topic
is also covered in Chapter 16. As C. lectularius has been more intensely studied, it is the focal species in this
chapter and will be referred to as “bed bug” If C. hemipterus is mentioned in any context, it is only if pertinent
information is available.

17.2 Olfaction and Contact Chemoreception

17.2.1 General Introduction

Sensory reception of odorants in hematophagous insects proceeds in several steps (Gullan and Cranston,
2000; Logan and Birkett, 2007; Guidobaldi et al., 2014). Odorants enter the olfactory sensilla on the insects’
antennae through pores. Odorant-binding proteins then transport odor molecules through the sensillum
lymph to specific odorant receptors located in dendrites of olfactory receptor neurons (ORNs) (Guidobaldi
et al., 2014). The variable chain of the olfactory receptor binds the odor molecule and confers specificity,
whereas the somewhat universal constant chain of the receptor (Jones et al., 2005) functions as an odorant
receptor co-receptor (Orco) that is critical for olfaction but does not directly bind to odorants. Upon binding
an odor molecule, the odorant receptor/Orco complex mediates cation influx and signal transduction
(Guidobaldi et al., 2014), generating receptor and action potentials (Hallem et al., 2006; Grant and Dickens,
2011; Leal, 2013) that are interpreted by the central nervous system, and followed by behavioral responses. In
single sensillum recordings, these neuronal responses to odorants can be characterized in terms of number of
action potentials (spikes), the spike amplitude, and the temporal dynamics in spike occurrence following
exposure to odorants (Liu and Liu, 2015).

In bed bugs, olfaction and contact chemoreception are of paramount importance in the context of foraging
and intraspecific communication (aggregation, alarm behavior, and mate recognition). The sensory receptors
are located on the antennae and have been investigated in morphological, histological, electrophysiological,
molecular, and behavioral studies, sometimes with partially or completely antennectomized insects.
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17.2.2 Olfactory Sensilla on Bed Bug Antennae and their Responses to Odorants

The antenna of bed bugs consists of a barrel-shaped scapus, an elongated pedicellus, and a two-segmented
flagellum (Levinson et al., 1974a). The 44 olfactory sensilla are located on the terminal antennal flagellum
(Steinbrecht and Miiller, 1976). They comprise 9 grooved peg sensilla (C sensilla) housing 4-5 olfactory cells,
6 smooth peg sensilla (D sensilla) housing 8—19 olfactory cells, and 29 hairs (E sensilla) housing 1-3 olfactory
cells (Steinbrecht and Miiller, 1976; Harraca et al., 2010). The remaining surface of the antenna bears bristles
that have mechanoreceptive or contact chemoreceptive functions (Steinbrecht and Miiller, 1976).

Morphological studies of C. hemipterus and C. lectularius antennae have come to inconsistent conclusions
regarding the number, distribution, and types of sensilla borne on the antennae. Singh et al. (1996) inferred
that C. hemipterus antennae have more olfactory and mechanoreceptive sensilla than C. lectularius antennae,
and that C. hemipterus females have 1.5 times more C- and D-type sensilla than males. Other studies (Prakash
et al., 1996; Liedtke et al., 2011) found no such sexual dimorphism and concluded (Liedtke et al., 2011) that
the total number, distribution, and types of sensilla born on C. hemipterus antennae correlate well with find-
ings reported for C. lectularius (Steinbrecht and Miiller, 1976; Harraca et al., 2010).

The morphology of bed bug sensilla is correlated with the electrophysiological responses of the ORN’s that
they house (Harraca et al., 2010). Subjecting sensilla to odorants that elicited behavioral responses from bed
bugs or other hematophagous insects revealed that ORNs in all nine grooved peg (C) sensilla respond to
ammonia in a dose-dependent manner, whereas ORNS in the six smooth peg (D) sensilla responded to a-
pinene, indole, ethyl butyrate, 6-methyl-5-hepten-2-one, (E)-2-hexanal, (E)-2-octenal, and dimethyltrisulfide
(DMTS) (Harraca et al., 2010). D sensilla were grouped into three functional pairs (Da, D, Dy) based on their
response spectra to test odorants (Harraca et al., 2010). Interestingly, the two aldehydes and DMTS were later
determined to be essential components of the bed bug aggregation pheromone (Gries et al., 2015).

Asbed bugs sense human host odors (Aboul-Nasr and Erakey, 1968), neuronal responses of bed bugs to 104
human odorants were thoroughly investigated by Liu and Liu (2015). The study revealed that D-type recep-
tors detect human odorants, and that aldehydes (C3—-C10) and various types of alcohols, in particular, trigger
strong receptor responses. This suggests that these two groups of odorants may play a role as semiochemicals
during foraging. In contrast, carboxylic acids, the largest cohort of human odorants that attract other blood-
feeding insects (Lehane, 2005), elicited only weak receptor responses (Liu and Liu, 2015).

In a study focused on potential repellent semiochemicals for bed bugs, Liu et al. (2014) investigated the
responses of olfactory sensilla to synthetic or botanic odor sources that are repellent to other insects and
ticks. In their study, Dy sensilla produced high firing rates (spikes/sec) when exposed to terpenes and terpe-
noids including eucalyptol and camphor. Specific sensilla of Culex quinquefasciatus Say mosquitoes also
respond to eucalyptol and camphor, supporting the notion that olfactory sensilla may have converged func-
tion across blood-feeding insects (Liu et al., 2013). Whether and to what extent terpenes or terpenoids are
equally repellent to various blood-feeding insects is yet to be investigated.

17.2.3 Molecular Mechanisms Underlying Olfaction

The molecular mechanisms underpinning the electrophysiological responses of bed bug ORNSs to odorants
have rarely been examined. Employing RNA sequencing of bed bug sensory organs, Hansen et al. (2014) iden-
tified partial cDNAs of at least six odor-binding proteins and of at least 16 odorant receptors. They also char-
acterized the bed bugs’ Orco, a 451 amino acid protein, and reported its expression in olfactory receptor
neurons and spermatozoa. In a nearly parallel study, Liu and Liu (2015) succeeded in annotating two putative
odorant receptors and their co-receptors, expressing them in Xenopus (African clawed frog) oocytes, and in
recording action potentials of such oocytes in response to human odorants. The Orco amino sequence of bed
bugs most closely aligns with that of the kissing bug Rhodnius prolixus (Stahl), and resembles the Orco of
plant bugs, such as Apolygus lucorum (Meyer-Diir) and Lygus hesperus (Knight), more closely than that of
other insects, including mosquitoes (Hansen et al., 2014; Liu and Liu, 2015).
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Much less is known about contact chemoreceptors on the antennae of bed bugs. In a study aimed at understanding
the sensory basis for the arrestment behavior (aggregation by reduced or suspended locomotory activity) of
bed bugs (Olson et al., 2009), the propensity of bed bugs to arrest on bed bug-exposed paper, which contains
the aggregation pheromone including the arrestment-inducing component histamine (Gries et al., 2015), was
reduced following the removal of the antennal pedicel (Olson et al., 2009). It is thus conceivable that the
contact chemoreceptor for histamine is located on the pedicel of the antennae.

Bed bugs have fewer odor-binding proteins and odorant receptors than kissing bugs (R. prolixus) and
mosquitoes (Anopheles gambiae Say, Aedes aegypti L.) (Bohbot et al., 2007; Hansen et al. 2014), correlating
well with the low number of olfactory sensilla (44) present on bed bug antennae (Steinbrecht and Miiller,
1976). The fact that bed bugs have 50-fold fewer olfactory sensilla than the hematophagous hemipteran Triatoma
infestans (Klug) (Lehane, 2005), which unlike bed bugs feeds on diverse vertebrate hosts, underlines the close
association of bed bugs with their human host (Hansen et al., 2014). With the bed bug genome now sequenced
(Benoit et al., 2016), further studies on bed bug olfaction and contact chemoreception can be expected to
proceed at an accelerated pace.

17.3 Pheromones

17.3.1 Alarm Pheromone

In a state of alarm, bed bug nymphs and adults discharge the content of their scent glands, thus triggering
increased activity and ultimately dispersal from the site of alarm pheromone release (Levinson and Bar Ilan,
1971; Levinson et al., 1974b). Scent glands contain (E)-2-hexenal and (E)-2-octenal in large proportions
(77-92%), with smaller proportions (8—27%) of 2-butanone, acetylaldehyde and, in nymphs, 4-oxo-(E)-2-
hexenal and 4-oxo-(E)-2-octenal (Feldlaufer et al., 2010). The blend of (E)-2-hexenal and (E)-2-octenal was
as bioactive as the entire scent gland content (Levinson et al., 1974b), indicating that these two aldehydes
represent the complete alarm pheromone of bed bugs. The threshold concentration at which the airborne
alarm pheromone elicits alarm behavior is much higher than the sensory detection threshold, suggesting
that the alarm pheromone components at low concentration may play a role in a context other than alarm
behavior (see aggregation pheromone).

The selectivity of the alarm pheromone receptor was tested by exposing E1- and E2-type sensilla to
(E)-2-hexenal and (E)-2-octenal, the corresponding alkenes — (E)-hexene and (E)-2-octene — and to three
saturated aldehydes (hexanal, pentanal, butanal) (Levinson et al., 1974b). Measuring the resulting recep-
tor potentials (voltages), it became apparent that molecular prerequisites of a possible ligand to stimu-
late the alarm pheromone receptor are a chain length of at least six carbon atoms and a terminal carbonyl
group, whereas a double bond at C2 is immaterial. Levinson et al. (1974b) conceded that ORNs in sen-
silla adjacent to the E1- and E2-types may have contributed to the recorded receptor potentials, and
Harraca et al. (2010) demonstrated that ORNs responding to the alarm pheromone are housed exclu-
sively in D sensilla.

Studying the alarm pheromone of C. hemipterus, Liedtke et al. (2011) reported that distressed males,
females, and nymphs emit (E)-2-hexenal and (E)-2-octenal at adult- and nymph-specific ratios and that C.
hemipterus nymphs, like C. lectularius nymphs (Feldlaufer et al., 2010), also emit two oxo-aldehydes, namely
4-0x0-(E)-2-hexenal and 4-oxo-(E)-2-octenal. At high concentration, whole-body extract of nymphs (but not
of males or females) repels nymphs as well as male and female adults (Liedtke et al., 2011).

17.3.2 Aggregation Pheromone

Bed bugs aggregate within harborages (Usinger, 1966; Figure 17.1) and return to them after each blood meal
(Reis and Miller, 2011). As early as 1955, the aggregation behavior of bed bugs was attributed to a “nest odor”
(Marx, 1955), which is now recognized as aggregation pheromone. Various studies investigated the effects of
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Figure 17.1 Following a recent blood
meal, replete Cimex lectularius aggregate
in folds of bed linen.

bed bug strain, developmental stage, sex, and mating and feeding status on the responses of bed bugs to
sources of the aggregation pheromone (Weeks et al., 2011a). For pheromone analysis, it was most critical to
know that bed bugs sense aggregation pheromone both by olfaction (Siljander et al., 2008; Weeks et. al.,
2011b) and contact chemoreception (Siljander et al., 2007), indicating that the pheromone blend comprises
volatile and non-volatile components.

An early attempt to identify the volatile components of the aggregation pheromone had limited success.
While the research afforded an eight-component synthetic blend that attracted bed bugs in the laboratory
(Siljander et al., 2008), the blend was ineffective in the field (Gries et al., unpublished results), indicating that
one or more components of the aggregation pheromone were still missing. A recent study identified all essen-
tial components of the aggregation pheromone (Gries et al., 2015) and is described here in detail not only to
convey the complexity of the pheromone analyses but also because the synthetic aggregation pheromone
holds promise as a bait for effective bed bug traps (Bennett et al., 2016).

Pheromone analyses focused on bed bug feces and exuviae (Figure 17.2), which are both present in bed bug
shelters and have been associated with arrestment behavior (Domingue et al., 2010; Reis, 2010). Two-choice,
still-air, single-insect olfactometer experiments established that physical contact with exuviae is required to
induce the arrestment behavior, indicating that the arrestant component is sensed by contact chemoreception
rather than olfaction. To isolate the arrestant for molecular characterization, more than 18 000 shed bed bug
exuviae as well as filter paper stained with bed bug feces were extracted with organic solvents and bioassayed
(Gries et al., 2015). Only methanol extracts of exuviae and feces-stained paper induced the arrestment behav-
ior of bed bugs, indicating that the arrestant component has unusual pheromonal properties and thus would
not be detectable in routine pheromone analyses by gas chromatography-mass spectromety (GC-MS).
Analyzing bioactive methanol extracts by two-dimensional nuclear magnetic resonance spectroscopy rather
than by GC-MS, and testing identified candidate pheromone components — amino acids, histamine, N-
acetylglucosamine, dimethylaminoethanol, 3-hydroxy-kynurenine-O-sulfate — in laboratory bioassays, dem-
onstrated that only histamine (Figure 17.3) induced arrestment behavior of bed bugs (Gries et al., 2015).
However, histamine has low volatility (boiling point >200°C), lacks attractive properties, and when presented
physically inaccessible to bed bugs elicits no behavioral responses.

The inability of histamine to attract bed bugs prompted the search for additional attractive pheromone
components. Focusing on bed bug feces, a proven source of the arrestant pheromone, feces-stained filter
paper was heated to 90°C to enhance the release of volatiles. Analyzing these volatiles by GC-MS resulted in
the identification of a complex blend of 15 compounds with either oxygen or sulfur hetero-atoms. With
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Figure 17.2 Exuviae and feces (dark spots on filter paper) of Cimex lectularius, sources of the aggregation pheromone.
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Figure 17.3 Types of Cimex lectularius pheromones: (a) alarm pheromone produced by nymphs and adults in a state of alarm
causing dispersal; (b) aggregation pheromone mediating aggregation of all instar nymphs as well as male and female adults;
(c) anti-mating pheromone released by males mounted by males; and (d) anti-aphrodisiac pheromone produced by nymphs
mounted by males. Notes: (1) some of the same components re-occur in context-specific functions; (2) in Cimex hemipterus,
whole-body extracts of nymphs [containing the components in (d)] - but not of males or females - repel nymphs as well as
male and female adults. Sources: Levinson and Bar llan (1971), Levinson et al. (1974b), Feldlaufer et al. (2010), Harraca et al.
(2010), Ryne (2009), Liedtke et al. 2011, Gries et al. (2015).
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evidence that the 15-component blend attracted bed bugs in olfactometer experiments, 35 follow-up experi-
ments determined the essential volatile pheromone components (VPCs) of the blend (Figure 17.3) (Gries
et al., 2015):

o two sulfides: dimethyldisulfide (DMDS) and dimethyltrisulfide (DMTS)
o two aldehydes: (E)-2-hexenal, (E)-2-octenal
o one ketone: 2-hexanone.

The effectiveness of these VPCs and histamine on attraction and arrestment behavior of bed bugs was
ultimately tested in bed bug-infested premises (Gries et al., 2015). Experimental replicates consisted of paired
corrugated cardboard shelter traps placed against a wall or furniture. Within each pair, one trap was baited
with the complete pheromone blend (VPCs and histamine) or a partial blend (VPCs or histamine), whereas
the other trap was unbaited. In these experiments, the complete synthetic blend was highly effective, attract-
ing and retaining up to 6.7 times more bed bugs than unbaited control traps. Traps baited with partial blends,
in contrast, were as ineffective as unbaited control traps. These results demonstrated a remarkable synergism
between the VPCs that attract bed bugs and histamine that causes their arrestment upon contact. Capturing
all five nymphal instars (fed and non-fed) as well as male and female adults (fed and non-fed) in pheromone-
baited traps is evidence that the pheromone attracts and retains bed bugs irrespective of their developmental
stage, gender, or feeding status.

The aggregation pheromone is unusual in that it contains oxygen-, sulfur-, and nitrogen-containing
components, which as a blend induce both attraction and arrestment of bed bugs. DMDS and DMTS are
typically associated with microbial decomposition of organic materials (Khoga et al., 2002) but are clearly
also components of the aggregation pheromone. This is backed by data showing that synthetic pheromone
blends without these two sulfides are ineffective (Gries et al., 2015) and that specific olfactory sensilla on the
bed bugs’ antennae are “tuned” to DMDS and DMTS (Harraca et al., 2010). That the alarm pheromone com-
ponents (E)-2-hexenal and (E)-2-octenal are also part of the aggregation pheromone supports the idea that
pheromone components can express attractive or repellent properties in a dose-dependent manner, as has
also been shown for bark beetles (Miller et al., 2005). The two aldehydes at high concentration alarm bed
bugs (Levinson and Bar Ilan, 1971; Levinson et al., 1974b) but at low concentration attract them (Ulrich
et al., 2016).

In search for the aggregation pheromone of C. hemipterus, Mendki et al. (2014) identified 33 volatile constituents
in C. hemipterus feces, laboratory bioassayed synthetic components both individually and in groups of identical
chemical functionality (for example, aldehydes or esters), and concluded that hexanoic acid, (E)-2-hexenoic acid,
hexanal, and (E)-2-hexenal elicit positive behavioral responses in nymphs and adults. Whether these compounds
are effective attractants in field settings and truly serve as pheromone components has yet to be tested.

17.3.3 Sex-attractant Pheromone

Sex-attractant pheromones (produced by one sex and attracting a prospective mate) do not seem to exist in
bed bugs. Of several possible explanations (Reinhardt et al., 2008), the most plausible may be that virgin (but
not mated) females respond to aggregation pheromone (Siljander et al., 2008) and together with nymphs and
males form large-density aggregations (Reinhardt and Siva-Jothy, 2007) where they have ample mating opportunities
even without attracting males.

17.3.4 Anti-mating and Anti-aphrodisiac Pheromones

With no evidence for a bed bug sex attractant pheromone and just movement of any bed bug-sized or
shaped object prompting approach and mounting by males (Rivnay, 1933; Schaefer, 2000), mate recognition
appears to rely primarily on cues perceived after mounting. They include morphological, tactile, and behavioral
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traits of the mounted individual (Rivnay, 1933; Davis, 1956) as well as the pheromone it releases in response
to being mounted (Ryne, 2009). Surprisingly, cuticular hydrocarbons as potential contact pheromones do not
differ between male and female bed bugs (Feldlaufer and Blomquist, 2011). However, males and females
respond differently in response to being mounted. Unlike females, males mounted by males emit alarm pher-
omone, thus signaling their sex and reducing the duration of homosexual mountings (Ryne, 2009). In this
male—male context the alarm pheromone serves as an anti-mating signal, benefiting both parties: the mounted
male, who is less likely to be wounded by hypodermic insemination attempts of the mounting male, and the
mounting male, who otherwise would miss real mating opportunities and waste spermatozoa and seminal
fluid (Ryne, 2009), constraining future mating rates (Reinhardt et al., 2011).

Parallel “interests” of males (optimal reproductive fitness) and nymphs (least possible injury) have likely
driven the evolution of communication also between nymphs and males, because both signaler (nymph) and
receiver (male) benefit from the information transfer (Haynes et al., 2010). Late instar nymphs overlap in size
with adult females and thus are potential mate targets for males. Harraca et al. (2010) hypothesized, and
showed experimentally, that nymphs emit deterrent semiochemicals that act as a status signal, reducing sex-
ual harassment of nymphs and saving energy for males. Harassed by males, nymphs emit from their unique
dorsal abdominal scent gland a four-component blend of (E)-2-hexenal, (E)-2-octenal, 4-oxo-(E)-2-hexenal,
and 4-oxo-(E)-2-octenal, the former three components detected by olfactory receptor neurons on the males’
antennae (Harraca et al., 2010). Nymphs with their scent gland experimentally blocked were mated by males
as often as females, and exposure of male—female pairs to either 4-oxo-(E)-2-hexenal, or (E)-2-hexenal and (E)-2-
octenal, decreased the rate of mating to a level not different from that of male—nymph pairs (Harraca et al.,
2010). These data together demonstrate that the alarm pheromone of bed bugs not only informs conspecifics
of potential danger, but as an anti-mating or anti-aphrodisiac pheromone also plays a communicative role
between males, and nymphs and males, reducing the risk of injury to males and nymphs, and enhancing the
reproductive fitness of males.

17.4 Host Seeking

The reliance of bed bugs on their (human) host for development, reproduction, and survival (Usinger, 1966;
Reinhardt and Siva-Jothy, 2007) provides selection pressure for the evolution of “host-guided” foraging behav-
ior. Marx (1955) concluded that bed bugs sense their hosts from a distance of at least 1.5m and he surmised
that host encounters are not random but mediated by host cues, primarily host breath (containing CO, and
volatile odorants) and host body heat.

Carbon dioxide on its own, or in combination with human odorants and heat, is the most important host forag-
ing cue for bed bugs (Marx, 1955; Anderson et al., 2009; Wang et al., 2009; Aak et al., 2014). Humans and experi-
mental CO, are comparable in their ability to trigger foraging by bed bugs (Aak et al., 2014). Human breath not
only prompts foraging responses but also guides bed bugs to the site of release (Suchy and Lewis, 2011).

Even though bed bugs can sense heat and resolve differentials between host body and room temperatures
of just 1-2°C (Weeks et al., 2011a), the contributing effect of heat to the human-host cue complex during host
foraging is limited. The thermal gradient between any warm object such as a warm-blooded host and its sur-
rounding is steep (Baierlein, 1999), and bed bugs fail to detect it over a distance of merely a few centimeters
(Aboul-Nasr and Erakey, 1967). This may explain the inconsistent effect of heat in bed bug trapping experi-
ments (Anderson et al., 2009; Wang et al., 2009).

Least understood is the role of host odorants on foraging behavior of bed bugs. As trap baits, synthetic
blends of human odorants such as

e propionic acid, butyric acid, valeric acid, L-lactic acid, and (RS)-1-octen-3-ol (Anderson et al., 2009)
e L-lactic acid and (RS)-1-octen-3-ol (Wang et al., 2009)
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afforded inconclusive effects on bed bug captures, probably because these odorants — while attractive to kissing
bugs (Barrozo and Lazzari, 2004a,b) — are not perceived by bed bug olfactory sensilla (Harraca et al., 2010; Liu
and Liu, 2015). Based on evidence that bed bugs distinguish between host odors (Aboul-Nasr and Erakey,
1968) and sense skin emanations (Rivnay, 1932), Harraca et al. (2012) collected and tested odorants from
human volunteers, concluding that human odor, on its own, has only a weak effect on bed bug behavior. At
close range to a host, the odor of sebaceous gland secretions from the skin (sebum) and ear (cerumen) was
found to be attractive to bed bugs (Rivnay, 1932; Aboul-Nasr and Erakey, 1968; Weeks et al., 2011a), whereas
human sweat elicited attractive, indifferent, or repellent responses (Rivnay, 1932; Aboul-Nasr and Erakey,
1968; Levin, 1975). Once in contact with the host, the warm skin triggers probing by bed bugs followed by
engorgement (Araujo et al., 2011), with adenosine triphosphate serving as an effective phagostimulant
(Romero and Schal, 2014).

To conclusively assess a potential semiochemical function of odorants in human breath and skin emana-
tions, future studies need to thoroughly test a select group of odorants (see, for example, Liu and Liu, 2015)
in combination with specific human host cues, primarily carbon dioxide and heat.

References

Aak, A., Rukke, A.S. and Rosnes, M.K. (2014) Questing activity in bed bug populations: male and female
responses to host signals. Physiological Entomology, 39 (3), 199-207.

Aboul-Nasr, A.E. and Erakey, M.A.S. (1967) On the behaviour and sensory physiology of the bed bug: 1.
Temperature reactions (Hemiptera: Cimicidae). Bulletin of the Entomological Society of Egypt, 51, 43—54.

Aboul-Nasr, A.E. and Erakey, M.A.S. (1968) The effect of contact and gravity reactions upon the bed bug, Cimex
lectularius L. Bulletin of the Entomological Society of Egypt, 52, 363—370.

Anderson, ].F,, Ferrandino, F.J., McKnight, S., Nolen, J. and Miller, J. (2009) A carbon dioxide, heat and chemical
lure trap for the bedbug, Cimex lectularius. Medical and Veterinary Entomology, 23 (2), 99-105.

Araujo, R.N., Gontijo, N.F,, Guarneri, A.A., et al. (2011) Electromyogram of the cibarial pump and the feeding
process in hematophagous Hemiptera. In: Advances in Applied Electromyography (ed. J. Mizrahi), InTech,
Rijeka, pp. 137-158.

Baierlein, R. (1999) Thermal Physics, Cambridge University Press, Cambridge.

Barrozo, R.B. and Lazzari, C.R. (2004a) The response of the blood-sucking bug Triatoma infestans to carbon
dioxide and other host odours. Chemical Senses, 29 (4), 319-329.

Barrozo, R.B. and Lazzari, C.R. (2004b) Orientation behaviour of the bloodsucking bug Triatoma infestans to
short chain fatty acids: synergistic effect of L-lactic acid and carbon dioxide. Chemical Senses, 29 (9), 833—841.

Bennett, G.W., Gondhalekar, A.D., Wang, C., Buczkowskia, G. and Gibb, T.J. (2016) Using research and education to
implement practical bed bug control programs in multifamily housing. Pest Management Science, 72 (1), 8—14.

Benoit, J.B., Adelman, Z.N., Reinhardt. K., et al. (2016) Unique features of a global human ectoparasite identified
through sequencing of the bed bug genome. Nature Communications, 7, 10165.

Bohbot, |, Pitts, R.J., Kwon, H.W., et al. (2007) Molecular characterization of the Aedes aegypti odorant receptor
gene family. Insect Molecular Biology, 16 (5), 525-537.

Davis, N.T. (1956) The morphology and functional anatomy of the male and female reproductive systems of
Cimex lectularius L. (Heteroptera, Cimicidae). Annals of the Entomological Society of America, 49 (5), 466—493.

Domingue, M.J., Kramer, M. and Feldlaufer, M.F. (2010) Sexual dimorphism of arrestment and gregariousness in
the bed bug (Cimex lectularius) in response to cuticular extracts from nymphal exuviae. Physiological
Entomology, 35 (3), 203-213.

Feldlaufer, M.F. and Blomquist, G.J. (2011) Cuticular hydrocarbons from the bed bug Cimex lectularius L.
Biochemical Systematics and Ecology, 39 (4-5), 283-285.

Feldlaufer, M.F,, Domingue, M.]., Chauhan, K.R. and Aldrich, J.R. (2010) 4-Oxo-aldehydes from the dorsal
abdominal glands of the bed bug (Hemiptera: Cimicidae). Journal of Medical Entomology, 47 (2), 140-143.



Chemical Ecology

Grant, A.J. and Dickens, J.C. (2011) Functional characterization of the octenol receptor neuron on the maxillary
palps of the yellow fever mosquito, Aedes aegypti. PLoS ONE, 6, e21785.

Gries, R., Britton, R., Holmes, M., Zhai, H., Draper, J. and Gries, G. (2015) Bed bug aggregation pheromone finally
identified. Angewandte Chemie International Edition, 54 (4), 1135 —1138.

Guidobaldi, F., May-Concha, 1.]. and Guerenstein, P.G. (2014) Morphology and physiology of the olfactory system
of blood-feeding insects. Journal of Physiology Paris, 108 (2-3), 96-111.

Gullan, PJ. and Cranston P.S. (2000) Sensory systems and behaviour. In: The Insects: an Outline of Entomology
(eds PJ. Gullan and P.S. Cranston), Blackwell Science Ltd, Oxford, pp. 83-110.

Hallem, E.A., Dahanukar, A. and Carlson, J.R. (2006) Insect odor and taste receptors. Annual Review of
Entomology, 51, 113-35.

Hansen, I.A., Rodriguez, S.D., Drake, L.L., et al. (2014) The odorant receptor co-receptor from the bed bug,
Cimex lectularius L. PLoS ONE, 9 (11), e113692.

Harraca, V., Ignell, R., Lofstedt, C. and Ryne, C. (2010) Characterization of the antennal olfactory system of the
bed bug (Cimex lectularius). Chemical Senses, 35 (3), 195-204.

Harraca, V., Ryne, C., Birgersson, G. and Ignell, R. (2012) Smelling your way to food: can bed bugs use our odour?
Journal of Experimental Biology, 215 (4), 623—-629.

Haynes, K.F., Goodman, M.H. and Potter, M.F. (2010) Bed bug deterrence. BMC Biology, 8, 117.

Jones, W.D., Nguyen, T.A., Kloss, B., Lee, K.J. and Vosshall, L.B. (2005) Functional conservation of an insect
odorant receptor gene across 250 million years of evolution. Current Biology, 15 (4), 119-121.

Khoga, ].M., Toth, E., Marialigeti, K. and Borossay, J. (2002) Fly-attracting volatiles produced by Rhodococcus
fascians and Mycobacterium aurum isolated from myiatic lesions of sheep. Journal of Microbiological Methods,
48 (2-3), 281-287.

Leal, W.S. (2013) Odorant reception in insects: roles of receptors, binding proteins, and degrading enzymes.
Annual Review of Entomology, 58, 373-391.

Lehane, M.]. (2005) Biology of Blood-Sucking in Insects, Cambridge University Press, Cambridge.

Levin, N.A (1975) Olfactory activity of Cimex lectularius in relation to the sex and age composition and density of
the populations. Ekologiya (Moscow), 6, 99—-101.

Levinson, H.Z. and Bar Ilan, A.R. (1971) Assembling and alerting scents produced by the bedbug Cimex
lectularius L. Experientia, 27 (1), 102—103.

Levinson, H.Z., Levinson, A.R., Muller, B. and Steinbrecht, R.A. (1974a) Structure of sensilla, olfactory
perception, and behaviour of bedbug, Cimex lectularius, in response to its alarm pheromone. Journal of Insect
Physiology, 20 (7), 1231-1248.

Levinson, H.Z., Levinson, A.R. and Maschwitz, U. (1974b) Action and composition of alarm pheromone of
bedbug Cimex lectularius, L. Naturwissenschaften, 61 (12), 684—685.

Liedtke, C. H., Abjornsson, K., Harraca, V., et al. (2011) Alarm pheromones and chemical communication in
nymphs of the tropical bed bug Cimex hemipterus (Hemiptera: Cimicidae). PLoS ONE, 6 (3), 1-7.

Liu, F. and Liu, N. (2015) Human odorant reception in the common bed bug, Cimex lectularius. Scientific Reports,
5, 15558.

Liu, E, Chen, L., Appel, A.G. and Liu, N. (2013) Olfactory responses of the antennal trichoid sensilla to chemical
repellents in the mosquito, Culex quinquefasciatus. Journal of Insect Physiology, 59 (11), 1169-1177.

Liu, F, Haynes, K.F,, Apple, A.G. and Liu, N. (2014) Antennal olfactory sensilla responses to insect chemical
repellents in the common bed bug, Cimex lectularius. Journal of Chemical Ecology, 40 (6), 522—533.

Logan, J. and Birkett, M. (2007) Semiochemicals for biting fly control: their identification and exploitation. Pest
Management Science, 63 (7), 647-657.

Marx, R.U. (1955) Uber die Wirtsfindung und die Bedeutung des artspezifischen Duftstoffes bei Cimex
lectularius Linne. Zeitschrift fiir Parasitenkunde, 17, 41-72.

Mendki, M.J., Ganesan, K, Parashar, B.D., Sukumaran, D. and Prakashet, S. (2014) Aggregation responses of
Cimex hemipterus F. to semiochemicals identified from their excreta. Journal of Vector Borne Diseases, 51 (3),
224-229.

171



172

Advances in the Biology and Management of Modern Bed Bugs

Miller D.R., Lindgren B.S. and Borden, J.H. (2005) Dose-dependent pheromone responses of mountain pine
beetle in stands of lodgepole pine. Environmental Entomology, 34 (5), 1019-1027.

Olson, ].F., Moon, R.D. and Kells, S.A. (2009) Off-host aggregation behavior and sensory basis of arrestment by
Cimex lectularius (Heteroptera: Cimicidae). Journal of Insect Physiology, 55 (6), 580—587.

Prakash, S., Chauhan, R.S., Parashar, B.D. and Rao, K.M. (1996) Morphology and distribution of antennal sensilla
in the postembryonic developmental stages of Cimex hemipterus Fabricius. Italian Journal of Zoology, 63 (2),
131-133.

Reinhardt, K. and Siva-Jothy, M.T. (2007) Biology of the bed bugs (Cimicidae). Annual Review of Entomology, 52,
351-374.

Reinhardt, K., Naylor, R.A. and Siva-Jothy, M.T. (2008) Situation exploitation: higher male mating success when
female resistance is reduced by feeding. Evolution, 63 (1), 29-39.

Reinhardt, K., Naylor, R. and Siva-Jothy, M.T. (2011) Male mating rate is constrained by seminal fluid availability
in bedbugs, Cimex lectularius. PLoS ONE, 6 (7), e22082.

Reis, M.D. (2010) An evaluation of bed bug (Cimex lectularius L.) host location and aggregation behavior. Masters
thesis, Virginia Polytechnic Institute and State University.

Reis, M.D. and Miller, D.M. (2011) Host searching and aggregation activity of recently fed and unfed bed bugs
(Cimex lectularius L.). Insects, 2 (2), 186—194.

Rivnay, E. (1932) Studies in tropisms of the bed bug Cimex lectularius L. Parasitology, 24 (1), 121-136.

Rivnay, E. (1933) The tropisms effecting copulation in the bed bug. Psyche, 40 (4), 115-20.

Romero, A. and Schal, C. (2014) Blood constituents as phagostimulants for the bed bug Cimex lectularius L.
Journal of Experimental Biology, 217 (4), 552—557.

Ryne, C. (2009) Homosexual interactions in bed bugs: alarm pheromones as male recognition signals. Animal
Behaviour, 78 (6), 1471-1475.

Schaefer, C.W. (2000) Bed bugs (Cimicidae). In Heteroptera of Economic Importance (eds C.W. Schaefer and A.R.
Panizzi), CRC Press, Boca Raton, pp. 519-538.

Siljander, E., Penman, D., Harlan, H. and Gries, G. (2007) Evidence for male- and juvenile-specific contact
pheromones of the common bed bug Cimex lectularius. Entomologia Experimentalis et Applicata, 125 (2),
215-219.

Siljander, E., Gries, R., Khaskin, G. and Gries, G. (2008) Identification of the airborne aggregation pheromone of
the common bed bug, Cimex lectularius. Journal of Chemical Ecology, 34 (6), 708-718.

Singh, R.N,, Singh K., Prakash S., Mendki, M.J. and Rao, K.M. (1996) Sensory organs on the body parts of the
bed-bug Cimex hemipterus Fabricius (Hemiptera: Cimicidae) and the anatomy of its central nervous system.
International Journal of Insect Morphology & Embryology, 25 (1-2), 183—-204.

Steinbrecht, R.A. and Miiller, B. (1976) Fine structure of antennal receptors of bed bug, Cimex lectularius L.
Tissue & Cell, 8 (4), 615—636.

Suchy, J.T. and Lewis, V.R. (2011) Host-seeking behavior in the bed bug, Cimex lectularius. Insects, 2 (1), 22-35.

Ulrich, K.R., Kramer, M. and Feldlaufer, M.F. (2016) Ability of bed bug (Hemiptera: Cimicidae) defensive
secretions (E)-2-hexenal and (E)-2-octenal to attract adults of the common bed bug Cimex lectularius.
Physiological Entomology, 41 (2), 103-110.

Usinger, R. (1966) Monograph of Cimicidae (Hemiptera — Heteroptera), Entomological Society of America,
College Park.

Wang, C., Gibb, T., Bennett, G.W. and McKnight, S. (2009) Bed bug (Heteroptera: Cimicidae) attraction to pitfall
traps baited with carbon dioxide, heat and chemical lure. Journal of Economic Entomology, 102 (4), 1580-1585.

Weeks, E.N.I, Birkett, M.A., Cameron, M.M., Pickett, ].A. and Logan, ].G. (2011a) Pest semiochemicals of the
common bed bug, Cimex lectularius L. (Hemiptera: Cimicidae), and their potential for use in monitoring and
control. Pest Management Science, 67 (1), 10-20.

Weeks, E.N.I, Logan, ].G., Gezan, S.A., et al. (2011b) A bioassay for studying the behavioural responses of the
common bed bug, Cimex lectularius (Hemiptera: Cimicidae) to bed bug-derived volatiles. Bulletin of
Entomological Research, 101 (1), 1-8.



18

Population Genetics
Warren Booth, Coby Schal and Edward L. Vargo

18.1 Introduction

In their review of bed bug biology, Reinhardt and Siva-Jothy (2007) identified population and dispersal ecology
as aspects of bed bug biology for which data were sparse. In recent years, however, substantial progress has
been made, with notable advances, particularly in our understanding of fine-scale dispersal and population
genetics of the Common bed bug, Cimex lectularius L. (Szalanski et al., 2008; Pfiester et al., 2009; Booth et al.,
2012, 2015; Saenz et al., 2012; Fountain et al., 2014; Akhoundi et al., 2015; Cooper et al., 2015; Narain et al.,
2015; Raab et al., 2016); unfortunately, such information is virtually non-existent for the Tropical bed bug,
Cimex hemipterus (F.). Through a combination of ecological and genetic approaches, insight has been gained
into three aspects of bed bug population ecology key to the development of effective management strategies:

o the origins of new infestations
o pathways to invasion
e propagule pressure.

With the array of molecular markers now available, questions previously out-of-reach using purely behav-
joral or ecological approaches can now be addressed with relative ease (Avise, 2004). To date, studies of bed
bug population genetics have focused on two classes of molecular marker: mitochondrial DNA (mtDNA) and
nuclear microsatellites. However, with advances in technology and lower costs, next-generation sequencing
methods are likely to become prominent in future studies.

It should be noted that this chapter deals exclusively with C. lectularius. To date, only a single study has
assessed the use of genetic markers to study C. hemipterus (Majid and Kee, 2015). With its likely introduction
and spread into sub-tropical and temperate regions, genetic studies of this species are warranted.

18.2 The Evolution of Modern Bed Bugs

Cimex lectularius has a long-term association with humans, with evidence suggesting the human-associated
lineage evolved from the ectoparasites of cave-dwelling bats (Usinger, 1966; Balvin et al., 2015). Data
derived from three classes of molecular markers lend support to this hypothesis (Booth et al., 2015), with
one or more lineages subsequently switching to hominids approximately 245 000 years before present
(Balvin et al., 2012a). Across the Old World, populations of C. lectularius still exist in association with
their putative ancestral hosts (Povolny and Usinger, 1966; Usinger, 1966; Balvin et al., 2012a), and recent
evidence indicates genetic and reproductive isolation between lineages associated with bats and humans
within homes (Balvin et al., 2012a; Booth et al., 2015). Hybridization experiments between the two host-associated
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lineages failed to produce viable offspring, so Wawrocka et al. (2015) concluded that post-mating barriers
separate these two lineages. Usinger (1966) reported that C. hemipterus has been found to utilize birds,
humans, and bats as hosts. With a tropicopolitan distribution, the ancestral origin of C. hemipterus is cur-
rently unknown, but molecular genetic studies of populations on these alternative hosts may clarify the
evolutionary history of this species.

18.3 Genetic Variation Within Populations

At the infestation level, basic population genetic data (such as number of alleles/haplotypes, levels of expected
and observed heterozygosity, and haplotype/nucleotide diversity) provide information relevant to
understanding genetic diversity, and thus potentially the number of introductions into a given structure.
Careful selection of the most appropriate markers should be made in relation to the question at hand because
different markers do not necessarily yield the same information (Avise, 2004).

With some exceptions, notably C. lectularius (see Section 18.5), mtDNA has proven useful when inferring
propagule pressure of invasive populations, given that the presence of multiple mitochondrial lineages
suggests either several distinct introduction events, or the introduction of a single, genetically diverse prop-
agule (Fitzpatrick et al., 2012). Following the sequencing of 22 spatially distinct infestations in the USA,
Canada, and Australia at the 16S rRNA gene, Szalanski et al. (2008) observed multiple haplotypes within
many structures. This finding led the authors to suggest that gene flow among populations was common, and
that within these countries bed bugs utilized alternative host species that served as reservoirs prior to their
recent resurgence.

Microsatellite DNA — Mendelian inherited, short tandem repeat sequences dispersed throughout the
nuclear genome — revealed a contrasting picture. A scenario with four or fewer alleles at each locus
within an infestation is possible only when the founding propagule consisted of a single, singly-mated
female, a single sexual pair, or a group of highly related individuals (Scenario A). In contrast, observing
more than four alleles at two or more loci suggests a single introduction from a genetically diverse source
population, or multiple introductions from more than one source population (Scenario B). Note, how-
ever, that genetic diversity informs us about the number of genetically distinct introductions but not the
number of potential introduction events from the same source population. Moreover, extensive use of
insecticides could selectively eradicate haplotypes that are associated with susceptibility to insecticide,
and thus obscure the history of unique introductions, as suggested by Dang et al. (2015) in regards to
C. lectularius in Australia. To date, microsatellite studies have revealed limited within-infestation genetic
diversity in human-associated populations (Table 18.1, Figure 18.1a) (Booth et al., 2012, 2015; Saenz
et al., 2012; Fountain et al., 2014; Akhoundi et al., 2015; Narain et al., 2015; Raab et al., 2016). As such,
with four or fewer alleles observed within most infestations (but see Raab et al., 2016), introductions
appear to follow Scenario A, in contrast to the conclusions of Szalanski et al., (2008). Conversely,
multiple infestations of the bat-associated lineage follow Scenario B (Booth et al., 2015), a finding not
unexpected given their limited exposure to insecticides (see Section 18.5.3), higher prevalence of bed
bugs in bat roosts, and greater host density permitting more frequent passive dispersal events (Balvin
et al., 2012b; Bartoni¢ka and Razic¢kovd, 2013). Therefore, populations of bat-associated C. lectularius
are likely to be more stable than human-associated populations and likely open to more frequent
introductions.

With infestations founded by only one or a few individuals, inbreeding occurs rapidly, elevating genome-
wide homozygosity and thus exposing recessive deleterious alleles. This may result in one of two potential
outcomes: population extinction or, conversely, the purging of genetic load. Across seven studies for which
within-infestation relatedness (r) could be calculated, the average value within human-associated populations
was 0.751 (range 0.636—0.822), whereas within the bat-associated lineage, the average value was lower
(r=0.590) (Table 18.1). To place the significance of these values in context, within an outbred population r is
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Table 18.1 Within and among Cimex lectularius infestation population genetic summary statistics.

Sample location No. of loci n Average N He Ho Average r Reference

Within infestation

24 322 221 0.229 0.207 0.733 Booth et al., 2012
206 1.9 0.265 0.225 0.780 Saenz et al., 2012
80 2.83 0.433 0.406 0.636 Narain et al., 2015
6 183 1.81 0.453 NA NA Akhoundi et al., 2015
19 156 1.85 0.231 0.194 0.822 Fountain et al., 2014 **
21 63 1.71 0.288 0.273 0.728 Fountain et al., 2014 »*
20 130 242 0.388 0.303 0.590 Booth et al., 2015 ¢
20 525 221 0.166 0.129 0.805 Booth et al., 2015 °
Among infestations
24 322 5.75 0.592 0.214 NA Booth et al., 2012
206 10.3 0.779 0.222 NA Saenz et al., 2012
80 12 0.800 0.406 NA Narain et al., 2015
6 183 NA 0.307 NA NA Akhoundi et al., 2015
19 156 4.89 0.566 0.194 NA Fountain et al., 2014 **
21 63 5.67 0.680 0.266 NA Fountain et al., 2014 »*
20 187 10.5 0.721 0.306 NA Booth et al., 2015°¢
20 525 7.5 0.603 0.130 NA Booth et al., 2015”

n, sample size; N, number of alleles; H,, expected heterozygosity; Ho, observed heterozygosity; r, relatedness;
* data calculated from DRYAD dataset (doi:10.5061/dryad.cg10d);
A five populations across UK and Australia;
B within London, UK;
€ bat-associated lineage;
D . )
human-associated lineage.

expected to be ~0 between unrelated individuals, whereas between full-sibling or parent—offspring pairs r
should be ~0.5. The lower value seen in the bat-associated lineage reflects increased allelic diversity due to
more frequent immigration events. However, r is still >0.5, suggesting mating among siblings or parent—
offspring pairs is common. As expected, where population size is small and consanguineous matings common,
within-population heterozygosity is low (Table 18.1, Figure 18.1b). These values sharply contrast with within-
population levels of heterozygosity of another significant human-commensal pest, the German cockroach
(Blattella germanica L.) (Figure 18.1b), highlighting the unique nature of population foundation by the bed
bug. Remarkably, heterotic effects experienced by bed bugs resulting from outbreeding appear short-lived
(Fountain et al., 2015). Therefore, inbreeding may actually promote local adaptation through the purging of
deleterious alleles and the fixation of beneficial gene-complexes.

18.4 Genetic Variation Among Populations

Regardless of host lineage, dispersal outside of contiguous structures relies exclusively on passive events
tied to the respective host. With the increasing frequency and relative ease of both national and interna-
tional travel, C. lectularius now has a distribution spanning the world’s temperate regions. The bat-associated
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(a) Figure 18.1 Genetic diversity in Cimex lectularius
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lineage, however, has been recorded only in the Old World (Povolny and Usinger, 1966; Balvin et al., 2012b),
and with the limited likelihood of transatlantic bat migrations (Constantine, 2003), is unlikely to spread
further by bats.

Nevertheless, bats are often found on ships and shipping containers, and their association with human
structures could result in eastward and westward dispersal of the bat-associated bed bug lineage with humans.
Passive dispersal in association with high population turnover, driven through pest control, has resulted in
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human-associated populations existing in highly structured metapopulations, consisting of many island-like
populations each founded by a genetically depauperate propagule with limited gene flow among them (Saenz
et al., 2012; Fountain et al., 2014; Booth et al., 2015).

As multiple distinct metapopulations likely exist within even limited geographic ranges (say, within a city)
(Rosenfeld et al., 2016), each founded from genetically distinct sources, high levels of structuring in association
with insufficient sampling of multiple populations within a given metapopulation results in exceptionally high
values in measures of genetic differentiation, such as Fs1. Comparisons with other species are difficult to make as
few species exist in such human-centered metapopulations where dispersal is restricted to host-associated move-
ments. The German cockroach and the human louse (Pediculus humanus L.) may be the only species to which
comparisons are possible. Therefore, when we compare overall Fsr values, for example, for B. germanica:

e Crissman et al., 2010: 0.048
e Boothetal,2011:0.171
e Vargo et al., 2014: 0.026-0.391

with those found in bed bugs (Table 18.1; Range: 0.472—0.718), the latter represent extreme levels of differen-
tiation. Even in P humanus, Fsr values in this upper range are only recorded between ecotypes; in other
words, head versus body lice (Fsr =0.409, Ascunce et al., 2013).

When mtDNA genes are considered, diversity appears moderate to high, regardless of scale (regional or
continental). For example, haplotype diversity at Cytochrome Oxidase I (COI) is comparable within two US
states (0.698 + 0.052 in Oklahoma and Kansas, Booth and Grant Robison, The University of Tulsa, Department
of Biological Science, Tulsa, unpublished results) and across Europe (0.693+0.057; Balvin et al., 2012).
Variation within the bat-associated lineage shows slightly elevated values (0.797 + 0.020; Booth et al., 2015).
A similar pattern of lower diversity within the human-associated lineage versus the bat-associated lineage in
Europe is observed at the rRNA 16S gene (Balvin et al., 2012a; Booth et al., 2015). As bats likely represent the
ancestral host, greater genetic diversity in the bat-associated lineage is not surprising (Booth et al., 2015).

When allelic diversity across populations is compared over scales ranging from single multi-unit apartment
buildings (Booth et al., 2012; Raab et al., 2016) to cities or even continents (Saenz et al., 2012; Fountain et al.,
2014; Booth et al., 2015; Akhoundi et al., 2015; Narain et al., 2015), the species-level gene pool is diverse
(Figure 18.1a). Following an apparently global population decline in the 1950s, and the resurgence of two spe-
cies concurrently, it is unlikely that the recent resurgence was driven by a single diverse source population, but
instead more likely that multiple propagules from a genetically diverse region in which populations of both
species persisted were reintroduced globally. Given that populations of both species have been present in high
densities in Africa prior to the global resurgence (Newberry and Jansen, 1986; Newberry et al., 1987; Newberry
and Mchunu, 1989; Newberry, 1990), it is possible that this continent represents the source of today’s resur-
gence. Future genetic studies should therefore prioritize the collection of samples from across Africa as part
of a global investigation. The likelihood that resurgence did not result from multiple local sources is also sup-
ported by the absence of detectable patterns of isolation by distance over large geographic scales (Table 18.2,
but see Saenz et al., 2012 which potentially resulted from samples collected along a frequently travelled inter-
state route). Locally, a metagenomic single nucleotide polymorphism (SNP) analysis, from environmental
swabs collected across New York City, suggests higher relatedness among populations in close proximity (say,
linked by subway lines), whereas differentiation occurred among boroughs (Rosenfeld et al., 2016).

18.5 Mitochondrial Heteroplasmy

Mitochondrial DNA has long been utilized as an informative marker in studies of phylogeography, population
genetics, and invasion biology. This has been due to the inherent properties considered characteristic of
mtDNA, specifically a relatively high mutation rate, uniparental inheritance, homoplasmy, and a lack of
recombination (Avise, 2000). However, in recent years it has come to light that these characteristics may not
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Table 18.2 Among Cimex lectularius infestation measures of genetic differentiation.

Number of Approx. Pairwise Fst Isolation by
Sample location populations  distance (km)  Fst range distance Reference
Raleigh, NC and 3 680 0.472  0.176-0.597 NA Booth et al., 2012*
Jersey City, NJ, USA
Eastern USA 21 2,000 0.68 0.325-0.983 P <0.001 Saenz et al., 2012
Nebraska and Kansas 10 265 0.481 0.193-0.742 NA Narain et al., 2015
City, USA
France 14 900 0.556 0.004-0.862 NS Akhoundi et al., 2015
UK 13 43.4 0.592 -0.035-0.764 NS Fountain et al., 2014**
UK & Australia 5 17,000 0.709  0.492-0.834 NA Fountain et al., 2014**
Europe — Bat lineage 14 2,300 0.468 0.031-0.659 NS Booth et al., 2015
Europe — Human lineage 55 2,300 0.718 0.078-0.982 NS Booth et al., 2015

Approx. distance (km) is approximate distance between most distant infestations;
NA, data not available;

NS, not significant,

* calculated across five STRUCTURE defined populations,

** data calculated from DRYAD dataset (doi:10.5061/dryad.cg10d).

be universal across species, and in cases where these “laws” are violated, the utility of mtDNA as a marker of
genetic structure is compromised (White et al., 2008). With advances in DNA sequencing technologies and
the ability to accurately identify low-frequency variants, reports of heteroplasmy (having two or more distinct
mitochondrial lineages present within a cell) are increasing. At the population or individual level hetero-
plasmy is often rare (White et al., 2008); but in the bed bug, it appears to be geographically widespread and
pervasive (Robison et al., 2015).

18.5.1 Variation in Heteroplasmy Across Host Lineages and Among Populations

MtDNA heteroplasmy has been identified across two continents (North America and Europe) and in both
host lineages (Booth et al., 2015; Robison et al., 2015). Among the human-associated lineage it has been found
to range from 17% of infestations (south central USA; Robison et al., 2015) to 28.8% (Europe; Booth et al.,
2015), whereas in the bat-associated lineage it was found in 21.6% of populations (Booth et al., 2015). Robison
et al. (2015) further assessed the frequency of heteroplasmic variants within individual bed bugs, and found
uncharacteristic patterns in comparison to previous studies of heteroplasmy in other systems. Assessing het-
eroplasmic individuals from five infestations collected in Oklahoma and Missouri, each was found to possess
two mtDNA variants in an approximate 2:1 ratio. Within infestations, some nymphs were also found to be
differentially homoplasmic for the variants of heteroplasmic adult females, suggesting that transitions occur
from heteroplasmy to homoplasmy. Other individuals have been found to harbor as many as five distinct
mtDNA variants, but three variants appeared in low frequency (accounting for 8% of the total variants)
(Robison and Booth, unpublished results). It should be noted that the methods for heteroplasmy detection
employed here, namely Sanger sequencing of one to two genes, likely underestimates the true rate of hetero-
plasmy, as variants in other genes may be present. Furthermore, the ability to detect low-frequency variants
may be limited. As such, future whole mitogenome studies utilizing next-generation sequencing technology
may reveal a rate higher than currently reported. Preliminary studies of “families” generated from differen-
tially homoplasmic laboratory colonies support paternal leakage as the mechanism underlying heteroplasmy
(Booth, Vargo and Schal, unpublished results).
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18.5.2 Implications of Heteroplasmy

The presence of heteroplasmy has the potential to significantly impact mtDNA-based analyses through the
generation of phylogenetic uncertainty resulting from the inability to identify individual haplotypes in a het-
eroplasmic sequence (White et al., 2008). While there are methods to separate haplotypes and thus derive
distinct haplotypes from heterozygous genotypes, this is difficult in practice without PCR product cloning
and re-sequencing. Analysis of populations may therefore require the exclusion of heteroplasmic individuals
(see, for example, Booth et al., 2015), the elimination of ambiguous nucleotide sites, or the coding of ambigu-
ous sites as a fifth character state.

In C. lectularius, microsatellite studies suggest that the majority of infestations follow Scenario A (see
Section 18.3), predicting the occurrence of a single mtDNA haplotype per infestation. However, when samples
from a multi-unit apartment building, previously inferred to have resulted from a single introduction (Booth
et al., 2012), were sequenced at the COI gene, five mtDNA haplotypes were identified and heteroplasmy was
found to be common (Robison and Booth, unpublished results). The strongly supported inference through
highly polymorphic nuclear markers of a single introduction, coupled with the understanding that hetero-
plasmy is pervasive in this species, questions the use of mtDNA for inferring bed bug invasion history and the
dating of host-associated lineage divergence.

18.5.3 Insecticide Resistance, kdr, and Geographic Variation

Although several mechanisms of insecticide resistance have been documented in C. lectularius (see, for example,
Adelman et al., 2011; Koganemaru et al., 2013; see also Chapter 29), knockdown resistance (kdr) has been inves-
tigated most extensively at the population level. One or more mutations occur in the voltage-sensitive sodium
channel a-subunit gene, resulting in the modification of the amino acid sequence and lower sensitivity of the
target site to pyrethroid insecticides. In C. lectularius, three mutations have been found. Two are geographically
widespread: V419L (valine to leucine) and L925I (leucine to isoleucine) (Yoon et al., 2008; Zhu et al., 2010; Vargo
et al.,2011; Booth et al., 2015; Dang et al., 2015; Palenchar et al., 2015; Raab et al., 2016; Holleman and Booth, The
University of Tulsa, Department of Biological Science, Tulsa, unpublished results). These were detected in infesta-
tions across the USA, Europe, Middle East, and Australia. A third mutation, I936F (isoleucine to phenylalanine),
was identified in Australia and Israel (Dang et al., 2015; Palenchar et al., 2015). Note that the former amino acid
in each is the wild type and is associated with susceptibility, whereas the latter is associated with resistance.

Independent of their contribution to insecticide resistance, it may be possible to view these mutations as
informative markers in population genetic studies. For example, within the USA, haplotype B (419 susceptible,
925 resistant) and haplotype C (419 resistant, 925 resistant) are prevalent (32.3% and 57.1%, respectively)
(Figure 18.2). In contrast, within Europe, haplotype B dominates (90%); A was found in 4%, C in 2.0%, and the
remaining 4% represented populations heterozygous for haplotypes A and B. Within a complex of two high-rise
apartment buildings in Paris, France, samples collected from 26 apartments exhibited only haplotype B (Durand
et al., 2012). Samples collected in Israel were comparable to those in Europe (92% haplotype B, 8% haplotype C).
In contrast, haplotype A (419 susceptible, 925 susceptible) is the only haplotype detected in the bat-associated
lineage (Booth et al., 2015), providing evidence that it represents the ancestral haplotype. This is consistent with
microsatellite and mtDNA data, indicating that contemporary gene-flow between host-associated lineages is
absent or minimal, and that it is unlikely that bat-associated populations provide propagules for human-associ-
ated infestations. Furthermore, the lack of broad homogeneity of the haplotypes across sampled regions suggests
that movement between the Old World and New World populations may be limited. Within the USA alone,
while samples at present are from only 25 of 50 states and sample size across various states is often small and
spatially uneven (Figure 18.2), it is clear that regions such as the east and west coasts exhibit high diversity, with
all haplotypes present despite relatively limited sampling. Within the south-central USA, in contrast, only hap-
lotypes B and C have been detected, despite larger sample sizes (Figure 18.2). From this asymmetrical pattern of
diversity, we may speculate that patterns of dispersal differ markedly across geographic regions.
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Figure 18.2 kdr haplotype distribution in Cimex lectularius across the USA. Letter (A-D) refers to haplotype. A: 419 susceptible,
925 susceptible, B: 419 susceptible, 925 resistant, C: 419 resistant, 925 resistant, D: 419 resistant, 925 susceptible. Number below
pie is total number of infestations screened. Data combined from Zhu et al., (2008); Vargo et al., (2011); Holleman and Booth
(unpublished results).

18.6 Future Directions in Bed Bug Population Genetics

It is clear that while significant advances have been made in our understanding of the population genetics of
C. lectularius, these represent the tip of the iceberg. With the recent publication of its genome (Benoit et al.,
2016; Rosenfeld et al., 2016), the bed bug looks poised to become an important model organism for the study
of a suite of evolutionary processes. Nevertheless, a number of areas still lack clarity. These include defining
genetic associations among globally distributed populations, and understanding the temporal and spatial pat-
terns of kdr mutation frequency, from the apartment level to the global scale. Studies using genome-wide
markers such as SNPs to identify sources of resurgent populations are critical and may shed light on the evo-
lution of resistance in this species. Taking advantage of the sequenced genome to identify genes underlying
host-associated lineage differentiation represents an exciting area for future investigation. Likewise, identify-
ing the mechanisms that underlie heteroplasmy may revolutionize our understanding of eukaryote mitochon-
drial inheritance.
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Physiology

Joshua B. Benoit

19.1 Introduction

This chapter provides a synopsis of the current knowledge associated with the physiology of the Common bed
bug, Cimex lectularius L., with comparisons to the Tropical bed bug, Cimex hemipterus (F.), when available
and applicable. The chapter is organized based on two periods during the life cycle of Cimex: the long-term
period spent off-host, and the immediate post-feeding intervals of digestion and reproduction, with a
specific focus on factors that have allowed bed bugs to develop and persist as human pests. General bed bug
biology has been covered in other chapters of Part 4 of this book and will be discussed in this chapter only as
necessary. This contribution will specifically provide information on:

how dehydration and starvation resistance promotes bed bug off-host survival between blood meals
bed bug thermal tolerance

features underpinning blood digestion

specific aspects of female reproductive physiology.

Other areas of bed bug physiology have been omitted from this chapter as they are the focus of other sec-
tions, including traumatic insemination, host-seeking behavior, and dispersal (Chapter 16), chemical ecology
(Chapter 17), symbiosis (Chapter 20), and insecticide resistance (Chapter 29). These studies highlight the
unique physiological traits that this pest has evolved to optimize its close association with humans, as well as
its ability to tolerate, if necessary, prolonged host absence. The key aspects associated with bed bug stress
tolerance and starvation resistance are shown in Table 19.1.

19.2 Stress Tolerance and Starvation Resistance

To establish and proliferate in an environment, small arthropods must be able to adequately respond to
change in their local habitat (Chown and Nicolson, 2004; Benoit and Denlinger, 2010; Benoit, 2011; Benoit
and Lopez-Martinez, 2011). As bed bugs commonly reside within the indoor biome, we would expect mini-
mal shifts in environmental conditions as seasonal changes are buffered (Martin ez al., 2015). Even though
this is the case seasonally, significant variations in local temperature and relative humidity (RH) can occur on
a daily basis or even shorter timescales (Martin et al., 2015). For example, running bathroom showerheads or
sink faucets (increased heat, water, and local RH), household appliances (increased heat), and leaking pipes
(increased water and local RH), can greatly alter local environmental conditions. One specific environmental
stress that will likely be exacerbated within the indoor biome is dehydration (Brimblecombe and Lankester,
2012; Martin et al., 2015). Indoor RH is lower than the comparable outdoor RH, with the exception of indoor/
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Table 19.1 Stress tolerance in the Common bed bug, Cimex lectularius.

Stress Egg Early instars Adults/late instars
Dehydration tolerance’ 25 to 30% 35 to 40% 30 to 35%
Water loss rate’ 0.03 to 0.05%/h 0.3 to 0.4%/h 0.1 to 0.4%/h
Heat tolerance” Short term® 36 to 39°C 44 to 46°C 44 to 46°C
Long term” 32 to 35°C 35to0 37°C 36 to 39°C
Cold tolerance” Short term -25to -20°C -25to -20°C -25to -20°C
Long term -8to -6°C -10to -15°C -10 to -15°C
Starvation resistance® Susceptible — 27 to 70 days 70 to 130 days
Resistant — 10 to 30 days 40 to 75 days

a, 1-2 h; b, 1 week; “starvation resistance likely equivalent to dehydration resistance. Sources: 'Usinger, 1966; Benoit, 2011; Benoit

et al., 2007, 2009a,b; 2]ohnson, 1941; Usinger, 1966; Benoit et al., 2009a; Naylor and Boase, 2010; Olson et al., 2013; Rukke et al., 2015.
3polanco et al. (2011b). Diagrams based on Benoit and Attardo (2013); early instar, 1st and 2nd instar nymphs; late instar, 3rd—5th
instar nymphs. Dehydration tolerance in percent water loss tolerated. Susceptible and resistant relate to pesticide exposure.

outdoor dynamics in dry regions such as Phoenix, Arizona, USA. In addition, the indoor biome is warmer
than outdoor conditions in areas with colder winters (Martin et al., 2015), which can allow specific pests to
survive in regions that would typically be inhabitable due to overwintering conditions below the cold tolerance
of a specific species. Stress tolerance along with some aspects of basic physiology in bed bugs has been previ-
ously reviewed by the author of this chapter (Benoit, 